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Editorial on the Research Topic

Treatment resistant depression (TRD): epidemiology, clinic, burden
and treatment
Depressive disorders are severe mental disorders, with a lifetime prevalence of 16% in

the general population, associated with a significant personal and social burden. Median

age of onset, basic sociodemographic and environmental correlates, symptom profile and

severity of depression are generally comparable across different countries and cultures.

Depressive disorders can be episodic or recurrent, depending on clinical, personal and

social variables (1, 2).

Most patients with major depression report an incomplete and inadequate clinical

remission, with many residual symptoms, cognitive dysfunctions and working impairment

(3, 4); up to one out of three patients do not fully respond to currently available treatments.

According to the FDA and EMA, patients are considered to have treatment-resistant

depression (TRD) when they fail to respond to ≥2 successive adequate trials of

antidepressants in a single episode (5, 6). The terminology, definition and clinical

usefulness of the concept TRD is debatable for multiple reasons (7). First, difficult-to-

treat depression or (multiple) treatment failure are probably less stigmatizing terms.

Second, it has been demonstrated that there are no meaningful cut-offs between patients

having experienced 2, 3 or 4 consecutive failures suggesting more continuous ‘staging

models’ of treatment failures. Third, we lack studies to scientifically guide clinicians on

what to do after 1, 2, 3 or more treatment failures (guidelines are rather consensus based

than evidence based). Despite these conceptual comments, TRD is a common condition,

with a prevalence rate ranging from 30- to 40% of patients treated with antidepressants, and

it is associated with high levels of personal and societal burden. Treatment-resistant

depression is associated with a significant burden for patients, caregivers and families,

increasing disability and worsening quality of life. Although several sociodemographic,

contextual and psychological factors (e.g., living alone or together, being employed or

unemployed, cognitive functioning) (8, 9), and several clinical factors (e.g., unipolar or
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bipolar depression, lifestyle behaviors) can influence clinical

outcome in persons with depression, only a few factors are

considered as predictive of non-response across multiple

modalities of treatment (10–12). Therefore, there is the need to

carry on further studies to investigate how to improve the

personalized approach to people suffering from TRD.

In recent years, the therapeutic armamentarium of clinicians for

treatment of depression has been improved by innovative

pharmacological and non-pharmacological/brain stimulation

therapies (ECT, TMS, VNS) (13). More recently, new

pharmacological approaches focusing on psychedelic-derived

drugs (e.g., ketamine, esketamine, psylocibin) have been studied,

providing clinicians with new treatment choices.

Our Research Topic entitled “Treatment Resistant Depression

(TRD): epidemiology, clinic, burden and treatment” includes

more than 20 papers written by researchers and clinicians coming

from different world regions. While some papers deal with the topic

of diagnosis, early detection and clinical features of TRD

(Pettorruso et al.; Liu and Read; Baune et al.; Mancuso et al.),

the vast majority address the topic of treatment options for TRD,

including brain stimulation therapies, novel pharmacological agents

and new treatment-delivery modalities (Dragon et al.; Aboubakr

et al.). Finally, we received and accepted some systematic reviews

and metanalyses dealing with the role personality disorders in

moderating the effectiveness of treatment for TRD (Więdłocha

et al.), the efficacy of ketamine/esketamine for unipolar and

bipolar depression (Rodolico et al.), the use of neuromodulation

for treating TRD (Lan et al.), which complement research-driven

data with those derived from real-world trials (Chrenek et al.;

Menculini et al.; Di Vincenzo et al.; Pessina et al.).

Given the high number of submissions and of accepted papers

of extremely good quality, we can definitely consider that the

present Research Topic has been extremely successful. However,

despite a growing interest on TRD (from its definition to the
Frontiers in Psychiatry 027
diagnosis and to treatment options), information collected cannot

be considered as conclusive yet, but can represent the basis for

future studies. We are extremely grateful to all researchers, patients

and caregivers that have participated in these studies, and we are

committed to further increase the knowledge in the field.
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Efficacy and safety of intermittent 
theta burst stimulation versus 
high-frequency repetitive 
transcranial magnetic stimulation 
for patients with 
treatment-resistant depression: a 
systematic review
Xian-Jun Lan 1†, Xin-Hu Yang 2†, Zhen-Juan Qin 1†, Dong-Bin Cai 3, 
Qi-Man Liu 2, Jian-Xin Mai 2, Can-jin Deng 2, Xing-Bing Huang 2 and 
Wei Zheng 2*
1 The Brain Hospital of Guangxi Zhuang Autonomous Region, Liuzhou, China, 2 The Affiliated Brain 
Hospital of Guangzhou Medical University, Guangzhou, China, 3 Shenzhen Traditional Chinese Medicine 
Hospital, Shenzhen, China

Objective: Intermittent theta-burst stimulation (iTBS), which is a form of repetitive 
transcranial magnetic stimulation (rTMS), can produce 600 pulses to the left 
dorsolateral prefrontal cortex (DLPFC) in a stimulation time of just over 3  min. The 
objective of this systematic review was to compare the safety and efficacy of iTBS 
and high-frequency (≥ 5  Hz) rTMS (HF-rTMS) for patients with treatment-resistant 
depression (TRD).

Methods: Randomized controlled trials (RCTs) comparing the efficacy and safety 
of iTBS and HF-rTMS were identified by searching English and Chinese databases. 
The primary outcomes were study-defined response and remission.

Results: Two RCTs (n  =  474) investigating the efficacy and safety of adjunctive 
iTBS (n  =  239) versus HF-rTMS (n  =  235) for adult patients with TRD met the 
inclusion criteria. Among the two included studies (Jadad score  =  5), all were 
classified as high quality. No group differences were found regarding the overall 
rates of response (iTBS group: 48.0% versus HF-rTMS group: 45.5%) and remission 
(iTBS group: 30.0% versus HF-rTMS group: 25.2%; all Ps  >  0.05). The rates of 
discontinuation and adverse events such as headache were similar between the 
two groups (all Ps  >  0.05).

Conclusion: The antidepressant effects and safety of iTBS and HF-rTMS appeared 
to be  similar for patients with TRD, although additional RCTs with rigorous 
methodology are needed.
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intermittent theta burst stimulation, high-frequency rTMS, treatment-resistant 
depression, systematic review, response
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Introduction

Depression is a leading cause of disability worldwide and a major 
contributor to the global burden of disease; it is estimated to be the 
strongest contributor among developed countries by the end of 2030 
(1). Major depressive disorder (MDD) has an estimated lifetime 
prevalence of 3.4% and a 12-month prevalence of 2.1% according to 
the latest national epidemiological survey from China (2). Over 
700,000 people die by suicide every year, and more than half of these 
deaths are caused by depression (3). Currently, traditional treatments 
for MDD include antidepressant medication and psychotherapy, but 
more than one-third of patients fail to respond to either 
pharmacotherapy or psychotherapy (4–6). Similarly, up to 30% of 
patients do not achieve clinical remission (7, 8). In addition, multiple 
side effects of medication could lead to a poor quality of life and 
reduced treatment adherence (9). There is still a lack of effective 
strategies for addressing treatment-resistant depression (TRD). 
Therefore, new treatment modalities for patients with TRD are 
urgently needed.

Noninvasive brain stimulation techniques, such as transcranial 
magnetic stimulation (TMS) (10), transcranial direct current 
stimulation (tDCS) (11), and transcranial alternating current 
stimulation (tACS) (12), provide a nonpharmacological alternative for 
MDD. High-frequency (≥ 5 Hz) repetitive transcranial magnetic 
stimulation (HF-rTMS) was approved by the Food and Drug 
Administration (FDA) as a noninvasive brain stimulation technique 
for TRD in 2008 (13). Evidence for the supremacy of active rTMS over 
sham stimulation has been accumulating for nearly 20 years (10, 14). 
A recent study analyzing 81 randomized clinical trials (RCTs) found 
that active rTMS targeting the left dorsolateral prefrontal cortex 
(DLPFC) led to a higher rate of clinical remission and response 
compared to sham stimulation (15). However, a retrospective study 
found that only 214/730 depressed patients (29.3%) obtained 
antidepressant response to HF-rTMS, showing that not all patients 
with MDD could benefit from HF-rTMS (16). In particular, the 
antidepressant effects of rTMS were not evident in patients with high 
resistance to prior antidepressant treatments (17). Given that the 
standard FDA-approved HF-rTMS protocol requires 37.5 min per 
session and a long treatment course (5 times per week and lasting 
4–6 weeks) (18), this approach may increase the daily transport 
burden and inconvenience for full-time patients, thereby reducing the 
clinical feasibility of conventional rTMS (19).

New efficient strategies for enhancing the therapeutic efficiency of 
rTMS are a hot topic in current research and have shown significant 
clinical value. As a novel and potentially beneficial form of TMS, 
theta-burst stimulation (TBS) including continuous TBS (cTBS), 
intermittent TBS (iTBS), bilateral TBS (bTBS), and intermediate TBS 
(imTBS) have been popularly used in clinical practice (20). Notably, 
iTBS can produce 600 pulses in a total stimulation time of 3 min 9 s 
(20), which was also approved by the FDA in 2018 for the treatment 
of TRD (21). Previous pilot studies have shown that active iTBS is 
superior to sham stimulation for TRD (22–24). A retrospective study 
initially investigating the antidepressant outcomes of iTBS versus 
HF-rTMS over the left DLPFC found that 3-min iTBS protocols may 
be as effective as HF-rTMS protocols (25). Two randomized controlled 
studies (RCTs) consistently reported similar antidepressant effects and 
safety with iTBS and HF-rTMS as an adjunctive treatment for patients 
with TRD (26, 27). For example, Blumberger et al. carried out a large 

multicentre RCT that confirmed that iTBS over the left DLPFC as an 
add-on therapy was noninferior to HF-rTMS as measured by the 
Hamilton Rating Scale for Depression (HRSD) for the treatment of 
patients with TRD (26). Similarly, a recently published study showed 
similar response rates (36.7% versus 33.3%) and remission rates 
(18.5% versus 14.8%) as evaluated by the Montgomery-Åsberg 
Depression Rating Scale (MADRS) in patients suffering from TRD 
treated with iTBS and HF-rTMS (27). The 3-min iTBS protocol seems 
to be an optimized solution for reducing depressive symptoms, as it 
saves time and improves acceptability in the treatment of TRD when 
compared to traditional HF-rTMS.

To date, no systematic review investigating the safety and 
antidepressant effects of iTBS versus HF-rTMS were published. To fill 
this gap, we performed this systematic review to evaluate the efficacy 
and safety of iTBS versus HF-rTMS in the treatment of patients with 
TRD. Based on the findings of Mutz et al.’s study (28), we hypothesized 
that iTBS has a similar antidepressant effect as HF-rTMS in adult 
patients with TRD.

Methods

Search strategy and screening criteria

Two researchers (X-JL and Z-JQ) systematically searched the 
Cochrane Library, PubMed, EMBASE, PsycINFO, Chinese Journal 
Net, and WanFang databases from inception to 19 November 2022 to 
identify relevant studies using the following search terms: 
“(“intermittent theta-burst stimulation” OR (intermittent* AND 
“theta-burst stimulation”) OR iTBS)” AND (trans-cranial magnetic 
stimulation OR transcranial magnetic stimulation OR rTMS OR 
TMS) AND (depress* OR dysphor* OR melanchol* OR antidepress*). 
Additionally, the references of identified RCTs (26, 27) and relevant 
articles (29, 30) were manually searched to identify missing studies on 
the safety and efficacy of iTBS versus HF-rTMS for TRD.

As recommended by the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyzes (PRISMA) guidelines (31), any published 
RCTs comparing iTBS and HF-rTMS for TRD were included when 
they met the following inclusion criteria, which were developed based 
on the PICOS principles: Participants: adult patients (more than 
18 years) with a primary diagnosis of TRD defined by the respective 
studies; Intervention: treatments as usual (TAU) plus active iTBS; 
Comparison: TAU plus HF-rTMS (≥ 5 Hz); Outcomes: the primary 
outcomes of interest were the study-defined response and study-
defined remission as measured by HRSD or MADRS; secondary 
results were the rates of discontinuation and adverse events; Study: 
only published RCTs comparing the safety and efficacy of iTBS and 
HF-rTMS for patients with TRD were eligible for inclusion in this 
systematic review. Numerous studies have found that a standard run 
of iTBS (600 pulses/session) presents similar or more potent excitatory 
effects in brain regions than conventional rTMS (32–34). As 
recommended previously (20, 26), the 3-min protocol of iTBS has a 
unique advantage in reducing treatment time. Thus, only studies 
examining daily treatment using a standard dose of 600 pulses of iTBS 
were included. Studies focusing on other modalities of iTBS, such as 
accelerated iTBS (≥2 sessions/day) (35) and prolonged iTBS (1800 
pulses per session) (36), were excluded. Review articles, meta-
analyzes, and case reports or case series were also excluded.
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Data extraction

Data extraction for each included RCT was conducted by two 
independent researchers (X-JL and Z-JQ) using a standardized 
Microsoft Excel sheet, focusing on the following subjects: study 
design, participant characteristics, parameters of iTBS and HF-rTMS, 
and treatment outcomes from the original research. Any differences 
in data entry between the two researchers (X-JL and Z-JQ) were 
discussed with a senior author (D-BC), if necessary. For the missing 
information or clarification, we would contact the author(s) by email 
or telephone.

Study quality assessment

Two researchers (X-JL and Z-JQ) independently assessed the 
quality of the included RCTs using the Jadad scale (37) and Cochrane 
risk of bias tool (38). RCTs with a Jadad score ≥ 3 were considered to 
be of high quality (39). In addition, the overall evidence level and 
strength for all primary and secondary outcomes were rated by using 
the Grading of Recommendations Assessment, Development, and 
Evaluation (GRADE) system (40).

Results

Literature search

We initially retrieved 959 articles by searching the above 
databases. Ultimately, 2 RCTs (26, 27) met the inclusion criteria of the 
present systematic review. The study selection process is presented in 
Figure 1.

The characteristics of the included studies

Table 1 provides a summary of clinical characteristics and the 
detailed treatment protocols for each included RCT (26, 27). Two 
RCTs (n = 474) compared the efficacy and safety of iTBS (n = 239) 
and HF-rTMS (n = 235) for adult patients with TRD. In the two 
RCTs, the dose of iTBS (50 Hz) was 600 pulses per session, and the 
doses of HF-rTMS ranged from 1,600 to 3,000 pulses per session. 
Participants in iTBS groups experienced a total dose of 12,000 
pulses in both RCTs, and the total dose of HF-rTMS varied from 
32,000 to 60,000 pulses. Their mean duration of illness ranged from 
19.5 to 23.3 months, and the proportion of male patients with TRD 
was between 31.7% and 40.6%. The treatment duration in both 
studies was 20 days.

Study quality assessment

Figure 2 presents the Cochrane risk of bias for the two included 
RCTs. Two RCTs (26, 27) were judged to be  low risk regarding 
selection bias, blinding, attrition and reporting bias. As shown in 
Table 1, the Jadad scores of the two studies (26, 27) were 5 points (high 
quality). On the basis of the GRADE guidelines, the overall evidence 

level for the 17 primary and secondary outcomes of the two included 
RCTs (26, 27) ranged from “moderate” (5.9%, 1/17) to “high” (94.1%, 
16/17; Supplementary Table S2).

Primary outcomes

As shown in Table 2, two RCTs (26, 27) reported the rates of 
study-defined remission and response at the intervention endpoint. 
Among the two RCTs, no group differences were found regarding the 
overall rates of response (iTBS group: 48.0% versus HF-rTMS group: 
45.5%) and remission (iTBS group: 30.0% versus HF-rTMS group: 
25.2%; all Ps > 0.05).

Secondary outcomes

No group differences were found in terms of discontinuation rates 
(iTBS group: 7.9% versus HF-rTMS group: 6.8%) or adverse events 
(e.g., headache, dizziness, nausea, and fatigue) in the two included 
RCTs (26, 27) (all Ps > 0.05). Details are presented in  
Supplementary Table S1.

Discussion

To the best of our knowledge, this study is the first systematic 
review of RCTs to investigate the efficacy and safety of iTBS versus 
HF-rTMS for patients suffering from TRD. As a result, only two RCTs 
(26, 27) involving 474 subjects were included. The two included RCTs 
were published within the last 5 years, suggesting that iTBS and 
HF-rTMS for subjects suffering from TRD is a new and clinically 
important topic. The following two major findings of this systematic 
review included: (1) the antidepressant effects of iTBS and HF-rTMS 
for patients with TRD were equivalent, and (2) iTBS using 600 pulses 
per session for patients with TRD among adults was relatively safe and 
well tolerated.

As reported in this systematic review, the two included RCTs (26, 
27) used a standard operation of 600 pulses of unilateral iTBS over the 
left DLPFC for adult patients with TRD and achieved a similar rate of 
antidepressant response and remission when compared to 
HF-rTMS. One RCT (27) examining the long-term effectiveness of 
iTBS versus HF-rTMS in patients with TRD found that both groups 
had a similar significant improvement of depressive symptoms at 
6 months. Similarly, a large network meta-analysis (113 trials, 6,750 
participants) found that iTBS was superior to sham stimulation and 
had similar antidepressant effects as conventional rTMS (including 
HF-rTMS, low-frequency rTMS, and bilateral rTMS) (28). 
Interestingly, a similar antidepressant efficacy between intensive/
accelerated iTBS and HF-rTMS for the treatments of patients with 
TRD were reported by Fitzgerald et al.’s study (41). Taken together, 
these findings provide initial support for the role of iTBS as a potential 
treatment with greater capacity in a shorter stimulation duration for 
patients with TRD.

As a new form of rTMS, the high-frequency stimulation of 
iTBS uses 50-Hz triplet bursts that mimic endogenous theta 
rhythms and influence brain synaptic plasticity more quickly and 
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with longer-lasting effects (42). Previous preclinical studies 
suggested that the antidepressant effects of iTBS may be related to 
neuroplasticity (20). Lazzaro et al. (32) found that a 3-min iTBS 
treatment protocol with 600 pulses per session achieves a similar 
effect on neural plasticity as the 37.5-min HF-rTMS treatment. 
Although the recommended iTBS parameters for motor cortex 
experiments were 600 pulses per session (20), whether it is the 
optimal dosing strategy for the treatment of TRD is currently 
unclear. A previous study suggested that increasing the total 
pulses per session or the number of daily sessions of rTMS may 

achieve larger antidepressant efficacy (43). In contrast to the 
standard dose of 600 pulses of iTBS, Li et al. (36) found that a 
2-week prolonged iTBS (piTBS) monotherapy with 1800 pulses 
per session showed the same antidepressant efficacy within a 
shorter treatment time when compared to the conventional 
4–6 week rTMS strategy. However, an exploratory study discovered 
that doubling the number of iTBS pulses did not enhance the 
excitatory effect and may have an inhibitory effect (44). 
Blumberger et al. (45) compared once-daily iTBS and twice-daily 
iTBS for patients with TRD, finding that using more than 600 
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FIGURE 1

PRISMA flow diagram. iTBS, intermittent theta burst stimulation; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-analyzes; RCTs, 
randomized controlled trials.
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iTBS pulses or administering over multiple sessions per day did 
not produce additional benefits. Interestingly, a recent meta-
analysis (5 RCTs, 239 participants) found that active accelerated 
iTBS (applied 2–10 sessions of iTBS daily treatment with 24,000–
90,000 total pulses) achieved a larger response rate in treating 
major depressive episodes when compared to sham stimulation 
(46). To date, the heterogeneity of iTBS stimulation parameters 
such as treatment pulses (600–1800 pulses per session) and 
stimulation sessions (1–10 sessions per day) has caused some 
confusion in the clinical practice. Additionally, it is worth noting 
that prolonging the duration of iTBS stimulation or increasing the 
number of treatment sessions per day in a patient will be somewhat 
challenging for the clinical agency. Nevertheless, there is a lack of 
head-to-head studies comparing the safety and antidepressant 
effects of iTBS (daily treatment of 600 pulses) with either piTBS 
or accelerated iTBS for patients with TRD. Thus, further RCTs 
with high quality are warranted to explore the optimum protocol 
of iTBS in treating MDD.

Apart from the antidepressant effects, adjunctive TBS may 
improve the neurocognitive function of psychiatric disorders (47, 48), 
which has important clinical therapeutic significance. A recent meta-
analysis found that iTBS shown a positive effect in enhancing 
neurocognitive function in healthy adults (49). The findings were 
consistent with a recent systematic review investigating adjunctive 
iTBS for neurocognitive dysfunction in elderly patients with 
schizophrenia (50). However, data on the neurocognitive effects of 
iTBS versus HF-rTMS were not reported in the two included RCTs 
(26, 27).

In this systematic review, similar rates of discontinuation and 
adverse events were observed in the two groups, indicating high 
clinical acceptability and feasibility of iTBS in the treatment of patients 
suffering from TRD. This result was consistent with a previous review 
that reported that iTBS as an add-on therapy was relatively safe for 
psychiatric disorders and found no serious adverse events except for 
mild side effects (e.g., headache, dizziness, nausea, and discomfort) 
(48). Oberman et al. (51) conducted a study focusing on the safety of 
TBS for the general population and found that only a few subjects 
suffered from mild adverse events. Similarly, studies focused on other 
modalities of iTBS, such as piTBS or accelerated iTBS, which were also 
confirmed to be safe and well tolerated in treating patients with MDD 
(22, 35, 36).

Overall, the primary strength of this systematic review is that 
two included RCTs (Jadad score = 5) were classified as high quality. 
However, there were several limitations in this systematic review 
that should be noted. First, although a comprehensive systematic 
search was conducted, only a relatively small number of studies (2 
RCTs) met the inclusion criteria for qualitative synthesis. Second, a 
meta-analysis could not be  conducted due to the significant 
heterogeneity between each included RCT. Third, a medication 
effect cannot be ruled out because patients remain on their ongoing 
pharmacological treatment. Fourth, this systematic review only 
included studies that used the standard dosage of 600 pulses of iTBS 
for daily treatment, excluding other patterns of iTBS, such as 
prolonged iTBS and accelerated iTBS. Fifth, all patients in the two 
included RCTs suffered from treatment-resistant unipolar 
depression, suggesting that our findings may not be generalizable 
to treatment-resistant bipolar depression. Finally, this systematic 
review has not been registered.T
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Conclusion

The antidepressant efficacy and safety of iTBS and HF-rTMS 
appeared to be similar for patients with TRD, although further RCTs 
with rigorous methodology are needed.
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Cochrane risk of bias. +, Low risk of bias; ?, Unclear risk of bias.

TABLE 2 iTBS versus HF-rTMS for patients with TRD: study-defined response and remission.

Study Treatment outcomes iTBS group HF-rTMS group Findingse

Blumberger et al. (26) (Canada) Study-defined responsea 49.2% (95/193) 47.4% (91/192) p > 0.05

Bulteau et al. (27) (France) Study-defined responseb 36.7% (12/30) 33.3% (10/30) P > 0.05

Total 48.0% (107/223) 45.5% (101/222) P > 0.05

Blumberger et al. (26) (Canada) Study-defined remissionc 31.6% (61/193) 26.6% (51/192) P > 0.05

Bulteau et al. (27) (France) Study-defined remissiond 18.5% (6/30) 14.8% (5/30) P > 0.05

Total 30.0% (67/223) 25.2% (56/222) P > 0.05

aDefined as ≥ 50% reduction from the HRSD total score at baseline.
bDefined as ≥ 50% reduction from the MADRS total score at baseline.
cDefined as HRSD scores < 8.
dDefined as MADRS scores < 8.
eReflect the differences between iTBS groups and HF-rTMS groups at the treatment endpoints. HF-rTMS, high-frequency repetitive transcranial magnetic stimulation; HRSD, Hamilton Rating 
Scale for Depression; iTBS, intermittent theta burst stimulation; MADRS, Montgomery-Åsberg Depression Rating Scale; TRD, treatment-resistant depression.
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Biological correlates of treatment 
resistant depression: a review of 
peripheral biomarkers
Emiliana Mancuso , Gaia Sampogna , Alessia Boiano , 
Bianca Della Rocca , Matteo Di Vincenzo , Maria Vita Lapadula , 
Flavia Martinelli , Federico Lucci  and Mario Luciano *

Department of Psychiatry, University of Campania “L. Vanvitelli”, Caserta, Italy

Introduction: Many patients fail to respond to multiple antidepressant 
interventions, being defined as “treatment-resistant depression” (TRD) patients. 
TRD is usually associated with increased severity and chronicity of symptoms, 
increased risk of comorbidity, and higher suicide rates, which make the clinical 
management challenging. Efforts to distinguish between TRD patients and those 
who will respond to treatment have been unfruitful so far. Several studies have 
tried to identify the biological, psychopathological, and psychosocial correlates 
of depression, with particular attention to the inflammatory system. In this paper 
we aim to review available studies assessing the full range of biomarkers in TRD 
patients in order to reshape TRD definition and improve its diagnosis, treatment, 
and prognosis.

Methods: We searched the most relevant medical databases and included studies 
reporting original data on possible biomarkers of TRD. The keywords “treatment 
resistant depression” or “TRD” matched with “biomarker,” “inflammation,” 
“hormone,” “cytokine” or “biological marker” were entered in PubMed, ISI Web 
of Knowledge and SCOPUS databases. Articles were included if they included a 
comparison with healthy controls (HC).

Results: Of the 1878 papers identified, 35 were included in the present study. 
Higher plasma levels of IL-6 and TNF-α were detected in TRD patients compared 
to HC. While only a few studies on cortisol have been found, four papers showed 
elevated levels of C-reactive protein among these patients and four articles 
focused on immunological cells. Altered kynurenine metabolism in TRD patients 
was reported in two studies, while contrasting results were found with regard to 
BDNF.

Conclusion: Only a few biological alterations correlate with TRD. TNF-α seems 
to be  the most relevant biomarker to discriminate TRD patients from both HC 
and treatment-responsive MDD patients. Moreover, several discrepancies among 
studies have been found, due to methodological differences and the lack of a 
standardized diagnostic definition of TRD.
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major depression, treatment resistant depression, TRD, biomarker, cytokines, 
inflammation
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Introduction

Major Depressive Disorder (MDD) is a heterogeneous severe 
mental disorder, deriving from the interplay between genetic, 
environmental and psychological factors (1). More than 280 million 
people suffer from MDD, which is the primary cause of disability 
worldwide (2) and of significant impairment in daily functioning and 
quality of life (3, 4). At least 80% of patients with MDD experience 
work difficulties, problematic social interactions, and impaired daily 
life activities, making difficult the achievement of a full functional 
recovery (5, 6). Several effective pharmacological and psychosocial 
interventions are available for MDD, but many patients fail to respond 
to multiple antidepressant interventions, being defined as “treatment-
resistant depression” (TRD) patients (7).

The first conceptualization of TRD dates back to 1970s as an 
attempt to overcome the limitation of the construct of “refractory 
depression” (8). Subsequently, Ban (9) argued that failure to respond 
to pharmacological treatment in patients with depression might reflect 
a different neurobiological substrate of depressive symptoms, 
compared to those patients who responded adequately to 
antidepressants. Accordingly, resistance to antidepressants would 
define for a distinct clinical subtype of depression. The first clinical 
definition of TRD was provided only in the late 90s by Thase and Rush 
(10), who described a sample of depressed patients who had not 
responded to at least two adequate trials of antidepressant medications, 
revitalizing the concept of TRD. Since then, the concept of TRD has 
been constantly refined (11, 12).

Currently, different definitions of TRD are available. The European 
Medicines Agency (EMA) defined resistance as a “failure to produce 
significant clinical results with a treatment of at least two different 
antidepressants (of the same or different classes) administered at the 
right doses and for an adequate amount of time, with verified patients’ 
compliance to treatment,” and is widely adopted as a standard 
definition of TRD in research settings (13). According to the Maudsley 
Staging Method, TRD is defined by five domains: time-course, 
severity, number of drugs, augmentative strategies, and use of ECT, 
with a maximum score of 15 (14). However, despite efforts, the 
definition of treatment resistant depression still presents several 
critical issues. In fact, some authors pointed out that the resistance 
construct can lead to a sense of nihilism in both patients and mental 
health professionals (15), and the construct of Difficult-To-Treat 
Depression (DTTD) would be preferable: while TRD focuses on a 
trial-and-error approach to find the right treatment, DTTD recognizes 
the importance of tailoring treatment to the needs of individual 
patients and considers a more comprehensive evaluation of patient’s 
medical history, lifestyle, and other subjective variables (16, 17). 
However, more complex and accurate definitions are poorly 
represented in clinical trials (18).

The difficulties in increasing knowledge about epidemiology, 
clinical management, and treatment of TRD are partially due to the 
lack of a univocal definition of this syndrome, which is highly needed. 
In fact, resistance to antidepressants is associated with greater 
symptom severity and chronicity, increased risk of comorbid physical 
(19, 20) and mental disorders, and higher suicide rates (21). Thus, 
TRD might represent a distinct clinical subtype of depression, yet one 
of the more severe, with unique treatment challenges and implications 
(22, 23), or a more severe form of MDD at the extreme of the 
affective continuum.

In order to gain deeper insights into the presence of a distinct 
clinical phenotype of TRD with discernible biological 
foundations, in this paper we  have investigated biomarkers, 
specifically those previously documented in the literature for 
their associations with TRD. Biomarker can be  defined as “A 
defined characteristic that is measured as an indicator of normal 
biological processes, pathogenic processes or responses to an 
exposure or intervention” (24). Biomarkers, as measurable 
molecular or cellular indicators, hold the potential to unravel the 
intricate interplay between genetic, physiological, and 
environmental factors that contribute to the manifestation of 
unique clinical profiles. These biomarkers serve as invaluable 
tools, facilitating the characterization, diagnosis, and 
understanding of the underlying biological mechanisms 
associated with a specific clinical phenotype. In the field of 
psychiatry, the practical application of biomarkers remains 
notably absent in clinical practice, primarily due to the limited 
supporting evidence in the literature. Biomarkers have 
demonstrated their transformative impact in various branches of 
medicine, including neurology and immunology, where they have 
facilitated early diagnosis, disease subtyping, treatment 
monitoring, prognosis assessment, and drug development.

However, efforts to distinguish between patients who will 
respond to treatment and those who will not have been unfruitful so 
far (25). Several studies have tried to identify the biological, 
psychopathological, and psychosocial correlates of depression, with 
particular attention to the dysfunction of the inflammatory system 
(26). Compared to patients with major depression who respond to 
pharmacological treatments, TRD patients have increased levels of 
proinflammatory cytokines, which indirectly reduce serotonin 
availability in the central nervous system (27) and the efficacy of 
antidepressant medications (28). Moreover, TRD is also associated 
with alterations in the hypothalamic-pituitary-adrenal (HPA) axis 
(29). A systematic review investigating the role of C-reactive protein 
(CRP) as a biomarker for MDD showed a low grade of inflammation 
was found in a percentage of MDD patients who were less responsive 
to treatment, suggesting that this could represent a subgroup of 
depressed patients with a different etiopathogenesis (30). Another 
studied biomarker is the brain-derived neurotrophic factor (BDNF), 
whose levels are significantly reduced in TRD patients compared to 
MDD, suggesting that the decreased levels of BDNF may 
be associated with biological resistance to traditional antidepressant 
treatments (31).

Taken together, available data suggest that chronic 
neuroinflammation might be implicated in the pathogenesis of MDD, 
with lower evidence about possible biomarkers of TRD (32). The 
identification of biomarkers of TRD holds relevant implications at 
clinical and research level. TRD biomarker could be used in clinical 
practice to identify in advance patients who are at higher risk to 
develop treatment resistance, facilitating the early detection of difficult 
to treat patients. Moreover, from a clinical perspective the availability 
of reliable biomarkers of TRD would be useful to assess a more precise 
prognosis of MDD patients, and to identify personalized and 
integrated treatments (which include psychotherapy and other 
psychosocial interventions) in order to reduce the risk of treatment 
resistance. At research level the identification of reliable biomarkers 
for TRD would be useful in order to develop new treatments strategies 
to be used in patients with TRD.
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In this paper we review available studies assessing the full range 
of biomarkers compared to healthy controls in order to reshape TRD 
definition and improve its diagnosis, treatment, and prognosis.

Methods

The keywords “treatment resistant depression” OR “TRD” 
matched with “biomarker,” “inflammation,” “hormone,” “cytokine” 
or “biological marker” were entered in the PubMed, ISI Web of 
Knowledge and SCOPUS databases for papers published from 
inception until April 6, 2023. Studies were included in the review 
if they: (1) included patients with a diagnosis of TRD; (2) assessed 
any biological marker for TRD; (3) included a control group of 
healthy subjects; (4) were written in English. Studies including 
other subsamples of patients (i.e., those with bipolar disorder) were 

included only if it was possible to extrapolate data on patients with 
unipolar TRD. We  included only papers assessing biological 
markers in the review. Markers of different nature, such as those 
based on imaging, genetics and clinical evaluations were excluded 
from our analysis. Moreover, articles not providing a clear 
definition or utilizing ambiguous terminology for TRD were 
excluded. Only original articles were considered for the review. 
Additionally, the reference lists of all included papers were checked 
for the identification of other possible studies (Figure 1). The full 
reports of potentially relevant studies were obtained, and content 
of each paper was extracted.

For each paper, data on study design, sample characteristics, age 
range of recruited patients, biomarkers detected, psychopathological 
and psychosocial characteristics, TRD definition, and main results 
were independently extracted by four authors; discrepancies were 
resolved by discussion.
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Records after duplicates 
removed
(N=1325)

Reasons for exclusion:
• Study protocol
• Qualitative studies
• Case reports
• Reviews/Meta-analyses
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(N=378)

Exclusion of articles not meeting 
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Studies included in review
(N=35)
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FIGURE 1

PRISMA flow diagram of selection of studies for inclusion in the review.
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Results

Entering the keywords in the relevant databases, 1,878 papers 
were identified; 553 were duplicates and excluded. 947 further papers 
were eliminated after reading the abstracts because they did not meet 
the inclusion criteria. After reading full-text papers, 212 more papers 
were excluded. Therefore, our review consists of 35 papers, grouped 
in the following five categories according to the main investigated 
biological correlates: studies on cytokines; other inflammatory 
markers; kynurenine; Brain-Derived Neurotrophic Factor (BDNF); 
and other clinical parameters (Table 1).

Cytokines

With respect to IL-1, available data are still inconsistent. In fact, 
while Uint et  al. (62) found higher IL-1b plasma levels in TRD 
compared to HC, Zincir et al. (67) and Wu et al. (65) found lower 
IL-1b levels of in TRD patients.

All available studies found increased plasma levels of IL-6 in TRD 
patients compared to HC (28, 49, 54, 65).

Seven studies addressed the correlation between TNF-α and 
TRD. Sanchez-Carro et al. (55) provided data supporting the role of 
TNF-α in discriminating between TRD and HC using a machine 
learning approach. These findings were replicated in a case–control 
cross-sectional study on elderly TRD patients, where TNF-α levels 
were significantly higher in TRD than in the HC group (65). In 
addition, in a double-blind, randomized, placebo-controlled trial, 
Strawbridge et  al. (59) found that the baseline pro-inflammatory 
proteins, including TNF-α, were significantly higher in TRD patients 
than in HC, after controlling for gender, age, childhood adversity and 
BMI. On the other hand, one study found no difference in the 
production of lipopolysaccharide induced-TNF-α in peripheral blood 
mononuclear cells (34), while other reports (61, 67) found decreased 
TNF-α levels in TRD compared to HC. Interestingly, one study 
reported higher serum concentrations of TNF-α receptor subtype 1 
(TNF-α R1) titers in TRD patients compared to HC (44).

In a randomized controlled trial, Zincir et al. (67) found higher 
levels of IL-10 in TRD compared to HC, while another study found 
no difference between TRD patients and healthy controls (59).

Other cytokines which have been explored as potential biomarkers 
of TRD include IL-12, IL-5, Interferon gamma (IFN-gamma), IL-8 
and IL-4. Szałach et al. (61) reported lower levels of serum IL-12 and 
higher levels of IL-8 in TRD patients vs. HC. Strawbridge et al. (60) 
found higher levels of IL-8 in TRD patients compared to controls, 
associated with elevated titers of IL-5. Moreover, IL-4 blood levels 
were significantly higher in TRD than in the control group (67), while 
no difference in phytohemagglutinin (PHA)-induced IL-2 production 
has been found between patients and controls (34). One study found 
higher IFN-gamma titers in TRD than in the control group (67).

Other inflammatory markers

Despite consolidated evidence on cortisol levels in MDD, only a 
few studies have been carried out in patients with TRD. Markopoulou 
et al. (51) and Wu et al. (65) found higher cortisol serum levels in TRD 
vs. HC. Interestingly, Juruena et al. (45) found an impaired activity of 

glucocorticoid receptors (GRs) in TRD group compared to HC. de 
Menezes Galvão et al. (40) carried out a RCT on the effect of ayahuasca 
on the hypothalamic-pituitary-adrenal axis (HPA) and found that at 
baseline TRD patients exhibit blunted awakening salivary cortisol 
response and hypocortisolemia compared to HC.

Four studies (38, 39, 41, 59) found elevated levels of C-reactive 
protein (CRP) in TRD patients compared to HC, two studies reported 
no differences between cases and controls (44, 62), while Sanchez-
Carro et al. (55) found that CRP does not discriminate between the 
two groups.

Four studies investigated immunological cells populations in TRD 
patients compared to HC. In particular, two studies found no 
differences in lymphocyte proliferation (34) and central populations 
of T cells between TRD patients and HC (61). However, in a large trial 
by Lauden et al. (46) on 570 TRD patients and 2,850 HC, higher levels 
of blood WBC, lymphocytes and platelets were found in the TRD 
group. Another study on lymphocyte sensitivity to dexamethasone 
(DEX) intake found that changes in cell redistribution after DEX 
administration were more prominent in TRD patients than in 
controls, but the effects of DEX were dependent on DEX-induced 
suppression of cortisol secretion (35).

Kynurenine

We found three studies on the kynurenine pathway in TRD. Zhou 
et al. (66) found lower serum concentrations of tryptophan (TRP), 
kynurenic acid (KYNA) and the KYNA/kynurenine (KYN) ratio, and 
a higher KYN/TRP ratio in TRD patients compared to HC. Also, 
Schwieler et al. (57) found an altered kynurenine metabolism in TRD 
patients, in particular decreased plasma levels of KYNA and 
significantly increased quinolinic acid/kynurenine ratio. However, one 
study found no difference between TRD and HC in the plasma levels 
of tryptophan, KYNA, and quinolinic acid (QUIN).

Brain-Derived Neurotrophic Factor

Four studies have explored the role of BDNF in TRD. In a 
randomized double-blinded placebo-controlled trial using a 
parallel-arm design of ayahuasca vs. placebo, no correlation was found 
between plasma levels of BDNF and TRD (41). Two studies reported 
lower levels of BDNF in TRD compared to HC (33, 53), while Uint 
et al. (62) found opposite results.

Other hematological parameters

Several other hematological parameters have been investigated in 
TRD patients. In particular, lower serum albumin levels were found 
in TRD patients compared to controls (64), while no significant 
difference in the levels of basal Thyroid Stimulating Hormone (TSH) 
and T4 were detected between major depressed patients with or 
without TRD and non-TRD (46, 63). One study showed lower 
vascular endothelial growth factor (VEGF) titers in TRD patients 
compared to HC (53). One study found reduced baseline levels of 
enzyme cofactor biopterin (involved in the synthesis of 
neurotransmitters like serotonin, dopamine, and norepinephrine) in 
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TABLE 1 Summary of studies included in the review.

Study and 
country

Sample 
size

Biomarker Body 
fluid

TRD 
definition

Study design Main results

Allen et al. (33), 

Ireland

35 TRD patients

20 HC

BDNF Blood Failure of two 

antidepressant trials

Cross-sectional BDNF was lower in TRD patients 

compared to HC. sBDNF was significantly 

elevated only at 1 week following the first 

ketamine infusion in those classified as 

responders 1 week later. BDNF was not 

elevated following subsequent infusions

Bauer et al. (34), 

Brazil

36 TRD patients

31 HC

Salivary cortisol 

before and after 

DEX, 

phytohemagglutinin-

induced T-cell 

proliferation, IL-2, 

TNFα, lymphocyte 

sensitivity to both 

cortisol and DEX

Saliva

Blood

Failure of five 

different 

antidepressants 

trials

Cross-sectional Basal morning cortisol levels from 

patients and controls did not differ nor 

did their T-cell proliferation and cytokine 

production. Ten out of 36 patients were 

classified as nonsuppressors and presented 

significantly higher post-DEX salivary 

cortisol levels than suppressors. Cells of 

nonsuppressors produced significantly 

less TNFα compared to suppressors. 

GC-induced suppression of lymphocyte 

proliferation and cytokine production 

were generally less marked in depressives 

compared with controls

Bauer et al. (35), 

Brazil

36 TRD patients

31 HC

Salivary cortisol and 

CD4+, CD8+, 

CD19+, CD56+, and 

HLADR+ cells 

distribution

Saliva

Blood

Failure of five 

different 

antidepressants 

trials

Cross-sectional No differences in basal salivary cortisol 

levels were found between patients and 

controls. Changes in cell redistribution 

(CD4+, CD8+, CD19+, CD56+, and 

HLADR+ cells) after DEX administration 

were more prominent in controls than in 

patients, but the effects of DEX varied 

dependent on whether patients exhibited 

DEX-induced suppression of cortisol 

secretion. Glucocorticoid-induced 

suppression of adhesion molecule 

expression was generally less marked in 

patients than controls

Carpenter et al. 

(36), USA

19 TRD patients

19 HC

Substance P CSF Failure to respond 

to at least two but 

not more than six 

antidepressant trials

Cross-sectional Mean CSF substance P concentration was 

significantly lower in TRD patients on 

psychotropic medications than in the HC 

group

Cattaneo et al. 

(37), Italy

58 TRD patients

36 MMD 

responsive 

patients

36 MMD 

untreated 

patients

40 HC

IL-1-beta, IL-6, 

TNFα, MIF, 

glucocorticorticoid 

receptor, SGK1, 

FKBP5, P2RX7, 

CCL2, CXCL12, 

CRP, A2M, AQP4, 

ISG15, STAT1, and 

USP-18

Blood Depressive 

symptoms (HDRS 

>13) while currently 

on an 

antidepressant at 

standard 

therapeutic dose for 

at least 6 weeks, plus 

at least one 

historical failure to 

a different 

antidepressant

Cross-sectional Treatment-resistant and drug-free 

depressed patients had both increased 

inflammasome activation (higher P2RX7 

and proinflammatory cytokines/

chemokines mRNAs expression) and 

glucocorticoid resistance (lower GR and 

higher FKBP5 mRNAs expression), while 

responsive patients had an intermediate 

phenotype with lower CXCL12. Six 

mRNAs (P2RX7, IL-1-beta, IL-6, TNFα, 

CXCL12, and GR) distinguished 

treatment-resistant from responsive 

patients, even after adjusting for other 

variables that were different between 

groups

(Continued)
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TABLE 1 (Continued)

Study and 
country

Sample 
size

Biomarker Body 
fluid

TRD 
definition

Study design Main results

Chamberlain 

et al. (38), UK

102 TRD 

patients

48 Responsive 

MMD patients

48 Untreated 

MMD patients

54 HC

CRP Blood Patients with HDRS 

total score > 13; 

currently in 

treatment with a 

monoaminergic 

drug for at least 

6 weeks

Cross-sectional Compared with HC, CRP was 

significantly elevated in TRD, but was not 

in the treatment-responsive and untreated 

groups

Congio et al. (39), 

Brazil

24 TRD patients

82 HC

Leptin, CRP Blood HDRS-17 Total 

score > 16, after 8 to 

12-weeks of several 

antidepressant trials

Cross-sectional Higher levels of leptin, hs-CRP > 3 mg/L 

and higher BMI were found to 

be associated with TRD. The TRD patients 

with hs-CRP > 3 mg/L presented on 

average higher levels of leptin for the 

same BMI, compared to non-TRD

de Menezes 

Galvão et al. (40), 

Brazil

28 TRD patients

43 HC

Cortisol Saliva

Blood

Failure of two 

antidepressant trials

Placebo controlled 

trial

Baseline assessment showed blunted 

awakening salivary cortisol response and 

hypocortisolemia in patients, with TRD 

respect to HC

Galvão-Coelho 

et al. (41), Brazil

28 TRD patients

45 HC

CRP, IL-6, cortisol, 

BDNF, GOT, GPT

Blood Failure of two 

antidepressant trials

Double blind 

placebo controlled-

trial

Higher CRP levels and similar IL-6 levels 

in TRD patients compared to control 

group, adjusting for BMI. A significant 

inverse correlation between CRP and 

cortisol levels was found in patients. No 

correlation between CRP and BDNF, and 

between IL-6 and any variable in patient 

group. No correlation between CRP and 

IL-6 in the control group

Gur et al. (42), 

Israel

26 TRD patients

24 MDE (both 

MDD and BPD) 

patients

30 HC

AQP4-IgG Blood Failure of two 

antidepressant trials

Longitudinal Absence of AQP4-IgG autoantibodies in 

all patients

Hoekstra et al. 

(43), Netherlands

20 TRD patients

29 HC

Biopterin, neopterin, 

phenylalanine, 

tyrosine, TRP, 

isoleucine, leucine, 

and valine

Blood Failure to a prior 

treatment with a 

tricyclic 

antidepressant, 

lithium addition or 

an irreversible 

monoamine oxidase 

inhibitor

Longitudinal Lower plasma biopterin concentration in 

TRD patients compared to HC. After 

treatment, biopterin increased in TRD 

patients with psychotic features. The 

plasma phenylalanine/tyrosine ratio 

normalized after ECT. Mean tryptophan 

concentration was lower in TRD than in 

HC

Huang et al. (44), 

Taiwan

20 TRD patients

14 responsive 

MDD patients

34 HC

CPR, sIL-2R, sIL-6R, 

TNFα-R1

Blood Failure of two 

antidepressant trials

Cross-sectional MDD patients had higher serum 

concentrations of TNFα R1. Higher 

serum concentrations of TNFα R1 in 

TRD patients than in healthy controls or 

non-TRD group. The most significant 

finding from this study was the 

correlation of increased serum 

concentrations of TNFα R1 and impaired 

glutamatergic neurotransmission in the 

caudate nucleus and anterior cingulate 

cortex in patients with TRD

(Continued)
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TABLE 1 (Continued)

Study and 
country

Sample 
size

Biomarker Body 
fluid

TRD 
definition

Study design Main results

Juruena et al. 

(45), UK

12 TRD patients

12 HC

Cortisol Saliva Failure of two 

antidepressant trials

Cross-sectional Higher salivary cortisol levels in TRD 

patients compared with controls after all 

challenges. In these patients the provision 

of spironolactone did not increase cortisol 

compared to placebo; spironolactone with 

prednisolone had no effect on the 

suppressive effects of prednisolone. 

Patients with TRD had a reduction in the 

conversation of spironolactone to the 

active metabolite canrenone

Lauden et al. (46), 

Israel

570 TRD 

patients

2,850 MDD 

patients

2,850 HC

WBC, lymphocytes, 

eosinophils, 

basophils, platelets, 

MPV, glucose, TSH, 

CRP, ESR, C3, C4, 

antinuclear 

antibodies, RF, IgE

Blood Presence of minimal 

improvement or no 

improvement with 

at least two different 

classes of 

antidepressants, at 

adequate doses and 

durations (at least 

6 weeks)

Cross-sectional Higher levels of blood WBC, 

lymphocytes, platelets, C-reactive protein, 

ESR, C3 and C4 levels in TRD patients 

compared controls

Maes et al. (47), 

Belgium

28 TRD patients

8 responsive 

MDD patients

15 HC

DPP IV Blood Failure of two 

antidepressant trials

Cross-sectional Significantly lower derum DPP IV activity 

in major depressed subjects, irrespective of 

treatment resistance, than in normal 

volunteers; subchronic treatment with 

antidepressants has no significant effect on 

serum DPP IV activity; serum DPP IV is 

related to immune- as well as inflammatory 

markers of major depression

Maes et al. (48), 

Belgium

23 TRD patients

9 responsive 

MDD patients

15 HC

Zn and Cu Blood Failure of two 

antidepressant trials

Longitudinal Decreased Serum Zn levels in TRD 

patients; treatment with antidepressants 

does not alter the initially lower Zn levels, 

although antidepressant treatment 

significantly reduces serum Cu levels; 

lower serum Zn is significantly related to 

immune/inflammatory markers

Maes et al. (49), 

Belgium

28 TRD patients

7 MDD patients

15 HC

IL-6, IL-6R, IL-1Ra, 

sCD8, CC16, and Zn

Blood Treatment 

resistance according 

to Thase and Rush 

criteria

Cross-sectional Significantly higher serum IL-6 levels in 

TRD subjects, while there were no 

significant differences between normal 

volunteers and non-TRD patients, and 

between patients with and without TRD

Maes et al. (50), 

Belgium

19 TRD patients

16 responsive 

MDD patients

22 HC

CoQ10 Blood Presence of (a) failure 

of two antidepressant 

trials; (b) failure to 

respond to 

augmentation 

treatment; (c) point b 

plus failure to 

respond to two 

augmentation 

strategies; (d) 

previous stage plus 

non-response to ECT

Cross-sectional Plasma CoQ10 was significantly lower in 

patients with TRD and with Chronic 

Fatigue Syndrome than in the other 

depressed patients. No significant 

correlation between plasma CoQ10 and 

the HDRS

(Continued)
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TABLE 1 (Continued)

Study and 
country

Sample 
size

Biomarker Body 
fluid

TRD 
definition

Study design Main results

Markopoulou 

et al. (51), UK

28 TRD patients

40 HC

DHEA, cortisol Blood Failure of two 

antidepressant 

trials. Degree of 

resistance was 

staged according to 

the Thase and Rush 

criteria

Observational Cortisol levels were significantly higher in 

patients than controls, but DHEA levels 

did not differ. The ratio of cortisol/DHEA 

was significantly elevated in patients

Nasca et al. (52), 

USA

11 TRD patients

26 MD patients

26 HC

LAC Blood History of 

nonresponse to at 

least two 

antidepressant trials

Cross-sectional Compared to HC, decrease in LAC was 

larger in TRD patients, among whom 

childhood trauma and, specifically, a 

history of emotional neglect and being 

female, predicted the decreased LAC

Pisoni et al. (53), 

United Kingdom

36 TRD patients

36 HC

Tie2, BDNF, VEGF, 

VEGFC, VEGFD, 

PlGF, bFGF, and 

sFlt1

Blood Score > 7.5 using the 

Maudsley Staging 

Method

Longitudinal Deficit of peripheral growth factors in 

TRD patients. Higher Tie2 levels in TRD 

patients than controls, while lower 

VEGFC and BDNF levels in TRD 

participants. Levels of VEGF were not 

significantly different between patients 

and controls

A decrease of VEGF 260 and VEGFC over 

time in TRD patients was reported. No 

changes were seen in levels of BDNF 

following antidepressant treatment. TRD 

patients showed significantly lower levels 

of VEGFD at admission compared to 

responders

Rengasamy et al. 

(54), USA

103 TRD 

patients

43 HC

IL-6 Blood

CSF

Failure of three 

antidepressant trials

Cross-sectional Higher levels of plasma IL-6 were found 

in TRD compared to HC

Sanchez-Carro 

et al. (55), Spain

59 TRD patients

32 MDD patients

80 HC

TNFα and

CRP

Blood Failure of two 

antidepressant 

trials, or non-

response to the 

augmentation 

treatments

Cross-sectional TNFα and CRP were relevant for the 

differentiation of the group of patients 

from the HC group

Sasaki et al. (56), 

Japan

10 TRD patients

27 MDD patients

25 HC

OXT Blood Failure of two 

antidepressant trials 

and not responding 

to at least eight 

sessions of cognitive 

behavioral therapy

Cross-sectional Serum OXT levels in TRD patients were 

higher compared to HC

Schwieler et al. 

(57), Sweden

19 TRD patients

22 HC

IL-1β, IL-2, IL-6, 

IL-8, IL-10, IL-

12p70, TNFα, IFN-γ, 

GM-CSF, KYNA, 

and QUIN

Blood Patients had been 

adequately treated 

with oral 

antidepressant, but 

had not responded

Observational Increased plasma levels of IL-6 in TRD 

patients compared HC. Decreased plasma 

levels of KYNA and significantly 

increased QUIN/KYNA ratio in TRD

Plasma levels of tryptophan, kynurenine, 

and QUIN did not differ between patients 

and controls. There was a significant 

inverse correlation between symptom 

severity and kynurenine levels at baseline

(Continued)
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TABLE 1 (Continued)

Study and 
country

Sample 
size

Biomarker Body 
fluid

TRD 
definition

Study design Main results

Sowa-Kucma 

et al. (58), Poland

42 TRD patients

72 responsive 

MDD patients

50 HC

IL-1α, IL-1RA, 

IL-2R, IL-6R, 

sTNF-R1, sTNF-R2, 

TBARS

Blood Failure of two 

antidepressant trials

Cross-sectional TRD is characterized by increased sIL-6R 

levels as compared with controls and 

depressed patients without TRD, lowered 

sTNF-R2 levels as compared to non-TRD 

patients and increased TBARS levels as 

compared with all other study samples

Strawbridge et al. 

(59), UK

129 TRD 

patients

28 HC

IL-6, CRP, TNFα, 

and IL-10

Blood Non-responsive to 

at least two 

antidepressants

Two-arm parallel-

group, double-

blind, randomized, 

placebo-controlled 

trial

CRP, TNFα and IL-6 were elevated in 

TRD patients compared to HC. Other 

inflammatory proteins did not mediate or 

moderate treatment outcomes

Strawbridge et al. 

(60), UK

36 TRD patients

36 HC

CRP, IFNα, IFNγ, 

IL-10, IL-12, IL-

12p70, IL-13, IL-15, 

IL-16, IL-17, IL-1α, 

IL1β, IL-2, IL-4, 

IL-5, IL-6, IL-7, IL-8 

(CXCL8), TNFα, 

TNFβ, Eotaxin 

(CCL11), Eotaxin-3 

(CCL26), GM-CSF, 

IP-10 (CXCL10), 

MCP1 (CCL2), 

MCP4 (CCL13), 

Mip1a (CCL3), 

Mip1b (CCL4), SAA, 

sICAM1 (sCD54), 

sVCAM1 (sCD106), 

and TARC (CCL17)

Blood TRD was assessed 

using the Maudsley 

Staging Method 

staging tool

Longitudinal Patients with TRD reported higher 

proteomic inflammatory activity than HC; 

elevated inflammation is predictive of a 

more severe or resistant depressive illness 

both retrospectively (i.e., prior to 

inpatient treatment, in the current 

episode) and prospectively (predicting 

more severe depressive symptoms in the 

months after discharge)

Szałach et al. (61), 

Poland

20 TRD patients

13 HC

CD28, CD69, CD25, 

CD95, HLA-DR, 

IL12p70, TNFα, 

IL-10, IL-6, IL-1β, 

and IL-8

Blood Failure of two 

antidepressant trials

Cross-sectional Lower percentage of CD3 + CD4 + CD25+ 

and CD3 + CD8 + CD95+ cells in TRD 

patients than HC, lower serum levels of 

IL-12p70 and TNFα, and significantly 

higher IL-8 levels

Uint et al. (62), 

Brasil

34 TRD patients

43 BPD patients

41 HC

TNFα, IL-1β, IL-6, 

BDNF, and CRP

Blood Failure of two 

antidepressant trials

Cross-sectional BDNF and IL-1β plasma concentrations 

were increased in TRD compared to HC

Vandoolaeghe 

et al. (63), 

Belgium

27 TRD patients

9 responsive 

MDD patients

15 HC

TSH, T4 Blood Failure of two 

antidepressant trials

Cross-sectional No significant differences in basal TSH or 

T4 in TRD was found

Van Hunsel et al. 

(64), Belgium

29 TRD patients

8 responsive 

MDD patients

29 HC

TSP, albumin, 

alpha1, alpha2, beta, 

and gamma-globulin

Blood Failure of two 

antidepressant trials

Longitudinal Significantly lower TSP and percentage 

and concentration of serum albumin 

(Alb) and y-globulin fraction in TRD 

than in HC

Serum beta-globulin concentrations were 

significantly lower in TRD subjects than 

in HC

(Continued)
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TRD patients compared to HC (43). Significantly decreased serum 
levels of acetylating molecule acetyl-L-carnitine (LAC) were observed 
in TRD patients compared to HC (52). Another study reported higher 
serum levels of oxytocin (OXT) in a sample of adolescents with TRD 
compared to age-matched HC (56).

Gur et  al. (42) found that TRD patients are more frequently 
seronegative to Aquaporin-4 (an astrocyte water channel protein) 
autoantibodies (AQP4-IgG) compared to HC. However, another study 
reported no statistical difference in the expression of AQP4 gene 
between TRD and HC (37).

Interestingly, two studies assessed zinc (Zn) serum levels: Maes 
et al. (48) found significantly lower levels of serum Zn in TRD than 
in HC, which were inversely correlated with IL-6 titers (49). The 
same authors showed a significantly lower serum activity of 
dipeptidyl peptidase IV (DPP IV), a serine protease with a role in 
cytokine production, in TRD than in HC (47), and significantly 
lower levels of the antioxidant Coenzyme Q10 compared to 
responsive-MDD patients (50). Sanchez-Carro et al. (55) reported 
that glutathione and 4-hydroxynonenal (HNE) could serve as 
variables to discriminate between TRD patients and HC. Moreover, 
one study investigated the role of stress-related neuropetide 
Substance P (SP) in the central nervous system (CNS), by means 
of standard lumbar puncture techniques (36). Authors reported 
that TRD patients taking psychotropic medications had 
significantly lower mean cerebrospinal fluid SP concentration than 
HC (53).

Discussion

The underlying biological mechanisms that contribute to 
development and maintenance of TRD are not yet elucidated. The 
identification of reliable biomarkers would allow an early 
identification, proper diagnosis and treatment of TRD, improving the 
chance of a successful outcome (68). However, only a small number 
of biological alterations seem to correlate with TRD, in particular 
some cytokines, the kynurenine pathway catabolites, CRP, BDNF 
and cortisol.

The role of inflammation, and in particular of cytokines, in the 
pathophysiology of mental disorders has been recently highlighted 
(69), following a new wave of studies using modern biological 
techniques (70, 71). While several evidence shows an involvement of 
the immunological systems in MDD, suggesting that the 
communication between immune and brain systems might 
be  mediated by increased cytokine levels (72, 73), only a limited 
number of studies investigating the role of inflammation and of 
cytokine alteration in TRD have been found, despite the presence of 
low-grade neuroinflammation has been reported to be  more 
frequently in patient with treatment resistant major depression, rather 
than in responders and healthy controls (74, 75).

Available evidence has reported that TNF-α, whose blood 
concentration has shown a significant improvement after treatments 
with antidepressants, is the most relevant biomarker to discriminate 
TRD patients from both to HC and to treatment-responsive MDD 

TABLE 1 (Continued)

Study and 
country

Sample 
size

Biomarker Body 
fluid

TRD 
definition

Study design Main results

Wu et al. (65) 

China

30 TRD patients

30 responsive 

MDD patients

30 HC

Cortisol, nesfatin-1, 

CRP, TNFα, IL-6, 

1 L-1β

Blood Ineffective 

treatments for 

3 months with two 

or more different 

antidepressants in 

sufficient quantity

Cross-sectional Serum cortisol, CRP, TNFα, and IL-6 

levels were significantly higher in TRD 

than in HC. Serum nesfatin-1 levels in the 

non-TRD group were significantly lower 

than HC and TRD groups, and 

significantly higher serum IL-1β levels in 

the non-TRD group than in the control 

and TRD groups

Zhou et al. (66), 

China

68 TRD patients

6 HC

TRP, KYN, and 

KYNA

Blood Failure of two 

antidepressant trials

Longitudinal Lower serum levels of TRP and KYNA 

and the KYNA/KYN ratio and higher 

KYN/TRP ratio in TRD patients than in 

HC

Zincir et al. (67), 

Turkey

50 TRD patients

30 HC

IL-1, IL-6, TNFα, 

IL-10, IL-4, and 

IFN-gamma

Blood Failure of two 

antidepressant trials

Prospective, non-

randomized, 

controlled study

Higher levels of IL-1, TNFα, and IL-10 

before treatment in TRD than in HC. No 

significant difference in the levels of IL-6 

before and after treatment when 

compared to the control group

AQP4, aquaporin-4; A2M, alpha-2-macroglobulin; BDNF, brain-derived neutrophic factor; bFGF, basic fibroblast growth factor; BPD, bipolar disorder; CCL, CC motif chemokine ligand; CD, 
cluster of differentiation; CoQ10, Q10 Coenzyme; CRP, C-reactive protein; CSF, cerebrospinal fluid; Cu, cupper; CXCL, CXC motif chemokine ligand; C3, complement component 3; C4, 
complement component 4; CC16, clara cell protein; DDP IV, dipeptidyl peptidase 4; Dex, dexamethasone; DHEA, dehydroepiandrosterone; ECT, elettroconvulsive therapy; ERS, erythrocyte 
sedimentation rate; FKBP5, FK506 binding protein 5L GM-CSF, granulocyte-macrophage colony-stimulating factor; GOT, glutamic oxaloacetic transaminase; GPT, glutamic pyruvic 
transaminase; HC, healthy control; HDRS, Hamilton Depression Rating Scale; HLA, human leukocyte antigen; Ig, immunoglobulin; IL, interleukin; IL1RA, IL-1 receptor antagonist; IL-2R, 
IL-2 receptor; INF, interferon; KYN, kynurenin; KYNA, kynurenic acid; LAC, acetyl-L-carnitine; Mcp, monocyte chemoattractant protein-1; MDD, major depressive disorder; MDE, major 
depressive episode; MIF, macrophage migration inhibitory factor; Mip, macrophage inflammatory protein; MPV, medium platelet volume; OXT, oxytocin; PlGF, placental growth factor; 
P2RX7, purinergic receptor; QUIN, quinolinic acid; RF, reumatoid factor; sFlt1, soluble fms-like tyrosine kinase-1 (VEGF receptor-1); sICAM, soluble intercellular adhesion molecules; 
sVCAM, soluble vascular cell adhesion molecule; sIL2R, soluble IL-2 receptor; sIL6R, soluble IL-2 receptor; sTNF-R1, soluble TNF-receptor1; sTNF-R2, soluble TNF-receptor2; TARC, 
thymus- and activation-regulated chemokine; TBARS, thiobarbituric acid reactive substances; Tie-2, angiopoietin-1 receptor; TNF, tumor necrosis factor; TNFαR1, tumor necrosis factor-
alpha receptor subtype 1; TRD, treatment-resistant depression; TSH, thyroid stimulating hormone; TSP, total serum protein; T3, triiodothyronine; T4, thyroxine; VEGF, Vascular endothelial 
growth factor; WBC, white blood cells; Zn, Zinc.
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patients (55, 74). In the Central Nervous System (CNS) TNF-α 
promotes serotonin metabolism and enhances the serotonin 
transporter’s activity (76). In particular, reduced levels of TNF-α could 
be  associated to a reduced activity of serotonin transporter, thus 
influencing the effectiveness antidepressants, like selective serotonin 
reuptake inhibitors (SSRIs) (76). Consequently, the assessment of 
TNF-α levels could have potential clinical relevance for TRD patients 
who have experienced several unsuccessful trials of antidepressant 
treatments (77).

Two studies found increased levels of IL-8  in TRD patients 
compared to healthy controls. IL-8 is produced by monocytes, 
macrophages, and neutrophils and exerts a pro-inflammatory action, 
by facilitating neutrophil migration. It is also synthetized in SNC by 
microglia can synthesize IL-8 in response to proinflammatory stimuli; 
it has also been reported that anti-inflammatory cytokines can 
downregulate its production and release in the SNC (20). IL-8 levels 
have been found to be consistently elevated in TRD patients also when 
they are compared to MDD responsive individuals, suggesting that 
this cytokine could be a potential biomarker for TRD. However, this 
hypothesis needs to be  confirmed by further larger longitudinal 
studies, with standardized diagnostic criteria and treatment-specific 
analyzes. Additionally, a more comprehensive understanding of the 
role of IL-8  in TRD might come from multi-modal research 
approaches, integrating genetic, imaging, and clinical data. Reviewed 
studies are insufficient to draw any other firm consideration about the 
role of the other cytokines, such as IL-2, IL-5, and IL-12, in 
TRD pathophysiology.

The BDNF has also been assessed as a biomarker in the 
pathophysiology of TRD. The BDNF belongs to the family of 
neurotrophins, a group of growth factors that support the survival, 
development, and function of neurons in the brain and peripheral 
nervous system (78). Inflammation, which is associated with increased 
cytokines production, affects BDNF expression, although the exact 
biological pathway is not fully elucidated (79). Chronic stress induces 
a reduction in BDNF concentration (80), but studies analyzing serum 
BDNF levels in TRD conveyed conflicting results (81). In fact, while 
some studies reported a reduction of BDNF concentration (53, 64), 
others found an increase of BDNF levels (62) or no difference between 
TRD and healthy controls. The inconsistency of these results might 
be due to the fact that serum analysis of BDNF concentrations is 
variable and scarcely reliable, unless Polymerase Chain Reaction 
(PCR) is used.

Many studies reported increased cortisol levels in TRD patients 
(51, 65), suggesting an alteration in HPA axis. One hypothesis 
regarding cortisol modulation in depression indicates a form of HPA 
axis fatigue with an underlying hypocortisolism both in salivary and 
plasma samples (34, 40). In fact, chronic low levels of cortisol can 
cause weakness, loss of appetite and immunological dysfunctions, 
which are symptoms commonly associated to depression (82, 83). 
However, the inconsistency of results reported in studies included in 
the present review can be explained by the fact that antidepressant 
treatments can alter HPA axis functions. Therefore, in order to fully 
understand the role of cortisol in depression, studies comparing 
medicated vs. non medicated patients are needed (84).

Several studies found alterations in the number of blood 
immune cells. Evidence shows that TRD patients can have 
increased leucocytes and possibly platelets; however, the role of 
immune cells in TRD should be better investigated. In fact, studies 

including a higher number of participants reported an increase in 
immunological cells, such as neutrophils and platelets in TRD 
patients vs. healthy controls; however, these differences were not 
statistically significant when comparing MMD and TRD, 
challenging the view that they can represent different pathologies 
along the affective spectrum (46).

In the present review, an alteration in the kynurenine pathway 
(KP) has been reported in several studies. This result is of particular 
relevance, since the vast majority (~95%) of tryptophan (TRP) is 
metabolized via KP in kynurenine (KYN), quinolinic acid (QUIN) 
and kynuretic acid (KYNA), while only a small part of TRR is used to 
synthetize monoamines, implicated in the pathophysiology of MDD, 
including noradrenaline and serotonin (85). Enzymes of the KP, can 
be activated by pro-inflammatory cytokines, which may lead to TRP 
depletion (86). Results of the present review confirm this hypothesis, 
despite they need to be replicated in larger samples.

Treatment-resistant depression represents a significant challenge 
in mental health care, making a priority the need to identify the 
etiological pathways of this complex mental disorder. Numerous 
additional biological pathways, including biopterin, acetyl-L-carnitine, 
oxytocin, zinc, glutathione, nesfatin-1, and dipeptidyl peptidase IV, 
have been investigated in TRD. In particular, biopterin, a critical 
cofactor in neurotransmitter synthesis, has shown potential relevance 
in TRD (87). Alterations in biopterin metabolism have been associated 
with the dysregulation of serotonin, dopamine, and norepinephrine 
systems, all of them being implicated in depression (88). Similarly, 
Acetyl-L-carnitine, an endogenous compound involved in cellular 
energy metabolism and neuroprotection, has demonstrated 
antidepressant effects in clinical studies, indicating its potential as a 
therapeutic target for TRD (89). While the studies on pathways of 
biopterin and acetyl-L-carnitine seem promising to enhance our 
understanding of major depression and of TRD, others - including 
aquaporin-4, vascular endothelial growth factor (VEGF), and thyroid-
stimulating hormone (TSH) - have yield fewer compelling results. 
However, the current level of evidence for these pathways is still low, 
and any consideration about the potential role in TRD 
remains speculative.

The existing literature on the biological correlates of TRD is 
explored by numerous studies, but the comparability of their findings 
and methods often proves challenging mainly due to methodological 
disparities and clinical characterization differences. These variations 
encompass the utilization of diverse laboratory techniques and the 
incorporation of inclusion criteria grounded in distinct conceptual 
definitions. As a consequence, the synthesis of this body of research 
faces obstacles in drawing definitive conclusions about the underlying 
biological mechanisms of TRD.

In the analysis of the selected articles conflicting outcomes have 
emerged. Nevertheless, certain cytokines, such as IL-6 and TNF-α, 
have demonstrated a more extensive body of supporting evidence. A 
significant proportion of the examined cytokines, however, lacked a 
sufficient number of studies for meaningful cross-comparisons, 
rendering the available evidence insufficient to derive preliminary 
conclusions. Moreover, notwithstanding the presence of evidentiary 
support in other domains of psychiatric pathologies, the cortisol 
pathway exhibited incongruent findings in the context of 
TRD. Additionally, the available data regarding BDNF appear 
challenging to compare due to methodological disparities in the 
analysis, which may account for the incongruity of the results.
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This review is subject to several limitations, that are hereby 
acknowledged. First and foremost, a significant challenge in our 
synthesis of findings is the inconsistency in the definition of treatment-
resistant depression across studies. The lack of a standardized and 
universally accepted definition hampers the possibility to draw 
definitive conclusions regarding biomarkers associated with this 
specific depressive phenotype. Additionally, methodological 
limitations within included studies, such as variations in sample 
collection and processing techniques, assay methodologies, and data 
analysis approaches, introduce potential sources of bias, reducing the 
comparability and generalizability of results. Another common 
limitation observed in available studies is represented by the relatively 
small sample sizes, which may limit the statistical power of studies. 
Therefore, caution is needed when interpreting the findings of this 
review, and further well-designed studies with larger and more 
homogeneous samples are warranted to overcome these limitations 
and provide more robust evidence regarding biomarkers of TRD.

In conclusion, although the notion of TRD lacks coherence and 
standardization (90, 91), some evidence suggests a biological alteration 
in TRD. However, the future perspectives for research on the biological 
correlates of TRD are both promising and challenging (92). To 
advance our understanding of TRD’s biological underpinnings, it is 
imperative to establish a more robust conceptual framework for TRD, 
which include the resistance to psychotherapeutic interventions, also. 
Additionally, future studies should aim to include well-characterized, 
medication-naïve patient samples and adopt longitudinal designs to 
assess biomarker variations over time. Based on the findings of this 
review, it becomes evident that prioritizing the analysis of biomarker 
panels, rather that single biomarkers, is imperative. Finding a 
biosignature of TRD, coming from a panel of biomarkers, not only 
enables a more comprehensive understanding of biological processes 
underlying mental disorder but also offers an opportunity to develop 
targeted treatments able to influence it and to modify the long-term 
outcome of TRD. Lastly, future studies should include strategies to 
identify patient with pseudoresistance to pharmacological treatments 
(23), due to poor compliance to pharmacological treatments.
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Introduction: Depression is the leading cause of worldwide disability, until 
now only 3% of patients with major depressive disorder (MDD) experiences full 
recovery or remission. Different studies have tried to better understand MDD 
pathophysiology and its resistant forms (TRD), focusing on the identification of 
candidate biomarkers that would be  able to reflect the patients’ state and the 
effects of therapy. Development of digital technologies can generate useful digital 
biomarkers in a real-world setting. This review aims to focus on the use of digital 
technologies measuring symptom severity and predicting treatment outcomes 
for individuals with mood disorders.

Methods: Two databases (PubMed and APA PsycINFO) were searched to retrieve 
papers published from January 1, 2013, to July 30, 2023, on the use of digital 
devices in persons with MDD. All papers had to meet specific inclusion criteria, 
which resulted in the inclusion of 12 articles.

Results: Research on digital biomarkers confronts four core aspects: (I) predicting 
diagnostic status, (II) assessing symptom severity and progression, (III) identifying 
treatment response and (IV) monitoring real-word and ecological validity. Different 
wearable technologies have been applied to collect physiological, activity/sleep, 
or subjective data to explore their relationships with depression.

Discussion: Depression’s stable rates and high relapse risk necessitate innovative 
approaches. Wearable devices hold promise for continuous monitoring and data 
collection in real world setting.

Conclusion: More studies are needed to translate these digital biomarkers 
into actionable interventions to improve depression diagnosis, monitoring and 
management. Future challenges will be  the applications of wearable devices 
routinely in personalized medicine.

KEYWORDS

major depressive disorder, digital biomarkers, wearable devices, artificial intelligence, 
personalized treatment, mental healthcare
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Highlights

 • Digital biomarkers show promise in predicting and assessing 
mood disorders.

 • Smartphone data aids in tracking depression severity and 
treatment responses.

 • Wearable devices enhance real-world monitoring of 
mood disorders.

 • Artificial intelligence advances offer new diagnostic and 
therapeutic possibilities.

 • Integration of technology improves major depressive disorder 
(MDD) diagnosis and personalized treatment.

1 Introduction

Globally, depression is estimated to affect 300 million individuals 
and is the leading cause of disability worldwide (1) and will become the 
leading cause of disability globally by 2030 (1). The prevalence of 
depressive disorders is highest among young adults aged 18 years (2–4). 
Onset during adolescence poses a particularly elevated risk of 
recurrence and long-term impairment in real-life functioning (5, 6). 
Despite increased accessibility of treatment over the last four decades 
prevalence rates have remained static (7). Even the best available 
treatments are largely unsuccessful at producing lasting outcomes, as 
approximately 40%–50% of patients relapse within 1–2 years of 
receiving treatment (8, 9). Symptoms of depression may manifest on 
multiple levels, including subjective emotional, cognitive, behavioral, 
and physical. In the depression field there is a strong need for 
monitoring clinical evolution and treatment responses in a more 
efficient manner to identify the treatment-resistant depression (TRD) 
forms. TRD is a condition characterized by persistent or recurrent 
depressive symptoms despite adequate treatment with one or more 
antidepressant medications (10). Approximately one-third of 
individuals with major depressive disorder (MDD) do not achieve full 
remission of symptoms even after trying two suitable trials of 
antidepressants without adequate response (11, 12). Despite its medical 
importance MDD is poorly defined and diagnosed since its diagnosis 
is mostly based on data subjectively reported by the patients themselves 
(13–15) and lack of objective, clinically relevant outcome measure. It is 
still debated whether mental disorders should be conceptualized as 
discrete entities (categorical approach) such as DSM or ICD or as 
phenomena along a continuum of severity (dimensional approach). 
The US National Institute of Mental Health proposed a new approach 
for research on mental disorders, the research domain criteria (RDoC) 
(16), a project aimed at re-orienting research on etiology and 
pathophysiology of psychopathological phenomena from category-
based to dimension-based and at incorporating genetics, neuroimaging, 
and cognitive features into diagnostic schemes. The focus of research 
in mood disorders has shifted to more quantifiable metrics, while 
behavioral aspects have diminished markedly in importance (17). 
Digital biomarkers have significant value in psychiatric conditions like 
schizophrenia, autism, and PTSD. In schizophrenia, they assist in early 
diagnosis, symptom tracking, and treatment optimization, enhancing 
patient care. For autism, digital biomarkers are crucial for monitoring 
social interactions and enabling early diagnosis and personalized 
interventions. In PTSD, these biomarkers aid in monitoring physical 

and behavioral responses, supporting early intervention and symptom 
assessment. Digital biomarkers are defined as objective, quantifiable 
physiological and behavioral data that are collected and measured by 
means of digital devices such as portables, wearables, implantables, or 
ingestibles. Digital technologies offer promising tools for detecting 
MDD and depression-related symptoms objectively and precisely (18, 
19). These technologies enable the remote collection of large volumes 
of clinically relevant data, which may be  less burdensome than 
traditional in-clinic visits and more reflective of clinically relevant 
changes (20, 21). Wearable technologies, such as smartwatches and 
novel sensors, can generate valuable digital biomarkers of depression 
in real-world settings (22) building a digital phenotyping, defined as 
the moment-by-moment quantification of the individual-level human 
phenotypein its own environment using apps from smartphones or 
other personal devices (19, 23). In the recent years, several digital 
biomarkers have been investigated for MDD characterization and 
diagnosis such as measure patterns of physical activity (24, 25) features 
from voice samples (26, 27), light exposure measurements (25), mobile 
phone global positioning systems (GPS) and normal usage of 
smartphones such as usage duration and frequency (22).

2 Aims of this review

This review investigates how digital technologies, such as 
wearables and smartphone apps, are revolutionizing the assessment 
and treatment of major depressive disorder (MDD) and treatment-
resistant depression (TRD). It anticipates that as digital mental health 
assessment advances and precision medicine is applied, the quality of 
life for individuals with MDD and TRD will improve. The review also 
identifies research gaps and recommends further investigation.

3 Methods

3.1 Search strategy and study eligibility 
criteria

To identify studies on the use of wearable devices in depression 
research, a literature search was performed to two major health-related 
databases: PubMed and APA PsycINFO, focusing on articles published 
from 1st of January 2013 to 30 July 2023. We searched for papers in 
which abstracts included the terms: Depression AND Device OR 
Depression AND digital tools OR Depression AND digital biomarkers 
OR Depression AND smartwatch OR Resistant depression AND digital 
biomarker OR Resistant depression AND digital biomarker OR Resistant 
depression AND actigraphy OR Resistant depression AND smartwatch.

Studies were chosen based on these inclusion criteria: randomized 
controlled trial, retrospective study, cohort study, open study, expert 
opinion, concerning conceptualization, diagnosis of major depressive 
disorder (MDD) according to DSM-5 or ICD-10, studies published in 
English, studies carried out in humans and studies published in 
journals indexed in Embase or Medline.

The exclusion criteria were meta-analysis, review, duplicates, 
comments, editorials, case reports/case series, theses, proceedings, 
letters, short surveys and notes, studies irrelevant for the topic, 
unavailable full-text and studies that do not meet inclusion criteria.

The PRISMA search process is presented in Figure 1.
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We collected a total of 12 studies that made use of wearable 
devices to assess or monitor depressive symptoms and TRD or to 
predict MDD (Table 1).

3.2 Study selection

The selection of studies for this review occurred in a two-stage 
process. Initially, two independent reviewers assessed the titles and 
abstracts of all the retrieved papers. In the subsequent stage, these 
same reviewers individually examined the full texts of the papers 
identified in the first phase. Any discrepancies between the two 
reviewers were resolved by involving a third reviewer.

3.3 Data extraction and data synthesis

Data extraction for each included study was carried out by two 
independent researchers, namely AV and FM, utilizing a standardized 

data extraction sheet in Microsoft Excel. The focus of this extraction 
encompassed several key subjects, including study design, participant 
characteristics, diagnosis of MDD, and digital device details derived 
from the original research.

In the event of any disparities in data entry between these two 
researchers, such discrepancies were thoroughly deliberated with two 
additional independent reviewers when deemed necessary.

4 Results

4.1 Literature search

The search across PubMed and APA PsycINFO bibliographic 
database produced a total of 215 records. Additionally, by conducting 
backward reference list checking and forward reference list checking, 
we discovered 6 new studies. After initial screening based on their 
titles and abstracts, 180 records were excluded. Out of the initial 39 
references, the synthesis now comprises a total of 12 articles.

FIGURE 1

Flowchart of the study selection process. Adapted from Moher D, Liberati A, Tetzlaff J, Altman DG, PRISMA Group (2009). Preferred reporting items for 
systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 21. e1000097. doi: 10.1371/journal.pmed.1000097.
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TABLE 1 Studies using digital devices in subjects with MDD and TRD.

References Subjects
Mood 
disorder 
diagnosis

Wearable 
device 
type

Device 
technology 
brands

Methods
Study 
experimentation 
duration

Mood 
assessed 
methods

Main points

Jacobson et al. 

(28)

23 patients 

(65% with 

primary MDD; 

30% Bipolar II 

and 4% Bipolar 

I)

SCID-I Wrist 

actigraph

Actiwatch Actigraphs were worn 

at all times, except 

when bathing. The 

sampling frequency 

was 32 Hz and 

movements of ≥0.05 g 

were recorded. Voltage 

of movement was 

recorded for each 

minute

2 weeks MADRS Participants’ diagnostic group 

status can be predicted with a high 

degree of accuracy (predicted 

correctly 89% of the time)

Jacobson et al. 

(24)

15 MDD 

outpatients

MINI Wrist 

actigraph

Actiwatch-L Record of continuous 

movements (≥0.01 g) 

and ambient light 

exposure in lux every 

15 min

1 week BDI II; HAM-D Passive movement and light data 

collected can be used to accurately 

assess both self-reported and 

clinician-rated depression severity

Siddi et al. (29) 510 MDD LIDAS Wrist-worn 

wearable 

device, and 

smartphone 

apps

Fitbit charge 2 and 

3

HR was computed 

during the whole day 

(24 h) and just at night 

(from 00:00 to 05:59), 

as well as just during 

resting periods and 

during active periods 

separately. The average 

of each of the daily HR 

parameters was 

computed in the week 

before the PHQ-8 

assessment across the 

follow-up

Up 2 years follow up PHQ-8 

(delivered 

through an app 

installed in an 

Android 

smartphone) 

every 2 weeks

During resting periods: decreases 

in HR variation during the day 

were related with an increased 

severity of depression.

An HR at night was higher in 

participants with more severe 

depressive symptoms

Sverdlov et al. 

(30)

20 subjects with 

unipolar 

depression 

(MDD; PDD) 

20 healthy 

controls

MINI Smartphone 

apps

Android-based 

smartphone

During in-clinic visits 

three technologies 

were administered via 

mobile applications: 

an interactive tool for 

the self-assessment of 

mood, and a cognitive 

test; a passive 

behavioral monitor to 

assess social 

interactions and global 

mobility; a platform to 

perform voice 

recordings

2 weeks HAM-D; 

MADRS

Correlation between various 

digital biomarker features and a 

clinical endpoint (MADRS total 

score) was assessed. Selected 

digital biomarker features (PHQ2 

of Cambridge cognition; 

behavioral tracker features of 

BeHapp; neurophysiological 

features of Neurocart; EEG—

resting state features of ElMindA 

Ltd. and EEG—BNA features of 

ElMindA Ltd.) were able to 

predict individual MADRS total 

scores, and use these models as 

classifiers

Abbas et al. (31) 18 MDD (11 

women, 7 men)

MINI, MADRS Smartphone 

apps

Video and audio 

captured during the 

smartphone 

assessment using the 

smartphone front-

facing camera and 

microphone

4 weeks Participants 

were asked by 

push-

notification

Ability of digitally measured facial, 

vocal, and movement behaviors to 

measure depression severity and 

treatment response across 4 weeks 

of antidepressant treatment

Cormack et al. 

(32)

30 MDD (19 

women, 11 

men)

PHQ-9 Smartphone 

app, 

smartwatch

Apple iPhone, 

Apple Watch 

series 2

Cognitive and self-

report assessments, 

heart rate and activity 

data

6 weeks Complete the 

PHQ-8 every 

2 weeks

High correspondence was 

observed between frequent 

assessments and established 

measures, showing moderate 

alignment between daily mood 

evaluations and validated 

depression questionnaires, and 

similar correlation for cognitive 

assessments with depression-

sensitive tests

(Continued)
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TABLE 1 (Continued)

References Subjects
Mood 
disorder 
diagnosis

Wearable 
device 
type

Device 
technology 
brands

Methods
Study 
experimentation 
duration

Mood 
assessed 
methods

Main points

Kim et al. (33) 24 adolescents 

with MDD (17 

girls, 7 boys), 10 

HC

K-SAD 

-Present and 

Lifetime 

Version

Smartphone 

app

Smartphone usage 

time, physical 

movement distance, 

and the number of 

phone calls and text 

messages during the 

study period (STAR-

DS app)

5 weeks CDRS-R,CDI, 

BDI-II, C-SSRS 

CGI-S,

CGAS, SCARED

Adolescents with MDD displayed 

higher call reception, possibly due 

to increased attention from family 

and friends. MDD participants 

exhibited extended smartphone 

usage, yet their usage wasn’t 

oriented towards social 

communication, marking a 

distinction from controls. MDD 

participants traveled longer 

distances than controls.

Zhang et al. (34) 316 MDD PHQ-8 Smartphone 

NBDC

Passive and active 

remote monitoring 

technology apps and 

an activity tracker

2 years PHQ-8 Increased time at home, inability 

to work or study, and diminished 

social interactions are reflected in 

the reduced amount of the NBDC 

sequence. Depression also may 

lead to misalignment of the 

circadian rhythm and make 

people’s life rhythms (such as sleep 

rhythms and social rhythms) more 

irregular

Mahendran et al. 

(35)

450 MDD HAM-D Smartwatch Mi band—3 Gyroscope, 

accelerometer, heart 

rate monitor for 

recording the data 

from the gestures that 

the users make

1 week — The smartwatch data was used 

because it provided objective 

sensor data compared to the 

subjective questionnaire 

responses. After preprocessing and 

feature selection, logistic 

regression and random forest 

models were applied individually 

and then combined using a 

weighted average ensemble model. 

The results indicated that the 

weighted average ensemble 

performed better than the 

individual models, with random 

forest outperforming logistic 

regression

McNamara et al. 

(31)

60 MDE, 54 PC, 

101 NCP

MINI for 

DSM-5

Sctigraphy Daily physical activity, 

sleep consistency

1 week MASQG, 

SHAPS

Psychiatric control groups can 

help to distinguish specific factors 

in the diagnosis of interest. Low 

positive emotionality is a strong 

differentiator of depression. 

Additionally, perceived sleep 

quality and impairment are also 

important predictors

Winkler et al. 

(36)

14 TRD SCID-1 Actigraph Actiwatch plus Activity levels were 

measured with wrist 

actigraphy before and 

after ECT

4.1 ± 4.7 days of 

actigraphic measurement 

before ECT and 

3.6 ± 2.1 days after ECT

HAM-D Increase in light activity and 

circadian amplitude in patients 

with remission after ECT

Nishida et al. 

(37)

14 patients with 

medication 

resistant MDD

MINI Actigraph FS-750 Patients were 

instructed to wear the 

FS-750 system for a 

period of 7 days before 

the initiation of rTMS 

treatment and until 

rTMS treatment was 

completed

Actigraphic data were 

evaluated at baseline and 

in the first (rTMS sessions 

1–3), second (rTMS 

sessions 4–7), and third 

(rTMS sessions 8–10) 

sections

HAM-D; PSQI Sleep variables assessed by 

actigraphy did not show 

significant changes. A daytime 

physical activity response to rTMS 

occurred in early sessions

BDI-II, Beck Depression Inventory II; CDI, Children’s Depression Inventory; CDRS-R, Children’s Depression Rating Scale—Revised; CGAS, Children’s Global Assessment Scale; CGI-S, 
Clinical Global Impressions-Severity; C-SSRS, Columbia Suicide Severity Rating Scale; ECT, Electroconvulsive Therapy; EEG-BN, Electroencephalography Brain Network; HAM-D, Hamilton 
Depression Rating Scale; HR, Heart Rate; K-SADS, Kiddie Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime Version; LIDAS, Lifetime 
Depression Assessment Self-Report; MASQ-GD, Mood and Anxiety Symptom Questionnaire—Short Form general distress subscale; MADRS, Montgomery-Asberg Depression Rating Scale; 
MDD, Major Depressive Disorder; MDE, Major Depressive Episode; MINi, Mini—International Neuropsychiatric Interview; NBDC, Nearby Bluetooth Device Count; NCP, No Current 
Psychopathology; PC, Psychiatric Control; PDD, Persistent Depressive Disorder; PHQ-2, Patient Health Questionnaire-2; PHQ-8, Patient Health Questionnaire-8; PSQI, Pittsburgh Sleep 
Quality Index; rTMS, Repetitive transcranial magnetic stimulation; SCARED, Screen for Child Anxiety Related Emotional Disorders; SCID-I, Structured Clinical Interview; SHAPS, Snaith-
Hamilton Pleasure Scale; STAR-D, Sequenced Treatment Alternatives to Relieve Depression.
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4.2 General description of included studies

Among the various studies examining wearable devices for 
individuals with MDD, approximately one- third employed actigraph 
units, while the rest utilized commercial wearable devices not 
originally designed for medical purposes. These included devices such 
as the Fitbit® (Fitbit®, Inc., San Francisco, CA, United States), the 
Apple Watch (Apple Inc., Cupertino, CA, United States), and the Mi 
Smartwatch (Xiaomi Corporation, China). In addition, some studies 
relied on mobile applications (Apps).

Through a narrative synthesis of various reviews and in agreement 
with several authors’ perspectives, we  have pinpointed specific 
domains where the integration of tools and digital markers 
significantly enhances clinicians’ capabilities in predicting, diagnosing, 
and providing care and treatment for individuals grappling with MDD 
and TRD.

The reviewed studies focused on gathering specific physiological, 
activity/sleep, or subjective data from individuals through digital 
devices, with the aim of exploring the relationship between these 
parameters and depression.

4.2.1 Predictive modeling of diagnostic status
Multiple studies have showcased the promise of digital 

biomarkers, encompassing factors like movement intensity, light 
exposure, and smartphone usage patterns, in forecasting the diagnostic 
status of individuals grappling with mood disorders (19, 22, 38). 
Jacobson et al. (28) conducted a study to identify digital biomarkers 
for MDD and bipolar disorder (BD) and track symptom changes over 
2 weeks. By analyzing movement patterns, they used extreme gradient 
boosting to achieve an 89% accuracy in predicting diagnostic groups 
and monitoring symptom changes. Combining MDD and BD data 
revealed potential transdiagnostic traits. Movement and light data 
were found relevant for detecting mood disorders and correlated with 
behaviors like energy levels, psychomotor activity, and sleep 
disturbances during mood episodes. Two studies focus on data 
analysis to identify important predictors in different contexts (35, 39). 
In their study Mahendran et  al. (35), researchers used cardiac 
monitoring data, which included questionnaire responses and 
smartwatch sensor data. They then trained machine learning models 
such as logistic regression and random forest, and the results showed 
that the ensemble of models performed better than individual 
implementations, with random forest standing out. McNamara et al. 
(39), used a wide range of data, including demographic data, 
biobehavioral measurements, and self-report questionnaires to 
identify predictors of depression. The results revealed that 
psychosocial predictors such as negative self-referential thinking, 
rumination, self- reported sleep quality, and functional distress were 
important in predicting depression.

4.2.2 Assessment of symptom severity and 
progression

Digital phenotyping has emerged as a valuable tool for evaluating 
the severity and trajectory of mood disorder symptoms. In the realm 
of assessing depression severity and treatment response in individuals 
with MDD, researchers have explored the utilization of digital 
biomarkers and technologies. Four notable studies shed light on this 
area: in the study conducted by Jacobson et al. (24), passive movement 
and light exposure data were analyzed in 15 medicated outpatients 

with MDD over a week. The study demonstrated that passive 
movement and light data could effectively gauge depression severity, 
even in cases of high severity. However, while modern lifestyles often 
drive the development of technology tailored for personal fitness, such 
as Fitbit® and various apps that monitor vital signs like heart rate and 
body temperature, many devices used in research are repurposed for 
the advancement of mental health applications. Abbas et al. (31), used 
the AiCure smartphone app to track digital biomarkers associated 
with MDD under antidepressant therapy (ADT). These markers 
included voice, facial expressions, and movement indicators. The 
study found that monoamine ADTs, such as SSRIs and SNRIs, had a 
significant impact on digital biomarker with a reduction in symptom 
severity as assessed by the MADRS evaluation, indicating an 
improvement in motor functioning and a decrease in depression 
severity due to these treatments. Indeed, in Sverdlov et al. (30), the 
authors points out that common efficacy scales like HAM-D and 
MADRS are subjective and prone to bias. Digital technologies offer 
objective tools for depression symptom detection. Mobile apps and 
wearables can generate digital biomarkers in real-world settings. The 
study assessed seven digital technologies in individuals with unipolar 
depression and healthy controls, aiming to distinguish between them, 
build accurate classifiers, and explain variation in MADRS scores. 
Technologies were evaluated to identify digital biomarkers revealing 
correlations between different digital Importantly, selected digital 
biomarker features demonstrated predictive capabilities for individual. 
Therefore, Siddi et al. (29) in their study with up to 2 years follow up, 
based on data from the RADAR-MDD study involving 600 individuals 
with MDD, examined the relationship between heart rate (HR) 
parameters using a Fitbit® device and the severity of depression. The 
findings showed that individuals with higher depression severity 
tended to have a lower resting HR variation throughout the day, and 
this association remained significant even after accounting for 
individual characteristics. The research indicates that passive 
behaviors, which are indicative of depression, are more common in 
individuals with greater depression severity, particularly during the 
nighttime when HR may be elevated due to the sleep problems often 
seen in those with MDD.

4.2.3 Treatment response monitoring
Assessing treatment responses in the context of mood disorders 

constitutes a pivotal research domain. Abbas et al. (31) showcased the 
capacity of digital biomarkers, encompassing motor function, to 
accurately monitor shifts in depression severity throughout the course 
of antidepressant therapy. In a parallel attempt, Kim et al. (33) used 
smartphone data to prognosticate treatment outcomes among 
adolescents grappling with MDD, shedding light on the prospect of 
personalized treatment strategies through the avenue of digital 
phenotyping. In their research, Winkler et  al. (36) investigated the 
impact of electroconvulsive therapy (ECT) on rest-activity patterns in 
patients with TRD. They studied 15 individuals with TRD who received 
ECT and used wrist actigraphy to measure their activity levels before and 
after treatment. They observed that Individuals who reached remission 
experienced notable enhancements in light activity, overall activity, and 
circadian amplitude and ECT had a limited impact on the timing of peak 
activity or actigraphic sleep measurements. In 2016, Nishida et al. (37) 
conducted an open-label pilot study on 14 medication-resistant MDD 
patients to assess the impact of rTMS on their rest-activity cycle and 
sleep disturbances. They administered 10 rTMS sessions targeting the 
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bilateral dorsolateral prefrontal cortex and used waist actigraphy to 
measure changes in the rest- activity cycle. The results showed significant 
improvements in depression symptoms and sleep quality measured by 
rating scales, but actigraphy-based sleep measures did not exhibit 
substantial changes. Digital therapeutics are under study and represent 
a potential future clinical vista in this population (18). These findings, 
coupled with advancements in the realm of digital biomarkers and the 
refinement of neurostimulation parameters, hold potential for improving 
overall health results and the cost efficiency of MDD and TRD treatment.

4.2.4 Real-world monitoring and ecological 
validity

Incorporating wearable devices into depression research offers 
several benefits. Wearable technology allows for ongoing and unbiased 
observation of individuals in their everyday environments. This 
enables the objective tracking of real-time changes and enhances the 
precision of monitoring treatment outcomes. Cormack et al. (32), 
involving individuals with MDD, explored the use of wearable 
technology for high-frequency cognitive and mood assessments over 
6 weeks. The study found that daily assessments were practical and 
showed meaningful correlations with established measures of mood 
and cognition. While there was some improvement in mood, it varied 
among participants, highlighting the complexity of depression. In Kim 
et al. (33) paper, data from a smartphone app called “STAR-DS” was 
used to predict depressive symptoms and treatment responses in 
adolescents. The study found that call-related features, smartphone 
usage duration, and movement distance were important predictors of 
MDD. Call duration was especially significant in predicting treatment 
responses. Adolescents with MDD had different smartphone usage 
patterns compared to controls. This study emphasized the potential of 
smartphone behaviors in forecasting depression outcomes. Remote 
measurement technologies were used to monitor individuals with 
MDD in real-world settings. The study of Zhang et al. (34), found that 
Bluetooth device count (NBDC) data was correlated with depressive 
symptoms. Lower PHQ-8 scores were associated with increased social 
activities. Changes in NBDC data were linked to fluctuations in 
depressive manifestations and behaviors, including reduced social 
engagement, impaired work, or study performance, and disrupted 
circadian rhythms. This research highlighted the feasibility of using 
NBDC for monitoring individuals with MDD in real-life contexts.

5 Discussion

The review of the selected studies on predictive modeling, 
assessment of symptom severity and progression, treatment response 
monitoring, and real-world monitoring with ecological validity 
showcases the remarkable potential of digital biomarkers and 
technologies in advancing our understanding and management of 
MDD and TRD. The ability to predict diagnostic status with a high 
degree of accuracy using digital biomarkers is may be a transformative 
breakthrough. The integration of movement, light exposure, and 
smartphone data has not only enabled accurate predictions but has 
also revealed common features across mood disorders, highlighting 
the existence of transdiagnostic traits. This is in line with the research 
domain criteria (RDoC) criteria and opens new prospective for 
understanding the underlying mechanisms of mood disorders (35, 
39). Assessing symptom severity and progression may be significantly 

enhanced by digital phenotyping, although this kind of technology is 
rapidly improving and the validity of these measurements need more 
strong confirmations. The use of passive movement and light exposure 
data, often repurposed from personal fitness technology, demonstrates 
the adaptability and versatility of digital biomarkers in assessing 
depression severity. Moreover, the impact of antidepressant therapies 
on digital biomarkers related to motor function may provides valuable 
insights into the mechanisms of action of these treatments. The ability 
to predict individual depression severity scores are groundbreaking 
advancements in the field, digital biomarkers potential role in 
predicting individual depression severity may be a groundbreaking 
advancement, once confirmed and replicated in larger populations 
studies, providing clinicians with even more personalized assessment 
instruments (29, 30). Monitoring treatment responses, especially in 
cases of treatment-resistant depression (TRD), is crucial for improving 
patient outcomes. These advancements, coupled with the refinement 
of neurostimulation parameters, hold the potential to enhance overall 
health outcomes and the cost-effectiveness of TRD care. This suggests 
that approaches, such as electroconvulsive therapy (ECT) and 
repetitive transcranial magnetic stimulation (rTMS), have the 
potential to positively impact the rest-activity cycle in TRD patients 
who achieve remission. The demonstrated effectiveness of digital 
biomarkers, including motor function, in tracking shifts in depression 
severity during treatment is a significant step forward (33, 36). 
Additionally, the potential for personalized treatment strategies 
through smartphone data analysis among adolescents with MDD 
holds promise for tailoring interventions to individual needs. Real-
world monitoring with ecological validity using wearable technology 
and smartphone apps represents a paradigm shift in depression 
research. The ability to conduct daily assessments in natural 
environments provides a more comprehensive understanding of 
mood fluctuations and cognitive changes. Smartphone behaviors and 
Bluetooth device count data offer exciting prospects for predicting 
MDD and treatment responses. These findings underscore the 
dynamic nature of depression and the importance of considering real-
world factors in assessment and treatment planning (33, 34).

6 Conclusion

This narrative review highlights the diverse research areas 
that underscore the versatility and potential of digital biomarkers 
and technologies in the diagnosis, assessment, and treatment of 
mood disorders. In this review, we delve into the technologies, 
available research findings, and implementation challenges most 
pertinent to the integration of digital psychiatry within MDD and 
its resistant forms. The integration of wearable devices with 
smart devices, such as mobile phones, has gained widespread 
acceptance due to their convenience and style (20). Notably, our 
review is the first in the literature to focus on wearable devices 
targeting depression assessed using DSM-5 or ICD-10 criteria. 
Although the different wearable device technologies were 
examined, the review falls short of reporting the effectiveness 
measure values, and therefore does not assess performance. This 
review underscores the potential for remote diagnosis and 
prediction using these devices. Future trends are anticipated with 
the emergence of new wearable devices that will introduce 
innovative diagnostic and therapeutic approaches like motion 

36

https://doi.org/10.3389/fpsyt.2023.1321345
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Vignapiano et al. 10.3389/fpsyt.2023.1321345

Frontiers in Psychiatry 08 frontiersin.org

capture, speech analysis, and portable light therapy. These 
developments hold the promise of fundamental changes in the 
diagnosis and treatment of depression, potentially enabling early 
and precise diagnosis, personalized treatment for depression 
patients, and preventive measures for at-risk groups (40, 41). 
Digital psychiatry encompasses various aspects of healthcare, 
including delivery, illness surveillance, disease management, and 
treatment. Advances in artificial intelligence and machine 
learning are expected to serve as a crucial bridge for translating 
new data into clinically relevant digital biomarkers (22, 38).

Wearable devices are poised to play a critical role in medicine, 
particularly in the context of personalized telemedicine. Future 
research endeavors should continue to explore these areas, enhancing 
the precision and efficacy of digital phenotyping in mental healthcare, 
ultimately leading to an improved quality of life for individuals 
affected by MDD.
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Cariprazine augmentation in 
patients with treatment resistant 
unipolar depression who failed to 
respond to previous atypical 
antipsychotic add-on. A 
case-series
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Vassilis Martiadis 2†
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Among individuals receiving an adequate pharmacological treatment for 
Major Depressive Disorder (MDD), only 30% reach a full symptom recovery; 
the remaining 70% will experience either a pharmacological response without 
remission or no response at all thus configuring treatment resistant depression 
(TRD). After an inadequate response to an antidepressant, possible next step 
options include optimizing the dose of the current antidepressant, switching to a 
different antidepressant, combining antidepressants, or augmenting with a non-
antidepressant medication. Augmentation strategies with the most evidence-
based support include atypical antipsychotics (AAs). Few data are available in 
literature about switching to another antipsychotic when a first augmentation trial 
has failed. We present a case-series of patients with unipolar treatment resistant 
depression who were treated with a combination of antidepressant and low dose 
of cariprazine after failing to respond to a first augmentation with another AA. 
We report data about ten patients affected by unipolar depression, visited at the 
outpatients unit of Mental Health Department of ASL CN2 of Bra and NA1 of Napoli 
(Italy). All patients failed to respond to conventional antidepressant therapy. A low 
dose of AA (aripiprazole, risperidone or brexpiprazole) was added for one month 
to the ongoing antidepressant treatment without clinical improvement. A second 
augmentation trial was then made with cariprazine. Seven out of ten patients 
were responders at the end of period, of them 1 patient reached responder status 
by week 2. HAM-D mean scores decreased from 23.9  ±  3.9 (baseline) to 14.8  ±  5.3 
(4  weeks). Cariprazine was well tolerated, no severe side effect was observed 
during the trial. Our sample of treatment resistant unipolar patients showed good 
response to augmentation with cariprazine. Failure to a first AA-augmentation 
trial does not preclude response to a second one. This preliminary result requires 
confirmation through more rigorous studies conducted over greater samples.
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major depression, treatment resistance, cariprazine, augmentation, atypical 
antipsychotic
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Introduction

Despite the availability of many pharmacological treatment 
options, nearly about a half of patients affected by Major Depression 
Disorder (MDD) do not adequately responds to antidepressant (AD) 
treatment (1, 2). Treatment resistant depression (TRD) is a serious and 
disabling illness with significant impact on social and occupational 
outcomes (3). Current strategies to treat patients who do not respond 
to first-line antidepressant monotherapy include switching AD (either 
within or between classes) or combining different drugs (4). After 
failure of 2 AD treatments, current guidelines indeed suggest 
augmentation strategies (5). Effective agents to add on to ongoing AD, 
according to literature, could be chosen between mood stabilizers, 
ADs, thyroid hormones, ketamine or atypical antipsychotic (AA) 
(5–7). Aripiprazole (8, 9), olanzapine (10, 11), quetiapine (12, 13) and 
risperidone (14, 15) showed efficacy in augmentation trial for patients 
affected by TRD. More recently brexpiprazole (16–18) and cariprazine 
(19–21) also demonstrated their efficacy for TRD. Not withstanding 
various studies that show efficacy of AAs as dd-on strategy to 
ameliorate depressive symptoms in TRD, there is a lack of literature, 
to our knowledge, about efficacy of a second trial with an AA in those 
patients who failed to respond to a first augmentation trial with 
antipsychotic. We report a case series of TRD patients who failed to 
respond to an augmentation with a first AA to their ongoing AD and 
were subsequently treated with low dose cariprazine (CPZ) as add-on. 
Cariprazine is a partial agonist of dopamine D2/D3 receptors 
(preferring D3) and serotonin 5HT1A/5Ht2A receptors (22). This 
unique receptor profiles may play a role in its efficacy and tolerability 
and are believed to be involved in the antipsychotic, antidepressant, 
antianhedonic and pro-cognitive effects (23, 24). FDA has approved 
cariprazine as an adjunctive treatment for unipolar depression 
(1.5–3 mg/day) however in Europe it has been approved only for 
schizophrenia (25).

Materials and methods

Clinical records of inpatients and outpatients with a diagnosis of 
Major Depressive Disorder according to DSM-5 criteria treated in the 
Mental Health Department of Alba and Bra (Italy) and Mental Health 
Department of Napoli 1 (Italy) from July 2022 and March 2023 were 
analyzed. All patients presented with some form of treatment 
resistance that was defined according to operational criteria provided 
by Sourey et al. (26). All patients were treated with a AA (aripiprazole, 
risperidone or brexpiprazole) added to ongoing AD therapy for 
4 weeks without response estimated as reduction of Hamilton 
Depression Rating Scale (HAM-D) (27) score of at least 50% from the 
beginning of the augmentation. After a wash-out period from the first 
AA of 2 weeks maintaining the ongoing AD treatment unchanged, 
patients underwent a second augmentation trial of 4 weeks with 
cariprazine. Cariprazine starting dose was 1.5 mg/day for all patients. 
Dosage changes were established according to clinical judgment (no 
specific guidelines were followed. Dosage variation was established 
according to efficacy observed and tolerability). AD dose was 
maintained unchanged during the weeks of add-on.

All subjects referred to our Service did sign a written informed 
consent to have their clinical data potentially used for teaching or 
search purposes, anonymously treated. Written consent was also 

collected for off-label treatment. Socio-demographic, clinical and 
safety information were collected for each subject from medical 
reports. Patients underwent control visits according to clinical 
practice. All psychiatric diagnoses and clinical assessment were made 
by psychiatrist with several years of experience. Due to the frequent 
presence of bipolar spectrum features in TRD patients, careful 
screening was made by psychiatrist for this diagnosis also by mean of 
Mood Disorder Questionnaire (MDQ). For the purpose of this report, 
medical records have been analyzed at the start of treatment with 
cariprazine, after 2 weeks and after 4 weeks. Clinical symptoms of 
depression were assessed by means of HAM-D. The effectiveness of 
cariprazine was assessed evaluating the change of HAM-D scores from 
baseline to endpoint (4 weeks). Due to exiguity of the sample no 
statistical analysis was performed.

Results

We report on a case series of 10 patients. 6 patients (60.0%) were 
female. The mean age of the sample was 52.3 ± 6.2 years. The mean age 
at onset of Major depressive disorder was 25.4 ± 4.1 years. 4 patients 
(40.0%) had at least one suicidal attempt lifetime. About two-thirds of 
patients (60%) had other comorbid psychiatric disorders. All socio-
demographic and clinical characteristics of the patients are shown in 
Table 1, including the AA used in the first augmentation trial. Mean 
doses of antipsychotic in the first trial were, respectively, 4.4 ± 1.2 mg/
day for aripiprazole, 1 ± 0 mg/day for brexpiprazole and 0.8 ± 2.3 mg/
day for risperidone (risperidone in add on ranged from 0.5 to 1.5 mg/
day). Table  2 reports duration of the single episode of treatment 
resistant depression, the AD combined with cariprazine and its 
dosage. All patients completed the 4 weeks period of cariprazine 
add-on, 7 patients (70.0%) experienced at least one adverse event (AE) 
(see Table  3). HAM-D mean scores decreased from 23.9 ± 3.9 
(baseline) to 14.8 ± 5.3 (4 weeks) (Figure  1). 7/10 patients were 
responders at the end of period, of them 1 patient reached responder 
status by week 2. No patient met the criteria for remission. Dosage of 
cariprazine was increased to 3 mg/d in 4 patients. Table 3 summarizes 
dosage, timing of response and reported AEs in the sample of 
10 patients.

Discussion

To the best of our knowledge this is the first study focusing on the 
efficacy and tolerability of cariprazine as add-on agent in TRD real-
world patients who failed a previous trial of AA augmentation of their 
AD therapy. Treating TRD is a clinical challenge due to its cost in 
terms of continuing disability, consequence for patients’ functioning 
and quality of life as well as resource utilization (1, 2, 28).

Although not licensed in all countries, cariprazine is one of the so 
called third generation antipsychotics that showed evidence in 
treatment of depression. In a phase 2 study flexible –dose cariprazine 
in adults with MDD and inadequate response to ongoing AD 
treatment, change from baseline to week 8 in Montgomery-Asberg 
Depression Rating Scale (MADRS) total score was significantly greater 
with cariprazine 2–4.5 mg/day compared with placebo (19). In a more 
recent phase 3 study adjunctive 1.5 mg/day of cariprazine 
demonstrated efficacy in reducing depressive symptoms in adults with 
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MDD and inadequate response to AD alone (21). Although unipolar 
and bipolar depression are distinct illnesses, previously published 
bipolar studies showed positive results with cariprazine add-on (29–
31) also when added to mood stabilizers and AD in patients with 
resistant bipolar depression (32). Collectively these studies support the 
efficacy of adjunctive cariprazine in reducing depressive symptoms. 
Our preliminary results show that cariprazine can reduce depressive 

symptoms in real-world TRD patients in the short-term period also 
in the sub-population of patients that already failed a first 
augmentation trial with another AA (in our sample risperidone, 
aripiprazole or brexpiprazole). At the end of the 4 weeks of observation 
seven out of ten patients met the criteria for a clinical response, one 
patient showed response already at week 2, However exiguity of the 
sample and descriptive nature of our study do not allow a comparison 

TABLE 1 Demographic and clinical characteristics of the sample.

Parameters N  =  10

Age, years (mean ± SD) 52.3 ± 6.2

Sex, n (%) Male

Female

4 (40.0)

6 (60.0)

Marital status, n (%) Single

Married

1 (10.0)

9 (90.0)

Educational level, years (mean ± SD) 11.3 ± 3.4

Working for pay, n (%) Yes

No

5 (50.0)

5 (50.0)

Age at onset, years (mean ± SD) 25.4 ± 4.1

Number of episodes, (mean ± SD) 3.6 ± 1.3

Suicide attempts lifetime, n (%) Yes

No

4 (40.0)

6 (60.0)

Psychiatirc comorbidities, n (%) Yes

No

6 (60.0)

4 (40.0)

Type of psychiatric comorbities, n (%) OCD

Anxiety disorders

SUD

3 (30.0)

3 (30.0)

2 (20.0)

Class of antidepressant, n (%) SSRI

SNRI

TCA

5 (50.0)

2 (20.0)

3 (30.0)

Previous augmenting AA, n (%) Aripiprazole

Brexpiprazole

Risperidone

4 (40.0)

3 (30.0)

3 (30.0)

HAM-D scores, (mean ± SD) 23.9 ± 3.9

AA: Atypical Antipsychotic; HAM-D: Hamilton Depression Rating Scale; OCD: Obsessive-Compulsive Disorder; SUD: Substance Use Disorder; SSRI: Selective Serotonin Reuptake Inhibitor; 
SNRI: Serotonin and Norepinephrine Reuptake Inhibitor; TCA: Tricyclic Antidepressant.

TABLE 2 Duration of of depressive episode, antidepressant treatment and dosage in the sample.

Patient Duration of depressive episode (weeks) AD combined with cariprazine Daily dosage of AD 
during the add on

1 8 Fluvoxamine 300 mg

2 10 Sertraline 200 mg

3 11 Fluvoxamine 300 mg

4 12 Clomipramine 225 mg

5 12 Duloxetine 60 mg

6 14 Clomipramine 300 mg

7 24 Duloxetine 90 mg

8 15 Paroxetine 60 mg

9 22 Clomipramine 225 mg

10 28 Sertraline 200 mg

AD: antidepressant.
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with literature about cariprazine add on. In Durgam et al. (19) rate of 
responders according to MADRS scores was 48% with cariprazine 
1–2 mg/day and 50% with cariprazine 2–4,5 mg/day. In Sachs et al. 
(21) responders to cariprazine 1.5 mg/day added to ongoing AD 
therapy were 40.9 and 41% when dosage was 3 mg/day. In our sample 
most patients responded to a dosage of cariprazine of 1.5 mg/day. 
These data are congruent with previous observation that lower dose 
of this antipsychotic seem to be more effective in reducing depressive 
symptoms (21). In our sample there was no drop-out due to adverse 
events and there was no severe adverse event reported. In our samples 
cariprazine was associated with favorable tolerability profiles, low 
discontinuation rates as previously observed in other study (21). It 
should be  noted that no patients of our study discontinued the 
previous AA added as augmenting agent, due to side effects but only 
to lack of efficacy.

In conclusion, our case series suggests that adding low dose 
cariprazine to AD therapy in TRD patients who failed a previous AA 
augmentation trial could be  an efficacious strategy to ameliorate 
depressive symptoms and this seems to be true also in real-world 
patients with other psychiatric comorbidities. To the best of our 
knowledge this is the first observation in this direction. Our results 
suffer for several limitations, first the retrospective observational 
nature of the study and the exiguity of the sample. Further 
confirmation in larger population and in prospective studies 
is needed.
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TABLE 3 Response, timing and adverse events in the sample.

Patient Ham-D score Responder Final CPZ dose
Mg/day

AEs

Baseline 2  weeks 4  weeks

1 16 17 18 No 3 Akathisia

2 20 20 21 No 3 –

3 24 14 12 Within week 4 1.5 –

4 29 18 14 Within week 4 1.5 Nausea

5 21 11 8 Within week 4 3 Tremor

6 24 12 9 Within week 2 1.5 Headache

7 26 23 23 No 3 Agitation

8 27 21 10 Within week 4 1.5 Xerostomia

9 27 18 13 Within week 4 1.5 –

10 25 23 20 No 3 Xerostomia

HAM-D: Hamilton Depression Rating Scale; CPZ: cariprazine; AEs: Adverse events.

FIGURE 1

Mean reduction of Hamilton Depression Rating Scale (HAM-D) 
scores during the 4  weeks observation period.
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Objective: This systematic review of randomized controlled studies (RCTs) 
and observational studies evaluated the efficacy and safety of stanford 
neuromodulation therapy (SNT) for patients with treatment-resistant depression 
(TRD).

Methods: A systematic search (up to 25 September, 2023) of RCTs and single-arm 
prospective studies was conducted.

Results: One RCT (n  =  29) and three single-arm prospective studies (n  =  34) met 
the study entry criteria. In the RCT, compared to sham, active SNT was significantly 
associated with higher rates of antidepressant response (71.4% versus 13.3%) and 
remission (57.1% versus 0%). Two out of the three single-arm prospective studies 
reported the percentage of antidepressant response after completing SNT, 
ranging from 83.3% (5/6) to 90.5% (19/21). In the three single-arm prospective 
studies, the antidepressant remission rates ranged from 66.7% (4/6) to 90.5% 
(19/21). No severe adverse events occurred in all the four studies.

Conclusion: This systematic review found SNT significantly improved depressive 
symptoms in patients with TRD within 5  days, without severe adverse events.

KEYWORDS

stanford neuromodulation therapy, treatment-resistant depression, response, 
remission, systematic review

Introduction

Major depressive disorder (MDD) is a leading cause of disability worldwide (1), and up to 
55% of patients suffering from MDD fulfill the criteria of treatment-resistant depression (TRD) 
(2). Accumulating evidence has found that ketamine (3) and esketamine (4) had a rapid 
antidepressant, antisuicidal effects on TRD. Esketamine nasal spray has been approved as the 
first therapeutic agent for TRD (5). Furthermore, a real-world study found a significant 
reduction of depressive symptoms in patients suffering from TRD after receiving esketamine 
nasal spray (5). Apart from antidepressant medication, strategies such as vagus nerve stimulation 
(6), electroconvulsive therapy (7, 8), transcranial alternating current stimulation (9), and 
transcranial magnetic stimulation (TMS) [e.g., deep TMS (10), accelerated TMS (11), 
intermittent theta-burst stimulation (iTBS) (12), accelerated iTBS (13), bilateral TBS (14), and 
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continuation TBS (15)], have been developed as a nonpharmacological 
alternative for the treatment of MDD.

iTBS has been approved in many countries in the treatment of 
TRD. However, efficiency has been less than desired and another 
treatment protocol (number and spacing of individual treatments) 
may provide a better outcome (16). Stanford neuromodulation 
therapy (SNT), a neuroscience-informed accelerated iTBS protocol, 
had been investigated as a solution to these limitations (17). For 
example, Cole et al. reported significant superiority of active SNT over 
sham stimulation in improving depressive symptoms in TRD (17). 
We conducted this systematic review of randomized controlled studies 
(RCTs) and single-arm prospective studies to examine the efficacy and 
safety of SNT for patients with TRD.

Method

Inclusion criteria

Following PICOS acronym, studies were selected and screened 
by three investigators (XJL, ZJQ and QML) for inclusion in this 
systematic review according to the Preferred Reporting Items for 
Systematic Reviews and Meta-analyses (PRISMA) reporting guideline 
(18). Participants: patients with TRD based on study-defined 
diagnostic criteria. For example, TRD was defined as failure to 
responding to at least two antidepressants from different classes at 
adequate dosages (19). Intervention vs. Comparison: active SNT plus 
antidepressants or antidepressants free versus sham SNT plus 
antidepressants or antidepressants free in RCTs; or SNT added to 
antidepressants or antidepressants free in single-arm prospective 
studies. Outcomes: Coprimary outcomes were study-defined 
response and remission. A secondary outcome was adverse events. 
Study: only published RCTs or single-arm prospective studies on the 
efficacy and safety of SNT, using resting-state functional connectivity 
Magnetic Resonance Imaging (fcMRI) to target high-dose iTBS (10 
sessions of iTBS daily, 18,000 pulses/day, 5 consecutive days, and 
90,000 total pulses), as an adjunctive treatment for TRD were 
considered. High-dose iTBS studies with different intervals between 
sessions, such as 50-min or 60-min, were approved. Studies on 
patients without TRD were excluded (20). Systematic reviews, 
retrospective studies, and case reports/series were not included.

Study selection

We performed a systematic review of relevant literature from 
inception to 25 September, 2023, based on the Cochrane Library, 
PubMed, EMBASE and PsycINFO databases and reference lists from 
retrieved studies (16, 17, 21) to identify RCTs and single-arm prospective 
studies (single-group and before-after design) that examined the 
antidepressant effects of SNT for TRD. The following search terms were 
used: (“Stanford neuromodulation therapy” OR “Stanford accelerated 
intelligent neuromodulation therapy” OR SNT OR “High-dose spaced 
theta-burst stimulation”) AND (depress* OR dysphor* OR dysthymi* OR 
melanchol* OR antidepress* OR bipolar OR MDD). Study selection was 
performed independently by three investigators (XJL, ZJQ and QML).

Data extraction

Data extraction was performed independently by three 
investigators (XJL, ZJQ, and QML). If there were discrepancies, 
consensus was achieved between the investigators and then discussion 
was conducted with a senior investigator (WZ). Additionally, the first 
and/or corresponding authors were contacted as necessary to acquire 
any pertinent information that was missing.

Quality assessment

For RCTs and single-arm prospective studies, the Cochrane risk 
of bias (22) and Risk Of Bias In Non-randomized Studies – of 
Interventions (ROBINS-I) (23) were, respectively, used to assess the 
study quality independently by the three investigators (XJL, ZJQ, 
and QML).

Results

As shown in Figure  1, 107 potentially relevant articles were 
identified, and finally one RCT (17) and three single-arm prospective 
studies (16, 21, 24) met the study entry criteria (Table 1). Four studies 
(n = 63) (16, 17, 21, 24) examined the efficacy and safety of adjunctive 
SNT for adult patients with TRD. The risk of bias of included studies 
is summarized in Tables 2, 3. Based on the Cochrane risk of bias tool, 
the double-blind RCT (17) was rated as low risk with regard to 
attrition bias and reporting bias (Table 2). In the RCT, compared to 
sham, active SNT was significantly associated with higher rates of 
antidepressant response (71.4% versus 13.3%) and remission (57.1% 
versus 0%) (17). Two out of the three single-arm prospective studies 
reported the rates of antidepressant response after completing SNT, 
ranging from 83.3% (5/6) (21) to 90.5% (19/21) (16). In the three 
single-arm prospective studies, the antidepressant remission rates 
ranged from 66.7% (4/6) (21), 83.3% (5/6) (24) to 90.5% (19/21) (16). 
Furthermore, Cole et al. found 70% of patients with TRD continued 
to fulfill response criteria at 1-month follow-up (16). Poydasheva et al. 
reported that 40% of patients with TRD met the criteria for both 
response and remission at the 3-month follow-up assessment (24). No 
severe adverse events occurred in the four studies (16, 17, 21).

Discussion

This systematic review found SNT, using resting-state fcMRI to 
target high-dose iTBS, could significantly improve depressive 
symptoms in patients with TRD within 5 days, without severe 
adverse events. The rate of antidepressant remission (66.7–90.5%) 
reported in the included studies is higher than the corresponding 
figures for ketamine treatment (8.3%) (25), electroconvulsive 
therapy (48.0%) (26) and standard FDA-approved repetitive 
transcranial magnetic stimulation (rTMS) protocols (5.9%) (27). 
However, Lan et al. found that iTBS (one sessions/day) and high-
frequency rTMS appeared to be  equally effective in alleviating 
depressive symptoms for patients with TRD (10). A recent meta-
analysis of RCTs (n = 239) found that the study-defined response 
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was greater for active accelerated iTBS (≥2 sessions of iTBS daily) 
than sham stimulation (13).

The short duration protocol (5 days) of SNT is a non-invasive 
brain stimulation with proven efficacy in TRD which could be used 
in emergency or inpatient settings where rapid-acting treatments are 
needed. As previously described (16, 17, 21), this protocol for SNT 
consisted of 5 consecutive days (90,000 total pulses) with ten iTBS 
sessions per day (18,000 pulses/day and a 50-min intersession 
interval per session) delivered to the region of the left dorsolateral 
prefrontal cortex (DLPFC). This protocol was designated SNT, to 
distinguish it from other accelerated iTBS protocols which do not 
have a high overall pulse dose of stimulation (SNT versus standard 
iTBS protocols: 90,000 versus 18,000 pulses) and individualized 
targeting using fcMRI (28, 29). This systematic review of studies with 
iTBS at high doses involved different intersession intervals per 
session. Therefore, one single-arm prospective study with its protocol 
for SNT consisting of 5 consecutive days (18,000 pulses/day, 90,000 

total pulses and a 60-min intersession interval per session) was also 
included (24). However, the individual contribution of each element 
in the improvement of TRD outcomes is unclear, and this should 
be further examined.

As a rapid therapeutic intervention for TRD, SNT seems to 
be  comparable to glutamatergic modulators like esketamine (the 
S-enantiomer of ketamine) (30), exhibiting a greater affinity for the 
N-methyl-d-aspartate receptor compared to the R-enantiomer (31). 
The administration of esketamine via intravenous (32) or intranasal 
(31) routes has a rapid onset of antidepressant effects. For example, 
Daly et al. found that esketamine administered intranasally at doses 
of 28, 56, and 84 mg appeared to be effective in treating TRD (31). A 
retrospective study found that accelerated high-frequency rTMS (four 
times daily for five consecutive days over the left DLPFC) appears to 
be more effective than intranasal esketamine (33). However, there are 
currently no head-to-head comparison studies on TMS and 
esketamine in treating TRD.

FIGURE 1

PRISMA flow diagram. PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-analyses; RCTs, randomized controlled trials; TRD, 
treatment-resistant depression.
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TABLE 1 Summary of studies included in this systematic review.

Study 
(country)

Sample 
size (n)a

Design:
-Blinding
-Setting (%)
-Treatment 
duration 
(days)

Participants:
-Diagnosis (%)
-Diagnostic 
criteria
-Illness 
durationc (yrs)

-Mean agec 
(yrs) (range)
-Sex: male 

(%)

-TRD 
criteria
-Clinical 
effects

SNT 
therapeutic 
frequency and 
ADs dosages 
(mg/day);
Number of 
patients (n)

-Stimulation 
target 
(active/
sham)b

-Intensity 
(%rMT)

-Pulses/day (total 
pulses)
-Intersession interval 
per session
-Number of sessions 
(n/day)

Depressive symptoms 
measured by MADRS 
or HRSD
(Pre/Post-SNT and 
follow-up at any time)

Response and 
remission rate (Post-
SNT and follow-up 
at any time)

Cole et al., 2020 

(USA)

22 -Observational 

study

-Outpatients

−5

-MDD (90.5) and BD 

(9.5)

-DSM-5

−23.0

−44.9 (19–78)

−9 (42.9)

- ≥ 1 ADs

-MADRS

Active SNT 

(50 Hz) + ADs (NR); 

n = 21c

-Left DLPFC

−90

−18,000 

(18,000*5 days = 90,000)

−50 min

−50 (10/day)

Pre-SNT: 34.86 ± 5.29

Post-SNT: 5.0 ± 6.37;

1-month follow-up: 

10.95 ± 11.76

90.5 and 90.5% (Post-SNT); 

70 and 60% (1-month 

follow-up)

Cole et al., 2022 

(USA)

29 -DB

-NR

−5

-MDD (100)

-DSM-5

−23.4

−50.6 (22–80)

−19 (65.5)

-NR

-MADRS

1. Active SNT 

(50 Hz) + ADs (NR) 

or ADs free; n = 14

2. Sham SNT (no 

active 

stimulation) + ADs 

(NR) or ADs free; 

n = 15

-Left DLPFC

−90

−18,000 

(18,000*5 days = 90,000)

−50 min

−50 (10/day)

Pre-SNT: 31.0 ± 4.0

Post-SNT: NR

Pre-sham: 35.0 ± 6.0

Post-sham: NR

Active SNT: 71.4 and 57.1% 

(Post-SNT); 77.8 and 66.7% 

(1-week follow-up); 84.6 and 

53.8% (2-week follow-up); 

69.2 and 61.5% (3-week 

follow-up); 69.2 and 46.2% 

(4-week follow-up)

Sham SNT: 13.3 and 0% 

(Post-sham); 20.0 and 10.0% 

(1-week follow-up); 7.1 and 

7.1% (2-week follow-up); 7.1 

and 7.1% (3-week follow-

up);

7.1 and 0% (4-week follow-

up)

Poydasheva 

et al., 2022 

(Russia)

6 -Observational 

study

-NR

−5

-MDD (33.3) and BD 

(66.7)

-ICD-10

−21.2

−40.2 (21–66)

−3 (50)

-NR

-MADRS

Active SNT 

(50 Hz) + ADs (NR); 

n = 6

-Left DLPFC

−120

−18,000 

(18,000*5 days = 90,000)

−1 h

−50 (10/day)

Pre-SNT: 19.83 ± NR

Post-SNT: NR

NR and 83.3% (Post-SNT); 

NR and 20% (1-month 

follow-up)d; 80 and 60% 

(2-month follow-up)d; 40 

and 40% (3-month follow-

up)d

Williams et al., 

2018 (USA)

6 -Observational 

study

-NR

−5

-MDD (83.3) and BD 

(16.7)

-DSM-5

−32.0

−56.0 (38–69)

−2 (33.3)

-NR

-HRSD

Active SNT 

(50 Hz) + ADs (NR); 

n = 6

-Left DLPFC

−90

−18,000 

(18,000*5 days = 90,000)

−50 min

−50 (10/day)

Pre-SNT: 28.8 ± 6.0

Post-SNT: 7.0 ± 4.7

83.3 and 66.7% (Post-SNT); 

33.3 and 0% (2-week follow-

up); 0 and 0% (4-week 

follow-up)

aOverall number of participants.
bThe left DLPFC functional target was localized for each participant using the Localite Neuronavigation System.
cIt was extracted from the available data of each study.
dThe follow-up data was analyzed from a cohort of five patients, as one patient withdrew from the study after the stimulation completion.
ADs, antidepressants; APs, Antipsychotics; BD, bipolar disorder; DB, double blind; DSM-5, Diagnostic and Statistical Manual of Mental Disorders 5th edition; DLPFC, dorsolateral prefrontal cortex; HRSD, Hamilton Rating Scale for Depression; h, hour; ICD-10, 
International Classification of Diseases, 10th edition; MADRS, Montgomery-Asberg Depression Rating Scale; MDD, major depressive disorder; min, minutes; NR, not reported; rMT, resting motor threshold; SNT, Stanford Neuromodulation Therapy; TRD, treatment-
resistant depression; yrs, years.
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This systematic review has several limitations. First, only one 
RCT (17) was detected and the total sample size of the included 
studies (n = 63) was relatively small. Second, of the included four 
studies, three (16, 17, 21) were conducted by the same team at a 
single site, limiting generalizability of these findings. Third, the 
systematic review was not registered as this is not compulsory in 
most academic journals. Fourth, long-term follow up period (e.g., 
longer than 3 months) was not adopted in included studies, 
although the persistence of the antidepressant effect remains an 
important issue for TMS treatments, with several studies 
emphasizing the urgency of developing maintenance protocols to 
prevent potential relapses (34). Despite these limitations, this 
systematic review preliminarily found that SNT protocol appeared 
to be  effective and well tolerated by patients with TRD. SNT is 
distinct from standard once daily TMS. An advantage of standard 
once daily TMS (treatment time 40 min) is that it allows time for 
supportive care to be provided by staff. Accelerated treatment offers 
considerable alternative advantages which will call for 
reorganization and reorientation of treatment centers. Future 
research is warranted to confirm and expand the utilization of SNT 
as an adjunctive treatment for TRD.
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TABLE 2 Cochrane risk of bias.

Random 
sequence 

generation 
(selection 

bias)

Allocation 
concealment 

(selection bias)

Blinding of 
participants 

and personnel

Blinding of 
outcome 

assessment 
(Symptom 
reduction, 
response)

Incomplete 
outcome 

data 
addressed 

(attrition bias)

Selective 
reporting 
(reporting 

bias)

Other 
sources of 

bias

Cole et al., 

2022 

(USA)

? ? + ++ + + ?

+, Low risk of bias; −, High risk of bias; ?, Unclear risk of bias; nd, not determined.

TABLE 3 Risk of bias in single-arm prospective studies of SNT for TRD with ROBINS-I tool.

Study 
(country)

Bias due to 
confounding

Bias in 
selection 
of 
patients 
into the 
study

Bias in 
classification 
of 
intervention

Bias due to 
deviations 
from 
intended 
interventions

Bias 
due to 
missing 
data

Bias in 
measurement 
of outcomes

Bias in 
selection 
of the 
reported 
result

Overall 
risk

Cole et al., 

2020 (USA)

Moderate Moderate Low Low Low Low Low Moderate

Poydasheva 

et al., 2022 

(Russia)

Moderate Moderate Low Low Low Low Low Moderate

Williams 

et al., 2018 

(USA)

Moderate Moderate Low Low Low Low Low Moderate

Notes: A study was assigned moderate risk if the study was judged to be at low or moderate risk for all domains. A study was assigned critical risk if 1 or more of domains was rated as critical risk.
ROBINS-I, Risk Of Bias In Non-randomized Studies – of Interventions; SNT, Stanford neuromodulation therapy; TRD, treatment-refractory depression.
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Use of ketamine for treatment 
resistant depression: updated 
review of literature and practical 
applications to a community 
ketamine program in Edmonton, 
Alberta, Canada
Carson Chrenek 1*, Bryan Duong 2, Atul Khullar 3, Chris McRee 4, 
Rejish Thomas 3 and Jennifer Swainson 1*
1 Department of Psychiatry, Misericordia Community Hospital, University of Alberta, Edmonton, AB, 
Canada, 2 Department of Psychiatry, University of Alberta Hospital, University of Alberta, Edmonton, 
AB, Canada, 3 Department of Psychiatry, Grey Nuns Community Hospital, University of Alberta, 
Edmonton, AB, Canada, 4 Grey Nuns Community Hospital, Edmonton, AB, Canada

Background: Though intravenous (IV) ketamine and intranasal (IN) esketamine 
are noted to be  efficacious for treatment-resistant depression (TRD), access 
to each of these treatments within healthcare systems is limited due to cost, 
availability, and/or monitoring requirements. IV ketamine has been offered at 
two public hospital sites in Edmonton, Canada since 2015. Since then, demand 
for maintenance ketamine treatments has grown. This has required creative 
solutions for safe, accessible, evidence-based patient care.

Objectives: Aims of this paper are twofold. First, we  will provide a synthesis 
of current knowledge with regards to the clinical use of ketamine for TRD. 
Consideration will be given regarding; off-label racemic ketamine uses versus 
FDA-approved intranasal esketamine, populations treated, inclusion/exclusion 
criteria, dosing, assessing clinical response, concomitant medications, and 
tolerability/safety. Second, this paper will describe our experience as a 
community case study in applying evidence-based treatment. We will describe 
application of the literature review to our clinical programming, and in particular 
focus on cost-effective maintenance treatments, long-term safety concerns, 
routes of ketamine administration other than via intravenous, and cautious 
prescribing of ketamine outside of clinically monitored settings.

Methodology: We conducted a literature review of the on the use of ketamine 
for TRD up to June 30, 2023. Key findings are reviewed, and we describe their 
application to our ketamine program.

Conclusion: Evidence for the use of ketamine in resistant depression has grown 
in recent years, with evolving data to support and direct its clinical use. There 
is an increasing body of evidence to guide judicious use of ketamine in various 
clinical circumstances, for a population of patients with a high burden of suffering 
and morbidity. While large-scale, randomized controlled trials, comparative 
studies, and longer-term treatment outcomes is lacking, this community case 
study illustrates that currently available evidence can be applied to real-world 
clinical settings with complex patients. As cost is often a significant barrier 
to accessing initial and/or maintenance IV or esketamine treatments, public 
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ketamine programs may incorporate SL or IN ketamine to support a sustainable 
and accessible treatment model. Three of such models are described.

KEYWORDS

ketamine, non-intravenous ketamine, maintenance ketamine, community ketamine 
use, depression, treatment-resistant depression

1 Introduction

Treatment-resistant depression (TRD) has been estimated to 
affect 30–55% of individuals with Major Depressive Disorder 
(MDD) (1). Though definitions of TRD vary in the literature, one 
accepted definition is a failure to respond to two (or more) first-
line antidepressant agents with adequate dose and duration, and 
it has been noted that nearly a third of individuals with MDD do 
not remit with the first or second treatment step (2). Ketamine is 
an NMDA-antagonist that has demonstrated rapid efficacy as a 
novel antidepressant in numerous systematic reviews and meta-
analyses (3–7). Note that for the purposes of this paper, discussion 
will center around the pharmacologic use of ketamine for 
depression, and exclude any discussion of ketamine 
assisted psychotherapy.

In 2015, due to an unmet need, the Gray Nuns and Misericordia 
Hospitals (Covenant Health, Edmonton, Canada) began offering 
limited, publicly funded intravenous (IV) ketamine treatments as a 
novel treatment option for selected patients with severe treatment 
resistant unipolar or bipolar depression. Due to its limited evidence at 
that time, our programs initially treated only patients who had 
exhausted all other treatment options. Early patients in our program 
were considered to have ultra-resistant depression (URD), with 90% of 
patients failing to respond to electroconvulsive therapy (ECT) and an 
average of 8.1 prior antidepressant trials (8). This represents a greater 
level of treatment resistance than the typical patients included in IV 
ketamine studies. Based on chart review of these first 50 patients treated 
in our program, 50% had unipolar depression, 40% had bipolar 
depression, and 10% were unspecified. 44% responded within 8 IV 
treatments of ketamine and 16% remitted. Controlled studies have since 
corroborated that reduced (but still meaningful) efficacy is still likely to 
occur in patients with similarly high degrees of treatment 
resistance (9–11).

Data on the safety and efficacy of ketamine for depression has 
subsequently grown substantially. In Canada, due to the largest 
body of evidence available, IV racemic ketamine has been 
acknowledged as a 3rd line treatment for both bipolar depression 
and adults with unipolar TRD (12, 13). While the majority of 
studies have involved unipolar (or mixed unipolar/bipolar) TRD, 
a recent review confirmed similar efficacy and tolerability in 
studies with exclusively bipolar depression (14). Similarly, 
intranasal (IN) esketamine has been approved in Canada and the 
United States for TRD with the above definition (15). As a result, 
our inclusion criteria were broadened in 2020 to include “less” 
treatment resistant individuals. These local protocols served as 
the basis for a broader provincial IV ketamine protocol for 
depression to be used in Alberta, Canada (16). Due to high cost 

and lack of public coverage for most, IN esketamine, though 
indicated for TRD is not used by our program. As such, this 
review focuses on the use of racemic ketamine for depression as 
has been used in our programs.

With burgeoning evidence and increasing mass media 
popularity, the demand for ketamine treatment has risen, and 
there has been a rapid increase in the number of clinics and 
hospital sites that are using ketamine for TRD (17). It would 
follow that these programs have addressed, or will need to address 
clinical issues that arise, such as issues around maintenance 
treatments and ways to increase access as IV ketamine programs 
become saturated. As the literature is rapidly growing, our group 
sought to review current literature to ensure best practices in our 
program. We do not intend to provide an exhaustive review of the 
literature, although the findings of several recent systematic 
reviews and meta-analysis will be described in this paper.

This document will review key questions that we have evaluated, 
and how it has been applied to our program. We will also discuss the 
models of non-parenteral ketamine use we have considered as options 
to increase overall access to ketamine treatment for depression within 
public healthcare systems.

2 Methods

The Canadian Network for Mood and Anxiety Treatments 
(CANMAT) 2020 Ketamine Task force update was considered a 
comprehensive systematic review on ketamine for depression as a 
baseline. As this paper’s literature search covered to Jan 31, 2020, 
we conducted a review of the literature from January 1, 2020 – 
June 30, 2023. This search was done via OVID search platform, 
MEDLINE database. The keyword terms ‘ketamine’ or ‘esketamine’ 
were used; combined with ‘depression’ or ‘bipolar” or ‘TRD’ or 
‘treatment resistant depression’. Age groups were selected for 
19 years and older, with studies limited to humans. Case reports, 
clinical trials, comparative studies, practice guidelines, meta-
analysis, multicentre studies, observational studies, randomized 
controlled trials, reviews, and systematic reviews were considered. 
Reference lists of papers were also scanned for additionally 
relevant items. Papers were discussed among authors, and key 
items were brought to the interdisciplinary ketamine team for 
further review. Other notable studies outside of these parameters 
or suggested by peer reviewers between the end of our literature 
review and final manuscript acceptance were considered and 
added when felt to add value to the manuscript. Literature has 
been synthesized in the following discussion along with the 
authors’ suggested applications to clinical practice.
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3 Clinical considerations

3.1 What are our considerations in 
choosing between IV ketamine or in 
esketamine?

IN esketamine (SPRAVATO) was approved by Health Canada for 
TRD in 2020, while off-label, IV ketamine was previously 
acknowledged as an effective adjunct for TRD. While there is more 
robust clinical trial data for IN esketamine, its high cost frequently 
precludes its use. In terms of efficacy, head-to-head RCTs between IV 
ketamine and IN esketamine are lacking, but metanalyses of 
observational studies have compared efficacy of both treatments. One 
meta-analysis showed no difference in efficacy up to 1 month (18). 
However, two recent studies suggest that while each had similar rates 
of response/remission, IV ketamine required fewer treatments to 
achieve this outcome (19, 20).

Regardless, as racemic IV ketamine is not prohibitive in cost to 
the patients in our program (it is covered by public healthcare), it is 
the standard of treatment we use and will be the focus of discussion.

3.2 What population should be treated with 
IV ketamine?

Our protocol currently applies only to individuals with TRD 
(unipolar or bipolar), defined as failure to respond to two or more 
trials of appropriate pharmacotherapy. Our program treats adult 
patients ages 18 and over, including adults over 65, as there is early 
data for efficacy and safety with ketamine (21, 22) in older adults, and 
even more data with esketamine (23). Though not part of our patient 
population, one randomized control trial (RCT) in adolescents with 
TRD has also had favorable results (24).

Our population of adult patients with TRD is largely heterogeneous 
in terms of comorbidities, illness severity/duration, and levels of treatment 
resistance. More treatment-resistant patients have been reported as less 
likely to fully remit, but not less likely to respond to treatment (17). A 
recent study demonstrated that clinical features including severe 
anhedonia, anxious distress, mixed symptoms and/or bipolarity were 
more highly associated with response/remission (25). Efficacy of IV 
ketamine in individuals has been reported in two meta-analyses as either 
slightly inferior, or not different from ECT (26, 27). Evidence for 
functional improvement with ketamine treatment is lacking, but data 
supports the general notion that psychosocial functioning improves (28). 
Qualitatively, we have seen numerous cases of resistant patients who 
respond to treatment in a functionally meaningful way that improves 
quality of life and merits consideration for ongoing treatment. While there 
is preliminary evidence for use of ketamine in obsessive-compulsive 
disorder, social anxiety, post-traumatic stress disorder, psychosis, and 
comorbid substance use disorders (29), none were considered robust 
enough for inclusion in a regular protocol.

3.3 What is the inclusion/exclusion criteria 
for IV ketamine?

The presence of psychiatric comorbidities (including borderline 
personality disorder) does not significantly affect treatment outcomes 

or efficacy in a meaningful way (30, 31). Exclusion criteria include a 
primary psychotic disorder, uncontrolled hypertension, central 
aneurysmal disease, significant valvular disease, recent cardiovascular 
event (within 6 weeks), and class 3 heart failure (New York Heart 
Association) as per CANMAT recommendations (32).

Pregnancy and breastfeeding are considered contraindications to 
IV ketamine. While brief exposure to ketamine in the context of 
general anesthesia is unlikely to have negative effects, ketamine is 
known to cross the placenta (33) and exposure to repeated doses has 
not been studied. Animal models also suggest potential for adverse 
events with exposure to fetuses and infants (34).

Exclusion criteria have been made relative, rather than absolute, 
in keeping with longtime considerations to determine eligibility for 
ECT. Medical and/or second consultation with a psychiatrist is sought 
when appropriate to aid in assessment of risk/benefit. Decisions are 
made on a case-by-case basis.

3.4 Dosing regimens for IV ketamine

Meta-analysis of 79 studies (2,665 patients) reported variable but 
significant and conclusive efficacy for both response and remission 
rates with single and repeated ketamine dosing (35). With repeated 
treatments, ketamine’s antidepressant effect was maintained, and 
appears to offer greater efficacy and more prolonged benefit compared 
to single infusion (36).

The standard acute course in our program is 8 treatments, 
typically administered two times weekly. Though three-times weekly 
treatments are no more effective than twice-weekly (37), some patients 
in our program may receive 1 or 3 treatments in a week depending on 
scheduling availability.

A dose of 0.5 mg/kg has been previously recommended (12), as 
lower doses have not been found to be as effective (38). A higher single 
dose of 1.0 mg/kg was found similarly safe, but not more effective than 
0.5 mg/kg. There was a trend toward a longer duration of response at 
the higher dose, however.

The starting dose for IV ketamine in our program is 0.5 mg/kg, 
infused over 40 min. Given the safety data for higher doses, and data 
above that suggested a longer duration of response, we  began 
increasing doses to 0.75 mg-1.0 mg/kg for patients who were tolerating 
infusions but had little or no response to 0.5 mg/kg. In our clinical 
experience, we have observed several patients who do not respond 
until the dose is increased, and data looking at superiority of 1.0 mg/
kg versus 0.5 mg/kg was based only on a single infusion. Based on this, 
combined with clinical experience, Figure 1 highlights a suggested 
treatment algorithm. In cases where a patient only begins to respond 
to higher doses late in the course of 8 treatments, it is left to clinical 
discretion to consider extending the acute course.

3.5 How should clinical response 
be assessed?

A lack of dissociation is not correlated with reduced antidepressant 
response and should not be a factor in dosing decisions (39). The 
antidepressant response should eventually extend well beyond the 
treatment day, particularly after 5–8 treatments. If positive effects 
continue to wear off within 1–3 days, sustained antidepressant 
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response with ketamine is unlikely and other treatment options 
should be considered.

It is important to ensure that there are clinical improvements in 
core symptoms of depression between treatments, and that the patient 
is not simply “liking” the dissociative effects of the treatment 
experience or enjoying a brief “escape” from their depression, not 
unlike those who abuse substances.

Along with clinical assessment, patient reported outcomes 
measures (PROMS) such as the Quick Inventory of Depressive 
Symptoms (QIDS) have been helpful to track progress. Traditional 
mood rating scales may not always capture rapid improvements, and 
another option would be the McIntyre and Rosenblat Rapid Response 
Scale (MARRRS), developed specifically as a tool to detect 

improvement with rapid acting antidepressants (40). Functional rating 
scales and quality of life scales may also be of benefit.

3.6 Which concomitant medications 
should be avoided?

There is mixed literature as to whether certain concomitant 
psychotropic medications may prevent antidepressant effects of 
ketamine. Though it has been suggested that benzodiazepines and 
other drugs acting on the Gamma-Aminobutyric Acid (GABA) 
systems may interfere with treatment response, a large meta-analysis 
found that concomitant benzodiazepine use had no overall effect (35). 

FIGURE 1

Suggested treatment algorithm for IV ketamine prescribing. If any point, the dose of ketamine is intolerable, consider decreasing the dose.
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Though no consistent effect is found, interference has been shown 
with high dose benzodiazepines such as delayed response and 
increased likelihood of relapse (41), with delayed response also 
observed with benzodiazepine use in esketamine treatment. Our 
program recommends to reduce or discontinue benzodiazepines if 
possible, or to use agents with shorter half-lives and simpler 
metabolism. Patients are advised not to take their benzodiazepine the 
morning of treatment and the evening prior. Higher doses or longer 
courses of ketamine may be  required for individuals who 
continue benzodiazepines.

Co-administration of a single dose of naltrexone reduced 
antidepressant response to ketamine in one placebo-controlled study, 
raising questions as to whether naltrexone should be avoided during 
ketamine treatment (42). Though other reports have not replicated 
this finding (43, 44), the uncertainty surrounding this topic suggests 
that the decision to continue naltrexone could be made on a case- 
by-case basis.

Though lamotrigine has been reported to diminish dissociative 
effects of ketamine, antidepressant response is still elicited, supporting 
the concept that dissociation is not required for pharmacologically 
induced antidepressant effects of ketamine (45). A systematic review 
concluded that there was no evidence to support a negative interaction 
between lamotrigine and ketamine in clinical populations (46).

It has generally been considered safe to co-administer 
antidepressants and mood stabilizers with ketamine, but caution has 
been advised with MAOIs (12). Several case reports describe safe use 
of esketamine and MAOIs (47), as well as ketamine with MAOIs (48). 
Though to be used with caution, IV ketamine has been useful as a 
bridging treatment during an antidepressant washout prior to starting 
an MAOI, and during the first few weeks of MAOI treatment.

3.7 What are the common acute side 
effects of IV ketamine?

Ketamine is a safe and well-tolerated medication when 
administered at antidepressant doses. Common side effects noted in 
literature are transient and may include psychotomimetic and 
dissociative experiences, blurred vision, dizziness, anxiety, irritability, 
headaches, nausea, tachycardia, and elevated blood pressure (6, 49, 
50). Side effects peak within 30–60 min, and abate within 1–2 h. 
Adverse events are almost always dose-dependent (51). Patients in our 
program are provided this information prior to giving consent 
to treatment.

3.8 How should ketamine-induced 
hypertension be managed?

Ketamine is known to transiently raise blood pressure, with a 
mean maximum increase of 9-19 mmHg, returning to normal in 2–4 h 
(52). Early recommendations, based on expert consensus suggested 
not to proceed with IV ketamine if baseline blood pressure was over 
140/90, and to pause the infusion if blood pressure exceeded 160/100 
(12). A recent report suggested that up to 20% of ketamine infusions 
may require anti-hypertensives (51).

Conversely, transient hypertension is not treated in an emergency 
medicine scenario unless there are symptoms of hypertensive 

emergency which include crushing chest pressure, syncope, severe 
abdominal pain, decreased (not just altered) level of consciousness, or 
shortness of breath (53). Risks associated with treating asymptomatic 
transient hypertension have also been noted, and it could be argued 
that the above guidance is overzealous.

Our protocol has been updated to better align with the emergency 
medicine approach to management of transient hypertension. Blood 
pressure is measured at baseline and post-treatment. Measurements 
are to be taken during the infusion only if there are signs/symptoms 
of hypertensive emergency as noted above. Patients in our program 
must undergo a complete history and physical examination prior to 
starting a course of IV ketamine infusions. Active medical issues or 
untreated hypertension are considered relative exclusion criteria to 
be considered on an individual risk/benefit basis.

Although the aim is for chronic hypertension to be sufficiently 
treated prior to ketamine treatments, if baseline blood pressure is 
elevated on the day of treatment, the decision to proceed is made on 
a case-by-case basis. Otherwise healthy individuals can tolerate slight 
elevation in blood pressure without adverse consequences, not unlike 
increases seen during exercise, which is known to transiently increase 
systolic blood pressure to levels greater than seen with IV ketamine 
treatment (greater than 200 mmHg) (54). Patients with risk factors for 
subarachnoid hemorrhage (SAH), such as pre-existing aneurysm or 
arterio-venous malformation (85% of SAH clinical presentations) 
(55), or other medical conditions felt to be at risk with transient blood 
pressure elevations, would necessitate medical consultation for advice 
on a more cautious approach. Of note, pre-treatment with clonidine 
has been reported to mitigate pressor effects of ketamine without 
causing rebound hypertension, so this may be an option for patients 
where blood pressure increases may pose reason for concern (56). Use 
of beta blockers or calcium channel blockers has also been suggested 
when blood pressure is a concern (57).

3.9 What setting and staff are required for 
IV ketamine?

Though no consistent standard is in place, the Canadian Ketamine 
Task Force suggested that IV ketamine should be administered in a 
facility equipped to handle both storage of a controlled substance and 
ability to deal with medical emergencies. While an anesthetist need 
not be present to administer a subanesthetic dose, staff administering 
ketamine should be medical professionals with appropriate training 
(12). Our ketamine programs are based in acute care hospitals, which 
have a rapid response team available in case of an emergency. This 
rapid response service has never been required since the program 
began in 2015, with at least 10,000 infusions performed. A nurse 
trained in advanced airway management administers the ketamine 
infusion, and a physician can be reached by telephone if there are 
nursing concerns. Treatments are provided in the unit’s 
neuromodulation recovery room, or in individual patient rooms. As 
sensory perception is often amplified during treatment, our program 
aims to provide a calm environment with reduced stimuli.

Consistent nursing staff dedicated specifically to IV ketamine is 
beneficial, to be  familiar with what to expect and how to support 
patients through treatments. At times, dissociative effects include 
tearfulness, rumination and having intrusive thoughts or memories, 
which may prompt nursing staff to intervene, redirect and/or support 
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the patient. This is not considered to be a form of ketamine-assisted 
psychotherapy, but a supportive psychiatric nursing intervention as 
required. Patients are kept on the unit for approximately 90 min post-
infusion, which is based on a 15-min half-life of IV ketamine, with a 
total time of elimination being approximately 75 min (58). If patients 
continue to feel dissociative effects, they are kept longer at nursing 
discretion. Patients require a ride home after treatment.

3.10 What is an approach to maintenance 
treatment?

Once remission is reached with a traditional antidepressant, 
continued treatment for a minimum of 9–12 months (or longer if it is a 
repeat episode or severe illness) is recommended to minimize relapse risk 
(59). Similarly, following a successful course of ECT, maintenance ECT 
reduces relapse significantly compared to pharmacotherapy alone (60). 
Similarly, repeated doses of IV ketamine have demonstrated efficacy in 
maintaining response (61). A recent systematic review included 3 RCTs, 
8 open-label trials, and 30 case series with a total of 1,495 patients with 
bipolar or unipolar depression (62). Routes of administration varied and 
included IV (18 studies), IN (3), IN esketamine (5), oral (10), and 
intramuscular (3). There were several reports of transitioning IV ketamine 
patients to other dosage forms (SL, IN, oral) for ketamine maintenance 
treatment. The five largest (N = 11–94) studies of IV ketamine 
maintenance used dose ranges from 0.5–1.2 mg/kg. Dose frequency was 
variable, ranging anywhere from weekly to every 12 weeks. Important 
findings in this review included reports of sustained efficacy for many 
individuals lasting greater than 1 year, and no new safety signals with 
prolonged treatment.

The most robust data for maintenance ketamine comes from a 
large RCT of 802 patients using maintenance IN esketamine over 
1 year. There was a 51% reduction in relapse with treatment-remitters, 
and a 70% reduction in relapse with treatment-responders, when 
given with conventional antidepressant compared to antidepressant 
plus placebo (63). The population in this report included individuals 
with TRD who had failed to respond to two or more antidepressants. 
The largest IV ketamine maintenance study to date (open-label) 
reported on more highly resistant individuals who had already failed 
to respond to ECT. Of these, 94/150 (63%) of these patients responded 
to IV ketamine, and with maintenance treatment of variable dose and 
frequency, nearly two-thirds of these highly treatment-resistant 
responders showed a sustained response (64).

Meta-analysis data suggests that ketamine response is less robust 
and of shorter duration for individuals with a higher level of treatment 
resistance, thus it may be these individuals for whom maintenance 
ketamine is a more inevitable consideration (65). Physicians in our 
program decide whether to offer maintenance ketamine based the 
degree of ketamine response, level of treatment resistance, accessibility 
of ongoing IV ketamine treatments, and/or patient suitability for 
alternate forms of ketamine use, which will be further discussed.

3.11 What is the long-term safety of 
ketamine?

There is growing but still limited data on long-term use of 
ketamine for depression. The previously mentioned systematic review 
of 1,495 patients receiving ketamine for up to 18 months did not 

identify safety concerns (62). A recently published survey of 6,630 
patients in the United States treated with repeated or maintenance 
parenteral ketamine reported that discontinuation rates for adverse 
events was 0.7% (66). 0.5% of patients discontinued for psychological 
distress. There were three cases reported “bladder dysfunction,” no 
reports of cognitive issues, two reports of psychosis, and one report of 
hypomania. While the study was unable to assess causality of the 
adverse events, the overall incidence of these is reassuringly low. 
Similarly, Janssen’s esketamine clinical program reported data from a 
4-year follow-up among 1,006 patients continuing to receive 
maintenance esketamine with no new safety signals demonstrated (67).

3.11.1 Urinary effects
High dose, chronic ketamine use among ketamine abusers has 

been associated with ulcerative urinary cystitis and dilated common 
bile ducts mimicking choledochal cysts (68–71). This has not yet been 
reported in the literature with clinical IV ketamine treatment for 
depression, but we have occasionally seen patients develop transient 
urinary symptoms. Periodic screening for any urinary symptoms and 
urinalysis to screen for microscopic hematuria should be  done 
periodically in patients using maintenance ketamine. If symptoms 
develop, the risk/benefit of continuing ketamine should be assessed, 
with urologic consultation.

3.11.2 Cognition
While neurocognitive impairment has been reported with chronic 

ketamine abuse (72), a review of 5 IV ketamine studies with objective 
measurements of cognition noted either a neutral effect or an 
improvement in cognition, with no domains showing impairment 
(73). The improvement in cognition typically correlated with the 
degree of antidepressant response. In our program, a study of 40 
patients found improved cognition over a course of 8 IV ketamine 
treatments as measured by a Digit Span Substitution Test (DSST) and 
patients perceived their overall cognition as improved when self-rated 
with a Perceived Deficits Questionnaire (PDQ) (74).

3.11.3 Ketamine abuse/misuse
Ketamine abuse often occurs with other substance use, more 

confounding health variables, and consumption at significantly higher 
and more frequent doses than is used for depression (75, 76). Though 
ketamine abuse rates are substantially higher in Eastern countries 
(Hong Kong, Taiwan) (34), its prevalence In North America is low; 
estimated at 0.4% in college students over a 1 year period (77), While 
preclinical studies suggested a theoretical abuse potential for ketamine, 
two reviews of clinical literature find no suggestion for ketamine 
misuse or abuse when prescribed for depression (78). Real world-
studies have also replicated these findings with esketamine (79, 80).

A retrospective survey of patients in our program with patients 
prescribed ketamine outside of clinically monitored settings did not 
find any indication of misuse. Drug-liking, was variable, with a 
number of patients indicating a dislike for the dissociative effects of 
ketamine. Overall risk level appeared low, but not negligible (81). 
Similarly, there is only one case report of drug seeking behavior and 
craving in a single patient treated with esketamine (82). Similar to 
other medications with abuse, caution in prescribing should 
be exercised, but its use should not be stigmatized and potentially 
discourage access. Suggestions for judicious use have been previously 
summarized by another group that included two of our coauthors and 
will be reviewed in following sections (83).
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3.12 When IV ketamine is not an option, are 
other routes of administration possible?

Ketamine may be administered in a variety of different routes, 
including IV, IM, subcutaneous (SC), IN, SL, and oral (PO), but each 
has different rates of bioavailability (Table 1) and pharmacokinetics 
(84, 85). Clinically, these differences may affect efficacy and tolerability. 
A pharmacokinetic study demonstrated that equal doses of IM, SC, 
and 40-min IV ketamine infusions achieve similar peak plasma levels 
and clearance rates (86). Systematic reviews have not demonstrated 
significantly different side effect or tolerability profiles regardless of 
the route of administration, though it has been suggested that side 
effects are most likely correlated with total plasma levels achieved 
regardless of the route delivered (35, 87).

Small studies have demonstrated similar effectiveness/tolerability 
with IM ketamine at similar doses to IV ketamine in both single and 
repeat doses (88, 89). A recent RCT (45 patients) also demonstrated 
equal effectiveness in repeat treatments comparing IM ketamine 
(0.5 mg/kg), oral ketamine (1 mg/kg), and ECT (90). A systematic 
review of SC ketamine for depression found safety and efficacy at 
doses of 0.1–0.5 mg/kg, though studies were noted to be heterogenous 
in nature (91). A recent RCT (174 patients) investigated SC ketamine, 
with a more highly treatment-resistant group (more than 5 failed 
antidepressant trials, 24% failing ECT). Compared to active control 
(midazolam), doses of 0.6–0.9 mg/kg (but not 0.5 mg/kg) were 
superior, with a favorable side effect profile (92). Although IM and SC 
ketamine may offer a more efficient use of resources, saving the time 
required for IV insertion and infusion, our program has not yet 
incorporated their use given the comparative lack of studies.

Non-parenteral forms of ketamine including IN, PO and SL 
ketamine are also reported as safe and efficacious (18). Though less 
evidence-based than IV ketamine, they may offer improved access due 
to reduced cost and potentially less monitoring required, which will 
be later discussed. In our community, expertly-compounded IN or SL 
racemic ketamine costs $100–150 per month, a significant decrease in 
treatment cost compared to IN esketamine. While balancing 
considerations of patient access, safety, and limitations of evidence 
base for these treatments, concepts have been applied to a paradigm 
to treat patients with these modalities (83), and physicians in our 
program have utilized IN and SL ketamine at times for both acute and 
maintenance treatment. The clinical context of the patient (including 
degree of illness, previous treatments, treatment setting, resource 
availability) should be  considered in balance with potential side 
effects/risks. Suggested criteria for offering non parenteral ketamine 
are highlighted in Table 2.

3.13 What doses should be used for 
non-parenteral forms of ketamine?

Though parenteral doses of ketamine in studies have been 
relatively consistent, evidence for optimal dosing of non-parenteral 
ketamine remains limited. Though meta-analysis supports safety and 
efficacy of IN ketamine, most of this data is derived from IN 
esketamine trials. One report on racemic IN ketamine suggested 
tolerability concerns (93), but several others support its use. A small, 
randomized cross-over study found efficacy and favorable tolerability 
of a single 50 mg dose (94), and a retrospective case series with 
repeated doses of 100-150 mg noted positive results in the majority of 
patients with no instances of discontinuation for adverse side effects 
or concerning safety signals (95). A subsequent retrospective study 
reported benefit and tolerability for 50 or 75 mg of IN ketamine in 
psychiatric inpatients with TRD (96). An international consensus 
paper suggests that compounded racemic IN ketamine could be used 
in doses ranging from 50 to 150 mg once or twice weekly (29).

Though meta-analysis data is positive for PO and SL ketamine 
(97), reported doses and frequencies varied widely, ranging from 
0.5–1.25 mg/kg (or 50-300 mg for studies which reported total doses 
only) used multiple times per day to once a month. A recent large 
(N = 664) retrospective report of SL ketamine (300-450 mg) used 
off-label at home demonstrated nearly identical results to IV ketamine 
when administered as a series of 6 treatments (98).

As data regarding dosing is limited, we have elected to dose based 
on bioavailability of the chosen formulation in comparison to IV 
dosing (100% bioavailable) of 0.5–1.0 mg/kg (Table 3). Though it is a 
crude estimate that is unable to account for varying pharmacokinetic 
factors, it has been a useful clinical guideline. If used for acute 
treatment in our program, IN or SL ketamine is typically given 2–3 
times weekly, modeling IV ketamine and IN esketamine schedules. 
For an initial course to ketamine-naive individuals, patients are started 
at the minimum effective dose of the calculated dose range.

Some prescribers instead choose not to dose by weight and start 
ketamine-naïve patients conservatively at 50-100 mg SL or IN, titrating 
the dose up as tolerated to efficacy. One recent report successfully 
started ketamine-naïve patients at 300 mg SL and increased as 
tolerated to 450 mg (98), but our approach to date has been more 
conservative. A recent chart review of a sample of patients from our 
program found SL ketamine was generally started at 50-200 mg, 
though the most common starting doses were 100 mg and 150 mg. 
Subsequent increases went as high as 300 mg (81). IN ketamine was 
typically started at 100 mg and increased as high as 150 mg. Starting 
doses near the higher range would typically be patients transitioned 
to SL ketamine for maintenance, following a course of IV ketamine. 
Optimal dosing to maximize the balance between efficacy and 
tolerability requires further research.

3.14 In what setting can patients use SL or 
in ketamine?

While Health Canada requires IN esketamine to be administered 
and monitored a health care setting, this mandate is not aligned with 
the drug’s side effect and risk profile, so should not set a standard SL 
or IN racemic ketamine use. Significant adverse events have not been 
reported with esketamine, including issues related to transient 

TABLE 1 Routes and bioavailability of ketamine.

Route Bioavailability %

Intravenous 95–100

Intramuscular 64–95

Subcutaneous 64–95

Intranasal 30–50

Sublingual 20–30

Oral 10–20
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hypertension or dissociative side effects. Similarly, long term IN 
esketamine use has not been associated with safety concerns. 
Concerns for addiction potential, misuse, or diversion may prompt 
the tight control around IN esketamine, but it has been previously 
noted that regulatory policies do not align with expert consensus 
regarding risks (99). Potential harms of ketamine have been assessed 
as similar to stimulants or benzodiazepines, all of which are lower 
than alcohol. Placing ketamine on a more restrictive access and 
monitoring schedule than other psychotropics with abuse potential 
stigmatizes this treatment, and limits access for individuals with TRD.

Initially, patients in our program were monitored in office for their 
first SL or IN treatment, with potential for subsequent treatments to 
be used at home. However, our critical assessment of risks and benefits 
concludes that in office monitoring need not be routinely required. As 
discussed above, blood pressure need not be  monitored as 
asymptomatic hypertension should not be treated. Patients typically 
report dissociative effects to be  less than experienced in with IV 
ketamine treatments, and with appropriate psychoeducation, 
dissociative experiences are rarely a concern. Non parenteral forms of 
ketamine may be safely prescribed for home use, to the appropriate 
patient, in the appropriate clinical scenario.

Suggested considerations for prescribing ketamine for home use 
have previously been raised and are summarized in Table 4. If home 
administration is chosen to be a suitable alternative, other authors 
have also made practical suggestions for judicious prescribing. These 
are noted in Table 5. Our program follows these suggestions, and 
requests patients to return used intranasal devices to the pharmacy for 
disposal of any remaining ketamine in the device.

4 Future directions

Future directions in ketamine treatment could include consideration 
of 3 treatment models we  refer to as: (1) step-down approach, (2) 
step-up approach, and (3) clinical-matching approach. The common 
aim of all is to find a complementary way to integrate use of SL or IN 
ketamine into the IV ketamine treatment paradigm. Our program 
organically evolved into using the “step-down” approach where a course 
of IV ketamine is administered for acute treatment, and if maintenance 
treatment is needed, “stepping down” to IN or SL ketamine. This has 
been done either with a direct transition from an acute course of IV 
ketamine to SL or IN ketamine at varying intervals or has been done to 
support an IV ketamine taper, continuing SL or IN treatments once or 
twice weekly, in between biweekly, every 3 week and then monthly IV 
treatments, with an eventual goal to transition off IV treatments entirely. 
While there is no data to support superiority for either mode, a recent 
report of transition to IN esketamine to maintain the response of IV 
ketamine provides comparative support for a step-down model (100).

The “step-up” approach is an alternative that could be considered, 
particularly by new ketamine programs. In this model, a referral 
criterion for IV ketamine could include a previous failed trial of SL or 
IN ketamine in the community. This model also evolved organically 
for during the COVID-19 pandemic, during a time that our IV 
programs were not operating, and patients were reluctant to come for 
treatment in a health care setting. SL or IN compounded ketamine was 
prescribed to ketamine naïve patients with several patients responding 
well and not requiring IV treatment. This approach could reduce wait 

TABLE 2 Clinical scenarios to consider for non-IV forms of ketamine for 
acute or maintenance treatment.

Individuals reasonable to consider for an acute course (8 treatments) of non-IV 

ketamine would be those with both

 1. Major depressive episode (unipolar or bipolar), refractory to trials of 2 or more 

antidepressants/mood stabilizers, and adjunctive agents with a greater evidence 

base, AND

 2. Unable to access more evidence-based ketamine treatments such as IV ketamine 

and IN esketamine.

Individuals reasonable to consider for maintenance non-IV ketamine treatments 

would include those with:

 1. Major depressive episode (unipolar or bipolar), considered to have exhausted 

other treatment options with trials of multiple antidepressants, adjuncts, and 

mood-stabilizing medications from different classes, but have had positive 

response to an acute course of either IV or SL/IN ketamine, AND

 2. Unable to access maintenance IV ketamine or IN esketamine treatments. Where 

patients continue to have coverage and access to IN esketamine following an 

index series of IN esketamine treatments, we would suggest continuing with IN 

esketamine for maintenance as it is most strongly supported by the literature at 

this time in terms of efficacy and safety.

TABLE 3 Suggested dosing for intranasal and sublingual ketamine.

Mode of 
administration

Intravenous Intranasal Sublingual

Bioavailability (%) 100 30–50 20–30

Minimum effective 

dose (mg/kg)

0.5 1.0 1.5

Maximal effective dose 

(mg/kg)

1.0 3.0 5

Conversion/multiplier 

factor from previously 

given IV ketamine 

dose

N/A 2–3 3–5

TABLE 4 Clinical factors that would support eligibility for less supervised 
ketamine use.

High level of treatment resistance – patients who have exhausted other treatment 

options

 - Severe symptoms

 - Significant disability

 - Suicidality

 - Has required usage of other off-label treatments in the past

No drug misuse history – Substance abuse/misuse screen

No previous history of antisocial/illegal activity/drug diversion

Previous positive response to ketamine

Limited ability to access ketamine treatments with stronger evidence base (IV 

ketamine or IN esketamine)

Reliable to attend follow-up appointments

Medically suitable for ketamine treatment, including stable cardiovascular status 

and controlled baseline blood pressure

Compliant with side effect monitoring

Significant experience with side effects of psychotropics and good judgment on 

reporting these to the clinician

Reprinted with permission from Swainson et al. (83), under license CC BY-NC 4.0.
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lists and reserve IV ketamine treatments for more treatment-resistant 
individuals. Adopting this “step-up” paradigm could be of particular 
use in smaller centers with limited IV ketamine availability.

A third “clinical-matching” model would involve making 
decisions regarding what form of ketamine is appropriate based on 
patient profile. The patients with TRD that meet criteria for IV 
ketamine are a heterogeneous group in terms of symptom severity and 
chronicity, comorbid conditions, and the number of previous 
treatments tried. While this model has not been used to date in our 
program, theoretically, IV ketamine could be reserved for only the 
most treatment resistant patients, such as our original URD 
population. Other patients who meet “minimum” TRD criteria may 
respond favorably to SL or IN ketamine treatment. While our clinical 
experience supports the notion that the “less” treatment resistant 
patient may respond to SL or IN ketamine alone, further research is 
needed in this area.

Continued challenges with any of these paradigms include lack of 
data regarding optimal dosing and frequency for SL and IN ketamine. 

A clear limitation in our approach is the extrapolation of IV ketamine 
and IN esketamine data. A review of clinicaltrials.gov indicates that 
several studies involving racemic IN ketamine are in various stages of 
progress, so further data to guide its use may be on the horizon. Larger 
controlled trials with IN/SL ketamine, and comparative studies with 
IV ketamine or IN esketamine would be  of great value to guide 
future treatment.

5 Conclusion

As the evidence for IV ketamine and IN esketamine for TRD 
has increased, the availability and accessibility of these treatments 
has been a financial and logistical challenge for many, preventing 
access to evidence-based treatments with much promise. This 
community case study has described the evolution of a public 
ketamine program, including the application of a recent literature 
review to clinical programming. Sites starting an IV ketamine 
program must be aware of limitations, particularly in consideration 
for how maintenance treatment may be  offered to those who 
require it. Without the ability to offer maintenance ketamine in 
some form, offering this treatment to patients who may respond 
well, only to relapse again raises questions surrounding the ethics 
of offering short term treatment only. As we have shared in this 
community case study, the use of SL and IN ketamine in Edmonton, 
Canada has facilitated increased access to ketamine treatment, and 
allowed us to address this issue.

Though awareness of potential risks of ketamine use is essential, 
it need not be stigmatized as an overly dangerous treatment when 
considering highly ill and treatment-resistant patients. Rare, but 
serious adverse events can occur with any treatment, and there is no 
suggestion that the risks of ketamine are out of keeping with other 
medications commonly used in psychiatry. The ability to prescribe SL 
and IN ketamine provides psychiatrists with more options to offer to 
patients with TRD. Clinicians who elect to offer these treatments must 
be aware of the limitations in the guiding body of literature. Aspects 
such as patient selection, regular follow up, and ongoing assessment 
of risk/benefit for the individual patient are essential. Future research 
to better elucidate optimal prescribing of ketamine will support 
physicians and patients in making treatment decisions.
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TABLE 5 Practical suggestions for judicious prescribing of ketamine as an 
antidepressant for home use.

Obtain and document informed consent – potential risks/benefits

Consider the use of patient contracts

Prescribe in limited quantities and limited refills (for example, provide 2–4 weeks 

supply depending on frequency of dosing)

Prescriber experience with ketamine

 - Affiliation with a more intensive ketamine program (for further assessment/

referral/case discussions)

Consider observing first treatments or dose changes in office to monitor blood 

pressure in medically at-risk patients, and dissociation in ketamine-naïve 

individuals

Educate patients on dissociative symptoms

Advise patients not to drive until next day after use

Dose at night when used at home

 • Advise a quiet calm environment

 • For ketamine-naïve patients, consider the presence of another responsible adult 

for the first several doses, if not observed in office

 • Wait until dissociative/sedative effects of ketamine dissipate before using other 

potentially sedating bedtime medications

Screen for bladder toxicity

 - Check urinalysis at baseline and q3-6 months for signs of microscopic hematuria

 - Ask about urinary symptoms (for example, frequency, urgency, hematuria)

Monitor for drug liking/signs or symptoms of misuse

 - lost prescriptions

 - requests for early refills

 - requests for dose escalation or increased frequency despite stable 

psychiatric status

Consider that non-IV forms may require higher doses due to reduced 

bioavailability, and that documented bioavailability of each formulation is to 

be considered a rough estimate and may vary

Prescribing clinicians should be informed of current literature and continue 

medical education on ketamine to learn and adjust prescribing practices as new 

data become available

Adapted with permission from Swainson et al. (83), under license CC BY-NC 4.0.
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requirements because there were no participants. Data presented has 
been reported elsewhere and is reviewed.
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Major depressive disorder (MDD) is the most common psychiatric disease 
worldwide with a huge socio-economic impact. Pharmacotherapy represents 
the most common option among the first-line treatment choice; however, only 
about one third of patients respond to the first trial and about 30% are classified 
as treatment-resistant depression (TRD). TRD is associated with specific clinical 
features and genetic/gene expression signatures. To date, single sets of markers 
have shown limited power in response prediction. Here we  describe the 
methodology of the PROMPT project that aims at the development of a precision 
medicine algorithm that would help early detection of non-responder patients, 
who might be more prone to later develop TRD. To address this, the project will 
be organized in 2 phases. Phase 1 will involve 300 patients with MDD already 
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recruited, comprising 150 TRD and 150 responders, considered as extremes 
phenotypes of response. A deep clinical stratification will be performed for all 
patients; moreover, a genomic, transcriptomic and miRNomic profiling will 
be conducted. The data generated will be exploited to develop an innovative 
algorithm integrating clinical, omics and sex-related data, in order to predict 
treatment response and TRD development. In phase 2, a new naturalistic cohort 
of 300 MDD patients will be recruited to assess, under real-world conditions, 
the capability of the algorithm to correctly predict the treatment outcomes. 
Moreover, in this phase we will investigate shared decision making (SDM) in the 
context of pharmacogenetic testing and evaluate various needs and perspectives 
of different stakeholders toward the use of predictive tools for MDD treatment to 
foster active participation and patients’ empowerment. This project represents 
a proof-of-concept study. The obtained results will provide information about 
the feasibility and usefulness of the proposed approach, with the perspective of 
designing future clinical trials in which algorithms could be tested as a predictive 
tool to drive decision making by clinicians, enabling a better prevention and 
management of MDD resistance.

KEYWORDS

major depressive disorder (MDD), treatment resistant depression (TRD), antidepressant 
treatment response, genomics, transcriptomics, predictive algorithm, patient 
empowerment, shared decision making (SDM)

1 Introduction

The World Health Organization (WHO) declared that “there is no 
health without mental health.” Mental health is a state of well-being in 
which an individual is aware of his or her own abilities, can cope with 
the normal stress of life, can work productively and is able to 
contribute to his or her community. Major depressive disorder (MDD) 
is the most common psychiatric disease worldwide and represents a 
leading cause of years lived with disability. In turn, this leads to an 
enormous socio-economic impact. Indeed, MDD represents the 
costliest psychiatric disorder in Europe (1). Moreover, it has been 
largely demonstrated that women are nearly twice as likely as men to 
be  diagnosed with MDD. Different biological and environmental 
factors seem to increase the risk of depression in women; however, this 
issue remains largely unknown (2).

The main goal of treating MDD is to achieve remission and to 
maintain the therapeutic effects over time. Despite the availability of 
different classes of antidepressant drugs, the success of 
pharmacological treatment is still unsatisfactory, and matching a 
patient to his/her optimal treatment generally requires multiple trials 
of different treatments administered adequately in terms of doses and 
timing, with the sobering observation that the more treatments tried 
without success, the less likely a successful outcome. Only about 30 
and 40% of patients experience remission after the first and second 
treatment course, respectively, and up to one third of them are 
classified as resistant to treatment (Treatment-Resistant Depression, 
TRD) (3, 4). This causes suffering for patients and their families and 
significantly contributes to pushing up costs for healthcare services.

The observation that TRD occurs despite the high variety of 
pharmacological drugs acting through different mechanisms of action 
suggests a possible common mechanism in resistant depression. This 
is consistent with evidence from studies that combine pharmacology, 

genetics, and brain imaging data, showing that non-response to a wide 
range of treatments share common etiology and common neuronal 
mechanisms that still need to be investigated (5).

Several clinical variables are associated with an unfavorable 
treatment outcome in MDD, such as earlier disease onset, greater 
severity, presence of psychiatric comorbidity, suicidal behaviors, and 
early life adversity (6). From a biological perspective, TRD is 
associated with specific molecular underpinnings, which are only 
partly known. Concerning transcriptomics, there is evidence of 
distinct patterns of gene expression, both in the central nervous 
system and in peripheral tissues, such as blood (7). Moreover, 
expression alterations of both coding genes and microRNAs (small 
non-coding RNAs that regulate gene expression) have been related to 
the lack of response to antidepressant treatment (8). In addition, 
several studies also indicated the existence of a genetic vulnerability 
to non-response to antidepressant drugs and TRD (7, 9). In animal 
models, RNA-seq on different brain regions after antidepressant 
treatments showed largely distinct gene changes associated with 
treatment response (10). Moreover, accumulating evidence shows that 
transcriptional changes seen across several brain regions in animal 
models of depression coincide with genetic risk factors in depressed 
human patients. This indicates the likelihood that peripheral changes 
in gene expression might reflect to some extent some aspects of brain 
function (11).

In this context, the identification of predictive markers will help 
the early detection of non-responder patients, who may be  more 
prone to later develop TRD. However, the use of single sets of markers 
(either clinical or molecular) have shown limited predictive power and 
low replicability, indicating that the etiology of MDD in non-responder 
patients remains to be  better understood. Through multi-omics 
integration, machine learning methods have the potential to model 
the interactions between several molecular layers (such as DNA or 
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RNA) to predict a clinical endpoint using a holistic model (12). It is 
conceivable that the integration of diverse sets of predictors might 
increase the accuracy in the identification of non-responder and 
TRD patients.

The overall objective of the PROMPT (“Toward PrecisiOn 
Medicine for the Prediction of Treatment response in major depressive 
disorder through stratification of combined clinical and -omics 
signatures”) consortium, which is funded by the European ERA 
PerMed funding scheme, is to apply an integrated precision medicine 
approach in MDD through the combination of clinical, genomic, 
transcriptomic and sex-related data. The core objective is to create a 
new algorithm for the prediction of treatment response, which could 
be tested and validated in future clinical trials. This algorithm might 
represent a new tool for clinicians to drive decision-making, based not 
only on patients’ clinical features, but also on their genetic and 
transcriptomic background. An additional objective is to evaluate the 
potential use of a predictive pharmacogenetic tool in clinical practice 
from different perspectives and needs of various stakeholders involved 
in MDD treatment. Moreover, it is important to stress that the 
development of such an innovative precision medicine tool is central, 
but only part of the process to advance MDD treatment. Considering 
the later clinical application is crucial, and shared decision making 
(SDM) is increasingly viewed as the gold standard in patient-
healthcare professional communication (13). SDM is a patient-
centered approach that aids empowerment by supporting patients to 
actively take part in developing an informed decision about further 
treatment jointly with healthcare professionals based on clinical 
options as well as a patient’s individual preferences (14–16). Although 
SDM has been reported to lead to better decisions, increased patient 
participation, patient satisfaction, and treatment adherence and 
avoidance of overtreatment, its application in the mental health field 
is still rare (16, 17). Furthermore, multiple factors have been reported 
to influence SDM. This includes personal characteristics of the 
engaging parties, such as sex, age, clinical knowledge, years of 
experience, spoken language, or the level of education, factors relating 
to the interaction process, such as providing information or 
establishing a trustful relationship, and factors concerning broader 
structures of the healthcare system, for example, time constraints (18). 
In PROMPT, we consider application and SDM from the beginning 
and seek to identify factors that might come into play when patients 
and healthcare professionals come together to decide specifically 
about using the developed algorithm in clinical practice.

2 Methodology

2.1 Study design

The overall methodology of the project is based on a two-phase 
design (Figure 1). In the first phase (training phase, retrospective 
design), 300 already recruited MDD patients, including 150 TRD and 
150 responders considered as extremes phenotypes of response, will 
undergo a deep clinical and omics profiling. These data will 
be exploited to develop an innovative integrative algorithm for the 
prediction of MDD treatment outcome.

In the second phase (testing phase, prospective observational 
design), a new naturalistic cohort of 300 MDD patients will 
be recruited, and omics profiled to assess the predictive reliability of 

the algorithm under real-world conditions. Furthermore, in the 
second phase of the project, surveys involving the general population, 
patients as well as health care professionals, integrated with focus 
groups, will be performed on the topic of personalized, tool-assisted, 
and shared decision making processes. This will permit soundly to 
take into account the patients’ perspective, their needs on the use of 
predictive tools for MDD treatment and will support the process of 
patient empowerment in Personalized Psychiatry.

2.2 Phase 1: training phase

In this first project phase, two groups of clinically well-
characterized MDD patients (TRD and responders), already recruited 
in the context of ongoing projects, will be selected considering them 
as extreme phenotypes of response allowing to train models on a 
dichotomous outcome. All patients will be profiled with genomic, 
pharmacogenetic, transcriptomic and miRNomic high-throughput 
technologies to create an integrative machine learning (ML) algorithm 
discriminating between the two groups.

2.2.1 Study participants and clinical assessment
Three hundred MDD patients were already recruited from one 

unit participating in PROMPT consortium (IRCCS Fatebenefratelli, 
Brescia, Italy): half were classified as TRD and the other 150 as 
responders. For all of them, diagnosis of moderate to severe MDD 
according to the DSM-IV was confirmed using the Italian version 
of the SCID-I diagnostic scale. The diagnosis of personality 
disorders was made on the basis of clinical symptoms evaluation 
in agreement with the DSM-IV. Exclusion criteria were the 
following: (a) a lifetime history of schizophrenic, schizoaffective, 
or bipolar disorder; (b) personality disorder, substance abuse, 
alcohol abuse or dependency, obsessive compulsive disorder 
(OCD), or post-traumatic stress disorder (PTSD) as the primary 
diagnosis; (c) comorbidity with an eating disorders; (d) 
comorbidity with alcohol and substance dependence; (e) 
intellectual disability and cognitive impairment; (f) neurological 
disorders (i.e., Parkinson’s disease, multiple sclerosis, Alzheimer’s 
and other dementias, epilepsy, strokes, brain tumors, traumatic 
conditions of the nervous system); (g) comorbidity with other 
severe medical illness and severe autoimmune diseases (i.e., 
cancers, Crohn’s Disease, Rheumatoid Arthritis (RA), Lupus, 
Scleroderma, Psoriasis, Myasthenia gravis, Sjögren syndrome, 
Systemic lupus erythematosus); (h) pregnancy.

On the basis of clinical evaluation, TRD was defined as a failure 
of treatment to produce response or remission for patients after two 
or more treatment attempts of adequate and recommended dose and 
duration. Based on clinical judgment by the treating psychiatrists, 
MDD patients were classified as responders when they achieved 
response or remission in terms of a reduction in symptomatology with 
the first antidepressant treatment attempt of adequate dose and 
duration. For all patients, detailed socio-demographic (such as, age, 
sex, working and marital status) and clinical information (such as, age 
of onset, severity, psychiatric and physical comorbidities) was 
collected. Symptom evaluations were made using Montgomery-
Åsberg Depression Rating Scale (MADRS) at the presentation of the 
patients to psychiatric services or hospital, in concomitance with the 
blood collection.
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2.2.2 Omics profiling
DNA and RNA extracted from peripheral blood samples are 

prepared for genomic, pharmacogenetic, transcriptomic and 
miRNomic profiling. DNA is extracted from whole blood samples 
using the Gentra Puregene Blood kit (Qiagen), according to the 
manufacturer’s instructions. Total RNA is extracted from blood 
already collected in PAXGene tubes and stored at −80°C with the 
PAXGene Blood miRNA Kit (Qiagen), designed for the simultaneous 
isolation of small and large RNAs. RNA is quantified and quality-
checked through the Agilent 2,100 Bioanalyzer system and aliquots 
are sent to the involved project partners for transcriptomic and 
miRNomic profiling.

2.2.3 Genomic and pharmacogenetic profiling
All the patients are genotyped through the GWAS array Infinium 

PsychArray-24 v1.3 BeadChip. In addition, all of them are genotyped 
with customized TaqMan OpenArray plates on a QuantStudio 12 K 
Flex Real-Time PCR System (Applied Biosystems, Foster City, 
California, United States) to obtain pharmacogenomics profile that 
include the following single-nucleotide polymorphisms (SNPs) in 
relative genes (15 in CYP2D6, 10  in CYP2C19, 4  in CYP2B6, 2  in 
CYP2C9, 8 in CYP1A2, 8 in CYP3A4, 11 in ABCB1). We also genotype 
the 5-HTTLPR (short/long allele) and rs25531 polymorphisms (A/G 
genotype) in the SLC6A4 gene.

2.2.4 Transcriptomic profiling
Abundant RNAs such as ribosomal and beta globin transcripts are 

removed starting from 10 ng total RNA using the Illumina Stranded 
total RNA Prep with Ribo-Zero Plus kit. RNA library preparation is 
performed following manufacturer’s recommendations. Final samples 

pooled library preparations are sequenced on a Novaseq  6,000 
ILLUMINA, at a depth of 2x30Millions of 100bases reads per sample 
after demultiplexing (19).

2.2.5 MiRNomic (+ other small RNA) profiling
MiRNomic (+ other small RNA) profiling is conducted by small 

RNA-Seq. The NEBNext® Small RNA Library Prep Set for Illumina® 
kit is used with minor modifications. Adaptor ligation, first strand 
cDNA synthesis, and PCR enrichment are performed. Library 
amplification utilizes custom Unique Dual Indexes (UDIs). 
Purification steps involve AgenCourt AMPure XP beads, and library 
analysis is done using Agilent Bioanalyzer. Size selection is performed 
using 6% Novex TBE PAGE Gels, and quantification is carried out 
with the KAPA Library Quantification Kit. Sequencing yields 20–30 
million single-end 50 bp reads per sample on a NextSeq2000 
(Illumina).

2.2.6 Bioinformatic analysis
Quality assessment is done with FastQC, and reads are 

trimmed using Cutadapt before mapping. For miRNOmic data, 
sequences with length < 16 nucleotides are discarded. Reads are 
aligned to the reference genome (hg38 and miRBase v22 for 
RNASeq and miRNOmic, respectively) with STAR. Counts table is 
generated using featureCounts, filtered for lowly expressed genes, 
and analyzed using linear models (limma) for differential 
expression analysis. Functional analysis utilizes available 
annotations in functional genomics resources. Network-based 
approaches are employed to visualize miRNA-target connections 
and perform gene ontology (GO) analyses. STRINGdb is used for 
protein–protein interaction retrieval, igraph for network analysis, 

FIGURE 1

Study design phases of PROMPT project.
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and clusterProfiler for GO and pathway enrichment analyses. 
Differential expression of miRNAs is validated by qPCR.

2.2.7 Sample size calculations
Power analyses were assessed using Bioconductor R packages 

ssizeRNA (20), ssize.fdr (21) and ssize (22). Parameters were obtained 
from seven publications of expression data in MDD patients (23–29). 
In cases where adjusted p-values were not reported, we adjusted them 
using the function p.adjust, with the FDR method. Dispersion of genes 
was not specified in the seven publications so we considered a 0.3 for 
all of them. Assessed experiments vary considerably in conditions, 
methods and results, which resulted in sample size estimations per 
group ranging between 11 and 121. Hence, we aim at a sample size of 
150 per group, which exceeds the largest sample size calculated 
because we want to be conservative for the multi-omic nature of the 
study, but is also realistic considering our recruitment capacity.

2.2.8 Integration of clinical and − omics data
With the purpose of understanding the molecular mechanisms of 

TR and identifying potential biomarkers to be used as features in a 
predictive model of treatment response (TR), we use multi-staged 
strategies such as differential gene/miRNA expression (limma), 
knowledge-driven miRNA-target analysis and Weighted Gene 
Co-expression Network Analysis (WGCNA), as explained previously. 
Nonetheless, given that we have three different omics layers (DNA, 
RNA miRNA), we  also take advantage of meta-dimensional 
methodologies, which involve analyzing all omics layers 
simultaneously. These methodologies are especially powerful to 
capture complex interactions between the individual molecular layers 
and possibly identify new integrated molecular features (reduced 
dimensionality) that explain the phenotype. These new features are 
then being assessed, as features for a predictive model. We will employ 
different methods including iClusterPlus, which uses penalized 
likelihood approach with lasso penalty to associate a genomic feature 
with a phenotype, multi-omics factor analysis (MOFA), which infers 
an interpretable low-dimensional data representation as hidden 
factors or the partial least squares discriminant analysis (PLS-DA), 
implemented in mixOmics, which has increasingly been used in omics 
research as a supervised version of PCA that preserves in its first PC 
as much covariance as possible between the original data and its 
labeling (30). To avoid overfitting of the algorithm, this discovery 
analysis is done on two thirds of the Phase 1 data, keeping one third 
unseen from any training process.

Importantly, given the high relevance of the sex dimension in TR, 
we will stratify all analyses according to sex. This might as well help to 
further decipher the influence of sex on TRD. We  also clinically 
assessed anxiety disorders in comorbidity, more frequently present in 
women, and will be analyzed with respect to omics data and putative 
sex effect.

2.2.9 Development of the predictive algorithm
We will combine the multi-omic features identified to play a role 

in TR to generate a predictive model for TRD on Phase 1 data using 
state-of-the art statistical and machine learning methods for 
classification. We favor tree-based methods such as random forests or 
extreme gradient boosting over traditional regression models because 
they are not equipped to identify complex interacting risk structures 
empirically and have failed to model sex-specific associations (31). 

Standard methods of internal validation (e.g., bootstrap or cross-
validation) will be used to estimate performance, to avoid over-fitting 
and to ensure reproducibility of the model. To select between models, 
we will use standard metrics such as Accuracy and F-measure on the 
validation set. Potential biases that may affect the inclusiveness of the 
models (e.g., sex or ethnicity issues) will be carefully considered.

2.3 Phase 2: testing phase

In the second phase of the project, the developed algorithm from 
phase 1 will be tested in a newly recruited naturalistic cohort of 300 
patients to assess, under real-world conditions, the ability of the 
algorithm to correctly discriminate patients according to treatment 
response. Moreover, in the context of the new recruitment, patients’ 
focus groups and surveys will be set to assess perspectives and needs 
about predictive tools in precision medicine.

2.3.1 Study participants and clinical assessment
A naturalistic cohort of 300 MDD patients is being recruited to 

assess, in real-world conditions, the capability of the algorithm to 
correctly predict the treatment outcomes. Patients are recruiting by 
the Department of Psychiatry at the University of Münster (Germany), 
by the Department of Medical Sciences and Public Health in Cagliari 
(Italy) and by the Department of Adult Psychiatry at Poznan (Poland). 
The broad inclusion criterion is a diagnosis of moderate to severe 
MDD and an age over 18 years. The exclusion criteria for Phase 2 are 
the following: (a) a lifetime history of schizophrenic, schizoaffective, 
or bipolar disorder; (b) personality disorder, drug abuse disorder, 
alcohol misuse and abuse disorder, OCD, PTSD as primary diagnosis; 
(c) comorbidity with alcohol and substance dependence; (d) severe 
neurological disorders (e.g., multiple sclerosis, Parkinson, dementia; 
intellectual disability; debilitating medical disorders). Diagnoses are 
confirmed according to the DSM-5 using the SCID-5-CV (clinical 
version) and the SCID-5-PD (personality disorders) diagnostic scale. 
At the baseline (T0), the Childhood Trauma Questionnaire (CTQ) 
is administered.

Patients are treated with antidepressant (AD) in monotherapy or 
with complex psychopharmacology such as two ADs or AD associated 
with other drugs (second-generation antipsychotics, mood stabilizers, 
lithium, FT3/FT4). Combination with diverse types of ongoing 
psychotherapy is accepted, if initiated prior to baseline.

Clinical assessment will be performed at 5 time points: baseline 
(T0), 2 (T1), 4 (T2), 8 (T3), and 12 (T4) weeks, using the MADRS, 
the Beck Depression Inventory II (BDI-II), the Beck Anxiety 
Inventory (BAI), the Columbia-Suicide Severity Rating Scale 
(C-SSRS) and the UKU Side Effects Rating Scale. At all time-points 
except the T1, the Functioning Assessment Short Test 24 items 
(FAST), the Quality of Life Questionnaire (SF-36) and the Perceived 
Stress Scale-10 (PSS-10) are administered. Moreover, at T0 and at T3 
the Repeatable Battery for the Assessment of Neuropsychological 
Status (RBANS) are applied for the evaluation of cognitive symptoms 
in MDD patients.

This study involving human participants was reviewed and 
approved by the Ethics Committee “Ethik-Kommission Westfalen-
Lippe” (Münster, Germany, registration number: 2021-103-f-S). Based 
on the German ethics approval, local ethics approval was obtained at 
the other clinical trial sites. The patients/participants provided their 
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written informed consent to participate in this study. The study 
protocol was registered on ClinicalTrials.gov as NCT05537558.

2.3.2 Biospecimens
Fasting blood samples are collected at T0, T2, T3, and T4 in each 

clinical recruitment center, which perform the first pre-processing 
steps. One EDTA Tube for DNA extraction and PAXGene Blood RNA 
Tube collected at T0 are sent to the same unit (IRCCS Fatebenefratelli, 
Brescia, Italy) that performed the DNA and RNA extractions for phase 
1 to have uniform laboratory standards and reduce biases using the 
same methods described above in phase 1. The omics profiling 
(genomic, pharmacogenetic, transcriptomic, miRNomic) are carried 
out in the same sites and with the same methods described in phase 
1. All remaining samples of unused biospecimens [EDTA tube, 
PAXGene Blood RNA, plasma, serum collected at each time point as 
well as peripheral blood mononuclear cell (PBMC)] (collected at T0 
and T3) are stored locally at the recruitment sites and at the end of the 
project will be  sent to Coordinator site in Münster, where the 
PROMPT Consortium biobank will be  established using 
Centraxx standards.

2.3.3 Outcomes
Our study has three major outcomes. The primary outcome is 

symptom improvement at week 8, as measured by the percent change 
in the MADRS score from baseline. Secondary outcomes include 
response and remission rates at 4, 8, and 12 weeks according to the 
MADRS. Tertiary outcomes include: (1) changes in scores of self-
reported depressive symptoms at 2, 4, 8, and 12 weeks compared with 
baseline, as measured by the BDI; (2) response and remission rate at 
4, 8, and 12 weeks according to BDI-II; (3) changes in scores of anxiety 
symptoms at 2, 4, 8, and 12 weeks compared with baseline, as 
measured by the BAI; (4) changes in scores of suicidal risk at 2, 4, 8 
and 12 weeks compared with baseline, as measured by the C-SSRS; (5) 
changes in scores of perceived stress at 4, 8 and 12 weeks compared 
with baseline, as measured by the PSS-10; (6) changes in scores of 
psychosocial functioning at 4, 8 and 12 weeks compared with baseline, 
as measured by the FAST and Quality of Life Questionnaire (SF-36); 
(7) changes in scores of cognitive symptoms at 8 weeks compared with 
baseline, as measured by the RBANS; (8) and side effects at 4, 8, and 
12 weeks, as assessed by the UKU Side Effect Rating Scale.

The response is defined as a ≥ 50% decrease in the assessment of 
interest (MADRS, BDI-II) at weeks 4, 8, and 12 compared with the 
baseline. Remission is defined as a score of ≤9 for MADRS and ≤ 9 for 
BDI-II. Moreover, the response to treatment is also computed at each 
time point considering different thresholds of symptom reduction 
(>20, >50, and > 80%) on the MADRS total score, as well as on the 
BDI-II total score. This approach allows defining fast responders 
(>20% after 2 weeks), partial responders (>50%) and full responders 
(>80%) after 8 weeks as compared to non-responders (<50% change 
in MADRS score) at week 8.

2.3.4 Sample size calculations
Considering an Area Under Receiver Operating Characteristic 

(AUROC) Curve of 0.8, given a proportion of 0.3 of TRD, a confidence 
interval width of 0.125 at 0.95 confidence level, we computed that a 
sample size of at least 272 MDD patients will be enough to validate the 
predictive algorithm developed in the phase 1 of the PROMPT project.

2.3.5 Data management
The data management process is the responsibility of the project 

coordinator. Clinical and biological data collection, analysis, storage, 
security, and sharing are consistent with the standard operating 
procedures that ensure patient pseudonymization.

Several data sets are generated, stored and shared during the 
project, including clinical data and omics data (genomic, 
transcriptomic, miRNomic, methylomic, and metabolomic).

We use data and metadata standard for file names and directories, 
clinical data and omics data. Access to data is restricted to qualified 
members of the project team. During the project, each data set is 
locally stored (secure servers, controlled access and backup copies). 
Secure protocols for data transfer such as sftp in concordance with 
national and European GDPR regulations are being used. For after the 
project, raw omics data and associated clinical metadata will 
be  anonymized and hosted at the European Genome-Phenome 
Archive (EGA), following the MINSEQE standards. Codes and scripts 
will be deposited in software repositories (e.g., GitHub).

2.3.6 Data integration and testing of the 
algorithm and predictive accuracy

Phase 2 data will be used to externally validate the model. This 
new naturalistic cohort will be different in the nature of patients as 
well as their provenance. We will assess the performance of the model 
using different measures such as C-index, accuracy, true positive rate 
and false positive rate. We will compute these measures for the whole 
cohort as well as in stratified groups by sex, ethnicity, and country of 
origin to assess potential biases of the model.

We also want to address the challenge of designing algorithms and 
tools that are both usable and effective, which are the two main 
obstacles in the clinical application of advanced statistical and ML 
models based on multi-omics data. Interpretability, intended as the 
ability to appropriately explain the reasoning behind the predictions, 
will be considered as a mandatory component of the model and can 
be achieved by using intrinsically interpretable models like random 
forests, by evaluating the model structure and importantly the feature 
importance, for instance through model agnostic techniques such as 
SHAP (SHapley Additive exPlanations) (32).

2.4 Perspectives and perceptions about 
predictive testing in the treatment of 
depression

This part of the PROMPT project seeks to identify perspectives 
and perceptions that may play a role when patients and professionals 
engage in a shared decision making (SDM) process on the question 
whether to apply an algorithm to aid decision making on the use of 
antidepressants. SDM requires engagement of health care professionals 
and facilitates patient empowerment by taking a patient’s wishes, 
values, beliefs, attitudes and perspectives into account (14–16). 
We approach this question on the possible value of an algorithm in 
treatment settings by employing two methodological approaches, 
qualitative focus groups and quantitative (online) surveys. Taken 
together, these two approaches will allow us to learn about the 
perspectives of different stakeholders participating in MDD treatment 
toward the assumed use of a treatment decision-aiding algorithm. It is 
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anticipated that these results have the potential to foster translation 
into clinical practice, especially shared decision making processes.

2.4.1 MDD patients focus group
Employing an experience-driven bottom-up approach, patient 

focus groups will be conducted at all patient-recruiting PROMPT 
sites (Munster − Germany, Cagliari − Italy, Poznan − Poland) to 
learn about the perspectives of MDD patients toward the algorithm 
in a rather hypothesis-freeway (33, 34). Using a pre-developed 
protocol, MDD patients meeting the criteria for participation in 
the PROMPT phase 2 will be invited to take part in a 90 min group 
discussion together with 3–4 fellow patients of different sex, age, 
and MDD history. Trained moderators will lead through the three-
step procedure. After a short introduction to share previous 
experiences with depression treatment, participating patients 
learn about the algorithm and are encouraged to freely voice and 
discuss their thoughts, concerns, hopes and perspectives before 
the session concludes with an overall summery. Details about the 
algorithm are provided by means of a graphical representation and 
moderators are instructed to seek a broad exploration of the issues 
raised by the participants and to employ a series of follow up 
questions targeting specific areas of potential relevance. All focus 
groups will be audio recorded. Patient anonymity is maintained by 
choosing pseudonyms during the discussion and by removing 
private information from the subsequently generated transcripts. 
Following transcription of all audio recordings, anonymized 
transcripts will be  further translated into English. Qualitative 
content analysis is conducted upon both, native language 
transcripts and English translations using MAXQDA®. Drawing 
on a transcript-based classification scheme, two different coders 
will analyze patients’ statements, focusing particularly on hopes or 
concerns associated with the algorithm, as well as on issues related 
to the decision-making process when deciding for or against the 
application of the decision-aiding algorithm that is being 
developed in the PROMPT project. To gain a broad understanding 
of the patient’s perspective on the algorithm and its application, 
we plan to conduct 4–5 focus groups at each site.

2.4.2 Online surveys
Employing a theory-driven top-down approach, we will further 

develop surveys to learn about the perspectives of MDD patients, 
psychiatrists, neurologists, general practitioners, scientists, and the 
general population in a more hypothesis-driven way. These surveys 
contain items presented to any participant group as well as target 
group specific items. For example, all participants are asked to 
complete a hypothetical decision-making scenario. In this scenario, 
the algorithm is introduced and participants have to choose. In case 
patients are addressed in the survey, they are asked whether they 
would agree to undergo testing. In case health care professionals are 
addressed, they would be asked whether they would recommend the 
use of a testing tool for their patients with depression. Completing the 
surveys, all participants are further asked to rate perceived importance 
of a set of SDM related variables for this particular decision scenario 
and to fill in scales meant to operationalize participants’ attitudes, 
beliefs or perspectives about genetics more generally. All surveys will 
be provided in English and in the different native languages of the 
PROMPT-Consortium participating countries and distributed either 
as a link to a REDCap based online version or as a paper version at all 

PROMPT Sites (French, German, Italian, Polish and Spanish). Using 
the R statistical environment (35), we will run linear mixed effect 
models on a pre-processed and random forest imputed dataset (36). 
Analyses will be conducted for each participant group, as a whole and 
in sex-specific manner.

3 Summary and conclusions

Our project aims at the development of a clinically useful 
algorithm model that integrates clinical data (wide range of 
symptomatology assessment, treatment side effects, presence of 
childhood trauma) and -omics data (genomic, pharmacogenetic, 
transcriptomic and miRNomic profiling) for the prediction of 
treatment response in MDD patients. The study results are framed in 
the context of precision psychiatry and personalized psychiatry to 
enable the tailoring of the right therapeutic strategy for the right 
person at the right time. To account for sex-specific MDD outcomes, 
all analyses in the project will be stratified according to sex to better 
understand the sex dimension of treatment response both in relation 
to biological factors, sex-related lifestyle and environmental factors. 
Moreover, our project deepens the knowledge and experience of the 
shared decision making process when using predictive algorithms to 
aid decision making in Psychiatry. Both, predictive computational 
tools and shared decision making processes constitute key components 
of the Personalized Psychiatry concept. The definition of TRD that 
we used is the commonly accepted clinical definition of two or more 
failed pharmacological treatments. Unfortunately, the absence of a 
validated definition of TRD is a major limitation from the viewpoints 
of translational research, treatment development, as well as clinical 
and policy decision-making. Indeed, for example neurostimulation 
techniques and evidence-based psychotherapy are not considered in 
the definition of TRD, which is a limitation of this definition. TRD 
patients should include particularly the non-remitters and recurrent 
MDD patients having a high probability to have a poor prognosis of 
the disorder. The pathway toward more targeted treatments in 
psychiatry requires a more precise delineation of the phenotype being 
evaluated, and this represents an important goal for current and future 
research in psychiatry.
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Context: The use of vagus nerve stimulation (VNS) to reduce or stop 
electroconvulsive therapy (ECT) in treatment-resistant depression seems 
promising. The aim of this study was to investigate the efficacy of VNS on 
the reduction of ECT sessions and mood stabilization.

Methods: We conducted a monocentric retrospective case series of 
patients who suffered from treatment-resistant depression, treated with 
ECT and referred to our center for VNS. We  investigated the number 
and the frequency of ECT sessions before and after VNS implantation. 
Secondary criteria consisted in the Montgomery Åsberg Depression Rating 
Scale (MADRS) score, number of medical treatments, dosage of the main 
treatment and length of hospital stays before and after VNS. Additionally, 
we sent an anonymous survey to psychiatrists and other physicians in our 
institution to investigate their knowledge and perception of VNS therapy to 
treat treatment-resistant depression.

Results: Seven patients benefited from VNS: six (86%) were female (mean 
age of 51.7 +/− 16.0  years at surgery), and five (71%) suffered from bipolar 
depression (three type I and two type II). All patients were followed up at 
least 2  years post-implantation (range: 27–68  months). Prior to VNS, six 
patients were treated by maintenance ECT. After VNS, three (43%) patients 
did not require maintenance ECT anymore, and three (43%) patients 
required less frequent ECT session with a mean 14.7 +/− 9.8  weeks between 
sessions after VNS vs. 2.9 +/− 0.8  weeks before VNS. At last follow-up, 4 
(57%) patients had stopped ECT. Five (71%) patients implanted with VNS were 
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good responders (50% decrease relative to baseline MADRS). According to 
the survey, psychiatrists had a significantly better perception and knowledge 
of ECT, but a worse perception and knowledge of VNS compared to other 
physicians.

Conclusion: VNS is a good option for treatment-resistant depression 
requiring maintenance ECT dependence. Larger on-going studies will 
help broaden the implanted patients while strengthening psychiatrists’ 
knowledge on this therapy.

KEYWORDS

drug resistance, electric stimulation therapy, treatment outcome, safety, 
perception

Introduction

According to the World Health Organization (WHO), over 300 
million people are estimated to suffer from depression, equivalent to 
4.4% of the world’s population (1). Approximately 30% of depressive 
patients are treatment-resistant (2, 3). Electroconvulsive therapy 
(ECT) is the standard treatment for treatment-resistant depression (4). 
It is recognized as efficient for mood stabilization but is associated 
with several issues, such as its long-term side effects (headaches, 
memory loss), a poor acceptability, and a high rate of relapse after 
ECT interruption (5–8). The necessity for maintenance ECT is 
challenging in terms of hospital resources and costs. More recently, 
Abrupt discontinuation of maintenance ECT during COVID-19 
pandemic lead to relapses and highlighted the need for alternative 
therapy (9–11).

Vagus Nerve Stimulation (VNS) has been approved by the FDA 
as a treatment option for treatment-resistant depression since 2005 in 
the US and long-term follow-up of large cohorts revealed its efficacy 
in treatment-resistant depression (12). It is possible to perform ECT 
while having a VNS device and a previous case series described VNS 
as a potential relay to progressively cease maintenance ECT (13).

In France, VNS is still not recommended for treatment-resistant 
depression: it remains only offered to a few patients in tertiary care 
centers based on humanitarian exemptions. The referral of potential 
candidates to VNS remains a challenge, which makes VNS hardly 
accessible to most patient suffering treatment resistant depression 
(14). The main goal of this study was to assess the efficacy of VNS on 
maintenance ECT weaning and on depressive mood stabilization in 
treatment-resistant depression. The GHU PARIS Hospital (Paris, 
France) was born after the merger of the Sainte Anne Hospital, the 
Maison Blanche Hospital, and the Perray-Vaucluse Hospital in 2019. 
Due to its large coverage of the Ile de France region (representing 
approximatively 20% of the French population), GHU PARIS 
Hospitals takes care of approximatively 1 people on 40 in that region. 
If there is a large majority of psychiatrists, the GHU PARIS hospital 
medical population also includes general care practitioners, intensive 
care specialists, neurologists, neuroradiologists, specialists of physical 
and functional rehabilitation, and neurosurgeons with a tradition of 
multidisciplinary dialogue (15).

The main objective of the study was to retrospectively collected 
data concerning efficacy and safety of VNS for treatment-resistant 
depression after maintenance ECT. The second objective was to review 

psychiatrists and non-psychiatrists’ knowledge and perception of ECT 
and VNS as treatment options for depression using an anonymous 
online survey, in order to understand the low number of patients 
referred to VNS surgery after maintenance ECT.

Methods

Study design – settings and timeframes

This study is a retrospective, monocentric case series (tertiary 
care center, GHU PARIS Hospital, France). One investigator (O.A) 
collected clinical, imaging, surgical, treatment-related and 
follow-up data for all patients who underwent VNS surgery for 
treatment-resistant depression using a protocol designed for this 
study. This case series has been reported in line with the Preferred 
Reporting Of CasE Series in Surgery (PROCESS) Guidelines (16). 
The period of interest was from January 2015 to January 2020. Post 
January 2020, the COVID pandemic stopped these compassionate 
surgeries. The GHU PARIS Hospital (France) is a tertiary care 
center with a dedicated functional neurosurgery team and a 
dedicated psychiatry team.

Participants – registration

Inclusion criteria were: (1) patients older than 18 at surgery; (2) 
treatment resistant depression (unipolar or bipolar); (3) implantation 
with a VNS system; (4) available data. Exclusion criteria were: (1) 
patients lost to follow-up (no contact with the medical team from 
GHU PARIS Sainte Anne during the last year); (2) follow-up shorter 
than 2 years.

The collected data included patient demographics (sex, profession, 
age at diagnosis, personal and family medical history), clinical 
characteristics (symptoms at diagnosis, number and severity of 
episodes, hospital stays, suicide attempts), imaging data when 
available, medical treatment details in particular dosage of main 
therapy, ECT details, surgical and post operative data.

All patients filled a signed informed consent concerning the use 
of their de-identified data for scientific purpose. The study was 
conducted in accordance with the Declaration of Helsinki. The local 
institutional review board approved the study protocol (IRB00011687).
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Intervention

Patients who were referred by their psychiatry team to a 
functional neurosurgeon for a neuromodulation treatment option 
were assessed and implanted with a VNS device (Demi-Pulse®, 
LivaNova, United States) on the left side. The surgical technique 
was previously described (17). Briefly, the patients were under 
general anesthesia on supine position, the vagus nerve dissection 
and placing the helical coils around the nerve were performed 
under optical magnification. Stimulation was activated between 
1- to 16 weeks after the operation at the standard parameters used 
for treatment resistant epilepsy. The intensity of stimulation was 
gradually increased to maximize its efficacy while minimizing 
sides effects.

Follow-up and efficacy assessment

Follow-up was conducted jointly by the psychiatry and the 
neurosurgery team through clinical consultations. Patients were 
followed between 2 and 5 years post-operatively with repeated 
measurements of the MontgomeryÅsberg Depression Rating Scale 
(MADRS). It is a ten-item diagnostic scale for depression, designed to 
be  sensitive to treatment effect, validated in several languages 
including French and widely used (18, 19).

The interruption or reduction of ECT sessions after VNS 
activation was the primary outcome. Secondary outcomes were: 2/
difference between MADRS scores obtained in the month preceding 
VNS activation and at last follow-up; 3/the number of medications 
and changes in dosage of the main treatment in the month preceding 
VNS activation and at last follow-up; 4/length of hospitalization in a 
psychiatric Department before and since VNS activation (measured 
in days) until last follow-up.

Survey

An anonymous survey was sent to psychiatrists and other 
physicians (general practitioners, neurologists, neurosurgeons, and 
intensive care specialists) working at GHU PARIS Hospital via Google 
Forms. This 13-items questionnaire was designed by a 
multidisciplinary team including 2 senior neurosurgeons, and 3 senior 
psychiatrists (see Supplementary Table S1). A paired Likert score 
ensured proper comparability between answers. A scale ranging from 
1 to 4 was used, with 1 corresponding to “Very good,” and 4 “Bad.” 
There was no neutral proposition (forced answers). The questionnaire 
included: 5 items concerning individual participants and local 
organization (specialization of the participants, awareness of the 
multidisciplinary meeting, etc.), 8 items concerning the 
neuromodulation procedure (knowledge and perception) dealing with 
ECT, VNS but also repetitive trans magnetic stimulation (rTMS) and 
deep brain stimulation (DBS). A free comment section was provided 
at the end of the questionnaire. Answers were binarized into positive 
answers for 1 & 2 (“very good” and “good,” respectively) and negative 
answers for 3 & 4 (“mediocre” and “bad,” respectively).

The questionnaire was sent by e-mail to 587 physicians working 
at GHU PARIS Hospital. Reminder e-mails were sent 2 weeks and 
4 weeks after the initial email.

Measurements and analysis

Categorical variables were described as number and percentages. 
Continuous variables were described as mean ± standard deviation. 
Univariate analyses were carried out using the chi-square test after 
converting Likert’s scale data into binary variables when required. A 
value of p of less than 0.05 was considered significant. Analyses were 
performed using Jamovi (20).

Results

Patients’ characteristics

Table 1 summarizes patients’ characteristics.
Since March 2017, seven patients were implanted with VNS for 

treatment-resistant depression (five bipolar and two unipolar) at GHU 
PARIS Hospital’s Neurosurgery department. Patients’ characteristics 
are detailed in Table  1. Six patients were female, the mean age at 
implantation was 51 years (range 22–74). Three patients were also 
diagnosed with other psychiatric conditions (anorexia, generalized 
anxiety disorder and substance abuse disorder). Five patients have a 
close family history of psychiatric disorder (mood disorders, substance 
abuse disorder, suicide). Four patients have attempted suicide at least 
once. One patient happens to also have epilepsy (VNS surgery for 
treatment-resistant depression only).

The median delay to surgery was equal to 13 years (range 
5–23 years) between diagnosis and referral for VNS. At surgery, all 
patients had received several medical treatments consisting in 
antidepressants, mood regulators and neuroleptics (four out of seven 
had received more than 10 different drugs). Two patients had received 
a treatment by clozapine and three patients had tried ketamine 
intravenous perfusions. As for non-pharmaceutical treatments, all 
patients had received ECT, and two patients had also received repetitive 
rTMS. Six patients were on maintenance ECT at the time of surgery.

All patients were followed up at least 2 years post-implantation 
(mean: 43.9 +/− 14.3 months, range: 27–68 months). After VNS 
implantation, one patient experienced a short-term complication 
(transitory voice alteration) and two patients experienced long term 
complications (Supplementary Figures S3, S4; Supplementary Video 1): 
sternocleidomastoid muscle contraction likely caused by the involuntary 
stimulation of the superior root of the ansa cervicalis (21), and severe 
sinus bradycardia, a rare complication of VNS (22–25), respectively. 
Muscle contraction disappeared after a revision surgery with lead 
replacement for the first patient whereas the implantation of a 
pacemaker allowed to restart VNS for the second one. The median 
activation period was 36 months (range 12–64). At last follow-up, six 
VNS devices were still activated. The only deactivated stimulator was 
deactivated at the patient’s request (chest discomfort without dyspnea).

Efficacy of VNS on decreasing the use of ECT

Figure 1 presents the results of VNS on several efficacy criteria.
Since all patients received ECT before being referred to 

neurosurgery for VNS, we documented the number of sessions they 
received in the 2 years before VNS and in the 2 years following VNS 
activation (Figure 1A).
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Three (43%) patients did not require any ECT in the 2 years 
following VNS activation. Three (43%) patients could reduce 
ECT frequency in the 2 years following VNS activation with a 
mean 14.9 +/− 9.8 weeks between ECT sessions vs. 2.9 +/− 
0.8 weeks in the 2 years before VNS. Only one patient received 19 
ECT sessions in the 2 years following VNS activation vs. 0 in the 
2 years before VNS: it was the patient suffering from the severe 
sinus bradycardia with a deactivated VNS. At last follow-up, 4 
(67%) patients had stopped ECT and the patient requiring a 
pacemaker implantation showed a favorable evolution after VNS 
activation. No adverse effect occurred during ECT sessions after 
VNS implantation.

Efficacy of VNS on mood stabilization

Regarding VNS efficacy based on MADRS score, five patients 
showed a positive response with a reduction of their MADRS score 
(Figure 1B). Four patients (1, 2, 4, and 7) are currently in clinical 
remission (MADRS ≤4), euthymic and living at home. Patient 3 is 
receiving outpatient intravenous ketamine perfusions for a mild 
recurrent depressive episode (MADRS = 8 vs. 36 before VNS). Patients 
5 and 6 are hospitalized in a psychiatry Department for a recurrent 
depressive episode.

We observed a reduction of the total number of medications 
prescribed for all but one patient who has been consistently prescribed 
2 medications (Theralite and Carbamazepine) before and after VNS 
activation (Figure  1C). The mean reduction was of 1.4 +/− 0.8 
treatment with a decrease in dosage of the main treatment of 38.3% 
+/− 35.1 (4 patients took Lithium, 2 anti-psychotic medications, and 
1 a dopamine agonist).

There was a general trend towards less hospitalized days in a 
psychiatric department after the VNS activation in comparison with 
the baseline period (Figure  1D), but with important individual 
variations: for instance, patient 1 spent 36 days hospitalized after VNS 
surgery vs. 176 before whereas patient 3 was hospitalized 135 days 
after VNS surgery vs. 136 before.

There were no suicide following VNS activation and one episode 
of self-harm in a patient suffering from numerous self-harm episodes 
prior to VNS activation.

GHU PARIS medical population survey: 
psychiatrists and other physicians’ 
knowledge and perception of ECT and VNS

Figure 2 summarize the results of survey analysis.
Response rate to the survey was 13.5% 50 psychiatrists and 19 

other physicians (2 general practitioners, 2 intensive care specialists, 
7 neurologists, and 8 neurosurgeons).

Regarding ECT, 94% of psychiatrists vs. 10% of other physicians 
reported a good (very good + good) knowledge of the procedure 
(p < 0.001) and 96% of psychiatrists had a good perception of ECT vs. 
79% of other physicians (p = 0.027). By contrast, 72% of psychiatrists 
vs. 58% of other physicians reported a bad (mediocre + bad) 
knowledge of VNS and 54% of psychiatrists had a bad perception of 
VNS vs. 11% of other physicians (p < 0.001). Psychiatrists had a 
significantly poorer knowledge of VNS compared to ECT (p < 0.001). 
Their perception of VNS was the worse among the four investigated 
neuromodulation techniques (p < 0.001 vs. ECT). The results for deep 
brain stimulation (DBS) and repetitive trans magnetic (rTMS) are 
reported in Supplementary Figure S5.

TABLE 1 Patients’ characteristics.

Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7

Gender F F F F F F M

Age (years) 43 22 53 74 58 54 58

Diagnosis
Bipolar disorder, 

type I

Bipolar disorder, 

type II

Depression 

disorder

Depression 

disorder

Bipolar disorder, 

type II

Bipolar 

disorder, type I

Bipolar 

disorder, type I

Comorbidities
Generalized 

Anxiety Disorder
Epilepsy Anorexia

Anorexia Substance 

abuse disorder

Clinical course before VNS 

(years)
14 9 5 12 22 23

Number of medications >10 >10 >10 3 4 >10 2

Clozapine Yes No No No No Yes No

ECT Yes Yes Yes Yes Yes Yes Yes

rTMS Yes No No No No Yes No

Ketamine perfusions Yes Yes Yes No No No No

Time since VNS intervention 

(years)
2 3 4 4 2 2 4

VNS activation status On On On On On Off On

Short term complications No No No No No No Yes (dysphonia)

Long term complications Yes No No No Yes No No

Second surgery Yes No No

ECT, electroconvulsive therapy; rTMS, repetitive transcranial magnetic stimulation; VNS, Vagus nerve stimulation.
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Discussion

Key results

This study showed that: 1/VNS could contribute to cease or reduce 
the frequency of maintenance ECT, 2/after VNS, the majority of 
patients had fewer medications and/or fewer recurrences and/or 
shorter hospital stays, 3/VNS in treatment-resistant depression, 
unipolar or bipolar, was successful in mood stabilization according to 
MADRS, 4/psychiatrists at a tertiary care center had a poor knowledge 
and perception of VNS and in general of invasive 
neuromodulation therapies.

Interpretation

About 50% of patients with major depression relapse within 1 year 
of treatment with ECT but maintenance ECT remains discussed, due 
to neurocognitive adverse effects of ECT (26, 27). During COVID-19 
pandemic, nearly 60% of the patients requiring maintenance ECT 

relapsed after abrupt discontinuation (9–11). It has been reported that 
VNS can help to decrease frequency or to stop maintenance ECT (13, 
28, 29). Our results were in line with these results: all the patients with 
the VNS activated at least 2 years after the implantation performed less 
ECT session than before VNS implantation and 4 out 5 totally stopped 
maintenance ECT. Moreover, maintenance ECT has a significant cost: 
reducing the frequency of ECT session at the cost of a VNS 
implantation is economically sound (28). As previously described, 
none complication occurred during ECT session after VNS 
implantation: it is another argument to propose VNS in front of an 
ECT dependence (29, 30).

The link between maintenance ECT and VNS is not evident. 
Mechanisms of action of both techniques are not fully understood (31, 
32). Some directions could be: the role of the neuro-endocrine system 
as ECT and VNS both exert an effect on it (31, 33); the need to disturb 
causal depression network as VNS is known to perturb epileptic 
aberrant network (34, 35); the effect of neurogenesis with an increase 
in hippocampal volume after VNS or after ECT (36, 37). It is probably 
the conjunction of several mechanisms of action that explained the 
therapeutic effect of both techniques.

FIGURE 1

Efficacy of VNS on mood stabilization in the case of 7 patients stimulated at GHU PARIS Hospital. (A) Number of ECT sessions in the 2  years before VNS 
activation and in the 2  years after VNS activation. Patients 1, 2, 3, 4, 6, and 7 required less ECT sessions in the 2  years after VNS activation. Only patient 5 
received 19 sessions in the 2  years after VNS versus 0 in the 2  years before. (B) MADRS score before VNS activation and at last follow-up. Patients 1, 2, 3, 
4, and 7 show a reduction of their MADRS score and are in remission (MADRS ≤9). Clinically, patients 1, 2, 4, and 7 are in remission and patient 3 is 
experiencing a mild depressive episode. Patients 5 and 6 show a higher MADRS score at last follow-up than before VNS. Clinically, they are hospitalized 
in a psychiatry ward for a recurrent depressive episode. (C) Number of medications prescribed before VNS activation and at last follow-up. Patient 7 
has been consistently prescribed 2 medications and all the other patients take less medications at last follow-up. (D) Number of days per year spent in 
a psychiatric ward in the 2  years before and after VNS activation. Of note, patient 7 has never been admitted to psychiatry. Patients 1 to 4 show a 
tendency towards less hospitalizations since VNS activation. Patients 5 and 6 are currently hospitalized in a psychiatry ward.
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This cases series was another step towards the confirmation 
of VNS efficacy for treatment resistant depression: five patients 
had favorable outcomes after VNS activation despite being 
considered after the failure of more than 4 different medications 
and the bad tolerance, non-response, exhaustion, reliance on 
ECT treatment. Apart from MADRS score, length of 
hospitalization, number of medication and number of ECT 
sessions were globally reduced. This is in line with other studies 
and should be confirmed by larger studies (12, 38–42). There 
were no suicide following VNS activation and one episode of self-
harm in a patient suffering from numerous self-harm episodes 
prior to VNS activation. The other complications rate was higher 
compared to previous literature, probably due to the small sample 
size (12). It should be stressed that the VNS efficacy and tolerance 
was correct in a population mainly made up of patients suffering 
from bipolar disorder, making VNS a potential treatment of 
choice for this subpopulation (12).

The paucity of patients suffering from treatment-resistant 
depression referred to VNS surgery was in line with previous results 
(43, 44). Beside the difficult definition of treatment-resistance in 
psychiatry, several reasons could be  provided: the psychiatrists’ 
residency offers only limited contact with neuromodulation, only few 
hospitals have enough resources to take care of treatment-resistant 
psychiatric patients, perception of medical invasiveness is highly 
variable, psychiatrists have little knowledge on current neurosurgical 
procedures, and literature is not straightforward (45–47). The 
anonymous survey provided additional evidence that psychiatrists 
working at a tertiary care center did not have enough knowledge on 
invasive neuromodulation such as VNS whereas ECT was well-
known. There was a significant difference between psychiatrists and 
other physicians in term of invasive neuromodulation perception, 
even if their knowledge was not significantly different. There is a need 
for better teaching of psychiatric neurosurgery for both residents and 
seniors physicians (46, 48, 49).

Limitations

These findings should be  interpreted with caution, given the 
retrospective and monocentric design, the lack of a control group, all 
limiting the generalizability of the results. The specific medical 
population and the low response rate weaken the survey analysis. 
Further confirmatory analyses are required to reproduce the 
present results.

Conclusion

This case series adds to the growing literature concerning VNS 
usefulness in case of maintenance ECT. VNS did not preclude to 
perform ECT sessions after the implantation but help to reduce the 
frequency or even to stop maintenance ECT. Large ongoing studies, 
such as the RECOVER study, on VNS in treatment-resistant 
depression will help to precise the appropriate place of VNS in the 
treatment algorithm for treatment-resistant depression and will ease 
the referral of patients to surgery (50).

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Campus de 
Neurochirurgie – IRB00011687. The studies were conducted in 
accordance with the local legislation and institutional requirements. 
Written informed consent for participation was not required from the 

FIGURE 2
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Psychiatrists have a significantly worse knowledge of VNS compared to ECT (p  <  0.001). Their perception of VNS was the worse among the four 
investigated neuromodulation techniques (p  <  0.001 vs. ECT).
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Background: Unipolar and bipolar depression present treatment challenges, with 
patients sometimes showing limited or no response to standard medications. 
Ketamine and its enantiomer, esketamine, offer promising alternative 
treatments that can quickly relieve suicidal thoughts. This Overview of Reviews 
(OoR) analyzed and synthesized systematic reviews (SRs) with meta-analysis 
on randomized clinical trials (RCTs) involving ketamine in various formulations 
(intravenous, intramuscular, intranasal, subcutaneous) for patients with unipolar 
or bipolar depression. We  evaluated the efficacy and safety of ketamine and 
esketamine in treating major depressive episodes across various forms, including 
unipolar, bipolar, treatment-resistant, and non-resistant depression, in patient 
populations with and without suicidal ideation, aiming to comprehensively 
assess their therapeutic potential and safety profile.

Methods: Following PRIOR guidelines, this OoR’s protocol was registered 
on Implasy (ID:202150049). Searches in PubMed, Scopus, Cochrane Library, 
and Epistemonikos focused on English-language meta-analyses of RCTs of 
ketamine or esketamine, as monotherapy or add-on, evaluating outcomes like 
suicide risk, depressive symptoms, relapse, response rates, and side effects. 
We included studies involving both suicidal and non-suicidal patients; all routes 
and formulations of administration (intravenous, intramuscular, intranasal) were 
considered, as well as all available comparisons with control interventions. 
We excluded meta-analysis in which the intervention was used as anesthesia 
for electroconvulsive therapy or with a randomized ascending dose design. The 
selection, data extraction, and quality assessment of studies were carried out 
by pairs of reviewers in a blinded manner. Data on efficacy, acceptability, and 
tolerability were extracted.
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Results: Our analysis included 26 SRs and 44 RCTs, with 3,316 subjects. The 
intervention is effective and well-tolerated, although the quality of the included 
SRs and original studies is poor, resulting in low certainty of evidence.

Limitations: This study is limited by poor-quality SRs and original studies, 
resulting in low certainty of the evidence. Additionally, insufficient available 
data prevents differentiation between the effects of ketamine and esketamine in 
unipolar and bipolar depression.

Conclusion: While ketamine and esketamine show promising therapeutic 
potential, the current evidence suffers from low study quality. Enhanced 
methodological rigor in future research will allow for a more informed 
application of these interventions within the treatment guidelines for unipolar 
and bipolar depression.

Systematic review registration: [https://inplasy.com/inplasy-2021-5-0049/], 
identifier (INPLASY202150049).

KEYWORDS

unipolar depression, bipolar depression, ketamine, esketamine, suicidal ideation, 
treatment resistance, Overview of Reviews

1 Introduction

Major Depressive Disorder (MDD) is a psychiatric condition with 
a prevalence of 4.4% worldwide (1). The text revision of the fifth 
edition of the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-5-TR) defines the MDD as a minimum of 2 weeks of low mood 
or loss of interest in daily activities, accompanied by vegetative, motor, 
and cognitive symptoms. Depressed individuals may also have suicidal 
thoughts or tendencies (2). Bipolar disorder (BD) is characterized by 
alternating depressive and (hypo)manic episodes. In accordance with 
the DSM-5-TR, while the depressive phase of BD shares the same 
criteria as MDD, the manic and hypomanic phases are characterized 
by an elevation in mood, increased psychomotor activity, inflated self-
esteem, risky behaviors, and reduced need for sleep. In more severe 
cases (mania), psychotic or more severe symptoms may also 
be  present, leading to a decline in functioning or necessitating 
hospitalization (2). BD affects approximately 40 million individuals in 
the general population and has a significant impact on an individual’s 
quality of life, relationships, and occupational functioning (3).

The pathogenesis of MDD in both unipolar and bipolar depression 
is very complex and still partly unknown, due to the interaction 
between both genetic and environmental factors (4). The 
monoaminergic hypothesis, which postulates deficits in 
neurotransmission as the cause of depression, has historically been 
considered to explain depressive pathophysiology. In particular, 
dysfunctions in norepinephrine, serotonin, and dopamine 
neurotransmissions are implicated in the disorder (5). Treatment with 
antidepressants that increase serotonin levels alone is not 
recommended for BD, as it exposes the patient to the risk of a (hypo)
manic switch. The preferred treatment involves the use of mood 
stabilizers, such as lithium or antiepileptic drugs, which exert their 
effect by stabilizing neurotransmission, and second-generation 
antipsychotics with a specific antagonistic action on the 5-HT2A 
receptor (6). This antagonism would lead to an increase in the release 
of serotonin in the synaptic cleft, combined with the blockade of 
dopamine receptors to prevent potential bipolar switches (7). In 

general, the monoaminergic hypothesis does not provide a full 
understanding of neurochemistry of major depressive episode and 
alterations in γ-amino-butyric acid (GABA), glutamatergic and opioid 
endogenous neurotransmission may be also implied (8). As a result, 
multiple medications have been developed with varying degrees of 
specificity toward these neurotransmitter systems.

The most prescribed antidepressant drugs are selective serotonin 
reuptake inhibitors (SSRIs) with a more favorable balance between 
effectiveness and tolerability (9). The basic mechanism of action of 
SSRIs involves inhibition of the reuptake of serotonin released by 
neurons. Other antidepressant drugs also promote noradrenergic 
(norepinephrine and serotonine reuptake inhibitors, SNRIs) and 
dopaminergic (norepinephrine and dopamine reuptake inhibitors, 
NDRIs, i.e., bupropion) neurotransmission (5). On the other hand, the 
management of BD involves a combination of pharmacotherapy, 
psychotherapy, and lifestyle modifications (10), as well as several 
non-pharmacological approaches (11). While there are also other 
molecules with antidepressant action, which altogether would 
theoretically allow even more specific intervention toward individual 
depressive symptoms (12), still many patients achieve partial response 
or become resistant to treatment (13, 14). The Food and Drug 
Administration (FDA) and the European Medicines Agency (EMA) 
defines the treatment resistant depression (TRD) as a non-response to 
≥2 antidepressant trials prescribed with adequate dose and duration 
(≥ 6 weeks) (15, 16). TRD can be also treated with the augmentation 
strategies as a second-generation antipsychotic or lithium (17).

In recent years, ketamine and its levogyre enantiomer, esketamine, 
have demonstrated a promising rapid antidepressant and anti-suicidal 
effect, particularly in individuals resistant to other medications (18). 
They were also remarkable for their status as the first antidepressants 
purportedly able to alleviate depression and, notably, suicidal ideation 
within hours for many patients (19). Intravenously administered 
ketamine is a racemic mixture of the R and S enantiomers, both of 
which have overlapping actions on the glutamatergic N-methyl-D-
aspartic acid (NMDA) receptor contributing to its antidepressant 
action as well as on the σ1 receptor (20). Recently, the use of 
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intranasally administered levogyre enantiomer of ketamine (i.e., 
esketamine) has been approved in TRD (21), resulting also a favorable 
alternative pharmacological approach for BD, especially in those cases 
resistant to traditional medications (22). Moreover, intranasal 
administration route has made clinical management more convenient 
by eliminating the need for intravenous infusion sessions. Specifically, 
the intranasal spray can be administered on a weekly or biweekly basis 
after an initial phase of twice-weekly administration (23).

Several clinical studies were conducted to test efficacy and 
tolerability of ketamine and derivatives in unipolar and bipolar 
depression (24). Consequently, a plethora of meta-analyses have been 
produced to synthesize the available data. Writing systematic reviews 
with meta-analysis involves the application of standard criteria (25), 
which are not always met (26). However, this is significant, both for 
clinicians and researchers, because, when available, guidelines that 
inform clinical practice rely heavily on meta-analyses (27). The study 
design suitable for synthesizing multiple systematic reviews is the 
Overview of Reviews (OoR) (28). In 2021, de Mendonça Lima and 
collaborators produced an OoR on the efficacy and tolerability of 
ketamine in the treatment of depression (29), whereas Shamabadi and 
colleagues produced an OoR on ketamine effect on suicidality (30). 
Given the number of new systematic reviews with meta-analysis to date 
produced, the aim of this study is to consolidate the rapidly growing 
body of literature on the efficacy and safety of ketamine and esketamine 
on unipolar and bipolar depression using standard criteria (31). By 
offering a comprehensive and cohesive overview of the existing evidence, 
this study is aimed to support evidence-based decision-making for 
clinicians, researchers, and policymakers in the field.

2 Materials and methods

2.1 Eligibility criteria

Only systematic reviews containing at least one meta-analysis on 
randomized clinical trials, which were either cluster type (where groups 
of individuals are randomized) or non-cluster (where individuals are 
randomized) have been included. Only English-language studies, 
published in indexed journals, without any restriction on publication 
date were retained. To be eligible for inclusion, meta-analyses had to 
analyze original studies involving human patients with unipolar, bipolar, 
resistant, or non-resistant major depressive episode, regardless of the 
diagnostic criteria used. We included studies involving both suicidal and 
non-suicidal patients. The study must have focused on the use of 
ketamine or its levogyre enantiomer (esketamine) as a treatment, 
administered via any route and formulation (either intravenous, 
intramuscular, intranasal, or subcutaneous), either as monotherapy or in 
combination with other drugs. The study must have included a 
comparator treatment, such as another antidepressant agent, an active or 
inactive placebo; finally, the included reviews had to contain at least one 
of the following outcomes: suicide risk, depressive symptomatology, 
relapse rate, treatment response rate, dropout rate, dissociative or 
psychotic symptomatology as side effects.

We excluded meta-analyses that included original studies 
investigating the effect of ketamine as an anesthetic treatment before 
electroconvulsive therapy, as well as studies with a randomized 
ascending dose design that did not report data separately for each 
time-point. The latter category of studies is designed to determine the 
optimal dose for efficacy and safety and often interrupts the control 

treatment during the trial. To include only those meta-analyses that 
met these inclusion/exclusion criteria, we  read and extracted the 
original studies included in the individual meta-analyses, but we did 
not include or analyze any study not covered in the included 
systematic reviews. We followed the definition of systematic review 
proposed by the Cochrane Handbook, i.e., studies that are designed 
to “collate evidence that fits pre-specified eligibility criteria in order to 
answer a specific research question” (32).

2.2 Information sources and search 
strategy

The study search is updated to December 31, 2022. We searched two 
bibliographic databases (Scopus and MEDLINE via PubMed) and two 
systematic review databases (Cochrane Database of Systematic Reviews 
[CDSR] and Epistemonikos). We checked the references of the included 
systematic reviews, including any that did not appear in the search. 
We used the following search string: (‘ketamine’ OR ‘n-methylketamine’ 
OR ‘s-ketamine’ OR ((‘n-methylaspartate’ OR ‘nmda’) AND antagonist)). 
We used the official PubMed filter for systematic reviews and meta-
analyses (systematic[sb]) (33) and adapted it to limit the search to reviews 
in Scopus. In Epistemonikos, the results were filtered by systematic 
reviews and in CDSR, only systematic reviews were considered.

2.3 Selection and data collection process

The Rayyan website was used for the title/abstract screening 
process. This website allows for semi-automatic deduplication of 
studies. Authors (PC, ADF, LR, AN) screened in pairs the studies to 
be included by checking their title and abstract. The same authors, 
again in pairs, selected the potentially candidate studies by checking 
their full text by using Airtable relational database. At each step, 
whenever disagreement emerged among the authors, a third author 
(AR) resolved it. The whole process was blinded, except in cases of 
disagreement. All reviews that met the predefined criteria were 
included, regardless of the degree of overlap in the populations 
involved or the interventions compared. Furthermore, systematic 
reviews with identical inclusion criteria were also retained.

To provide an overview of the overlap between different systematic 
reviews, we created multiple citation matrices categorized by the diagnosis 
of the patients included. These matrices indicated not only the presence 
of the study in the specific meta-analysis, but also the outcomes for which 
it had been considered. The authors (PC, ADF, LR, AN, GC) extracted the 
data contained in the studies independently and in a blind manner. The 
procedure was done using the relational database (Airtable) that 
automatically identified if there was disagreement in the extracted data, 
so that a final unique database was generated.

2.4 Data items

For each systematic review, we  extracted the following study 
variables: search engines used, date of last search, inclusion and 
exclusion criteria of individual reviews, potential authors’ conflict of 
interest, project funding, diagnosis of included patients, drug(s) 
investigated, dose of interventional drug, and comparator(s). In 
addition, the following outcomes were extracted: response (as defined 
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by the authors), remission (as defined by the authors), depressive 
symptoms, total dropouts, suicidality risk scales, all available adverse 
events (e.g., dissociative, psychotic, gastroenteric, neurological, etc.).

Regardless of the time points suggested in the individual meta-
analyses, we grouped the time points as follows: ≤60 min, 61–90 min, 
91–120 min, 121–240 min, 24–48 h, 3–6 days, 7–13 days, 14–28 days, 
>28 days. Time points that did not fall into these categories were adjusted. 
Endpoint data were collected. For each meta-analysis, when possible, 
statistical model adopted, type of effect size and its measure, with 
respective low and high confidence intervals, p value of statistical 
significance of comparisons, heterogeneity of the meta-analysis, the test 
used to measure it, and the statistical significance of the test were collected.

2.5 Quality assessment of the systematic 
reviews

The methodological quality of the included systematic reviews 
was assessed using the AMSTAR-2 (34). It is a widely used tool for 
conducting rapid, reliable, and reproducible critical quality assessment 
of RCT reviews on the effectiveness of health care interventions. The 
tool assesses the presence of any critical issues, distinguishing them 
into minor and major, thereby identifying the reliability of the review. 
A systematic review is considered having a high reliability if no more 
than one minor criticality is present, moderate if more than one minor 
criticality is present, low in the presence of at least one major criticality, 
and very low if multiple major critical elements are present. Each 
author used this tool independently and separately, blindly from each 
other. Reviewers in couples evaluated all studies. After blinding was 
broken, a final decision on AMSTAR-2 scoring was reached through 
discussion. If necessary, a third author (AR) was involved. Due to the 
absence of a specific tool to apprise the quality network meta-analyses, 
we adapted the AMSTAR-2 for this scope.

2.6 Confidence in results assessment

We took the Grading of Recommendations, Assessment, 
Development and Evaluations (GRADE) scores (35) of the systematic 
reviews whenever reported. GRADE is a widely used system for 
grading the quality of evidence of systematic reviews and meta-
analyses to pose clinical recommendations. There are four distinct 
levels of evidence according to this framework, which can be very low, 
low, moderate, or high. These four levels of certainty correspond to the 
progressively increasing degree of fit between the estimated effect and 
the true effect. The scoring process considers the assessment of the risk 
of bias of the included studies, the degree of imprecision of the effect 
estimate, the degree of inconsistency among studies, the degree of 
correspondence between the measure being investigated and the 
instruments used to measure it (indirectness), and the impact of 
missing evidence (publication bias).

2.7 Risk of bias and reporting bias 
assessment

Where reported in the various systematic reviews, the risk of bias 
of the individual original studies was extracted. We’ve also synthesized 

the risk of bias to allow for a comparison of outcomes between the 
original and the 2.0 version of the tool, as well as between ketamine 
and esketamine. If present, the reporting bias, the statistical tool used 
to measure it and its statistical significance were also extracted from 
the reviews.

2.8 Synthesis methods

The data was summarized in descriptive tables, which were 
grouped by outcome and distinguished by the type of depression 
studied, including unipolar or bipolar depression, and TRD or 
non-TRD. In addition, data were summarized in a narrative manner. 
In the summary, the data presented do not distinguish between 
ketamine and its racemic formulation. However, where noteworthy 
differences arose, these were explicitly stated. In the extraction 
process, all sensitivity and subgroup analysis relevant to the clinical 
question of this paper (unipolar vs. bipolar; resistant vs. non-resistant; 
current suicidal ideation present vs. no suicidal ideation) were 
extracted separately and tabulated. Any discrepancy between 
systematic reviews was reported.

3 Results

3.1 Study selection

As reported in the PRISMA flowchart (Supplementary Figure 1), 
the search produced a total of 2,256 studies, reduced to 1,770 after the 
deduplication process. Thus, through the title/abstract screening 
process, 1,715 records were excluded. The full texts of the remaining 
55 studies were viewed and 29 studies were excluded, which are shown 
in the Supplementary Table 1. Thirty-one reviews with meta-analysis 
were considered, of those two were updates of previous meta-analysis 
by the same group of authors (36, 37) and one had been retracted (38), 
thus the final number of individual independent reviews corresponded 
to 26 (Supplementary Table  1) and 44 RCTs (reported in the 
Supplementary Table 2) with a total of 3,316 subjects. Among the 
included studies, there were two network meta-analyses involving 
ketamine as intervention, one about all available medications for acute 
bipolar depression (36), and the other on TRD drugs (39). 
We excluded meta-analyses that contained original studies from the 
systematic reviews that did not meet the inclusion criteria for this 
overview. The specific individual original studies that were excluded 
are listed in the Supplementary Table 3.

3.2 Characteristics of included studies

Supplementary Table 1 shows the characteristics of the included 
systematic reviews. Most of the reviews used MEDLINE as a scientific 
search engine. Other commonly used engines were Embase and 
PsycINFO. The most recent scientific databases search of the included 
reviews was dated December 1, 2021. As per the inclusion criteria, all 
studies were on parallel or crossover RCTs. Most of the included 
studies indistinctly involved patients with unipolar and bipolar 
depression (40–50), with some exceptions, where only patients with 
unipolar (39, 51–56) or bipolar depression (36, 57, 58) were included. 
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Only four reviews (39, 58–60) involved patients who had previously 
shown resistance to antidepressant treatment by inclusion criterion. 
Fifteen reviews considered any route of administration of the 
intervention (39, 41, 42, 44, 46, 47, 49, 50, 54, 55, 57–59, 61, 62). Three 
reviews considered only intravenous ketamine administration (36, 45, 
60), whereas some others considered also the intranasal use (40, 41, 
46, 51–53, 56, 63, 64). One of the included reviews considered only 
oral ketamine use (48). The majority of the reviews included in this 
OoR incorporated studies that used saline solution as the comparator 
for ketamine and esketamine (40, 45–47, 50, 51, 54, 56, 59, 63). 
Conversely, in other reviews, alternative comparators such as 
midazolam, diclofenac, and electroconvulsive therapy (ECT), were 
also included.

Regarding funding sources, nine studies reported public funding 
(41–45, 51, 56, 57, 62), one study reported private funding (39), and 
one study reported combined public and private fundings (55). Nine 
studies reported no funding (36, 40, 46, 52, 54, 58, 60, 63, 64), whereas 
information about funding was not available for six studies (47–50, 53, 
59). In sixteen studies the authors reported conflict of interest (39–42, 
45–49, 52, 53, 55, 57, 58, 63, 64). In eight studies the authors explicitly 
denied any conflicts of interest (44, 50, 51, 54, 56, 59, 60, 62). In one 
study, information about conflicts of interest was not reported (43).

3.3 Primary studies overlap

The citation matrices (Supplementary File 4) display the included 
studies and the outcomes analyzed in each meta-analysis. The most 
frequently included studies in the meta-analyses were Diazgranados 
et al. (65), Murrough et al. (66), Sos et al. (67), Zarate et al. (68), and 
Zarate et al. (69). The inclusion of the other studies was less consistent, 
across the various meta-analyses.

3.4 Risk of bias of included studies

AMSTAR-2 was applied on all systematic reviews. Most of the 
studies (23 of 26) had critically low quality. The remaining three 
studies had low quality (42, 57, 60). The scoring is given in more detail 
in Supplementary Table 2. Out of the 26 studies that were analyzed for 
quality scoring, only 5 of them (42, 48, 57, 58, 62) had a written 
protocol in advance. Additionally, only 6 studies (42, 46, 51, 57, 58, 60) 
included the list of the excluded studies, while 11 out of 26 studies 
argued in the discussion about the risk of bias of the included studies 
(36, 41–43, 46, 53, 54, 57, 59, 62, 70). In half of the studies (13 out of 
26) (36, 42–45, 48, 53, 56–58, 60, 62, 63) a comprehensive literature 
search was performed and, in 15 out of 26 studies (36, 40, 41, 43–46, 
49, 50, 53, 56, 59, 60, 63, 64), the authors explored how publication 
bias affected the outcomes of their meta-analysis. Although it is 
considered a minor issue in the scoring of AMSTAR-2, it should 
be noted that all but one (45) of the studies did not report data on the 
funding of the original studies included in the reviews.

3.5 Summary of results

Supplementary Table 3 provides a depiction of the meta-analyses, 
categorized by diagnosis and time points. A comprehensive report of 
the meta-analyses can be found in the Supplementary Table 5.

3.5.1 Depressive symptoms
The intervention group shows greater reduction in depressive 

symptoms compared to the control group at all time points, up to 
3–6 days. However, for patients with BD, there is no difference 
between the intervention and the comparator from 7 to 13-day time 
point. The lack of efficacy for BD primarily stems from meta-analyses 
on ketamine, not esketamine. For patients with MDD, the 
intervention’s efficacy persists in most of the analyses at later 
time points.

3.5.2 Remission rate
Despite the absence of differences in the remission rate between 

the intervention and comparator groups at the 60-min time-point, the 
intervention arm generally displayed superiority over the control 
group in subsequent time-points, up until 3–6 days. Notably, the 
effectiveness of ketamine at the 24–48 h time-point revealed 
inconsistency, with half of the studies indicating no efficacy, 
irrespective of diagnosis and comparator. In the time-points exceeding 
3–6 days, the differences in patients with MDD were not always 
consistent, with some meta-analyses showing the experimental arm 
superior to the control, while others did not. Conversely, no 
superiority of the intervention over control was observed in meta-
analyses solely involving patients with BD. Even though results 
beyond 3–6 days generally did not favor the intervention, all meta-
analyses on esketamine, which exclusively involved patients with 
unipolar depression, suggested a greater efficacy compared to the 
control arm.

3.5.3 Response rate
Regarding the response rate, the intervention proved to 

be superior to the control arm for all time points, from <60 min to the 
24–48-h range, except for one meta-analysis (57). Subsequently, 
analyses involving patients with unipolar depression demonstrated a 
substantial superiority of the intervention arm over control, except for 
a few meta-analyses, while those involving only patients with BD did 
not show any difference. It’s important to note that all available data 
on esketamine involve only patients with unipolar depression and 
consistently suggest greater efficacy in respect to the comparator. On 
the other hand, data on ketamine, involving both unipolar and bipolar 
depression patients, present less homogeneous results.

3.5.4 Suicide scales
The suicide scales did not show any difference between the 

intervention and control groups at less than 60 min time point. There 
were no data available for the time points of 60–90 and 90–120 min. 
Meta-analyses showed that the intervention was more effective than 
the placebo from the time point of 120–240 min to 3–6 days. Only one 
meta-analysis, including patients with BD has been conducted (57); 
evaluating the outcome at the 24–48-h time point no difference 
between the two groups was found. While the available data for 
esketamine are consistent, favoring the intervention over the control, 
it is not the case for some time-points for ketamine, where the data for 
this outcome are scarce. Moreover, no data are available for esketamine 
beyond the 24–48 h.

3.5.5 Dropout rates
Both the intervention, including both ketamine and esketamine, 

and control groups had similar dropout rates in all meta-analyses. This 
data was provided at >28 day time-point and at endpoints.
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3.5.6 Tolerability (adverse effects)
Ten reviews have thoroughly investigated the tolerability of 

treatment (41, 42, 45–48, 50, 51, 53, 56). Dissociative symptoms were 
investigated in three reviews (45–47) by using Clinician-Administered 
Dissociative States Scale (CADSS), revealing no notable discrepancies 
between intervention and control groups, aside from the results at the 
<60-min time-point, where the intervention group demonstrated 
higher scores. There is no data available for CADSS solely on 
esketamine, while data is available from meta-analyses solely on 
ketamine and from mixed meta-analyses. On the other hand, four 
reviews (41, 42, 53, 56) assessed the presence or absence of 
dissociation, challenging CADSS data and indicating an elevated 
occurrence of dissociative events at the 14–28 day and > 28-day 
periods. The only available data for ketamine, coming from a small 
number of patients, suggests no difference between ketamine and 
saline solution at the endpoint. A different result is found for 
esketamine, where dissociative symptoms persist even in the 
long term.

No differences were found between patients receiving the 
intervention or comparator for most of the other side effects, except 
for blurred vision, confusion, diplopia, dizziness, dysgeusia, emotional 
blunting, feeling abnormal, feeling drunk, hypoesthesia, headache, 
oral hypoesthesia, increased blood pressure, lethargy, paresthesia, 
postural dizziness, sedation, somnolence, throat irritation, vertigo, 
nausea, and vomiting. There were no obvious differences between the 
side effects for the different formulations, apart from a few exceptions. 
Dizziness did not vary between ketamine and the control at 7–13 days. 
Headache was typically the same for both groups, though one study 
found it to be slightly more common after 28 days with esketamine. 
Lastly, esketamine resulted in more nausea and vomiting compared to 
control, a trend not observed with ketamine.

3.5.7 Data heterogeneity
Overall, heterogeneity data were reported unsystematically. Often 

statistical tests excluded its presence in meta-analyses. The only 
outcomes showing some statistical heterogeneity were depressive 
symptoms (36, 40, 43, 51, 54), response (36, 51, 56, 58), suicide scales 
(63), BPRS (50), and CADSS (45).

3.6 Reporting biases

A very small number of systematic reviews reported the presence 
of publication bias which, in most cases, was visually investigated with 
funnel plots. Moreover, those were often used non-canonically, as they 
included fewer than 10 original studies (71). In any case, of the few 
studies reporting the information, the data were discordant and 
inconclusive for most outcomes.

3.7 Risk of bias of original studies and 
outcomes certainty of evidence

3.7.1 Risk of bias of original studies
A complete report of the risk of bias of the included studies is 

detailed in the Supplementary Table 6. Study quality was measured in 
most of the included reviews. Four studies did not perform any Risk 
of Bias measurement (44, 47, 50, 52). The most used tool was the 

Cochrane’s Risk of Bias in its original version, while Risk of Bias 2.0 
was used in four recent reviews (40, 49, 53, 63). In addition, the Jadad 
score (72) and the Downs and Black checklist (73) have only been 
used in three systematic reviews (56, 60, 64).

From the 16 systematic reviews that used the original Risk of 
Bias tool, it emerges that most studies performed randomization 
adequately. However, in several reviews, authors noted that there 
was a high risk of bias in the included studies for failure to allocate 
concealment and inadequate blinding of recruiting staff and 
assessors’ blinding domains. Additionally, original studies suffered 
from incomplete outcome reporting and selective reporting. For 
the Risk of Bias 2.0 domains, there was generally a satisfactory 
randomization process, although some studies exhibited a higher 
risk of bias due to possible deviations from the intervention and 
incomplete data reporting. Nevertheless, outcomes were overall 
adequately measured and there was no data selection bias detected. 
Regarding the presence of other biases in the studies, many 
reviews found a high risk of bias, but this category encompasses 
diverse information. In comparing ketamine and esketamine 
within the original Risk of Bias (RoB) framework, we find that the 
two treatments exhibit largely similar characteristics across the 
various domains. The notable exception is in the performance 
domain where esketamine studies received more “Some concerns” 
ratings than ketamine studies. Despite not having conducted a 
detailed analytical comparison, the other differences between 
esketamine and ketamine studies do not appear to be significantly 
distinct. Results from Jadad score and Downs & Black Checklist 
are limited, and their overall scoring may not always be consistent 
with the outcomes derived from Cochrane’s Risk of 
Bias assessment.

3.7.2 Outcomes certainty of evidence
Except for Cochrane systematic reviews, almost all studies did not 

estimate the level of certainty of the evidence. Specifically, the studies 
measured the degree of certainty of the evidence as follows: Dean et al. 
(57) reported a low and very low degree of certainty for the response 
at 24–48 h when comparing ketamine vs. saline and ketamine vs. 
midazolam, respectively. The study also found a very low certainty of 
evidence for depressive symptoms at 24–48 h and 7–13 day time 
points, as well as a very low confidence level for total dropouts at 
endpoint and remission at both 24–48 h and 7–13 days. Caddy et al. 
(42) identified a low level of certainty for the response measure at the 
24–48 h, 3–6 day, and 7–13 day time points, as well as a low level of 
evidence for depressive symptoms at the 24–48 h time point and 
emotional blunting at endpoint. Witt et al. (62) discovered a moderate 
degree of evidence for suicide rate at two time points: <60 min and 
14–28 days. Finally, Zheng et al. (56) found a high level of evidence at 
endpoints for response, remission, and nearly all investigated 
adverse effects.

4 Discussion

4.1 Main findings

To the best of our knowledge, this OoR is the most comprehensive 
to date available, encompassing a total of 26 studies. In comparison to 
previous OoRs (29, 30), a particularly accurate selection process for 
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reviews based on the original included studies was employed. 
Consequently, we excluded some outcomes or entire meta-analyses 
that did not meet the inclusion criteria, thus resulting in an enhanced 
methodological and data homogeneity.

As a whole, existing data confirm the rapid efficacy of 
antidepressant treatment of ketamine on affective symptoms and 
suicidal ideation, though the effect on the latter decreases at later 
time points. There is no available data on depressive symptoms 
separately for patients with unipolar and bipolar depression for the 
time points < 60 min, 60–90 min, and 90–120 min. Combined 
meta-analyses of patients with unipolar and bipolar depression 
indicate greater efficacy of the intervention compared to the 
control group. For subsequent time points, the intervention 
maintains good efficacy for patients with unipolar depression, 
whereas its efficacy declines after 2 weeks in patients with 
bipolar depression.

Regarding tolerability and acceptability, data is limited. 
Nevertheless, no significant difference emerges between 
intervention and control groups, except for adverse effects. Overall, 
however, the quality of the original studies included in the meta-
analyses is poor.

Of note, all meta-analyses focusing solely on esketamine, which 
often shows to be more effective than the control across several 
outcomes, only include patients with unipolar depression. 
Conversely, the data for ketamine, which can display more 
inconsistent efficacy results, considers both patients with unipolar 
and bipolar depression. This leaves unresolved the question of 
efficacy between ketamine and its enantiomer. Indeed, the solitary 
study that directly contrasts esketamine and ketamine echoes this 
deficiency in data, reporting no substantial differences in either 
efficacy or tolerability between the two treatments (74). An analysis 
of study quality revealed that ketamine and esketamine have 
comparable Risk of Bias across most domains. One exception is the 
allocation concealment, where esketamine outperforms due to its 
differing administration route. However, preliminary data show no 
efficacy differences between ketamine and esketamine in patients 
with MDD, when both are administered intravenously in a triple-
blind study (75).

4.2 Evidence in context

The available evidence for the treatment of TRD and for patients 
at suicidal risk offers viable alternatives (76–80); however, its 
prevalence and burden remain high (81). Our meta-summary 
highlighted the efficacy of the use of ketamine/esketamine in these 
clinical contexts, although the quality of the evaluated evidence is low. 
Despite its potential as a promising intervention, there are notable 
challenges associated with its use, including the requirement for 
hospital visits for administration and the restriction on driving after 
receiving the treatment. Additionally, the substantial costs involved in 
initiating and maintaining the treatment, which impact the healthcare 
system, should be considered. Indeed, according to NICE guidelines, 
the use of esketamine would have a too much high incremental cost-
effectiveness ratio, leading to discontinuation of this approach even 
when adopted as a third-line intervention (82). Additionally, other 
studies showed how other therapeutic options had a better cost-
effectiveness ratio in the treatment of patients with TRD, such as 
electroconvulsive therapy (83).

4.3 Limitations of the evidence

The available evidence does not allow to draw conclusions with a 
high level of confidence. Specifically, no available meta-analysis holds 
up to high quality criteria. In addition, almost all the included original 
studies had various methodological limitations, leading few studies to 
have a low risk of bias. In addition, few meta-analyses investigated the 
long-term efficacy of ketamine, thus leaving an evidence gap.

4.4 Implication for practice, policy and 
future research

At present, no guidelines recommend ketamine or esketamine as 
a treatment for depression, except as a third-line intervention, due to 
the limited available data. Consequently, in clinical practice, it is 
crucial to carefully consider the use of ketamine or esketamine against 
other interventions with a higher certainty of evidence. However, 
given the potential of ketamine treatment, especially for TRD and 
high suicidal risk cases, further research in ketamine is warranted. The 
two key priorities should be: (i) more methodologically rigorous 
studies, and (ii) long-term data on treatment efficacy.

4.5 Strengths and limitations of the 
overview

To our knowledge, the present OoR is the most extensive available 
evidence on ketamine for the treatment of depression. As such, this 
work has some strengths: (i) it is based on current standards regarding 
the preparation of OoRs, setting it apart from previous studies; (ii) it 
not only draws from bibliographic search engines, but also from 
aggregators of systematic reviews; (iii) we reviewed the individual 
studies included in various meta-analyses to improve the 
methodological homogeneity of the reported data; additionally, 
we performed a comprehensive and detailed representation of the data 
related to the side effects; and (iv) we also tried to synthesize the 
available data clearly and transparently, reporting both the excluded 
and included material.

This OoR has also limitations: (i) the literature review was not 
conducted on multiple search engines, although, compared to 
previous similar works, we included more than twice the number of 
studies; (ii) we only included studies written in English during the 
selection process; (iii) the attempt to be more comprehensive may 
have led to the possibility of combining heterogeneous reviews on one 
hand and having studies with similar inclusion criteria on the other, 
thus raising the risk of duplicated information; during this process, 
however, particular attention has been paid to disentangle the different 
research questions, to provide the reader with as much useful 
information as possible for clinical practice and to improve future 
research based on the present data; and (iv) we have not undertaken 
a detailed comparison of esketamine and ketamine’s effectiveness or 
tolerability. Nevertheless, our findings suggest esketamine has a more 
consistent advantage over control treatments. However, this 
conclusion should be interpreted cautiously due to the smaller number 
of studies pertaining to esketamine compared to those on ketamine. 
Interestingly, despite esketamine studies having undergone a rigorous 
registration process, the quality of these studies did not significantly 
surpass that of ketamine research which has not been subject to such 
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stringent scrutiny. At present, the scarce esketamine-specific meta-
analyses, the similar study quality between ketamine and esketamine 
research, and the variability within the ketamine data, collectively 
impede drawing any definitive conclusions regarding their 
comparative efficacy and tolerability, at least for patients with 
unipolar depression.

5 Conclusion and future outlooks

Although literature data suggest that ketamine and its derivatives 
is effective for treating depression, the available literature remains 
qualitatively limited. The production of evidence synthesis studies has 
been prolific; however, it has not improved the overall quality of the 
original studies, which remains poor. Additionally, concerns about 
long-term treatment efficacy data persist. Higher quality original 
studies are needed, particularly with improvements to allocation 
concealment and assessor blinding in future research. Though the 
quantity of available data for esketamine is lesser than that for 
ketamine, it’s crucial not to disregard its apparent consistent efficacy. 
This effectiveness could be  attributed to the selection of a more 
uniform patient group, specifically those diagnosed with unipolar 
disorder. Future studies are also warranted to investigate the 
effectiveness of (es)ketamine in the treatment of major depressive 
episode with mixed features which appear to be burdened with a 
higher suicidal risk than pure depressive forms (84). The 
pharmacological management of mixed states during major depressive 
episode has always been a challenge for the clinicians not only for their 
insidious course but also due to the lack of robust evidence (85), that 
is slowly growing (86). Authors should also enhance data reporting 
and avoid to selectively present results. Furthermore, it is beneficial 
for future systematic reviews with meta-analyses to be pre-planned 
and have registered protocols. Addressing the risk of bias and 
publication bias in future reviews will provide more valid information 
on the reliability of the results. Lastly, given the commercial interest 
in these products for treating depression, the funding of original 
studies should not be overlooked. In a few words, only when the 
quality of evidence will reach a sufficient level of evidence, firm 
conclusions will be drawn about the benefit of using ketamine for the 
treatment of resistant depression and for patients at suicidal risk.
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Treating depression at home
with transcranial direct current
stimulation: a feasibility study
Katharina Dragon1*, Mohamed A. Abdelnaim1,
Franziska C. Weber1, Markus Heuschert2, Leon Englert2,
Berthold Langguth1, Tobias Hebel1 and Martin Schecklmann1

1Department of Psychiatry and Psychotherapy, University of Regensburg, Regensburg, Germany,
2University Medical Center, University of Regensburg, Regensburg, Germany
Introduction: Treating major depressive disorder (MDD) with transcranial direct

current stimulation (tDCS) devices at home has various logistic advantages

compared to tDCS treatment in the clinic. However, preliminary (controlled)

studies showed side effects such as skin lesions and difficulties in the

implementation of home-based tDCS. Thus, more data are needed regarding

the feasibility and possible disadvantages of home-based tDCS.

Methods: Ten outpatients (23–69 years) with an acute depressive episode were

included for this one-arm feasibility study testing home-based tDCS. All patients

self-administered prefrontal tDCS (2 mA, 20 min, anodal left, cathodal right) at

home on 30 consecutive working days supported by video consultations.

Correct implementation of the home-based treatment was analyzed with tDCS

recordings. Feasibility was examined by treatment compliance. For additional

analyses of effectiveness, three depression scores were used: Hamilton

depression rating scale (HDRS-21), Major Depression Inventory (MDI), and the

subscale depression of the Depression-Anxiety-Stress Scale (DASS).

Furthermore, usability was measured with the user experience questionnaire

(UEQ). Tolerability was analyzed by the number of reported adverse events (AEs).

Results: Eight patients did not stick to the protocol. AEs were minimal. Four

patients responded to the home treatment according to the MDI. Usability was

judged positive by the patients.

Conclusions: Regular video consultations or other safety concepts are

recommended regardless of the number of video sessions actually conducted.

Home-based tDCS seems to be safe and handy in our feasibility study, warranting

further investigation.
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Introduction

Transcranial direct current stimulation (tDCS) is a non-

invasive brain stimulation (NIBS) technique that induces a weak

constant direct current (1–2 mA) via electrodes that are placed on

the scalp. Thus, cortical excitability can be modulated by changing

the resting membrane potential (1). Treatment over several weeks

has the potential to alter pathological cortical plasticity in various

psychiatric diseases (2). Conventionally, a tDCS device has an

anodal electrode, which increases the excitability of the

underlying cortex, and a cathodal electrode, which decreases the

excitability of the underlying cortex (1). For treating major

depressive disorder (MDD), the anode is placed over the left

dorsolateral prefrontal cortex (DLPFC) and the cathode is placed

over the right DLPFC (3). The rationale for investigating tDCS as a

treatment for depression is based on considerations of

hypometabolism of the left DLPFC and right prefrontal

hypermetabolism as well as dysfunction of brain plasticity,

characterized by an alteration of long-term potentiation for

depression (4). Thus, by simultaneously increasing the neuronal

activity on the left and decreasing the activity on the right side of the

DLPFC, antidepressant effects can be achieved (5). A meta-analysis

by Razza et al. (6) has already shown that the effects of active tDCS

are superior to sham conditions, but with rather small to medium

effect sizes. Furthermore, Brunoni et al. (7) have shown that

therapeutic effects of tDCS may be mediated by pharmacological

modulation of neurons associated with depression in deep brain

structures, although they are not directly affected by superficial

current flow generated by tDCS stimulation. Nevertheless, tDCS is a

promising therapy option for more than one-third of patients who

do not achieve remission after multiple treatment trials (7, 8).

To date, tDCS treatment is typically applied at a medical facility

by trained medical staff (3). However, daily preparation and the

application of the tDCS stimulation itself (20–30 min) take time and

staff capacity (9). Daily arrivals at the clinic require additional

resources and limit its applicability for patients living far away from

a treatment center.

Home-based tDCS treatment has been proposed and

investigated for several years (3) as tDCS devices are small,

portable, and relatively low-cost and have a favorable side effect

profile. Specific devices for home treatment were developed that can

be programmed in the clinic beforehand so that patients can use

them at home just by activating the stimulation device (9).

Although antidepressant treatment at home is possible with a

portable tDCS device, an implementation at home can have some

disadvantages, like incorrect placement of the electrodes or the risk

of overstimulation (10). In order to minimize such adverse events

(AEs) and to ensure correct training and supervision of the patients,

the first measurement in our study was carried out at the hospital.

Additionally, all patients received a comprehensive introduction to

the device. Another disadvantage that might come with home-based

treatment is the lack of contact with researchers, which might

positively impact depressive symptoms due to social interaction

(11). In order to ensure contact nonetheless and to supervise regular

implementation and the documentation of possible side effects
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(headaches, etc.) regular video calls with medical staff were

implemented. Although patients using home-based tDCS no

longer have any travel costs, the use of accessible home-based

tDCS devices is still costly due to license fees for tele-therapy;

room costs (heating, etc.), data protection processing programs, and

staff workload are still comparable for treatment in a clinic (12).

Nevertheless, deploying tDCS treatment at home comes with

many advantages, such as reaching more patients (13). Moreover,

outpatients who suffer from a depressive episode with pronounced

avolition are not required to travel to the clinic for daily treatment

(3). Additionally, given the COVID-19 pandemic in which frequent

personal contact was avoided anyway, depression treatment with

NIBS could take place continuously (14, 15). Hence, the number of

studies concerning tDCS home-based treatment for depression is

increasing (13). According to the review by Kumpf et al. (9), to date,

nine previous studies that primarily targeted home-based tDCS on

depressive symptoms of 231 patients have shown a trend towards

good antidepressant effectiveness, i.e., amelioration of symptoms in

uncontrolled trials. According to Woodham et al. (16), in an open-

label trial of 4 weeks, Alonzo et al. (3) found a response rate of 38%

(n = 33) and Borrione et al. (17) found a response rate of 80% (n =

5) using a tDCS protocol combined with an app-based

psychological intervention. Most of the few sham-controlled

studies have not found a significant difference between active and

placebo stimulation so far [Mota et al. (18), Lee et al. (19)]. One

sham-controlled home-based tDCS trial by Oh et al. (20) has found

a significant difference between active and sham tDCS, but 13/58

participants did not complete the study and all participants were

additionally prescribed escitalopram 5–20 mg/day. Furthermore,

Kumpf et al. (9) have shown that home-based tDCS trials for

depression vary strongly in treatment parameters such as

electrode positioning, current intensity, or number of sessions.

Thus, more research regarding the implementation of home-

based tDCS treatment for depression is needed (9).

Here, we conducted a one-arm feasibility study to determine the

feasibility of video monitoring and related tDCS parameters of a 6-

week home-based tDCS treatment for patients suffering from

MDD. Additionally, we investigated clinical outcome measures.

The time frame of 6 weeks was chosen because similar in-clinic

protocols yield the best effects (10).
Methods and materials

Subjects and study design

The study protocol, patient information, and consent forms

were approved by the local ethics committee of the University of

Regensburg (20-2091-101). The trial was registered at the U.S.

National Institutes of Health Database (www.clinicaltrials.gov)

accessible with the identifier code NCT05123872. All patients

gave written informed consent to the study. Recruitment took

place via a pool of outpatients of the Bezirksklinikum Regensburg

(Germany) and via outpatients of psychotherapists of Regensburg.

Outpatients of both sexes were eligible for the study if they (1) were
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aged 18–70 years, (2) suffered from a depressive episode relating to

unipolar or bipolar depression as identified by ICD-10 criteria (21)

and/or (3) had a score of at least 21 points in the 21-item Hamilton

depression rating scale (HDRS 21), (4) had stable psychotropic

medication for at least 2 weeks, and (5) had internet connection at

home and used the provided video -call set-p. Exclusion criteria

were (1) contraindication for treatment with tDCS (e.g., electronic

implants, cardiac pacemakers, or dermatological diseases), (2)

neurological diseases (e.g., history of seizures), (3) simultaneous

participation in a different study, and (4) pregnancy or

lactation period.

Ten outpatients were recruited from fall 2020 to fall 2021. For a

better overview, the original numbering was maintained (Pat 1–10).

One male patient was treated erroneously with a current of only 1

mA (Pat 2, see below) and was therefore excluded from further

analyses. Thus, we recruited one additional male patient in spring

2023 (Pat 11). Additionally, because of more than 50% missing data

and delayed return of the tDCS device, data from one female patient

(Pat 10, see below) had to be excluded from analyses.

At baseline, week 3, and week 6 (end of treatment), the severity

of depressive symptoms was assessed with three different

questionnaires as not to miss any possible effects on different

clinical aspects. Observer-based ratings were assessed with the 21-

item Hamilton Depression Rating Scale (HDRS-21; 22), which

scores from 0 to 66. Self-reported symptoms were assessed with

the Major Depression Inventory (MDI; 23), which scores from 0 to

50. Weekly surveys were covered with the Depression-Anxiety-

Stress Scale (DASS; 24). Here, we focused on the changes in the

depression subscale, which scores from 0 to 21. In all three

questionnaires, higher scores indicate more depressive symptoms.

At week 3, the HDRS-21 was assessed via video consultation (see

below). For additional analyses, patients completed at these time

points the Pittsburgh Sleep Quality Index (PSQI; 25) and an

abbreviated version of the WHO quality-of-life scale (WHOQOL-

BREF; 26), which is divided into four domains: physical health

(domain 1), psychological health (domain 2), social relationships

(domain 3), and environment (domain 4). In order to investigate

the subjective impression of the users toward home treatment,

patients completed at week 6 the user experience questionnaire

(UEQ), which is based on the open-source evaluation method by

Schrepp et al. (27). The questionnaire is divided into six scales,
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which measure the classical usability aspects as well as user

experience aspects. The six scales include Attractiveness (Overall

impression of the product), Perspicuity (Is it easy to get familiar

with the product)?, Efficiency (Can users solve their tasks without

unnecessary effort)?, Dependability (Does the user feel in control of

the interaction)?, Stimulation (Is it exciting and motivating to use

the product)?, and Novelty (Is the design of the product creative)?

(https://www.ueq-online.org/; access: 2024-01-30). Higher UEQ

scores correspond to better evaluation. Additionally, clinicians

completed the seven-level scale Clinical Global Impression Scales

(CGI-Severity and CGI-Improvement; 28) for quantifying and

tracking the patient’s treatment response over the course of the

trial (see Figure 1).
tDCS: home treatment

Two hospital visits were mandatory for study participation: one

pre-treatment and one post-treatment (Figure 1). The initial visit,

conducted at the Bezirksklinikum Regensburg outpatient clinic,

involved both the first tDCS treatment and comprehensive patient

training for home sessions. A medical technical assistant

meticulously instructed participants on electrode placement and

treatment protocol, ensuring accurate and safe self-administration

upon discharge. During the subsequent at-home phase, adherence

and treatment safety were monitored via daily video consultations,

facilitated by the CLICKDOC software (version 5.9.1, La-Well

Systems GmbH), a clinically approved platform. These

consultations verified proper electrode placement, confirmed

treatment initiation, and monitored for any AEs that were noted

on a treatment protocol. Only participants demonstrating

consistent adherence and correct electrode positioning without

any further instruction needed were permitted to undergo

unsupervised treatment sessions as long as they did not report

any side effect in the first five consecutive sessions. Treatment

parameters remained consistent throughout the study: On 30

consecutive weekdays with video consultations once a day, each

session delivered a 2-mA current for 20 min using a prefrontal

montage. The CE-certified DC-Stimulator Mobile (Neuroconn,

Ilmenau, Germany) was employed for all stimulations and could

be activated by the study participants at any time.
FIGURE 1

Course of the trial. This figure shows the course of the study. Inclusion, visit 31, and visit 32 (follow up measures) took place in the hospital (orange).
Home-based treatment is depicted in gray. The Depression-Anxiety-Stress Scale was completed every Friday (blue).
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At the initial visit, participants received a personalized tDCS kit

composed of the stimulation device, two 5×7 cm rubber electrodes,

color-coded sponges (anode: red, cathode: blue), NaCl 0.9%

solution for sponge soaking, and an instruction manual with

detailed illustrations. This standardized protocol, coupled with

daily monitoring and adherence checks, aimed to ensure the

safety of home-based tDCS treatment for all participants

(see Figure 2).
Statistical analysis

We used descriptive statistics to summarize the clinical and

demographic characteristics of the sample and the completion rates.

Since we focused on the tDCS treatment outside of a clinical

setting, we analyzed the tDCS data (regularity of implementation

without video consultation, number of video consultations, etc.) as

primary outcome. For this purpose, the tDCS recordings (mean

amperage, mean voltage, mean time of treatment, etc.) were

extracted from the output neuroConn LogFiles and mean scores

were calculated within Microsoft Excel. Subjective rating of the

treatment usability (UEQ) was analyzed as primary outcome, on a

descriptive level. Any AEs that occurred were coded if reported at

any intensity or duration. AE occurrences were estimated by the

number of participants reporting an AE in at least one of their

tDCS sessions.

In accordance with our registry at clinicaltrials.gov (see above), all

depression questionnaires (HDRS-21, MDI, and DASS) were also

defined as primary outcome measures. The number of responders

was defined by ≥50% reduction in the mean scores after the treatment

duration of 6 weeks (efficiency) according to the HDRS-21. Collected

follow-up data (after 18 weeks, visit 32) was not further analyzed due

to >50% missing data. Thus, the planned secondary outcome

measures (changes of the HDRS-21, MDI, CGI-I, PSQI,

WHOQOL-BREF, and DASS between baseline and week 18) could

not be calculated. Accordingly, outcomemeasures were calculated for

a time frame of 6 weeks. Thus, repeated-measures analysis of variance

(ANOVA) with time as within factor (three levels: baseline vs. week 3

vs. week 6) were used for the estimation of secondary treatment
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depression with time as within factor (seven levels: baseline vs. week 1

vs. week 2 vs. week 3 vs. week 4 vs. week 5 vs. week 6) was calculated,

despite 44% missing data for this questionnaire. Subsequent paired

samples t-tests were calculated for post-hoc analyses. Regarding the

feasibility, both patient reports and log files of the used tDCS devices

were analyzed. All 10 patients are listed corresponding to the time of

the first treatment. All statistical analyses were conducted with SPSS

version 28.0 (IBM SPSS, Chicago, IL).

Due to the use of three depression measurements, threshold

level of significance was adjusted for multiple comparisons by

Bonferroni’s correction (p = 0.017). Mean (M) and standard

deviation (SD) are reported. The mean values of the PSQI and

WHOQOL-BREF were conducted with Microsoft Excel sheets. The

mean values of the UEQ were analyzed with Microsoft Excel (ueq-

online.org), by Schrepp et al. (27).
Results

Demographics

All patients suffered from an acute depressive episode (ICD-10:

F32.1, F33.1, and F33.2). Our sample consisted of one full-time

employee, two half-time employees, three students, one early

pensioner, one pensioner, and two unemployed patients. Two

patients were single, and eight were in a relationship. Eight

patients were high school graduates, one patient did not have an

academic degree, and one educational information was missing.

Further demographic and clinical characteristics of the enrolled

patients are provided in Tables 1, 2.
Feasibility

All participants performed an average of 29.6 stimulation

sessions over the course of 6 weeks (Table 3). Most of the patients

conducted the treatments in the morning or at noon. Eight patients

did not stick to the protocol, meaning that according to the tDCS log
FIGURE 2

Prefrontal setup of the tDCS device for home treatment.
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files, some patients conducted the treatment not only on working

days but also, for example, even on holidays or on weekends. For

example, patient 11 conducted the treatment every day. In four

patients, the time of treatment was highly variable: patient 4

underwent treatment between 7:16 a.m. and 10:57 p.m. and patient

7 underwent treatment between 7:30 a.m. and 4:16 p.m. Patient 10

underwent treatment three times at night. Patient 11 underwent

treatment at 7:00 a.m. during supervision and at 7:00 p.m. without

supervision. Only two participants underwent the treatment regularly

at the same time as instructed.
Usability and tolerability

Based on the evaluation method by Schrepp et al. (27), all

patients evaluated the treatment as follows: the scales Attractiveness

(M = 0.89, SD = 0.81) and Stimulation (M = 0.97, SD = 0.93) were

rated “below average”. Efficiency was rated “above average”

(M =1.06, SD = 0.79). The scales Perspicuity (M = 1.83,

SD = 1.56), Novelty (M = 1.14, SD = 0.38), and Dependability (M

= 1.53, SD = 0.85) were rated “good” (Figure 3).

No serious AEs occurred in any of the patients. Side effects were

noted as free text by the medical staff on the treatment protocol: 2/

10 patients indicated mild headaches after treatment during the first

week. One patient felt tingling over the course of the entire

treatment. Another patient felt tingling during the first week of

treatment. One of ten patients indicated mild redness on the left

side of his head after treatment 5 and 6. The number of side effects

was not related to the number of sessions.
Additional analyses: effectiveness

Each level of all within-subjects factors, regarding the HDRS-21

and MDI data, was approximately normally distributed, as assessed

by the Shapiro–Wilk test, p > 0.05.

Table 4 provides all results concerning depression

measurements in the course of the trial. There was a statistically

significant reduction (change in %) of the mean MDI scores after

treatment compared to baseline ( (week 6−Baseline)Baseline ). In contrast, no

significant reduction of the mean HDRS-21 scores was found.

Five participants responded to the treatment confirmed by the

HDRS-21, corresponding to 55.5% of the sample. Four of these five

participants additionally responded to the treatment confirmed by

the MDI, which corresponds to 44.4% of the sample (see Table 4).

Concerning the MDI scores, post-hoc analyses revealed

significant reductions after week 3 [t(8) = 2.86, p = 0.021] and

week 6 [t(8) = 5.03, p = 0.001] compared to baseline.

Because of high correlations among the seven measurements

concerning the DASS data, the Greenhouse–Geisser correction was

used: Over the course of the trial, no significant reduction in the

depression subscale of the DASS was found [F(2.5,10.2) = 1.89, p =

0.197, partial h² = 0.321] (Figure 4). In analyses of the DASS data,

there were four responders: Pat 5 (−80%), Pat 9 (−100%), Pat 8

(−80%), and Pat 1 (−100%).
TABLE 2 Clinical data per patient.

Patient Comorbid psy-
chiatric diag-
noses (ICD-10)

Comorbid
diseases

Psychiatric
medication
(dosage)

1 Tinnitus Escitalopram (10
mg), tebonin (120
mg), doxepin
(20 mg)

3 Borderline personality
disorder (F60.31),
ADHD (F90.0),
adjustment
disorder (F43.2)

sertralin (100 mg),
olanzapin (7.5 mg),
sumatriptan
(100 mg)

4

5 ADHD (F90.0) Atomoxetin (60 mg)

6

7 Agomelatin (u.d.)

8 Trimipramin
(25 mg)

9 Escitaloptam (5 mg)

10 Hypothyreosis

11 arterial
hypertension,

arthosis

Venlaflaxin (75 mg),
hydrochlorothiazide
(20 mg), zanipress
(20 mg)
ADHD, attention deficit/hyperactivity disorder. u.d.: unknown dosage. Patients were taking
daily antidepressants. Doses were not changed throughout the study.
TABLE 1 Clinical data at baseline of the present sample.

General variables

Age: M (SD) 37.40 (14.14)

Age: range 23 - 69

Gender: m/f (N) 4/6 (10)

Questionnaire scores at baseline: M (SD)

HDRS-21(0–65) 18.90 (4.04)

MDI (0–50) 32.50 (6.54)

DASS, depression subscale (0–12) 11.25 (4.92)

WHOQOL-BREF physical health subdomain (4–20) 11.77 (3.22)

WHOQOL-BREF psychological subdomain (4–20) 10.43 (1.56)

WHOQOL-BREF social subdomain (4–20) 12.67 (2.61)

WHOQOL-BREF environment subdomain (4–20) 14.60 (2.01)

PSQI total sum (0–21) 8.78 (5.49)

CGI (1–7) 4.44 (.53)
Questionnaire scores at baseline were calculated without patient 10. HDRS-21, Hamilton
Depression Scale 21 items. MDI, Major Depression Inventory. WHOQOL-BREF, World
Health Organization Quality of Life Questionnaire short version; higher scores indicate better
quality of life. PSQI, Pittsburgh Sleep Quality Index. CGI, Clinical Global Impression;
ordinal scale.
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Regarding the CGI-I measurements, equivalent improvements

were found for two of the same patients: The third patient’s illness

was estimated as improved (score: 2) by the clinicians after week 6.

Patient 5 was considered as improved already after week 3 (Figure 5).

Repeated-measures ANOVAs for secondary outcome measures

revealed no significant improvement of the patients sleep regarding

the PSQI scores. However, there was a statistically significant

improvement in the psychological subdomain of the WHOQOL-

BREF over the course of the study [95% CI: 9.53 to 13.23; F(2,16) =

4.71, p = 0.025, partial h² = 0.371]. In the physical health subdomain,

there was also a statistically significant increase in quality of life [95%

CI: 9.35 to 15.37; F(2,16) = 3.76, p = 0.046, partial h² = 0.320].

Regarding the social and environment subdomain, there were no

significant changes (Figure 6) (ps > 0.157).
Discussion

The present one-arm feasibility study investigated in a small

sample of patients different aspects regarding tDCS treatment of

depression at home. The study revealed possible difficulties in

carrying out a tDCS treatment outside of a clinical setting (e.g.,
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tertiary care hospital), despite the support of regularly planned

video consultations. Additionally, we provide further data regarding

clinical outcome measurements for home-based tDCS treatment.

Although we had the impression with a few participants that

after a certain number of monitored sessions they could perform the

tDCS treatments on their own, we found from analyzing the tDCS

data recordings that more than half of the study participants did not

adhere to the pre-discussed treatment protocol (e.g., treatment on

holidays or weekends). As an example, patient 10 forgot the

treatment (and video consultations) three times and performed

the stimulation at nighttime without supervision and with a short

interval to next day’s treatment. Thus, if certain patients failed to

attend the scheduled video call, then they performed the treatment

without video supervision and presumably not entirely correctly.

Further results showed that patients 3, 5, and 11, all treatment

responders, restarted the treatment on their own if there was any

problem with the tDCS device or if their recording was

uncompleted. This highlights the need for daily video calls to

check the correct implementation or that the device is

programmed in a way that it can only be switched on at a certain

time, because even though those 3 patients were able to restart the

stimulation on their own and completed the treatment correctly, it
FIGURE 3

Mean evaluation of the user experience based on the evaluation method by Schrepp et al. (27). This graph shows the mean scores and SDs of the six
factors of the user experience questionnaire (UEQ) across the sample.
TABLE 3 Mean values for the tDCS data.

Patient Amperage
(mA)

Electrical
voltage (V)

Average time
of treatment

Days
of treatment

Days
without supervision

1 1.981 4.565 11:44 a.m. 28 0

3 1.982 5.308 12:43 p.m. 29 1

4 1.979 4.926 12:16 p.m. 28 10

5 1.993 4.657 7:58 a.m. 31 5

6 1.982 5.605 1:29 p.m. 28 3

7 1.985 5.321 11:16 a.m. 30 4

8 1.980 4.766 12:47 p.m. 34 3

9 1.979 6.277 9:06 a.m. 29 2

10 1.982 5.115 8:06 a.m. 23 9

11 1.982 6.416 3:32 p.m. 36 22
Days of treatment include first visit at hospital. Patients 10 and 11 ended two treatments a few seconds before the regular ending of the stimulation after 20 min. Patient 11 had to restart the
treatment 11 times due to “cancellation by error” by the device itself.
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highlights the risk of overstimulation for incautious patients.

Previous studies have shown that the number and interval of

sessions are critical concerning safety. With higher numbers of

sessions and shorter intervals, the risk of side effects increases (29,
Frontiers in Psychiatry 0796
30). In our study, one patient had a comorbid borderline personality

disorder that comes with a high risk of self-harming behavior (31).

As already stated in a review by Kumpf et al. (9), regular supervision

of home-based treatment and technical control of the device are
A B

FIGURE 4

Course of the DASS values on average (A) and for each patient (B) This graph shows the DASS scores for the subscale depression over the course of
the trial for each participant. SDs are not plotted for presentational purposes. Missing values are not replaced. Responders are shown in orange.
TABLE 4 Sum scores for all participants over the course of the trial for two of the depression measurements.

BL Week 3 Week 6 Change
(%)

95%
CI lower

95%
CI upper

HDRS-21

Pat 1 14.00 15.00 21.00 +50.0

Pat 3 27.00 15.00 9.00 −66.6

Pat 4 18.00 14.00 12.00 −33.3

Pat 5 17.00 6.00 8.00 −53.0

Pat 6 19.00 16.00 18.00 −5.3

Pat 7 16.00 16.00 22.00 +37.5

Pat 8 22.00 12.00 11.00 −50.0

Pat 9 22.00 20.00 5.00 −77.3

Pat 11 14.00 -99 7.00 −50.0

Total
(SD)

19.38
(4.14)

14.25 (4.03) 13.25 (6.32) 13.76 17.68 F (2,14) = 3.13, partial h² = 0.309, p
= 0.075

MDI

Pat 1 20.00 19.00 16.00 −20.0%

Pat 3 39.00 32.00 15.00 −61.5%

Pat 4 32.00 34.00 25.00 −21.9%

Pat 5 25.00 8.00 8.00 −68.0%

Pat 6 41.00 37.00 36.00 −12.2%

Pat 7 37.00 30.00 27.00 −27.0%

Pat 8 37.00 26.00 20.00 −45.9%

Pat 9 34.00 5.00 6.00 −82.4%

Pat 11 31.00 25.00 7.00 −77.4%

Total
(SD)

32.89
(6.81)

24.00
(11.27)

17.78
(10.22)

18.53 31.24 F (2,16) = 14.28, partial h² = 0.641,
p< 0.001
Responders are shown in orange. BL, Baseline. +: increase in the depression measurement (%). −99: missing data. SD are shown for the present sample.
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important in order to minimize possible side effects and risks of

deliberated self-harm. Our results show that a home-based tDCS

device has to be remotely adjusted, because although the clinicians

in this study saw no need for real-time video consultation, there

were some subjects who did not adhere to the protocol. Future

studies should consider a security system to permit daily use for 20

min with a minimal interval of 12 h between sessions, as, e.g., in

Carvalho et al. (12). The use of pre-programmed home-based tDCS

would allow patients to choose what time of day to receive the

treatment, therefore accommodating patients’ schedules and

minimizing possible side effects. Future studies with real-life video

consultations should at least consider a fast-track contact line. This

would ensure that patients could report any side effects or get help

with technical problems. Another option would be to resort to daily

written feedback to clinicians, which would allow them to decide

whether to contact respective patients. Although we only found

minimal deviations from the protocol, future studies should ensure

that patients comply to agreed arrangements.
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Furthermore, our results show that for patient 2, the device was

incorrectly set, because he was stimulated with a very low mean

amperage of 0.995 mA. This problem was only detected after study

finalization. This highlights the need for corresponding training of

the instructing staff. A recent investigation concerning another

NIBS, home-based tES (transcranial electrical stimulation),

showed that an educational program for remote training and

supervision at home could facilitate further research (32).

Our study participants evaluated the treatment as not hard to

learn (UEQ factor: Perspicuity). However, the overall impression of

the product (UEQ factor: Attractiveness) and the excitement/

motivation to use the product (UEQ factor: Stimulation) were

both rated low (“below average”). Overall, home-based tDCS

seems to be moderately user-friendly when using the Neuroconn

home-based tDCS system the way this study did. According to

previous studies, we registered no serious adverse effects and only

few minor side effects (subjective sensations of tingling or

headaches/pain during the first treatments and/or mild skin
FIGURE 6

Course of the mean values of the 4 subdomains of the WHOQOL-BREF. This graph shows WHOQOL-BREF mean scores over the course of the trial.
*Significant improvement for the physical (green) and psychological (orange) subdomains. SDs are not plotted for presentational purposes.
FIGURE 5

Course of the CGI-S scores for each patient split by week 3 and week 6. This bar graph shows the CGI-S scores over the course of the trial.
*Significant improvement of the global impression as measured by the CGI-I (score: 2). SDs are not plotted for presentational purposes. Missing
values are not replaced.
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redness), confirming that tDCS is a tolerable treatment method (13)

—even at home. This is in contrast to a recent published study by

Kumpf et al. (9), where their home-based trial had to be

prematurely terminated due to an accumulation of skin lesions.

These findings highlight the need for careful and active side effect

monitoring before and after stimulation, e.g., in the form of a safety

questionnaire, as MDD patients may be impaired in their ability to

proactively report side effects (9).

As this one-arm study did not include a control condition and

because of a small sample size, our additional analyses regarding

effectiveness have to be interpreted cautiously. Our patients had a

statistically significant score reduction in self-reported symptoms

(MDI). There was no significant reduction in the HDRS-21 or in the

subscale depression of the DASS. A reason for a lack of significant

result regarding the DASS might be the fact that there were 44%

missing data for the weekly filled-out questionnaire. Regarding the

HDRS and MDI, it has to be noted that observer-rated instruments

benefit from clinician expertise and are argued to be more “objective”,

while self-rated questionnaires may capture better subjective

experience (33). In a study by Leuchter et al. (34), changes induced

with another NIBS, repetitive transcranial magnetic stimulation

(rTMS), were better captured by self-report scales. In their study,

the HDRS also had the lowest response rates. Nevertheless, the

authors stated that a better outcome on a self-report scale might be

conceived as a “false positive” benefit with the HDRS as the more

accurate measurement (34). Thus, we cannot exclude or determine

the extent of placebo effects regarding the MDI data. Available

randomized controlled trials of home-based tDCS for depression

have not found significant differences in active relative to sham tDCS

treatment. Only one single-blinded study by Oh et al. (20) found that

active tDCS resulted in a significantly higher reduction of Beck

Depression Inventory (BDI-I) scores, which also represents a self-

report scale, compared to sham treatment. Therefore, further

controlled studies are needed to demonstrate that active home-

based tDCS exceeds placebo effects. Nevertheless, half of our

patients fulfilled response criteria in all three questionnaires. Our

results regarding response rates (MDI: 44.4%) go in line with a study

by Alonzo et al. (3) who found a response rate of 38% for observer-

rated symptoms (Montgomery Asperg Rating Scale) after 6 weeks of

self-administered tDCS stimulation. Another study, by Borrione et al.

(17), who used app-based psychological interventions in combination

with home-based tDCS, found a response rate (HAMD-17) of 80%.

Possible influences (additional app-based intervention, psychiatric

medication, etc.) on respective response rates must be taken into

account as, e.g., Brunoni et al. (35) found that antidepressants can

lead to increased tDCS effects.

Additionally, it is noticeable that non-response was sometimes

related to a lower rate of video supervised sessions. This phenomenon

might be explained by the positive impact that daily contact with

researchers has on depressive symptoms due to social interaction

(11). Future sham-controlled studies should consider to investigate

the connection between the number of video consultations and

depressive outcome in the course of a tDCS treatment.
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In the whole sample, physical and psychological quality of life

was improved with a large effect size, whereas the environmental

and social domain as well as sleep quality remained unchanged.

The result regarding the psychological domain goes in line with

previous literature that anodal tDCS over left DLPFC improves

the processing of positive affective stimuli and reduces the

selective attention for negative affective stimuli, thus increasing

the psychological domain of life quality (36). An improvement in

the physical domain might be correlated with an amelioration of

the somatic symptoms of depression, e.g., lack of motivation, over

the course of the trial (ICD-10). Home-based tDCS did not

improve the social and environmental domains, which might be

explained by conducting the treatment at home alone without,

e.g., augmented group therapy (37). Moreover, many of our

patients forgot the video consultations or implemented further

treatment on their own, whereby they had no positive effect from a

social interaction with our clinicians. In contrast to a study by

Zhou et al. (15) that treated insomnia patients with tDCS at a

hospital, improvement of sleep quality was not found in our study

(15). The lack of improvement of the sleep quality in our study

may be due to the fact that the authors treated patients who

suffered from insomnia and thus had worse pre-treatment PSQI

scores than ours. Another explanation could be that regular video

consultations cannot be compared with controlled sleep times in a

sleep laboratory that might have had a positive effect on the sleep

quality of the author’s patients. With respect to the follow-up data,

we have to notice that more than 50%, mostly non-responders, of

our patients were not reachable after termination of the study.

Thus, we refrained from an evaluation of the follow-up data

because the focus of this study was not on long-lasting

antidepressant effects. Study limitations refer to the lack of

attrition and/or adherence rates. Future studies should consider

including these parameters in order to make potential difficulties

regarding the implementation at home statistically comparable.
Conclusions

Our results show that regular video consultations are needed to

ensure good adherence to a predefined protocol (e.g., once a day at

24-h intervals) and to minimize the occurrence of side effects.

Nevertheless, in the event that the clinical impression arises that a

patient can continue the treatment without further video

consultations, other safety concepts should be used in such cases.

Furthermore, the present one-armed study on the topic of tDCS at

home for depressive disorders provides further evidence regarding

usability, tolerability, and effectiveness.
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Risk factors for suicidal attempts
in a sample of outpatients with
treatment-resistant depression:
an observational study
Serena Chiara Civardi1*, Filippo Besana1,
Giovanni Carnevale Miacca1, Filippo Mazzoni1,
Vincenzo Arienti1, Pierluigi Politi 1,2, Natascia Brondino1,2

and Miriam Olivola12

1Department of Brain and Behavioural Sciences, University of Pavia, Pavia, Italy, 2Department of
Mental Health and Addictions, Azienda Socio-Sanitaria Territoriale (ASST), Pavia, Pavia, Italy
Introduction: Treatment-resistant depression (TRD) is commonly defined as the

failure of at least two trials with antidepressant drugs, given at the right dose and for

an appropriate duration. TRD is associated with increased mortality, compared to

patients with a simple major depressive episode. This increased rate was mainly

attributed to death from external causes, including suicide and accidents. The aim of

our study is to identify socio-demographic and psychopathological variables

associated with suicidal attempts in a sample of outpatients with TRD.

Material and methods:We performed a monocentric observational study with a

retrospective design including a sample of 63 subjects with TRD referred to an

Italian outpatient mental health centre. We collected socio-demographic and

psychopathological data from interviews and clinical records.

Results: 77.8% of the sample (N=49) were females, the mean age was 49.2 (15.9).

33.3% (N=21) of patients had attempted suicide. 54% (N=34) of patients had a

psychiatric comorbidity. Among the collected variables, substance use (p=0.031),

psychiatric comorbidities (p=0.049) and high scores of HAM-D (p=0.011) were

associated with the occurrence of suicide attempts. In the regression model,

substance use (OR 6.779), psychiatric comorbidities (OR 3.788) and HAM-D

scores (OR 1.057) were predictive of suicide attempts. When controlling for

gender, only substance use (OR 6.114) and HAM-D scores (OR 1.057) maintained

association with suicide attempts.

Conclusion: The integrated treatment of comorbidities and substance abuse,

which involves different mental health services, is fundamental in achieving the

recovery of these patients. Our study supports the importance of performing a

careful clinical evaluation of patients with TRD in order to identify factors

associated with increased risk of suicide attempts.
KEYWORDS

treatment-resistant depression, suicide risk, suicidal attempt, antidepressant therapy,
clinical assessment
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1 Introduction

All over the world about 300 million people suffer from major

depressive disorder (MDD) (1). The World Health Organization

(WHO) has identified MDD as the primary cause of disability

burden, leading to reduced productivity, heightened healthcare

expenses, and, most significantly, hindrances in achieving a

fulfilling and enriching life (2). The advent of antidepressant

medications has brought about a transformative shift in the

treatment of major depression. Unfortunately, however, about

60% of patients do not show an adequate response to first line

pharmacological treatments and 30% respond poorly to different

trials with various antidepressants (3). The extreme variability in

antidepressant treatment response is likely due to neurobiological

and environmental factors (4).

Treatment-resistant depression (TRD) is commonly defined by

the lack of positive response to at least two types of antidepressant

medication, administered at the correct dosage and for a suitable

duration (5). However, experts still do not agree on the definition of

appropriate dose and appropriate treatment duration (6) and a

consensus definition of TRD has not yet been reached. There is also

little consensus about the best tools to diagnose TRD and measure

its outcomes. These limitations hampered the possibility to

compare and summarize study results, thus limiting the

possibility to define clinical guidelines (7).

Several studies have reported that TRD could be associated with

increased mortality (8, 9), although the sample sizes were small and

follow-up times have been relatively short. A Swedish population-

based study considering 118,774 individuals diagnosed with

depression reported an overall mortality 1.35 times higher among

patients with TRD compared to individuals with MDD (10). The

increased rate was mainly attributed to external causes, including

suicide and accidents.

A systematic review of suicidality in TRD found an overall

incidence of completed suicides of 0.47 per 100 patients/year and of

attempted suicides of 4.66 per 100 patients/year (95% CI: 3.53-6.23)

(11). These are respectively twice and ten times greater than those

found in non-resistant patients: 0.22 completed and 0.43 attempted

suicides per 100 patients/year (12). In general, several studies

pointed out that 30% of patients with TRD had one or more

suicide attempts (13). Another recent study (14) dealing with

suicidality in the context of major depression found that

individuals with TRD had higher suicide rates compared to those

who were diagnosed with MDD. Previous studies also highlighted

that suicide related mortality in TRD was higher than in MDD even

when depressive symptoms were classified as “mild” (15, 16).

Furthermore, most authors underlined that the type of suicide

attempt, which can be classified in impulsive, frequent or well-

planned (17), is almost never reported. This hampers the study of

underlying moderators of the high suicide risk observed in TRD.

For example, suicide attempts classified as impulsive may indicate a

decreased impulse control in TRD patients or an increase of

impulsiveness that might be responsive to a different treatment.

Another possible interpretation is that TRD patients could be aware
Frontiers in Psychiatry 02102
of the limited therapeutic options for future improvement, which

could lead to a higher proportion of well-planned suicide attempts,

compared to non-resistant patients.

Patients with TRD often have comorbid personality disorders

and this comorbidity could represent the underlying moderator of

frequent suicide attempts in this subset of TRD patients. In a recent

review article (18) a significant impact to development of TRD is

determined by the co-occurring diagnosis of a personality disorder,

as personality disorders in general respond poorly to

pharmacological treatment. In particular, borderline personality

disorder is characterised by high levels of impulsivity, unstable

self-image, feeling of emptiness and extreme mood instability. It has

been reported that depressive disorder with comorbid borderline

personality disorder (BPD) shows greater treatment resistance and

worse functional impairment (19).

Based on these premises, our study aims to identify which socio-

demographic and psychopathological data are associated with

suicidal attempts in a sample of TRD outpatients.
2 Materials and methods

2.1 Characteristics of the study

We performed a monocentric observational study with a

retrospective design including 63 outpatients aged between 19

and 79 years diagnosed with major depression (ICD-10 criteria).

Patients were in charge of an Italian mental health outpatient

centre. Subjects were labelled as “treatment resistant” based on

their psychopharmacological history. We accepted the definition of

TRD as the failure of at least two antidepressants prescribed at an

appropriate dose and duration (5).
2.2 Assessment instruments

Personal and clinical data were collected during interviews. The

content of each clinical interview, as part of the general clinical

practice, is reported in the patient’s personal clinical record.

We considered the following clinical data: age, gender,

occupational and marital status, family history of psychiatric

disorders, present and past psychopharmacological therapies,

substance and/or alcohol use disorder, presence of comorbid

personality disorders, number of suicide attempts, duration of

current and past depressive episode.

Psychopathology, with an emphasis on mood symptoms, was

assessed by means of the following scales, administered at baseline, as

a test battery specific for patients diagnosed with TRD: the

Montgomery-Asberg Depression Rating Scale (MADRS) (20), the

Hamilton Rating Scale for Anxiety (HAM-A) (21) and Depression

(HAM-D) (22), the Brief Psychiatric Rating Scale (BPRS) (23), the

Koukopoulos Mixed Depression Rating Scale (KMDRS) (29). The

diagnosis of personality disorder was established using the Structured

Clinical Interview (SCID II, 24).
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2.2.1 Montgomery-Asberg depression rating scale
This clinician-rated scale is designed to measure depression

severity and detect changes due to antidepressant treatments. The

scale consists of 10 items, scored from 0 (symptom not present or

normal) to 6 (severe or continuous presence of the symptom), for a

maximum total score of 60. The MADRS evaluates apparent

sadness, reported sadness, inner tension, sleep, appetite,

concentration, lassitude, inability to feel (interest level),

pessimistic thoughts, and suicidal thoughts (25).

2.2.2 Hamilton rating scale for anxiety
HAM-A is represented by 14 items. Every item individually

encompasses a group of symptoms. This scale estimates both

psychic anxiety and somatic anxiety including mental agitation

and psychological distress; and physical complaints related to

anxiety, respectively. The item score ranges from 0 to 4. The

higher the score, the more severe the anxiety. The total score

ranges from 0 to 56. In this scale, score < 17 indicates mild

severity, 18-24 represents mild to moderate severity, and 25-30

refers to moderate to severe condition (26).

2.2.3 Hamilton rating scale for depression
The HAM-D (22) is a clinical interview for the severity of

depressive symptoms and one of the most frequently used outcome

measures of depression in adults. We used the 17-item form

(assessing depressed mood, suicide, insomnia initial - middle –

delayed, work and interests, retardation, agitation, anxiety psychic –

somatic, somatic gastrointestinal, somatic general – genital,

hypochondriasis, insight, loss of weight). Items are scored from 0

to 4 or 0 to 2 depending on the symptom assessed, with higher

scores indicating greater symptom pathology (27).

2.2.4 Brief psychiatric rating scale
The Brief Psychiatric Rating Scale (BPRS) was developed to

measure changes in a comprehensive set of psychopathologic

symptoms present in major psychiatric diagnoses. The items assess

the following symptom domains: 1. somatic concern, 2. anxiety, 3.

emotional withdrawal, 4. conceptual disorganization, 5. feelings of guilt,

6. tension, 7. mannerisms and posturing, 8. grandiosity, 9. depressive

mood, 10. hostility, 11. suspiciousness, 12. hallucinatory behavior, 13.

motor retardation, 14. uncooperativeness, 15. unusual thought content,

16. blunted affect, 17. excitement, and 18. disorientation. Each item is

rated on a seven-point Likert scale, ranging from “1” (not present) to

“7” (extremely severe). Thus, the sum score ranges between 18 and 126,

with a higher score indicating more severe symptomatology (28).
2.2.5 Koukopoulos mixed depression rating scale
The Koukopoulos Mixed Depression Rating Scale (KMDRS) is

a scale specifically created to assess mixed depression. Koukopoulos

and collaborators developed and validated specific criteria such as

the presence of a depressive episode plus absence of retardation,

talkativeness, psychic agitation on inner tension, description of

suffering from spells of weeping, racing or crowded thoughts,

irritability or unproved rage, mood lability or marked reactivity,
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early insomnia. It includes 14 items. Items 1-4, 6, 8-11, 13-14 are

evaluated according to a Likert-type scale whose scores range from

0 to 3; items 5, 7 and 12 have a score range from 0 to 6. In each item,

0 indicates the absence of the symptom relating to the single item,

while 3 or 6, depending on the item, represents the maximum

severity level of the relevant item. Therefore, the scale ranges from a

minimum of 0 to a maximum of 51 (29).
2.3 Statistical analysis

First, descriptive analyses of the variables considered were carried

out. Chi-square test was performed for the nominal variables. Paired

sample t-test or Mann-Whitney were performed (according to the

type of distribution) for the quantitative and ordinal variables,

according to the presence or absence of suicidal attempts. A two-

tailed p value <0.05 was regarded as statistically significant. For the

variables in which statistical significance was found, we performed

regression analyses with suicidal attempts as outcome variable and

the retrieved variables as the independent predictors. Data were

analysed using the Jamovi program (Version 2.3, 30).
3 Results

Clinical characteristics of the sample are presented in Table 1.

77.8% of the sample (N=49) were females, and the mean age was

49.2 years (SD 15.9). 47.6% of the sample (N=30) were in treatment

with Esketamine. In our sample, 21 (33.3%) patients attempted

suicide. 32 patients (50.8%) had a psychiatric comorbidity. Of these,

23 patients (36.5% of the sample) had a personality disorder.

Detailed treatment regimens of each patient included in the study

are described in Supplementary Table 1.

Univariate analyses are described in Table 2. Substance use,

personality disorder, psychiatric comorbidity and higher HAM-D

scores were significantly more frequent among suicide attempters.

All other variables were not significantly different between the

two groups.

We then constructed a regression model using suicidal attempts

as the dependent variable and all other variables as independent

predictors (Table 3). The resulting model explained 34.8% of the

variance (R2N=0.348, AIC=70.0, p<0.001). The independent

predictors were the presence of a psychiatric comorbidity,

substance use and HAM-D scores (Table 3). We also performed a

regression model with the same variables and gender as a

controlling factor (Table 4). In this model, the explained variance

was also slightly increased and substance use and HAM-D were the

only predictive variables for suicidal attempts (R2N=0.354, AIC

71.7 p<0.001).
4 Discussion

Our research focused on identifying the risk factors associated

with suicide attempts among individuals diagnosed with
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Treatment-Resistant Depression (TRD) who were receiving care at

an outpatient mental health facility in Italy. We observed that

substance use was associated with a higher rate of suicide attempts.

Additionally, psychiatric comorbidities, namely borderline

personality disorder, were also associated with a higher rate of

suicide attempts.

Notably, about 30% of individuals with TRD make suicide

attempts at least once in their lifetime, as reported by several

studies, twice as much as in non-resistant depression (31, 32).

This datum is in line with the percentage registered in our sample

(33%, n=21). This underscores the need of vigilant clinical

monitoring of TRD patients, considering that a close psychiatric

follow-up following a suicide attempt has demonstrated an

antisuicidal protective effect (33).

In our sample, 77.8% were female patients. This prevalence is

higher than in previous studies, but in line with generally higher

prevalence of TRD in females (34), as well as in MDD in general

(35, 36). For example, Herlein and colleagues identified a 62.3%

prevalence of females in their sample, while another study recorded

a female prevalence rate of 52.6% (37). In our sample, patients who

have attempted suicide are on average younger (44.2 vs 51.6 years

old), as previous research has already outlined (38).

The association between substance use and suicidal attempts

that we observed is in line with previous research: one nested case-

control study (39) based on a Swedish nation-wide register of TRD

patients observed a correlation of substance use disorders,

personality disorders, and anxiety disorders with attempted

suicides. Our hypothesis is that substance use disorder may be a

proxy of impulsiveness which could result in suicide attempts. Our

findings emphasise the importance of implementing primary and

secondary prevention strategies regarding psychoactive substance

use, as well as to enhance cooperation between general psychiatry

and addiction mental health services (40).

In our study, psychiatric comorbidities have been associated

with suicide attempts. In a recent study, patients with TRD,

compared to patients with MDD have a higher rate of psychiatric

comorbidities, a longer duration of depressive episodes and three

times the number of inpatient bed-days (41). These findings stress

the importance of early identification of patients with MDD and

high risk of TRD, in order to target health care efforts (42). Taking

into account the HAM-D rating scale, we found that higher scores

(i.e. worse depressive symptomatology) were associated with suicide

attempts. This datum has been already highlighted by previous

studies (43, 44). In the same way, it has been demonstrated that

patients with TRD have on average higher HAM-D scores than
TABLE 1 General characteristics of the sample.

Socio-demographic and psychopathological variables
features of the sample (N=63)

Gender 49 F (77.8%), 14 M (22.2%)

Age (Mean, SD, range) 49.2 (15.9), 19-79

Marital status single 31 (49.2%)
married/in a relationship 32 (50.8%)

Children Yes 34 (56%)
No 29 (46%)

Education Primary school 4 (6.3%)
Secondary school 20 (31.7%)
High school 31 (49.2%),
University degree 8 (12.7%)

Employment status Unemployed 22 (34.9%)
Employed 26 (41.3%)
Student 5 (7.9%)
Retired 10 (15.9%)

Familiar history for
mental disorders

Yes 32 (50.8%)
No 31 (49.2%)

Age of first depressive
episode (Mean,
SD, range)

34.2 (17.2) 11-79

Psychiatric
Comorbidities

Yes 34 (54%)
No 29 (46%)

Psychiatric
Comorbidities (ICD-10
or SCID-II criteria)

None 29 (46%)
Personality disorder 23 (36.5%): borderline 10,
narcissistic 2, histrionic 1, dependent 2, obsessive-
compulsive 1, NOS 7
Eating disorder 3 (4.8%)
Bipolar disorder 3 (4.8%)
PTSD 1(1.6%)
Autism spectrum disorder 1 (1.6%)
Generalised anxiety disorder 1 (1.6%)
Cyclothymic disorder (1.6%)
OCD 1 (1.6%)

Substance use Yes 27 (42.9%)
No 36 (57.1%)

Suicide attempts Yes 21 (33.3%)
No 42 (66.7%)

Main
antidepressant
prescribed

Sertraline 7 (11.1%)
Venlafaxine 6 (9.5%)
Vortioxetine 6 (9.5%)
Trazodone 3 (4.8%)
Duloxetine 2 (3.2%)
Fluoxetine 2 (3.2%)
Escitalopram 2 (3.2%)
Paroxetine 2 (3.2%)
Mirtazapine 1 (1.6%)
Citalopram 1 (1.6%)
Clomipramine 1 (1.6%)
Esketamine 30 (47.6%)

Concomitant
therapies:
antipsychotics

Yes 44 (69.8%)
No 19 (27.3%)

Concomitant therapies:
mood stabilisers

Yes 35 (55.6%)
No 28 (44.4%)

MADRS (baseline) 27.0 (13.7)

(Continued)
TABLE 1 Continued

Socio-demographic and psychopathological variables
features of the sample (N=63)

HAM-A (baseline) 25.2 (15.9)

HAM-D (baseline) 22.6 (17.6)

BPRS (baseline) 47.3 (16.7)

KMDRS (baseline) 13.6 (6.75)
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TABLE 2 Univariate analysis.

Variable Suicidal Attempt
(No) N=42

Suicidal Attempt
(Yes) N=21

P Chi-square/U di
Mann-Whitney

Gender F 31 18 0.284 1.15*

M 11 3

Marital status Single 21 10 0.86 0.031*

Married/in
a relationship

21 11

Children Yes 22 12 0.721 0.128*

No 20 9

Age (mean, SD, range) 51.6 (15.3)
range 22-79

44.2 (16.1) range 16-72 0.092 325^

Education Primary School 4 0 0.059 7.43*

Secondary school 12 8

High school 18 13

Degree 8 0

Occupation Unemployed 15 7 0.319 3.52*

Employed 15 11

Retired 9 1

Student 3 2

Substance use Yes 14 13 0.031 4.67*

No 28 8

Psychiatric comorbidity Yes 19 15 0.049 3.87*

No 23 6

Personality disorder Yes 11 12 0.016 5.79*

No 31 9

Personality disorder (type) Borderline 4 6 0.563 4.72*

Narcissistic 1 1

Histrionic 1 0

Dependent 1 1

Obsessive-
compulsive

1 0

NOS 3 4

Previous major depressive episodes (N, SD) 4.22 (4.72) 4.05 (4.40) 0.897 0.130^

Family history for
mental disorders

Yes 21 11 0.931 0.008*

No 20 10

Concomitant
therapies: antipsychotics

Yes 29 15 0.846 0.038*

No 13 6

Concomitant therapies:
mood stabilisers

Yes 22 13 0.473 0.514*

No 20 8

HAM-A 23.0 (14.6) 29.8 (17.9) 0.111 -1.162^

HAM-D 18.7 (13.4) 30.4 (22.4) 0.012 -2.59^

(Continued)
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patients with major depression, as well as a longer duration of

illness (45).

Furthermore, we found an association between personality

disorders and suicidal attempts. This finding has been already

outlined by Reutfors et al. (39), who found as independent risk

factors for suicidal attempts a history of suicide attempts, substance

abuse, personality disorders, and somatic comorbidity. This finding

implies a careful assessment of personality disorders through

evidence-based instruments, as well as an adequate treatment

with a targeted psychotherapy (46, 47). As far as our sample is

concerned, the most represented among personality disorders was

borderline personality disorder (BPD, n=10, 15.9% of the total

sample and 43.5% of personality disorders, respectively). Depressive

disorder and borderline personality disorder are often comorbid.

The high impulsivity and the poor mentalizing skills that are core

feature of BPD often lead to self-injurious behaviours and suicide

attempts. As well as TRD, borderline personality disorder responds

poorly to conventional pharmacological treatments. However, we

didn’t find a specifical association between BPD and suicidal

attempts, since patients with BPD were nearly equally distributed

in the two categories. This may also be related to the relatively small

sample size of our study, and study with a bigger sample could

better define this association.

The topic of suicidality among patients with a primary

diagnosis of treatment-resistant depression necessitates

meticulous investigation, given the heightened prevalence of

suicidal thoughts, attempts, and completed suicides in individuals

with TRD as opposed to those with Major Depressive Disorder

(MDD) (48). TRD represents a clinical challenge in psychiatry,

since it is associated with a loss of quality of life, a lower

productivity, more hospitalizations and higher healthcare costs

(49, 50).

Some pharmacological therapies have shown promising results

in treating TRD. For example, esketamine, the levo enantiomer of

ketamine, has been approved for the treatment of TRD and can be

administered as a nasal spray. This drug has proven generally safe

and well tolerated and has provided meaningful and rapid impact
Frontiers in Psychiatry 06106
on reducing depressive symptoms and suicide ideation (51). A

possible beneficial effect on suicidal behaviour in TRD patients has

also been suggested for lithium. In a meta-analysis by Cipriani and

colleagues (52) authors found that lithium helped reducing suicide

risk in patients with mood disorders. It was hypothesised that it may

exert its antisuicidal effects by reducing relapse of mood disorder

and also by decreasing aggression and possibly impulsivity, which

might be another mechanism mediating the antisuicidal effect.

Regarding TRD, evidence about lithium’s antisuicidal effects is

still poor.

As far as non-pharmacological treatments are concerned,

various studies have focused on Repetitive Transcranial Magnetic

Stimulation (rTMS) that is a non-invasive brain stimulation

technique used to treat mood disorders, including TRD, but also

other mental illnesses such as obsessive-compulsive disorder (OCD)

and borderline personality disorder (BPD). A recent meta-analysis

by Chen et al. (53) found that rTMS significantly reduced suicidal

ideation and improved depressive symptoms. Focusing on suicidal

ideation, this was reduced after rTMS in patients with major

depressive disorder but not in those with TRD.

Our study has several limitations. First of all, the sample size

was quite small, thus limiting the generalizability of the results. In

this regard, future studies with larger sample sizes and a prospective

design could provide a more precise insight into our findings.

Moreover, our study did not collect other relevant parameters

re lated to suicidal attempts , such as the number of

hospitalizations and the modality of attempted suicide, which is

known to be a relevant diagnostic and prognostic factor (54).

Secondly, we did not use a specific appropriate assessment

instrument for suicidal ideation (48, 55). These limitations are

mainly due to the research design which was carried out at a

public mental healthcare facility, in a “real world” setting.

Therefore, assessments were not specifically designed to

investigate specific psychopathological domains. A larger

sample size and a more careful assessment of these features could

lead to more accurate results. Lastly, we did not perform a

psychopathological assessment at follow-up with the rating scales
TABLE 2 Continued

Variable Suicidal Attempt
(No) N=42

Suicidal Attempt
(Yes) N=21

P Chi-square/U di
Mann-Whitney

MADRS 25.7 (12.4) 29.6 (15.9) 0.289 -1.07^

BPRS 46.4 (16.8) 48.9 (17.3) 0.579 -0.558^

KMDRS 14.4 (6.67) 12.3 (6.86) 0.249 1.16^
*chi-square test; ^t- test or Mann-Whitney test. Bold characters indicate statistically significant values (p<0.05).
TABLE 3 Predictors of suicidal attempts-model 1.

Predictor SE Z P OR 95% CI

Psychiatric comorbidity 1.332 2 0.046 3.788 1.026 13.994

Substance use 0.021 2.72 0.007 6.779 1.705 13.994

HAM-D 0.0212 2.62 0.009 1.057 1.014 1.102
chi-square test; ^t- test or Mann-Whitney test. Bold characters indicate statistically significant values (p<0.05).
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performed at baseline. Such finding would have allowed us to

highlight symptomatic changes at follow-up and any correlations

with suicidal behaviors. In future research, it could be interesting, as

we found an association between HAM-D scores and suicide

attempts, to analyze separately every single item of this scale with

respect to suicidality in a more dimensional approach. Indeed, the

National Institute of Mental Health Collaborative Depression study

highlighted three group of symptoms (1, anhedonia, hopelessness;

2, anxiety, agitation, panic; 3, aggression, impulsivity) as more

predictive of suicide than either diagnoses or syndrome (56).

Our study supports the importance of performing a careful clinical

evaluation of patients with treatment-resistant depression and of

raising awareness among clinicians to prevent pseudo-resistance and

to identify factors associated with increased severity of symptoms. In

this regard, it would be useful to insert standardised evaluation such as

the HAM-D scale (which is overall not time-consuming) in clinical

practice. Additionally, assessment of personality disorders as well as

potential dysfunctional personality traits deserve a place in clinical

practice (57). On the other hand, clinicians should strictly adhere to

pharmacological guidelines, following the correct doses of each

medication and the adequate duration of the treatment in order to

identify TRD correctly and perform a differential diagnosis between

TRD and refractory depression, that is a form of depressive disorder

that has not shown adequate response to any treatment (58). For a

more personalised and targeted therapy, pharmacogenomic tests hold

great promise for future routine clinical practice but now they are

mostly limited to specialised services (59). In conclusion, clinical

practice should incorporate personalized medicine principles in order

to choose more effective pharmacological and psychosocial

therapeutic strategies.
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Development of a multivariate
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antidepressant resistant
depression using reward-
related predictors
Xiao Liu* and Stephen J. Read

Department of Psychology, University of Southern California, Los Angeles, CA, United States
Introduction: Individuals with depression who do not respond to two or more

courses of serotonergic antidepressants tend to have greater deficits in reward

processing and greater internalizing symptoms, yet there is no validated self-

report method to determine the likelihood of treatment resistance based on

these symptom dimensions.

Methods: This online case-control study leverages machine learning techniques

to identify differences in self-reported anhedonia and internalizing symptom

profiles of antidepressant non-responders compared to responders and healthy

controls, as an initial proof-of-concept for relating these indicators to

medication responsiveness. Random forest classifiers were used to identify a

subset from a set of 24 reward predictors that distinguished among serotonergic

medication resistant, non-resistant, and non-depressed individuals recruited

online (N = 393). Feature selection was implemented to refine model

prediction and improve interpretability.

Results: Accuracies for full predictor models ranged from .54 to .71, while feature

selected models retained 3-5 predictors and generated accuracies of .42 to .70.

Several models performed significantly above chance. Sensitivity for non-

responders was greatest after feature selection when compared to only

responders, reaching .82 with 3 predictors. The predictors retained from

feature selection were then explored using factor analysis at the item level and

cluster analysis of the full data to determine empirically driven data structures.

Discussion: Non-responders displayed 3 distinct symptom profiles along

internalizing dimensions of anxiety, anhedonia, motivation, and cognitive

function. Results should be replicated in a prospective cohort sample for

predictive validity; however, this study demonstrates validity for using a limited

anhedonia and internalizing self-report instrument for distinguishing between

antidepressant resistant and responsive depression profiles.
KEYWORDS

depression, treatment-resistant, antidepressants, SSRI, anhedonia, internalizing,
reward, machine learning
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Introduction

Major Depressive Disorder (MDD) is a heterogeneous disorder

with widespread effects (1). Serotonergic antidepressants (e.g.

selective serotonin reuptake inhibitors and serotonin and

norepinephrine reuptake inhibitors; SSRIs and SNRIs) are standard

first-line treatment for MDD, but have high non-response rates and a

6-8 week latency for symptom reduction (2, 3). There is currently no

standard set of self-report items for prediction of response likelihood

to SSRI/SNRIs in a clinical setting. Patients are often asked to

complete extensive questionnaires and multiple self-report scales

upon intake, which increases treatment and diagnostic burden.

Therefore, we aim to identify a limited set of self-report items that

can be administered with minimal burden to clinicians and patients

for identifying pre-morbid treatment resistance to serotonergic

antidepressants. In this study, we provide a proof-of-concept by

first identifying a set of scales related to reward processing that

differentiate between individuals with depression (MDD),

antidepressant-resistant depression (ARD), and non-depressed

adults. We intend to use this set of items in future research to

determine their predictive validity for ARD.

Anhedonia is a symptom frequently present in individuals

with depression following the administration of serotonergic

antidepressants, and presence of anhedonia at pre-treatment

predicts poorer response to these medications (4–11).

Anhedonia arises from impairments in reward processing (12–

14). It is defined in the Diagnostic and Statistical Manual of

Mental Disorders, Fifth Edition (15) as low interest in and

hedonic pleasure for reward. Alternative depression treatments

such as esketamine and neuromodulatory therapies are used after

non-response to multiple rounds of serotonergic medication has

been established, and these treatments often specifically target

anhedonia via the dopaminergic reward system (16–19). There is

strong empirical evidence that traditional antidepressants such as

SSRI/SNRIs can induce emotional blunting and apathy in

individuals with depression (20–23). Fatigue and lack of

concentration have also been reported as persistent residual

symptoms post-treatment (24, 25), which can both be

mechanistically linked to reward processing as they arise due to

dopamine and norepinephrine deficiencies (26–28). Anhedonia in

MDD is multifaceted (12), leading to a need for identifying the

combination of anhedonia subcomponents with the greatest

validity for discriminating between non-resistant MDD and

ARD. We aim to balance discriminant validity with clinical

utility by identifying a set of items that are practical to administer.

The National Institute of Mental Health has incorporated

research delineating the function of reward processing into a

framework of transdiagnostic neurobiological and behavioral

mechanisms. This Research Domain Criteria framework posits that

the domain of Positive Valence Systems is composed of reward

responsiveness, reward valuation, and reward learning. These also

map onto neural models of anticipatory vs. consummatory

anhedonia proposed and validated by Berridge (29) such that

anticipation maps onto “wanting” and consummation maps onto

“liking”. Berridge found these processes to be governed by disparate

brain networks and to operate somewhat independently of each other
Frontiers in Psychiatry 02111
(29–31). Recent studies have presented a more detailed chain of

neural signaling in reward processing: (1) incentive salience

(internally cued desire; wanting), (2) anticipation (readiness for

reward), (3) motivation (effort to obtain the reward), (4) hedonic

response (consummation of reward, or liking), and (5) feedback

integration (learning) (32–34). Additionally, personality traits such as

extraversion have been shown to modulate sensitivity to reward (35).

In line with recent efforts to define the dimensional structure

underlying psychopathology (36–38), we recognize anhedonia as

part of a broader transdiagnostic endophenotype of internalizing

symptomatology (39, 40). An internalizing spectrum of

psychopathology has been well established and includes

depressive disorders, general anxiety disorder, social anxiety

disorder, and panic disorder, all of which are characterized by

high levels of mood and cognitive disturbances (41–43). A common

internalizing mechanism may help explain high rates of

comorbidity between these disorders. Empirical research

converges with a model of internalizing factors consisting of low

positive affect in the form of loss of motivation and interest

(anhedonia) and high negative affect in the form of anxious

arousal and apprehension (39, 40). Thus, comprehensive

measurement is needed to gain information about the type(s) of

anhedonia and related impairments present in ARD.

To advance research, it is necessary to first identify where the

greatest differences exist in individuals with ARD versus

antidepressant responsive MDD, and how these vary from more

general differences between individuals with and without

depression. Machine learning methods have been increasingly

used for complex biological models with limited sample sizes and

have demonstrated utility in finding patterns, especially within high

dimensional data (44–48). For a detailed account of the advantages

to using machine learning methods over traditional regression,

please see Supplementary Materials.

In the current paper, we rely on Random Forests, a non-

parametric statistical technique. Non-parametric statistical

techniques make no assumptions about the underlying distribution

of the data, and similarly, non-parametric machine learning models

do not assume a pre-specified form. Non-parametric classification

algorithms have been used in large naturalistic MDD studies such as

the Sequenced Treatment Alternatives to Relieve Depression

(STAR*D), Combining Medications to Enhance Depression

Outcomes (CO-MED), Genome-based Therapeutic Drugs for

Depression (GENDEP) and the German Research Network on

Depression (GRND) databases to predict treatment outcomes using

sets of clinical and sociodemographic predictors, with reported

accuracy rates ranging between.5 to.8 (44, 49–53). However,

criticisms of using such models for treatment prognosis include

their complexity, requiring comprehensive symptom and treatment

data on each patient. In addition, they have a “black box”

methodology where the process of prediction is either hidden or

uninterpretable. Thus, machine learning techniques have been

leveraged at the basic and translational research phases but require

more simplification and transparency to be useful in clinical

application. To date there has been limited work on using findings

generated from basic and translational research to develop a practical

instrument for predicting antidepressant medication prognosis.
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We will use supervised machine learning methods to

differentiate individuals who are ARD and medication responsive

using a limited but comprehensive set of phenomenological

predictors related to reward. We aim to provide an initial proof-

of-concept for a practical self-report instrument to identify

individuals with ARD based on a limited set of anhedonia and

related items, which can then be refined and validated

longitudinally. Additionally, we will use unsupervised machine

learning to explore empirical patterns in the subset of significant

predictors. To be useful in clinical practice, this proto-instrument

will need to distinguish individuals with ARD from a population of

potential patients who either (1) have depression or (2) do not have

depression. Therefore, unlike previous machine learning studies

that draw only from a population of patients with depression, this

study will assess 3 groups of individuals: ARD, non-resistant

depression (MDD), and non-depressed healthy controls (HC). In

line with recent work using a wider range of clinical and

sociodemographic variables for predicting treatment-resistance

(52), it is hypothesized that we will be able to identify a set of

measures and items to discriminate between groups at clinically

meaningful levels (44, 54).
Materials and methods

Participants

The methods for this study, including sample size and analyses,

were registered prior to viewing any collected data (55). Participants

(N = 399, femaleprop = .49) aged 18 or older were recruited using

Prolific and ResearchMatch from a population pool within the

United States between the months of April-December 2022. The

number of participants deviated from the preregistered sample size

of N = 600, although are achieved sample size is adequate for

Random Forests. Recent evidence suggests a rule of thumb of 5 - 10

events per predictor variable, with the upper end recommended for

samples with 30 events or fewer (56, 57). In this study, the event of

interest was presence of ARD (N = 164), and classification models

used up to 24 predictors, thus falling within in the acceptable range.

ResearchMatch is a national health volunteer registry funded by

the U.S. National Institutes of Health as part of the Clinical

Translational Science Award (CTSA) program. ResearchMatch

volunteers have consented to be contacted by researchers about

health studies for which they may be eligible. Prolific is an online

research platform with behavioral and diagnostic filtering

capabilities that helps researchers post studies and recruit from a

general population. Our sample consisted of a similar proportion of

participants recruited from Prolific (51%) and ResearchMatch

(49%). The proportion of individuals within each group by

platform is provided in Supplementary Materials (S0).

Inclusion criteria were adults fluent in English, who have a self-

identified diagnosis of unipolar depression with either symptom

improvement from at least 1 full course (> 4 weeks) of SSRI/SNRI

medication) or non-improvement with at least 2 full courses of

SSRI/SNRIs. Clinicians frequently use subjective report when

defining depression treatment response (58). This study’s use of
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self-classification aligns with previous research methodology for

identifying treatment resistance and uses the definition of

inadequate response published by the US Food and Drug

Administration (59) and European Medicines Agency (60).

Clinical records were not obtained as we tried to minimize risk to

participants of identification by collecting anonymous data. We

additionally recruited a non-depressed control sample who have

never been diagnosed with depression and scored ≤ 3 on the Patient

Health Questionnaire-2 (PHQ-2) (61). Exclusion criteria were

individuals with bipolar depression, psychosis, ADHD, and any

personality disorder, to minimize confounding variables due to

different treatments for these disorders. We also excluded

individuals regularly taking bupropion, stimulant medications,

pramipexole, or L-dopa medication due to their direct effects on

the dopamine reward system. However, we did not exclude

individuals on the basis of substances of abuse.

We recruited participants who were not treatment naïve so they

could identify whether antidepressants worked for them. This was a

cross sectional study aimed at investigating the differences in

reward processing for individuals with and without ARD, and

determining the predictive validity of these reward measures was

out of the scope of this study. To confirm that minimal or no effects

of serotonergic medication on anhedonia existed in our sample, we

conducted moderation analyses for reported presence of medication

on the effect of group on each anhedonia metric with the intent to

exclude measures moderated by presence of medication.

Screening for individuals recruited from ResearchMatch was

implemented online via the REDCap (Research Electronic Data

Capture; 62, 63) platform hosted at the University of Southern

California. On Prolific, screening was implemented via a study

where participants were compensated based on average time spent.

Screening measures included an author-constructed questionnaire

of depression diagnosis and treatment history for recruitment of the

2 depression groups and the PHQ-2 (61) for recruitment of the

healthy control group. Screening was also used to balance ARD vs.

MDD groups. Review and approval for this study and all procedures

was obtained from the institutional review board at the University

of Southern California.
Procedure

Participants were administered a battery of validated scales

measuring depression, reward anticipation and hedonic

experience, motivation, and personality via the online survey

platform “Psytoolkit” (64, 65). This platform does not allow

surveys to be saved and returned to at a later time. Survey items

were grouped and displayed across 3 pages, and participants were

told that they must reach the end of the study to be compensated.

However, survey items were not mandatory and participants were

able to navigate back and forth across pages. Validated scales were

chosen to represent all stages of reward processing and stable traits

related to reward. Scales were selected for inclusion if they

contained items measuring a distinct component of anhedonia.

Inter-item reliabilities for the scales are reported in Table 1 and

ranged from acceptable to high. Summary statistics of item means
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and standard deviations (SD) for each of the 24 subscales are

displayed in Table 2.
Instrumentation

Depression measure
1. Patient health questionnaire-9 (PHQ-9) (66): 9 item 4-point

Likert-based scale on frequency of depression symptomatology over

the past 2 weeks. The PHQ-9 was validated against the mental

health professional interview in a sample of 3000 patients, with a

reported sensitivity of 75% and a specificity of 90% for

major depression.

Reward processing measures
Fron
1. Inventory of depression and anxiety symptoms expanded

version (IDAS-II) (67) The dysphoria subscale (IDASdy)

contains items related to depressed mood, worthlessness,

and guilt. The lassitude subscale (IDASla) contains items

reflecting low energy. This study only administered the

subset of items contained in these 2 subscales.

2. Temporal experience of pleasure scale (TEPS) (68): 18 item

6-point Likert-based scale consisting of two subscales

measuring consummatory (TEPSc) and anticipatory

(TEPSa) experience of pleasure.

3. Motivation and energy inventory (MEI) (69): 30-item Likert-

based questionnaire with subscales for mental energy

(MEIme), physical energy (MEIpe), and social motivation

(MEIsm). The MEIme subscale is composed of cognitive

functioning items, such as memory, concentration, and

decision-making. The MEIpe subscale is composed of

physical energy items. The MEIsm subscale is composed of

items related to both interest and frequency of social activity

and motivation for recreational activities. Each MEI subscale

significantly distinguished between responders and non-

responders in an 8-week antidepressant vs placebo trial (p

<.001 for all pairwise t-tests).
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4. Mood and anxiety symptoms questionnaire short

adaptation (MASQ-D30) (70): 30-item 5-point Likert-

based short form of the MASQ (71) used to assess trait

symptomatology based on Clark and Watson’s Tripartite

Model (41) of psychopathology, with 10 items each loading

onto general distress (MASQgd), anxious arousal

(MASQaa), and anhedonic depression (MASQad) factors.

5. Depression anxiety stress scale (DASS) (72): 42-item 4-

point Likert-based scale designed to assess functioning

using 3 subscales: depression (low positive affect and

hopelessness; DASSd), anxiety (arousal and hyperarousal;

DASSa), and stress (agitation or negative affect; DASSs).

6. Anticipatory and consummatory interpersonal pleasure

scale (ACIPS) (73): 17 item 6-point Likert-based scale

consisting of 7 anticipatory and 10 consummatory social

pleasure items. Three subscales indicating anhedonia

toward intimate social interactions (ACIPSis), group

social interactions (ACIPSgs), and social bonding and

making connections (ACIPSsb).
Trait measures
1. Behavioral inhibition activation scale (BIS/BAS) (74): 24

item 4-point Likert-based scale consisting of 4 subscales

mapping onto behavioral inhibition (BIS), drive (BASd),

reward responsiveness (BASr), and fun-seeking (BASf).

The latter 3 were found to strongly load onto a second

order factor of behavioral activation.

2. Big five aspect scale (BFAS) (75): 100-item 5-point Likert

scale assessing two factor components of each of the big five

personality constructs. In this study only items related to

extraversion and neuroticism were used, as these traits are

most related to a diathesis for depression. Extraversion is

composed of the enthusiasm (BFASee) and assertiveness

(BFASea) subscales. Neuroticism is composed of the

withdrawn (BFASnw) and emotional volatility (BFASnv)

subscales. Each subscale consists of 10 items for a total of

40 items.
Analysis

Supervised machine learning algorithms are used to solve

prediction problems where data is labeled (a dependent variable is

specified). The full set of observations is split into training and test

datasets, and the algorithm uses labels in the training set to improve

accuracy while balancing generalizability to the test set. Random forest

(RF) is a supervised classifier composed of an ensemble of decision

trees; each of which is grown on a bootstrapped sample with a

randomly selected subset of predictors, where results are aggregated

by majority voting (76). In our pre-registration, we specified use of

regularized regression methods, which can be used for continuous

outcomes. However, RF is widely used for classification due to its
TABLE 1 Inter-item reliabilities for each scale.

Scale Cronbach’s a

PHQ-9 .87

MEI .91

TEPS .82

MASQ .90

BFAS .74

DASS .97

BIS .74

BAS .85

ACIPS .92
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robustness against skewed distributions, outliers, and data

transformations (77). It has been shown to perform well in previous

depression studies predicting treatment outcomes on large

datasets (52).

Model performance was assessed using the following metrics.

“Accuracy” refers to the proportion of cases correctly classified

across all classes. “Sensitivity” refers to the proportion of cases

within a specified class that were correctly classified (e.g.: the

proportion of ARD observations that were predicted to be ARD

by the model). “Specificity” refers to the proportion of cases not

within a specified class that were correctly classified (e.g.: ARD

specificity refers to the proportion of MDD and HC cases not

classified as ARD by the model). As we are interested in the

generalizability of models to new data, hypothesis testing was

employed to assess whether test set prediction accuracy was

significantly different from chance using the “no-information
Frontiers in Psychiatry 05114
rate”, which is the prevalence of the largest class (78). Out-of-bag

(OOB) accuracy was reported for each model, which is defined as 1

minus the average error of all predictions made using the training

observations not within the bootstrapped sample. Sensitivity and

specificity for training and test sets are reported for all models.

RF classifiers were implemented using the “RandomForest” (79)

and “caret” (78) packages for the statistical software R (version 4.2.2)

(80). Data were first divided using a pseudorandom 70/30 train/test

split maintaining similar proportions of group sizes in each set (ntrain =

276, ntest = 119). To avoid leakage, missing data for the train and test

sets were imputed separately using predictive mean matching with the

“Multiple Imputation by Chained Equations” (mice) (81) package for

R. 133 observations contained at least 1 item missing in the predictor

set, however total proportion of missingness in the data was low, at.4%.

The variables with the highest percent missing were BFAS item 39

(2.02%), BFAS item 33 (1.77%), and BFAS item 34 (1.77%).
TABLE 2 Summary statistics of predictor means by group. Pre-imputed statistics are calculated from the non-missing items for each subscale.

Raw Data Summary Statistics by Diagnostic Group

Predictor HC, N = 1001 MDD, N = 1291 ARD, N = 1641 p-value2 q-value3

MEIme 7.32 (1.93) 6.10 (2.25) 5.13 (2.01) <.001 <.001

MEIpe 6.18 (1.77) 4.38 (2.33) 4.54 (2.14) <.001 <.001

MEIsm 8.35 (2.85) 6.83 (3.01) 7.04 (3.10) <.001 .001

TEPSc 4.09 (.84) 4.34 (.91) 4.08 (.83) .014 .023

TEPSa 3.84 (.67) 3.81 (.75) 3.59 (.76) .052 .063

MASQaa 2.04 (.91) 2.15 (.89) 2.57 (.90) <.001 <.001

MASQad 3.37 (.69) 3.77 (.87) 3.72 (.98) <.001 <.001

MASQgd 2.54 (.77) 2.77 (.96) 3.21 (.81) <.001 <.001

BFASnw 3.01 (.69) 3.35 (.77) 3.47 (.66) <.001 <.001

BFASnv 2.77 (.77) 3.03 (.85) 3.08 (.73) .008 .013

BFASee 3.00 (.66) 3.02 (.83) 2.72 (.65) .004 .007

BFASea 2.94 (.69) 2.84 (.84) 2.92 (.75) .500 .500

IDASdy 2.42 (.73) 2.77 (.93) 3.21 (.78) <.001 <.001

IDASla 2.48 (.79) 3.01 (.89) 3.23 (.87) <.001 <.001

DASSd .97 (.67) 1.19 (.76) 1.59 (.73) <.001 <.001

DASSa .84 (.76) .85 (.72) 1.18 (.68) <.001 <.001

DASSs 1.06 (.69) 1.13 (.68) 1.47 (.62) <.001 <.001

BIS 2.84 (.46) 3.00 (.47) 2.94 (.47) .021 .030

BASd 2.45 (.61) 2.34 (.70) 2.54 (.64) .025 .033

BASr 2.96 (.58) 3.02 (.65) 2.86 (.60) .051 .063

BASf 2.65 (.55) 2.49 (.66) 2.63 (.65) .200 .200

ACIPSgs 4.00 (1.08) 4.12 (1.34) 3.74 (1.16) .021 .030

ACIPSis 3.99 (.90) 4.13 (1.07) 3.86 (.93) .063 .072

ACIPSsb 3.88 (.94) 4.04 (1.11) 3.90 (1.01) .200 .200
1Mean (SD).
2Kruskal-Wallis rank sum test.
3False discovery rate correction for multiple testing.
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A multiclass target variable (all three groups) and two binarized

target variables (ARD vs. non-ARD and ARD vs. MDD) were used

as labels for separate models. For the first binary model, data were

dummy-coded to compare ARD vs. both non-ARD groups. This

model was used to generate a subset of items for distinguishing

ARD from non-ARD in the general population. The other binary

model was built using only the 2 depression groups. It was used to

generate another subset of items for distinguishing ARD from

MDD in patients with depression. Thus, the variables retained

from this selection process were hypothesized to have the greatest

discriminability for ARD specifically.

We defined “full models” as classifiers that included all items

from the validated scales except PHQ-9, where item means were

computed within each subscale (p = 24; where p is the number of

predictors). Feature selection was applied separately to each model

using the “VarSelRF” (82, 83) package for R, with initial number of

trees = 5000 and number of trees for additional forests = 2000

(default suggested values). The algorithm uses backward

elimination to drop a portion (.2) of the least important variables

from the previous iteration. Using a similar process to Kautzky et al.

(52), we repeated the feature selection procedure with random seeds

of 1 to 500. Only those predictors retained in ≥ 80% of the results

were used in “small models”.

The hyperparameter “mtry” represents the number of predictors

to be randomly sampled for each split. It is set by the experimenter

and can be tuned to optimize model accuracy. We used grid search

to tune mtry separately from feature selection with values ranging

from 1 to p-1 using 10-fold cross-validation with 3 repeats of 500

trees each. Small models were trained and tuned separately using

this method for each target variable.

Lastly, we used unsupervised methods (factor analysis and

cluster analysis) to explore empirical patterns at the item level

with only items from the subscales driving highest RF model

accuracy. This study benefitted from empirically driven analysis

due to the exploratory nature of using a novel combination of

validated self-report subscales. We first conducted an exploratory

factor analysis to assess if further dimension reduction would be

plausible. The number of factors to extract was determined using

parallel analysis (84). Factor analysis was carried out using the

“psych” package for R (85) using an oblique “oblimin” rotation for

factor extraction and a minimum item loading cutoff of.3. Next, k-

means was used to explore empirical groupings of individuals (86).

K-means is a method of clustering observations into an

experimenter defined number of clusters k. This analysis was

carried out using the “kmeans” function in the “stats” package for

R, which is part of the R base code (80). K was determined by

optimizing for within cluster sum-of-squares (WSS) using the

“factoextra” package for R (87) and the “NbClust” package (88),

which provides 30 indices for determining the number of clusters to

use and proposes the best cluster number by majority vote. From

this function, the majority of indices proposed 2 to 4 clusters. The 2-

cluster solution was deemed trivial as one cluster was composed of

individuals with fewer depression symptoms and the other

composed of individuals with more severe depression. 3 and 4

clusters were computed for analysis and discussion.
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Data exclusion

3 subjects were excluded for failed attention checks. An

additional 2 subjects were excluded due to missing multiple items

comprising 1 or more subscales (predictor variable) to be used for

learning, and 1 subject was excluded based on missing the target

group variable. The resulting dataset comprised 393 subjects [49.0%

female, mean (SD) age = 34.6(11.0)].

Results

393 observations were included in the analysis, of which 41.7%

were self-identified individuals with ARD. Unimputed PHQ-9

depression score for the full dataset significantly differed across

groups (F = 24.58, p <.001), with post-hoc Tukey-corrected

comparisons revealing significant differences between ARD vs.

MDD (Mdiff(ARD – MDD) = .32, adjusted-p <.001), ARD vs. HC

(Mdiff(ARD – HC) = .53, adjusted-p <.001) and MDD vs. HC (Mdiff

(MDD – HC) = .21, adjusted-p = .030; see Supplementary Figure S1 for

distribution of PHQ-9 score across groups).

78.1% of the MDD group and 67.7% of the ARD group reported

taking an SSRI or SNRI for greater than 4 weeks at the time of this

study. Of these individuals, 52.7% in the ARD group and 53.9% in

the MDD group were taking an SSRI, 14.3% in the ARD and 20.6%

in the MDD medicated group were taking an SSRI with

augmentation, and 24.11% in the ARD and 18.63% in the MDD

medicated group reported taking an SNRI. 24 logistic regression

analyses examining the interaction effect of medication with each

predictor variable regressed on group were evaluated using the

generalized linear models (“glm”) function in base R (80). After

correcting for multiple comparisons by controlling for a false

discovery rate of <.05 using the Benjamini-Hochberg adjustment

(89), no interaction effects remained significant. Therefore, no

predictors were removed from the analysis. Please see

Supplementary Table S2 for mean predictor scores by group and

medication status as well as their BH-adjusted p-values.
Supervised learning

Multiclass target variable
The first RF model predicted group membership using the full

variable set for all groups and the specified 70/30 train/test split

resulting in 276 training observations with 116 events of interest

(for accuracy metrics see Table 3). In this multiclass model, the test

set accuracy (.54) was significantly higher than the no-information

rate of.42 (p = .004). The model had the highest sensitivity for the

ARD group (.71) and the highest specificity for the HC group (.86).

Test sensitivity was similar to training sensitivity for all groups.

Next, feature selection was implemented, and 5 variables

retained for small model classification. The variables meeting

criteria were: DASSa, MASQaa, IDASdy, MEIme, and MEIpe.

These variables describe anxiety, dysphoria, as well as mental and

physical energy. The ARD group had higher mean DASSa scores

than the MDD group (Mdiff(ARD – MDD) = .33) and a greater
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1349576
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Liu and Read 10.3389/fpsyt.2024.1349576
difference than the MDD vs. HC groups (Mdiff(MDD – HC) = .01)

groups. The ARD and MDD groups had a greater difference in

MASQaa score (Mdiff(ARD – MDD) = .42) than between MDD and HC

groups (Mdiff(MDD – HC) = .11). The ARD group had a higher

IDASdy mean score and a greater difference in score with the MDD

group (Mdiff(ARD – MDD) = .44) than the MDD and HC groups (Mdiff

(ARD – MDD) = .35). MEIme (Mdiff(ARD – MDD) = -.97; Mdiff(MDD –

HC) = -1.22) and MEIpe (Mdiff(ARD – MDD) = .16; Mdiff(MDD – HC) =

-1.80) were both substantially greater in the HC group than the two

depression groups.

A small model was subsequently fit using 10-fold cross

validation to tune mtry on the training set observations with only

the subset of predictors found using feature selection. Accuracy

slightly improved in the training data for HC (sensitivity = .59) and
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MDD (.48) but decreased in test (HC sensitivity = .33; MDD

sensitivity = .28; see Table 3); furthermore, no improvements

were seen in ARD train or test sensitivity over the full model.

Therefore, this small model variable set was rejected as a candidate

for prediction of ARD.

Binarized target variables
ARD vs. non-ARD

This model also used 276 training observations with 116 events

of interest. OOB accuracy for the full predictor set (.71) was similar

to test accuracy (.65). Sensitivity was slightly higher in the test set

for predicting ARD instances (.58) than the train set (.55). Full

accuracy metrics for the binary target variables are reported

in Table 4.

Feature selection of the ARD vs. non-ARD target variable

retained 5 variables. All the DASS subscales were retained in

addition to IDASdy and MEIme. The difference in mean score for

these subscales (except MEIme, which had similarly large

differences between all groups) were greater between ARD vs.

MDD than MDD vs. HC (DASSd: Mdiff(ARD – MDD) = .40; Mdiff

(MDD – HC) = .22; DASSs: Mdiff(ARD – MDD) = .34; Mdiff(MDD – HC) =

.07). Fitting a 10-fold cross validated model for mtry on the small set

of variables resulted in improved overall test accuracy and a

significant p-value for the hypothesis test of accuracy evaluated

against the no-information rate of.58 (accuracy = .70, p = .005).

Sensitivity (.63) and specificity (.75) for ARD improved moderately

in the small model.

ARD vs. MDD

This model was specified on 205 training observations and 116

events of interest. OOB accuracy on the full predictor set was.69

and.66 for test accuracy. Sensitivity for ARD cases in the cross-

validated train data reached.79, however the model did not

generalize as well (ARD test sensitivity = .65). Feature selection

resulted in only 2 variables retained under pre-defined criteria:

DASSd and MEIsm. The MEIsm subscale was surprisingly greater

in the ARD group than the MDD group (Mdiff(ARD – MDD) = .21).

Test accuracy (.61) and ARD sensitivity (.71) were somewhat

improved in this model. In the interest of finding a set of

variables with improved discriminability for ARD, we also

computed a 3-predictor (3-P) model including the next most

frequent variable selected (48% of random seed iterations):

DASSa. This model demonstrated a significantly greater test

accuracy over the no-information rate of.56 (accuracy = .67, p =

.020) with a test sensitivity for ARD of.82 and specificity of.49. Both

the 2-P and 3-P small models had the same specificity (.49) for

ARD; thus the 3-P model substantially increased accuracy of

classifying ARD cases, but not at the expense of MDD accuracy.

Generalization of binarized feature selection on
multiclass target variable

The set of predictors resulting in the greatest sensitivity to ARD

included: DASSd, DASSa, andMEIsm. This set was used to generate

predictions for the other target variables. Using the 3-predictor (3-

P) model to train on the multiclass target variable resulted in lower

sensitivities for HC (.27) and MDD (.36) in the test set, but slightly
TABLE 3 Multiclass full vs. small model metrics.

Full Model
Small
Model

3-P
Model

6-P
Model

Train

Optimal
mtry 5 1 1 1

OOB
Accuracy .57 .59 .51 .52

HC
sensitivity .54 .59 .37 .34

HC
specificity .89 .89 .83 .87

MDD
sensitivity .42 .48 .49 .44

MDD
specificity .77 .77 .72 .72

ARD
sensitivity .70 .67 .61 .68

ARD
specificity .68 .69 .69 .65

Test

Accuracy .54** .42 .47 .53*

95% CI (.45,.63) (.33,.52) (.38,.57) (.43,.62)

HC
sensitivity .45 .33 .27 .47

HC
specificity .86 .80 .81 .85

MDD
sensitivity .38 .28 .36 .33

MDD
specificity .80 .78 .76 .73

ARD
sensitivity .71 .59 .69 .71

ARD
specificity .62 .52 .62 .68
*p <.05.
**p <.01.
The full model was specified on all 24 predictors. Small model specification used only the
feature selected predictors trained on the multiclass variable. 3-P and 6-P models were
specified using feature selection on the binarized target variables. The no-information rate of
the test set was.42.
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improved sensitivity for ARD (.69). However, sensitivity did not

improve in the ARD vs. non-ARD target variable using this test set.

We also tested a combined 6-predictor (6-P) model using

predictors retained from both binarized target variables’ feature

selection processes on the multiclass variable. This resulted in a

small increase in overall test accuracy, which was significant over

the no-information rate (p = .010). ARD test sensitivity (.71) was

improved over the other multiclass models, however MDD (.33)

and HC (.47) sensitivity remained low. Full results are reported

in Table 3.
Unsupervised learning

In the following, only individual items from the 6-P model

subscales were analyzed: DASSd, DASSa, DASSs, MEIme, MEIsm,

and IDASdy. Only a very small percentage of observations were

missing from this subset (.03%). Therefore, to increase clarity of

data interpretation without a large risk of introducing bias,

predictive mean matching was used to impute missing data based

only on this subset of items using the “mice” package (81).

Exploratory factor analysis
We used exploratory factor analysis to confirm whether the

factor structure at the item level would be retained when combining

items from multiple validated scales. Parallel analysis suggested 6

factors in the item-level data. The 6-factor solution item loadings

are reported in Supplementary Table S3. Most items grouped into

their theoretically proposed subscales. We interpret the factors in

their order of extraction. The first factor was composed of

anhedonia items (mostly DASSd: “I couldn’t seem to experience

any positive feeling at all”). The second factor was composed mostly

of somatic anxiety items (DASSa: “I had a feeling of faintness”) and

some DASSs items (“I was in a state of nervous tension”). Factor 3
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was composed of cognitive function items (MEIme: “During the

past 4 weeks, how often did you have problems concentrating?”).

Factor 4 was composed solely of DASSs items related to distress (“I

found myself getting upset by quite trivial things”). Factor 5 was

composed almost solely of MEIsm items (“During the past 4 weeks,

to what extent were you interested in talking with others?”). Factor 6

was composed of 4 IDAS dysphoria items related to self-worth and

guilt (“I felt inadequate”). However, other items from the IDASdy

subscale loaded onto the first 3 factors. Only one item did not have a

loading >.3 onto any factors (MEIsm: “During the past 4 weeks, how

often did you avoid social conversations with others?”).

Cluster analysis
We performed cluster analysis of individuals using the subset of

individual items within the 6-P model using 4 clusters, determined

from optimizing for WSS. A cluster by WSS graph is presented in

Figure 1. Due to our sample having 3 diagnostic groups, we also

computed a 3-cluster solution. In the 3-cluster solution: cluster 1

was composed mostly of individuals from the MDD and ARD

groups. Cluster 2 consisted mostly of the ARD group, and cluster 3

consisted mostly of HC and MDD groups. In the 4-cluster solution:

cluster 1 consisted of mostly HC and ARD individuals. Clusters 2

and 3 consisted of mostly the MDD and ARD groups, while cluster

4 was mostly the HC and MDD groups. Cluster by group

frequencies are shown in Figure 2 for the k = 4 solution.

To characterize differences in symptom profiles across clusters,

we computed means of the standardized item scores for each of the

6 factor-analyzed dimensions. Results are summarized in Table 5.

3-cluster solution

The first cluster in the k = 3 solution can be interpreted as

capturing the similarities between the 2 depression groups (nHC/

MDD/ARD = 15/47/63). This cluster had the lowest motivation and

above average levels of anhedonia and dysphoria as well as below
TABLE 4 Binarized target variables’ full vs. small model metrics.

ARD vs. non-ARD ARD vs. MDD

Full Model Small Model 3-P Model Full Model 2-P Model 3-P Model

Train

Optimal mtry 3 1 1 2 1 1

OOB Accuracy .71 .70 .67 .69 .68 .67

ARD Sensitivity .55 .59 .57 .79 .77 .74

ARD Specificity .83 .78 .75 .57 .57 .59

Test

Test Accuracy .65 .70** .64 .66* .61 .67*

95% CI (.56,.74) (.61,.78) (.55,.73) (.55,.76) (.50,.72) (.56,.77)

ARD Sensitivity .57 .63 .59 .86 .71 .82

ARD Specificity .71 .75 .68 .41 .49 .49
*p <.05.
**p <.01.
The mtry hyperparameter was optimized on accuracy, which is the proportion of correct categorizations. OOB accuracy represents the proportion of correct cases not within each bootstrapped
sample for all classes. Test accuracy represents the proportion of correctly classified cases in the test set for all classes. Sensitivity represents correctly classified cases of the selected class. Specificity
represents correctly classified cases not of the selected class. Full model specification included all 24 predictor variables. Small model specification included only the variables meeting selection
criteria when trained on the corresponding target variable’s training set. 3-P and 2-P models were specified using the feature selection procedure with the ARD vs. MDD target variable.
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average anxiety. The second cluster (nHC/MDD/ARD = 36/30/72) was

composed of mostly the ARD group. This cluster displayed the

highest anxiety, anhedonia, distress, and dysphoria coupled with the

lowest cognitive functioning. Interestingly, this cluster also

displayed above average social motivation. The 3rd cluster (nHC/

MDD/ARD = 49/52/29) was composed mostly of the HC group, and

displayed low anhedonia, anxiety, distress, and dysphoria along

with above average cognitive functioning and motivation.

4-cluster solution

The first cluster (nHC/MDD/ARD = 36/22/56) in the k = 4 solution

was composed mostly of commonalities between ARD and HC

groups. This cluster was characterized by the highest anxiety of all

clusters, along with above average anhedonia, distress, and dysphoria

and below average mental functioning. Similar to cluster 2 in the 3-

cluster model, this cluster also had high motivation. Cluster 2 (nHC/

MDD/ARD = 29/49/59) was composed mostly of commonalities

between MDD and ARD groups, and displayed low anhedonia,

anxiety, distress and dysphoria along with low motivation. Cluster

3 (nHC/MDD/ARD = 3/27/37) was composed of mostly ARD

individuals and displayed the highest levels of anhedonia and the

lowest levels of motivation and cognitive functioning. This group also

had the highest levels of dysphoria and above average distress and

anxiety. Cluster 4 (nHC/MDD/ARD = 32/31/12) represented similarities
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between HC and MDD groups, and displayed the lowest levels of

anhedonia, anxiety, distress, and dysphoria. This group also had

above average motivation and cognitive functioning. See Figure 3 for

graphical depiction of cluster profiles.
Discussion

Random forest classification models built using anhedonia and

other internalizing predictors reached accuracy levels ranging

from.42-.71. Sensitivity for ARD ranged from.55-.86 and

specificity ranged from.49 -.83 (proportion of ARD individuals in

the total sample = .42 and in the depression only groups = .56).

Model performance based on anhedonia and related predictors was

comparable to results reported from other studies using

comprehensive sets of demographic, socioeconomic and clinical

predictors from cohort depression databases (44, 49, 52, 90, 91).

Several models including the full multiclass comparison reached

test accuracy levels significantly above chance. The small model

with best overall accuracy and sensitivity for ARD contained 6

predictors and factor analyzed into 6 symptom dimensions at the

item level. Cluster analyses revealed 3-4 empirical groupings

varying in affective and cognitive disturbance along these

6 dimensions.

Optimal mtry varied between 1-5 and was generally smaller for

each cross-validated model than the recommended rule of thumb

(mtry = √predictors; for a plot of accuracy by mtry values for the

multiclass variable full model, see Supplementary Figure S4). Larger

values of this hyperparameter generate more optimized forests, as

the best predictor can more often be chosen for each split. However,

this can also lead to overfitting. Smaller mtry values lead to a weaker

but more diverse forest as only a few predictors are tested at a time,

and models can generalize better when making predictions for test

set observations. All small models performed best with mtry = 1.

Feature selection of the binarized comparisons (the 6-P model)

resulted in a set of variables with greater discriminability for ARD.

The 6-P model performed better in test sensitivity/specificity for

ARD in the multiclass comparison than the set of selected variables

specified using the multiclass target variable itself. These variables

encompassed the measurement of low pleasure (“I couldn’t seem to

experience any positive feeling at all”), motivation (“During the past

4 weeks, how often did you engage in recreational activities or
FIGURE 1

Number of clusters. Total WSS is plotted by number of clusters.
Beyond k = 4, the WSS incrementally decreases at a decreasing rate.
Therefore, a 4-cluster solution was chosen to prevent unnecessary
complexity and inaccuracies to data modeling and interpretation.
FIGURE 2

Cluster composition by group. Cluster number and proportion by group (% of total cluster) are shown for k = 4. Size of each cluster is indicated on
the right vertical axis.
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hobbies?”), cognitive function (“During the past 4 weeks, how often

did you have trouble making minor decisions?”), stress (“I found

myself getting upset rather easily”), and anxiety (“I felt that I was

using a lot of nervous energy”), whereas the set of items specified

using the multiclass target contained predictors related more to
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somatic anxiety and physical energy. Therefore, somatic symptoms

may be more important in identifying any depression whereas

anhedonia and cognitive symptoms may be more important for

specifically identifying individuals with ARD.

Cognitive function as measured by MEIme and cognitive distress

as measured by IDASdy displayed similarly large differences across

ARD vs. MDD and MDD vs. HC groups. Cognitive impairment in

the areas of attention, executive function, andmemory are considered

coremarkers of major depression and have been found to persist even

after depression remission (92, 93). Dysphoria, being the opposite of

euphoria, was composed of items representing thoughts of

worthlessness, hopelessness and guilt. It may be related to emotion

dysregulation, and has been associated with depressive episodes and

cognitive impairment (94, 95). These findings suggest that individuals

with ARD are much more cognitively impaired than non-depressed

individuals and aremore likely to suffer from disordered thinking and

worry. Untreated, this may lead to greater risk for recurrent

depressive episodes.

The anxiety and stress scores displayed greater differences

between ARD vs. MDD than MDD vs. HC. This aligns with

previous studies finding comorbid anxiety to be a clinical

predictor of treatment resistance (90, 96, 97). The importance of

anxiety measurement is highlighted again when distinguishing
TABLE 5 Factor means by cluster. Standardized item score factor mean and SDs by cluster are reported for k = 3 (top) and k = 4 (bottom).

6-Factor Standardized Item Scores by Cluster: k = 3

Factor 1, N = 1251 2, N = 1381 3, N = 1301 p-value2 q-value3

Anhedonia .15 (.64) .65 (.47) -.84 (.40) <.001 <.001

Anxiety -.18 (.38) .84 (.34) -.72 (.32) <.001 <.001

Cognitive -.09 (.31) -.22 (.28) .32 (.28) <.001 <.001

Distress .00 (.53) .73 (.42) -.77 (.44) <.001 <.001

Motivation -.44 (.43) .24 (.72) .16 (.60) <.001 <.001

Dysphoria .33 (.73) .40 (.64) -.74 (.65) <.001 <.001
1 Mean (SD).
2 Kruskal-Wallis rank sum test.
3 False discovery rate correction for multiple testing.
6-Factor Standardized Item Scores by Cluster: k = 4

Factor 1, N = 1141 2, N = 1371 3, N = 671 4, N = 751 p-value2 q-value3

Anhedonia .48 (.35) -.32 (.43) .98 (.54) -1.04 (.36) <.001 <.001

Anxiety .83 (.34) -.35 (.36) .30 (.56) -.90 (.18) <.001 <.001

Cognitive -.19 (.28) .04 (.32) -.22 (.30) .41 (.25) <.001 <.001

Distress .69 (.36) -.27 (.46) .48 (.64) -.99 (.37) <.001 <.001

Motivation .52 (.48) -.21 (.46) -.75 (.38) .26 (.65) <.001 <.001

Dysphoria .19 (.54) -.11 (.61) 1.08 (.46) -1.06 (.52) <.001 <.001
1 Mean (SD).
2 Kruskal-Wallis rank sum test.
3 False discovery rate correction for multiple testing.
Positive means denote above-average levels and negative means denote below-average levels of each factor. The anhedonia factor describes low pleasure and interest and was composed mostly of
DASSd items. The anxiety factor was composed mostly of DASSa and DASSs items and describes somatic symptoms of nervousness. The cognitive factor describes cognitive functioning (i.e.
focus, memory and decision-making), and was composed mostly of MEIme items. The distress factor was composed of DASSs items related to emotional upset. The motivation factor was
composed of MEIsm items related to social and recreational motivation, and the dysphoria factor was composed of IDASdy items related to guilt and self-worth.
FIGURE 3

Anhedonia factor cluster profiles. (from left to right) The first 4 factors
are negatively valenced. The last 2 factors are positively valenced
(cognitive functioning and motivation) and depicted using solid bars.
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solely between ARD and MDD groups. In this comparison, the full

model performed significantly above chance whereas the 2-P model

(using only items representing depressed mood and social

motivation) did not. However, the 3-P model performed

comparably to the full model in terms of test sensitivity and

specificity for ARD. Adding an anxiety subscale improved

predictive sensitivity for ARD without sacrificing specificity.

According to these results, high negative emotionality is equally

important as anhedonia (low positive emotionality) for

ARD discriminability.

Reported physical energy (MEIpe: “During the past 4 weeks, how

much of the time did you feel physically tired during the day?”) was

much higher in healthy controls; HC vs. MDD had a substantially

greater difference in mean score than MDD vs. ARD. Similarly, the

MEIsm mean score was much greater in HC than the 2 depression

groups. This subscale captured more than just social motivation; it also

contained items related to interest in recreational activities and projects.

Thus, a physical component of anhedonia may be more important for

distinguishing individuals with and without depression. Physical

activity is a well-established strategy for management of depression

symptoms, and frequently recommended for prevention of depression

(98–100). Furthermore, exercise has been found to be beneficial in the

treatment of anxiety, and in a non-clinically depressed population for

improvement of depression symptoms (101, 102). Individuals with

ARD report low physical energy coupled with high anxiety. Therefore,

these individuals may stand to gain the most from physical activities,

but paradoxically may have the most trouble implementing a regular

exercise protocol.

This study demonstrates the viability of using a limited set of

self-report predictors relating to one broad symptom dimension for

classification of antidepressant response. The range of sensitivity

achieved for ARD in this study (.55-.86) was comparable to other

naturalistic machine learning studies using a more diverse set of

sociodemographic, diagnostic and medical history, genetic and self-

report clinical predictors (.55 -.82) (49–52). Such comprehensive

information can be impractical to gather for every patient and not

readily available in real-life clinical practice. Additionally, unlike the

previously cited studies leveraging national depression databases,

we included a control sample of individuals with no reported

depression diagnosis or treatment history. Therefore, this study

was not limited in scope to binary comparisons of response vs. non-

response and achieved classification accuracy at levels significantly

above chance with a multiclass comparison. Furthermore, the

feature selection process elucidated the existence of distinct

differences in anhedonia profiles within a depression group and

between individuals with and without depression. This study

contributes to our understanding of the nature of SSRI/SNRI

treatment resistance and highlights a novel pathway for

clinical application.

Few prior studies using machine learning to predict treatment

outcomes have examined the meaning of variable and model

selection results for improving our understanding of clinical

phenotypes. In this study we used unsupervised methods to reveal

data-driven insights on the symptom profile(s) of ARD. Exploratory

factor analysis mostly retained the 6-P scale dimensions, except
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IDASdy. Dysphoria is a multifaceted component of depression and

represents a general dissatisfaction and unease toward life. The

IDASdy subscale was composed of items capturing distress, worry,

low self-worth, hopelessness, and guilt (67). Therefore, several items

were split among the other dimensions of anxiety, anhedonia, and

cognitive impairment. However, 4 items loaded together to form a

low self-worth and hopelessness factor (“I felt discouraged about

things”; “I blamed myself for things”), which retained the

name dysphoria.

These dimensions were then examined across empirically

determined data clusters. The 4-cluster solution found 2 large

(capturing around 2/3 of the total cases) and 2 smaller clusters

(approx. 1/3 of the total cases combined) such that ARD was evenly

distributed across the 2 large clusters and dominated one of the

smaller clusters. The first large cluster resembled the symptom

profile of an anxious depression subtype, with greater reported

levels of anxiety and distress than anhedonia and dysphoria. This

cluster also displayed above average levels of motivation,

presumably because motivation can be derived from anxious

avoidance of aversive events or end states (41, 103, 104). This

cluster was composed of proportionally more HC and ARD as well

as fewer MDD individuals than the second large cluster. The second

large cluster was composed of a low-disturbance profile

characterized by slightly below average anxiety, distress,

anhedonia, motivation, and dysphoria. The symptom profile of

this cluster suggests a successfully treated group of participants. The

third cluster was a small group consisting of mostly ARD

participants. The symptom profi le of this cluster was

characterized by exceedingly high anhedonia, dysphoria, low

motivation, plus moderate cognitive impairment, and above

average anxiety and distress. However, unlike cluster 1, the

anhedonia and dysphoria in this cluster was greater than the

anxiety and distress symptom dimensions, while motivation was

much more impaired. Cluster 4 was composed mainly of the HC

and MDD groups. This cluster scored below average on the

negatively valenced symptom dimensions (anhedonia, dysphoria,

anxiety, and distress) and above average on the positively valenced

dimensions (cognitive function and motivation). Therefore, we

found 4 clusters of participants based on internalizing symptom

profiles, loosely resembling the subtypes (cluster 1) anxious-

depression, (cluster 2) low-disturbance/treated, (cluster 3)

anhedonic, and (cluster 4) non-depressed.

These findings suggest the presence of symptom heterogeneity

even in just individuals with ARD, varying along dimensions of

anxiety, anhedonia, and cognitive disturbance. Some of the

variation in profiles may have been driven by the presence of

antidepressant medication. In both the 3- and 4-cluster solution,

a similar low anxiety depression profile was present and contained

the greatest proportion of the non-resistant MDD group. This may

reflect the robust anxiolytic effects of SSRI/SNRI medication;

indeed, several SSRIs are indicated for treatment of anxiety

disorders, post-traumatic stress disorder, and obsessive-

compulsive disorder (105–107). Additionally, emotional blunting

is a commonly reported side-effect of this type of medication

(108–110).
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Previous evidence has suggested a mechanistic difference

underlying the interest and the pleasure facets of reward

processing (19, 32, 34). The TEPSa, BFASee, and BASd subscales

all reflect the interest component of anhedonia related to function

of the dopaminergic reward circuit. To be in line with recent

evidence for the successful treatment of anhedonia using neural

stimulation of reward circuit regions, we would expect much larger

differences between these subscales for the ARD vs. MDD groups

(111–113). However, to the extent that this can be captured in self-

report data, we did not find differences in anticipatory anhedonia

and apathy between ARD and MDD to be robust at the level of

granularity posited. We did, however, find the importance of a

broad internalizing dimension composed of affective and cognitive

disturbances in contributing to prediction of a treatment-

resistant phenotype.

Lastly, it is important to note that the majority of individuals with

depression in both the MDD and ARD groups were taking some

form of serotonergic medication, and SSRIs were the most common

treatment even for individuals who self-identified as ARD. This

demonstrates the pervasiveness of serotonergic medication use in

depression treatment, even as its high non-response rate is widely

accepted (58). The dominant narrative of the monoamine hypothesis

of depression was a major limiting factor for identifying new

treatment mechanisms (114). Additionally, current perspectives on

alternative treatments are that they carry greater risks; for example,

deep brain stimulation and electroconvulsive therapy are well-

established for treating non-responsive depression (16, 115, 116),

but use invasive surgical techniques. Esketamine and other

pharmacotherapies are nascent treatments with promise for

efficacy, but some researchers still question long-term safety and

tolerability (117). However, there is increasing acknowledgment of

the heterogeneity in major depression, and many recognize the need

for diversification and individualization of treatment protocols (118).
Limitations

Several limitations were present due to the cross-sectional nature of

this study. First, treatment at time of study adds a complex confound to

the interpretation of these results, as people were prescribed varying

doses of medications from different antidepressant classes and may

augment with differing classes of medications or alternative therapies.

However, the overwhelming majority of participants who were on

medication listed an antidepressant within the SSRI/SNRI

pharmacological classes, and these medications are ineffective at

reducing anhedonia (7). Similarly, chronic use of recreational

substances and drugs of abuse may contribute another confound.

The survey items generally measured across multiple days or weeks and

trait-level effects, which may somewhat reduce bias from acute

substance use. Yet these are two sources of bias that must be

considered when interpreting findings.

A second limitation arises from the online case-control study

design and self-diagnosed group labels. Reliance on online self-

report modality is a simple way to streamline large-scale data

collection from a broad geographical area with a greater level of

confidentiality for participants. However, it can impact internal
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validity due to the inability to verify accuracy of self-reporting and

standardize phenomenological measurement. Furthermore, there

may be impacts to external validity and generalizability to patient

populations who do not participate in online research platforms.

Therefore, more extensive research is needed to validate these

findings through both verification of patient records and in-

person data collection across several geographic locations.

Clinicians frequently use subjective reports of symptom

improvement when making treatment modifications. However, in

this study the measure of improvement from medication was not

standardized and must be interpreted with caution. We were not able

to measure pre to post change in depression, as we only captured

respondents at one time point. Because of these limitations, we are not

able to draw conclusions about pre-treatment anhedonia profile. In our

data, there were large ranges for depression severity in each self-

identified group; distributions can be seen in Supplementary Figure S1.

Despite efforts to limit the presence of depression in the HC group by

pre-screening based on PHQ-2, a substantial portion of this group still

averaged a moderate score on the PHQ-9 and reported presence of

other internalizing symptoms such as anxiety on the other measures.

Therefore, the HC group had somatic and cognitive symptoms (as only

affective symptoms are assessed by PHQ-2). This suggests a substantial

portion of the population may express anxious depression symptoms

while not considering themselves depressed or not seeking a diagnosis.

This may be due to (1) a component of alexithymia that may be present

in mood disorders, or (2) lack of general knowledge around the

heterogeneity of depression criteria and failure to recognize the

somatic and cognitive impairments that define both depression and

anxiety. In addition, the MDD group appeared to have a bimodal

distribution on PHQ-9 scores, and some also reported various

internalizing symptoms based on the cluster analysis. Therefore,

some individuals may have self-identified as responding to

medication while contending with residual symptoms, due to the

heterogeneous nature of depression symptom dimensions they may

have felt improvement in some domains while remaining static in

others. This demonstrates a limitation of self-identified diagnosis;

significant variability exists in these groups.

Third, Random Forests is limited in its use outside the bounds

of this dataset because it cannot extrapolate predictions for new

values. Therefore, it is bound by the largest and smallest values of

predictors in the training set. Additionally, sample size differences

across classes can sometimes contribute to variation in sensitivity

and specificity for the models, with sensitivity skewed toward the

larger class. In the multiclass models, ARD sensitivity was generally

greater than the other 2 groups. The sample size of the ARD group

was slightly greater than the HC (1.64:1) and MDD (1.27:1) groups.

The binarized models performed better in accuracy than the

multiclass, with the ARD vs. non-ARD model performing better

for classifying non-ARD cases and the ARD vs. MDD model better

at classifying ARD cases. In the first binarized model, the combined

sample size for the HC andMDD groups was slightly larger than the

ARD group (1.4:1), while the sample size in the second binarized

model was slightly larger in the ARD group (.8:1). Data balancing is

sometimes used with RF classifiers to prevent this issue, and can be

performed by a combination of under-sampling the majority class

and over-sampling the minority class (119). However, this can
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introduce some bias in the data; therefore, it is commonly used for

extremely unbalanced data (minority class prevalence < 10%). The

results are thus better interpreted by comparing full to small model

accuracy across all groups. To address these limitations, results

should be replicated in a sample of pre-treatment individuals with

depression who are followed longitudinally from pre- to post-

treatment and assessed by a clinician for depression improvement.
Conclusions

These findings highlight the efficacy of using a limited set of self-

reported anhedonia and internalizing predictors to evaluate SSRI/

SNRI treatment-resistance. This case-control study attained

comparable model performance to prior naturalistic cohort studies

exploiting a broader range of sociodemographic and clinical

predictors without using a non-depressed control group. Specific

components of internalizing symptomatology (i.e. depressed mood)

were found to have greater importance for distinguishing ARD in

particular, whereas other components (i.e. physical energy) were

more relevant for distinguishing any presence of depression.

Furthermore, an abridged set of items relating to anxiety,

anhedonia, and cognitive function were found to differentiate ARD

from non-ARD individuals at levels significantly above chance. This

study found (1) the qualitative components of anhedonia differ when

comparing across treatment response groups vs. overall presence of

disorder, and (2) produced a reasonable sized set of items consisting

of the DASS, MEI mental energy and social motivation subscales, and

IDAS dysphoria subscale for practical clinical use. Self-report items

are easy to administer, standardized, and cost friendly. To enhance

usability by clinicians as a predictive tool for ARD in pre-treatment

individuals, further study should aim to replicate results in a

prospective cohort sample.
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Borderline personality disorder (BPD) is diagnosed in 10-30% of patients with

major depressive disorder (MDD), and the frequency of MDD among individuals

with BPD reaches over 80%. The comorbidity of MDD and BPD is associated with

more severe depressive symptoms and functional impairment, higher risk of

treatment resistance and increased suicidality. The effectiveness of ketamine

usage in treatment resistant depression (TRD) has been demonstrated in

numerous studies. In most of these studies, individuals with BPD were not

excluded, thus given the high co-occurrence of these disorders, it is possible

that the beneficial effects of ketamine also extend to the subpopulation with

comorbid TRD and BPD. However, no protocols were developed that would

account for comorbidity. Moreover, psychotherapeutic interventions, which may

be crucial for achieving a lasting therapeutic effect in TRD and BPD comorbidity,

were not included. In the article, we discuss the results of a small number of

existing studies and case reports on the use of ketamine in depressive disorders

with comorbid BPD. We elucidate how, at the molecular and brain network

levels, ketamine can impact the neurobiology and symptoms of BPD.

Furthermore, we explore whether ketamine-induced neuroplasticity,

augmented by psychotherapy, could be of use in alleviating core BPD-related

symptoms such as emotional dysregulation, self-identity disturbances and self-

harming behaviors. We also discuss the potential of ketamine-assisted

psychotherapy (KAP) in BPD treatment. As there is no standard approach to the

application of ketamine or KAP in individuals with comorbid TRD and BPD, we

consider further research in the field as imperative. The priorities should include

development of dedicated protocols, distinguishing subpopulations that may

benefit most from such treatment and investigating factors that may influence its

effectiveness and safety.
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Introduction

Borderline personality disorder (BPD) is diagnosed in 10-30%

patients with major depressive disorder (MDD), whereas the

incidence of MDD in BPD individuals ranges from 71% to 83%

(1–3). Comorbidity of BPD and MDD negatively affects prognosis

of both disorders and is associated with more severe depressive

symptoms and functional impairment, delayed time to remission

and shorter time to relapse (4, 5). Moreover, available treatment

options such as antidepressants, electroconvulsive therapy, and

psychotherapy are far less effective in such individuals (6–8). In

this article we elucidate how, at the molecular and brain network

levels, ketamine can impact the neurobiology and symptoms of

BPD. We also discuss the results of existing studies and case reports

on the use of ketamine/esketamine in BPD or depressive disorders

with comorbid BPD. Furthermore, we explore whether ketamine-

induced, psychotherapy-augmented neuroplasticity, augmented by

psychotherapy, could prove effective in alleviating core BPD-related

symptoms. Moreover, we discuss the potential of ketamine-assisted

psychotherapy (KAP) in MDD with comorbid BPD.
Clinical outline

According to International Classification of Diseases 11th

Revision (ICD-11) borderline personality is a pattern specifier

used in combination with a personality disorder category or a

personality difficulty. It may be applied to individuals whose

personality disturbance is characterized by a pervasive instability

of interpersonal relationships, self-image, affects and marked

impulsivity (9). Subjects with BPD experience profound mood

disturbances, persistent negative affect and excessive emotional

reactions especially in response to social rejection and

abandonment (10, 11). Both MDD and BPD highly correlate with

non-suicidal self-injuries (NSSI) (12). NSSI is common in BPD

patients (50-80% of cases) and approximately 40% of patients

committed more than 50 self-mutilations (13). It is estimated that

40 to 85% of BPD individuals attempt suicide, usually multiple

times, and up to 10% die as a result (13, 14). Soloff et al. found that

comorbidity of BPD with MDD increases the number and severity

of suicide attempts (15). A recent study supported findings that

comorbid BPD plays crucial role as a risk factor for suicide attempts

in depression (16).

Other core features of BPD include impulsivity, emotional

dysregulation and disturbed self-identity (17–19). Impulsive

behavior in BPD is closely linked to emotional suffering and low

distress tolerance (20). Emotional dysregulation is related to

heightened negative affect, sensitivity, low self-awareness and

deficits in applying regulation strategies (18). Instead of adaptive

regulation, maladaptive coping mechanisms are present. These

include ruminations, NSSI, impulsive suicidal behaviors and

substance abuse (11). Soloff et al. observed that negative affectivity

is linked with clinical severity of suicide attempts and reduced

inhibitory control (21). A high percentage of patients exhibit stress-

related dissociative experiences such as derealization and
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depersonalization, which, along with the desire to reduce

emotional tension, are the main driving factors for self-harm in

BPD (20).

Self-identity disturbances in BPD manifest as an inconsistent,

non-integrated sense of self and unstable, usually negative self-

esteem (20). Individuals with BPD experience high levels of self-

criticism, low self-compassion, strongly impaired self-reflection and

disoriented life narratives (19, 22). These disturbances result in

distrust in their own judgment and long-term difficulties with self-

and goal-oriented behavior (20). Moreover, high self-criticism and

low self-compassion are related to NSSI (23).

In patients with MDD and BPD, the prevalence of post-

traumatic stress disorder (PTSD) is significantly higher than in

patients without BPD diagnosis (24). It is estimated that 22-24% of

subjects with primary diagnosis of PTSD have comorbid BPD,

whereas the prevalence of PTSD in BPD population ranges from 33

to 79% (25, 26). Thus, the comorbidity of BPD and PTSD, as well as

BPD with PTSD and MDD seems to be relatively frequent. It is

perhaps unsurprising given that BPD is considered a potential risk

factor for PTSD (24). In comparison with single-disorder groups,

these patients often experienced greater exposure to trauma and

more severe mood instability (27). Traumatic or disturbed early

relationship experiences may result in insecure attachment patterns

and impaired emotional processing (28). It is worth mentioning

that complex PTSD (cPTSD), a diagnostic category added recently

to ICD-11, in addition to PTSD symptoms, is characterized by

disturbances in self-organization, which are conceptualized

similarly to BPD symptoms (9).
Potential neurobiological background
of BPD symptoms

In BPD brain dysfunction centers around hypoactive anterior

cingulate cortex (ACC), hyperactive amygdala and insula, as well as

functional dysconnectivity within and between large brain networks

(11). Although recent meta-analysis showed no consistent pattern

of alterations in brain activity, it reported a dysfunction of amygdala

and ACC during processing of emotional stimuli (29). Goldstein

et al. found that BPD subjects, when exposed to repeated negative

stimuli, exhibit amplified amygdala response. This evidences

impaired amygdala habituation (30). Extensive response to

negatively valenced information is associated with higher anxiety,

aggression and affective instability levels (11). Hyperresponsiveness

of amygdala may prompt individuals to excessively process negative

affective stimuli. For BPD subjects, painful stimuli were proven to

normalize stress levels and amygdala activity, which may explain

frequent NSSI (31, 32).

Baczkowski et al. demonstrated that in BPD, an increase in

connectivity resulting from performing emotional regulation tasks

does not occur in regions essential for effortful emotional

regulation, such as prefrontal cortex (PFC). As a result, cognitive

control, which enables reinterpretation of meaning of emotional

stimuli, is impaired (33). Frontolimbic dysconnectivity hypothesis,

which includes deficient top-down control and enhanced bottom-
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up regulation, explains the neural mechanism of affective instability

in BPD, as well as preoccupation with negative ideation in MDD

(11, 34). Reduced top-down regulatory activity in brain regions

supporting cognitive control such as dorsolateral PFC (dlPFC) and

dorsal ACC (dACC) may result in the inability to suppress

distracting emotional influences (35). On the other hand,

abnormal bottom-up regulation is linked with increased amygdala

activity. It results in excessive responses to emotional stimuli that

dysregulate cognitive control (34).

A growing body of evidence based on resting state functional

magnetic resonance (rs-fMRI), supports the presence of alterations

in functional network connectivity in BPD. Aguilar-Ortiz et al.

showed failures in deactivation in key regions of default mode

network (DMN), such as medial frontal cortex and the precuneus

(36). Activity within DMN is related to internally directed, self-

referential processes and ruminations (37). O’Neil et al. reported

increased connectivity between precuneus and frontal regions,

which are responsible for processing of self-referential thoughts

and information (38). Ruminative thinking triggered by negative

affect influences severity of BPD symptoms (39). Van Schie et al.

indicated that in BPD individuals, altered activity of temporolimbic

areas and precuneus leads to focusing on negative feedback which

maintains their negative self-esteem (40). Heightened sensitivity to

social exclusion may be significantly associated with precuneus and

insula activation (41). Abnormal activation of the insula, one of the

key salience network (SN) nodes, during affective and pain

regulation is believed to be one of neural mechanisms underlying

NSSI in BPD patients (42). In BPD, hyperconnectivity within SN

nodes (amygdala and insula with dACC) is associated with

emotional hypersensitivity, whereas reduced connectivity between

SN and frontoparietal regions of central executive network (CEN)

contributes to impaired control over emotional reactions (43).

Among neurobiological alterations present in BPD, opioid

neurotransmission disturbances are also of interest. Low basal

opioid concentration may manifest as chronic dysphoria and a

lack of sense of wellbeing. Low opioid levels along with

compensatory higher sensitivity of m-opioid receptors may

explain repetitive NSSI as a behavior which leads to increase in

opioid neurotransmission (44). Adverse experiences, such as

childhood abuse, common in BPD, are thought to result in

modulation of the opioid system (45). Importantly, intrapsychic

pain, same as the physical, is regulated by opioids and the neural

network comprising e.g. ACC, insula, amygdala, hypothalamus and

nucleus accumbens (46). Opioid disturbances in BPD can

contribute to emotional suffering related to social rejection or

exclusion manifesting in self-harm and suicide (47).
Current BPD treatment outlook

There is no approved pharmacological treatment for BPD (20).

Additionally, meta-analyses have shown that no pharmacotherapy

appears to be effective for the overall severity of BPD symptoms (48,

49). However, some agents prove to be beneficial in several types of

BPD symptoms, thus a symptom-targeted pharmacotherapy is a

common strategy in clinical practice (50). Selective serotonin
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(SSRIs) and serotonin and norepinephrine (SNRI) reuptake

inhibitors may be beneficial in reducing impulsivity, affective

lability, irritability and somatic symptoms, although there is no

conclusive evidence that they may contribute to consistent

reduction of the severity of BPD (51, 52). According to American

Psychiatric Association (APA) guidelines, SSRI or SNRI should be a

first-line pharmacological treatment of affective dysregulation and

impulsive-behavioral dyscontrol symptoms in BPD (53). On the

other hand, in a more recent review, Bohus et al. conclude, that

there is no sufficient evidence to support SSRI use in the treatment

of BPD psychopathology, unless antidepressant effect is required

(20). Low-certainty, limited evidence suggests that anticonvulsants

such as valproate, lamotrigine and topiramate can be beneficial in

anger, aggression, and affective lability associated with BPD (51).

However, as APA guidelines indicate, mood stabilizers (lithium,

valproate or carbamazepine) may be considered as a second-line or

adjunctive treatment of symptoms within the above domains (53).

Second generation antipsychotics have been reported to reduce

anger, affective instability, impulsivity, paranoid ideation,

dissociative symptoms and anxiety in BPD (52). APA guidelines

recommend those particularly in treatment of cognitive-perceptual

BPD symptoms, whereas The National Institute for Health and

Care Excellence (NICE) guidelines state that antipsychotics can be

considered only as a crisis treatment, prescribed for no longer than

1 week (54). A recently published comparative effectiveness

research study, indicated that among all pharmacotherapies

employed in BPD patients, only the treatment with attention

deficit hyperactivity disorder medication was associated with a

reduced risk of suicidal behaviors (55). Some authors suggest that

therapy of BPD needs to be prioritized when BPD and depression

co-occur (1). It seems more accurate however, that non-BPD

disorder (i.e. MDD) should be managed in parallel with BPD-

oriented psychotherapy (20).

Among BPD-specific psychotherapies, dialectical behavior

therapy (DBT) and mentalization-based treatment (MBT)

have been studied most extensively. Transference-focused

psychotherapy (TFP) and schema-focused therapy (SFT) are also

established psychotherapeutic strategies for BPD (56). DBT focuses

on symptoms of emotional dysregulation, MBT – difficulties in

identifying oneself and others mental states, TFP – unintegrated,

undifferentiated images and representations of oneself and others,

often following early-experienced trauma, while SFT -

dysfunctional life schemas and thinking patterns (20). BPD-

specific approaches were shown to support improvements in BPD

symptoms and psychological well-being, but their effectiveness is

reported to be moderate. Additionally, they do not fulfil the need for

rapid symptom reduction, have limited accessibility and high

dropout rate (57, 58). A recent review of 28 studies of various

modalities psychotherapy in BPD (with DBT as the most frequent)

indicated that approximately half of the patients did not respond to

treatment and over a quarter of patients dropped out (56). A meta-

analysis of DBT studies regarding its impact on suicidality revealed

reduced self-directed violence and frequency of crisis services

interventions with no significant improvement in suicidal

thoughts (59). A recent Cochrane review of psychotherapies

applied in BPD found no improvement in interpersonal and
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psychosocial functioning, fear of abandonment, affective instability

and feeling of emptiness at 6 to 12 months after the end of

treatment (49).
Antidepressant and antisuicidal
efficacy of ketamine

Ketamine administration in MDD and treatment resistant

depression (TRD) is widely researched, with its efficacy evidenced

in numerous double-blind, randomized clinical trials (RCT) (60–

67). It is regarded as fast-acting antidepressant (68–70). Kryst et al.

have shown that a single infusion may result in a significant

antidepressive effect lasting for up to 7 days, which can be

sustained by repeated infusions (70). The vast majority of RCTs

of ketamine in MDD did not exclude patients with comorbid BPD

(60–67). In a midazolam-controlled study on MDD individuals

with significant suicidal ideation, 28% of participants met the

diagnostic criteria for BPD, with ketamine proving to be superior

in reduction of depressive symptoms and suicidal ideation within 24

hours after the single infusion. The authors reported that clinical

improvement was maintained for up to 6 weeks (71). Given the high

co-occurrence of MDD and BPD, it is possible that the beneficial

effects of ketamine can also extend to the subpopulation with BPD.

However, no protocols were developed that would account for this

comorbidity. Additionally, many of the esketamine randomized

clinical trials excluded individuals with BPD (72–75).

Notwithstanding, real-world study of esketamine in TRD

including 15% of individuals with comorbid personality disorders,

indicated significant reduction of depressive symptoms and suicidal

thoughts (76). Three months after beginning of treatment, clinical

response and remission rates were high - 64,2% and 40,6%,

respectively. Moreover, no differences in efficacy of esketamine

were found among patients with and without comorbid

personality disorders.

Both ketamine and esketamine are proven to rapidly decrease

suicidal thoughts. Chen et al. assessed the antisuicidal effect of

ketamine as ‘large’ or ‘medium-large’ (after 4-6 and 24 hours after

infusion, respectively), whereas the effect of intranasal esketamine

was reported as ‘small-medium’ (77). Ketamine-induced decrease in

suicidal thoughts may be partially independent of the improvement

in depressive symptoms (71). Lengvenyte et al. suggested that

ketamine may be particularly useful in patients with stress-

induced suicidal ideation, which is common in BPD (47).
Ketamine’s mechanisms of
antidepressant action

Ketamine is a racemic mixture of two enantiomers, esketamine

and arketamine (78). It is a nonselective, noncompetitive N-methyl-

D-aspartate receptor (NMDAR) antagonist, which binds to the

phencyclidine site of this receptor (78). Importantly, ketamine

preferentially blocks NMDAR on the inhibitory gamma-

aminobutyric acid (GABA) interneurons. This preferential action

of ketamine leads to pyramidal cell disinhibition and an increase in
Frontiers in Psychiatry 04129
overall excitatory glutamatergic neurotransmission, especially the

prefrontal cortex and cortico-limbic regions, which are associated

with mood regulation (79). Ketamine is hypothesized to inhibit

extra-synaptic GluN2B-NMDAR. Their activation results in

suppression of protein synthesis. Therefore, the blockade of

GluN2B-NMDAR de-suppresses protein synthesis, which may

induce antidepressant action via a mechanistic target of

rapamycin (mTOR)-dependent pathway (80). However, it seems

that blocking NMDAR may not be the main mechanism of

ketamine’s therapeutic effect, as studies of other NMDAR

antagonists did not show their antidepressant efficacy (68, 81).

Meta-analysis of placebo-controlled trials using racemic ketamine

or esketamine did not show greater antidepressant efficacy of

esketamine, even though esketamine has a 3-4 times greater

affinity for NMDAR than arketamine (69). In turn, arketamine,

despite its lower affinity for NMDAR showed a greater

antidepressant effect in preclinical studies (82, 83). (2R, 6R)-

hydroxynorketamine, a metabolite of arketamine with low affinity

for NMDAR, also showed a rapid antidepressant effect in rodents. It

has been proposed that this metabolite might be a key component of

ketamine’s antidepressant effectiveness (83). However, it was not

confirmed in studies on patients with depression, as higher level of

hydroxynorketamine was associated with less significant clinical

improvement (84, 85).

The aforementioned prefrontal cortex disinhibition is thought

to be associated with an increase in dopaminergic, serotoninergic

and noradrenergic transmissions in cortical and subcortical brain

regions (79). In the region of lateral habenula, regarded as an ‘anti-

reward center’ because of its engagement in negative emotion

coding, ketamine inhibits NMDA dependent neuronal bursting

activity (86). Subsequently, the downstream monoaminergic

reward centers in ventral tegmental area and dorsal raphe nucleus

become disinhibited, the reward processing is restored and pleasure

perception increases (47).

Ketamine increases activity of a-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPAR) which play crucial role

in long-term potentiation (LTP). LTP is one of phenomena

underlying synaptic plasticity, that results in a persistent

strengthening of synapses (87). AMPAR activation leads to the

release of the brain derived neurotrophic factor (BDNF) and

enhances the availability of its tropomyosin kinase B (TRKB)

receptor (87, 88). Neuroplasticity is considered as a key

mechanism of ketamine antidepressive action. Meta-analysis on

the potential biomarkers of ketamine efficacy indicated that patients

who exhibited increased BDNF levels during treatment were more

likely to become responders (89).

Furthermore, ketamine and esketamine are thought to share

several mechanisms of action with mood stabilizers and act as

cellular membrane stabilizers, as well as modulators of neuronal

excitability. Acting on GluN2D NMDAR subunits reduces the

influx of Ca2+ ions, which leads to restoration of membrane

potential which subsequently alters protein translation and

availability which finally results in neuroplasticity enhancement

(90). Preclinical studies revealed that ketamine and, to a greater

extent, esketamine may also inhibit the voltage-gated sodium

channels (VGSC) and reduce the influx of Na+, which in turn
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decreases the excitatory neurotransmission (91). Importantly, this

mechanism of action forms a molecular basis of therapeutic effect of

several mood stabilizers such as valproate, carbamazepine and

lamotrigine (92). On the other hand, ketamine, similarly to

lithium, inhibits the glycogen synthase kinase 3b (GSK-3b)
pathways (through GSK-3b phosphorylation), which is

considered as possible significant mechanism contributing to its

antidepressant and neuroplastic effect (93). As mood stabilizers are

reported to be, to a certain extent, effective in reducing impulsivity,

aggression and anger in BPD, the above molecular effects of

ketamine may also prove to be advantageous in treatment of

depression with comorbid BPD. Interestingly, McIntyre et al.

indicated that ketamine may be effective in treatment-resistant

MDD or bipolar disorder with mixed features such as anxiety,

irritability and agitation (94).

Influence that ketamine exerts on the opioid system may prove

beneficial in BPD, in which opioid neurotransmission seems to be

disturbed. Ketamine as an agonist of opioid receptors increases

basal opioid levels (83). Research indicates that blocking the opioid

receptors with naltrexone reduces both antidepressant and

antisuicidal effects (95). Moreover, it is suggested that

dynorphins, as an endogenic agonist of k-opioid receptors, may

mediate emotional pain, dysphoria and promote self-harm

behaviors (96). Ketamine is thought to cause down-regulation of

k-opioid receptors and resolve imbalance between ‘hedonic’ m- and
‘dysphoric’ k-opioid receptors activity (97). We speculate that

ketamine modulatory effect on opioid neurotransmission may

contribute to reduction in negative affect and autodestructive

tendencies in BPD individuals.
Ketamine-induced alterations in
brain activity

Numerous studies indicate that remitters treated with ketamine

exhibit normalization in intra- and inter-network functional

connectivity (67, 98, 99). ACC-related circuit modulation is

thought to be crucial in ketamine antidepressant and antisuicidal

action (100). Alexander speculates that ketamine acute effects on

subgenual ACC reflect in shutting down emotional pain network

and alleviating affective pain, whereas sustained effects on

neuroplastic modulation in DMN contribute to resolving of

ruminative thinking patterns (97). Similarly to serotoninergic

psychedelics, ketamine has been shown to acutely disintegrate

functional connectivity in DMN and decrease activity within this

network (101, 102).

Evans et al. indicated normalization of the interaction between

DMN and SN in MDD individuals after ketamine infusion (103).

Ketamine also increases connectivity between DMN and CEN

nodes (104–108). It could prove beneficial for both MDD and

BPD patients as such increase facilitates shifting attention from

internal, self-referential thought processes towards external, goal-

directed tasks (109). Vasavada et al. indicated that repeated

ketamine administrations lead to increased top-down control of

emotional processes and restored top-down regulation of ventral
Frontiers in Psychiatry 05130
limbic structures (110). Sterpenich et al. have reported that

ketamine application resulted in decreased amygdala, insula and

dACC responses to negative stimuli during an emotional

recognition task (111). Normalization of these SN nodes

overactivity is thought to play an important role in the

antidepressant effect (43, 112).

Ketamine is also reported to alleviate stress-related symptoms

by enhancing neuroplasticity particularly in medial PFC (mPFC).

Norbury et al. revealed that post-traumatic stress disorder (PTSD)

symptoms improvement in ketamine group was associated with

increased prefrontal top-down inhibition of amygdala in response

to social signs of a threat. Moreover, individuals with lower baseline

mPFC inhibition of amygdala showed greater clinical improvement

as a result of ketamine treatment (113). The effect could also prove

beneficial in BPD treatment, given that PTSD and BPD both exhibit

reduced activation of executive-related frontal regions and

hyperactivation of the emotion-related limbic regions.

Frontostriatal and interlimbic connectivity normalization

caused by ketamine is thought to facilitate regaining cognitive

control over emotional activity (101). It may prove significant for

patients with comorbid depression and BPD who exhibit

abnormalities in top-down and bottom-up processing. We

speculate that ketamine impact on intra- and inter-network

connectivity induces long-lasting cognitive and psychological

flexibility, which in turn contributes to improvement in BPD-

related negative self-schema and disturbed social cognition.

Enhancement of neuroplasticity between limbic regions and

networks essential for emotional regulation, self-awareness, goal-

oriented and social behaviors may meaningfully impact treatment

of TRD with comorbid BPD.

On the other hand, it was also reported that serial ketamine

infusions result in significant decrease in activation of brain regions

associated with response inhibition and inhibitory control network,

which is related to improvement in depressive symptoms (114).

Such normalization, while beneficial in TRD, may result in

increased impuls iv ity and sel f-harming behaviors in

comorbid BPD.

Stone et al. reported reduced activation in the left superior

temporal cortex after ketamine infusion, which is associated with

impaired self-monitoring (115). Hyperactive self-monitoring is

considered to be a part of depression mindset, thus its reduction

may be beneficial for MDD patients (116). However, in BPD

individuals reduced ability to self-monitor may disrupt already

low emotional awareness.
Ketamine/esketamine trials and case
studies in BPD

Danyan et al. evaluated the therapeutic effect of ketamine (4

intravenous infusions in 2 weeks, 0,5-0,75mg/kg) in TRD patients

with and without comorbid BPD. Both groups showed comparable

improvement in depressive and anxiety symptoms, as well as in

intensity of suicidal ideations. Reduction in depressive and BPD

symptoms (measured with Borderline Symptom List, BSL-23) and
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1398859
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
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positive correlation between these improvements was indicated.

The antidepressant effect of ketamine was more pronounced in

patients with more severe baseline suicidal ideation. Moreover,

improvements in social, family and work functionality scores

were observed. Dissociative symptoms were mild and transient in

both groups. Relevant limitations of the study included

retrospective and open-label design and short (1 week) follow-up

after final infusion (117).

In an open-label study Chen et al. explored the effectiveness and

safety of single intravenous infusion (0,5mg/kg) in MDD

individuals with or without elevated BPD features. Improvements

in depressive symptoms as well as suicidal ideation were significant

and comparable in both groups within 3 and 24h after infusion. In

group encompassing MDD subjects with BPD features, the

response after 14 days was of greater magnitude. Dissociative

symptoms were mild, but more pronounced in BPD group 24h

after infusion. Brief Psychiatric Rating Scale (BPRS) scores,

reflecting the severity of psychotic symptoms, were very low at all

times. It must be noted, however, that the study was not specifically

focused on BPD and the groups were differentiated post-hoc (118).

A double blind, randomized, midazolam-controlled pilot study

tested the effects of single ketamine infusion (0,5mg/kg) in a small

sample of BPD individuals. It revealed no significant changes in

suicidal ideation, depression, anxiety or BPD symptoms. A greater

decrease in suicidality and depressive symptoms in ketamine group

was found, but it was not statistically significant. However, the study

indicated improvement in socio-occupational functioning in the

ketamine group. Ketamine was well tolerated, no serious adverse

events occurred. It is worth noting though, that two participants of

the ketamine group experienced acute distress and suicidal

ideations in 4th week after infusion - one was discharged after

overnight evaluation and the other received further ketamine

infusions as a part of inpatient treatment (119).

Nandan et al. published a case report of an 27-year old female

with TRD and BPD, hospitalized after a suicide attempt. After

initial stabilization in inpatient setting, intranasal esketamine

treatment was started in the outpatient setting in conjunction

with citalopram and buspirone. Initial esketamine dose equaled

56 mg administered twice a week in four weeks timespan, followed

by 56 mg administered once per week, which was further increased

to 84 mg once per week. Authors reported significant improvement

in depressive symptoms and suicidality, as well as in core BPD

symptoms within 4-5 weeks. Esketamine treatment was continued

for the next two years with significant improvement observed in

depressive symptoms, impulsivity, affective instability and psycho-

social functioning. Frequency of self-harm attempts decreased.

Nandan et al. reported patient’s full compliance with treatment

plan, with it being poor during previous therapies. Notably, the

authors indicated the importance of maintenance treatment - when

esketamine administration was omitted (due to the unavailability of

medication), resurgence of affective instability and self-harm

attempts occurred (120).

Another case report refers to 22-year old female with MDD,

social phobia, BPD and frequent past NSSI. After two ketamine

infusions (0,5mg/kg) during hospitalization, robust improvement in

depressive symptoms, suicidal ideation, social functioning,
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emotional and behavioral dysregulation was observed.

Subsequently, the treatment was continued in outpatient setting.

During the last follow-up, half a year after first infusion, reduction

in depressive and BPD symptoms was observed. The patient

completed a 3-month inpatient DBT treatment during this time.

Authors speculated that ketamine modulatory effect on

neuroplasticity contributed substantially to the satisfactory result

of DBT that followed (121).

Galuszko-Węgielnik et al. presented a case report of 26-year old

female with BPD and bipolar treatment resistant depression, who

was planned to receive 8 intravenous infusions of ketamine (0,5mg/

kg). The patient experienced severe dissociative symptoms as a

consequence of infusions and the third one was followed by

increased suicidal ideation, impulsive behavior and NSSI. No

improvement in depression was observed, therefore ketamine

treatment was discontinued (122).

Vanicek et al. presented a case report of a 20-year old female

with MDD and BPD, who received 5 intravenous infusions of

esketamine (25-50mg) within 2 weeks. Initially, a rapid

improvement in depressive symptoms and suicidal ideation was

observed, but over the course of treatment disinhibition symptoms

occurred. Increased emotional responsivity and decreased cognitive

control contributed to an impulsive suicide attempt after fifth

ketamine infusion. Due to deterioration of patient’s mental

condition, ketamine treatment was discontinued (123).

Research suggests that ketamine/esketamine treatment may be

beneficial and safe for BPD or BPD with comorbid MDD patients.

On the other hand, reports indicate that acute ketamine effects such

as dissociation and altered perception of reality and oneself may

increase affective instability and impulsive suicidal behaviors. It is

worth noting though, that no psychotherapy or psychedelic

integration parallel to ketamine/esketamine administrations have

been attempted in any of the discussed trials and case studies except

for Rogg et al. (121). The psychedelic effect of ketamine may evoke

difficult experiences, therefore psychotherapeutic integration may

prove essential for individuals with MDD and BPD during

ketamine treatment (124).
Ketamine-assisted psychotherapy

In a recently published systematic review, KAP application was

examined in a range of disorders including MDD, PTSD, substance

abuse, obsessive-compulsive disorder, generalized anxiety disorder

and neuropathic pain. Most studies were focused on cognitive-

behavioral therapy (CBT) and mindfulness-based psychotherapy

but some involved motivational enhancement therapy, exposure

therapy, existentially oriented psychotherapy and functional

analytic psychotherapy. Importantly, in most of the KAP-related

studies individuals with comorbid BPD weren’t excluded. Definite

conclusions and recommendations were not formulated due to

differences in psychotherapeutic approaches and research

methodologies. It was evidenced however, that incorporation of

psychotherapy throughout the course of ketamine treatment may

give rise to and maintain clinical improvement by reducing

depression, anxiety and pain (125). Dore et al. proved that with
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KAP incorporation the higher baseline suicidality levels, the greater

decrease in affective symptoms (126). Krupitsky et al. applied KAP

in individuals with alcohol use disorder, which resulted in

improvements in emotional dysregulation and personality

characteristics linked to self-criticism (127). Application of KAP

in depression with comorbid BPD has not been explored yet.

Wilkinson et al. proposed that ketamine-induced enhancement

of neuroplasticity may open a window of opportunity, where

cognitive flexibility and learning potential are increased. Authors

suggested that ketamine may increase sensitivity within key brain

regions (such as mPFC and hippocampus) and induce neuroplastic

changes similar as in the use of CBT. It was shown that responders

to ketamine exhibited rapid improvement in cognitive control, with

CBT strengthening and maintaining that improvement, which in

turn may result in reversal of disrupted information processing and

maladaptive behaviors (128). Ketamine may also facilitate

emotional learning and improvement of negative self-schema,

which is one of the core cognitive aspects of both depression and

BPD (125, 129). Moreover, ketamine-induced alteration in DMN

activity is thought to enable subsequent revision of mental

representations of self (102).

Most research involving application of ketamine in the

treatment of mental disorders regards acute ketamine-induced

symptoms as side effects, with their severity monitored using

dissociative and psychotic symptoms scales (most commonly

Clinician-Administered Dissociative States Scale and BPRS) (130).

However, several studies point out that the quality of subjective

experience during ketamine administration may substantially

contribute to the overall therapeutic effect. Sumner et al. proved

that a greater antidepressant response to ketamine correlated with

higher scores in Alerted States of Consciousness (ASC)

questionnaire. The study suggests that the psychedelic experience

itself may play a significant role in ketamine’s antidepressant

properties (124). Aust et al. underpinned importance of

considering subjective quality of ketamine induced psychological

effects, indicating that anxiety-related experiences may be linked to

the absence of the antidepressant effect (131). Subjective

experiences were reported as significantly contributing to the

therapeutic effect of ketamine not only in MDD. Mystical

experiences were associated with improvement in cocaine and

alcohol use disorder (132, 133). Krupitsky et al. pointed out, that

in addiction treatment ketamine may provide transformative

experiences. After being subjected to KAP patients with heroin

use disorder rated their sense of control as significantly more

‘internal’, which resulted in a better outcome in heroin abstinence

(134). Research also indicates that the transpersonal experience of

ketamine may bring on personal insights and stimulate reframing of

beliefs (125). Marguilho et al. suggested that psychedelic-assisted

psychotherapy efficacy is most accurately predicted by

questionnaires assessing subjective psychedelic experience, which

involve ego-dissolution, emotional breakthrough and mystical

experiences (102). Dore et al. argue that psychedelic and

dissociative experiences are an integral part of KAP and should

be supported in a psychotherapeutic context (126).

The influence that ketamine has on restructuring of traumatic

memories is another potentially important effect in relation to
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psychotherapeutic treatment in TRD with comorbid BPD. Given

the importance of traumatic experiences in BPD development, the

conclusions inferred from studying KAP in PTSD are potentially

applicable in BPD. Better access to traumatic memories and

extinction of previously paired pain-related memories are among

potential processes enabling efficacy of ketamine in PTSD treatment

(135). Taking into consideration that ketamine’s molecular and

neural mechanisms of action are also involved in memory

reconsolidation, Fattore et al. speculated that application of

ketamine few hours prior to memory retrieval may trigger a

metaplastic cascade. Increased synaptic plasticity and alterations

in neural connectivity facilitate destabilization of memories and

increases receptiveness to non-pharmacological interventions

(136). Although there are concerns regarding increased risk of

self-harm and suicidal behavior following trauma-focused

treatments in BPD pat ients , a systemat ic review of

psychotherapeutic approaches for comorbid BPD and PTSD

treatment indicated that trauma-focused therapies may reduce

both PTSD and BPD symptoms, whereas BPD-specific

psychotherapies do not alleviate PTSD symptoms (137).

Identifying and tying together past experiences and current

symptoms may be helpful in understanding how trauma is

reflected in patient’s present problems. Integrating ketamine with

evidence-based psychotherapy requires further exploration in

populations with comorbid depression, BPD and PTSD.

Interestingly, a study on 3,4-methylenedioxymethamphetamine

(MDMA)-assisted psychotherapy in PTSD revealed that the effect

of the intervent ion extended beyond spec ific PTSD

symptomatology and resulted in long-term personality changes

such as increased openness and decreased neuroticism (138).

Researchers also point out positive aspects of pairing ketamine

with psychotherapy such as reduction in defensiveness and

promoting recollection of emotionally arousing past experiences.

Moreover, it is suggested that ketamine’s rapid antidepressant and

anxiolytic effects may enhance treatment adherence and

engagement in building of the therapeutic alliance (125). This

may result in considerable progress in BPD treatment, where

compliance is low and drop-out rates are significant.
Limitations and risks of ketamine
treatment in TRD patients with
comorbid BPD

Increased emotional sensitivity, as well as cognitive and

emotional overload during ketamine treatment may be

overwhelming for BPD patients, especially in the absence of a

therapeutic process. Dissociative symptoms in BPD individuals

with a history of dissociation may be exacerbated after ketamine

exposure (119). These may lead to self-harm, deterioration in

emotional learning and weak psychotherapy response (139–141).

Moreover, psychotic-like experiences may be traumatizing for

vulnerable individuals. Similarly, reliving traumatic memories,

especially outside of the psychotherapeutic context, may be linked

with increased risk of self-harm and suicidal behaviors. Taking into
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account BPD-related low tolerance of frustration and impulsivity,

the risk of suicide may greatly increase in the absence of noticeable,

rapid antidepressive effect of ketamine that the patient

was expecting.

Additionally, the risk of addiction in BPD patients cannot be

ignored. In a review of 70 studies, Trull et al. reported that

approximately half of BPD patients exhibit at least one substance

use disorder (SUD) (with alcohol being the most common),

whereas approximately 25% of individuals with SUD also meet

criteria for BPD (142). Notwithstanding, in research involving

ketamine/esketamine in MDD no substantial risks related to its

use in a controlled medical setting were reported, however no

studies were performed with a focus on BPD patients, in which

substance abuse is a common symptom of behavioral dysregulation

(143). Recently, Chiappini et al. provided preliminary insights of

effectiveness and safety of intranasal esketamine among TRD

patients with comorbid substance use disorder. Antidepressant

effect was significant and no cases of abuse of esketamine were

reported. Despite significant methodological limitations, the

authors considered esketamine as effective and safe in TRD

patients with comorbid SUD (144).
Mitigating risks and improving results
of ketamine treatment

NSSI and suicide risk assessment and management strategies,

such as development of safety plan based on DBT interventions,

should become integral part of the treatment process. In BPD,

psychotherapy remains a first line treatment and its incorporation

into ketamine treatment protocols appears to be necessary for

patients safety and efficacy improvement. Given that exposure to

ketamine may provoke strong emotional reactions and trigger

maladaptive defense mechanisms in BPD patients, involvement of

experienced therapists is critical. It is suggested that more frequent

psychotherapeutic sessions and longer duration of psychotherapy

leads to increase in the efficacy of KAP (125).

A realistic goal setting is an important theme during

preparation to KAP. Introducing patient to various levels of

ketamine action (e.g. neurobiological, psychological) may help

setting reasonable expectations. Psychoeducation regarding the

procedure may decrease the risk of anxiety occurrence and aid

with immersion into the psychedelic experience.

The presence of qualified personnel is required to supervise

patients physical safety and assist in navigating psychological

distress (125). Additionally, the setting of treatment should

facilitate relaxation and help with involvement in the psychedelic

experience. Ketamine administration should be followed by

psychedelic integration session in order for the patient to

understand and accept the experience. Psychedelic integration,

although variably defined, involves reflection, validation and

making meaning of psychedelic experiences and ideally should

lead to incorporation of the insights into everyday life (145).
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Suggested direction of future studies

We recommend controlled trials of ketamine/esketamine

treatment and assisted psychotherapy in patients with TRD with

comorbid BPD to assess efficacy and safety of various protocols in

that population. According to available data, we conclude that TRD

patients with comorbid BPD are viable candidates for clinical trials

when at least 2 adequate pharmacotherapies and psychotherapy

turned out to be ineffective. Research involving patients at high

suicide risk (e.g. multiple or recent suicide attempts), with frequent

NSSI or severe dissociative symptoms should be performed in

inpatient setting, where continuous, intensified medical and

psychological care is available. In the course of trials it is vital to

research whether the suicide ideations and substance abuse risks

constitute a major obstacle in ketamine introduction to treatment

strategies. Taking into consideration BPD symptoms persistence

and their susceptibility to environmental conditions, trials that

would include longer lasting follow-up seem to be of most value.

Additionally, it is needed to establish the optimal frequency of

ketamine administration and psychotherapeutic sessions, duration

of treatment, as well as psychotherapeutic modality used in KAP.

Some studies suggest superiority of higher doses of ketamine in

KAP, thus it is also important to assess the effects of different dosing

in TRD with comorbid BPD (126, 132).

Current state of research suggests that severe personality

disorders, including BPD, may constitute contraindication to

ketamine treatment. Criteria of personality disorders severity

included in ICD-11 and DSM-5 are comparable to Kernberg’s

level of personality organization approach based on assessment of

presence of psychological defense mechanisms, extent of reality

testing the level of identity integration and the control of aggression.

According to this model, more frequent use of primitive defense

mechanisms to cope with stressors and conflicts, low ability to

distinguish intrapsychic from external sources of stimuli, poor sense

of self, highly disintegrated identity, inability to understand or

accept ordinary social criteria of reality, as well as cognitive and

affective inadequacy to the psychosocial situations, are considered

as indicators of psychotic level of personality organization,

reflecting severe personality disorder (146). In our opinion, TRD

individuals with comorbid BPD who exhibit such severity of

intrapsychic functioning disturbances, should not be qualified for

ketamine treatment or KAP.

As the available research is insufficient to distinguish

subpopulations that could benefit the most from the ketamine

introduction, further research should focus on psychological and

neurobiological predictors of the therapy outcome to distinguish

clusters of TRD patients with comorbid BPD. Cluster differentiation

could be centered around the efficacy and safety of ketamine/

esketamine and KAP application in treating patients exhibiting

varying intensity of personality traits typically present in BPD such

as emotional lability, anxiousness, separation insecurity,

depressivity, impulsivity, risk taking and hostility. Potential

impact of severity of suicidal ideations, substance abuse and the
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presence of common comorbid disorders such as PTSD, cPTSD,

SUD, ADHD on the treatment outcome should also be

of consideration.

As some reports suggest that ketamine and other psychedelics

may affect personality traits, further studies are needed to evaluate

the impact KAP has on personality dimensions (127, 138). The

quality of subjective experience and psychedelic effect should be

considered (measured by, for instance, ASC questionnaire) when

evaluating clinical outcomes related to both depressive and BPD-

specific symptoms such as suicidal ideation, fear of abandonment

and feeling of emptiness.
Summary

BPD is a common comorbidity of TRD and it negatively affects

the course, treatment, outcome and prognosis. Moreover, it was

shown that in contrast to behavioral symptoms, BPD core affective

dysfunctions persist into later course of disorder (147).

Interpersonal stressors are known triggers of an affective

dysregulation cascade in BPD, which may result in suicidal

ideations and attempts (148). Efficacy of the available

pharmacological and psychotherapeutic treatments is not

sufficient, thus novel therapeutic approaches are needed.

Ketamine, which is evidenced to have significant antidepressant

and antisuicidal effect, may become one of those. It should be

emphasized though, that in vast majority of ketamine trials in

MDD, patients with comorbid BPD were not excluded, yet they

were not treated as a distinct group. Therefore, the efficacy and

safety of the treatment has not yet been evaluated for

that population.

What is more, in MDD trials, as well as in a few studies focused

on BPD patients, the administration of ketamine was paired with

neither psychotherapy nor psychedelic integration. Taking into

account the risk of affective decompensation following ketamine

exposure, these processes should form a basis of a treatment

strategy. Therapeutic interventions may also help with immersion

into the ketamine experience, which subjective quality seems to be

important for treatment results. Additionally, enhanced

neuroplasticity occurring after ketamine administration may

increase cognitive flexibility and emotional learning. This can lead

to improved responses to psychotherapy.

On a neurobiological level, ketamine-induced changes seem to

refer to alterations reported in BPD and result in revision of mental

representations of self, as well as in improvements in cognitive

control and emotional regulation. It is worth researching whether

ketamine-induced normalization in top-down control and bottom-
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up regulation processes observed in MDD and PTSD could be

applicable in MDD with BPD-related emotion dysregulation.

Considering the above, we emphasize the need for extensive

research of efficacy and safety of ketamine treatment with assisted

psychotherapy in patients suffering from TRD with comorbid BPD.

This is a crucial need and a key direction, especially in the absence

of effective pharmacotherapy for BPD.
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Facts and myths about use
of esketamine for treatment-
resistant depression: a narrative
clinical review
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Eleonora Arsenio1, Andrea D’Arpa1, Antonio Volpicelli 1,
Mario Luciano1, Gaia Sampogna1* and Andrea Fiorillo1

1Department of Psychiatry, University of Campania “L. Vanvitelli”, Naples, Italy, 2Department of Mental
Health, Community Mental Health Center DS 25, Azienda Sanitaria Locale Napoli 1 Centro,
Naples, Italy
Introduction and aims: Treatment-resistant depression (TRD) occurs when at

least two different antidepressants, taken at the right dosage, for adequate period

of time and with continuity, fail to give positive clinical effects. Esketamine, the S-

enantiomer of ketamine, was recently approved for TRD treatment from U.S.

Food and Drug Administration and European Medicine Agency. Despite proved

clinical efficacy, many misconceptions by clinicians and patients accompany this

medication. We aimed to review the most common “false myths” regarding TRD

and esketemine, counterarguing with evidence-based facts.

Methods: The keywords “esketamine”, “treatment resistance depression”,

“depression”, “myth”, “mythology”, “pharmacological treatment”, and

“misunderstanding” were entered in the main databases and combined

through Boolean operators.

Results: Misconceptions regarding the TRD prevalence, clinical features and

predictors have been found. With respect of esketamine, criteria to start

treatment, dissociative symptoms, potential addiction and aspects of

administration and monitoring, were found to be affected by false beliefs by

clinicians and patients.

Discussion and conclusion: TRD represents a challenging condition, requiring

precise diagnosis in order to achieve patient’s full recovery. Esketamine has been

proved as an effective medication to treat TRD, although it requires precautions.

Evidence can inform clinical practice, in order to offer this innovative treatment

to all patients with TRD.
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Background

Major Depressive Disorder (MDD) is a severe mental disorder

affecting approximately 280 million people worldwide and

representing globally the leading cause of disability. MDD has

been conceptualized as a syndrome characterized by depressed

mood, loss of pleasure and interest, and other affective, cognitive

and somatic symptoms persisting for more than two weeks (1–3).

Moreover, MDD impairs psychosocial functioning and quality of

life (4, 5). A clinical characterization of the individual patient is

necessary in order to develop personalized treatment plan with the

final aim of reaching the full recovery (6–9). People with MDD

report many physical comorbidities, with a negative impact on the

long-term quality of life and reducing their life expectancy (10).

Patients suffering from MDD can report a recurrent course of

the disorder, with up to 50% of them not experiencing a full

recovery after the first episode, and up to 35% experience more

than one episode (11). Therefore, based on the longitudinal course

of the disorder, several authors have proposed to distinguish

difficult to treat depression from treatment-resistant depression

(TRD). In particular, it is a clinical condition characterized by

lack of response to appropriate treatment. The construct of TRD is

very complex, as witnessed by the fact that several definitions have

been proposed (12). A consensus definition is still not available,

with implications on epidemiology, policy decision-making and

clinical utility (13, 14). No single biomarker has been identified so

far which can be considered as a benchmark for depression (15, 16)

and for TRD, reflecting a common difficulty in findings biomarkers

for mental disorders (17–19).

The European Medicine Agency (EMA) defined TRD as a

“failure to produce significant clinical results with a treatment of

at least two different antidepressants (of the same or different

classes) administered at the right doses and for an adequate

amount of time, with verified patients’ compliance to treatment”

(20). Although this definition focuses only on pharmacological

aspects and does not consider psychotherapy as a strategy for

mild conditions, it is widely applied in the context of research

(21, 22).

Consistently to this conceptualization, EMA approved

intranasal esketamine in combination with an SSRI or a SNRI for

the treatment of adults with TRD in December 2019 (23), following

the lead of U.S. Food and Drug Administration (24). The approval

of esketamine for treating TRD has introduced an antidepressant

drug with an innovative mechanism of action into clinicians’

armamentarium. According to recent guidelines for managing

TRD, several strategies have been suggested, including the

combination or switch of antidepressants; augmentation with

antipsychotic and/or mood stabilizers (25); administration of

intravenous/intranasal ketamine (26) and neurostimulation

techniques (electroconvulsive therapy, deep brain stimulation,

vagal nerve stimulation, repetitive transcranial stimulation)

(27–29).

Esketamine is the S-enantiomer of ketamine, working as non-

selective, non-competitive antagonist of N-methyl-D-aspartate

(NDMA) receptor (30). Subsequent downstream of glutamate
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release stimulates the activation of AMPA receptors, by initiating

intracellular signaling cascades, resulting in the activation of

mammalian target of rapamycin (mTOR) and increase of brain-

derived neurotrophic factor (BDNF) levels, with positive effects on

synaptic plasticity (31, 32). In terms of pharmacokinetics, intranasal

esketamine has mean bioavailability of about 48%, its peak is

reached until to 40 minutes from last spray, presents biphasic

half-life and undergoes metabolism through CYP-2B6, -3A4,

-2C9, -2C19, hydroxylation and glucuronidation (33).

Esketamine may be associated with craving behavior and

additional potential (34). Indeed, dissociative state is

characterized by depersonalization and derealization (24), while

hallucinations have been reported as a consequence of the

recreational use of ketamine, not for esketamine (35, 36). In this

regard, resistance by clinicians may be encountered to the detriment

of proved clinical effectiveness in TRD. Based on such premises, we

carried out a narrative review of the available literature on the most

common “misconceptions” and “stereotypes” associated with

esketamine use; for each false myth, we provide a list of “good

reasons” for disconfirming such stereotypes.
Methods

The keywords “esketamine”, “treatment resistant depression”,

“depression”, “myth”, “mythology”, “pharmacological treatment”,

and “misunderstanding” were entered in PubMed, ISI Web of

Knowledge, Scopus and Medline. Terms and databases were

combined using the Boolean search technique, which consists of a

logical information retrieval system (two or more terms combined to

make searches more restrictive or detailed). The search strategy has

been limited from March 2019, when the US Food and Drug

Administration (FDA) approved the use of esketamine for the

treatment of treatment-resistance depression (TRD), to March

2024. The following criteria were considered for including papers

in the present narrative review: 1) papers written in English; 2) papers

focused on the use of esketamine as add-on treatment for TRD

patients; 3) focus on prevalence of TRD and/or on side effects of

esketamine treatment and/or risk of addiction due to esketamine use

and/or rules of clinical practice needed for administering esketamine.
Results from the narrative
clinical review

Based on the search strategy, selected studies were used for

counteracting the common false myths reported in clinical practice

about the use of esketamine for the treatment of patients with TRD.

The most common false myths are the following: 1) the

prevalence of TRD is low in clinical practice; 2) no specific

clinical features characterize the individual patient with TRD; 3)

TRD cannot be predicted before its clinical manifestation; 4) patient

candidate to esketamine treatment must have reported nonresponse

to either SSRIs or SNRIs; 5) patient candidate to esketamine

treatment must be affected only from MDD; 6) patient treated
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with esketamine will report side effects, including dissociation and

agitation; 7) esketamine is associated with high risk of addiction; 8)

esketamine treatment requires long period of observation, with

adequate room and many healthcare professionals involved in the

administration procedure (Table 1).

Myth 1: The prevalence of TRD is low

Fact 1: TRD is a common clinical condition

The Sequenced Treatment Alternatives to Relieve Depression

(STAR*D) trial (37) found a cumulative remission rate of 67%

throughout four acute treatment steps, while a TRD prevalence of

up to 55% was detected in a cross-sectional study focused on primary

care in United Kingdom (38). In more recent years, Liu et al. (39)

found lower rates (5.8% and 6.0%) by analyzing data from two large

databases encompassing almost 600,000 patients taking medications

for depression in the United States, where a 12-month prevalence of

30.9% was also found in four claims studies (40). A similar French

research detected 25.8 people suffering from TRD per 10,000 patients

(41). Furthermore, TRD proportion was estimated to be 4.2% in Italy

(42), 24.4% in Israel (43) and 19.6% in Thailand (44). Although

prevalence data are heterogeneous, the common element is that TRD

is quite frequent in ordinary clinical practice. Clinicians should be

aware of the characteristics of TRD as well as of the different

therapeutic strategies for managing patients suffering from TRD.

However, exact prevalence rate of TRD cannot be estimated due

to the lack of a consensus definition and due to the different settings

where patients can be treated (i.e., primary care, outpatient units,

inpatient unit, academia) (14, 45, 46).

Myth 2: No specific clinical features characterize the individual

patient with TRD

Fact 2: The individual patient with TRD has specific

clinical characteristics

TRD is a clinical condition associated with high levels of social and

personal burden (47), requiring half of expenditure for medical

treatment of major depression in the United States (about $92.7

billion per year) (40). Patients with TRD experience significant

impairment in psychosocial functioning, poor levels of quality of life,
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and adverse health outcomes (48–52). Hospitalization rate and

emergency department utilization were found to be more than twice

in TRD patients in comparison with general population (50, 53), with

also significantly longer hospital stay (36%more) and higher costs (54).

When compared with treatment-responding subjects, TRD patients

reported more prevalent hypertension, hypothyroidism and chronic

pulmonary disease (55), as well as substance use, anxiety, insomnia and

pain (49). TRD patients have higher level of brain aging compared to

responders (56). Furthermore, higher mortality risk (7-16 deaths per

1000 patients in 5 years) and mortality rates have been found (57–60).

Compared with treatment-responsive patients, individuals with TRD

are twice as likely to attempt suicide, showing a rate of 30% (61, 62).

Myth 3: TRD cannot be predicted before its clinical manifestations

Fact 3: Numerous clinical predictors allow to detect patients at

high risk of TRD

Several variables have been studied as potential predictors of TRD.

A European multicentric study performed on 702 patients with

depression (63) detected significant association between TRD and

comorbid panic disorder (OR: 3.2), anxiety (OR: 2.6), suicidal risk

(OR: 2.2), social phobia (OR: 2.1), young age of onset (OR: 2.0),

personality disorder (OR: 1.7), symptom severity (OR: 1.7), history of

multiple hospitalizations (OR: 1.6), nonresponse to the first

antidepressant taken (OR: 1.6), melancholia (OR: 1.5), and recurrent

episodes (OR: 1.5). Severity and length of depressive episode, risk of

suicide, psychotic symptoms, comorbid anxiety, non-response to

previous antidepressants, recurrence and hospitalization were

confirmed in association with TRD (64, 65), alongside with

antidepressants at higher doses (66). Moreover, among physical

health problems cardiovascular disease, pain and thyroid problems

were most commonly reported to be associated, as well as female

gender among sociodemographic variables (67). Few studies also tested

the association between TRD and specific candidate genetic factors, but

no specific biomarkers have been identified so far (68).

Myth 4: Patient eligible to esketamine treatment must have

reported nonresponse to either SSRIs or SNRIs
TABLE 1 The most common false myths and facts regarding TRD and esketamine treatment.

Myths Facts

The prevalence of TRD is low TRD is a common clinical condition

No specific clinical features characterize the individual patient with TRD The individual patient with TRD has specific clinical characteristics

TRD cannot be predicted before its clinical manifestation Numerous clinical predictors allow to detect patients at high risk of TRD

Patient eligible for esketamine treatment must have reported nonresponse to either
SSRIs or SNRIs

Patient eligible for esketamine treatment can be nonresponse to any class
of antidepressants

Patient candidate to esketamine treatment must be affected only from depression No psychiatric comorbidity can contraindicate esketamine treatment

Patient treated with esketamine will report side effects, including dissociation
and agitation

Dissociation is not very frequent among side effects

Esketamine is associated with high risk of addiction Potential addiction of esketamine is not commonly experienced by most part
of patients

Esketamine treatment requires long period of observation, with adequate room
and many healthcare professionals involved in the administration procedure

Esketamine treatment can be managed in outpatient unit, with the assistance of a
few professionals
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Fact 4: Patient eligible for esketamine treatment can be

nonresponse to any class of antidepressants

Both FDA (24) and EMA (23) approved esketamine treatment

for patients with depression who had tried at least two different

antidepressants without gaining benefits. In this regard, there is no

specific mention of SSRIs and/or SNRIs in both approval release

documents, so that failure of antidepressant treatment should be

intended in general, also involving other classes (e.g., tricyclics,

monoamine oxidases inhibitors, or dopamine/norepinephrine

modulators, atypical antidepressants). Instead, it is worth

mentioning that a SSRI or SNRI is specifically required to be used

in combination with esketamine treatment. In a comparative study

conducted in Italy (69), more than half of unipolar and bipolar TRD

patients were taking other antidepressants besides SSRIs or SNRIs

before starting esketamine. As well, no specification of class was

provided regarding antidepressants taken by TRD subjects enrolled

by Estrade et al. (70).

Myth 5: Patient candidate to esketamine treatment must be

affected only from depression

Fact 5: No psychiatric comorbidity is a contraindication to

esketamine treatment

TRD is a clinical condition often occurring with other comorbid

psychiatric disorders, such as anxiety, obsessive compulsive

disorder, attention-deficit/hyperactivity disorder, substance use

disorder as well as self-harm behavior, fatigue, chronic pain, and

insomnia (58, 71–74). In the real world, clinicians deal with patients

suffering from TRD with other symptoms in comorbidity, which

might benefit from esketamine treatment. No contraindications

have been pointed out in release documents issued by FDA and

EMA (23, 24). Furthermore, esketamine’s effectiveness was

investigated in TRD patients with comorbid anxiety (75), post-

traumatic stress disorder (76), and substance use disorder (77). The

use of esketamine for treating patients with TRD and comorbid

obsessive-compulsive disorder (78) and anorexia nervosa (79) has

been described as well. Esketamine combined with an oral

antidepressant has been approved in the United States for

managing depression with acute suicidal ideation or behavior (80,

81), and in Europe for dealing with psychiatric emergencies in

adults affected from depression.

Myth 6: Patient treated with esketamine will definitely

experience dissociation and agitation

Fact 6: Dissociation is not very frequent among side effects

Dissociation is a complex construct defined as a “disruption

and/or discontinuity in the normal integration of consciousness,

memory, identity, emotion, perception, body representation, motor

control, and behavior” (1). It encompasses depersonalization,

derealization, illusions and distortion of time, which may be

experienced within a few hours and mostly at a non-severe degree

by 11.1-31.4% of people treated with esketamine (28). The meta-

analysis by Yang et al. (82) found an overall relative risk of

developing dissociation of 4.54 (p<.00001) among patients using

esketamine when compared with placebo group. This value resulted

almost twice (RR: 8.06, p<.00001) in the subgroup taking the dosage

of 56 mg. The SUSTAIN-2 trial (83) reported dissociation rate of
Frontiers in Psychiatry 04142
23.4% during the 4-week induction period and of 18.7% during the

48-week maintenance phase. A post-hoc analysis found a prevalence

of dissociation of 14.3% in patients forty minutes later the

administration of the first dose of esketamine (84). The findings

from the SUSTAIN-3 trial (85) showed dissociation in 24.4% of

participants, 99.8% of whom resolved this condition during the

same day of drug administration. In the real world, dissociative

symptoms were detected in 39.7% of subjects (86). Causal role of

dissociation in improving depressive symptoms was not

consistently found (87–89). Trait dissociation, assessed through

the Dissociative Experience Scale (DES) (90), was proved to be a

significant predictor for the development of dissociation as side

effect. Therefore, the DES should be used as potential screening tool

for identifying patients at higher risk for developing dissociation.

Psychomotor agitation is not commonly reported as a side effect

of esketamine treatment. In the REAL-ESK study (86), only one

case of severe agitation was recorded among 116 treated subjects.

Furthermore, a case report referring to a patient experiencing

agitation and dissociation due to esketamine was described by

Pereira and colleagues (91), who managed this condition

throughout non-pharmacological approach.

Myth 7: Esketamine is associated with high risk of addiction

Fact 7: Potential addiction of esketamine is not commonly

experienced by majority of patients

Potential addiction induced by intranasal esketamine is similar

to that derived from intravenous racemic ketamine in non-

dependent drug users (92). Although this aspect represents a

concern for clinicians, lack of validated quantitative assessment of

potential addiction in TRD patients treated with esketamine has

contributed to limit evidence. Wang et al. (93) developed a visual

analog scale for assessing esketamine craving and drug likeability,

intended as a predictor of potential addition (94). The risk of

esketamine addiction does not affect all patients equally (95).

Moreover, slow de-tritation of esketamine and combined use of

bupropion were suggested for managing drug-seeking and craving

behaviors (34).

Myth 8: Esketamine treatment requires long period of

observation, with adequate room and many healthcare

professionals involved in the administration procedure

Fact 8: Esketamine treatment can be managed in outpatient

unit, with the assistance of a few professionals

Esketamine treatment requires some specific conditions to be

met to ensure patients monitoring and comfort. Administration

should be performed in a peaceful room of hospital or outpatient

unit, in which bed or chair allows patients to rest. The possibility to

adjust the lighting also would be an optimal option.

Sphygmomanometer and handkerchiefs are essential tool to have

available. Patients have to come in the morning on an empty

stomach. Esketamine is auto-administered through a nasal spray

device containing 28 mg per 200 ml of vehicle solution (2 sprays).

Before administration, patients are asked to clean their nose and

recline their head to 45°. Blood pressure monitoring is required

before and forty minutes after the last administration (20). People

suffering from high blood pressure (more than 140/90 mmHg in
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adults; more than 150/90 mmHg in the elderly) have to be treated

previously, as esketamine treatment can only start when blood

pressure levels are within normal range. After monitoring by 60-90

minutes, in the absence of any problems patients can be discharged.

Although they can also go home alone, they are advised not to drive

the car until the next day.
Discussion

The present narrative review aims at counteracting false myths

regarding TRD and esketamine treatment by providing the most

recent and updated evidence available.

TRD represents a complex clinical condition as confirmed by

the lack of a consensus definition and clear epidemiological data

(14, 96–99). According to EMA conceptualization (23), depression

can be defined “resistant to treatment” if at least two

antidepressants failed to improve depressive symptoms, despite

their use at right dose, for adequate period and with adequate

patient’s compliance. Therefore, many clinical conditions labelled

as “depressions difficult to treat” do not fully satisfy criteria for TRD

and they may not benefit from treatments approved for TRD. Some

clinical features might be useful in detecting real condition of TRD,

and the identification of clear predictors of TRD can be helpful for

optimizing diagnosis and subsequently therapy. It has to be noted

that esketamine is approved for treatment-resistant depression

(TRD) and emergency suicidality only. However, recent trials

have confirmed its efficacy also in patients suffering from bipolar

disorder, with an actual depressive phase (69), but this use remains

off-label and clinicians should carefully evaluate the risk/benefit

ratio in administering such medication to patients with different

clinical conditions. Although these positive results are encouraging,

further longitudinal studies, designed with a rigorous methodology,

are required.

Esketamine represents an additional tool in the clinicians’

therapeutic armamentarium for treating MDD and TRD. Clinical

efficacy has been proved both in experimental and real-world

settings. Superiority of esketamine combined with oral

antidepressant compared to placebo plus oral antidepressant was

found in the short-term by Popova et al. (100), unlike Fedgchin

et al. (101) and Ochs-Ross et al. (102). In the long-term treatment,

esketamine is effective in terms of significant reduction of

depressive symptoms (83). Moreover, in the long-term

maintenance study, adult patients with TRD treated with a

continue use of esketamine report a significant delay in time to

relapse compared with placebo, both considering stable remitters

and stable responders (103). It is relevant to consider that no

potential risk for abuse has been detected in the long-term

treatment (i.e., up to one year from treatment) (104).

In the real world, significant improvements in terms of

depressive symptoms and remission rates were reported after

three months from the start of treatment (86), also in subjects

affected by bipolar TRD (69), and in elder patients who however

showed high levels of side effects (105).

Esketamine represents an important novelty among

pharmacological treatments for patients with MDD, having an
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innovative mechanism of action (106). Indeed, depression has

traditionally been conceptualized as a disorder underlying by an

alteration in the neurotransmission pathways of serotonin,

norepinephrine and dopamine pathways. Esketamine works as

non-selective, non-competitive antagonist of NDMA receptor,

determining subsequent activation of AMPA and intracellular

cascades (31, 32). Higher levels of BDNF and synaptic plasticity

represent positive effects. Therefore, esketamine has a specific target

on a new pathway, which is represented by the glutamatergic

system. However, given its similar pharmacological profile and

the extensive literature on its safety and tolerability, it is crucial to

briefly mention ketamine (107). Many randomized controlled trials

have confirmed the acute efficacy of ketamine in patients with TRD,

although only a few data come from the real-world practice. A

recent systematic review (26) found that ketamine has a substantial

antidepressant effect, although its effectiveness varies significantly

across patients. Moreover, a recent study by Gałuszko-Węgielnik et

al. (108) found that ketamine is an effective add-on treatment to

standard of care for people with treatment-resistant depression

presenting psychotic features. Ketamine is administered as

intravenous infusion and the subsequent monitoring revealed no

exacerbation of psychotic symptoms in short and long-term

observation, while stable remission and fast antisuicidal effect was

found. However, these data should be carefully considered since the

rates of recreational use of ketamine is increasing and the potential

addiction to ketamine shares the same neurobiological pathway of

its clinical effectiveness in treating patients suffering from

TRD (109).

Taking esketamine requires a safe setting, where healthcare

professionals can monitor patient’s response in terms of side effects

for up to 90 minutes. Dizziness, nausea, dissociation, headache,

dysgeusia, vertigo, somnolence, hypoesthesia and vomiting were

reported as common side effects (110). Usually, they appear at mild

or moderate degree of severity, are dose-dependent, and last only in

the same day of esketamine administration. When they are severe,

adjunctive treatments, and/or treatment pause or interruption

should be considered (111–113). Discontinuation rate due to

adverse effects in clinical trials has been estimated in about 5% of

cases (85). The most relevant limitation is using esketamine is

related to patients at high risk of aneurysm, and those with history

of cerebral bleeding or heart attack (20). Assisted administration

and monitored setting may also be helpful to promptly detect any

potential risk of addiction.

Basing on patients’ age, recommended dosage consists of one or

two puffs in each nostril at day 1, while up to three sprays per nostril

can be administered twice a week during the following 4 weeks.

Depending on patient’s conditions, treatment can be performed

once a week for 4 weeks and once or two times per week up to 6

months. This strict schedule may appear a limitation for patients,

but real-world study does not mention this aspect among the

reasons of esketamine discontinuation (69).

Intranasal administration is unusual in psychiatric setting.

Indeed, consolidated use of tablets, capsules and drops

formulations has allowed the patient to take antidepressant

therapy in comfort and autonomy. Furthermore, repeated and

intermittent nasal sprays encouraged researchers to investigate
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olfactory functionality and nasal mucosa of patients, who seem to

well tolerate this practice also in the long term (114, 115).

Dissociative effects and the potential addictive effects of

esketamine treatment are among the main concerns related to the

use of esketamine in clinical practice.

As regards dissociative effects, these are experienced as feelings

of disconnection from the reality, and are reporting in up to 40% of

subjects taking esketamine in the real world setting, resolving within

the same day of administration. Although a causal role of

dissociation in improving depressive symptoms could be

hypothesized, Ballard and Zarate (87) showed that it is not

necessary to determine antidepressant effects of ketamine and

derived medication. Moreover, the potential addiction from this

drug resulted to involve patients treated with esketamine (95).

The present study has some limitations, which must be

acknowledged. First, this is not a systematic review, but rather a

narrative review which is more in line with the scope of the paper. It

may be that relevant studies on esketamine have been omitted, but

this was due to the need to identify papers related to the false myths

addressed here. In fact, narrative reviews are a specific type of

review in which researchers can pursue an extensive description and

interpretation of previously published papers on a chosen topic. The

description of the search strategy and selection criteria should be

considered a major strength of the present paper. We believe that

this approach has been appropriate for the topic of “myth and facts”

related to the use of esketamine in ordinary routine clinical practice.

Another limitation is the inclusion of papers published in

English only, which may have led to the exclusion of some

papers/clinical experiences carried out in different countries with

different languages.
Conclusions

TRD represents a challenging clinical condition, which needs to

be adequately identified and diagnosed in order to achieve patient’s

full recovery. Esketamine has been proved as an effective medication

to treat TRD, although it requires precautions. Evidence can inform

clinical practice, in order to offer this innovative treatment to all

patients with TRD.
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Although esketamine is an innovative treatment for the

management of TRD patients, available data clearly confirm the

efficacy, safety and good tolerability profile of this medication.
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Major depressive disorder (MDD) represents a major health issue in adolescents

and young adults, leading to high levels of disability and profoundly impacting

overall functioning. The clinical presentation of MDD in this vulnerable age group

may slightly differ from what can be observed in adult populations, and

psychopharmacological strategies do not always lead to optimal response.

Resistance to antidepressant treatment has a prevalence estimated around

40% in youths suffering from MDD and is associated with higher comorbidity

rates and suicidality. Several factors, encompassing biological, environmental,

and clinical features, may contribute to the emergence of treatment-resistant

depression (TRD) in adolescents and young adults. Furthermore, TRD may

underpin the presence of an unrecognized bipolar diathesis, increasing the

overall complexity of the clinical picture and posing major differential diagnosis

challenges in the clinical practice. After summarizing current evidence on

epidemiological and clinical correlates of TRD in adolescents and young

adults, the present review also provides an overview of possible treatment

strategies, including novel fast-acting antidepressants. Despite these

pharmacological agents are promising in this population, their usage is

expected to rely on risk-benefit ratio and to be considered in the context of

integrated models of care.
KEYWORDS

major depressive disorder, treatment-resistant depression, adolescents, youth
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1 Introduction: major depressive
disorder in youth populations

Major depressive disorder (MDD) is a serious psychiatric

disorder with a relevant impact on quality of life and overall

functioning. According to the World Health Organization

(WHO), MDD represents the main cause of years lived with

disability worldwide, leading to decreased involvement in social

and work activities and to increased medical comorbidities and

health resource use (1). The lifetime prevalence of MDD may reach

up to 30% in special populations (2), and is usually higher among

women (3).

Depressive disorders, and particularly MDD, also represent a

relevant health issue in adolescents and young adults, with an

overall prevalence estimated around 2-3% (4, 5), reaching up to

20% at the end of puberty (6). The incidence of MDD during

adolescence is estimated about 7.5% (2.3% for serious forms of the

disorder) (7), with higher prevalence rates among young women

(8). A meta-analysis of 80,879 youths conducted during the first

year of the Coronavirus disease 2019 (COVID-19) pandemic

concluded that the global prevalence of youths experiencing

clinically significant depressive symptoms increased to 25% (9).

Adolescence is a vulnerable period for developing mental health

issues, and particularly depression, due to the interaction of

different factors encompassing biological, environmental,

and social determinants (10). Indeed, the onset of puberty,

together with the exposure to social media, bullying and

cyber-bullying episodes and education-related issues, make this

life period extremely prone to the onset of psychopathology (11).

Adolescents and young adults experience a number of symptoms

during depressive episodes, including persistent sadness, irritability,

weight change, loss of energy, and insomnia (12). The emergence of

MDD during adolescence is associated with significant functional

impairment and higher comorbidity rates (11), including medical

diseases (13), as well as with an increase in substance abuse (14).

More than 30% of youths suffering from MDD experience suicidal

ideation, and over 10% attempt suicide, the latter being the second

cause of death among youths aged 15-24 (15). Studies conducted

among university students highlighted that MDD could seriously

impact academic performances and lead to impaired social

relationships and low self-esteem (16). Moreover, the onset of

MDD during youth may lead to higher recurrence and relapse

rates during the following years (17). Despite the relevance of MDD

among youths under a clinical and epidemiological point of view,

young people suffering from this disorder are often not likely to seek

help. Hence, according to recent reports, only 35% of adolescents

suffering from this condition accessed mental health resources and

only 33% received adequate treatment (8).

In this narrative review, we decided to focus on one of the major

challenges posed by MDD, which is treatment-resistance. Since a

considerable percentage of MDD first episodes occur during

adolescence or young adulthood, we believe that the appropriate

identification of difficult-to-treat conditions is crucial to prevent

functional impairment and chronicization during the following

years. As a consequence, the main aim of this paper is to
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critically summarize evidence concerning treatment-resistant

depression (TRD) in youths, with specific focus on: definition,

epidemiology, impact, clinical correlates (including differential

diagnosis issues), and possible treatment strategies, with

particular interest in novel antidepressant strategies. To this

attempt, we performed a literature review, variously combining

the following keywords in PubMed, Scopus, and Web of Science

databases: “major depressive disorder”, “depressive disorders”,

“treatment-resistant depression”, “treatment resist*”, “youth*”,

“adolescent*”, “young adult*”.
2 Treatment-resistant depression in
youth populations: clinical challenges
and impact

The currently accepted definition of TRD refers to a condition

in which subjects do not respond, or reach remission, after

treatment with at least two antidepressants at adequate dose and

for an adequate period of time (18). Using this definition, the

prevalence of TRD is estimated about 20-30% among subjects

suffering from MDD (19), but rates vary from 12% to 55% (20).

This huge variability is mainly due to the lack of homogenous

criteria for TRD, as well as to various staging models that consider

different number of failed antidepressant trials and different

possible treatments, e.g., variably including also psychotherapies

and electro-convulsant therapy (ECT) (21). Despite consensus

has not been reached yet, most studies consider response as a

reduction in depressive symptoms of at least 50%, as evaluated by

well-validated rating scales (22). The minimum duration of

antidepressant treatment should be 4 weeks (23), with a variable

range of 4-12 weeks (24). Overall, subjects with MDD who undergo

adequate treatment usually reach remission in 30% cases. Out of the

remaining 70%, about 20% respond to treatment without reaching

remission, while 50% do not respond at all (25). To note, the

possibility for reaching remission significantly decreases after the

second and third treatment strategy, as detected in the wide

multicenter Sequenced Treatment Alternatives to Relieve

Depression (STAR*D) study (26). Furthermore, in a relevant

percentage of cases where a response is observed, residual

symptoms may be present and impact overall quality of life of

affected individuals (27).

TRD represents a complex clinical entity, underpinning

different depression subtypes, as well as psychiatric and medical

comorbidities (28). This condition should be conceptualized as a

phenomenon that lies on a continuum ranging from partially

responsive depression to multi-treatment resistant MDD (29). As

we will elucidate later, TRD is also a multifaceted phenomenon,

since several factors lead to reduced treatment effectiveness in

MDD. Among possible risk factors for TRD, psychiatric

comorbidities, particularly anxiety disorders (30, 31), psychotic

features (18), and poor treatment adherence (32) have pointed

out as the most common ones.

In youth populations, no specific criteria for TRD have been

suggested, and research on the topic is scant (33, 34). A broad
frontiersin.org
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definition proposed for TRD in adolescents is a depressive disorder

that does not respond to a two-month antidepressant treatment,

namely a drug prescribed at a dose equivalent to 40 mg of fluoxetine

and/or 8-16 sessions of cognitive-behavioral or interpersonal

therapy (35, 36). Psychopharmacological treatment efficacy

should be evaluated at intervals of at least four weeks, increasing

doses in case of incomplete response (37). The main strength of this

definition is the inclusion of psychotherapy among possible

treatment strategies, which lacks in most adult TRD definitions

(21). Indeed, psychotherapy demonstrated its efficacy in

youth depression, alone or associated with pharmacological

interventions, and is mentioned in the majority of treatment

guidelines for this population (37–40). On the other hand, the

different response to antidepressants in adolescents is not taken into

account and the doses are similar to those advised for adults. It has

anyway been largely demonstrated that young populations can

develop activation symptoms, mood lability, and irritability in

response to conventional antidepressant treatments, possibly

leading to worsening of depression and suicidality (35). This is a

major issue that experts should consider when defining TRD in

adolescent and young adults, possibly reaching a more population-

specific and comprehensive definition.

Based on the currently accepted description, a consistent

percentage of adolescents and young adults with MDD –

estimated around 40% - fail to respond to treatment with an

antidepressant medication or evidence-based psychotherapy (33,

41), resulting in what is commonly referred to as TRD (34). To note,

there is also a proportion of patients – about one third – initially

reaching remission who do not maintain this outcome in the long-

term (42). The impact of TRD on overall well-being has widely been

recognized (43), together with the significant increase in mortality

risk among affected individuals (44, 45). These aspects are

particularly meaningful in youth populations. Indeed, TRD is

associated with cognitive impairment (46), reduced coping

abilities (47), and higher risk of developing medical diseases (48,

49), resulting in greater overall severity, poorer outcomes, and

reduced functioning in different areas (50–52). High mortality

rates are linked to comorbidities and to increased suicide risk

(53). In most cases, TRD leads to higher use of healthcare

resources, with subsequent increased health costs (54–56), which

is even more relevant if we focus on young populations at their very

first working experiences. As a result, quality of life is significantly

impaired in adolescents and young adults suffering from TRD (57).
3 Clinical correlates of TRD in
youth populations

The clinical presentation of MDD in youths, and particularly

adolescents, can significantly differ from what can be observed in

adult populations, although diagnostic criteria are the same.

Depressive symptoms can sensitively be different across the

lifespan, which lead to low diagnostic validity of traditional

nosographic categories in this population (58). In early and mid-

adolescents some features, particularly irritability, somatic symptoms,

and anxiety, can be ever more prevalent than low mood and sadness,
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while in older adolescents and young adults affective and cognitive

symptoms are prominent and closely resemble those observed in

adults (59). Among youths, somatic and autonomic symptoms -

including eating and sleep disturbances – could in some cases prevail

on cognitive features and anhedonia and may lead to increased

duration and severity of the depressive episode (36). Moreover,

different clinical pictures may be observed also based on possible

pathways leading to the development of depressive symptoms and

depressive disorders. The impact that substance abuse, as well as the

co-occurrence of behavioral addictions, e.g., pathological internet and

social media use, can exert on the clinical picture may indeed be

crucial. Sex differences have also been described, including a higher

prevalence of eating and body image disorders in females, while

somatic symptoms, attention deficits, restlessness, and anhedonia are

more frequent in males, increasing the risk of developing conduct

disorders and substance use (59). Another not negligible influence is

represented by cultural and societal determinants, since the

development of depression may be affected by specific factors, e.g.,

belonging to a minority or being culturally vulnerable in challenging

environments, such as huge urban contexts (60, 61). This is a crucial

points if we consider the progressive increase of migrant families

belonging to ethnic minorities in European countries and the high

prevalence of mood disorders in this population (62), with major

challenges for psychiatric care. Indeed, symptom presentation

significantly vary across cultures, as demonstrated for most

psychiatric disorders, and thus require more time to be adequately

identified. Moreover, adolescents coming from socially disadvantaged

groups may encounter major barriers in accessing mental health care

(63), which summed up to internal and external stigma-related issues

determines reduced rates of help-seeking and possibly influences the

emergence of treatment-resistance due to delay in symptom

recognition. Cultural differences may also be experienced when it

comes to how depression is perceived among youths belonging to

different contexts and could influence crucial aspects such as the

acceptance of the proposed treatments and the risk of drop-out,

which significantly impacts the efficacy of treatment strategies (64).

Depressive episodes in youth populations are not of univocal

interpretation and should be treated with particular attention

especially in case of treatment resistance. Frequently, TRD during

adolescence underpins the presence of an underlying bipolar

diathesis. Indeed, most subjects who suffer from early onset

bipolar disorder (BD) present a depressive polarity at their first

episode, and it has been argued that up to 28% of young patients

who are at first diagnosed with MDD develop subsequent

hypomanic or manic episodes within 5-10 years (65). To note,

bipolar depression is usually resistant to antidepressant treatment,

which can also lead to a shift towards manic symptoms (66) and

worsening of depression (67). Treatment strategies may differ

significantly in case of a bipolar diathesis, since antidepressants

should be used with caution in subjects suffering from, or at-risk for,

BD, evaluating the risk/benefit ratio (68). In younger patients,

bipolar depression may be difficult to distinguish from MDD, due

to the depressive onset and the absence of previous episodes of

opposite polarity. Some clinical features may anyway be evaluated

as possible “red flags” and should thus be always considered.

The main factor suggesting underlying bipolarity in youths with
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a depressive episode is positive familiar history for BD, which

already suggests the presence of an at-risk state for BD

according to previously proposed criteria (69). A positive

history of psychotic disorders and suicide among first-grade

relatives should also be taken into account, as well as illness

characteristics, since higher severity and younger age at onset

could be more frequently associated with the emergence of BD

among offsprings (39). As already stated, hypomanic episodes are

often under-reported or considered as ego syntonic in this

population. The presence of under-threshold hypomanic

symptoms should anyway be systematically investigated, and

clinicians should screen patients for the presence of short periods

– usually, less than four days – during which clinical features such as

increased self-esteem, decreased need for sleep, talkativeness,

distractibility, and increased goal-directed activity occurred (69).

Course characteristics of the current depressive episode should also

be considered, particularly early and abrupt onset and a positive

history for recurrent depressive episodes that, as already stated, fail

in responding to antidepressant treatment or present worsening of

depression (39, 67). Finally, further potential predictors of

underlying BD include atypical or mixed features, psychotic

symptoms, psychomotor retardation, and catatonia, as well as the

comorbidity with substance abuse (70–72).

When TRD occurs in early onset mood disorders, it may underpin

biological, clinical, and social correlates representing possible risk

factors for this condition. The first point is that depression during

youth may result from altered connectivity in brain regions, e.g.,

amygdala, involved in emotional-affective processing and regulation,

during a period when they are still under development. This can result

in aberrant responses to classical antidepressant treatments, even

when administered for a long period of time. Genetics plays a key

role in resistance to psychopharmacotherapy, as shown by previous

studies on lithium response (73, 74). The main alleles involved in TRD

include those encoding for steroid hormone receptors, e.g., FKBP5

(75) and for serotonin transporter (76). Being a fast metabolizer has

also been associated with a reduced response to pharmacological

treatment (77). Neurometabolic alterations, such as GTP

cyclohydrolase deficiency, represent additional risk factors for TRD

and were thus pointed out as potentially treatable causes of this

condition (78, 79). Biological sex also seems to affect response to

antidepressants, since girls present higher risk of experiencing

recurrence and treatment resistance (80). Neurodevelopmental

disorders, such as attention deficit and hyperactivity disorder

(ADHD) and autism spectrum disorders (ASD), represent

additional risk factors for TRD in the young (81–84). This may be

due to different reasons. First, the presence of untreated ADHD can

reduce functioning, self-esteem, and treatment compliance, directly

contributing to the development of depressive symptoms. In addition,

the presence of ADHD is a risk factor for substance abuse, which

further contributes to TRD. ADHD should thus be investigated in

youths presenting with treatment-resistant mood disorders, since its

clinical management can improve functioning, depressive symptoms,

and treatment compliance, also reducing the risk for substance abuse.

It was also reported that people with ASD are four times more likely to

experience depression, especially in case of high functioning (85):

however, autistic children and adolescents treated with selective
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serotonin reuptake inhibitors (SSRI) may have a higher risk of side

effects, such as impulsive or irritable behavior and trouble sleeping

(86). Other clinical factors that may contribute to the development of

TRD are represented by overall greater illness severity during a

depressive episode, high levels of anxiety, and suicidality (87–90).

Psychiatric comorbidities, such as eating disorders and personality

disorders, contribute to treatment resistance in youths who suffer from

depression (36, 59). Moreover, adolescent depression is associated

with a higher prevalence of substance-related disorders when

compared to the general population (91), leading to increased

disease severity and higher risk of TRD, especially in males (80, 92).

The use of specific pharmacological agents and combinations, such as

trazodone in association with fluoxetine, has been pointed out as a

potential contributor to treatment resistance or symptom worsening

in depressed young patients, but different confounding factors, e.g.,

pharmacokinetic interactions, make this findings anecdotical (93).

Among comorbid medical conditions, early onset thyroid disorders

may also cause depressive symptoms and contribute to TRD in the

young (94). Finally, social factors including parental depression, early

adversity or trauma, and belonging to a minority, have been identified

as more prevalent in TRD young patients (95–99).
4 Treatment strategies in youth TRD

The issue of treating TRD in adolescents and young

adults is challenging, due to different reasons. Indeed, no

psychopharmacological treatment has specifically been approved

for TRD in this population and no univocal guidelines have

been reached yet. It should also be underlined that, despite

some antidepressant drugs – e.g., SSRIs – are approved and

considered as first-line treatments in youth depression, their use

is controversial and data on their efficacy is limited. Previous

literature highlighted that not only SSRIs, but also tricyclic

antidepressants (TCA), present reduced effectiveness in

the treatment of MDD in adolescents when compared to

adult populations (100–105). Similarly, third-generation

antidepressants, such as serotonin and noradrenaline reuptake

inhibitors (SNRI) and mirtazapine, did not show higher efficacy

when compared to placebo (101, 105). It should also be underlined

that treatment indications for this age range should transcend

general approaches. Indeed, there is huge variability in the clinical

manifestations of depressive disorders among youths, which

suggests that a precision psychiatry methodology should always

be used and treatments should target symptom dimensions rather

than diagnostic categories (106).

In case of non-response to the first antidepressant trial, and

after considering all the factors that may impact treatment

outcomes, e.g., physical and medical comorbidities (107), one

possible strategy is switching to another antidepressant, usually

another SSRI on a SNRI. These two treatment options showed

similar response rates in previous studies (47% vs 48%, p=0.83),

despite SNRIs and particularly venlafaxine presented greater effects

on blood pressure and heart rates (33) In case of switching to

another antidepressant, the long latency of action may represent a

crucial limitation (108). As a consequence, combination and
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augmentation strategies are often chosen, especially in case of a

partial response to the first prescribed treatment (36). As a result,

adolescents with TRD frequently receive numerous psychotropic

medications, including multiple drugs acting on monoaminergic

systems, mood stabilizers, particularly lithium (36, 109), and

atypical antipsychotics (80), but remission rates remain low and

many experience adverse effects (110). The use of combination

strategies in youth TRD may also present major issues in the long-

term. Indeed, despite lithium appears to be a promising treatment

in this population, also due to its effects in reducing self-harm and

suicidality in adults (111), its clinical use in adolescents is limited by

the narrow therapeutic window and by potential adverse effects,

mainly those on kidney and thyroid function (36). Similarly, long-

term use of second generation antipsychotics is burdened by the

considerable risk of weight gain and metabolic syndrome (112),

which limits their tolerability in this population.

Previous research also focused on non-pharmacological

treatments, which could limit drug-related safety issues, with the

strongest evidence supporting the use of cognitive behavioral

therapy (CBT) in youth populations. Indeed, the efficacy of CBT

has been demonstrated even in monotherapy, with evidence on its

possible usefulness in relapse prevention (113, 114). As for the

effectiveness of CBT as add-on treatment in TRD, it has been

suggested that it should be added to psychotropic agents as early as

possible, and possibly at least after one treatment failure,

representing the gold standard in this population (115). On the

other hand, there are also trials supporting poor response to

combined CBT-antidepressant treatment, which suggests that the

profile of young patients responding to psychotherapy for

depressive episodes should be better characterized (116). Despite

CBT being the approach with strongest literature evidence (33, 117,

118), interpersonal therapy (IPT) also demonstrated its efficacy in

adolescents with TRD (119). The effectiveness of IPT for the

treatment of depression arises from its focus on social and

interpersonal stressors that may trigger depressive episodes and

can be significantly impactful in youth populations. Due to

encouraging results in adult depression, adolescent-focused IPT

protocols were designed and showed to be effective (120), despite

more comparative studies would be needed. Promising results were

also reported for further approaches, e.g., short-term psychoanalytic

psychotherapy (121), and it was thus suggested that youths failing

to respond to one first trial should switch to another approach (36).

As for non-pharmacological treatments that specifically target

TRD, preliminary evidence is available for physical therapies, such

as transcranial magnetic stimulation (TMS), which demonstrated to

be safe and tolerable in this population acting on both depressive

and anxiety symptoms (122, 123). Similarly, data concerning ECT

in youths is scant and its usage is limited. This may be due to

restricted knowledge on the topic, caused by scantiness of clinical

trials and legal restrictions in the implementation of this treatment

(124, 125). Despite this, novel protocols tailored to this age group

have been implemented with some positive results concerning

efficacy and tolerability (90). Particularly, the use of ECT in youth

populations suffering from TRD with suicidal ideation (126) or

psychotic symptoms (127) appeared to be particularly effective, with

response rates ranging from 50% to 90% depending on the
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considered report (124, 125, 128). One major issue for the use of

physical therapies in adolescents and young adults could be related

to possible impairment of cognitive performances, which represent

one of the main domains impacting overall functioning in this

population, but the tolerability profile appeared to be similar to

those evidenced in adults (128).

On the basis of what stated above, the need for novel, tolerable,

fast-acting antidepressants represents a crucial need in youth TRD.

Several pathophysiological pathways appear to underlie TRD (129).

Among the most studied mechanisms, a reduction in glutamate levels

in prefrontal areas has been detected (130). This hypothesis has been

supported by the antidepressant efficacy of ketamine and esketamine,

modulating glutamatergic activity (131–133). At first approved as

anesthetic drug in the 1970s, ketamine raised interest among the

scientific community also due to its quick and long-lasting

antidepressant activity (134–138). This pharmacological agent acts as

a modulator of glutamatergic systems by N-methyl-D-aspartate

(NMDA) antagonism (136). Other pathophysiological pathways

targeted by treatment with ketamine include the modulation of

prefrontal GABAergic neurons (132) and the stimulation of a-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)

receptor (139, 140). These treatments lead to changes in

neuroplasticity on mTOR/brain-derived neurotrophic factor (BDNF)

signaling (141, 142). To note, the chronic use of ketamine is also

associated with increase in blood neurotrophins, such as BDNF (143).

Despite clinical recommendations for TRD have been

developed during the last decades (see, e.g (144), widely accepted

guidelines have not been implemented yet. Anyway, increasing

evidence is being provided for what concerns recently approved

treatments for TRD, among which the main one is intranasal

esketamine (145). Emerging evidence supports the use of

ketamine and esketamine in youths with TRD. As already

elucidated, several randomized studies demonstrated that

ketamine infusion lead to significant reduction in depressive

symptoms compared to placebo in TRD (138, 146–149). Recent

evidence also showed that ketamine may act on suicidal ideation

with rapid action and minimal side effects (131, 150–157). Since the

use of SSRI in adolescents suffering from depression has been

associated with increased suicidal risk (158), with a pooled

relative risk of 1.28 (95% CI: 1.09–1.51) as detected by a recent

meta-analytic study (159), the possible effect of ketamine

on this dimension gains even higher importance. Another

psychopathological domain on which antidepressants were

demonstrated to exert low effectiveness in young populations is

anhedonia (87), possibly representing another promising target of

treatment with ketamine as demonstrated by previous reports on

bipolar depression, demonstrating reductions of anhedonia levels at

different times during the 14 days after the infusion, not depending

on the effect on other depressive dimensions (160). Despite

literature on the topic is still scant, recent studies showed

encouraging results concerning the use of intravenous ketamine

in youth populations. Indeed, a randomized controlled trial pointed

out towards the efficacy of one single dose of intravenous ketamine,

compared to active placebo (midazolam), in reducing depressive

symptoms in adolescents who did not respond to previous

treatments (161). During the 3 days following infusion, the
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prevalence of response to ketamine treatment was 76% (p=0.046)

compared with 35% of responders in the active placebo group, with

a mean difference in the Montgomery-Åsberg Depression Rating

Scale (MADRS) of -8.69 ± 15.08 and an effect size of 0.78 (161, 162).

Further data from open-label trials and case reports/case series

also suggested that low-dose ketamine had a rapidly acting

antidepressant effect in adolescents. In particular, an open label

trial investigating the efficacy of six ketamine infusions (0.5 mg/kg)

over two weeks on adolescent (12-18 years old) TRD demonstrated

a reduction of 42.5% (p.<0.01) at the Children’s Depression Rating

Scale - Revised (CDRS-R) (163, 164). Intravenous ketamine

treatment appeared to be safe and well-tolerated in this

population, with transitory dissociative and hemodynamic

symptoms that resolved after few hours (161, 163, 165). The

neural correlates of intravenous ketamine treatment in adolescent

TRD may reside in the reduced activation of corticolimbic,

corticostriatal, and default mode networks, which underpins an

increase in hedonic capacity associated with reduced negativity bias

and attitude towards positivity (166). To note, the use of ketamine

would appear more appropriate among specific sub-populations of

TRD patients, as confirmed by adult studies. Indeed, it has been

suggested that the most appropriate use of ketamine would be as a

short-term treatment in acute settings, especially in case of suicidal

risk, which appears to decrease even before the improvements of

depressive symptoms (167). Anyway, the latter were faster than

those obtained with other antidepressant drugs, e.g., SSRIs (168).

Moreover, studies conducted in adult populations elucidated that

efficacy on specific domains, e.g., cognitive symptoms, was obtained

only in TRD patients with anxious depression when compared to

non-anxious ones (164). Similarly, it can be hypothesized that

response to ketamine treatment in youths could depend on

specific factors. Most evidence so far showed that response to

ketamine in youth populations is associated with a shorter

duration and lower severity of the current episode, treatment with

SSRIs rather than SNRIs, and ADHD comorbidity (169).

Esketamine, the S-enantiomer of ketamine, was demonstrated

to be a precious therapeutic option when combined with

serotoninergic drugs in adult TRD (170) and was thus approved

by regulatory agencies for the treatment of this condition (171–

173). Due to its higher affinity for NMDA receptor and to its

intranasal formulation, esketamine offers interesting therapeutic

perspectives for outpatient use, and is thus the only treatment

approved for TRD in European countries when combined with

SSRIs or SNRIs (174). Previous reports showed promising results

concerning the use of esketamine in adolescent populations.

In a randomized-controlled trial, three intravenous infusions of

esketamine (0.25 mg/kg) were associated with higher antidepressant

and anti-suicidal effects according to greater reductions in the

scoring of depression severity (MADRS total score mean changes:

-15.3 ± 11.2 vs -8.8 ± 9.4, p=0.002) and suicide-related measures

(Columbia Suicide Severity Rating Scale (CSSRS) ideation score

mean changes: -2.6 ± 2 vs -1.7 ± 2.2, p=0.007; CSSRS intensity score

mean changes: -10.6 ± 8.4 vs -5 ± 7.4, p=0.002) when compared to

active placebo in adolescents aged 13-18 (175). In the esketamine

treatment group, a significant improvement in some cognitive

domains, particularly processing speed (drug main effect:
Frontiers in Psychiatry 06153
F=6.607, p=0.013) was also observed, while no impairment of the

other domains were reported (176). A double-blind, randomized,

midazolam-controlled study of intranasal esketamine for

adolescents with MDD at imminent risk of suicide showed that

pooled esketamine doses (56 mg, 84 mg) were superior over

midazolam in reducing CDRS-R at 24 hours after the initial dose

(p=0.037), with relatively low incidence of serious adverse events

(28 mg: 13.8%, 56 mg: 22.6%, 84 mg: 4.3%) that did not cause

treatment discontinuation in any case (177). Further evidence

coming from case report studies (178) confirmed that intranasal

esketamine use in youth populations could be tolerable with

minimum adverse reactions, despite its efficacy has not been

proved yet (175, 176). As for possible issues related to the use of

ketamine and esketamine in the long-term, it has been argued that

vigilance for possible cognitive effects and the emergence of abuse is

essential, despite preliminary data on adult population is

encouraging (179). Current evidence for intravenous ketamine

treatment in adolescent populations is based on preclinical

studies. Despite most of these showed no later cognitive

impairment and an overall good tolerability in the long-term with

the administration of low-dose ketamine (180, 181), further data

underlines a reduction of spatial working memory together with

morphological and degenerative brain changes when administering

higher doses to adolescent rats (182). This suggests that detrimental

effects of ketamine on brain development may depend on the

chronicity and dose of administration, but it should also be noted

that clinical doses of this medication are significantly lower than

those used in these experimental settings (183). As for esketamine,

no long-term studies assessed its safety in adolescent populations.

To note, encouraging results come from trials conducted in clinical

settings evaluating long-term esketamine use in adults, which

showed overall good tolerability, with no relevant incidence of

serious adverse effects, including abuse (173, 184, 185).

To note, further treatments for TRD are being evaluated, such

as psychedelics and cannabidiol, with promising results in adult

populations but no preliminary evidence, including preclinical

studies, in adolescents (108). Among classical psychedelics,

psylocibin is being evaluated for the treatment of affective - and

particularly depressive - disorders, with preliminary clinical

evidence in adult populations (186). Based on animal models, the

antidepressant efficacy of this compound may rely on its effect on

5HT-2A receptors, possibly increasing serotonin and glutamate

levels and modulating the excitability of pyramidal neurons and

synaptic plasticity processes (187). As for cannabidiol, its possible

usefulness in the improvement of affective and stress-induced

symptoms has been widely proved by preclinical studies, despite

its efficacy may vary on the basis of different biological

determinants, e.g., sex (188, 189). Preclinical evidence is also

available for the use of the compound in adolescence, confirming

its effectiveness at lower doses than those needed in adulthood

(190). Contrasting results on cannabidiol length of action in

adolescent rodents were provided, suggesting that the fast-acting

antidepressant action may not be sustained over time (190, 191),

but these data require further validation. Since evidence for novel

antidepressant strategies has not been confirmed by clinical studies

on adolescent populations and preclinical data is still scant, no
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conclusions can be drawn on possible uses of these molecules in

youths so far.

Despite some novel agents, particularly ketamine and esketamine,

have demonstrated to be rapid and effective treatments, it is crucial to

correctly assess the risk-benefit ratio for each subject, to make

informed decisions about treatment appropriateness, especially in

vulnerable populations. Indeed, together with the already-cited

dissociative symptoms, further side effects, such as alterations in

blood pressure levels and the risk of developing addiction, should be

considered.Moreover, not all subjects with TRD respond positively to

this treatment: severity of depression, comorbidities, and previous

treatment history should be considered in order to select individuals

that are most likely to benefit from the treatment (192). Is should also

be noticed that the long-term impact of these drugs on young

people’s physical, cognitive, and emotional development has not

been fully studied yet (193). Further research is thus needed in

order to consider these aspects, together with legal and ethical issues

that safeguard the well-being of young subjects with TRD (194).

Providing psychiatric care to young people, and particularly minors,

rises a series of ethical and legal concerns that fully reflect the

dynamism of this field, always facing new challenges related to

broader changes at societal level. One major issue is the capacity of

providing informed consent to treatments, which remains

controversial. In case of minors, parents have the power to guide

treatment choices, expressing their preference and eventually

outweighing children’s willingness to undergo specific therapies

(195). On the other hand, there are specific jurisdictions that

consider the possibility of adolescents with a clear understanding of

their condition expressing their informed consent, as well as

emancipation following marriage or economic independence (196).

Prescribing principles are similar for adult and adolescent

populations and are based on beneficence and nonmaleficence,

since clinicians should always evaluate the best treatment choice for

their patients and avoid short- and long-term harmful effects (197).

To note, most prescriptions in adolescent populations may come

from psychiatrists working with adults and not receiving specific

training. In this context, prescription of specific pharmacological

agents, e.g., antidepressants, may result in further criticalities, being

burdened by warnings due to possible adverse effects and issues like

worsening of depression and the emergence of suicidal ideation. This

may be particularly relevant in case of new pharmacological strategies

that have not been studied in depth in youth, and particularly

adolescent, populations, due to scant knowledge concerning their

possible effects on rapidly developing brains. Apart from the already-

elucidated possible effects on cognitive function and the development

of structural and functional alterations in the central nervous system

(198), it should also be noted that depressive symptoms in youths

could underpin the later emergence of further conditions, such as

schizophrenia-spectrum disorders (178). In this case, the use of

ketamine and esketamine should be cautious due to the potential

influence on the development of psychosis (199).
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Several challenges need to be addressed to ensure adequate

treatment for youth populations suffering from TRD, as well as

appropriate and safe usage of new pharmacological agents in these

patients. Indeed, current literature on the topic of youth TRD lacks

a precision approach in the identification of this major health

problem, since a univocal definition has not yet been provided

and symptom domains that could more clearly characterize the

clinical picture have not been examined in depth. Addressing these

issues would help a more accurate selection of patients included in

clinical trials, helping to establish treatment efficacy and safety

of novel pharmacological agents. Studies on fast-acting

antidepressants in youths with TRD are scant and are based on

small sample sizes, not always following a randomized-controlled

design, which limits the generalizability of their findings. This is also

a major issue that contributed to the narrative approach of this

review, since the possibility of a quantitative and meta-analytic

synthesis of the study results was lacking. Despite this, we believe

that the promising results obtained by preclinical and clinical

studies warrant further investigation. Moreover, we should

underline that differential diagnosis, risk assessment, patient

selection, long-term monitoring, and ethical concerns are crucial

elements to consider even since the diagnostic process and should

contribute to treatment choices in youth TRD. A multidisciplinary

approach is important for optimizing the usage of ketamine and

esketamine in youth populations, and safeguard the well-being of

subjects during and after the treatment process, also considering

that integrated treatments are expected to be proposed since very

early illness stages in order to reduce the overall impact of youth

psychopathology on overall well-being (200, 201).
5 Conclusions

Resistance to treatment during a major depressive episode

remains a relevant challenge in youth populations, with different

possible correlates including an unrecognized bipolar diathesis. The

lack a of a univocal definition of this condition suggests that future

research on the topic is needed in order to better clarify its clinical

correlates. Further characterization of this condition is strongly

needed also in order to optimize treatment strategies in a precision

psychiatric perspective that goes beyond traditional nosographic

descriptions. Moreover, treatments suggested for youth treatment-

resistant depression are not population-specific and the current

clinical practice advocates the use of strategies that follow

those adopted in adults. Despite this, the use of traditional

antidepressant agents in adolescents and young adults is burdened

by effectiveness and safety concerns. Further research on integrated

treatment strategies should clarify the role of non-pharmacological

interventions in this population, also considering new

psychotherapeutic approaches and psychosocial treatments. Results
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from this narrative review also suggest that fast-acting

antidepressants are promising in this population and appear to be

well-tolerated and effective. Despite this, the scantness of clinical

studies, the limitations posed by ethical and legal issues, together with

the lack of long-term safety and effectiveness data, advises that further

research on the topic would be needed. Future studies are thus

expected to provide further evidence concerning this population,

where risk-benefit ratio should always be taken into account when

addressing treatment choices.
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pharmacological options for adolescent depression: a preclinical evaluation with a
sex perspective. Transl Psychiatry. (2022) 12:220. doi: 10.1038/s41398-022-01994-y

192. Sapkota A, Khurshid H, Qureshi IA, Jahan N,Went TR, SultanW, et al. Efficacy
and safety of intranasal esketamine in treatment-resistant depression in adults: A
systematic review. Cureus. (2021) 13:e17352. doi: 10.7759/cureus.17352

193. Yavi M, Lee H, Henter ID, Park LT, Zarate CA. Ketamine treatment for
depression: a review. Discover Ment Health. (2022) 2:9. doi: 10.1007/s44192-022-
00012-3

194. Al-Harbi KS. Treatment-resistant depression: therapeutic trends, challenges,
and future directions. Patient Prefer Adherence. (2012) 6:369–88. doi: 10.2147/
PPA.S29716

195. de Jesus VD, Liem A, Borra D, Appel JM. Who’s the boss? Ethical dilemmas in
the treatment of children and adolescents. Focus: J Life Long Learn Psychiatry. (2022)
20:215. doi: 10.1176/APPI.FOCUS.20210037

196. Appel JM. A role for psychiatry in parental override cases. Int J Adolesc Med
Health. (2015) 27:107. doi: 10.1515/ijamh-2015-5000

197. Dell ML. Child and adolescent depression: psychotherapeutic, ethical, and
related nonpharmacologic considerations for general psychiatrists and others who
prescribe. Psychiatr Clin North Am. (2012) 35:181–201. doi: 10.1016/j.psc.2011.12.002

198. Hung CC, Liu YH, Huang CC, Chou CY, Chen CM, Duann JR, et al. Effects of
early ketamine exposure on cerebral gray matter volume and functional connectivity.
Sci Rep. (2020) 10:15488. doi: 10.1038/s41598-020-72320-z

199. Zimmermann KS, Richardson R, Baker KD. Esketamine as a treatment
for paediatric depression: questions of safety and efficacy. Lancet Psychiatry. (2020)
7:827–9. doi: 10.1016/S2215-0366(19)30521-8

200. Sarakbi D, Groll D, Tranmer J, Sears K. Achieving quality integrated care for
adolescent depression: A scoping review. J Prim Care Community Health. (2022)
13:21501319221131684. doi: 10.1177/21501319221131684

201. Hinckley JD, Riggs P. Integrated treatment of adolescents with co-occurring
depression and substance use disorder. Child Adolesc Psychiatr Clin N Am. (2019)
28:461–72. doi: 10.1016/j.chc.2019.02.006
frontiersin.org

https://doi.org/10.1176/appi.ajp.2020.20010018
https://doi.org/10.30773/pi.2019.0236
https://doi.org/10.1089/cap.2018.0030
https://doi.org/10.1016/j.jad.2019.08.012
https://doi.org/10.1016/j.jpsychires.2021.02.058
https://doi.org/10.1016/j.jpsychires.2021.02.058
https://doi.org/10.3389/fpsyt.2020.00820
https://doi.org/10.3389/fpsyt.2020.00820
https://doi.org/10.1097/JCP.0000000000001730
https://doi.org/10.1016/j.jaac.2023.06.019
https://doi.org/10.1089/cap.2023.0047
https://doi.org/10.1176/appi.ajp.2020.20081251
https://doi.org/10.1176/appi.ajp.2019.19020172
https://doi.org/10.1001/jamapsychiatry.2017.3739
https://doi.org/10.4088/JCP.19m12891
https://doi.org/10.1136/bmj.l7069
https://doi.org/10.1016/j.jaac.2023.05.031
https://doi.org/10.1186/s13034-023-00647-2
https://doi.org/10.1016/j.jaac.2023.09.513
https://doi.org/10.3389/fpsyt.2023.1118737
https://doi.org/10.3389/fpsyt.2023.1118737
https://doi.org/10.1177/10398562231211171
https://doi.org/10.1016/j.bbr.2019.111928
https://doi.org/10.1016/j.ibneur.2023.08.1161
https://doi.org/10.1016/j.jchemneu.2018.12.002
https://doi.org/10.1016/j.jchemneu.2018.12.002
https://doi.org/10.1007/s00787-020-01542-3
https://doi.org/10.1038/s41386-023-01577-5
https://doi.org/10.1080/14740338.2022.2066651
https://doi.org/10.1002/cpt.2487
https://doi.org/10.1016/j.phrs.2023.106837
https://doi.org/10.3390/ph14121269
https://doi.org/10.1016/j.pnpbp.2021.110508
https://doi.org/10.1007/s00213-020-05481-4
https://doi.org/10.1038/s41398-022-01994-y
https://doi.org/10.7759/cureus.17352
https://doi.org/10.1007/s44192-022-00012-3
https://doi.org/10.1007/s44192-022-00012-3
https://doi.org/10.2147/PPA.S29716
https://doi.org/10.2147/PPA.S29716
https://doi.org/10.1176/APPI.FOCUS.20210037
https://doi.org/10.1515/ijamh-2015-5000
https://doi.org/10.1016/j.psc.2011.12.002
https://doi.org/10.1038/s41598-020-72320-z
https://doi.org/10.1016/S2215-0366(19)30521-8
https://doi.org/10.1177/21501319221131684
https://doi.org/10.1016/j.chc.2019.02.006
https://doi.org/10.3389/fpsyt.2024.1417977
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Frontiers in Psychiatry

OPEN ACCESS

EDITED BY

Michele Fornaro,
University of Naples Federico II, Italy

REVIEWED BY

Mariusz Stanisław Wiglusz,
Medical University of Gdansk, Poland
Massimo Pasquini,
Sapienza University of Rome, Italy

*CORRESPONDENCE

Giacomo d’Andrea

giacomo.dandrea1993@gmail.com

RECEIVED 21 May 2024
ACCEPTED 01 July 2024

PUBLISHED 17 July 2024

CITATION

Pettorruso M, Di Lorenzo G, Benatti B,
d’Andrea G, Cavallotto C, Carullo R,
Mancusi G, Di Marco O, Mammarella G,
D’Attilio A, Barlocci E, Rosa I, Cocco A,
Padula LP, Bubbico G, Perrucci MG,
Guidotti R, D’Andrea A, Marzetti L, Zoratto F,
Dell’Osso BM and Martinotti G (2024)
Overcoming treatment-resistant depression
with machine-learning based tools: a study
protocol combining EEG and clinical data to
personalize glutamatergic and brain
stimulation interventions (SelecTool Project).
Front. Psychiatry 15:1436006.
doi: 10.3389/fpsyt.2024.1436006

COPYRIGHT

© 2024 Pettorruso, Di Lorenzo, Benatti,
d’Andrea, Cavallotto, Carullo, Mancusi, Di
Marco, Mammarella, D’Attilio, Barlocci, Rosa,
Cocco, Padula, Bubbico, Perrucci, Guidotti,
D’Andrea, Marzetti, Zoratto, Dell’Osso and
Martinotti. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

TYPE Methods

PUBLISHED 17 July 2024

DOI 10.3389/fpsyt.2024.1436006
Overcoming treatment-resistant
depression with machine-
learning based tools: a study
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clinical data to personalize
glutamatergic and brain
stimulation interventions
(SelecTool Project)
Mauro Pettorruso1,2,3, Giorgio Di Lorenzo4,5, Beatrice Benatti6,
Giacomo d’Andrea1,2*, Clara Cavallotto1, Rosalba Carullo1,
Gianluca Mancusi1, Ornella Di Marco1, Giovanna Mammarella1,
Antonio D’Attilio1, Elisabetta Barlocci1, Ilenia Rosa1,
Alessio Cocco2, Lorenzo Pio Padula1, Giovanna Bubbico1,
Mauro Gianni Perrucci1,3, Roberto Guidotti 1,2,3, Antea D’Andrea1,
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Chieti, Italy, 2Department of Mental Health, ASL02 Lanciano-Vasto-Chieti, Chieti, Italy, 3Institute for
Advanced Biomedical Technologies (ITAB), “G. d’Annunzio” University of Chieti-Pescara, Chieti, Italy,
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Systems Medicine, University of Rome Tor Vergata, Rome, Italy, 5Institute of Hospitalization and Care
With Scientific Character (IRCCS) Fondazione Santa Lucia, Rome, Italy, 6Department of Biomedical
and Clinical Sciences Luigi Sacco and Aldo Ravelli Center for Neurotechnology and Brain Therapeutic,
University of Milan, Milano, Italy, 7Centre for Behavioural Sciences and Mental Health, Istituto
Superiore di Sanità, Rome, Italy, 8Psychopharmacology, Drug Misuse and Novel Psychoactive
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Treatment-Resistant Depression (TRD) poses a substantial health and economic

challenge, persisting as amajor concern despite decades of extensive research into

novel treatment modalities. The considerable heterogeneity in TRD’s clinical

manifestations and neurobiological bases has complicated efforts toward

effective interventions. Recognizing the need for precise biomarkers to guide

treatment choices in TRD, herein we introduce the SelecTool Project. This initiative

focuses on developing (WorkPlane 1/WP1) and conducting preliminary validation

(WorkPlane 2/WP2) of a computational tool (SelecTool) that integrates clinical

data, neurophysiological (EEG) and peripheral (blood sample) biomarkers through

a machine-learning framework designed to optimize TRD treatment protocols.

The SelecTool project aims to enhance clinical decision-making by enabling the

selection of personalized interventions. It leverages multi-modal data analysis to

navigate treatment choices towards two validated therapeutic options for TRD:

esketamine nasal spray (ESK-NS) and accelerated repetitive Transcranial Magnetic
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Stimulation (arTMS). In WP1, 100 subjects with TRD will be randomized to receive

either ESK-NS or arTMS, with comprehensive evaluations encompassing

neurophysiological (EEG), clinical (psychometric scales), and peripheral (blood

samples) assessments both at baseline (T0) and one month post-treatment

initiation (T1). WP2 will utilize the data collected in WP1 to train the SelecTool

algorithm, followed by its application in a second, out-of-sample cohort of 20 TRD

subjects, assigning treatments based on the tool’s recommendations. Ultimately,

this research seeks to revolutionize the treatment of TRD by employing advanced

machine learning strategies and thorough data analysis, aimed at unraveling the

complex neurobiological landscape of depression. This effort is expected to

provide pivotal insights that will promote the development of more effective and

individually tailored treatment strategies, thus addressing a significant void in

current TRD management and potentially reducing its profound societal and

economic burdens.
KEYWORDS

transcranial magnetic stimulation (rTMS), esketamine nasal spray, machine-learning
(ML) algorithms, treatment resistant depression (TRD), endophenotypes
1 Background

It is imperative to improve our therapeutic strategies and

provide optimal treatment options for depression. Major

Depressive Disorder (MDD) is a substantial contributor to global

disability, affecting more than 300 million people (1). Multiple lines

of evidence suggest that MDD may stem from various

pathophysiological changes (2), including disruptions in

glutamatergic function (3). A significant challenge arises as

approximately 30-50% of MDD patients exhibit inadequate

responses to initial treatment approaches (4). Consequently, these

individuals endure distressing symptoms for extended periods, with

a significant portion developing treatment-resistant depression

(TRD). TRD is operationally defined as the lack of a substantial

therapeutic response after two antidepressant trials that are deemed

adequate in both duration (specifically, a minimum of 4-6 weeks)

and dosage (5). Studies have shown that individuals with TRD have

reduced glutamate levels in prefrontal regions (6).

Recently, two rapid-acting interventions gained approval to

address TRD: glutamatergic pharmacotherapies, such as

esketamine nasal spray (ESK-NS), and non-invasive brain

stimulation, specifically repetitive transcranial magnetic

stimulation (arTMS), with accelerated protocols being able to

exert similar antidepressant effectiveness to standard protocols

with a reduced timeframe (7, 8). Both treatments require a

significant time investment and are administered in specialized

settings, but there is currently insufficient data guiding the choice

between them. rTMS can locally modify cortical excitability in

specific brain regions, inducing changes in brain circuits typically

underactive in MDD (9). In contrast, ESK-NS acts on glutamatergic
02161
ionotropic N-methyl-D-aspartate (NMDA) receptors, transiently

increasing glutamate release (10). The challenge of identifying

personalized interventions for TRD and MDD remains a

significant concern, with the absence of tools able to guide

treatment selection as a prominent issue. Coupling effective

treatments with suitable patients reduces costs, chronicity, and

avoidable suffering (4).

Addressing the “treatment-selection” problem requires a deeper

understanding of biomarkers in depression: objectively measurable

characteristics reflecting underlying biological processes that

contribute to heterogeneity of the MDD subtype and predict the

therapeutic response (11–13). Resting-state electroencephalography

(EEG), a neuroimaging technique known for its high temporal

resolution, appears to be a promising approach for response

prediction in depressive illness (14). It is a valuable tool to

explore neural biomarkers associated with TRD, offering

information on neural activity alterations and functional

connectivity related to depression. Evidence suggests that EEG-

derived biomarkers, such as alpha band asymmetry, altered EEG

resting-state B microstate, or EEG functional connectivity patterns,

could accurately help predict treatment outcomes (15–17).

Peripheral blood-based biomarkers, such as markers of systemic

inflammation (including interleukines: IL-6, IL-8, IL-2p70) and

hormone levels (thyroid-stimulating hormone, cortisol,

norepinephrine) can also aid in subtyping MDD and predicting

treatment response (18).

These biomarkers are easy to measure and have significant

potential for practical implementation in routine clinical practice.

Additionally, computational phenotyping, which generates

research-grade profiles based on clinical presentation and
frontiersin.org
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computer-executable algorithms, contributes to a comprehensive

understanding of personalized treatment approaches (19).

Machine learning (ML), a subset of artificial intelligence,

encompasses diverse algorithms capable of building predictive

models based on specific datasets (20). These algorithmic

approaches aim to reveal fundamental principles underlying

observations without explicit instructions, extracting structured

knowledge from extensive datasets (21). A recent review

demonstrates that ML technologies and data analytics can be

applied at various stages of the patient journey, including

detection and diagnosis, prognosis, treatment selection and

optimization, outcome monitoring and tracking, and relapse

prevention. Furthermore, data-driven ML approaches can

identifying subtypes of symptoms and cognitive deficits, enabling

model-based phenotyping (22). In this regard, significant progress

has been made in the field of oncology. Specifically, it has become

possible to robustly predict treatment responders and non-

responders by using network-based biomarker expression levels

in patients with melanoma, metastatic gastric cancer, and bladder

cancer treated with immune checkpoint inhibitors targeting the

programmed cell death 1/programmed cell death ligand 1 axis (23).

On the other hand, integrating ML methods with extensive

electronic health record databases has the potential to facilitate

personalized psychiatry (22).

In this area, to fill the gap between the largely unmet needs of

TRD and the enormous potential that has been opened by available

innovations (e.g., neuroscience techniques, artificial intelligence
Frontiers in Psychiatry 03162
methods, and advanced therapeutics), computerized tools can be

developed, integrating clinical, neurophysiological, and peripheral

data to guide treatment selection. These machine-learning methods

could overcome the difficulty of treating TRD and its

devastating consequences.

This study aims to develop and preliminarily validate a

computational system that integrates clinical, electroencephalographical,

and peripheral marker data, thus creating a tool to inform the

treatment of Treatment-Resistant Depression (TRD) called

“SelecTool”. This tool is designed to support clinical decision-

making by helping select personalized, tailored interventions.

Using a machine-learning analysis of multi-channel data, the

SelecTool will guide treatment selection towards ESK-NS or

arTMS. This manuscript delineates the study protocol of the

SelecTool project, a translational, multicentric investigation

encompassing two distinct phases that aim to develop a machine-

learning based tool to help guide clinicians in managing TRD.
2 Methods/design

2.1 Study design and settings

The project comprises two phases (Figure 1). The first (WP1;

see Figure 1) involves the development of SelecTool for treatment

orientation towards ESK-NS and arTMS by creating a machine-

learning system. This phase includes:
FIGURE 1

Flow chart of the study protocol describing the two different phases.
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• Prospective evaluation of clinical, electrophysiological, and

peripheral biomarkers to predict the antidepressant response to

ESK-NS and arTMS (n = 100).

• Integration of the above data with those previously collected from

subjects with TRD treated with ESK-NS (n = 50) and arTMS (n = 50).

• Training a computerized system to develop a machine-

learning-based tool that guides the treatment selection.

The subsequent stage (WP2; see Figure 1) focuses on the pilot

validation of the ESK-NS and arTMS prescription using SelecTool,

including the proof-of-concept estimation of SelecTool’s accuracy

in an independent cohort (n = 20; out-of-sample validation). In this

step, the identified biomarkers guiding treatment will be integrated

into the SelecTool model as input data. Using the SelecTool’s

output, individuals will undergo nonrandomized assignment to

ESK-NS or arTMS interventions. Therefore, the accuracy in

determining an increase in the number of responders to

treatment will be estimated and compared with the response rates

observed in random assignment.
2.2 Sample size and eligibility criteria

One-hundred and twenty subjects (WP1: 100 subjects; WP2: 20

subjects) who are diagnosed with major depressive episode (both

during the course of MDD or bipolar disorder) according to the

Diagnostic and Statistical Manual of Mental Disorders, 5th edition

(24), will be recruited by three Research Units: the ‘G. d’Annunzio’

University of Chieti, the University of Milano, and the Tor Vergata

University of Rome.

The inclusion criteria will be the following: age between 18 and

65; current major depressive episode within at least the past month;

TRD, defined as the absence of clinical response despite two or

more treatments with antidepressants at adequate doses for 4-6

weeks (5); current stable psychopharmacological therapy for at least

1 month.

The exclusion criteria will be the following: presence of severe

organic or neurological comorbidities, any substance use disorder

(except nicotine dependence) in the past 6 months, intellectual

disability or decline (Mini-Mental State Examination, MMSE < 26);

uncontrolled systemic hypertension (specific for safety of ESK-NS

treatment); presence of a positive history of seizures in the patient’s

history or a first-degree relative (specific for arTMS safety);

pregnant and postpartum women.

To refine the processing precision of the tool, we will

consolidate the dataset from participants enrolled in the study

with clinical data gathered retrospectively. These supplemental

data will be obtained from a dedicated TRD dataset, which

includes information from subjects who met identical inclusion

and exclusion criteria and underwent prior treatment in our centers

with ESK-NS (n = 50) and arTMS (n = 50).
2.3 Study schedule

The enrolled patients will undergo a comprehensive clinical

examination as the initial step. Electrophysiological (EEG
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recordings) and peripheral biomarkers will be collected during

this process. The administration of ESK-NS or arTMS will be

determined according to the groupings of participants.

Specifically, in the first phase, subjects will be randomly assigned

to arTMS or ESK-NS. In the second phase, the extracted treatment-

orienting biomarkers will be introduced in the SelecTool model as

input data. Based on the SelecTool output, subjects will be assigned

to the ESK-NS or arTMS interventions.

Baseline and 1-month follow-up assessments will include

neuropsychological and psychiatric evaluations, behavioral

assessments, neurophysiological data acquisition, and the

collection of peripheral biomarkers.

After one month, the clinical response will be measured by a

blind rater based on the MADRS score (> 50% reduction).
2.4 Neuropsychological and
psychiatric assessment

Subjects will undergo assessments at the screening visit (T0)

and one month after initiation of treatment (T1) using a battery of

validated psychometric tests (Table 1). At baseline, collection of

anamnestic data will include sociodemographic factors, the history

of depressive illness, treatment history for the current major

depressive episode (MDE), comorbidities, lifetime antidepressant

trials, augmentation strategies (such as the combined use of mood

stabilizers, benzodiazepines, or antipsychotics), and other

therapeutic interventions for treating treatment-resistant

depression (TRD). These evaluations will be conducted by

qualified psychiatrists, residents in psychiatry or clinical

psychologists blinded to the treatment assignment. The primary

outcome will be assessed in terms of clinical response, measured by

the Montgomery-Åsberg Depression Rating Scale (MADRS; score

reduction > 50%) (25). Patients will be evaluated for mood
TABLE 1 Psychometric assessment at T0 and T1.

Psychometric assessment

Mood Hamilton Depression Scale
Young Mania Rating Scale

Anhedonia Snaith-Hamilton Pleasure Scale

Temperamental aspects Temperament Evaluation of Memphis, Pisa and San
Diego Autoquestionnaire version
Big Five Questionnaire

Anxiety Hamilton Anxiety Scale

Alexithymia Toronto Alexithymia Scale

General
psychiatric
symptomatology

Brief Psychiatric Rating Scale

Traumatic experiences Childhood Trauma Questionnaire

Suicide risk Columbia-Suicide Severity Rating Scale

Resilience Connor-Davidson Resilience Scale

Health-
related assessments

Clinical Global Impression-Severity scale Health
Status Questionnaire
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(Hamilton Depression Scale; Young Mania Rating Scale) (26),

anhedonia (Snaith-Hamilton Pleasure Scale) (27), temperamental

aspects (Temperament Evaluation of Memphis, Pisa and San Diego

Autoquestionnaire version) (28); Barratt Impulsiveness Scale

version 11; Big Five Questionnaire) (29, 30), anxiety (Hamilton

Anxiety Scale) (31), alexithymia (Toronto Alexithymia Scale) (32),

general psychiatric symptoms (Brief Psychiatric Rating Scale) (33),

traumatic experiences (Childhood Trauma Questionnaire) (34),

suicide risk (Columbia-Suicide Severity Rating Scale, Beck

Hopelessness Scale) (35, 36), and resilience (Connor-Davidson

Resilience Scale) (37). Health-related assessments will use the

Clinical Global Impression-Severity scale (CGI-S) (38).
2.5 Behavioral evaluation

A comprehensive neuropsychological evaluation targeting

various cognitive functions will be conducted for all patients. The

assessment battery will primarily encompass measures of global

cognition (MMSE) (39), attention (sustained spatial attention, Trail

Making Test-A [TMT-A]; divided spatial attention, TMT-B;

cognitive flexibility, TMT-AB) (40), short- and long-term episodic

memory (Babcock Memory test) (41), and executive function

(Frontal Assessment Battery) (42).
2.6 Neurophysiological data

At T0 and T1, EEG electrical activity will be acquired utilizing a

64-channel EEG system (eego™mylab; ANT Neuro, Hengelo,

Netherlands). Resting-state EEG will be recorded with eyes open

and closed. Electrooculography and electrocardiography will also be

acquired using additional electrodes. The data will undergo pre-

processing to eliminate sections of poor quality and channels with

unreliable data. Independent component analysis will be applied to

eliminate periodic, non-brain signals. EEG analysis aims to identify

pertinent and effective electro-neurophysiological biomarkers (at

the channel/scalp, source, and source connectivity levels) indicative

of treatment response in TRD (Table 2).
2.7 Peripheral biomarkers

Blood samples (15 ml) will be collected at T0 and T1 by forearm

venipuncture after an overnight fast. These samples will be stored in

BD Vacutainer tubes containing ethylenediaminetetraacetic acid.

Serum and plasma will be prepared by centrifugation at 1500 rpm

for 10 minutes at 4°C. The serum will be stored in 0.5 ml Eppendorf

tubes at -80°C until analysis.

Enzyme-linked immunosorbent assays (ELISAs) will be used

to assess systemic inflammation and oxidative stress markers,

including C-reactive protein, interleukin-1b (IL-1b), IL-5, IL-6,

IL-8, and tumor necrosis factor-alpha (TNF-alpha). The levels of

cortisol and adrenocorticotropic hormone will be determined

using ELISA. Using specific monoclonal antibodies, the levels of

TSH, FT3, and FT4 will be determined. Plasma brain-derived
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neurotrophic factor (BDNF) and proBDNF levels as biomarkers

of synaptic integrity and plasticity will be investigated using

ultra-sensitive high-performance single-molecule arrays or

conventional ELISA.
2.8 Treatment administration

During the first phase (WP1), subjects will be randomly

assigned in a 1:1 ratio to receive arTMS or ESK-NS. A stratified

randomization approach with a four-block size will be implemented

to minimize inadvertent bias. Stratification factors will include sex

(male, female), age (expected cutoff 50 years old), depression

severity (mild/moderate depression, MADRS ≤ 34; severe

depression, > 34), and treatment site (Chieti, Milan, and Rome).

The randomization process will be carried out by an investigator

external to the study.

In the pilot validation phase (WP2), the extracted treatment-

guiding biomarkers will be incorporated into the SelecTool model

as input data. Subsequently, subjects will be allocated to esketamine

or arTMS interventions based on the output of the SelecTool.

All subjects will undergo a comprehensive preliminary visit to

assess potential contraindications to treatments. Qualified medical

personnel, specifically trained to handle potential side effects and

emergencies related to treatments, will administer ESK-NS and

arTMS treatments.

Subjects in the ESK-NS group will be administered the drug

according to the EMA guidelines (49). It will be supplied in a

double-use nasal spray device containing 200 ml of vehicle solution
(two sprays), each delivering 28 mg (14 mg ESK-NS base per 100 ml
TABLE 2 EEG biomarkers to predict treatment response.

Alpha
asymmetry

Based on the approach-withdraw model (43), this measures
relative alpha band activity between brain hemispheres (mainly
in frontal regions; higher alpha may reflect lower brain
activity). Alpha asymmetry has been proposed as a suitable
prognostic biomarker related to anxious subtype and bipolar
features (44).

Microstate
abnormalities

Using polarity-insensitive k-mean clustering, we will segment
resting-state high-density EEG data into microstates (45). The
proportion, duration, occurrence, and transition of microstates
will be studied as potential biomarkers of state and trait
abnormalities and as predictors of treatment outcome.

Rostral
anterior
cingulate
cortex
theta activity

This is a robust marker that predicts greater improvement in
selective serotonin reuptake inhibitor-induced depressive
symptom (46).

Subgenual/
prefrontal
connectivity

Based on recent findings that suggest that changes in rTMS-
induced within-network connectivity are a mediator of
treatment response (47), eLORETA linear-lagged connectivity
measures of theta (4-7.5 Hz) and alpha (8-13 Hz) frequency
will be obtained between the following regions of interest: right
and left DLPFC, dorsomedial prefrontal cortex, and subgenual
cingulate cortex (as in Iseger et al, 2017).

Gamma-band
power
envelope
connectivity

Orthogonalized power envelope correlation will measure EEG
source connectivity (48). Large-scale connectivity patterns have
been proposed as predictors of placebo/
antidepressant outcomes.
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of spray). This dose will be administered twice a week for the first

week, followed by 84 mg (three devices) administered twice a week

for three weeks, resulting in a total of 1 month of treatment. Before

initial administration, patients will be instructed to blow their nose

(only before the first device is administered) and then assisted to

recline their head 45° (semi-reclined position) during

administration to enhance retention of the medication within the

nasal cavity. Each ESK-NS session will be conducted by qualified

personnel who closely monitor vital parameters (blood pressure,

heart rate) before and at 45 and 90 minutes after treatment,

following international safety guidelines (50).

Patients in the arTMS group will undergo a 5-day arTMS

protocol involving four daily sessions (8). This protocol,

developed following the safety guidelines (51) and the principles

of accelerated protocols (52), aims to deliver the same number of

magnetic pulses as the FDA-approved protocol (53). Stimulation

will be performed using a MagPro R30 (MagVenture) system with a

B-70 coil targeting the left dorsolateral prefrontal cortex

(L-DLPFC), a region approved for TRD treatment (53). The

L-DLPFC will be identified using the BEAM F3 method (54),

facilitating rapid localization through anthropometric measures.

The resting motor threshold will be determined using the evoked

potential motor method (55). Each session will adhere to the

following parameters, aligning with the FDA-approved standard

(53): 10 Hz frequency, 120% resting motor threshold, 40 pulses/

train (4 s duration), 26 s inter-train interval, 3000 pulses/session,

and a total duration of 35 minutes. This session will be repeated four

times within the same day, with a 55-minute interval between

sessions (total duration of the cycle session pause: 90 minutes), thus

adhering to the accelerated stimulation protocol. The entire

protocol will take approximately 5 hours and 5 minutes.

Throughout this time, patients will be continuously monitored for

side effects. The onset of potential side effects will be evaluated at

each stimulation session using a specific and approved scale for

rTMS-related side effects (56).
2.9 Statistical analysis

Drawing from the existing literature on the efficacy of arTMS

and ESK-NS for Treatment-Resistant Depression (TRD), we

anticipate a response rate of approximately 50% for each

treatment (52, 57). The sample size was determined using the

G*Power 3.1 software, taking into account specific parameters: a

substantial effect size of predictors (expected Cohen effect size F =

0.4), power 1-beta = 0.80, one-way, four groups (2x2; treatment:

ESK-NS, arTMS; responders and non-responders), and a

significance level corrected for multiple comparisons (alpha =

0.001). These calculations resulted in a total sample size of n =

144. Considering a possible imbalance in the allocation of

responders (10%) and to mitigate possible dropouts (10%), we

increased the total sample size to n = 200.

We will develop a machine-learning model to predict the

primary treatment outcome and use it for treatment guidance.

This model will leverage both neurophysiological data and clinical

scores. We also aim to interpret the model and extract the features
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that influence it. Given the heterogeneous nature of the collected

data, an appropriate solution is to opt for ensemble methods,

particularly random forest techniques, which have shown

suitability for such tasks (19, p. 202) and are relevant for post hoc

analysis of results. To provide comprehensive insights, our

exploration will not be restricted to random forest techniques; we

will also investigate other approaches such as neural networks or

support vector classifiers. Dealing with missing values in clinical

and psychometric tests is a critical concern, and we will address this

using advanced techniques such as multivariate imputation (58, 59).

The model parameters and performance will be assessed using

nested and shuffle cross-validation, which is recognized as optimal

to minimize bias in model error estimations (60). The results’

significance will be evaluated using permutation tests, which are

acknowledged as the gold standard for statistical assessments of

machine-learning algorithms (61).
2.10 Ethical issues

This study has received approval from a local Institutional

Review Board (C.Et.R.A., approval number: 6/2023). It will follow

the principles and recommendations of Good Clinical Practice and

the Declaration of Helsinki (World Medical Association, 2013),

which offer guidance to physicians engaged in biomedical research

with human subjects. The patient will sign the informed consent

form, which will be witnessed, dated, and retained by the

investigator responsible for recruiting patients into the study.
3 Discussion

This research proposal is designed to spearhead an innovative

methodology for enhancing clinical decision-making processes in

the context of TRD. The aim is to develop and preliminarily validate

an advanced computational framework that adeptly consolidates

clinical assessments, peripheral biomarkers, and EEG data to

address the selection of advanced treatment for TRD. This

integration aims to predict treatment outcomes precisely (62),

thus facilitating the tailored orientation of therapeutic strategies

that reduce unnecessary suffering. To construct this pivotal tool for

TRD treatment optimization, we plan to utilize a machine learning

algorithm capable of processing complex, multi-dimensional data

streams (18, 63).

Machine learning has been employed in the medical sector since

the late 1990s, notably in oncology – a principal area of application

(20). Within this field, a critical challenge involves the identification

of markers that can accurately predict drug responses among

diverse groups of cancer patients. A recent study introduced a

network-based machine-learning framework capable of generating

robust predictions across immune checkpoint inhibitor datasets

and pinpointing potential biomarkers (23).

In the area of clinical neurosciences, there is significant potential

for benefit from these technological advances, especially considering

the nuanced presentation of symptoms characteristic of neurological

disorders. A study conducted in 2022 focused on the use of machine
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learning algorithms to classify subtypes of immune microenvironment

and identify unique genes in Alzheimer’s disease. This research

highlighted five immune microenvironment-related genes that

strongly correlate with pathological markers and reliably predict the

disease’s trajectory (64).

The field of psychiatry has also seen considerable advancements

through pioneering research efforts. A recent multicenter study

applied multimodal machine learning methods, integrating clinical,

neurocognitive, structural magnetic resonance imaging, and

polygenic risk scores to predict the onset of psychosis in

individuals at high clinical risk or with recent-onset depression

(65). Furthermore, a recent narrative review investigated the

application of machine learning in diagnosing and forecasting

schizophrenia, concluding that various machine learning-based

models can potentially help healthcare professionals in diagnosing

the condition and predicting its clinical presentations and

complications (66).

Concerning TRD, a very recent machine learning study has

highlighted that characteristics such as profound anhedonia,

anxious distress, mixed symptoms, and bipolarity in patients

treated with ESK-NS represent factors that predict a positive

response and remission. In contrast, the use of benzodiazepines

and the severity of depression were associated with delayed

responses (67). The levels of accuracy achieved with data

exclusively symptom-based do not allow for incorporation into

clinical practice and justify the attempt of the SelecTool Project to

refine selection methods by integrating other biomarkers.

Given the substantial global health impact of TRD, which

doubles the risk of hospitalization and increases the risk of

suicide sevenfold compared to treatment-responsive depressed

patients (68) our primary objective is to identify treatment

approaches that optimize patients’ prospects for recovery. On the

one hand, arTMS is a proven intervention for TRD, strongly

supported by existing literature, demonstrating response rates of

40–50% and remission rates of 25–30%. (52, 69). On the other hand,

in patients treated with ESK-NS, the percentage of remitters has

been observed to be less than half (70).

As a result, despite the established antidepressant efficacy of ESK-

NS and arTMS, achieving clinical response rates of approximately 50-

60% even in real-world studies (8, 71–75), there remains a notable gap

in our understanding of their response biomarkers. This proposal is

also set to significantly expand our understanding of the complex and

heterogeneous nature of the pathophysiology and treatment of MDD.

Viewing MDD through the lens of brain connectivity disorders

highlights its varied neurobiological foundations, likely related to

disparate brain network functionalities (76). Such neurobiological

diversity leads to distinct MDD subtypes, each with its unique

treatment response profile, particularly to neuromodulation and

glutamatergic interventions.

By deepening our understanding of the biomarkers associated

with various depression subtypes, including clinical, EEG, and

peripheral indicators, we aim to pioneer a patient-centered

approach to treatment selection. Given the substantial social,

occupational, and physical repercussions associated with TRD,

not to mention the increased healthcare costs that make TRD a
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significant economic burden on healthcare systems (68, p. 201; 77,

78), this research has the potential for considerable social and

economic benefits.

In conclusion, this research proposal not only aims to change

the approach to treating TRD by leveraging cutting-edge machine

learning techniques and comprehensive data analysis, but also aims

to shed light on the intricate landscape of the neurobiological

underpinnings of depression. Through this endeavor, we

anticipate contributing valuable insights that could influence and

offer potential advantages for clinical practice, facilitating the

development of more effective and personalized treatment

regimens. This approach addresses a critical gap in the current

management of TRD and potentially alleviating its significant

societal and economic impacts.
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Multichannel tDCS with
advanced targeting for major
depressive disorder: a tele-
supervised at-home pilot study
Giulio Ruffini1*, Ricardo Salvador1, Francesca Castaldo1,
Thais Baleeiro1, Joan A. Camprodon2, Mohit Chopra3,
Davide Cappon3,4,5 and Alvaro Pascual-Leone3,4,5

1Brain Modeling Department, Neuroelectrics Barcelona, Barcelona, Spain, 2Division of
Neuropsychiatry and Neuromodulation, Massachusetts General Hospital, Harvard Medical School,
Boston, MA, United States, 3Deanna and Sidney Wolk Center for Memory Health at Hebrew
SeniorLife, Boston, MA, United States, 4Hinda and Arthur Marcus Institute for Aging Research at
Hebrew SeniorLife, Boston, MA, United States, 5Department of Neurology, Harvard Medical School,
Boston, MA, United States
Introduction: Proof-of-principle human studies suggest that transcranial direct

current stimulation (tDCS) over the dorsolateral prefrontal cortex (DLPFC) may

improve depression severity. This open-label multicenter study tested remotely

supervised multichannel tDCS delivered at home in patients (N=35) with major

depressive disorder (MDD). The primary aim was to assess the feasibility and

safety of our protocol. As an exploratory aim, we evaluated therapeutic efficacy:

the primary efficacy measure was the median percent change from baseline to

the end of the 4-week post-treatment follow-up period in the observer-rated

Montgomery-Asberg Depression Mood Rating Scale (MADRS).

Methods: Participants received 37 at-home stimulation sessions (30 minutes

each) of specifically designed multichannel tDCS targeting the left DLPFC

administered over eight weeks (4 weeks of daily treatments plus 4 weeks of

taper), with a follow-up period of 4 weeks following the final stimulation session.

The stimulation montage (electrode positions and currents) was optimized by

employing computational models of the electric field generated by multichannel

tDCS using available structural data from a similar population (group

optimization). Conducted entirely remotely, the study employed the MADRS

for assessment at baseline, at weeks 4 and 8 during treatment, and at 4-week

follow-up visits.

Results: 34 patients (85.3% women) with a mean age of 59 years, a diagnosis of

MDD according to DSM-5 criteria, and a MADRS score ≥20 at the time of study

enrolment completed all study visits. At baseline, the mean time since MDD

diagnosis was 24.0 (SD 19.1) months. Concerning compliance, 85% of the

participants (n=29) completed the complete course of 37 stimulation sessions

at home, while 97% completed at least 36 sessions. No detrimental effects were

observed, including suicidal ideation and/or behavior. The study observed a

median MADRS score reduction of 64.5% (48.6, 72.4) 4 weeks post-treatment

(Hedge’s g = -3.1). We observed a response rate (≥ 50% improvement in MADRS

scores) of 72.7% (n=24) from baseline to the last visit 4 weeks post-treatment.

Secondary measures reflected similar improvements.
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Conclusions: These results suggest that remotely supervised and supported

multichannel home-based tDCS is safe and feasible, and antidepressant efficacy

motivates further appropriately controlled clinical studies.

Clinical Trial Registration: https://clinicaltrials.gov/study/NCT05205915?tab=

results, identifier NCT05205915.
KEYWORDS

tDCS, MDD, tES (transcranial electrical current stimulation), telemedicine, home tDCS,
multichannel tDCS, Starstim
1 Introduction

Major depressive disorder (MDD) is a pervasive and

debilitating mental health condition that affects millions of

individuals worldwide (1). The overall point prevalence of

depressive disorders in Europe is estimated to be 6% and higher

in women (8%) than in men (5%) (2), possibly due to differences in

biopsychosocial, psychological, and environmental factors (3). The

one-year and lifetime prevalence of depression has been estimated

to be 10.4% and 20.6%, respectively (4). Furthermore, recent

evidence indicates a rising incidence in youth (5), with MDD-

afflicted adolescents up to thirty times more likely to commit suicide

(6). MDD is characterized by a persistent first-person experience of

sadness, hopelessness, lack of interest or pleasure in activities, and

associated cognitive, behavioral, and autonomic dysfunction, with

30% of patients with treatment-resistant depression attempting

suicide at least once in their lives. Beyond the devastating impact

on personal well-being, MDD carries substantial economic costs,

including healthcare expenses and reduced work productivity (7).

About 20–40% of patients do not benefit sufficiently from

conventional antidepressant therapies, including trials of

medication and psychotherapy (8). Pharmacological treatments

have limited efficacy, side effects are common (9), and one-third

of patients are medication-resistant (10) and experience recurrent

depressive episodes (11). For patients with treatment-resistant

MDD, several neuromodulation strategies offer potential relief,

such as electroconvulsive therapy (ECT) and repetitive

transcranial magnetic stimulation (rTMS) (12). While these

treatments are safe and effective, they often come with significant

costs, potential side effects, and the need for complex equipment

and highly trained staff, making them less accessible in regions

lacking specialized facilities. Moreover, device neuromodulation

therapies require complex logistics, including daily ambulatory

visits over several weeks for TMS or the need for a chaperone to

transport patients to and from the ECT service thrice or twice a

week, given the use of general anesthesia: these logistical

requirements associated with clinic-based treatments continue to

impose barriers for access to care with device neurotherapeutics.

This accessibility issue is particularly problematic for elderly
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populations who face additional mobility restrictions and require

assistance and support to access outpatient clinic services. Indeed, it

is estimated that approximately 15% of the elderly (aged > 65)

experience clinically significant depressive symptoms (13), which

can lead to increased morbidity and early mortality (14).

Additionally, older age significantly predicts a more challenging

progression of depression (15), including a lower likelihood of

treatment response (16, 17), reduced prospects for functional

recovery (18) and increased risk of relapse (19). Developing safe

and effective home-based neuromodulation therapies can help

address access to care and scalability challenges (20).

In an earlier study (21), we investigated the feasibility of an

innovative protocol where multichannel tDCS is administered at

home for older adults with MDD, supported by a caregiver (N=5).

This investigation employed a multichannel electric field-informed

montage (22) and a remotely hosted training program to equip

caregivers with the necessary knowledge and skills to administer

tDCS at home, eliminating lab visits (21). Based on this preliminary

work, we conducted the present home tDCS pilot study of subject

and subject-administrator device utilization, remotely supervised

and supported home-based tDCS for antidepressant treatment of

adult patients aged 22 and older with MDD who had failed to get

satisfactory improvement from at least one prior antidepressant

medication in the current episode. This study includes several

innovative elements, including advanced electric field-informed

montage design methods and multichannel tDCS home technology.
1.1 tDCS

tDCS is a method for noninvasive brain stimulation based on

decades-old observations that neuronal firing is modulated by low-

amplitude electrical direct current (DC). When applied to the

cerebral cortex, cathodal DC suppresses neuronal firing (23, 24),

while anodal DC increases neuronal firing and leads to increased

excitability in the targeted cortex. More precisely, our present

understanding indicates that the electric field associated with

tDCS currents by Ohm’s law is responsible for the depolarization

or hyperpolarization of the soma membrane of elongated neurons
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(pyramidal cells) and possibly, others to a lesser extent (25, 26),

depending on the direction of the field relative to the orientation of

the cells (22, 27, 28): the electric field component normal

(orthogonal) to the cortical surface will depolarize the soma of

pyramidal neurons if it is pointing “inward” at that location (from

apical dendrite to soma), and vice-versa. With multichannel tDCS,

it is possible to choose the position, intensity, and polarity of the

electrodes and currents to optimize stimulation at a chosen target

map involving one or more regions (a cortical network). Low-

intensity, controlled currents (typically ~1 mA and <4 mA) are

applied through scalp electrodes in repeated 20-60 min sessions.

The resulting subtle but persistent modulation of neuronal activity

is believed to lead to plastic effects derived from Hebbian

mechanisms. Notably, tDCS-generated electric fields can interact

with functional brain networks (28), thus enabling the modulation

of neurophysiological dynamics and brain connectivity related to

mood disorders and MDD.

A recently emerging technology is model-optimized

multichannel tDCS (22). This technology relies on using realistic

physical models (derived from finite element models created from

anatomical MRI) of current flow to estimate the electric field

generated by a particular multichannel montage. New systems

such as Starstim (Neuroelectrics) employ up to 32 electrodes with

relatively small contact areas of a few square centimeters to precisely

control the electric field delivered to the cortex. If a cortical

stimulation scheme is prescribed by a clinician or derived from

physiological brain models (28), this technology allows to configure

electrode currents to target the desired area.

Hundreds of trials have demonstrated that when appropriate

guidelines are followed, tDCS is easy to use, safe and extremely well

tolerated (29) both in the clinic and in remotely supervised home

tDCS (30, 31).
1.2 tDCS studies in MDD

There has been a large number of studies, including randomized,

sham-controlled clinical trials (RCTs) on the effects of tDCS inMDD.

Results have been variable and, in part, discrepant. For example,

Brunoni et al. (32) found tDCS to have similar efficacy to

antidepressant medications, while Loo et al. (33) found no efficacy

of real tDCS over sham. Nonetheless, several meta-analyses have

concluded that tDCS is effective for MDD (34, 35). Razza et al. (36)

provided a systematic review of all studies of tDCS for the treatment

of acute major depressive episodes completed up to January 2020.

They included all randomized, sham‐controlled RCTs enrolling

participants with an acute depressive episode, a total of 23 RCTs

with 1,092 participants. They found that active tDCS was superior to

sham regarding endpoint depression scores, response, and remission

rates. Moreover, active tDCS was safe with a side-effect profile

comparable to sham. Moffa et al. (37) recently published an

individual patient data (IPD) meta-analysis evaluating the efficacy

and acceptability of tDCS for the treatment of acute major depressive

episodes. Moffa (37) included data from all published placebo-

controlled trials on tDCS as the only intervention in MDD

conducted until December 2018. This included 9 eligible studies
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with a total of 572 participants. They found active tDCS to be

significantly superior to sham for an antidepressant response (31%

vs. 19% respectively; OR = 1.96), remission (20% vs. 12%, OR = 1.94),

and depression improvement (effect size b = 0.31). Moreover, they

found a consistent, continuous clinical improvement after the end of

the tDCS treatment course. Notably, the clinical efficacy was

substantially higher in the studies where the tDCS course was

longer (3-4 weeks versus 1-2 weeks). Zhang et al. (38) conducted a

comprehensive meta-analysis to evaluate the antidepressant efficacy

of tDCS as a nonpharmacological treatment for depression. By

reviewing randomized controlled trials up to December 30, 2020,

the analysis included 27 studies with a total of 1204 patients,

comparing 653 patients receiving active tDCS treatment to 551

receiving sham tDCS. The results indicated that active tDCS

significantly improved depressive symptoms over sham treatments,

with a moderate effect size (g = 0.46). Although active tDCS showed

superiority in increasing response and remission rates, these

differences were not statistically significant. Dropout rates between

active and sham tDCS groups were similar, suggesting comparable

tolerability. The findings suggest that tDCS, particularly with specific

parameters such as a 2 mA stimulation current for 30-minute

sessions and in patients not on antidepressants, holds promise as a

treatment modality for depressive episodes.

The variability in the literature on the antidepressant effects of

tDCS may reflect differences in patient selection as well as in the

tDCS protocol. Longer courses of treatment seem particularly

important to ensure sustained, lasting benefits. Consistent with

the current understanding of mechanisms of action, tDCS

antidepressant effects may involve long-term neuroplastic changes

that take time to develop and may, in fact, continue to evolve and

mature even after the tDCS treatment course has ended. This makes

long treatment courses with maintenance phases important and

home-based interventions appealing. Importantly, across all studies,

active tDCS has been well tolerated, and there have been no

significant adverse or side effects.
1.3 tDCS at home

As a relatively simple and portable technology, tDCS is

particularly well suited for remotely supervised, home-based

treatment. Several equipment manufacturers have developed

systems for remotely supervised, home-based use, where the

treatment is administered by the patient or an administrator.

Treatment parameters, scheduling, and use can be monitored

remotely by clinic or research staff. To date, this has been piloted

for the treatment of a number of conditions, including neuropathic

pain (39), auditory hallucinations in schizophrenia (40), attention-

deficit/hyperactivity disorder (41), multiple sclerosis (42–45),

Parkinson's disease (46, 47), trigeminal neuralgia (48), vascular

dementia (49), Prader-Willi syndrome (50), and, recently, MDD

(31, 51) with promising results.

Palm et al. (52) completed a systematic review of all available

evidence on home use of tDCS until May 2017. They identified 22

original research papers, trial protocols, or trial registrations

involving home-use tDCS. They showed that treatment adherence
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was high and side effects minimal, and thus, they concluded that

remotely controlled and supervised home-used tDCS was feasible

and promising. The experience with home-use tDCS has continued

to grow since then.

In the setting of depression, Clayton et al. (53) reported a case of

one patient with comorbid multiple sclerosis and recurrent

depressive episodes who received a course of remotely supervised

tDCS following ECT treatment. Fatigue and mood ratings

improved. More recently, Alonzo et al. (54) completed a proof-of-

principle, open-label trial in 34 participants suffering from MDD

who were taught to self-administer 20–28 tDCS sessions (2 mA, 30

min, F3-anode and F8-cathode montage according to 10–20 EEG

placement) over 4 weeks followed by a taper phase of 4 sessions 1

week apart. Participants were initially monitored via video link for a

few days and then through the completion of an online treatment

diary. One participant withdrew from the study due to too many

missed sessions. The remaining 33 participants completed 93% of

the scheduled sessions in the initial 4-week phase. Ten of the

thirteen participants who qualified for the maintenance phase

opted to continue. Mood improved significantly from baseline

(mean of 27.5 on MADRS) to 1 month after the end of acute

treatment (MADRS 15.5; p < 0.001). Side effects reported across

1,149 sessions were minimal, primarily mild to moderate tingling or

burning/heat sensation during stimulation and redness at the

electrode sites.

Recently (21), we investigated the feasibility of a protocol

similar to the one used in the present study, with multichannel

tDCS administered within the homes of older adults with MDD

with the help of a study companion (i.e., caregiver). The study,

designed by us during the COVID crisis, explored the feasibility of a

remotely-hosted training program to avoid visiting the lab. We

employed a newly developed multi-channel tDCS system and

protocol with real-time monitoring designed to guarantee the

safety and efficacy of home-based tDCS. We found that the

home-based, remotely-supervised, study companion administered,

multi-channel tDCS protocol for older adults with MDD was

feasible and safe, paving the way for the design of the larger study

described here.

In the study by Charvet (51), home tDCS was evaluated as a novel

therapeutic approach for MDD through an observational clinical

trial. This trial involved 16 participants with moderate-to-severe

major depressive episodes who underwent 28 sessions of left

anodal DLPFC using a bipolar tDCS montage (using 25 cm2

sponges on F3/F4) over six weeks, followed by a tapering phase of

weekly sessions for an additional four weeks. There were no serious or

treatment-limiting adverse events caused by the tDCS intervention,

and no participant experienced an increase in depression or

suicidality that warranted treatment discontinuation or additional

intervention. The findings revealed a significant reduction in

depressive symptoms as early as week 2, with continuous

improvement noted at each subsequent biweekly assessment. By

the end of the acute intervention, responder and remission rates

were 75% and 63%, respectively, which increased to 88% and 81%

following the tapering period.

In a recent study by Woodham (31), tDCS (using large rubber

electrodes with sponges (23 cm2) with anode over F3 and cathode
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over F4 in the 10/20 EEG system) was evaluated as a home-based

treatment for MDD in a fully remote, multisite, double-blind,

placebo-controlled, randomized superiority trial conducted in the

UK and USA. The study's protocol included a 10-week blinded

phase, consisting of five tDCS sessions per week for the first three

weeks, followed by three sessions per week for the subsequent seven

weeks. This was followed by a 10-week open-label phase. The tDCS

treatment featured 30-minute sessions, where active tDCS was

administered at 2 mA and sham tDCS at 0 mA, both with brief

ramping up and down phases. A total of 174 participants with MDD

were randomized into either the active treatment group (n=87;

mean age 37.1 ± 11.1 years) or the sham treatment group (n=87;

mean age 38.3 ± 10.9 years). The results revealed a significant

improvement in the HDRS scores in the active treatment group,

with a mean reduction of 9.4 ± 6.25 points, compared to a mean

reduction of 7.1 ± 6.10 points in the sham treatment group (95% CI

0.5 to 4.0, p = 0.012). Concerning MADRS ratings, the active tDCS

treatment arm significantly improved from baseline to week 10,

with a mean improvement of 11.3 ± 8.81 relative to the sham

treatment of 7.7 ± 8.47 (p= 0.006). The effects were evident at week

10, supporting a recent individual patient data analysis, which

found that tDCS effect sizes continue to increase up to 10 weeks

compared to sham stimulation (55). Safety was monitored using

real-time assessments through video conference and the availability

of a dedicated study number with 24-hour access to researchers.

There were no significant differences in the rates of discontinuation

between the active (n=13) and sham (n=12) groups. There were no

serious adverse events related to the device and no incidents of

serious suicide risk.

The purpose of the present study was to explore the safety and

technical feasibility of a long-duration intervention employing a

specifically designed multichannel montage (i.e., electrode

locations, current intensity) with the Starstim at-home tDCS

device in subjects diagnosed with MDD. This pilot aimed at

obtaining preliminary data in advance of a larger clinical trial

designed to test whether repeated, daily sessions during two

months of at-home advanced tDCS can lead to a robust, clinically

significant improvement in MDD patients. Our hypothesis was that

using a more complex but well-designed tDCS montage, together

with an increased dose and number of sessions, can lead to higher

efficacy and that, despite its increased complexity, this technology is

feasible for home use. Finally, our goal was also to explore the

duration of effects one month after the end of treatment.
2 Methods

2.1 Participants

Inclusion criteria for this prospective, single cohort, multicenter

clinical investigation included a diagnosis of MDD according to the

Diagnostic and Statistical Manual of Mental Disorders (DSM-5), as

determined via a telehealth interview with a study site psychiatrist

or study staff physician with experience in the management of

MDD, 22 years or older as of the date of study enrolment,

experiencing a major depressive episode of at least four weeks
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duration, and a MADRS score ≥20 at the time of study enrolment

without a pre-specified upper or lower limit of failed antidepressant

medications in the current episode or lifetime. Participants also had

to be taking at least one medication approved by the FDA for the

treatment of depression (except bupropion, which can lower the

seizure threshold) whose dose had remained unchanged for four

weeks before study enrolment. In addition, participants had to

identify and designate one or more adults (persons aged 22 or older)

as ‘Administrator/s.’ These individuals had to be willing, able, and

formally agree to administer the home-based tDCS, be accessible to

the study staff, reporting any safety concerns, potential protocol

violations, and any other study-related matters. Subjects also

needed access to a wireless internet (Wi-Fi) connection where the

study treatments were administered. An accurate and current

accounting of the study treatments for each subject was

maintained on an ongoing basis by the device interface within the

NE portal.

Exclusion criteria included any DSM-5-defined psychotic

disorder in the three months preceding the date of study

enrolment, active suicidal ideation assessed on C-SSRS

(Columbia-Suicide Severity Rating Scale, history of clinically

defined medically significant neurological disorder, skin lesions

on the scalp at the proposed electrode sites, any cranial metal

implants (excluding ≦1 mm thick epicranial titanium skull plates

and dental fillings) or medical devices (i.e., cardiac pacemaker, deep

brain stimulator, medication infusion pump, cochlear implant,

vagus nerve stimulator), previous surgeries opening the skull

leaving skull defects capable of allowing the insertion of a

cylinder with a radius greater or equal to 5 mm. Participants on

antidepressant medications (except bupropion) were allowed to

enter the trial provided that the medication dose remained

unchanged for four weeks prior to enrolment in the trial and

there was no planned dose change for the duration of the trial.

The study (NCT05205915, clinicaltrials.gov) was approved by the

WCG-IRB (Western Institutional Review Board-Copernicus Group),

and written informed consent was obtained from each participant

before the start of study-specific procedures. Because of the nature of

this study, consent was obtained electronically online. Information

was provided both verbally and in writing, and subjects (or their legal

representatives) had ample opportunity to inquire about the details of

the study. The study was conducted according to the Declaration of
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Helsinki, Protection of Human Volunteers (21 CFR 50), Safety

reporting in clinical investigations of medical devices under

Regulation (EU) 2017/745, Institutional Review Boards (21 CFR

56), Obligations of Clinical Investigators (21 CFR 812), and

Clinical Investigation of Medical Devices for Human Subjects –

Good Clinical Practice (ISO 14155:2020). The clinical investigation

was approved by the FDA (protocol number: NE-02, version 5 dated

January 22nd, 2022 (FDA approval letter RE: G160208/S010 dated

March 3, 2022) and WCG- IRB on January 31st, 2022).

Results from other home studies suggested that approximately

30 subjects were appropriate to establish preliminary evidence of

the safety, tolerability, and feasibility of home administration.

Concerning the exploration of efficacy, robust intervention effects

(follow-up vs. baseline) were observed with this sample size in a

similar open-label study (54). Formal sample size calculation in this

open-label study was not applicable. Participants were recruited

from five centers in the United States (three in Florida, one in

Oklahoma, and one in Georgia, v. NCT05205915, clinicaltrials.gov,

for more information).
2.2 Protocol

This study was conducted on a “virtual” basis with patients

recruited at four U.S.-based sites selected for their specialized

expertise and infrastructure dedicated to the efficient management

and execution of clinical trials. All visits were remote. The treatment

course (see Figure 1) consisted of an acute phase of 28 tDCS

sessions conducted daily (7 days per week) over four weeks,

consistent with the protocol of Alonzo et al. (54) and our prior

study (21). This was motivated by the results of Brunoni et al. (34)

and the meta-analysis of Moffa et al. (37), which found a positive

association between increased tDCS ‘dose’ and treatment efficacy.

After that, participants underwent a taper phase of an additional 9

sessions of tDCS applied in progressively decreasing frequency until

day #60 of the study as follows: (i) Three tDCS sessions once every

other day, (ii) three tDCS sessions once every third day, (iii) three

tDCS sessions once every fourth day. An incomplete session was

defined as one that discontinued stimulation before 100%

completion and could be repeated within 24 hours if less than

75% of the session was delivered to the subject. A missed session
FIGURE 1

Study design. The design included an Acute Phase with 28 home tDCS sessions followed by a Taper Phase during four weeks. Assessments were all
remote. Green bars indicate days with a stimulation session, and grey bars indicate days without a stimulation session. Assessments occurred at four
time points – baseline, post-acute treatment, post-taper, and at follow-up four weeks after the end of treatment.
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(0% stimulation delivered) was defined as an anticipated session

that did not occur within 24 hours of the assigned date/time. The

Montgomery-Asberg Depression Rating Scale (MADRS) (56) was

completed at baseline, approximately at days #28 (end of acute

phase) and #56 (end of taper phase) of treatment, and at the end of

the 4-week follow-up period.
2.3 Multichannel tDCS montage

Stimulation was applied using the Starstim device, with current

delivered via four NG Pi electrodes (circular Ag/AgCl electrodes

using gel with a contact area of 3.14 cm2) embedded in a neoprene

cap. All study subjects used the same fixed montage (electrode

locations and currents). The left dorsolateral prefrontal cortex (L-

DLPFC) has been consistent ly re lated to depress ion

symptomatology (57, 58). Specifically, the L-DLPFC is hypoactive

in depression, and an increase in activity is associated with

antidepressant response. The stimulation target for this study is

shown in Figure 2. This target region was selected because it
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encompasses many clinically validated transcranial magnetic

stimulation (TMS) targets for refractory MDD, including those

proposed by Fox (59), Mir-Moghtdaei (61), Herbsman (62), Rusjan

(63), and Fitzgerald (64). Consequently, we designed the

multichannel tDCS montage with the maximal normal

(orthogonal to the cortex) component of the electrical field

targeting the L-DLPFC (excitatory, with the component pointing

from CSF into gray matter) with minimal off-target stimulation and

for administration via fourNG Pistim electrodes (3.14 cm2 Ag/AgCl

gel electrodes) using the Starstim®-Home system (see Figure 3 for

montage design and the Starstim Home system).

To design a unique (non-personalized) montage appropriate for

use across our study subjects, we used the Stimweaver® algorithm

(22) with Group Optimization (GO, 65). The original Stimweaver®

algorithm explores the space of electrode locations and currents to

match the produced electric field with the desired weighted target

map, minimizing an Objective Function (OF) that reflects the error of

the match for a particular subject. In GO, the objective function is

defined as the average OFs of many subjects from an anatomically

representative MRI dataset, as shown in Figure 2. In this particular
FIGURE 2

Target definition and mapping to the individualized brain model of each subject in the Group Optimization database. The central inset (“Creation of
template target”) in the MNI space column provides a view of the target specification process. The target consists of a central region (dark red)
surrounded by a buffer region of lower weights (in orange). The red rectangle represents the left DLPFC derived from evidence-based TMS targets
for depression (59) in combination with the Beam F3 method (60). The MNI coordinates [x,y,z] of the TMS hotspots (1: [−40.6, 41.7, 34.3; −41.5, 41.1,
33.4], 2: [39.3, 46.2 27.5; −41.3, 48.9, 27.7], 3:[−50, 30,36], 4: [−33.6, 30.8, 51.11]) were remapped on the cortex of a default brain model. To obtain
the target map in the model, we drew an inner hotspot area encompassing all the mapped points and surrounded it by a buffer area. Group
Objective function creation: An individualized transformation is derived by mapping the brain model of each subject from RAS (Right, Anterior,
Superior) coordinates into MNI (Montreal Neurological Institute) space. The target map in MNI space is then projected into the brain of each of the
database subjects using the inverse transformation (from MNI to RAS coordinates), as described in the main text. The group-objective function
(NERNIg, a normalized version of the ERNI described in 22) takes as inputs a weighted target map for each of the subjects. The calculation of the
objective function also requires the Lead-field matrix, which is assembled by calculating all possible bipolar calculations with Cz as a common
cathode (-1 mA) and the other electrode as an anode (+1 mA), as discussed in 22 (right panel).
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case, we performed a group optimization over 27 healthy subjects

with an age range between 18 and 93 (55±25 years old).

The computation of the group OF requires the calculation of

the lead-field matrix (see Figure 2) for each subject, calculated

from personalized biophysical head models created by using the

methods summarized in Mercadal et al. (66). A target map with the

weighted target En (the component of the E-field normal to

the cortical surface) is also required for each subject. The target

map used in this study (left DLPFC) was first defined in the

cortical surface of a reference head model in MNI space (Colin27

brain template). This was done by specifying MNI coordinates

of regions previously defined using several criteria (also described

in 21) (see Figure 2) from areas identified by neuronavigated

TMS, areas activated by working memory tasks identified by fMRI,

and areas associated with the subgenual cortex based on rs-fMRI

data. These MNI coordinates were clustered into a core area,

assigned to higher weights in the optimization algorithm, and

surrounded by a buffer area with lower weights. This is shown in

Figure 2 (inset box: Creation of template target). This target was

then mapped to the cortical surface of each of the subjects used in the

group optimization, as displayed in Figure 2: each cortical surface

was mapped to MNI space using an individualized affine

transformation calculated by Freesurfer (v6.0.0, https://

surfer.nmr.mgh.harvard.edu/); then, in MNI space, the coordinates

of the nodes of the target area defined in the template brain were

assigned to the closest node in the personalized cortical surface. The

desired En-field in the target region was set to 0.75 V/m (with

weights set to 8 for the buffer region and 10 for the core area). The

rest of the cortical surface was assigned a 0 V/m target En with a

lower weight of 2. The montage was constrained to a maximum of

four stimulation electrodes for ease of use by participants at home.

The currents were limited to 1.7 mA max per electrode (in absolute

value) and 4.0 mA for the total injected current (here defined as the

sum of current in all the anodes), well below the recommended

safety limits (29). The total injected current in the group-optimized

montage was 3.1 mA. The electrode positions found were AF3 and
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F3 (anodes) as well as T7 and AF4 (cathodes), according to the 10-

20 EEG system (Figure 3). The average normal En-field on the

target produced by this montage ranged from 0.07 V/m to 0.26 V/m

(0.13±0.04 V/m), where positive numbers indicate the field

direction pointing into the cortex (with excitatory effects

according to the first order model of membrane perturbation of

pyramidal cells, 22). In the rest of the non-involved cortex, field

amplitude remained low: -0.002±0.001 V/m. For all participants,

the current intensity was ramped up over 30 s, then sustained at the

stimulation intensity for 30 min, and then ramped down over

30 seconds.
2.4 Home tDCS system

This study used the Starstim Home Kit (Neuroelectrics, see

Figure 3). Neuroelectrics developed this system for home-based

tDCS, effectively overcoming previous challenges with other forms

of tDCS and used in several studies, e.g., 39 (NCT02346396). The

Starstim Home Kit uses Neuroelectrics’ Starstim system with

additional features that allow researchers and clinicians to

“prescribe” and monitor home-based tDCS to end users. The

users could communicate in real time with remote study staff via

video-conferencing during device training and during the first three

use sessions. The Starstim system includes an EEG-like neoprene

headcap with holes located where small electrodes can be attached

and secured in place in the correct position on the scalp. These

electrode holes are color- and number-coded so that electrode leads

with corresponding colors in the tDCS device are appropriately

attached to the corresponding electrodes, eliminating the potential

for accidental mismatching of the electrodes and the leads. The

Starstim®-Home Kit further incorporates a smart tablet wirelessly

connected to the internet.

In more detail, the system includes 1) Necbox, the portable

wireless tDCS device that applies brain stimulation; 2) Neoprene

headcap: electrode positioner on which the relevant electrode
FIGURE 3

Left: Montage design produced by group optimization. The selected group optimized montage consisted of 4 electrodes: two anodes located over
the target (AF3 and F3) and cathodes located further away (T7 and AF4). The color scale represents En, the normal component (normal to the
cortical surface with red/blue denoting inward/outward E-field normal component) of the E-field induced by the optimized montage in the cortical
surface (in V/m). Right: Starstim Home system (including tablet).
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positions are marked on the headcap with different colors; 3) Color-

coded electrode cables: marked with the same colors as the headcap

and with numbers visible on the software interface; 4) Pistim (3.14

cm2) Ag/AgCl electrodes; 5) Tablet with HomeApp: a user interface

that guides patients throughout the session and ensures correct

delivery of the treatment. 6) Neuroelectrics Portal: a web interface

that allows investigators to schedule treatment sessions and monitor

compliance in real time.

The tablet allowed the study companions and patient

participants to initiate the tDCS sessions, receive specific step-by-

step instructions needed to complete the tDCS administration

process, and record any side effects via custom-developed

questionnaires on the tablet. The table provides simplified

instructions and step-by-step touchscreen prompts for the

participant. This process has been designed for ease of use, even

for individuals who are not computer savvy. The tablet

automatically runs an impedance check before and during the

delivery of the tDCS current and blocks the stimulation if the

electrode impedance reaches above 20 kW. Moreover, the tablet has

a manual abort function that allows the participant to stop the

stimulation if they are experiencing any discomfort or pain.

The research staff are notified if this occurs and reach out to the

participant to resolve the situation. The tablet further interfaces

with another component of the Starstim®-Home Kit called the

Neuroelectrics Portal, which the research staff can use to schedule a

specific time slot when the execution of the tDCS sessions is

allowed. If the stimulation is attempted outside of this time slot,

the tablet will inform the participant that the stimulation is

currently unavailable and indicate when the next time slot is

scheduled. The tablet further allows the study staff to remotely

monitor patient participant progression through each session, side

effects, and treatment compliance. This portal also ensures that all

the stimulation parameters, including stimulation intensity,

stimulation duration, and number of sessions, are pre-configured

into the system and cannot be adjusted by study companions or

patient participants.

Finally, following earlier work described in Cappon et al. (67),

we developed a training and supervision program to accompany the

Starstim Home Kit. Study staff members used these training

materials to train subjects and administrators on the proposed

use of the device. Study staff members monitored treatment sessions

until the subject-administrator pairs demonstrated proficiency in all

treatment-related procedures, typically through the first three

sessions. At the end of each treatment period, the study staff

continued to stay in touch with the subject-administrator pairs

and inquire about their use of treatment sessions.
2.5 Clinical measures

The main purpose of this study was to obtain preliminary data

in advance of a larger clinical trial designed to test whether repeated,

daily sessions of at-home transcranial direct current stimulation

(tDCS) are feasible and safe and explore if this approach can lead to

a clinically significant improvement in patients with MDD.
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The Neuroelectrics cloud portal provided information related to

electrode impedance, tDCS progress, and tDCS session interruption

or termination, whether voluntary or due to a technical issue. These

metrics were used to assess feasibility (number of interrupted

sessions, missed sessions). Adverse Event collection and

concomitant medication evaluation occurred at the start of the

acute treatment, start of the taper phase, end of treatment and end

of the study, and any Serious Adverse Experiences were evaluated as

the primary safety endpoint (SAEs, adverse events occurring at any

dose that results in death, a life-threatening adverse experience,

inpatient hospitalization or prolongation of existing hospitalization,

a persistent, permanent or significant disability/incapacity, required

intervention to prevent permanent impairment or damage, a

congenital anomaly/birth defect, or other important medical

events that may also be considered an SAE when, based on

appropriate medical judgment, they jeopardize the study subject

or require intervention to prevent one of the outcomes listed).

An exploratory aim of the study was to assess the therapeutic

antidepressant efficacy of our protocol. The primary efficacy

measure for this study was the median percentage change from

baseline to the end of the 4-week post-treatment period in the

observer-rated Montgomery-Asberg Depression Mood Rating Scale

(MADRS, 56). The secondary outcome measures were: a) Response

rate, where “clinically significant” response was defined as ≥ 50%

improvement in MADRS score from baseline to the 4-week follow-

up, b) Median percentage change in MADRS score from baseline to

the end of week 4 of treatment (acute treatment), to the end of week

8 of treatment (taper phase), c) Change from baseline in the

participant-rated Quick Inventory of Depressive Symptomatology

(QIDS-SR) (68) administered at the same time points as the

MADRS, d) Change from baseline in the Quality of Life

Enjoyment and Satisfaction Questionnaire Short Form (Q-LES-Q-

SF) (69), administered at the same time points as the MADRS.

Finally, a Safety secondary endpoint was the Change from baseline

C-SSRS responses ideation and attempt at any time during acute

treatment. C-SSRS evaluation was carried out at contacts between

the investigator and subject daily during the first 4 weeks of daily

stimulation sessions (unless the subject discontinued the protocol

during that time).
2.6 Statistical analysis

This open-label pilot feasibility telemedicine study involved a

total of 37 at-home stimulation sessions (30 minutes each) of

multichannel excitatory tDCS targeting the L-DLPFC

administered over eight weeks, with a follow-up period of 4

weeks following the final stimulation session.

No inferential statistical analysis was planned. The following

populations of descriptive analysis were used: a) Safety population

(SAF): all participants who have undergone transcranial direct

current stimulation at least once (including incomplete

stimulation sessions); b) Intention-to-treat (ITT): all participants

who have signed the Informed Consent form; c) Per protocol (PP):

all participants who have completed at least 75% of the 37 tDCS
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sessions, have had the final MADRS score recorded and have no

major protocol deviations.

For the primary efficacy analysis, the efficacy measure was the

median percentage change (MPC) from baseline to the end of the 4-

week post-treatment period in the observer-rated MADRS scores. A

descriptive analysis of the MADRS at each visit, baseline, week 4,

week 8, and at the 4-week post-treatment visit, is also presented.

This analysis was performed for both the ITT and the PP sets.
3 Results

3.1 Participants

The total valid sample included 35 patients. Figure 4 provides a

flowchart of patients recruited and the number and reasons for the

exclusion of each population during the study.

At baseline, the study ITT population participants (n=34) were

aged between 24 and 78 years, with a mean (standard deviation) of

58.9 (12.9) years. They were primarily female (85.3%). Twenty-one

participants (61.8%) were of Hispanic or Latino ethnicity. The mean

(standard deviation) time since MDD diagnosis was 24.2 (19.1)

months. Additional demographic and education characteristics at

baseline for the ITT population are summarized in Table 1.

Regarding concomitant psychiatric medications, more than

one-third of the patients (12, or 35.3%) were on Sertraline, six

(17.6%) were on Citalopram. Three patients (8.8%) were on

Duloxetine, three (8.8%) on Memantine, 3 (8.8%) on Quetiapine,

and three (8.8%) on Trazodone.
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3.2 Safety and adverse event monitoring

Concerning safety, no detrimental effects were observed for the

patients. Noteworthy, as measured with the C-SSRS, no participants

had suicidal ideation and/or behavior, whether at baseline during

treatment or at four weeks post-treatment.

Protocol deviations were evaluated for any trends or patterns

that would require additional corrective actions or submissions. All

of them were minor, and none resulted in an adverse event or

required patient discontinuation from the study. Only 5 (15%)

patients experienced adverse events during the study. None of them

were reported as serious. Two unexpected adverse events were

reported in one patient (3%), and eight adverse device events

were reported in four patients (12%). Likewise, no serious adverse

device events were reported.

3.3 Feasibility and compliance

85% of the patients (n=29) in the ITT group (n=34) completed

all 37 stimulation sessions at home during the acute and taper

phases, and 97% (n=33) completed at least 36 sessions (one subject

was excluded, see Figure 4).
3.4 Efficacy

The mean (SD) difference between the final visit and baseline for

the MADRS score was -19.8 (8.6) for both ITT and the PP population

datasets. The primary endpoint (median percentage change in the

MADRS score) was 64.5% (48.6%, 72.4%) in both populations.
FIGURE 4

CONSORT flow diagram.
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In assessing the effect size between baseline and week 12

conditions, the pooled standard deviation of MADRS scores was

calculated to be approximately 5.8. Cohen's d was 3.1, suggesting a

large and statistically significant difference between the group

means (to account for the small sample size bias, Hedges' g was

also computed, resulting in a value of approximately 3.1). On the

other hand, Cohen’s dz was 2.0. These statistics reflect the

pronounced difference between the baseline and final-visit

conditions under study.

The response rate analysis showed that in 73% of patients

(n=24), an improvement ≥ 50% was observed in the MADRS

score from baseline to the last visit (4 weeks post-treatment, see

Figure 5). Finally, improvement was observed from baseline to the

end of the study (4 weeks post-treatment) for the QIDS-SR and the

Q-LES-Q-SF scores. The mean (SD) and the median (IQR)

difference between the final visit and baseline for the Q-LES-Q-SF

score were 27.9 (13.8) and 26.8 (17.9, 35.7), respectively.
4 Discussion

This exploratory study has demonstrated the feasibility, safety,

and potential efficacy of a multichannel home-based, remotely-

supervised tDCS intervention with the Starstim device in persons
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with MDD and generated valuable data for planning the next step,

i.e., a randomized, sham-controlled, more extensive clinical trial. A

single-arm prospective multicenter study with 35 MDD patients

was carried out. The population who completed all study visits

consisted of 34 patients (85% women and 15% men) with a mean

age of 60 years and a MADRS score ≥20 at the time of study

enrolment. One patient did not complete at least 75% of all the

stimulation sessions. The sample was a representative subset of the

MDD population and reflects some of the characteristics of a larger

group that could benefit from home-based tDCS.

Regarding primary feasibility objectives, for feasibility, 85% of

the subjects completed all the programmed home stimulation

sessions throughout the acute and taper phases, and 97% (n=33)

completed at least 36 (out of 37) sessions. These positive results

confirm the feasibility of the Starstim home device and provide

crucial information that should be considered for further

pivotal studies.

Concerning safety, no detrimental effects were observed for the

patients, and all adverse events were minor (see Table 2).

Noteworthy, as measured with the C-SSRS, no participants had

suicidal ideation and/or behavior, whether at baseline during

treatment or at four weeks post-treatment.

The treatment effects were evident at the end of the acute and

taper phases and robust four weeks after treatment. The median

percentage reduction of the MADRS score was 64.5% (48.6, 72.4),

and the mean (SD) difference between the final visit and baseline for

the MADRS score was -19.8 (8.6) for both the ITT and the PP

population datasets. These results are comparable or superior to those

in earlier studies (70), as well as the results in Woodham (31), where

the active tDCS treatment arm showed a significant improvement

from baseline to week 10, with a change of theMADRSmean score of

-11.3 ± 8.8 relative to sham treatment (-7.7 ± 8.5). The results in this

study are similar to those in the active arm in the recent placebo-

controlled study by Salehinejad et al. (71). They contrast with earlier

recent studies that failed to show efficacy with respect to sham (72,

73). An important difference in our study is the dose and the use of a

specifically designed multichannel montage to target the region of

interest (these other studies use a standard bifrontal montage with

two large sponge electrodes).

Likewise, concerning secondary objectives, in more than 70% of

patients (n=24), an improvement of ≥ 50% was observed in the

MADRS score from baseline to the last visit (4 weeks post-

treatment). The calculated response rate (RR) was 73%. The

remission rate in the PP group, evaluated as the percent of

participants with a MADRS score equal to or below 10 at the end

of acute treatment, taper phase, and four-week follow-up time

points, were 30%, 30%, and 52%, respectively. Along the same

lines, improvement was observed from baseline to the end of the

study (4 weeks post-treatment) for the QIDS-SR and the Q-LES-Q-

SF scores. The mean (SD) and the median (IQR) difference between

the final visit and baseline for the Q-LES-Q-SF score were 27.9

(13.8) and 26.8 (17.9, 35.7), respectively.

Protocol deviations were evaluated for any trends or patterns

requiring additional corrective actions or submissions. All of them

were minor, and none resulted in an adverse event or required

patient discontinuation from the study.
TABLE 1 Baseline demographic data (ITT).

ITT population
(n=34)

Variable

Age, mean (SD), y 58.9 (12.9)

Sex at birth

Female, n (%) 29 (85.3%)

Male, n (%) 5 (14.7%)

Ethnicity

Hispanic or Latino, n (%) 21 (61.8%)

Not Hispanic or Latino, n (%) 13 (38.2%)

Race

American Indian or Alaska native, n (%) 1 (2.9%)

Black or African American, n (%) 3 (8.8%)

White, n (%) 30 (88.2%)

Head Circumference, mean (SD), (cm) 56.0 (1.6)

Education level

High School Diploma or GED, n (%) 17 (50.0%)

Bachelor’s Degree, n (%) 8 (23.5%)

Some college, no degree, n (%) 5 (14.7%)

Did not graduate High School or obtain a
GED, n (%) 2 (5.9%)

Academic Associate Degree, n (%) 1 (2.9%)

Master’s Degree, n (%) 1 (2.9%)
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Considering the good performance of the home-based device

plus the overall improvement in depression rating scales (MADRS),

symptomatology, and satisfaction questionnaires, it can be said that

the developed solution deployed using the Starstim home system

was well-accepted and useful for the patients and that it presumably

fulfills an unmet need. The Starstim portable multichannel

technology proved relatively simple to use and exhibited

outstanding performance with a good safety profile. Pending

larger controlled trials, this study provides early substantial

evidence that home-based, remotely supervised, and supported

tDCS treatment with model-designed multichannel montages is

feasible for depressed patients and offers a potentially effective

intervention. The improved targeting and larger injected current

(up to 4 mA) afforded by multichannel Starstim Home technology

employing multiple electrodes, coupled with its ease of use for

repeated, safe stimulation at home, has the potential to deliver more

effective solutions. Therefore, this tool may play a significant and

outstanding role in applying knowledge to improve the health and

healthcare of MDD patients.
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Some recent studies with tDCS have produced negative results.

In Borrione et al. (73), a randomized clinical trial assessing the

effectiveness of unsupervised home tDCS for major depression, no

significant treatment benefits were observed. The study included 210

participants who were administered tDCS with or without a digital

psychological intervention versus a sham control. The study

protocol involved twenty-one sessions delivered at 2 mA for 30

minutes each day, five days a week for the first three weeks, followed

by twice a week for the remaining three weeks. tDCS was

administered using large sponge electrodes positioned over the F3

and F4 locations according to the international 10-20 EEG system,

with a fixed distance of 10.5 cm from the midline. Participants

ensured correct placement of the device with the help of an

augmented-reality tool via a smartphone camera. Stimulation was

halted if the impedance exceeded 9 kOhm, indicating displacement

or removal of the device. For sham stimulation, the setup was

identical, but the current was only active for the first and last 45

seconds of each session, peaking at 1 mA. Results indicated no

substantial differences in depression severity changes among the
FIGURE 5

Exploratory aims: comprehensive depiction of treatment response over time in patients with Major Depressive Disorder (MDD). Top panel: Boxplots
illustrating the distribution of scores (with outliers) at baseline and at weeks 4, 8, and 12. MADRS mean/median scores (STD) at baseline, weeks 4, 8,
and 12 post-randomization were 29.8/27 (6.2), 16.7/19 (6.5), 14.4/15 (6.6), and 11.8/11 (5.3). Bottom panel: Longitudinal trajectories of individual
patient scores, indicating varied response patterns over the treatment course. The data collectively underscore the heterogeneity in treatment
response and the progressive nature of symptom reduction over time.
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groups. Notably, adverse effects such as skin redness and heat

sensations were more prevalent in active tDCS groups. In a related

study, Burkhardt et al. (72) carried out an in-clinic multicenter,

triple-blind, randomized, sham-controlled study conducted across

eight sites in Germany of the efficacy of tDCS as an adjunct to stable

SSRI treatment in adults with MDD was evaluated. Participants aged

18 to 65 who met DSM-5 criteria for MDD and had been on a stable

SSRI dose were randomly assigned to receive either active tDCS or

sham stimulation. The treatment consisted of 30-minute, 2-mA

bifrontal tDCS sessions for 20 consecutive weekdays, followed by

two weekly sessions for an additional two weeks. No significant

differences were observed in the mean improvement on MADRS

after six weeks between the active tDCS and sham groups. The study

concluded that tDCS, when used as an add-on treatment to SSRIs,

does not demonstrate superiority over sham stimulation in

improving depressive symptoms. Mild adverse events were more

frequent with active tDCS. The main differences between these

negative studies, others discussed above, and the study presented

in this paper include target and montage design (large bifrontal

sponge electrode vs. single target multichannel using small Ag/AgCl

electrodes), current intensity (smaller total injected current) or a

reduced number of sessions. All these factors are likely important in

achieving clinical efficacy.
4.1 Limitations

Probably the most important shortcoming of this study is the

absence of a sham treatment arm. As the effect-sizes to inert

“placebo” treatments have gained prominence for psychiatric

conditions, especially MDD, the importance of a control

condition cannot be underscored enough. The purpose of this
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investigation, however, was to examine the feasibility of tDCS

delivered entirely at home using the Starstim portable device with

supervision provided remotely, and the study demonstrated that

not only was it possible for users to self-administer the intervention

but to also derive benefit with improvement in symptoms of major

depression. The lack of a control group makes it difficult to argue

potential time-dependent changes or to relate changes just to the

investigational medical device intervention. However, in

comparison with similar studies, the effect size results are very

promising. The absence of a control arm also meant that the raters

evaluating participants were not blind to the intervention. This was

overcome by performing not just objective (MADRS) and subjective

(QIDS-SR) assessments of depression severity but also participant

reported changes on measures of wellbeing, like the Q-LES-Q-SF. It

is also important to note that 21 (of 33 [or 34]) participants were on

antidepressant medications and 30 (of 34) participants were on

psychotropic medication. Hence, the improvement in MADRS (and

other) scores was observed, at least in part, in persons who had been

treated for major depression.

The study was conducted remotely and investigators did not

assess whether participants had placed the Neuroelectrics Starstim

Neoprene cap correctly. While it is possible that some study subjects

might not applied the tDCS correctly on the DLPFC, there were a

number of safeguards to such errors from happening. The electrode

positions on the head-cap and electrode cables were color-coded,

and the HomeKit ® tablet provided step-by-step instructions

regarding setup, which were specially developed to be simple and

easy even for those not familiar with computers. Above all, a web

portal allowed study personnel to monitor and assist participants

with sessions at any time, allowing proper treatment delivery.

However, this study is one of few of its kind in which a home

intervention is being assessed for its impact on MDD well-being.
TABLE 2 Summary of Mild Adverse Events. No Serious Adverse Experiences were reported, and all Adverse Events were Mild.

Mild Adverse Events Relationship to the study device

N° pat. (%) N° AE Duration
(days)*

Definitely Probably Possibly Unrelated

Total (n=34) 5 (14.7%) 9 10.3 (20.4) 5 2 1 1

Skin and subcutaneous
tissue disorders

3 (8.8%) 4 21.7 (33.2) 3 1

Erythema 1 (2.9%) 1 4.0 ( .) 1

Paraesthesia 1 (2.9%) 2 1.0 ( .) 2

Skin burning sensation 1 (2.9%) 1 60.0 ( .) 1

Nervous system disorders 2 (5.9%) 2 1.5 ( 0.7) 1 1

Headache 2 (5.9%) 2 1.5 ( 0.7) 1 1

Infections and infestations 1 (2.9%) 1 11.0 ( .) 1

Sinusitis 1 (2.9%) 1 11.0 ( .) 1

Musculoskeletal and connective
tissue disorders

1 (2.9%) 2 1.5 ( 0.7) 2

Myalgia 1 (2.9%) 2 1.5 ( 0.7) 2
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The incremental development of innovative/breakthrough health

technologies takes a long time, during which innovation will have to

successfully go through testing and evidence generation before it

can be launched. As part of this process, early feasibility studies

provide the opportunity to capture relevant additional information

for the intended use from a real-world setting that would not be

possible in non-clinical studies (i.e., bench testing and animal

studies) at a very early stage.

Further studies are needed to assess the impact of a digital

intervention on MDD, with a longer follow-up period, including a

control group and a larger sample size. However, our proof of

concept was planned to verify whether the Starstim portable

technology was feasible and could achieve the desired outcome,

and this has been convincingly shown in a real-world setting.
5 Conclusions

This pilot study aimed to demonstrate the feasibility of an

innovative home-based, remotely supervised, study companion-led,

modeling-designed multi-channel tDCS intervention for older adults

suffering from MDD in an open-label manner, and available data

demonstrates that this was accomplished successfully. The

investigation also provided useful safety and preliminary efficacy

data for the design of a larger, randomized, controlled at-home trial

that will be essential for the broad adoption of tDCS for the treatment

of MDD. Since a substantial proportion of patients with major

depression show only partial or no improvement after treatment

with antidepressants, the availability of additional treatment options

would be key to improving the treatment response.
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Introduction: Recent resting-state electroencephalogram (EEG) studies have

consistently reported an association between aberrant functional brain networks

(FBNs) and treatment-resistant traits in patients with major depressive disorder

(MDD). However, little is known about the changes in FBNs in response to

external stimuli in these patients. This study investigates whether changes in the

salience network (SN) could predict responsiveness to pharmacological

treatment in resting-state and external stimuli conditions.

Methods: Thirty-one drug-naïve patients with MDD (aged 46.61 ± 10.05, female

28) and twenty-one healthy controls (aged 43.86 ± 14.14, female 19) participated

in the study. After 8 weeks of pharmacological treatment, the patients were

divided into non-remitted MDD (nrMDD, n = 14) and remitted-MDD (rMDD, n =

17) groups. EEG data under three conditions (resting-state, standard, and deviant)

were analyzed. The SN was constructed with three cortical regions as nodes and

weighted phase-lag index as edges, across alpha, low-beta, high-beta, and

gamma bands. A repeated measures analysis of the variance model was used

to examine the group-by-condition interaction. Machine learning-based

classification analyses were also conducted between the nrMDD and

rMDD groups.

Results: A notable group-by-condition interaction was observed in the high-

beta band between nrMDD and rMDD. Specifically, patients with nrMDD

exhibited hypoconnectivity between the dorsal anterior cingulate cortex and

right insula (p = 0.030). The classification analysis yielded a maximum

classification accuracy of 80.65%.
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Conclusion: Our study suggests that abnormal condition-dependent changes in

the SN could serve as potential predictors of pharmacological treatment efficacy

in patients with MDD.
KEYWORDS

electroencephalography, major depressive disorder, salience network, prediction of
antidepressant responsiveness, condition-dependent functional network
1 Introduction

Major depressive disorder (MDD) is a prevalent yet heterogeneous

mental disorder. It is widely known that about 30% of patients do not

respond to antidepressant treatment even though it is one of the most

popular and neurobiologically validated therapies for MDD (1–3).

Predicting the efficacy of antidepressant treatment is a crucial issue for

personalized therapy, aiming to avoid ineffective treatment so that

minimize unwarranted side effects resulting from ineffective

medications (3, 4).

For the prediction of the treatment response in patients withMDD,

a variety of neuroimaging studies have focused on the identification of

reliable biomarkers. Recently, numerous studies have consistently

reported that patients who exhibit similar functional brain network

(FBN) patterns to healthy controls (HCs) tend to show a strong

response to antidepressant treatment (5, 6). Specifically, several

studies have suggested that aberrant resting-state functional

connectivity (FC) patterns could serve as effective predictors of

treatment outcomes in patients with MDD. In recent years, these FC

patterns have been utilized as features to train machine-learning

models, enhancing the performance in predicting treatment response.

Among various neuroimaging modalities, electroencephalography

(EEG) is advantageous for studying FBN due to its great temporal

resolution and cost-effectiveness (4, 7, 8). Some studies found distinct

resting-state FBN patterns in patients with medication treatment-

resistant MDD. For example, Whitton et al. (9) revealed that resting-

state theta-band functional connectivity between the rostral anterior

cingulate cortex and right anterior insula was associated with the

efficacy of the antidepressant. Using an unsupervised machine

learning (ML) model, Zhang et al. (6) successfully divided patients

with MDD and post-traumatic stress disorder (PTSD) into two

subtypes: drug responders and resistors. Relatively fewer EEG

studies identified distinct FBN patterns in these patients under

conditions involving external stimulation. For example, Sumner

et al. (10) reported that rapid antidepressant efficacy was associated

with dynamic forward connectivity in response to the unexpected

auditory stimuli between the right primary auditory cortex and the

right inferior temporal cortex. Overall, most EEG studies have

primarily concentrated on investigating a single paradigm FBN

pattern, particularly in the context of the resting-state condition.

Several up-to-date neuroimaging studies have investigated

various condition-dependent brain activities to explore
02185
dysfunctional pathophysiological pathways (11–17). Among them,

recent studies have consistently suggested that our understanding of

neurobiology and various mental disorders could be broadened by

investigating condition-dependent FBN patterns, including stimuli-

based FBN patterns themselves and comparison of FBN patterns for

various conditions (e.g., resting vs. stimuli, target vs. non-target)

(11–14). However, it is yet to be investigated whether the condition-

dependent changes in EEG-FBN could predict the treatment

response in patients with MDD, despite their significant potential.

For example, several EEG studies found that patients with drug-

resistant MDD exhibited malfunctioning salience network (SN)

connectivity patterns in the resting state, known for involvement of

the selective attention control by processing salient events (18–22).

Considering the role of SN, it is reasonable to hypothesize that those

patients would also show abnormal FBN patterns under the

condition with external salient stimulation. The malfunctioning

changes in stimuli-induced SN have been observed in patients with

treatment-resistant MDD in functional magnetic resonance

imaging (fMRI) studies (12, 14, 20, 23).

In this study, we investigated condition-dependent changes in

EEG-derived FBN in patients with MDD, using a dual-paradigm

consisting of resting state and passive auditory oddball paradigm,

generally known as the mismatch negativity (MMN) paradigms.

Specifically, the SN was explored between patients with non-

remitted MDD (nrMDD) and those with remitted MDD (rMDD)

after an 8-week pharmaceutical therapy. The study is based on the

hypothesis that the condition-dependent SN would show distinct

patterns between groups; particularly, patients with nrMDD would

exhibit more divergent patterns compared to demographically-

matched healthy controls (HCs), consistent with existing resting-

state FBN studies. To demonstrate the potential of the condition-

dependent changes in SN as predictors of antidepressant

responsiveness, we performed statistical analysis and ML-based

classification analysis.
2 Methods and materials

2.1 Participants

A total of 33 patients withMDD (aged 46.00 ± 10.04, male: 3) and

22 HCs (aged 44.36 ± 14.00, male: 3) participated in the study. Due to
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1469645
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Choi et al. 10.3389/fpsyt.2024.1469645
poor data quality, the data of two patients with MDD and one HC

were discarded in the subsequent analysis; hence, data analysis was

performed with 31 patients with MDD (aged 46.61 ± 10.05, male: 3)

and 21 healthy controls (aged 43.86 ± 14.14, male: 2).

Patients with MDD were recruited from the Department of

Psychiatry at the Inje University Ilsan Paik Hospital. The MDD was

diagnosed by board-certified psychiatrists, based on the Structured

Clinical Interview for the Diagnostic and Statistical Manual of

Mental Disorders, 5th edition (APA). The patients had no history

of neurological illness, intellectual disability, substance abuse, head

injury, or impaired hearing ability. Patients did not take any

medication for at least one month before the study. After data

acquisition, they received vortioxetine 10 mg po for the first week,

followed by 20 mg po for the second week. Subsequently, the dosage

was maintained flexibly ranging from 10 to 20 mg po, until the

conclusion of the treatment period (i.e., 8th week). Concerning the

depressive symptom severity at the conclusion, namely, Hamilton

Depression (Ham-D) Rating Scale score for the 8th week (Ham-D8)

(details in the following section) patients were finally divided into

two groups: (i) non-remitted MDD (nrMDD; Ham-D8 ≥ 8, n = 14),

and (ii) remitted MDD (rMDD; Ham-D8 < 8, n = 17).

HCs were recruited from the community using flyers and

posters. They also had no history of head injury or medications

with psychiatric disorders, and also have no family history of

psychiatric disorders. All the participants signed an informed

consent form approved by the Institutional Review Board at Inje

University Ilsan Paik Hospital before participation in the

experiment (IRB No. 2016-08-017).
2.2 Symptomatic and
psychological measures

The symptom severity of depression and anxiety were assessed

by the Hamilton Depression Rating Scale (Ham-D) (24), and

Hamilton Anxiety (Ham-A) (25) rating scales, respectively. The

Ham-D and Ham-A consisted of 17 and 14 items, respectively.

After 8 weeks of treatment, patients with a Ham-D score lower than

8 were classified as remitted MDD (rMDD), while the others were

categorized as non-remitted MDD (nrMDD). The Ham-D and

Ham-A were acquired at the 0th, 2nd, 4th, and 8th weeks

(Supplementary Table S1). Only Ham-D and Ham-A were

utilized from our previous study, as other measures were not of

interest in the current study.
2.3 Experimental conditions

All participants engaged in two experimental paradigms: (i)

resting-state (RS), and (ii) MMN paradigms. In the RS paradigm,

participants closed their eyes for 5 min without any stimulation.

Then, a duration-variant auditory oddball paradigm was conducted.

The probability of deviant stimulus occurrence was set to 10% in a

total of 750 trials. Participants were required to watch a silent movie

during the auditory stimulus presentation and instructed not to

focus on the auditory stimuli.
Frontiers in Psychiatry 03186
In the passive oddball experiment, the auditory stimuli were

delivered binaurally with noise-canceling MDR-D777 headphones

(Sony, Tokyo, Japan). The loudness and the pitch of all stimuli were

set to 85 dB and 1000 Hz, respectively. The duration of the

stimulation was set to 50 ms for the standard stimuli (Std) but

100 ms for the deviant stimuli (Dev), with 10 ms of rising and falling

edges. The interstimulus interval was fixed at 600 ms.
2.4 Signal acquisition and pre-processing

The participants were asked to sit comfortably in a chair.

Biosignal data were acquired using Neuroscan SynAmps2

(Compumedics USA, El Paso, TX, USA). For the EEG, a total of

64 Ag-AgCl electrodes mounted on a Quik-Cap were placed

following the extended 10-20 system. For the electrooculogram

(EOG), four electrodes were placed above and below the left eye and

on the outer canthi of both eyes. Throughout signal acquisition, the

impedance of all the electrodes was below 5 kW. The signals were

recorded at 1,000 Hz of sampling rate and then bandpass filtered

between 0.1 - 100 Hz.

The acquired signals were pre-processed using the EEGLAB

toolbox (26) implemented in MATLAB R2019b (MathWorks,

Natick, MA, USA). For the elimination of physiological artifacts,

independent component analysis was performed. The components

containing artifacts including EOG, electromyogram, and

electrocardiogram were manually rejected. The EEG signals were

then band-pass filtered between 0.1 – 50 Hz using a 6th-order

Butterworth filter. After manual inspection, the EEG signals were

segmented into 700 ms. For the auditory oddball data, the epochs

ranged from 100 ms of a pre-stimulus interval to 600 ms of a post-

stimulus interval (i.e., -100 – 600 ms). The segmented data were

detrended and then baseline corrected using the pre-stimulus

interval data. For the resting-state data, the epochs were

segmented using the same length of time window (i.e., 700 ms)

without any overlap. Regardless of experimental paradigms, all

epochs with absolute maximum values exceeding 75 mV were

excluded from the analysis. Among the noise-free segments, 250,

300, and 45 epochs were randomly selected for the RS, Std, and Dev

conditions, respectively, from each participant.
2.5 Construction of salience network

For the construction of the SN, source localization was performed

using the Brainstorm toolbox (27). The source activities were

calculated with a depth-weighted L2-norm estimator from the

randomly segmented EEG signals. Excluding mastoid electrodes,

we selected all 62 EEG electrodes for source localization. The

Colin27 MRI brain template with 15,002 voxels was employed for

the estimation of the cortical activities. For the construction of the

lead field matrix, a three-layer boundary element model was

implemented from the OpenMEEG project software (28).

Three regions of interest (ROIs) were selected as the

representative nodes of the SN according to the previous fMRI

studies: (i) dorsal anterior cingulate cortex (dACC); (ii) left insula
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(lIns); (iii) right insula (rIns) (Supplementary Materials). The

Montreal Neurological Institute (MNI) coordinates of the ROI

seeds were determined as centers of gravity of the provided

coordinates (Supplementary Table S2), with manual verification

of the coordinates. From the seed coordinates, the voxels within a 5

mm Euclidean distance were selected as representative ones. Finally,

the representative source signal of the ROIs was obtained by the first

component of the principal component analysis, using source

signals acquired from the neighboring voxels.

The weighted phase-lag index (wPLI) (29) was calculated for

evaluation of the edge between a pair of nodes (i.e., FC) for 4

frequency bands: (i) alpha (8 – 12 Hz); (ii) low beta (12 – 18 Hz);

(iii) high beta (18 – 30 Hz); (iv) gamma (30 – 50 Hz). For each 0.7 s

epoch, a pair of the representative source signals from the ROIs

were bandpass filtered according to the frequency band.

Subsequently, the Hilbert transform-based instantaneous phase

was calculated. Finally, the absolute value of the temporal

expectation of the instantaneous phase difference between the

ROIs was divided by the temporal expectation of the absolute

phase difference, as follows (30):

wPLI =
E( sinDf(t))j j
E( sinDf(t)j j)

where the Df(t) denotes the difference in instantaneous phase as a
function of time, t, |.| denotes the absolute operator, and the E(.)

denotes the expectation operator across the time. Herein, the phase

differences of the intervals for the initial and end 0.1 s were excluded

from the calculation of the expectation values to eliminate edge effects

caused by the filtering and Hilbert transform, as well as discard the

baseline interval data in the oddball paradigm. The wPLI values can

vary from 0 (entirely out-of-phase) to 1 (entirely phase-locked). It

should be noted that the wPLI values were calculated for each band

(i.e., n = 4), pair of nodes (n = 3), and epoch (n = 250, 300, and 45 for

RS, Std, and Dev, respectively), and subsequently averaged across

epochs. Finally, the FCs were defined as these averaged wPLI values.

In addition, the global strength of the SN was evaluated as the sum of

all pairs of the wPLI values (i.e., 3 wPLI values).
2.6 Statistical analysis

For verification of the assumption of data normality, skewness

and kurtosis of the data distribution were examined. All absolute

values of the skewness and kurtosis were less than 2 and 7,

respectively (31); hence, all the data distributions were assumed

to follow a normal distribution. For comparison of the demographic

differences between 3 groups (i.e., nrMDD, rMDD, and HC), an

analysis of variance (ANOVA) was used for age and education,

while the chi-squared test was used for the sex ratio.

For evaluation of the group-by-condition interaction in the

MDD groups, repeated-measures ANOVA (rmANOVA) was

performed for three experimental conditions (i.e., RS, Std, Dev) as

within-subject factors and the group (nrMDD vs. rMDD) as the
Frontiers in Psychiatry 04187
between-subject factors, for each frequency band. We initially tested

global strength and subsequently tested the three pairs of wPLIs if

notable group-related effects were observed. Regarding rmANOVA,

Mauchly’s sphericity assumption was used given that the data

distribution met the condition; otherwise, Greenhouse-Geisser

correction was alternatively used. When significant group-related

interaction was observed, post-hoc analyses were performed as

follows. First, rmANOVA was performed for each group. Second,

an independent t-test was performed. To avoid multiple correction

issues, the bootstrap resampling technique (n = 5,000) was

performed (32).
2.7 Feature ext

To demonstrate the potential of condition-dependent changes

in SN patterns to predict pharmacological treatment response in

patients with MDD, a further ML-based classification analysis was

conducted. Consequently, classification between the MDD groups

(nrMDD vs. rMDD) was performed using EEG features.

2.7.1 Feature extraction
From the SN-related measures, two types of condition-

dependent FCs were determined as feature candidates. First, three

pairs of FCs in the Dev-condition were selected. Second, three pairs

of FC differences were selected, by subtracting FC values in the Std

condition from FC values in the Dev condition, similar to the

traditional MMN amplitude.

Some conventional measures were also included as feature

candidates to enhance the classification performance. From the

RS condition, absolute band power was calculated over the six

cortical regions: bilateral frontal, central, and parieto-occipital

areas. In addition, MMN amplitude was obtained from the

frontocentral cortical regions. To obtain the MMN amplitude for

each participant, the difference ERP curve was acquired by

subtracting the Std-ERP curve from the Dev-ERP curve. Both

ERP curves were obtained by averaging epochs for each

condition, with bandpass filtered at 0.1 – 30 Hz using the 6th-

order Butterworth filter. The potential values lasting from 130 ms to

280 ms were averaged and then defined as MMN amplitude. For

more detail, please refer to our previous study (33).

2.7.2 Cross-validation and feature selection
To assess the performance of the classifiers, leave-one-out cross-

validation (LOOCV) was conducted. Subsequently, the optimal

feature subset was determined from the training dataset using the

Fisher score (34). The number of selected features ranged from 1 to

15, the Fisher scores of which were the highest, to prevent the

dimensionality-related overfitting issue. The selected features were

then normalized to z-score to eliminate the inter-feature biases. It is

noted that the statistics used for normalization (i.e., mean and

standard deviation) were extracted from the training datasets to

prevent information leakage.
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2.7.3 Classification analysis
For the classification analysis, four ML-based classifiers were

utilized to differentiate between nrMDD and rMDD: linear

discriminant analysis (LDA), support vector machine (SVM), k-

nearest neighbors (KNN), and naive-Bayes (NB). To evaluate the

classification performance, three indices were computed: (i)

classification accuracy, (ii) sensitivity, and (iii) specificity.

Specifically, sensitivity and specificity were determined using

nrMDD as the reference group. For instance, sensitivity was

defined as the proportion of patients with nrMDD who were

correctly classified. Finally, the receiver operating characteristic

(ROC) curve was generated by using various decision thresholds,

for the best-performing classifier. From the ROC curve, the area

under the curve (AUC) was calculated for the evaluation of the

performance of the classifier.
3 Results

3.1 Demographic and
psychological measures

No significant demographic differences between the nrMDD,

rMDD, and HC groups (p > 0.1 for all variables; Table 1).

Furthermore, no significant differences were found in terms of

baseline symptom severity (i.e., Ham-D and Ham-A; p > 0.1).
3.2 Comparison of the condition-
dependent changes in SN patterns

In qualitative terms, patients with nrMDD exhibited aberrant

patterns of condition-dependent changes in the high-beta band SN,

demonstrating an opposite trend compared to HC. More
Frontiers in Psychiatry 05188
specifically, while transitioning from RS- to Std- and Dev-

condition, HC showed an increasing tendency in SN strength,

whereas patients with nrMDD showed a decreasing tendency

(Figure 1). Unlike patients with nrMDD, those with rMDD

showed relatively similar condition-dependent changing patterns

compared to HC.

In terms of SN strength, there was a notable group-by-condition

interaction between nrMDD and rMDD in the high-beta band;

however, it did not reach the significant level (p = 0.066; Figure 1).

However, there was no other significant group-related effect.

In the FC analysis, there was a significant group-by-condition

interaction between nrMDD and rMDD in the high-beta band (p =

0.026; Figure 2). A post-hoc analysis revealed that nrMDD showed

lower FC than rMDD under the Dev-condition (p = 0.030; 95%CI

-0.055 ~ -0.005). However, there was no other significant group-

related effect.
TABLE 1 Demography, symptom severity, and socio-cognitive function.

nrMDD
(n = 14)

rMDD
(n = 17)

HC
(n = 21)

p-value

Age 43.14 ± 11.07 48.35 ± 9.00 43.86 ± 14.14 0.159

Sex (M/F) 1/13 2/15 2/19 0.764

Education 13.86 ± 2.98 13.53 ± 3.43 13.24 ± 4.16 0.778

Ham-D

Week 0 30.00 ± 5.57 26.24 ± 6.81 0.108

Week 8 17.14 ± 8.05 4.41± 1.77 < 0.001

Ham-A

Week 0 27.07 ± 6.73 24.76 ± 6.57 0.344

Week 8 16.43 ± 7.36 4.06 ± 2.73 < 0.001
fro
FIGURE 1

The global strength of the high-beta band salience network for each group under three different conditions. (A) Structure of the salience network,
consisting of 3 regions of interest. (B) Global strength. The error-bars indicate the standard errors. dACC, dorsal anterior cingulate cortex; lIns, left
insula; rIns, right insula; nrMDD (n = 14), non-remitted MDD; rMDD (n = 17), remitted MDD; HC (n = 21), healthy control. The brain image was
obtained from the Brainstorm toolbox.
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3.3 Classification analysis

In the ML-based classification analysis, the best performance

was yielded using an LDA classifier with 13 selected features

(Table 2). The classification accuracy, sensitivity, and specificity

values of the model were 80.65%, 78.57%, and 82.35%, respectively

(Figure 3A). In addition, the AUC of the model was 0.8277

(Figure 3B). The model incorporated a variety of features,

including FC under Dev-condition and conventional features (i.e.,

MMN and resting-state band power).
Frontiers in Psychiatry 06189
4 Discussion

In this study, we investigated the condition-dependent changes

in SN in patients with drug-naive nrMDD and rMDD using EEG.

Our findings point to the high-beta band SN as a key condition-

dependent network for predicting the efficacy of pharmacological

treatments in patients with MDD. Specifically, the strength of SN

displayed a contrasting condition-dependent tendency in patients

with nrMDD compared to that of the HC group. In the deviant-

stimulus condition, high-beta band FC between dACC and rIns

exhibited an abnormal decrease in patients with nrMDD compared

to those with rMDD. The ability of these condition-dependent SN-

related features to serve as potential biomarkers for predicting

responsiveness to antidepressants was further demonstrated

through a machine learning (ML)-based classification analysis.

Our findings indicate that EEG-derived condition-dependent

changes in FBN patterns could be reliable measures to predict the

efficacy of pharmacological treatment. To the best of our knowledge,

this is the first study to explore the pharmacological treatment

response in patients with MDD using condition-dependent changes

in FBN. To date, most EEG-derived FBN studies aiming for the

prediction of treatment effects have been interested in resting-state

FBN. It appears that patients withMDD showing similar resting-state

FBN patterns to HC are more receptive to the pharmacological

treatment effect (5, 6), than other neuroimaging modality-derived

FBN studies (20, 35). However, despite their potential, little is known

about the association between stimuli-related FBN patterns and

treatment responsiveness. Recent neuroimaging studies have shown

that the integration of stimuli-related and resting-state neural activity

could facilitate a more comprehensive understanding of various

psychiatric disorders (11–14). Specifically, our findings show that

stimuli-related FBN patterns in patients with rMDD are relatively

similar to those in HC, consistent with the resting-state FBN patterns.

Therefore, stimuli-related FBN patterns might be interpreted as

similar to the resting-state FBN patterns, underpinning

their reliability.
FIGURE 2

Functional connectivity (FC) between the dorsal anterior cingulate cortex (dACC) and right insula (rIns). (A) Structure of the dACC and rIns. (B) FC.
The error-bars indicate the standard errors. *p < 0.05. dACC, dorsal anterior cingulate cortex; rIns, right insula; nrMDD (n = 14), non-remitted MDD;
rMDD (n = 17), remitted MDD; HC (n = 21), healthy control. The brain image was obtained from the Brainstorm toolbox.
TABLE 2 The feature subset with the best performance (i.e., n = 13).

Feature Frequency

MMN 31

FCdiff_rIns_dACC 31

FCdev_rIns_dACC 31

BPb2_LF 31

BPg_LC 31

BPg_LPO 31

FCdiff_lIns_dACC 30

BPg_RPO 30

BPb2_RF 28

BPg_RF 28

BPb2_RPO 27

BPg_LF 22

FCdev_lIns_rIns 14
MMN, mismatch negativity; FC, functional connectivity; FCdev, FC under the deviant
condition; FCdiff, the difference between FCdev and FCstd; BP, band power; BPb2, high-
beta BP; BPg, gamma BP; lIns, left insula; rIns, right insula; dACC, dorsal anterior cingulate
cortex; L, left; R, right; F, frontal; C, central; PO, parieto-occipital.
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Our results indicate that high-beta band SN is a key FBN exhibiting

different condition-dependent FBN patterns between nrMDD and

rMDD under the resting state and MMN paradigms. This is

consistent with the previous MDD studies. Several FBN studies

reported hyperconnectivity in the resting-state high-beta band for

MDD (36, 37). Furthermore, several studies revealed that magnetic

seizure therapy could help the hyperactive beta band be reduced to

become normalized in patients with MDD (38, 39). Our findings

indicate that the observed phenomena are more likely attributable to

patients with treatment-resistant MDD. We also found significant

group (nrMDD and rMDD)-by-interaction in the total-beta band (12 –

30 Hz; Supplementary Material), underpinning the suggestion.

Furthermore, our findings bolster the view that a hyperactive resting-

state SN in the high-beta band could lead to inefficient condition-

dependent reconfiguration. It is worth mentioning that, despite its

potential significance, theta band was excluded in the current study (9).

This decision was made due to the limited time window resulting from

the short inter-stimulus interval (0.6 s), which allows for at most 2.4

cycles of the 4-Hz oscillation, generally the lower limit of the theta

band. Therefore, further studies are needed to investigate whether the

theta-band SN could serve as a biomarker to predict antidepressant

responsiveness in patients with MDD.

Our study suggests that patients with nrMDD are characterized by

more dysfunctioning condition-dependent changes in SN. This finding

is in line with the previous neuroimaging studies. Recent fMRI studies

have consistently reported inefficient information transfer within the

SN among patients with treatment-refractory MDD (20, 21). Such

patients may experience a reduced quality of life due to diminished

affective functions (40, 41), a key role of the SN. It is worth noting that

our study also suggests that SN is readily reconfigured by the neutral-

valence stimuli, demonstrated by condition-dependent changes in SN

for HCs: strength of the high-beta band increased but that of the alpha

band decreased under the stimulus condition, particularly for the

deviant stimulation (Supplementary Figure S1). Beta-band phase

synchronization is generally believed to be associated with attentional

control and short-term working memory, by interacting with relatively

distant regions (42, 43), providing support for our hypothesis.
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Within the high-beta band SN, patients with nrMDD showed

decreased FC between the dACC and rIns, compared to those with

rMDD, which serves as a potential biomarker for predicting

antidepressant response. Furthermore, sensitive condition-dependent

change in FC between them was associated with the early period

antidepressant responsiveness (Supplementary Figure S2). Both regions

are well known to play essential roles in condition-dependent FBN

reconfiguration. The rIns plays a role in selective attention by switching

the attentional focus between the default mode network and the central

executive network, according to the salient external stimulation (19,

44). dACC is a crucial hub for flexible FBN reconfiguration, the

malfunctioning of which has been repetitively reported in MDD

studies (45, 46). In conclusion, the hypoconnectivity between the

dACC and rIns under the Dev condition in patients with nrMDD

could be linked to the dysfunctions of the dynamic FBN flexibility,

hindering efficient selective attention.

Based on the machine learning models, we showed the potential

that the condition-dependent FBN characteristics identified in our

study could serve as informative biomarkers to predict

pharmacological treatment responsiveness. The optimal feature

subset included various condition-dependent FBN patterns (i.e.,

strength and FCs) as well as various conventional measures (i.e.,

MMN and band powers). Our findings suggest that neurobiologically

meaningful measures, derived from conventional experimental

paradigms, can reflect condition-dependent changes in SN and have

the potential to enhance the performance of machine learning

classifiers as predictors. Notably, we acquired similar levels of

sensitivity and specificity across various classifiers (Supplementary

Table S2), including the best-performing classifier (Figure 3),

rendering our results more reliable.

Our study has several limitations. Firstly, more replications are

needed for our results to be generalizable, due to our small sample

size and the lack of performance evaluation with an external dataset.

Secondly, this study only considered an 8-week remission period for

patients, without addressing other prognostic factors such as

potential relapse. Thirdly, our study design did not include a

placebo control group. Fourth, the majority of participants in the
FIGURE 3

Results of the machine learning-based classification analysis. (A) The classification performance represented as a function of the number of features.
The LDA model achieved optimal performance when 13 features were selected, as denoted by the pentagonal star symbol in the graph.
Classification accuracy, sensitivity, and specificity are represented in black, red, and blue respectively. (B) The ROC curve for the best-performing
classifier. The AUC is also provided within the graph. The chosen threshold on the ROC curve is marked by a pentagonal star symbol. LDA, linear
discriminant analysis; ROC, receiver operating characteristic; AUC, area under the curve, Feature #, the number of features.
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study were female, which may limit generalizability. This gender

imbalance could be attributed to the higher prevalence of MDD in

females and the lower participation rate of male patients in research

studies. Finally, as individual brain MRI scans were not available in

this study, a common template was used for estimating source

estimation, which may have reduced the accuracy of estimating

cortical electrophysiological activity. Future research will benefit

from replicating these findings with a larger sample size and an

external cohort to enhance generalizability. Additionally, examining

an effective brain network or constructing a whole-brain network

could provide meaningful insights into the underlying brain

mechanisms in patients with non-remitted MDD.

Our study investigated the potential of condition-dependent

changes in the EEG-derived salience network to predict

antidepressant responsiveness in patients with MDD, assessed

through both resting state and MMN paradigms. Patients with non-

remitted MDD exhibited hyperconnectivity in the resting state but

hypoconnectivity in response to salient stimuli (i.e., deviant condition)

in the high-beta band SN, particularly for the FC between the dACC

and rIns. In conclusion, understanding these condition-dependent

connectivity patterns may contribute to the development of more

targeted and effective treatments forMDD patients. It is hoped that our

study pioneers research into condition-dependent changes in FBN.
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MADRS single items differential
changes among patients with
melancholic and unspecified
depression treated with ECT:
an exploratory study
Beatriz Pozuelo Moyano1*, Setareh Ranjbar2†,
Kevin Swierkosz-Lenart1†, Jean Pierre Schuster1,
Leonardo Zullo1, Armin von Gunten1 and Pierre Vandel1

1Service of Old Age Psychiatry, Department of Psychiatry, Lausanne University Hospital and University
of Lausanne, Prilly, Switzerland, 2Center for Research in Psychiatric Epidemiology and
Psychopathology, Department of Psychiatry, Lausanne University Hospital and University of Lausanne,
Prilly, Switzerland
Introduction: Major depressive disorder (MDD) exhibits heterogeneity in

treatment response.

Objective: This exploratory analysis aims to evaluate the differential changes in

individual items of the MADRS between melancholic MDD (M-MDD) and

unspecified MDD (U-MDD) following electroconvulsive therapy (ECT).

Methods: The study included 23 patients with unipolar MDD who received ECT.

Patients were classified as M-MDD or U-MDD according to DSM-5 criteria.

MADRS scores were assessed at baseline and one-month post-ECT.

Differences between subtypes were analyzed using the Wilcoxon test and

multiple linear regression.

Results: Among 23 participants receiving ECT for MDD, 10 had M-MDD and 13

had U-MDD. Baseline MADRS items showed significantly higher scores in the M-

MDD group, except for reported sadness, suicidal ideation, and concentration

difficulties. Total MADRS score reduction was significantly greater in the M-MDD

group. This decline was especially pronounced in M-MDD patients for specific

items, including apparent sadness, inability to feel, pessimistic thoughts, sleep

disturbances, reduced appetite, and concentration difficulties, after adjusting for

age and sex.

Conclusion:MADRS score reductions were more substantial for M-MDD than U-

MDD in both total and specific items following one month of ECT. Further

research with larger samples is needed to clarify MADRS response differences

after ECT between melancholic and unspecified depressive subtypes.
KEYWORDS

major depressive disorder, melancholic depression, unspecified depression,
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1 Introduction

Major depressive disorder (MDD) has a lifetime prevalence of

15-18% (1) and exhibits diverse manifestations, clinical courses, and

treatment responses, with numerous potential underlying and

interconnected etiologies (2). For instance, the melancholic major

depressive disorder (M-MDD) subtype is primarily characterized by

anhedonia, lack of reactivity, empty mood, early morning awaking,

psychomotor agitation or retardation, anorexia, and excessive guilt,

and it may be associated with hypothalamic-pituitary-adrenal axis

dysfunction (3–6). In addition to the interconnected etiologies

underlying MDD (4, 5), temperamental traits have also been

implicated in influencing the clinical presentation and treatment

response of its subtypes (7).

A European multicenter study involving 1,410 individuals

diagnosed with MDD, of whom 60.71% exhibited melancholic

features, examined the impact of these features on the socio-

demographic and clinical profiles in patients with depression.

People with melancholic features had a higher body weight and

exhibited higher rates of severe depressive symptoms, psychotic

symptoms, suicide risk, inpatient treatment, and unemployment

(8). The pharmacological profile for the M-MDD subtype appears

distinct, demonstrating a lower placebo response and a more rapid

response to pharmacological treatment compared to non-

melancholic depression (9–13). Common treatment strategies for

M-MDD patients include augmentation or combination therapies,

with a preference for adjunctive treatments such as antidepressants,

antipsychotics, benzodiazepines, and pregabalin (8). The unique

comorbidities and prognostic characteristics of the M-MDD

subtype underscore the need for tailored treatment approaches.

Electroconvulsive therapy (ECT) is a widely utilized treatment

in modern psychiatry that induces a generalized convulsive seizure

under general anesthesia. ECT is currently regarded as the most

effective treatment for acute severe major depression (14, 15). The

primary side effects are those related to general anesthesia and

temporary cognitive effects, with occasional side effects including

cardiac arrhythmias, confusion, increased drowsiness, urinary

retention, and headache (14). There is no absolute medical

contraindication for ECT (16).

MDD (both unipolar and bipolar) remains the main indication

for ECT, with remission rates frequently exceeding 60% (17). Given

the heterogeneity of MDD’s clinical presentation, it is appropriate

to consider how different subtypes respond to ECT (18). In the case

of melancholic features, a meta-analysis and systematic review

examining predictive factors of response to ECT in depression

analyzed seven trials reporting remission data and five trials

reporting response data (19). No significant differences in

response or remission were found between melancholic and non-

melancholic groups (19).

While ECT is widely used and generally effective for treatment-

resistant depression, there is limited evidence on the varied responses
Abbreviations: M-MDD, melancholic major depressive disorder; U-MDD,

unspecified major depressive disorder; ECT, electroconvulsive therapy; MDD,

major depressive disorder; MADRS, Montgomery-Asberg Depression

Rating Scale.
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of depression subtypes (according to the DSM-5) to ECT. This gap in

research is important because understanding these variations could

enhance personalized treatment approaches (20).

Most of the studies assessing the specificity of MDD compare

M-MDD with non-melancholic depression. However, considering

the heterogeneity within depression and the presence of different

subtypes (e.g., with mixed, anxious, or atypical features) (21), in this

study, limited to patients who had received ECT, i.e. with M-MDD

and unspecified MDD (U-MDD), rather than comparing M-MDD

with all other depression types, we compare M-MDD with

participants with depression who do not have characteristics of

atypical or M-MDD. We believe this comparison between M-MDD

and U-MDD may provide clearer insights into the specific

characteristics of these two more homogenous depression subtypes.

The Montgomery-Asberg Depression Rating Scale (MADRS)

(22) is a 10-item rating scale that measures the severity of

depressive symptoms. MADRS is widely used in clinical and

research settings as an overall measure of depressive symptoms.

The traditional approach of summing symptom scores and treating

depression as a single, uniform construct has been increasingly

challenged by evidence highlighting the multidimensional and

variable nature of major depressive disorder (23). Findings suggest

that individual depressive symptoms are distinct phenomena with

unique biological, functional, and risk profiles, rather than

interchangeable indicators of a single underlying disorder (23).

Although various factorial models have been proposed to evaluate

ECT’s impact on depression, results have varied between samples,

leaving implications inconclusive (24–26).

There are very few studies in the literature that examine the

response to ECT on the individual items of the MADRS (27, 28).

Carstens et al. analyzed the predictive value of individual MADRS

items and their changes throughout ECT treatment, providing a

nuanced view of ECT’s impact on specific depression symptoms

(27). According to Carstens et al., each MADRS item may capture

different dimensions of depression that vary among patients (27).

Their findings concluded that individual MADRS items are strong

predictors of ECT response, remission, and overall symptom

reduction, with “apparent sadness,” “reported sadness,” and

“inability to feel” items being especially predictive (27).

Identifying relevant depression subtypes and their response to

ECT in treatment-resistant depression could facilitate more

personalized treatment interventions. Additionally, ECT may

differentially affect specific symptoms, and certain items, such as

suicidal ideation, may hold greater clinical importance (29, 30).

Therefore, when comparing M-MDD and U-MDD patients, we

chose to use single-item scoring to examine changes in each

MADRS item individually, as this approach may reveal subtle

shifts otherwise obscured by aggregate scores.

In this study, we expect that the global change of MADRS scores

following ECT will differ between unipolar M-MDD and U-MDD

subtypes. Since each MADRS item represents a distinct symptom of

depression, we also expect item-specific differences between the two

subtypes after ECT. The aim of this exploratory analysis is to assess

differences on the global score and individual MADRS items

between M-MDD and U-MDD subtypes after one month of ECT

treatment in a group of patients with unipolar depression.
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2 Material and methods

2.1 Sample

Our exploratory study included a sample of 23 subjects with

unipolar depression and treated with ECT. This exploratory

analysis was conducted at the Interventional Unit of the Old-Age

Psychiatry Service of the Lausanne University Hospital.

We reviewed medical records of patients who received ECT for

M-MDD or U-MDD between January 2020 and December 2024.

Baseline MADRS scores (collected prior to ECT) and 1-month

MADRS scores (collected one month after initiating ECT) were

obtained for analysis. Inclusion criteria required patients to be aged

18 or older, receiving ECT for their current depressive episode,

diagnosed with unipolar affective disorder according to DSM-5

criteria, and having signed the general consent form for CHUV.

Exclusion criteria included diagnoses of schizoaffective or bipolar

disorder and any missing data essential to the study variables.

The study received approval from the Medical Ethics

Committee of the Canton of Vaud (CER-VD).
2.2 Assessment of clinical characteristics

Demographic data, including age, sex, duration from onset of

unipolar depressive disorder to ECT initiation, history of suicide

attempts, presence of comorbid psychiatric disorders, and other

medical conditions, were collected. MDD subtypes were determined

based on DSM-5 criteria, which includes specifiers for melancholic

features during the depressive episode, i.e., loss of pleasure or

anhedonia and three of the following criteria: marked quality of

depressed mood, depression worse in the morning, early morning

awakening, psychomotor agitation or retardation, weight loss, or

feelings of guilt. According to these criteria, each MDD case was

classified as either M-MDD or U-MDD, meaning it did not meet

criteria for atypical or melancholic features.

Depression severity at baseline and 1 month follow-up after

ECT was assessed using the MADRS. The MADRS was

systematically administered during the initial consultation to

determine ECT indication. Baseline melancholic or unspecified

features were documented from the comprehensive psychiatric

evaluation conducted during this consultation. At the 1-month

follow-up, the MADRS scores were either obtained from a routine

consultation conducted one month after ECT initiation or

reconstructed from the comprehensive psychiatric assessment

conducted during the follow-up evaluation.

We also extracted a list of pharmacological treatments from

medical records, documenting medications patients were receiving

at the time ECT was initiated.
2.3 ECT procedure

ECT sessions were administered twice weekly using a Mecta

machine. The initial seizure threshold was determined using the

stimulus dose titration method outlined by Weiner and colleagues
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(31). For subsequent sessions, the dose was set at 1.5 to 2 times the

seizure threshold for bilateral (BL) electrode placement and 5 times the

threshold for right unilateral (RUL) electrode placement. Electrodes

were positioned either right fronto-temporally for RUL or bilaterally

fronto-temporally for BL. ECTwas performed under general anesthesia,

using etomidate and succinylcholine for muscle relaxation, with

continuous monitoring of ECG, blood pressure, and pulse oximetry.

An adequate seizure was defined as one lasting at least 20

seconds by the cuff method or 25 seconds on the EEG. Dosages were

adjusted throughout the treatment to ensure adequate seizure

activity. All procedures were conducted by a highly trained and

experienced team of psychiatrists and anesthetists.

The protocol included an initial frequency of twice-weekly

sessions for a total of 12 sessions, followed by weekly sessions,

with further treatment frequency and duration adjusted according

to symptom progression. Participants received approximately eight

ECT sessions over the first month, with the MADRS follow-up

conducted at the one-month mark.

Time from the onset of depressive disorder to ECT treatment

was defined as the duration from the first depressive episode to the

initial ECT session, which could include multiple depressive

episodes within this timeframe.
2.4 Statistical analysis

Descriptive statistics, including mean (SD) for continuous

variables and count (percentage) for categorical variables, were

used to summarize the baseline characteristics of the sample.

Baseline characteristics were compared between the two MDD

subtypes, M-MDD and U-MDD, using the Wilcoxon rank-sum

test and Fisher’s exact test, as appropriate.

The differences in MADRS total score and its 10 individual

items at baseline and 1 month after ECT treatment were compared

between M-MDD and U-MDD group using Wilcoxon rank sum

test as the sample size is small.

For each patient, changes in MADRS scores and its 10

individual items were calculated from baseline to the one-month

follow-up after ECT treatment. Boxplots of these changes were

generated for each MDD subtype group. The Wilcoxon rank-sum

test was applied to assess differences in these changes between the

M-MDD and U-MDD groups.

Separate multiple linear regression analyses were conducted to

evaluate the differences in changes for the MADRS total score and

each of its 10 subscales between the M-MDD and U-MDD groups,

controlling for sex and age as covariates.

All statistical analyses were performed using the R software

environment (Version 4.1.0). The significance level was set at p ≤ 0.05.
3 Results

A total of 23 participants met the inclusion criteria and received

an acute course of ECT for MDD. The mean age of the sample was

60 years. 48% were women and 43% had a M-MDD (vs. 57% U-

MDD). The mean estimated time from the onset of depressive
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disorder to the start of ECT treatment was 177 months; however,

data on prior depressive episodes was not available in this dataset.

Most patients received ECT in the BL electrode position (Table 1).

At the initiation of ECT treatment, 19 out of 23 patients were on

antidepressant medication, with 3 patients taking two

antidepressants from different pharmacological classes

simultaneously (Supplementary Table 1).

Patients in the M-MDD group primarily received SSRIs or SSNIs,

sometimes in combination with a second antidepressant (such as

trazodone or mirtazapine). In contrast, antidepressant use in the U-

MDD group was more varied. At the start of ECT, 69.5% of patients

were also taking a benzodiazepine, most of whom had melancholic

features. The proportions of M-MDD and U-MDD patients on

atypical antipsychotics were similar (Supplementary Table 1).

The mean baseline MADRS score was significantly higher in M-

MDD patients (48) compared to U-MDD patients (35) (p < 0.001),

whereas this difference is no more significant after 1 month of

treatment with ECT, M-MDD patients (18) and U-MDD (21)
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(p=0.7) (Supplementary Table 2). Baseline MADRS subscores

showed significantly higher scores across most items for M-MDD

patients compared to U-MDD, with the exceptions of reported

sadness, suicidal ideation, and concentration difficulties. However,

no significant differences were found in specific item scores between

M-MDD and U-MDD at the 1-month follow-up MADRS

assessment (Supplementary Table 2).

The change in overall MADRS scores from baseline to the 1-

month follow-up differed significantly (p = 0.034) betweenM-MDD

(mean = -30, SD = 17) and U-MDD (mean = -14, SD = 13)

(Supplementary Table 3; Figure 1). In the analysis of specific items,

changes in pessimistic thoughts, reduced sleep, reduced appetite,

and difficulty concentrating were significantly more pronounced in

the M-MDD group than in the U-MDD group (Figure 1).

After adjusting for age and sex, the global difference in MADRS

scores between baseline and 1-month follow-up for M-MDD and

U-MDD groups remained significant (Table 2). In the specific

MADRS item analysis, significant differences were observed for
TABLE 1 Descriptive statistics.

Characteristics

Overall sample
N = 23

n(%),mean(sd)(a)

M-MDD
N = 10

n(%),mean(sd)

U-MDD
N = 13

n(%),mean(sd) p-value(b)

Sex 0.2

Male 12 (52%) 7 (70%) 5 (38%)

Female 11 (48%) 3 (30%) 8 (62%)

Age 60 (19) 65 (14) 57 (23) 0.6

Time onset to ECT (month) 177 (170) 198 (182) 159 (165) 0.6

Suicide attempts 3 (13%) 1 (10%) 2 (15%) >0.9

Age onset (year) 45 (20) 50 (18) 42 (22) 0.3

Comorbidities:

Hypertension 7 (30%) 5 (50%) 2 (15%) 0.2

Diabetes 3 (13%) 2 (20%) 1 (7.7%) 0.6

Obesity 2 (8.7%) 1 (10%) 1 (7.7%) >0.9

Dyslipidaemia 4 (17%) 2 (20%) 2 (15%) >0.9

History of stroke 2 (8.7%) 1 (10%) 1 (7.7%) >0.9

History of migraine 1 (4.3%) 1 (10%) 0 (0%) 0.4

Active substance use disorder 3 (13%) 1 (10%) 2 (15%) >0.9

Historyof substance use disorder 4 (17%) 1 (10%) 3 (23%) 0.6

History of anxiety disorder 5 (22%) 4 (40%) 1 (7.7%) 0.13

History of psychotic disorder 3 (13%) 2 (20%) 1 (7.7%) 0.6

Electrodes position >0.9

BL 19 (83%) 8 (80%) 11 (85%)

RUL 4 (17%) 2 (20%) 2 (15%)
(a) Number of observation, n, and percentages (%) mean, and standard deviation(sd) are reported for categorical and continuous variables accordingly.
(b) Wilcoxon rank sum test and Fisher’s exact test were performed for continuous and categorical variables, respectively.
M-MDD, melancholic major depressive disorder; U-MDD, unspecified major depressive disorder.
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FIGURE 1

Change in MADRS (1 month after ECT-before ECT). (*) statistically significant (i.e. p<0.05) and (ns) statistically non-significant based on the unpaired
two-samples Wilcoxon test.
TABLE 2 Multiple linear regression (a) for Change in Overall MADRS between baseline and 1 month after ECT treatment and change in each sub-
scale item.

Outcome Estimates(b) (b) LCI UCI Effect-size(c) P_value

MADRS_change 17.45 5.42 29.48 1.07 0.007

Apparent sadness_change 1.72 0.05 3.4 0.83 0.044

Reported sadness_change 1.38 -0.31 3.06 0.71 0.104

Inner tension_change 1.04 -0.05 2.13 0.69 0.059

Inability to feel_change 1.76 0.28 3.25 0.89 0.023

Pessimistic thoughts_change 2.15 0.39 3.91 1.00 0.019

Suicidal thoughts_change 1.81 -0.18 3.81 0.82 0.073

Sleep disturbance_change 2.17 0.44 3.9 1.04 0.016

Reduced appetite_change 2.17 0.49 3.85 1.04 0.014

Concentration
difficulties_change 1.61 0.45 2.76

1.05
0.009

Lassitude_change 1.5 -0.16 2.76 0.71 0.075
F
rontiers in Psychiatry
 05197
(a) All Models are controlled for age and sex.
(b) b represents the coefficient for M-MMD vs U-MDD, where MD is taken as reference group.
(c) effect-size is calculated as standardized coefficient (standardized beta) from the multiple linear regression.
Bold values mean statistically significant.
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apparent sadness, inability to feel, pessimistic thoughts, reduced

sleep, reduced appetite, and difficulty concentrating, with M-MDD

patients showing a greater reduction in these symptoms (Table 2).
4 Discussion

This is the first study to compare changes in M-MDD and U-

MDD following ECT using a MADRS single-item model. We

observed a significantly greater reduction in overall MADRS

scores among participants with M-MDD compared to those with

U-MDD. Specifically, focusing on individual MADRS items, we

found that reductions in apparent sadness, inability to feel,

pessimistic thoughts, reduced appetite, sleep disturbances, and

difficulty concentrating were statistically significantly more

pronounced in the M-MDD group than in the U-MDD group,

after adjusting for age and sex.

Given the novel perspective of our study, direct comparisons

with previous research are challenging. Previous studies assessing

the effect of ECT on MDD have yielded inconclusive results

regarding specific responses in depression with melancholic

features, primarily due to inconsistencies in the definition of

melancholia and variations in reported response and remission

outcomes (32–36). The aim of this exploratory study is mainly to

generate hypotheses for future prospective research.

In terms of analysis and interpretation of results, we could have

opted to use a factorial model similar to that proposed by Tominaga

et al. (26). Their model defines three MADRS factors: Factor 1

includes three items representing dysphoria (reported sadness,

pessimistic thoughts, and suicidal thoughts); Factor 2 includes

four items representing retardation (fatigue, inability to feel,

apparent sadness, and difficulty concentrating); and Factor 3

includes three items representing vegetative symptoms (reduced

sleep, reduced appetite, and inner tension) (26). In our study,

however, we chose to analyze each item individually to capture

more detailed, item-specific differences. We considered each item as

potentially making an independent contribution to the overall

depressive symptomatology. This approach is well supported by

our findings, which show that the MADRS items demonstrating

greater reductions after ECT in participants with M-MDD versus

those with U-MDD span across the three factors identified by

Tominaga et al. (26). It is also worth noting that certain MADRS

items (e.g., difficulty concentrating) could be directly influenced by

ECT-related side effects, potentially impacting the overall

factor score.

Other findings are noteworthy, such as the estimated mean

interval of 14.7 years between the onset of the first depressive

episode and initiation of ECT in our unipolar depression

population. A meta-analysis found no predictive effect of age at

onset on ECT response in participants with depression (37), but we

found no literature addressing the specific predictive value of this

interval (time from the first depressive episode onset to ECT) on

ECT outcomes.

The results focusing on the differences between M-MDD and

U-MDD on the specific items of the MADRS are particularly

important for several reasons. First, certain depressive symptoms
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are associated with increased mortality. For instance, in depressed

patients, low energy, poor appetite or overeating, and lack of

interest in activities have been independently linked to higher

mortality from all causes and cardiovascular disease (38). Thus,

based on our findings, it could be suggested that patients with M-

MDD who exhibit symptoms of inability to feel, and reduced

appetite might be prioritized for ECT. Clearly, this should be

verified with further evidence, ideally through a prospective study

with a larger sample size.

Secondly, the greater reduction in the aforementioned items in

the M-MDD group following ECT suggests that for patients with

severe or resistant MDD with melancholic features who experience

these symptoms, ECT may be a beneficial alternative to

polypharmacy. Treatment strategies for M-MDD often implies

polypharmacy (8); however, pharmacotherapy alone has limited

efficacy in these patients, with a response rate of approximately 40%

in those with melancholic depression (10) and is associated with

notable side effects (39). Introducing ECT earlier in the treatment

algorithm for these patients could potentially reduce response time

and minimize the side effects associated with polypharmacy.

Thirdly, residual symptoms following acute ECT treatment may

predict the risk of relapse. For instance, Lambrichts et al. examined

the association between individual MADRS items at the end of

acute ECT and relapse at six-month follow-up in patients with late

life depression (28). Their findings indicated that residual

symptoms such as sleep disturbances and lassitude were

significantly associated with a higher risk of relapse. This suggests

that addressing these symptoms could help reduce post-ECT

relapse rates in late-life depression. Although studies with larger

sample sizes are needed to confirm these associations, based on the

limited scientific evidence currently available, it can be

hypothesized that identifying and treating M-MDD patients with

ECT as a priority may be beneficial, as they could experience fewer

residual symptoms after acute ECT treatment.

One possible explanation for our findings may lie in the

neuroendocrine-diencephalic theory of ECT, which suggests that

ECT works by correcting the neuroendocrine dysfunctions

associated with M-MDD (40). M-MDD is indeed linked to

hypothalamic-pituitary-adrenal (HPA) axis dysfunction, resulting

in altered hormone secretion, particularly of cortisol (3–5, 40).

Dysregulated cortisol levels are associated with sleep disturbances,

as the HPA axis plays a key role in regulating the sleep-wake cycle,

and may also contribute to appetite control issues, thereby

exacerbating appetite disturbances in mood disorders. Chronic

elevation of cortisol has been connected to cognitive deficits and

impairments in brain function. Additionally, prolonged HPA axis

activation and elevated cortisol levels may help sustain negative

emotions and thoughts in individuals with mood disorders (41).

Another possible explanation could be related to the age difference

between the subgroups, as the M-MDD group is on average 8 years

older than the U-MDD group. Some studies suggest that age may be

positively associated with ECT efficacy (19). However, after adjusting

for age, the difference in MADRS score changes between the M-MDD

and U-MDD groups remained significant.

Furthermore, the severity of depressive symptoms is also

positively associated with response to ECT (19), and patients with
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melancholic features typically present with higher baseline MADRS

scores (42). This was evident in our M-MDD group, which had

higher baseline MADRS scores and showed a greater overall

reduction in MADRS scores after ECT compared to the U-MDD

group. This may help explain the observed differential response in

the M-MDD group in clinical practice.

This exploratory study lays the groundwork for a prospective

study to further investigate differences in MADRS outcomes

following ECT in patients with late-life depression, specifically

comparing those with melancholic versus unspecified features.

Future prospective studies should investigate whether the

differential effects of ECT on depressive symptoms in patients

with M-MDD and U-MDD persist beyond the one-month

treatment period used in this exploratory study, particularly as

ECT session frequency decreases. Investigating specific response

factors and examining the relationships between various

biomarkers or temperamental traits and reductions in depressive

symptoms across different depressive subtypes could yield

valuable insights.

Adjusting for a list of potential confounding factors will be

essential in future analyses, as these may influence the observed

differences in response between subtypes; however, this will require

a larger sample size. Additionally, applying a correction method,

such as Bonferroni adjustment, to account for multiple

comparisons will enhance the validity of the results and reduce

the risk of Type I errors in the future studies where the aim extends

beyond exploration.

A key hypothesis derived from the current analysis is that

patients with symptoms such as apparent sadness, inability to

feel, pessimistic thoughts, reduced appetite, sleep disturbances,

and concentration difficulties may experience a more substantial

reduction in MADRS scores following ECT. Testing this hypothesis

in a larger sample and over a longer treatment period will be crucial

to validate these findings and to refine personalized treatment

strategies for melancholic and unspecified depression.

Moreover, future research should compare ECT with other

neuromodulation techniques, such as repetitive transcranial

magnetic stimulation (rTMS) and other electromagnetic therapies,

as these also may show variability in response and remission rates

for MDD. Using a single-item approach to MADRS in these studies

could uncover subtle changes in individual symptoms that might be

masked by aggregate scores, thereby allowing for a more detailed

interpretation of treatment effects across neuromodulation

interventions for depression.
4.1 Limits

One limitation in this study is that some patients received

unilateral ECT, while the majority received bilateral treatment,

which may impact treatment efficacy. However, the proportion of

patients receiving unilateral treatment is low (17%).

Another limitation relates to the sample size, which may limit

the generalizability of our findings and the ability to include all
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confounding factors in adjusted model, including baseline

depression severity. As previously mentioned, these analyses are

exploratory and intended to provide a basis for future prospective

studies with a larger number of participants.

Additionally, our dataset does not include information on the

history of depressive episodes between the first episode and the first

ECT treatment for each participant. Although the number of

previous depressive episodes is not known to be a predictor of

ECT response in the general population with depression (37),

investigating this association across different subtypes could yield

interesting insights.

Baseline depression severity also presents a potential limitation,

as patients with melancholic features often have higher initial

MADRS scores, which may influence the differential response

observed between subtypes. Future studies with larger samples

that have overlap with respect to depression severity at baseline

between M-MDD and U-MDD groups will be necessary to confirm

these effects while controlling for baseline severity.

Finally, this study does not include patients with atypical

features. While the original study design aimed to include

melancholic, atypical, and unspecified subtypes, we did not find

any patients with atypical depression who received ECT in our

population according to DSM-5 criteria. This finding aligns with

Husain et al. (43), which assessed remission probabilities following

ECT in 453 depressed participants, of whom only 36 had atypical

features (43). Interestingly, the atypical group was 2.6 times more

likely to remit than the majority group with more typical features

(95% CI=1.1-6.2). The reason why patients with atypical depression

are rarely referred for ECT remains unclear, although this is a

significant issue given that patients with atypical depression

represent a substantial subgroup of MDD patients.
4.2 Strengths

This exploratory analysis is the first study to examine the

response to each MADRS item specifically between M-MDD and

U-MDD, in contrast to previous research that compared

melancholic with non-melancholic patients (32–36). Another

strength of this study is its naturalistic population analysis, which

provides insights into how this type of intervention performs in

real-world interventional psychiatry clinical practice.
5 Conclusion

In this exploratory study, we found a greater reduction in

MADRS scores for items such as apparent sadness, inability to

feel, pessimistic thoughts, reduced appetite and sleep, and difficulty

concentrating in M-MDD patients compared to U-MDD patients.

Although our findings should be interpreted with consideration of

several limitations, they may contribute to defining a more

personalized psychiatric treatment approach for severely

depressed patients.
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A meta-analysis comparing the
effectiveness and safety of
repetitive transcranial magnetic
stimulation versus theta burst
stimulation for treatment-
resistant depression
Xiao Tao, Zheng Wen Jing, Wang Kui Yuan, Guo Hui Yun,
Xie Jian Fang and Liao Ming Sheng*

Department of Psychiatry, The Third People’s Hospital of Ganzhou, Ganzhou, Jiangxi, China
Objective: This study compares the safety and effectiveness of theta-burst

stimulation (TBS) and repetitive transcranial magnetic stimulation (rTMS) for

treating treatment-resistant depression (TRD).

Methods: We reviewed randomized controlled trials (RCTs) that evaluated rTMS

and TBS in managing TRD. Searches were conducted in PubMed, Embase, the

Cochrane Library, and Web of Science for studies published up to July 31, 2024.

Data from these studies were analyzed using statistical software.

Results: Five RCTs involving 1,196 patients were included, with 553 receiving

rTMS and 663 receiving TBS. The analysis found no significant differences

between rTMS and TBS in reducing depression [SMD = -0.07, 95% CI (-0.19,

0.04)] or anxiety [SMD = -0.02, 95% CI (-0.15, 0.11)], nor in side effects like

headaches [OR = 1.00, 95% CI (0.72, 1.40)], nausea [OR = 1.42, 95% CI (0.79,

2.54)], or fatigue [OR = 0.87, 95% CI (0.46, 1.64)].

Conclusions: Both rTMS and TBS are similarly effective in reducing depression

and anxiety symptoms, with comparable side effect profiles. However, TBS is

more time-efficient, with sessions lasting only 192 seconds, making it a cost-

effective option for patients. These findings support TBS as a practical treatment

choice for TRD.
KEYWORDS

transcranial magnetic stimulation, theta burst stimulation, treatment-resistant
depression, meta-analysis, depression
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1 Introduction

Major depressive disorder (MDD) is a significant global public

health concern, characterized by high morbidity, a high incidence of

suicide, and a high recurrence rate (1, 2). Selective serotonin

reuptake inhibitors (SSRIs) are the cornerstone of current MDD

therapy. However, studies show that approximately 44% of patients

who complete a full course of antidepressant treatment fail to

achieve remission, leading to a prolonged depressive state (3) and

ultimately resulting in treatment-resistant depression (TRD).

Research indicates that about one-third of patients with TRD

attempt suicide at least once in their lifetime (4, 5), severely

impairing social functioning, increasing societal burdens, and

posing a significant challenge in clinical practice (6–8).

TRD is typically defined as depression that does not respond to a

full course of treatment with two or more antidepressants (9).

Conventional pharmacological treatments often show limited

efficacy in TRD, with delayed onset of therapeutic effects,

significant cognitive side effects, and low remission rates, all of

which contribute to poor medication adherence (10, 11). In light of

these limitations, recent research has emphasized the importance of

exploring alternative and multimodal strategies to address the

complexity of TRD. Approaches such as augmentation with

atypical antipsychotics, mood stabilizers, and agents targeting non-

monoaminergic systems have demonstrated potential benefits (12,

13). For instance, cariprazine, an atypical antipsychotic, has shown

efficacy as an augmentation agent in TRD, particularly in patients

who failed previous augmentation trials. Additionally, treatments like

esketamine nasal spray provide rapid-acting options by targeting the

glutamate pathway, further underscoring the need for innovative

interventions in TRDmanagement.One promising alternative for the

treatment of TRD is rTMS (14). rTMS is a relatively new brain

stimulation method that has shown potential in several studies (6,

15). Its use for the treatment of TRD has been approved by Health

Canada (2002), the US Food and Drug Administration (2008), and

regulatory bodies in the EU, Australia, Israel (16), and other regions.

A more recent form of rTMS is TBS, a sophisticated non-

invasive neuromodulation technique with a distinct stimulation

pattern. Compared to traditional rTMS, TBS offers several

advantages, including lower stimulation intensity, shorter session

duration, better tolerability, and a closer approximation to natural

neuronal activity. TBS can induce stronger and more sustained

cortical excitability, thereby reducing the overall treatment duration

and producing faster antidepressant effects (17). Despite these

advantages, the relative effectiveness of rTMS versus TBS in

treating TRD remains a topic of ongoing debate (18). This study

aims to address this issue through a meta-analysis, providing

professionals with clearer recommendations and offering patients

more effective treatment options.
Abbreviations: TBS, theta-burst stimulation; iTBS, intermittent theta-burst

stimulation; rTMS, repetitive transcranial magnetic stimulation; RCTs,

randomized controlled trials; MDD, major depressive disorder; TRD, treatment-

resistant depression; FEM, fixed effects model; FEM, random-effects model; ACC,

anterior cingulate cortex; lDLPFC, left dorsolateral prefrontal cortex.
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2 Methods

2.1 Systematic review registration

This systematic review has been officially registered in the

PROSPERO database, an international registry of prospective

systematic reviews of health-related interventions produced by the

National Institute for Health Research (19).
2.2 Inclusion and exclusion criteria

The study population consisted of individuals diagnosed with

treatment-resistant depression (TRD). The experimental group

received repetitive transcranial magnetic stimulation (rTMS),

while the control group was treated with theta-burst stimulation

(TBS). The primary outcomes measured were anxiety and

depression levels, with adverse event rates as secondary outcomes.

Only randomized controlled trials (RCTs) were included. Exclusion

criteria applied to meeting abstracts, meta-analyses, systematic

reviews, animal studies, studies with inaccessible full text, case

reports, and research involving participants who had previously

undergone other treatments.
2.3 Literature search

A comprehensive search was conducted across the PubMed,

Embase, Cochrane Library, and Web of Science databases.

Keywords such as “TBS,” “rTMS,” and “TRD” were used both as

free-text terms and indexed phrases. The final search update occurred

on July 31, 2024. The complete search strategy is outlined in

Supplementary Table S1 in the Supplementary Material.
2.4 Data extraction

Two authors independently screened the literature based on

predefined inclusion and exclusion criteria. Any disagreements

were resolved through discussion, and if necessary, a third

reviewer was consulted to reach a consensus. Key information

extracted from the eligible studies included study characteristics,

average age, sex distribution, sample size, publication year,

intervention methods, and outcomes.
2.5 Bias risk assessment

The bias in the included studies was assessed independently by

two reviewers using the Cochrane Collaboration’s methods (20). A

third reviewer was consulted to resolve any disagreements. The

assessment covered seven domains: completeness of outcome data

(attrition bias), allocation concealment (selection bias), blinding of

participants and personnel (performance bias), blinding of outcome

assessors (detection bias), selective reporting (reporting bias), and
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other potential sources of bias. Among these, the most common

biases identified were performance bias, due to inadequate blinding

of participants and personnel, and detection bias, arising from the

lack of blinding of outcome assessors. These biases could potentially

lead to overestimation or underestimation of treatment effects,

influencing the reliability and validity of the study outcomes. In

particular, performance bias may result in differences in care or

treatment between groups, while detection bias can affect the

accuracy of outcome measurements, leading to biased conclusions

about the effectiveness of interventions.

Each study was evaluated based on these criteria. Studies that

met all the requirements were classified as having “low risk of bias,”

indicating high quality and minimal risk. Studies that did not meet

the criteria were labeled as having “high risk,” suggesting significant

bias and lower quality. Those that partially met the criteria were

categorized as having “unclear risk,” indicating a moderate risk

of bias.
2.6 Data analysis

Data were statistically analyzed using Stata 15.0 (Stata Corp.,

College Station, TX, USA). Heterogeneity among the included
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studies was assessed using the Q-statistic and the I²-statistic. I²

values were interpreted as follows: 25% indicated low heterogeneity,

50% indicated moderate heterogeneity, and 75% indicated high

heterogeneity. If the I² value was 50% or higher, sensitivity analysis

was performed to explore potential sources of heterogeneity. For I²

values below 50%, a fixed effects model (FEM) was applied. For

continuous variables, SMDs and 95% CIs were calculated, while

ORs and 95% CIs were used for dichotomous variables.

Additionally, Egger’s test and a random-effects model (REM)

were applied to assess publication bias.
3 Results

3.1 Literature search

Figure 1 illustrates the methods used for the literature search. A

total of 703 articles were identified from PubMed (n = 115), Embase

(n = 162), the Cochrane Library (n = 158), and Web of Science (n =

268). After removing 300 duplicates and excluding 396 articles

based on titles and abstracts, two additional articles were eliminated

after full-text review. Ultimately, five randomized controlled trials

(RCTs) (21–25) were included in the study.
FIGURE 1

RISMA diagram of research procedure. PRISMA, preferred reporting items for systemic review and meta-analysis.
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3.2 Baseline features and bias risk in
associated research

A total of 1,196 participants, aged 41.6 to 61.7 years, were

involved in the five investigations. The TBS group included 663

participants, while the rTMS group had 553. TBS was administered

at a frequency of 50 Hz, and rTMS at 10 Hz. Table 1 provides

information on the baseline characteristics of the included studies.

All studies described the randomization procedures used, although

some did not fully detail the blinding strategies. Figures 2 and 3

present the risk of bias for each study.
3.3 Meta-analysis results

3.3.1 Depression scores
All five studies reported depression scores. Since the test for

heterogeneity (I2 = 46.3%, p = 0.097) indicated moderate

heterogeneity, a fixed-effects model was utilized. The analysis

(Figure 4) showed no significant difference between rTMS and

TBS in terms of depression scores [SMD = -0.07, 95% CI

(-0.19, 0.04)].
3.3.2 Anxiety score
Anxiety scores were reported in four studies. With no

heterogeneity detected (I2 = 0%, p = 0.870), a fixed-effects model

was used. The data (Figure 5) revealed no statistically significant

difference in anxiety levels between rTMS and TBS [SMD = -0.02,

95% CI (-0.15, 0.11)].

3.3.3 Headache
Headache incidence was reported in three trials. With no

evidence of heterogeneity (I2 = 0%, p = 0.735), a fixed-effects

model was applied. According to Figure 6, there was no

significant difference in the occurrence of headaches between

rTMS and TBS [OR = 1.00, 95% CI (0.72, 1.40)].

3.3.4 Nausea
Three studies reported nausea incidence. Since there was no

heterogeneity (I2 = 0%, p = 0.518), a fixed-effects model was used. The

analysis (Figure 7) showed no significant difference in the occurrence

of nausea between rTMS and TBS [OR = 1.42, 95% CI (0.79, 2.54)].
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3.3.5 Fatigue
Three studies reported on fatigue. Based on the heterogeneity

test results (I² = 0%, p = 0.831), a fixed-effects model was applied.

The analysis found no significant difference in fatigue between

rTMS and TBS (Figure 8; OR = 0.87, 95% CI (0.46, 1.64)).
3.4 Publication bias

Egger’s test was used to assess publication bias. The results

indicated no significant publication bias across the following

categories: depression (p = 0.680), anxiety (p = 0.635), headache

(p = 0.125), nausea (p = 0.991), and fatigue (p = 0.436).
4 Discussions

This meta-analysis is the first to evaluate both the safety and

efficacy of rTMS compared to TBS in the treatment of TRD. Our

results revealed no significant differences in the incidence of

headaches, nausea, and fatigue, nor in the depression and anxiety

scores between rTMS and TBS. These findings suggest that the 37.5-

minute, 10 Hz rTMS protocol may not be as effective as the 3-

minute intermittent TBS (iTBS) strategy for treating TRD.

rTMS is a treatment method that uses focused magnetic field

pulses to directly stimulate the left dorsolateral prefrontal cortex

(DLPFC) with a 10 Hz frequency. It has been shown to be a well-

tolerated, evidence-based treatment widely used for TRD (26).

Theta burst stimulation (TBS) is a non-invasive brain stimulation

technique aimed at modulating the underlying neural networks in

psychiatric and neurological disorders. TBS can be applied in either

intermittent or continuous forms (27). TBS utilizes patterned burst

stimulation, requiring only a fraction of the time compared to

traditional protocols (28). Compared to standard transcranial

magnetic stimulation, TBS may offer a more effective form of

physiological stimulation, as it is based on the coupling of brain g
and q frequency rhythms (20).Additionally, patient-specific factors,

such as affective temperament traits, have been shown to influence

treatment outcomes in psychiatric disorders, including TRD.

Recent studies highlight the role of temperaments as stable,

genetically determined predispositions that can modulate clinical

dimensions such as disease course, treatment adherence, and

therapeutic response (29). For instance, cyclothymic and
TABLE 1 Baseline Characteristics and Methodological Quality of Included Studies.

Study Year Country
Sample size Gender

(M/F)

Mean age Intervention
Outcome

rTMS TBS rTMS TBS rTMS TBS

Blumberger 2022 Canada 87 85 80/92 67.1 66.3 10HZ 50HZ F1; F2; F3

Blumberger 2018 Canada 205 209 168/246 43.2 41.6 10HZ 50HZ F1; F2; F3

Bulteau 2022 France 30 30 19/41 48.5 56.1 10HZ 50HZ F1;

Chen 2021 Australia 84 211 103/192 48.5 48.67 10HZ 50HZ F1; F3

Morriss 2024 UK 127 128 123/132 43.8 43.7 10HZ 50HZ F1; F2; F3
rTMS, repetitive transcranial magnetic stimulation; TBS, Theta burst stimulation; M/F, Male/female; F1, depression; F2, adverse events; F3, anxiety.
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depressive temperaments are associated with poorer adherence and

less favorable outcomes in mood disorders, whereas hyperthymic

temperament may confer resilience and predict better responses to

certain interventions. Understanding the temperamental profiles of

TRD patients could help refine treatment strategies and improve

personalized care approaches.The conventional 10 Hz rTMS

protocol requires longer sessions and typically takes 4–6 weeks to

produce significant antidepressant effects. In contrast, TBS is a more

time-efficient form of rTMS, offering comparable antidepressant

efficacy in a shorter treatment duration (30). Studies have

demonstrated that multiple daily sessions of TBS, either

accelerated or intensified, can result in clinically meaningful

antidepressant effects in fewer treatment days (31). While many

studies on accelerated or intensified TBS have focused on patients

with TRD, the subjects in this trial were experiencing their first
FIGURE 4

Forest plot of rTMS and TBS in depression scores.
FIGURE 2

Bias risk summary.
FIGURE 3

Bias risk graph.
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episode of depression. Early and rapid improvement of clinical

symptoms in these patients may improve treatment adherence,

reduce suicide risk, lower relapse rates, and aid in the recovery of

social functioning (32). In this study, different TMS modalities,
Frontiers in Psychiatry 06207
combined with sertraline, were used to treat first-episode

depression. The results demonstrated that both intensive TBS and

10 Hz rTMS provided similar clinical efficacy, improving depressive

and anxiety symptoms, sleep quality, and cognitive function.
FIGURE 6

Forest plot of rTMS and TBS in anxiety scores.
FIGURE 5

Forest plot of rTMS and TBS in depression scores.
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Notably, intensive TBS showed greater improvement in executive

function. Additionally, both treatments were found to be safe and

well-tolerated.

Several studies (33, 34) have reported that iTBS offers similar

antidepressant efficacy to 10 Hz rTMS, and our findings are consistent
Frontiers in Psychiatry 07208
with these results. Additionally, two RCTs that tailored and expedited

either rTMS or iTBS based on the functional connectivity between the

subgenual anterior cingulate cortex (ACC) and the left dorsolateral

prefrontal cortex (lDLPFC) demonstrated more substantial reductions

in depressive symptoms over a 3–4 week period compared to
FIGURE 8

Forest plot of rTMS and TBS in the occurrence of fatigue.
FIGURE 7

Forest plot of rTMS and TBS in the incidence of nausea.
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conventional or sham TBS (35, 36). This suggests that targeting the

lDLPFC may be critical for the effectiveness of TMS in treating

depression (37). Another study (38) comparing twice-daily TBS with

once-daily TBS found no significant difference in antidepressant

efficacy after one week of treatment. However, by the end of the 12-

week observation period, twice-daily TBS showed superior

antidepressant effects, indicating that increasing the frequency of

treatments may not result in immediate improvement, but the

benefits of intensive TBS may emerge over time.

Previous research has shown that high-frequency rTMS has

anxiolytic effects in patients with depression and co-occurring

anxiety symptoms (39). We also observed that intensive TBS can

alleviate anxiety symptoms. Some studies suggest that rTMS

targeting the medial prefrontal cortex and dorsal ACC may help

manage anxiety (40). Further research using neuroimaging and

electrophysiological techniques is needed to clarify the precise

mechanisms by which rTMS targeting the dorsolateral prefrontal

cortex improves both anxiety and depression in individuals with

concurrent anxiety symptoms.

This study has several limitations. First, the inclusion of only

five RCTs limits the generalizability of the findings, reducing

statistical power and increasing the risk of errors. Future research

should aim to include more studies with larger sample sizes to

strengthen the evidence. Second, heterogeneity may have arisen

from differences in intervention sites, timings, protocols (e.g.,

dosages, frequencies), and patient populations. The variability in

intervention protocols, such as differences in stimulation frequency

and treatment duration, is a significant limitation that warrants

more detailed discussion in future studies. Such heterogeneity could

impact the interpretation of the results, as different treatment

parameters may lead to varying outcomes. To address this, future

studies should standardize these factors and conduct sensitivity

analyses to assess their impact. Third, subgroup analyses were not

feasible due to the limited number of studies. Larger, multicenter

RCTs with adequate power are needed to enable meaningful

subgroup analyses and gain a deeper understanding of treatment

effects in specific patient groups. Additionally, the study did not

evaluate the potential protective role of routine psychotherapy and

counseling interventions, which are commonly used by patients

with depression to prevent or alleviate symptoms. In conclusion,

while this study provides valuable insights, addressing the

limitations of small sample size, intervention protocol

heterogeneity, and the lack of assessment of protective factors in

future high-quality, multicenter RCTs will be crucial to confirm

these findings and provide stronger clinical evidence.
5 Conclusions

While our study did not identify significant differences between

rTMS and TBS in terms of depression, anxiety levels, or side effects,

TBS offers advantages in terms of shorter session duration and

efficiency. With each TBS treatment lasting only 192 seconds, it may

be a more affordable option for patients. Therefore, we recommend

TBS as a potential therapeutic approach for depression that does

not respond to conventional treatments. However, due to the
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limitations of our research, further high-quality, multicenter

randomized controlled trials are necessary to strengthen the

evidence supporting this recommendation.
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Objectives: High-frequency repetitive transcranial magnetic stimulation (rTMS) of

the left-hemisphere dorsolateral prefrontal cortex (DLPFC) is FDA cleared for the

treatment of adult treatment-resistant major depressive disorder (MDD). Though

off-label, sequential bilateral stimulation (SBS), which combines high-frequency

left-hemisphere and low-frequency right-hemisphere DLPFC stimulation, is

offered in various clinics to treat depression with comorbid anxiety. Few

systematic studies investigate the comparative efficacy of the SBS protocol

versus the FDA-label protocol for the clinical management of depression with

comorbid anxiety. The objective of the current study was to compare the efficacy

of HF-LUS to that of SBS within a clinical setting where both are offered to patients

with anxious depression. Based on both theories of the pathophysiology of anxious

depression as well as clinical practice, we hypothesized that SBS would result in

greater symptom reduction as compared to HF-LUS.

Methods: This open label, retrospective cohort study included 86 patients with

MDD and comorbid anxiety who received either high frequency left unilateral

stimulation (HF-LUS) (n=44) or SBS (n=42). Patient Health Questionnaire 9

(PHQ9), General Anxiety Disorder 7 (GAD7) questionnaire, a self-reported

depression (SRD) Likert scale, and a self-reported anxiety (SRA) Likert scale

were used to quantify changes in depressive and anxiety symptoms.

Results: Inconsistent with our hypothesis, both groups saw a significant

improvement in depression and anxiety symptoms with no difference in course

nor degree of improvement. Improvements in depression and anxiety were

significantly positively correlated in both bilateral and unilateral cohorts.

Conclusions: Bilateral rTMS may not provide any additional therapeutic

advantages over the standard FDA-cleared left unilateral rTMS protocol for

anxious depressive patients.
KEYWORDS

repetitive transcranial magnetic stimulation, anxious depression, dorsolateral prefrontal
cortex, unilateral, bilateral
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Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive

neuromodulation technology that applies fluctuating magnetic

fields over the scalp and generates targeted electrical currents in

the brain, leading to neuronal depolarization (1). The non-invasive

nature of this modality along with its rare occurrence of side effects

(2) has since rendered it an attractive tool in both research and

clinical domains. As repetitive application of TMS (rTMS) has

plastic effects on the brain with clinically meaningful durability (3,

4), it has also gained popularity as a treatment in the emerging field

of interventional psychiatry.

Following several large-scale clinical trials supporting the

antidepressant efficacy and safety of rTMS (5, 6), the FDA cleared

high frequency (HF - 10Hz) stimulation of the left dorsolateral

prefrontal cortex (DLPFC) for the treatment of adult treatment-

resistant major depressive disorder (MDD) in 2008 and more

recently the same protocol was cleared for reduction of comorbid

anxiety symptoms in adult patients with depression, otherwise

known as anxious depression, in 2022. In addition to MDD,

studies indicate the potential efficacy of rTMS in treating a

number of other psychiatric disorders, such as posttraumatic

stress disorder (7), obsessive compulsive disorder (8), bipolar

disorder (9, 10), and anxiety disorders (7, 11, 12). Anxiety

disorders frequently co-occur with major depressive disorder

(MDD), with a substantial proportion of individuals with MDD

also experiencing significant anxiety symptoms (13). This

comorbidity has been associated with poorer treatment response

across multiple modalities, including pharmacotherapy and

psychotherapy (14). However, the impact of rTMS on this

subgroup remains an area of active investigation, with limited

data directly comparing different stimulation protocols for

anxious depression. In this study, we focus specifically on patients

with comorbid anxious depression treated either with the standard

unilateral protocol or the bilateral protocol. All patients in the study

endorsed both depressive and anxiety symptoms that significantly

impaired their quality of life.
Hemispheric lateralization

Electroencephalography (EEG) recordings have shown that

negative mood and depression are associated with relatively

greater activity in the right hemisphere’s (RH) frontal cortex

as compared to the analogous region in the left hemisphere (LH)

(15, 16). Consistent with this, neuroimaging studies report that in

uni-polar depressed patients the LH is characterized by

hypometabolism and by hypermetabolism in the RH (17, 18).

Studies also find that the severity of depression correlates

positively with RH hyperactivity (17, 19). Studies on unilateral

brain lesions, which offer an opportunity to study hemispheric

balance with one healthy hemisphere operating predominantly

without contra hemispheric influence, find that tumors and

ischemia in the left hemisphere are frequently accompanied by

depressed mood, while similar lesions in the right hemisphere cause
Frontiers in Psychiatry 02212
euphoria (20–22). Also noteworthy is that the frequency and

severity of post-stroke depression is higher in patients with left

hemispheric lesions compared with right hemispheric patients (23–

25). Within the same vein, inactivation of the left hemisphere via

sedative injection into the left carotid artery (effectively isolating the

RH), produces crying, pessimistic statements, guilt, complaints, and

worries about the future, whereas sedation of the right hemisphere

results in smiling, laughing, mimicry, euphoria, and lack of

apprehension (26, 27).

The symptoms of anxious depression may be understood in the

context of an imbalance in hemispheric activity. Pessimism,

negative thinking patterns, unconstructive attribution style, as

well as guilt and self-blame thoughts have all been associated with

RH hyperactivity (28–31). Difficulties in initiating and maintaining

a healthy sleep pattern may also be related to the RH hyperactivity

when considering its role in maintaining alertness and vigilance

(19) and its role in modulating physiological symptoms of anxiety,

such as sweating and increased heart rate (32). Conversely, the

relative hypoactivity of the LH may account for the lack of

motivation and inability to experience pleasure – anhedonia, as

well as the indecisiveness that is associated with depression, as these

functions are primarily thought to be processed by the LH (19).

Studies on unilateral brain lesions also find that tumors and

ischemia in the left hemisphere are frequently accompanied by

depressed mood, while similar lesions in the right hemisphere cause

euphoria (20–22).
rTMS parameters

Typically, high-frequency (∼10 Hz) rTMS is thought to increase

local cortical activity, while low-frequency (∼1 Hz) rTMS is thought

to result in local cortical suppression (33, 34). In accordance with

this assumption, studies have found clinical improvements in

depression when administering high-frequency left unilateral

stimulation (HF-LUS) (5, 35–37), low frequency right unilateral

stimulation (35), and Sequential Bilateral Stimulation (SBS), which

combines high frequency, left DLPFC stimulation and low

frequency, right DLPFC stimulation (36). While all three

protocols result in symptom improvements compared to sham

(placebo) controls, there is contradictory data in the literature

leading to a need for head-to-head comparisons of various

protocols superiority (38, 39). Even the most recently pooled data

in systematic reviews and meta-analyses, including a review by

Aaronson and colleagues (40) which collected data from 111

practice sites in 2022, concluded that there was no significant

difference in efficacy between unilateral and bilateral protocols.

While their study was retrospective, it provides valuable insight that

aligns with our findings.

In spite of approximately half of patients with MDD seeking

treatment in the clinic also endorsing significant anxiety (41),

patients with comorbid anxiety disorders are often excluded from

rTMS studies focused exclusively on MDD. Consequently, while a

growing body of findings show promise in patients with anxiety

disorders and anxiety symptoms comorbid to other psychiatric
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pathologies (11, 12, 42), few studies have investigated which

treatment parameters best remediate comorbid anxiety symptoms

in those with depression in a clinical setting. Our study aims to

investigate whether the SBS protocol, which is commonly offered

clinically to depressive patients with significant anxiety, provides

significant clinical benefit over the FDA cleared HF-LUS. We

hypothesized that, by tackling the inter-hemispheric imbalance

from both sides simultaneously, SBS treatment may be more

effective than unilateral stimulation for this subpopulation

of patients.
Methods

Patients who sought treatment signed a consent form to have

their information utilized for research purposes as part of their

intake. Patients, TMS technicians, and those analyzing the data

were unblinded to treatment protocol. This study was determined

to be exempt from IRB review under category # 4(ii), as detailed in

45 CFR 46.104(d) by BRANY IRB Services.
Participants

Patients were assigned to a treatment protocol (cohort) based

upon their qualitative report of symptoms obtained by clinic staff

during intake. Patients who reported that depressive symptoms

alone were the primary cause of impairment were assigned to the

unilateral protocol, while those who endorsed both depressive and

anxiety symptoms as equally debilitating were assigned to the

bilateral protocol. Cohort assignment was not randomized but

was based on these patient-reported symptoms during intake

interviews. While quantitative symptom severity metrics were also

collected as part of intake, these values were used as baseline values

prior to treatment and not factored in cohort assignment. Inclusion

criteria involved patients with longstanding treatment resistant

depression with comorbid anxiety symptoms or anxiety disorder

who underwent between 30 and 36 treatments of either unilateral or

bilateral TMS stimulation. Patients were classified as having anxious

depression if they had a GAD-7 score of at least 10 and a PHQ-9

score of at least 10. Patients were allowed to remain on psychotropic

medication and psychotherapy regimens, but those receiving other

treatments such as concurrent intranasal ketamine or other

neuro-stimulatory treatments were excluded from this analysis.

Data for this study was pooled from patients treated at the Neuro

Wellness center for Depression in Coral Springs, FL between the

years 2020-2022. The groups were not significantly different

demographically or clinically and received comparable intensities

of stimulation (p >0.05 for all categories) (Table 1).
Measures

As part of the intake protocol, patients completed the Patient

Health Questionnaire 9 (PHQ9) and General Anxiety Disorder 7
Frontiers in Psychiatry 03213
(GAD7) questionnaire, along with two self-report Likert scales of

anxiety and depression symptom severity (i.e. the self-reported

anxiety (SRA) scale and the self-reported depression (SRD) scale).

The SRA and SRD scales are self-report Likert scales developed by

our clinic to provide real-time assessments of patients’ subjective

experiences of anxiety and depression symptoms throughout the

treatment course. These scales range from 0 to 10, with higher

scores indicating greater symptom severity. While not standardized

or validated like the PHQ-9 and GAD-7, they offer practical utility

in tracking symptom changes on a session-by-session basis,

complementing the more comprehensive assessments. Patients

also documented past and current medications at intake. During

treatment, patients completed the SRA and SRD scales prior to

every session and the PHQ9 and GAD7 at the end of every

treatment week. Finally, patients completed the PHQ9, GAD7,

SRA, and SRD as part of the discharge protocol once their

treatment course had concluded.

The PHQ9 is a questionnaire utilized by clinicians as a screening

and severity assessment tool for depression based upon the DSM-V

diagnostic criteria for depressive disorders (43). The threshold score

of ‘4’ or less (below 5) was used to define remission for our study, at

or below which patients’ symptoms do not meet clinical criteria for

mild depression/anxiety. The GAD7 is a questionnaire utilized by

clinicians as a screening and severity assessment tool for anxiety

disorders based upon the DSM-V diagnostic criteria for generalized

anxiety disorder (44). Similar to the PHQ9, a score of ‘4’ or less was

used to define remission for anxiety symptoms. Response was defined

as a ≥ 50% improvement from baseline to post-treatment scores on

the PHQ-9 and GAD-7. The SRA and SRD are Likert scales which

assess a patient’s experience of anxiety and depression symptoms.

The scales range from 0 to 10, 0 indicating no anxiety/depression and

10 indicating the worst and most debilitating anxiety/depression

symptoms imaginable.
Procedures

All patients received magnetic resonance imaging (MRI)-guided

rTMSwith the NexstimNavigated Brain Stimulation (NBS) System 5.

Prior to their first session, patients received a series of structural MRI

scans including a T1-weighted MP-RAGE scan, a three-dimensional

T1-weighted scan, and a gradient-echo scan.

On the first day of treatment, a trained TMS technician and the

attending psychiatrist confirmed the relevant anatomical landmarks

identified on the patient’s MRI by the interpreting radiologists

(including the left- and right-hand knobs (in the primary motor

cortex) and the left and right DLPFC). The individualized location of

the M1 hand knobs are defined by anatomical criteria proposed by

Ahdab and colleagues (45) and Yousry and colleagues (46) The NBS

system employs an algorithm developed by Mylius and colleagues

(47) to define the optimal DLPFC target locations. After these

anatomical landmarks are identified and marked in the Nexstim

interface program, the attending psychiatrist/privileged provider then

determined the patient’s Motor Threshold (MT) and calculated

treatment intensity prior to starting treatment.
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Motor mapping and MT estimation

Motor mapping was performed by the attending physician to

determine the patient’s MT and contingent stimulation intensity

according to standard procedures. MT is defined within the

Nexstim manual as the minimum intensity that elicits an EMG

motor evoked potential of 100-500 mV with a latency in the 12-

25 ms range 50% of the time. Treatment intensity is then defined

as 120% of the MT. Recent findings suggest that MT varies

significantly across an rTMS treatment course (48). Thus, MT is

reevaluated around week 3 (between treatments 10-15) for all

patients to account for any changes in neuronal excitability and

to ensure that stimulation target(s) are optimal. While both

cohorts receive motor mapping of the left hemisphere, the SBS

group additionally undergoes the same process for the right
Frontiers in Psychiatry 04214
hemisphere. Once a patient’s MRI is uploaded, MT(s) are

determined, and cortical targets are all tagged, technicians

calibrate these targets with landmarks on patient’s head to

begin MRI guided rTMS.

All patients received the FDA cleared treatment for depression

that takes roughly 19 minutes and delivers 3000 pulses in total at a

frequency of 10 HZ to the LH DLPFC. These pulses are spaced out in

75 trains, each lasting 4 seconds, delivering 40 pulses each, and spaced

out by an 11 second intertrain interval. Once the left side protocol is

complete, patients in the bilateral cohort are recalibrated in the

machine for right-sided DLPFC stimulation. The right-sided

protocol lasts 20 minutes and delivers 1200 pulses at 1 HZ in one

single train spaced out by a 1 second interval. Right-sided stimulation

was delivered at 120% of the Motor Threshold (MT), consistent with

the stimulation parameters for the left-sided treatment.
TABLE 1 Population Demographics.

Characteritics Categories HF-LUS SBS Total

Demographics

N 44 42 86

Male 13 (29.5%) 18 (42.9) 32 (37.2)

Female 31 (70.5) 24 (57.1) 55 (62.8)

Mean Age (s.d.) 53 (18.4) 47 (17.4) 50 (17.9)

Min/Max Age 13/88 20/79 13/88

Treatment

* Mean Motor L - 30.25 L - 29.5 L - 30.0

Threshold (MT) R - 34.3 R - 34.3

Mean Treatment L 36.3 L - 35.4 L - 36.0

Intensity (1.2 x MT) R - 41.2 R - 41.2

Mean MT Change L- 10.16% L - 5.21% L - 7.76%

in Remapping R - 1.6% R 1.6%

Medications

SSRI 10 (22.7%) 9 (21.4%) 19 (22.1%)

SNRI 10 (22.7) 6 (14.3) 16 (18.6)

Atypical 10 (22.7) 7 (16.7) 17 (19.8)

Antidepressants

Seratonin 7 (16.0) 7 (16.7) 14 (16.3)

Modulators

Benzodiazepine 10 (22.7) 8 (19.0) 18 (20.9)

Antipsychotic 8 (18.2) 6 (14.3) 14 (16.3)

Mood Stabilizer 0 1 (2.4) 1 (1.2)

Stimulants 2 (4.5) 5 (11.9) 7 (8.1)

Anti-Convulsant 6 (13.6) 6 (14.3) 12 (14.0)

Non-Benzo 1 (2.3) 4 (9.5) 5 (5.8)

Anxiolytic

Z Drug 0 2 (4.8) 2 (2.3)
Demographics of study subjects, treatment doses, and psychotropic medications taken during study period.
*Reported motor thresholds are an average between patient starting motor threshold and corrected motor threshold around week 3. Percent change of adjustment was not significantly different
between the two cohorts.
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The average participant received 36 treatments, allotted as 5

times a week for the first 30 sessions, and tapered off to 3 times a

week for the final 6.
Data analysis

Data was analyzed using SPSS version 26, with the exception of

Fisher’s r to z transformation, which was performed using an online

calculator (49) as transformation is not available on SPSS 26. A

handful of patients went on to receive over thirty-six sessions, but

only data up to treatment thirty-six was considered. This was done

to standardize the treatment timeline.

Our primary outcome measure was the effect of protocol on

improvements in anxiety, thus we used a factorial (2x2) ANOVA to

determine if patients reported greater or lesser improvement when

comparing their initial quantitative measurement of symptoms to

their final value post treatment. We then derived Pearson’s

correlation coefficients with net treatment proportional

improvements ((Intake Score – Final score)/Intake score) by

comparing SRA against SRD scores and GAD7 against PHQ9 in

a two tailed analysis. Correlation coefficients were then compared

via Fisher’s r to z transformation. We subsequently calculated

patient response (≥ 50% improvement) and remission rates (final

scores below 5, for both PHQ9 & GAD7) for all cohorts using

PHQ9 and GAD7 and analyzed the means via chi-square. Finally,

we used an ANCOVA to determine if treatment trajectories differed

between protocols. Due to inconsistent reporting, several patients

were missing mid-treatment GAD7 and PHQ9 entries. In order to
Frontiers in Psychiatry 05215
replace this data without compromising the accuracy of the

ANCOVA, we replaced missing data points by using the mean of

nearby points in patients with 3 or fewer missing entries and

excluded patients with more than 3 missing entries. As a result, 7

participants were excluded for PHQ9 analysis, leaving us with n=79

(unilateral n = 42, bilateral n = 37) and excluded 9 from the GAD7

analysis, leaving us with n=77 (unilateral n= 41, bilateral n= 36).
Results

All participants tolerated the TMS treatment without any

adverse medical events.
Metrics of depression – PHQ9 & SRD

For both the Unilateral and Bilateral Group depression

symptom severity significantly improved from pre-post treatment

as measured both on the PHQ9 (F (1,84) = 210.65, p < .001) and

SRD (F (1,84) = 85.05, p < .001). The mean baseline PHQ9 score for

the unilateral cohort was 19.55 (SD = 5.48), and for the bilateral

cohort was 19.99 (SD = 4.72). Post-treatment, the mean PHQ9

scores decreased to 9.15 (SD = 6.36) and 10.19 (SD = 6.18),

respectively, indicating mean improvements of 53.20% and

49.02% (Figures 1A, B). There was also a significant effect of time

such that the trajectory of scores consistently went down for PHQ9

(F (1,628) = 156.73, p < .001) and SRD (F (1,684) = 80.57, p < .001)

(Figures 2A, B). Consistent with prior findings (39), HF-LUS and
FIGURE 1

ANOVA analyses. Analysis of Variance (ANOVA) between High-Frequency Left Unilateral Stimulation (HF-LUS) and Sequential Bilateral Stimulation
(SBS) cohorts in reported metrics of depression and anxiety. Measures of depression, PHQ9 (A) and SRD (B), did not vary significantly between
cohorts. Likewise measures of anxiety, GAD7 (C) and SRA (D), did not vary significant. Patient Health Questionnaire (PHQ9); Self Reported
Depression (SRD); Generalized Anxiety Disorder (GAD7); Self Reported Anxiety (SRA).
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FIGURE 2

AOVA Projections. Analysis of Covariance (ANCOVA) between High-Frequency Left Unilateral Stimulation (HF-LUS) and Sequential Bilateral
Stimulation (SBS) cohorts in reported metrics of depression and anxiety. Trajectories of depression, PHQ9 (A) and SRD (B), did not vary significantly
between cohorts. Likewise, trajectories of anxiety, GAD7 (C) and SRA (D), did not vary significantly. Patient Health Questionnaire (PHQ9); Self
Reported Depression (SRD); Generalized Anxiety Disorder (GAD7); Self Reported Anxiety (SRA) 2.
FIGURE 3

Response rates (≥ 50% improvement with treatment) and remission rates (Post-treatment score ≥5) for measures of depression with PHQ9 (A), and
anxiety with GAD7 (B). No significant differences between cohorts were found. Health Questionnaire (PHQ9); Generatlized Anxiety Disorder (GAD7).
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SBS did not differ significantly for either the factorial ANOVA nor

the ANCOVA analysis indicating that neither the improvement in

depression symptoms nor trajectory differed between cohorts.

Patient responses to treatment with measure of PHQ9 were

56.82% and 52.38%, for the unilateral and bilateral cohorts,

respectively. These two percentages were not significantly

different. Remission rates of depression were 38.64% and 33.33%

for the unilateral and bilateral cohorts, respectively. These two

percentages were not significantly different (Figure 3A).
Metrics of anxiety – GAD7 & SRA

For both the Unilateral and Bilateral Group anxiety symptom

severity significantly improved from pre-post treatment as

measured both on the GAD7 (F (1,84) = 94.21, p < .001) and SRA

(F (1,84) = 48.43, p < .001). The mean baseline GAD7 score for the

unilateral cohort was 14.57 (SD = 5.19), and for the bilateral cohort

was 16.12 (SD = 4.57). Post-treatment, the mean GAD7 scores

decreased to 8.05 (SD = 5.79) and 8.91 (SD = 6.22), respectively,

indicating mean improvements of 44.75% and 44.56% (Figures 1C,

D). There was also a significant effect of time such that the trajectory

of scores consistently went down for GAD7 (F (1,612) = 92.55,

p < .001) and SRA (F (1,684) = 282.91, p < .001) (Figures 2C, D).

There was not a significant main effect of cohort nor a cohort by

time interaction effect for either the factorial ANOVA nor the

ANCOVA analysis indicating that neither the improvement in

anxiety symptoms nor trajectory differed between cohorts.

Patient responses to treatment with measure of GAD7 were

45.45% and 47.62%, for the unilateral and bilateral cohorts,

respectively. These two percentages were not significantly

different. Remission rates of anxiety were 43.18% and 38.10% for
Frontiers in Psychiatry 07217
the unilateral and bilateral cohorts, respectively. These two

percentages were not significantly different (Figure 3B).
Correlation of self-reported anxiety and
self-reported depression

There was a significant positive correlation in the

improvements in self-reported anxiety and self-reported

depression in both the unilateral and bilateral cohort (Unilateral:

r = .397, p <.05; Bilateral: r = .721, p <.001). Fisher’s transformation

(z = 2.19, p <.05) confirmed that the correlation was stronger for the

SBS cohort as compared to the HF-LUS cohort (Figure 4A).
Correlation of GAD7 and PHQ9

There was a significant positive correlation in the

improvements in GAD7 and PHQ9 in both the unilateral and

bilateral cohort (Unilateral: r = .768, p <.05; Bilateral: r = .738, p

<.001). Fisher’s transformation confirmed that the correlations were

not statistically different (Figure 4B).
Discussion

Following the logic that many traits of anxiety are associated with

hyperactivity of the right frontal lobe (19, 32), it is reasonable to

consider direct suppression of the right DLPFC with 1 Hz rTMS as a

possible adjunctive treatment to HF-LUS for anxious depression, but

this is simply not reflected in the data. It may be that the underlying

mechanisms leading to anxiety and depression overlap in such a way
FIGURE 4

Anxiety vs. Depression Improvement. Scatter plots comparing improvement coefficients (Intake Score - Final score) / Intake score) between
measures of anxiety vs. depression. In comparing SRA against SRD scores. (A), while both cohorts had a positive correlation, SBS was significantly
higher than HF-LUS. In GAD7 against PHQ9 (B) both cohorts had significant positive correlations which were not significantly different. Patient
Health Questionnaire (PHQ9); Self Reported Depression (SRD); Generalized Anxiety Disorder (GAD7); Self Reported Anxiety (SRA).
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that HF-LUS is the optimal treatment protocol to address both

pathologies simultaneously, leaving stimulation of the right DLPFC

of no additional value. If this is the case, our findings have important

implications for healthcare systems and resource allocation, as

forgoing the redundant right sided stimulation would save time

and resources for both patients and clinicians. The SBS protocol

requires additional time and resources due to the inclusion of right-

sided stimulation, which our data suggest does not confer additional

clinical benefit over the unilateral protocol. By adopting the unilateral

HF-LUS protocol for patients with anxious depression, clinics and

physicians can enhance treatment efficiency, lower costs, and

optimize resource utilization without compromising patient

outcomes. This approach could lead to increased accessibility of

rTMS treatments for a larger patient population. Despite the growing

body of evidence supporting rTMS for treatment-resistant

depression, its widespread adoption in clinical practice is

influenced by factors such as cost, accessibility, and provider

training. While the FDA has approved rTMS for anxious

depression, its clinical use specifically for anxiety disorders remains

off-label. The broader implementation of rTMS for comorbid anxiety

conditions may depend on further research, standardization of

protocols, and increased insurance coverage to facilitate

accessibility. In any case, the lack of appreciable difference in

remediation of depressive or anxiety symptoms between these two

protocols, which aligns with prior findings (39), leads us to reject our

hypothesis. Our results nonetheless serve as reinforcement to the

current literature on rTMS. Both treatment protocols had a

significant effect on measures of depression and anxiety, further

supporting rTMS as an effective modality for treatment resistant

MDD, even in the context of anxious comorbidities, as demonstrated

by Clark and colleagues (12).

One noteworthy exception to the absence of significant

difference was the strong positive correlation in improvement of

self-reported scores in the bilateral cohort compared to the

relatively weaker positive correlation in the unilateral. While this

correlation seems to indicate that self-reported anxiety and

depression are improving more uniformly with the SBS protocol,

this observation is of little clinical value as improvements in this

cohort were not discernably superior to those observed in its

counterpart and this pattern was not seen in the standardized

PHQ9 and GAD7 scales. Regardless of protocol, our results

showed that as depression got better, so did anxiety, or vice versa.

While this correlation in anxious depression has already been

observed by prior studies (11), further study is warranted to

determine the exact mechanism.
Limitations

This study has several important limitations that need to be

acknowledged. First, this is a retrospective, non-randomized study,

which inherently introduces biases and confounding factors. One of

the major limitations is the lack of random assignment, as patients
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essentially self-selected their treatment cohorts based on subjective

symptom reporting during intake, which could lead to selection

bias. Moreover, the open-label nature of the study means both

patients and clinicians were unblinded to the treatment protocol,

increasing the potential for expectancy effects and bias.

Additionally, the study did not control for medication use, as

patients were allowed to continue their psychotropic medication

regimens throughout the treatment course. Although no significant

differences in medication use between cohorts were observed, this

factor could still confound the results. Another limitation is the use

of non-validated self-report scales (SRA and SRD) in conjunction

with standardized measures like the PHQ-9 and GAD-7. While

these scales provided practical real-time assessments, their lack of

validation means the accuracy and reliability of these measures may

be less robust compared to standardized instruments.

Finally, although we mention the impact of COVID-19, other

methodological limitations, such as the lack of control for

environmental and situational variables related to the pandemic,

may have influenced the results. Future studies should prioritize

randomization, blinding, and the use of fully validated

measurement tools to reduce potential biases and improve the

reliability of findings.
Conclusion

In conclusion, SBS rTMS for anxious depressive patients may

not provide any additional clinical advantages than the FDA cleared

HF-LUS rTMS. While both protocols were effective in reducing

symptoms of depression and anxiety, forgoing the redundant right

sided stimulation would save time and resources for both patients

and clinicians.
Data availability statement

The datasets presented in this article are not readily available

because the analyses presented in this manuscript are based on a

preexisting data set owned by Neuro Wellness TMS Centers Of

America. This dataset includes private patient information and is

not publicly accessible to maintain confidentiality and adhere to

data protection regulations. Requests to access the datasets should

be directed to the corresponding author.
Ethics statement

The studies involving humans were approved by BRANY | IRB

and Clinical Trial Solutions. The studies were conducted in

accordance with the local legislation and institutional

requirements. The participants provided their written informed

consent to participate in this study.
frontiersin.org

https://doi.org/10.3389/fpsyt.2025.1494811
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Caussat et al. 10.3389/fpsyt.2025.1494811
Author contributions

TC: Conceptualization, Formal analysis, Investigation,

Methodology, Resources, Visualization, Writing – original draft,

Writing – review & editing. BB: Writing – original draft, Writing –

review & editing. LO: Writing – original draft, Writing – review &

editing, Conceptualization, Formal analysis, Funding acquisition,

Methodology, Supervision, Validation.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. APC covered by the

National Institute of Mental Health.
Frontiers in Psychiatry 09219
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Hallett M. Transcranial magnetic stimulation and the human brain. Nature.
(2000) 406:147–50. doi: 10.1038/35018000

2. Rossi S, Antal A, Bestmann S, Bikson M, Brewer C, Brockmöller J, et al. Safety and
recommendations for TMS use in healthy subjects and patient populations, with
updates on training, ethical and regulatory issues: Expert Guidelines. Clin Neurophysiol.
(2021) 132:269–306. doi: 10.1016/j.clinph.2020.10.003

3. Dunner DL, Aaronson ST, SackeimHA, Janicak PG, Carpenter LL, Boyadjis T, et al.
A multisite, naturalistic, observational study of transcranial magnetic stimulation for
patients with pharmacoresistant major depressive disorder: durability of benefit over a 1-
year follow-up period. J Clin Psychiatry. (2014) 75:1394–401. doi: 10.4088/JCP.13m08977

4. Janicak PG, Nahas Z, Lisanby SH, Solvason HB, Sampson SM, McDonald WM,
et al. Durability of clinical benefit with transcranial magnetic stimulation (TMS) in the
treatment of pharmacoresistant major depression: assessment of relapse during a 6-
month, multisite, open-label study. Brain Stimulation: Basic Translational Clin Res
Neuromodulation. (2010) 3:187–99. doi: 10.1016/j.brs.2010.07.003

5. O’Reardon JP, Solvason HB, Janicak PG, Sampson S, Isenberg KE, Nahas Z, et al.
Efficacy and safety of transcranial magnetic stimulation in the acute treatment of major
depression: A multisite randomized controlled trial. Biol Psychiatry. (2007) 62:1208–16.
doi: 10.1016/j.biopsych.2007.01.018

6. Lisanby SH, Husain MM, Rosenquist PB, Maixner D, Gutierrez R, Krystal A, et al.
Daily left prefrontal repetitive transcranial magnetic stimulation in the acute treatment of
major depression: clinical predictors of outcome in a multisite, randomized controlled
clinical trial. Neuropsychopharmacology. (2009) 34:522–34. doi: 10.1038/npp.2008.118

7. Cirillo P, Gold AK, Nardi AE, Ornelas AC, Nascimento JD, Machado S, et al.
Transcranial magnetic stimulation in anxiety and trauma-related disorders: A systematic
review and meta-analysis. Brain Behav. (2019) 9:e01284. doi: 10.1002/brb3.2019.9.issue-6

8. Thatikonda NS, Mehta UM, Thirthalli J, Kishore KR, Sathyaprabha TN,
Gangadhar BN, et al. Efficacy of repetitive transcranial magnetic stimulation on
comorbid anxiety and depression symptoms in obsessive-compulsive disorder: A
meta-analysis of randomized sham-controlled trials. Can J Psychiatry. (2022) 68
(6):407–17. doi: 10.1177/07067437221121112?

9. McGirr A, Vöhringer PA, Ghaemi SN, Lam RW, Yatham LN. Clinical efficacy and
safety of repetitive transcranial magnetic stimulation in acute bipolar depression. In:
World Psychiatry. Italy: Wiley-Blackwell on behalf of theWorld Psychiatric Association
(2016). p. 85–6. Available online at: https://en.wikipedia.org.

10. Tavares DF, Myczkowski ML, Alberto RL, Valiengo L, Rios RM, Gordon P, et al.
Treatment of bipolar depression with deep TMS: results from a double-blind,
randomized, parallel group, sham-controlled clinical trial. Neuropsychopharmacology.
(2017) 42:2593–601. doi: 10.1038/npp.2017.26

11. Badawi A, Rushdi MN, Abdelrahman AI. Repetitive transcranial magnetic
stimulation: influence on stress and early responsiveness outcomes for depression,
anxiety, and stress. Psychiatr Q. (2022) 93:385–91. doi: 10.1007/s11126-021-09953-4

12. Clarke E, Adams M, Heaney D. Efficacy of repetitive transcranial magnetic
stimulation in the treatment of depression with comorbid anxiety disorders. J Affect
Disord. (2019) 252:435–9. doi: 10.1016/j.jad.2019.03.085

13. Saha S, Lim CCW, Cannon DL, Burton L, Bremner M, Cosgrove P, et al. Co-
morbidity between mood and anxiety disorders: A systematic review and meta-analysis.
Depress Anxiety. (2020) 38:286. doi: 10.1002/DA.23113

14. Fava M, Rush AJ, Alpert JE, Balasubramani GK, Wisniewski SR, Carmin CN,
et al. Difference in treatment outcome in outpatients with anxious versus nonanxious
depression: A STAR*D report. Am J Psychiatry. (2008) 165:342–51. doi: 10.1176/
APPI.AJP.2007.06111868/ASSET/IMAGES/S814F0.JPEG

15. Henriques JB, Davidson RJ. Left frontal hypoactivation in depression. J Abnorm
Psychol. (1991) 100:535–45. doi: 10.1037/0021-843X.100.4.535

16. Flor-Henry P, Lind JC, Koles ZJ. A source-imaging (low-resolution electromagnetic
tomography) study of the EEGs from unmedicated males with depression. Psychiatry
Research: Neuroimaging. (2004) 130:191–207. doi: 10.1016/j.pscychresns.2003.08.006

17. Grimm S, Beck J, Schuepbach D, Hell D, Boesiger P, Bermpohl F, et al.
Imbalance between left and right dorsolateral prefrontal cortex in major depression
is linked to negative emotional judgment: an fMRI study in severe major depressive
disorder. Biol Psychiatry. (2008) 63:369–76. doi: 10.1016/j.biopsych.2007.05.033

18. Janocha A, Pilecki W, Bolanowski M, Małyszczak K, Salomon E, Laszki-
Szczachor K, et al. Interhemispheric cerebral asymmetry detected by VEPS in
diabetic patients with recognized depression. Neuro Endocrinol Lett. (2009) 30:119–
24. doi: 10.1016/j.comppsych.2008.03.007?

19. Hecht D. Depression and the hyperactive right-hemisphere. Neurosci Res. (2010)
68:77–87. doi: 10.1016/j.neures.2010.06.013

20. Braun CMJ, Daigneault R, Champagne D, Larocque C, Stip E. Diagnostic and
Statistical Manual of Mental Disorders, symptoms of mania: which one (s) result (s)
more often from right than left hemisphere lesions? Compr Psychiatry. (2008) 49:441–
59. doi: 10.1001/archpsyc.58.10.925

21. Carran MA, Kohler CG, O'Connor MJ, Bilker WB, Sperling MR. Mania
following temporal lobectomy. Neurology. (2003) 61:770–4. doi: 10.1212/
01.WNL.0000086378.74539.85

22. Vataja R, Pohjasvaara T, Leppävuori A, Mäntylä R, Aronen HJ, Salonen O, et al.
Magnetic resonance imaging correlates of depression after ischemic stroke. Arch Gen
Psychiatry. (2001) 58:925–31. doi: 10.1001/archpsyc.58.10.925

23. Nishiyama Y, Ueda M, Okubo T, Hayashida K, Terada H, Katayama Y. Early
depressive symptoms after ischemic stroke are associated with a left lenticulocapsular
area lesion. J Stroke Cerebrovascular Dis. (2010) 19:184–9. doi: 10.1016/
j.jstrokecerebrovasdis.2009.04.002

24. Hama S, Yamashita H, Shigenobu M, Watanabe A, Kurisu K, Yamawaki S. Post-
stroke affective or apathetic depression and lesion location: left frontal lobe and bilateral
basal ganglia. Eur Arch Psychiatry Clin Neurosci. (2007) 257:149–52. doi: 10.1007/
s00406-006-0698-7

25. Barker-Collo SL. Depression and anxiety 3 months post stroke: prevalence and
correlates. Arch Clin Neuropsychol. (2007) 22:519–31. doi: 10.1016/j.acn.2007.03.002

26. Ahern GL, Schwartz GE, Pasternak RE. Affective self-report during the
intracarotid sodium amobarbital test. J Clin Exp Neuropsychol. (1994) 16:372–6.
doi: 10.1080/01688639408402647

27. Lee GP, Loring DW, Meador KJ. Influence of premorbid personality and
location of lesion on emotional expression. Int J Neurosci. (1993) 72:157–65.
doi: 10.3109/00207459309024104

28. Mohr C, Porter G, Benton CP. Psychophysics reveals a right hemispheric
contribution to body image distortions in women but not men. Neuropsychologia.
(2007) 45:2942–50. doi: 10.1016/j.neuropsychologia.2007.06.001

29. Vickery CD, Evans CC, Lee JE, Sepehri A, Jabeen LN. Multilevel modeling of
self-esteem change during acute inpatient stroke rehabilitation. Rehabil Psychol. (2009)
54:372. doi: 10.1037/a0017854
frontiersin.org

https://doi.org/10.1038/35018000
https://doi.org/10.1016/j.clinph.2020.10.003
https://doi.org/10.4088/JCP.13m08977
https://doi.org/10.1016/j.brs.2010.07.003
https://doi.org/10.1016/j.biopsych.2007.01.018
https://doi.org/10.1038/npp.2008.118
https://doi.org/10.1002/brb3.2019.9.issue-6
https://doi.org/10.1177/07067437221121112?
https://en.wikipedia.org
https://doi.org/10.1038/npp.2017.26
https://doi.org/10.1007/s11126-021-09953-4
https://doi.org/10.1016/j.jad.2019.03.085
https://doi.org/10.1002/DA.23113
https://doi.org/10.1176/APPI.AJP.2007.06111868/ASSET/IMAGES/S814F0.JPEG
https://doi.org/10.1176/APPI.AJP.2007.06111868/ASSET/IMAGES/S814F0.JPEG
https://doi.org/10.1037/0021-843X.100.4.535
https://doi.org/10.1016/j.pscychresns.2003.08.006
https://doi.org/10.1016/j.biopsych.2007.05.033
https://doi.org/10.1016/j.comppsych.2008.03.007?
https://doi.org/10.1016/j.neures.2010.06.013
https://doi.org/10.1001/archpsyc.58.10.925
https://doi.org/10.1212/01.WNL.0000086378.74539.85
https://doi.org/10.1212/01.WNL.0000086378.74539.85
https://doi.org/10.1001/archpsyc.58.10.925
https://doi.org/10.1016/j.jstrokecerebrovasdis.2009.04.002
https://doi.org/10.1016/j.jstrokecerebrovasdis.2009.04.002
https://doi.org/10.1007/s00406-006-0698-7
https://doi.org/10.1007/s00406-006-0698-7
https://doi.org/10.1016/j.acn.2007.03.002
https://doi.org/10.1080/01688639408402647
https://doi.org/10.3109/00207459309024104
https://doi.org/10.1016/j.neuropsychologia.2007.06.001
https://doi.org/10.1037/a0017854
https://doi.org/10.3389/fpsyt.2025.1494811
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Caussat et al. 10.3389/fpsyt.2025.1494811
30. Williams LM, Gatt JM, Schofield PR, Olivieri G, Peduto A, Gordon E. ‘Negativity
bias’ in risk for depression and anxiety: Brain–body fear circuitry correlates, 5-HTT-
LPR and early life stress. Neuroimage. (2009) 47:804–14. doi: 10.1016/
j.neuroimage.2009.05.009

31. Leyman L, De Raedt R, Vanderhasselt MA, Baeken C. Influence of high-
frequency repetitive transcranial magnetic stimulation over the dorsolateral
prefrontal cortex on the inhibition of emotional information in healthy volunteers.
psychol Med. (2009) 39:1019–28. doi: 10.1017/S0033291708004431

32. Balderston NL, Roberts C, Beydler EM, Deng ZD, Radman T, Luber B, et al.
Mechanistic link between right prefrontal cortical activity and anxious arousal revealed
using transcranial magnetic stimulation in healthy subjects. Neuropsychopharmacology.
(2020) 45:694–702. doi: 10.1038/s41386-019-0583-5

33. Chen R, Classen J, Gerloff C, Celnik P, Wassermann EM, Hallett M, et al.
Depression of motor cortex excitability by low-frequency transcranial magnetic
stimulation. Neurology. (1997) 48:1398–403. doi: 10.1212/WNL.48.5.1398

34. Pascual-Leone A, Tormos JM, Keenan J, Tarazona F, Cañete C, Catalá MD. Study
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Transcranial focused ultrasound
targeting the default mode
network for the treatment
of depression
Jessica N. Schachtner1*, Jacob F. Dahill-Fuchel1, Katja E. Allen1,
Christopher R. Bawiec2, Peter J. Hollender2, Sarah B. Ornellas2,
Soren D. Konecky2, Achal S. Achrol2 and John J. B. Allen1

1Psychology Department, Psychophysiology Lab, University of Arizona, Tucson, AZ, United States,
2Openwater, San Francisco, CA, United States
Introduction: Up to 50% of individuals fail to respond to current depression

treatments. Repetitive negative thought and default mode network

hyperconnectivity are central in depression and can potentially be targeted

using novel neuromodulation techniques. This community-based study

assessed whether a treatment using non-invasive transcranial focused

ultrasound targeting the default mode network can decrease depression

symptoms and repetitive negative thought, and improve quality of life.

Methods: Study recruitment began in August 2023 and ended in February 2024.

Twenty individuals aged 18 – 50 were enrolled from among 247 screened.

Exclusion criteria included history of psychosis/mania, acute suicidality, MRI

contraindications, pregnancy, and medical and neurological factors that may

complicate diagnosis or brain function. Participants completed up to three weeks

of transcranial ultrasound (11 sessions) targeting the anterior medial prefrontal

cortex; ten minutes per session. Depression severity (Beck Depression Inventory

– II and the Hamilton Depression Rating Scale), repetitive negative thought

(Perseverative Thinking Questionnaire), and quality of life (World Health

Organization Quality of Life Scale) were outcomes.

Results: This sample was young (mean 30.4 years ± 10.0), predominantly female

(75%), with moderate to severe depression and high comorbidity. Fifty percent of

participants endorsed current psychiatric medication use. Ten percent of

subjects dropped out of the study due to time constraints. Significant

decreases in depression were observed over the course of treatment on self-

report, 10.9 (p < 0.001, CI = -13.55, -7.92) and interview depression ratings, 4.2 (p

< 0.001, CI = -5.85, -2.62), as well as significant decreases in repetitive negative

thought, 8.4 (p <0.001, CI = -10.55, -6.03). Improvements in physical and

psychological well-being were also observed over the course of treatment, 7.2

(p < 0.001, CI = 3.64, 10.63) and 11.2 (p < 0.001, CI = 7.79, 14.49), respectively, as

well as improvements in environment satisfaction, 5.0 (p =0.001, CI = 2.24, 7.56).

Discussion: Non-invasive transcranial focused ultrasound holds promise as a

treatment for depression holds promise as a treatment for depression, however,
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future work including control arms is required to ascertain its causal role

in depression.

Clinical trial registration: https://clinicaltrials.gov/study/NCT06320028intr=

Ultrasound&cond=depression&locStr=Arizona&country=United%20States&state=

Arizona&rank=1, identifier NCT06320028.
KEYWORDS

mood disorder, transcranial ultrasonic neuromodulation, repetitive negative thinking
(RNT), depression, default mode network
Introduction

Depression is a leading cause of disability (1), affecting 21

million adults and significantly diminishing quality of life (2).

Major Depressive Disorder (MDD) is typically recurrent (3–5),

and impairment is compounded with subsequent episodes (6).

Critically, current interventions are not effective for certain

profiles of depression (7, 8).

In conjunction with depressed mood and related symptoms,

Repetitive Negative Thought (RNT) has been identified as a

maintaining factor in depression (9), as well as a predictor of

depression improvements (8). The brain’s Default Mode Network

(DMN), which has greater connectivity during self-referential

processing [e.g., mind-wandering (10, 11)] and, in particular,

negative self-referential processing [e.g., RNT (12)], is also shown

to play an important role in depression. Studies have identified that

greater DMN connectivity (e.g., hyperconnectivity) has been

associated with greater depression severity and RNT (13, 14).

Together, these findings highlight the mechanistic roles that RNT

and DMN hyperconnectivity play in the development and

maintenance of depression.

Because roughly 50% of depressed individuals are treatment-

resistant to traditional treatments (7, 15), more effective interventions

are needed, ideally those deriving from a better mechanistic

understanding of depression. DMN connectivity has been altered

(e.g., using transcranial magnetic stimulation (TMS), psychedelics,

meditation) in various clinical populations (16, 17), with the goal of

improving treatment approaches. A novel neuromodulation technique,

non-invasive Transcranial Focused Ultrasound Stimulation (tFUS),

holds promise in the treatment of depression (18, 19).

Unlike other noninvasive methods (TMS and transcranial

electrical stimulation (TES) using direct (tDCS) or alternating

(tACS) current), tFUS uses low-intensity ultrasound involving a

focused nonthermal ultrasound beam, which safely passes through

the skull (20) to exert electro-mechanical effects on target neurons,

including the ability to induce excitatory and inhibitory effects

depending on the ultrasound parameters used (21, 22). tFUS also

presents advantages beyond other non-invasive neuromodulation

techniques (e.g., TMS) due to its ability to target deeper brain
02222
regions with greater precision (22), without side effects (e.g., skin

irritation, local pain) that can accompany techniques like TMS (23).

Limited research supports tFUS as a treatment for depression.

Resnik and colleagues examined tFUS targeting the right inferior

frontal gyrus, a component of the executive control network, on

symptoms of depression; those engaging in a five-day treatment

regime experienced a decrease in worry (18) compared to those

receiving sham. Additionally, Sanguinetti and colleagues also

found that tFUS decreased negatively-valanced emotions and

altered DMN connectivity (19). These findings provide the

foundation for further exploring the use of tFUS as a treatment

for depression.

The present study aimed to assess whether treatment using

tFUS delivered to the anterior medial prefrontal cortex (amPFC), a

hub of the DMN (11), can decrease depression symptoms and RNT,

improve quality of life, and whether changes in depression severity

are mirrored by changes in RNT.
Methods

The Institutional Review Board of the University of Arizona

approved the experimental protocol (IRB approval number:

STUDY00002019). All participants signed an informed consent

document before participation. Participants were recruited from

August 2023 to February 2024.

Clinical Trial Registration number: 019782-00001, https://

clinicaltrials.gov/study/NCT06320028intr=Ultrasound&cond=

depression&locStr=Arizona&country=United%20States&state=

Arizona&rank=1 identifier, NCT06320028.
Participants

Individuals with a current major depressive episode, assessed

using the Structured Clinical Interview for the DSM-5 (SCID-5)

(24) were enrolled. They also experienced clinically significant RNT,

characterized by a total score on the Perseverative Thinking

Questionnaire (PTQ) (25) above the 75% percentile (≥37).
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The SCID-5 is a gold-standard, semi-structured clinical

interview tool used to assess psychiatric disorders recognized by

the Diagnostic and Statistical Manual of Mental Disorders, 5th

edition (DSM-5) (26), including modules assessing current

episode and history of depression, mania and psychosis,

substance-use, anxiety-related disorders, and posttraumatic stress

(24). The interrater reliability of the SCID-5 has been extensively

validated, with published kappa coefficients ranging from 0.66 to

0.83 across various diagnostic modules (24), indicating good

agreement on categorical judgements between raters. The PTQ is

a self-report measure consisting of 15-items measuring the degree

of negative thinking patterns (e.g., The same thought keeps going

through my mind, Thoughts intrude into my mind) using a Likert

scale of 0 (never) to 4 (almost always) for each question (25).

Validation studies indicate that PTQ is a highly reliable measure of

RNT (a =0.95) (25).

Participants were ages 18 – 50, right-handed, English-speaking,

and without any neurological symptoms or symptoms of mania/

psychosis. Additional exclusion criteria included: history of head

injury with loss of consciousness; uncorrected vision and/or hearing

impairment that would interfere with study participation; current

or history of brain or mental illness judged likely to interfere with

testing, including drug and/or alcohol dependence; a diagnosed

sleep disorder (e.g., Insomnia); current drug, alcohol or prescription

drug intoxication; history of epilepsy; history of diagnosed

migraines; metal implants in head or face, including permanent

dental retainers; history of cardiac problems that could impact brain

function (e.g., atrial fibrillation); and current active suicidal ideation

necessitating immediate treatment. During the consent process,

participants were instructed to maintain their current medication

and psychotherapy regimens and not make any changes for the

duration of their study participation.
Overview of ultrasound treatment protocol

Eligible participants completed up to three weeks of ultrasound

treatment. Before treatment, they completed an MRI session, a

clinical interview, and self-report surveys. The first week of

ultrasound involved five sessions within a seven-day period.

Participants completed the same baseline assessments after

completing week 1, and if they did not meet early remission

criteria (defined below), they continued tFUS treatment for for

two more weeks, three sessions per week, each within a seven-day

period. Participants completed the same series of assessments after

week 3. Participants completed a subset of the symptom outcome

measures after completing week 1 and week 3 (weekly), and some

after each tFUS session (daily).
Symptom outcome measures and adverse
event tracking

Before any ultrasound intervention sessions, participants

completed baseline surveys: Beck Depression Inventory-II (BDI-
Frontiers in Psychiatry 03223
II) (27), PTQ (25), Hamilton Depression Rating Scale (HDRS) (28),

the World Health Organization Quality of Life Scale (WHOQOL-

BREF) (29), and the Columbia Suicide Severity Rating Scale

(CSSRS) (30).

The BDI-II is a self-report measure consisting of 21 items

measuring current, key symptoms of depression (e.g., sadness,

loss of interest, suicidality) using a Likert response scale from 0 to

4 (e.g., 0 – I do not feel sad; 4 – I am so unhappy I cannot stand it)

(27). The Hamilton Depression Rating Scale (HDRS) is a 17-item

interview administered by a clinician to assess current key

depression symptoms (e.g., depressed mood, pathological guilt,

Suicide) on a Likert scale of 0 to 4 (e.g., 0 – absent; 4 – severe:

Patient reports virtually only these feeling states in verbal and non-

verbal communication, or depressed almost every day and missed

three or more days of work or reports suicidal ideation for three or

more days) (28). Both the BDI-II and HDRS have excellent

published reliability [BDI-II a = 0.93 (27) and HDRS interrater

reliability = 0.90 (28)]. As previously mentioned, the PTQ is a

highly reliable measure of RNT (a =0.95) (25).

The WHOQOL-BREF is a 26-item self-report measure

assessing four aspects of quality of life (QOL): physical well-

being, psychological well-being, social satisfaction, and

environment satisfaction (29). This measure uses a Likert scale of

1 to 5 for each question (e.g., How would you rate your quality of

life? 1 – very poor; 5 – very good). The WHOQOL-BREF is a

reliable measure of QOL with published alpha coefficients ranging

from 0.66 – 0.8 across the four domains of QOL (29).

The CSSRS is an assessment tool for evaluating the severity of

suicidal ideation and behaviors, measuring key aspects such as the

intensity and frequency of suicidal thoughts, associated intent, and

types of behaviors (e.g., actual, aborted, or interrupted attempts)

(30). It includes both “yes or no” questions (e.g., “Have you wished

you were dead or wished you could go to sleep and not wake up?”)

and scaled questions (e.g., "When you have the thoughts how long

do they last?": 1 - easily able to control thoughts; 5 - more than 8

hours/persistent or continuous). In prior work, the CSSRS

demonstrates 100% sensitivity and specificity for identifying

actual and interrupted attempts, and 99.4% specificity and 100%

sensitivity for identifying aborted attempts, demonstrating high

accuracy in identification while minimizing false positives (30).

This measure was used in the present study to track changes in

suicidal ideation throughout treatment.

These measures were re-administered following the conclusion

of treatment after 1 week and 3 weeks (if applicable) of ultrasound

sessions to assess weekly changes in symptoms. In addition to being

administered before and after treatment, the BDI-II and PTQ were

administered after each ultrasound session to assess daily

symptom progression.

Before each ultrasound session, subjects were asked whether

they experienced adverse events that may be due to the ultrasound.

For reported events, the onset and duration of the event were noted,

the severity was rated, and the relationship to study procedure was

assessed. After each ultrasound session, participants completed a

sensation questionnaire to assess sensations subjects may have

experienced from the ultrasound, including: itching, heat/burning,
frontiersin.org
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tingling, vibrating/pulsing, sound, tension, and pain. Before

beginning each subsequent ultrasound session (e.g., at the

beginning of the next session) and acutely after completion of the

sensation questionnaire, subjects were asked whether they

experienced any sensations or other issues during the ultrasound

session. For reported events, further probing would determine

whether an adverse event related to the study occurred. If related

to the study, the onset and duration of the event were noted, the

severity rated, and the relationship to study procedure assessed.

Additionally, SWI MRI images were collected at baseline and after

treatment conclusion to provide an objective index of whether

ultrasound may have created any damage to neurons or vasculature

(see MRI scans section for more detail).

Early remission, remission, and response criteria
To meet early remission criteria following week 1, participants

must have a BDI-II score of < 13 and a HDRS score of < 8, and a

PTQ score of < 18. If any of these criteria were not met, the

participant continued treatment for two additional weeks.

After completion of the treatment protocol (i.e., after week 1 or

week 3), remission (defined above) and response were assessed, with

a decrease of scores below 50% of baseline considered a response as

commonly used in previous treatment literature (15, 31).
MRI scans

Scanning sessions included a T1 weighted structural scan,

PETRA short TE scan (skull density), twelve-minute BOLD

functional resting-state scan, and Susceptibility Weighted Image

(SWI) before beginning ultrasound treatment, after one week of

treatment, and after three weeks of treatment (if applicable). The

PETRA scans were used for localization and targeting and the SWI

images were assessed by board-certified neurologists to assess

micro-hemorrhaging. Other MRI acquisitions are not analyzed

here and will be reported in a separate paper.
Ultrasound session procedures, device
specifications, and targeting precision

After localization and placement of the ultrasound device, each

ultrasound session took ten minutes to complete. Participants were

instructed to sit quietly, keeping their eyes open. After the

ultrasound treatment was complete, the participant sat quietly for

another 20 minutes, with eyes open or closed and letting their

thoughts come and go.

tFUS was delivered using a custom Neuromodulation device

(32) consisting of 128 element ultrasound array (Openwater) with

the steerable ultrasound beam having the following parameters:

acoustic frequency = 400 kHz, pulse duration = 5 ms, pulse

repetition rate (PRR) = 10 Hz, a maximal spatial peak/temporal

average acoustic intensity = 670 mW/cm2, peak negative pressure

820 kPa. The ultrasound probe was secured by a custom-designed

headset created by Openwater. Localite Neuronavigation Software
Frontiers in Psychiatry 04224
(TMS Navigator 3.3 adapted for ultrasound device) and hardware

registered the position of the probe with respect to the patient’s

structural MRI, providing information to develop a novel

electronically-steered, stereotactic tFUS treatment plan to the

personalized target for each participant’s left anterior-medial

prefrontal cortex [amPFC; MNI Coordinates -5, 45, -3 (10, 33,

34)]. This target was selected because this region was defined by

resting-state connectivity, showing high between-node centrality as

a DMN hub and showing a large main effect of self-relevancy in

task-related paradigms (10).

The ultrasound array in the custom headset was affixed at the

general location of the amPFC target (MNI coordinates: -5, 45, -3)

with precise targeting achieved by electronic steering within limits

that meet safety parameters for ultrasound exposure (32) (Figure 1).

A multi-foci, radial pattern approach was used that distributed the

delivered energy in five sub-foci within 5mm from each other

(which is the width of the focus in the nominal place, as defined

by the -6dB pressure region). The K-Wave modeled peak energy

delivery relative to the target location was highly accurate, with the

-3dB centroid location of the focus falling within 1.0 +/- 1.1mm of

the data measured with a hydrophone in a water tank (.02 +/-.276

mm in the lateral-axial plane, and.87 +/- 1.2mm in the axial

direction). The actual pressure values estimated in K-wave and

measured in the water tank agreed within 3.6 +- 1.2% within the

-6dB contours. For a detailed description of translating MNI

coordinates of our target into participant native space, as well as

more information about the modeling approach, please see Bawiec

et al. (2024) (32).
Statistical analysis

For all statistical analyses, an alpha of 0.05 was employed and

significance tests were two-tailed. Analyses were conducted in R

studio (version: 2023.09.1 + 494) (35).

Seven Multi-level Models (MLM), which can account for

missing data and within-subject variability, were used to assess

change in the main outcomes of interest: depression symptoms

(BDI-II and HDRS), RNT (PTQ), and four subscales reflecting QOL

(WHOQOL-BREF physical well-being, psychological well-being,

social satisfaction, and environment satisfaction subscales).

In each model, “time” was specified as the independent variable,

modeling the average change in symptoms across timepoints. A

random intercept was specified to account for within-subject

variation in baseline symptoms.

Full information maximum likelihood estimation was applied

to each model to handle missing data from three subjects who did

not complete post 3 assessments. A Satterthwaite degrees of

freedom adjustment was applied to each model to account for the

small sample size.

Given that “time” was already scaled from 0 to 2 (baseline = 0;

week 1 = 1; week 3 = 2) centering was not required. This scaling

represents the progression of assessment timepoints. Bootstrap

confidence intervals (CIs), a non-parametric approach that

resamples the data to estimate the distribution of the model
frontiersin.org
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parameters, were used to assess the robustness of the results.

Bootstrapping is ideal for small sample sizes and data with

considerable variability.

Two linear regression models assessed the relationship between

change in depression symptoms and change in RNT. Model one

assessed the relationship between change in self-report depression

symptoms (BDI-II) and change in RNT (PTQ) and model two

assessed the relationship between change in clinical interview

depression ratings (HDRS) and change in RNT (PTQ). Change

scores for the BDI-II, HDRS, and PTQ were calculated as baseline

minus post, with greater change values indicating a greater decrease

in depression symptoms and RNT.
Results

Sample characteristics

From among 386 individuals initially contacted, 247 completed

the initial pre-screen web-based survey. Eighty-six potential

participants completed a phone screen to confirm responses on

the pre-screen survey related to eligibility, and 35 completed the

SCID for DSM-5 to confirm a diagnosis of current depression and

an absence of mania/psychosis. Twenty participants were enrolled

in the study (CONSORT diagram in Figure 2). Participant

demographics are presented in Table 1. This relatively young

(mean 30.4 years ± 10.0) and predominantly female (75%) sample

had moderate to severe depression (BDI-II = 38.9 ± 9.3, HDRS =

19.9 ± 6.3, PTQ = 144.4 ± 6.2). The sample was also highly

comorbid, and more than half had early onset depression (before
Frontiers in Psychiatry 05225
the age of 13). Fifty percent of participants were currently taking

medication related to their anxiety and/or depression during

the intervention.

Thirty percent of participants did not provide race and ethnicity

information. For the 70% of participants that did complete

demographic information, 45% of participants identified as

White, 10% Black, 5% Chinese, 5% Middle Eastern, and 5%

Indian. Seventy percent of participants identified as non-

Hispanic. Additionally, 45% of participants were employed part-

time and 15% employed part-time, 15% were students, and 25% of

participants were unemployed at the time of study enrollment.
Adverse events

Dropout rate, as one index of the acceptability of tFUS

treatment, was low: 10% (2/10) did not complete treatment,

discontinuing after week 1 of treatment due to lack of symptom

improvement. Dropout was not due to adverse events.

No serious adverse events were reported. Reported sensations

(itching, heat/burning, tingling, vibrating/pulsing, sound, tension,

and pain) are presented in Table 2; for aversive sensations, the

modal and median endorsement was 0 (no sensation). All means

were below 2.2 on the 10-point scale. For pain and tension

specifically, individual reports attributed the pain and tension to

the tightness of the headset, not the ultrasound itself. Additionally,

none of the participants endorsed suicidal ideation posing imminent

risk to self. One subject reported a transient increase, compared to

baseline, in suicidal ideation during the post 3 assessment due to a

“relationship breakup” unrelated to study procedures.
FIGURE 1

Ultrasound focusing to the amPFC. The matrix array transducer is positioned on the forehead and focuses sound through the skull and to the target.
The transducer position is measured with the Localite TMSNavigator Neuronavigation system (Localite GmbH, Bonn, Germany). A focal spot,
modeled based on the computed time delays using the ultrasound simulation package K-Wave, is overlain on the MRI image, representing the
pulse-averaged spatial distribution of applied acoustic intensity.
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SWI images acquired at baseline before tFUS sessions and again

after week 1 and week 3 were read by two board-certified

neuroradiologists. SWI images are sensitive to vascular micro-

hemorrhages. All 20 scans per timepoint were determined to be

normal with no findings on SWI, indicating that there were no

microhemorrhages resulting from tFUS delivery. Three
Frontiers in Psychiatry 06226
participants’ baseline SWI readings revealed nonspecific white

matter hyperintensities which may be seen with chronic

microangiopathic ischemic changes and decreased susceptibility

which may be related to microhemorrhages. With no change in

the pre and post treatment MRI scans of these presumed

microhemorrhages, they were deemed chronic.
FIGURE 2

CONSORT diagram. Diagram showing participant flow through the study procedures.
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Depression symptoms and RNT

For the BDI-II and HDRS, respectively, 60% and 45% of all 20

participants met response criteria. Thirty-five percent (7/20) met

remission criteria for both the BDI-II and HDRS. Significant

decreases in depression severity and RNT were observed (Figure 3).

Depression symptoms, characterized by the BDI-II and HDRS total

scores, significantly decreased by 10.9 (p < 0.001, CI = -13.55, -7.92)

and 4.2 (p < 0.001, CI = -5.85, -2.62), respectively, across time. RNT,

characterized by PTQ total scores, also significantly decreased by 8.4

(p <0.001, CI = -10.55, -6.03), across time.

There was a significant positive relationship between change in

depression and change in RNT (Figure 4), for both the BDI-II self-

report (R2 = 0.67, F = 36.84 (1, 18), p < 0.001, CI = 0.76, 1.57) and
TABLE 1 Participant demographics.

Demographics N = 20

Age, Mean (SD) 30.35 (10.04)

Gender (F/M/Other), No. % 75/20/5

Years of education, Mean (SD) 13.83 (1.93)

Race, No. %

White 45

Black 10

Chinese 5

Middle Eastern 5

Indian 5

Unknown 30

Ethnicity, No. %

Hispanic 0

Non-Hispanic 70

Unknown 30

Employment, No. %

Full-time 15

Student 15

Part-time 45

Unemployed 25

Baseline BDI-II, Mean (SD) 38.85 (9.34)

Baseline PTQ, Mean (SD) 44.35 (6.24)

Baseline HDRS, Mean (SD) 19.90 (6.34)

Depression onset (Early/Teen/
Adult), No. %

55/25/20

Comorbidities, No. %

Anxiety and Stress-
related Disorder

85

Trauma-related Disorder 15

Attention Deficit
Hyperactivity Disorder

35

Eating Disorder 5

Persistent
Depressive Disorder

55

History of Suicidal Ideation
(Passive/Active/None), No. %

30/60/10

Hospitalization History (Any),
No. %

35

History of Suicide Attempts (None/
One/Multiple), No. %

70/15/15

Current Treatment (Medication/
Psychotherapy/None), No. %

50/20/10

(Continued)
TABLE 1 Continued

Demographics N = 20

Comorbidities, No. %

Past Treatment (Medication/
Psychotherapy/None), No. %

75/60/10

Current Medication Type, No. %

SSRI (Luxov,
Prozac, Sertraline)

15

SARI (Trazadone) 5

NDRI (Wellbutrin) 10

Anti-convulsant
(Gabapentin,
Lamotrigine)

15

Beta-
Blockers (Propranolol)

5

CNS stimulant
(Adderall, Vyvanse)

10

Sedative (propofol) 5

Anti-
hypertensives
(Clonidine)

10
TABLE 2 Sensation intensities reported on the sensation questionnaire.

Sensation Mode Median Mean Std
Dev

Min Max

Pain 0 0 0.91 1.76 0 7

Itching 0 0 0.28 0.82 0 7

Heat/Burning 0 0 0.65 1.14 0 5

Tingling 0 1 0.87 1.62 0 8

Vibrating/
Pulsing

0 0 1.20 1.64 0 8

Sound 0 0 1.36 1.92 0 10

Tension 0 0 1.63 2.16 0 8
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HDRS interview ratings (R2 = 0.37, F =10.59 (1, 18), p = 0.004, CI =

0.17, 0.79).
Quality of life

Physical and psychological well-being significantly improved by

7.2 (p < 0.001, CI = 3.64, 10.63) and 11.2 (p < 0.001, CI = 7.79,

14.49) and environment satisfaction improved by 5.0 (p < 0.001, CI

= 2.24, 7.56), across time (Figure 5). No significant improvements in

social satisfaction were observed (p = 0.15, CI = -0.87, 6.61).
Discussion

Adverse events

Transcranial focused ultrasound treatment for depression using

a novel, electronically-steered, stereotactic approach was

successfully delivered without serious adverse events. Participants

only reported transient, mild to moderate discomfort (e.g., tension

and pain) which is similar to sensations experienced in many

neuromodulation treatments for depression, such as rTMS (36).

Unlike TMS or tDCS, where the source of the pain and discomfort

is largely due to the delivery of the magnetic stimulation itself (e.g.,
Frontiers in Psychiatry 08228
skin irritation, local pain) (23), several participants identified the

source of the pain and tension to be from the headset. Unlike other

neuromodulation techniques, such as TMS, where up to 22.6% of

participants experienced headaches from the active treatment (37),

there were no reports of headaches related to tFUS delivery.

On average, previous neuromodulation techniques experience a

4.5% dropout rate due to stimulation-related adverse events (38,

39). In the present study, zero percent of participants dropped out

due to tFUS-related adverse events and only 10% of participants

dropped out due to lack of positive effects of the treatment, which is

also significantly better than dropout rates in traditional clinical

depression trials, such as individual psychotherapy and

pharmaceuticals with up to one-third drop out prior to treatment

completion (40–42). Overall, these findings support the notion that

not only is tFUS comparably safe to novel interventions such as

TMS and tDCS, it may also have fewer side effects and lower

dropout compared to other neuromodulation techniques.
Decreases in depression symptoms
and RNT

There was a significant, observed decrease in depressed mood

and RNT in individuals with current major depression over the

course of treatment in just three weeks. For the BDI-II and HDRS,
FIGURE 3

Significant decreases in depression symptoms and repetitive negative thought over the course of non-invasive Transcranial Focused Ultrasound
Treatment, assessed by (A) Beck-Depression Inventory – II (BDI-II), (B) Hamilton Depression Rating Scale (HDRS), and (C) Perseverative Thinking
Questionnaire (PTQ). Error bars represent within-participant standard error.
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FIGURE 4

Relationship between change in depression symptoms and change in repetitive negative thought (RNT). (A) Change in Beck Depression Inventory –

II (BDI-II) and change in Perseverative Thinking Questionnaire (PTQ). (B) Change in Hamilton Depression Rating Scale (HDRS) and change in PTQ.
The scatter plot represents a linear regression containing the R-squared value to assess the strength of the relationship and the red line to visualize
the linear fit. Change scores for BDI-II, HDRS, and PTQ were computed as baseline minus post scores, meaning greater positive numbers reflect a
greater decrease in depression symptoms and RNT.
FIGURE 5

Improvements in Quality of Life. (A) Physical Well-being (B) Psychological Well-being (C) Social Satisfaction (D) Environment Satisfaction subscales of
the World Health Organization Quality of Life Scale (WHOQOL-BREF). Significant improvement is found for panels (A, B, D). Error bars represent
within-participant standard error.
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respectively, 60% and 45% of participants met response criteria.

These percentages are comparable to traditional treatments for

depression, such as antidepressants and psychotherapy (45 –

55%) in samples without substantial comorbidity; (43). The rates

in the current study were achieved despite substantial comorbidity,

a known poor prognostic sign (44).

A potential advantage of tFUS compared to traditional

interventions is the rapidity of response: the response rate of 45-

60% and remission rate of 35% occurred after just three weeks of

treatment, which exceeds what has been found in rTMS

interventions for depression with remission rates of as little as

18.6% and up to 30% after up to six weeks of treatment involving

more sessions (36, 45). The response from tFUS also occurred with

fewer sessions (11) than traditional cognitive behavioral therapy

(46) [~12 – 20 sessions, once or twice per week (47)]. Given the

open-label design without a control group, it is not possible to infer

that tFUS is the causal reason participants experienced decreases in

depression symptoms and RNT at this time. This study, however,

shows initial promise for the application of tFUS for treating MDD

with the potential to offer a more rapid response than

traditional treatments.
Improvements in quality of life

Physical and psychological functioning, as well as satisfaction

with one’s environment, significantly increased over the course of

treatment. This extends previous clinical intervention work where

quality of life is not commonly considered a main outcome in

treatments for depression (48, 49). Additionally, certain treatments

(e.g., antidepressants) fail to lead to greater improvements in quality

of life compared to controls (50), which prompts an important re-

evaluation of what “improvement” means when developing and

validating treatment protocols. It will be critical in future work to

assess sustained changes in quality of life resulting from tFUS for

depression, as well as treatments for depression generally.

The lack of improvement in social satisfaction after tFUS

suggests the potential for future tFUS studies to augment tFUS

with interventions that are known to improve social relationships

and support, such as interpersonal psychotherapy and cognitive

behavioral therapy (51), as a multimodal package that addresses the

full dimensionality of improving QOL. Despite the promise of tFUS

on quality of life in depressed individuals based on these findings,

future work with control arms is needed to ascertain the causal role

of tFUS in depression.
Impact of tFUS on the DMN

tFUS is a novel neuromodulation technique that holds promise

as a tool that can directly modulate brain function with precision

(22). Although the direct immediate impact of tFUS on functional

connectivity was not assessed in the present study, it is hypothesized

that the tFUS parameters used in this open-label case series (pulse
Frontiers in Psychiatry 10230
repetition rate = 10Hz, acoustic frequency = 400kHz) promoted an

inhibitory effect on brain connectivity. Low pulse repetition

frequency of tFUS coupled with lower acoustic frequency have

been shown to have an inhibitory effect on brain activity by

weakening neural firing patterns (52–55). Lord and colleagues

demonstrated that targeting the other major hub of the DMN, the

posterior cingulate cortex (PCC), using similar inhibitory tFUS

parameters (pulse repetition frequency = 10.526Hz, acoustic

frequency = 500kHz) in a healthy sample had an inhibitory effect

on DMN connectivity, where there was observed decrease in

connectivity between the amPFC and PCC (56). The precise

mechanism of how the delivery of ultrasound energy translates to

changes in neural activity, however, remains a matter of some

debate (21), and more research is needed to confirm its inhibitory

effects on neural function.
Role of RNT and the DMN in depression

There was a significant, positive relationship between the

change in depression symptoms and change in RNT, wherein

those with greater decreases in RNT experienced greater decreases

in depression symptoms. These findings support previous literature

identifying the relationship between RNT and depression (8, 9),

however, future work requiring larger sample sizes and a control

group should aim to apply more sophisticated models coupled with

longitudinal datasets to assess a predictive relationship between

RNT and depression.

Our results also provide preliminary support regarding the

DMN’s role in depression and RNT, as we were successfully able

to decrease symptoms while directly targeting a major hub of the

DMN. Although the casual relationship between DMN

connectivity, depression symptoms, and RNT was not assessed in

the present study, it is hypothesized that through directly inhibiting

DMN function, resulting in a decrease in functional connectivity

within the DMN, participants are experiencing decreases in RNT

and depression symptoms. It is critical that future research, namely

randomized clinical trials, aim to assess the causal relationship

between changes in DMN connectivity, RNT, and depression

symptoms, as well as the temporal relationship between change in

RNT and change in DMN connectivity throughout the course of

tFUS treatment. Further evidence will include resting-state

functional connectivity MRI analysis to assess whether changes in

DMN connectivity track changes in depression symptoms

and RNT.
Limitations and future directions

The present study provides important, preliminary evidence for

the potential use of tFUS as a novel, targeted intervention for

depression. A critical limitation is that this study was an open-label

unblinded trial with a relatively small sample size and, as such, the

present study was not able to assess the causal role of tFUS targeting
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the amPFC in depression treatment. To assess whether there is a

causal relationship between tFUS delivery and a decrease in

depression symptoms and RNT, a randomized controlled trial

with active and sham ultrasound is needed to control for

nonspecific factors and minimize the impact of a placebo effect.

Limitations related to the delivery of tFUS include choosing a

target (amPFC) that requires traversing a region with thicker skull

density compared to other potential DMN targets (e.g., PCC) and,

as a result, delivering less energy to the target due to dispersion of

the tFUS signal. However, we are confident that some energy was

delivered, and although we cannot infer causality without a control

group, we also observed decreases in depression symptoms in the

present study. It is, therefore, unclear whether targeting the amPFC

is the most potent approach for modulating DMN connectivity in

relation to decreasing depression symptoms, and future work

incorporating control arms is needed to dissect the differential

impact of targeting different hubs of the DMN (56). An empirical

question that also still remains is whether engaging in tasks or

activities acutely after ultrasound delivery amplify or attenuate

effects (57). Future work should aim to understand the optimal

protocol for neuromodulation delivery (TMS, TDCS, tFUS). Finally,

future work should employ cognitive measures that may relate to

symptom improvement and DMN targeting (58–60). Despite these

limitations, the present findings provide a strong foundation for the

implementation of tFUS as a treatment for depression with

pronounced and rapid observed anti-depressant effects over the

course of treatment, suggesting the promise of a randomized

clinical trial.
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