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Abstract

Background

Repetitive transcranial magnetic stimulation (rTMS) is an evidence-based treatment for
depression that is increasingly implemented in healthcare systems across the world. A new
form of rTMS called intermittent theta burst stimulation (iTBS) can be delivered in 3 min and
has demonstrated comparable effectiveness to the conventional 37.5 min 10Hz rTMS proto-
col in patients with depression.

Objectives

To compare the direct treatment costs per course and per remission for iTBS compared to
10Hz rTMS treatment in depression.

Methods

We conducted a cost analysis from a healthcare system perspective using patient-level
data from a large randomized non-inferiority trial (THREE-D). Depressed adults 18 to 65
received either 10Hz rTMS or iTBS treatment. Treatment costs were calculated using direct
healthcare costs associated with equipment, coils, physician assessments and technician
time over the course of treatment. Cost per remission was estimated using the proportion of
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patients achieving remission following treatment. Deterministic sensitivity analyses and
non-parametric bootstrapping was used to estimate uncertainty.

Results

From a healthcare system perspective, the average cost per patient was USD$1,108 (SD
166) for a course of iTBS and $1,844 (SD 304) for 10Hz rTMS, with an incremental net sav-
ings of $735 (95% CI 688 to 783). The average cost per remission was $3,695 (SD 552) for
iTBS and $6,146 (SD 1,015) for 10Hz rTMS, with an average incremental net savings of
$2,451 (95% Cl 2,293 t0 2,610).

Conclusions

The shorter session durations and treatment capacity increase associated with 3 min iTBS
translate into significant cost-savings per patient and per remission when compared to 10Hz
rTMS.

Introduction

Major depressive disorder (MDD) is a debilitating mental illness, accounting for 4.3% of the
global burden of disease.[1] Since 2017, MDD has been identified as the leading cause of dis-
ability worldwide.[2] Although a variety of treatments are available, including both pharmaco-
logical and non-pharmacological therapies, studies have demonstrated that many MDD
patients fail to achieve remission even on adequate dosages of antidepressant medication.[3-5]
In the landmark STAR*D trial of sequential pharmacotherapy in MDD, the prevalence of
treatment-resistant depression (TRD) was 30%, using a criterion of failure to achieve remis-
sion after two successive antidepressant treatment regimens.[6,7] The prevalence of TRD has
been estimated at ~2% for the population[8] and has been associated with a contribution of 30
to 50% of the total treatment cost for depression.[9,10]

Historically, electroconvulsive therapy (ECT) was the mainstay therapy for severe TRD,
and is still the most effective treatment for severe and resistant depression.[11] However, the
requirement for general anesthesia, and a monitored bed during seizure induction and recov-
ery impose significant logistical and cost constraints on system-wide ECT capacity; moreover,
perceived stigma, cognitive adverse effects, and episodic memory impairment limit patient
acceptability for ECT.[11] Consequently, fewer than one percent of TRD patients receive ECT
and the cost and logistical demands of ECT limit the scalability of this treatment as a viable
option to make meaningful reductions in the population prevalence of TRD overall.[12,13]
More scalable interventions for TRD are therefore needed.

Since the introduction of TMS by Barker and colleagues in 1985 and the subsequent initial
report in depression,[14,15] numerous large-scale multicentre trials and meta-analyses across
thousands of patients have confirmed the efficacy and safety of 'TMS in TRD.[16]. rTMS
applies powerful, focused magnetic field pulses, via an inductor coil positioned over the scalp,
to induce durable changes in the activity of target brain regions associated with MDD.[17]
r'TMS has since been widely adopted into clinical practice across the United States (US) as an
effective, less invasive, and less expensive brain-stimulation intervention for TRD.[18]

Current translational research in rTMS seeks to further improve the efficacy, cost, accessi-
bility, and time required to achieve remission from TRD. The original (2008) FDA-approved
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r'TMS protocol, still widely used, applied 3,000 pulses of 10Hz stimulation to the left dorsolat-
eral prefrontal cortex (DLPFC) over 37.5 min.[19,20] However, these long session durations
constrain both daily treatment capacity and per session costs, limiting the widespread adop-
tion of 10Hz rTMS.[12,21] Subsequently, a newer 3 min protocol called intermittent theta-
burst stimulation (iTBS) achieved comparable or superior physiological potency to longer con-
ventional protocols in preclinical studies,[22,23] and showed antidepressant efficacy in prelim-
inary sham-controlled clinical trials.[24,25] Recently, the THREE-D trial was published as the
first randomized non-inferiority trial directly comparing 37.5 min 10Hz rTMS to 3 min iTBS
for the left DLPFC in TRD.[21] iTBS proved non-inferior to 10Hz rTMS in reducing depres-
sion scores on both the Hamilton Rating Scale for Depression (HRSD-17) and the self-report
Quick Inventory of Depressive Symptoms (QIDS-SR).[21] Response and remission rates were
also non-inferior for iTBS, even though the iTBS protocol required less than a tenth of the
time to administer compared to conventional 10Hz rTMS.[21]

In August 2018, the US Food and Drug Administration (FDA) approved iTBS for treatment
of adults with TRD.[26] This decision was based on supporting clinical evidence from the
THREE-D trial, citing a similar side-effect, safety, and tolerability profile without compromis-
ing the effectiveness of treatment.[26] Given the evidence that iTBS is non-inferiority to 10Hz
rTMS, further analysis is now needed to provide estimates of the potential economic impact of
implementing iTBS in clinical practice. The aim of this study was to compare the direct treat-
ment costs per course and per remission for iTBS versus conventional 10Hz rTMS protocols
in patients with TRD.

Materials and methods

Study design

The study was approved by the Centre for Addiction and Mental Health Research Ethics
Board. Protocol 179-2012. Written informed consent was obtained. We performed a cost anal-
ysis to compare the per course and per remission costs following a course of either iTBS or
10Hz rTMS using patient-level data from the completed THREE-D trial.[21]

Participants

From September 3, 2013 to October 3, 2016, a total of 385 patients participated and were
included in the primary analysis of the THREE-D trial.[21] Participants included adults age
18-65 with a Mini-International Neuropsychiatric Interview-confirmed diagnosis of diagnosis
of MDD who did not respond to or could not tolerate adequate pharmacotherapy.[21] Patients
were recruited from referrals to neurostimulation centres at three Canadian university hospi-
tals. Patients were excluded if they declined to participate or met the exclusion criteria of the
trial, including a past history of substance abuse, psychotic disorders, central neurological ill-
ness (including epilepsy), or any rTMS contraindications.[21] Eligible patients were random-
ized to receive either 10Hz rTMS or iTBS of the left DLPFC. Written informed consent was
obtained from all study participants. All participants who were able to complete a minimum of
four weeks corresponding to a minimum adequate course of treatment were included in this
analysis. Further details on participant recruitment for the THREE-D trial can be found else-
where.[21]

Perspective and time horizon

A costing analysis was undertaken from the perspective of the healthcare system and included
costs associated with physician assessments, technician time, and treatment equipment. As
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Table 1. Cost and controlled treatment parameters.

10Hz rTMS iTBS
Parameter Unit Base Range Base Range Source
Case Case
Controlled Treatment Characteristics
Length of Session Minutes per session 45 (30-60) 15 (10-30) Expert opinion
Equipment capacity Treatment sessions per day 7 (6-8) 20 (15-30) Expert opinion
Remission rate (%) Rate of remission per course of 30 (20-40) 30 (20-40) From THREE-D trial [21]
treatment
Core equipment amortization | Annual period 5 (3-10) 5 (3-10) Expert opinion
period
Coil amortization period Annual period 1 (1-5) 5 (1-5) Expert opinion
Cost Parameters ($)
Core Equipment* Core equipment package cost 50,000 (37,500- 73,000 (54,750- Manufacturer suggested
62,500) 91,250)
Maintenance Annual maintenance cost 2,500 (1,875-7,500) 2,500 (1,875-3,125) | Expert opinion
Coil* Cost of coil 19,000 (14,250- 19,000 (14,250~ Manufacturer Suggested
23,750) 23,750)
Technician Services Wage (Cost per hour) 30 (20-50) 30 (20-40) Expert opinion
Initial Physician Assessment Cost per assessment 160 (100-500) 160 (100-500) | Medicare and Medicaid Schedule HCPS
90792 [27]

Ongoing physician Cost per assessment 120 (100-300) 120 (100-300) | Medicare and Medicaid Schedule HCPS
assessments® 90838 [27]

Note: Costs are in 2018 United States dollars (USD)

TRemission rate was defined as patients achieving HRSD-17 scores <8 indicating a lessening of depressive symptoms following treatment. The baseline remission rate of
30% was derived from the average proportion of patients achieving remission following either 10Hz rTMS or iTBS treatment.

*Range was obtained from + 25% of the reference value

$ Assessments were assumed to be once per week of treatment and range was obtained through expert opinion

HCPS indicates healthcare common procedure coding system; HRSD, Hamilton Rating Scale for Depression; iTBS, intermittent theta burst stimulation; rTMS,

repetitive transcranial magnetic stimulation.

https://doi.org/10.1371/journal.pone.0222546.t001

participants in both study groups completed four to six weeks of once-daily weekday treatment
sessions,[21] The time horizon of the study was the duration of the complete course of treat-
ment per patient following initial assessment.

Variables

Costing was performed at the patient-level. Data obtained from the THREE-D trial included
the number of treatment sessions per patient.[21] Costs were obtained from published litera-
ture, expert opinion, and equipment manufacturers. Unit prices for each cost item are summa-
rized below and in Table 1. All costs are reported in 2018 United States dollars (USD). Data on
adverse events were not included in the cost analysis as the THREE-D trial showed that self-
reported adverse events and serious adverse events occurred at low rates that did not signifi-
cantly differ between study groups.[21]

Equipment capacity

Assuming a typical eight-hour workday with a one-hour lunch break, and a session duration
of 45 minutes for conventional 10Hz rTMS (including setup time plus 37.5 min treatment
time) and 15 minutes for iTBS (including setup time plus 3 min treatment time), measures of
equipment capacity were estimated to be an average of 20 sessions per day for iTBS and seven
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per day for 10Hz rTMS. These daily treatment capacity estimates were then used in conjunc-
tion with staff, overhead, and equipment costs to estimate per session costs for iTBS and 10Hz
rTMS.

Equipment and coil costs

Costs associated with the rTMS device and associated electromagnetic coil were obtained
directly from device manufacturers. Core equipment costs included costs associated with the
stimulator, cart, arm, isolation transformer, and basic cooling system (if necessary). Base iTBS
system costs included a high-performance cooling system necessary to perform multiple
repeated iTBS sessions consecutively without the need to change coils due to overheating. For
the baseline analysis, a five-year amortization period was assumed for core equipment based
on standard medical equipment maintenance and replacement guidelines.[28] To derive the
cost of core equipment per course of treatment, an annual equipment cost was first estimated
from the base equipment cost and amortization period. Equipment capacity estimates and the
assumption of 261 weekdays per year was then used to calculate a per session cost. The session
cost was then multiplied by each patient’s number of treatment sessions to derive a measure of
equipment cost per course of treatment for each patient.

Coil costs were obtained directly from device manufacturers. Amortization periods were
assumed to differ between 10Hz rTMS and iTBS based on expert opinion and published litera-
ture indicating that the usage of iTBS requires fewer pulses and shorter durations of stimula-
tion (600 pulses and 3 min per session) when compared to 10Hz rTMS (3000 pulses and 37.5
min per session).[29] Coil cost parameters were applied to the THREE-D trial data to estimate
a coil cost per course of treatment for each patient. The coil amortization period was varied
from one to five years to assess its impact on the robustness of results. In addition, an annual
estimate of miscellaneous equipment maintenance costs was obtained from expert opinion to
account for upkeep of the coil and core equipment. A maintenance cost per course of treat-
ment for each patient was derived using equipment capacity and each patient’s number of
treatment sessions.

Physician assessments

Physician assessment costs (Table 1) were obtained from Medicare reimbursement rates for
diagnostic psychiatric evaluations and individual psychiatric care evaluations. Each patient
was assumed to receive an initial psychiatric evaluation corresponding to the Healthcare Com-
mon Procedure Coding System (HCPCS) code 90792 and subsequent weekly assessments over
the course of treatment corresponding to the HCPCS code 90838.[27] Ranges for physician
fees were obtained from expert opinion based on the likely length of session and type of insur-
ance coverage. As both treatments required once-daily weekday sessions, the number of subse-
quent weekly assessments was calculated by dividing each patients total amount of treatment
sessions by five.

Technician wage and length of treatment session

Technician salary estimates (Table 1) were obtained from expert opinion. Technician hourly
wage and the average duration of a treatment session (including setup time) were used to esti-
mate an average measure for the cost of technician time per session. This value was then
extrapolated over the number of treatment sessions for each patient to derive a cost of techni-
cian time per course of treatment.
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Cost per remission

In the THREE-D trial, iTBS showed non-inferiority to 10Hz rTMS, with the proportion of
patients achieving the remission (HRSD-17 score <8) reported at 32% for iTBS (N = 61) and
27% for 10Hz r'TMS (N = 51) (non-inferiority margin = 10%, p = 0.0005).[21] Given the find-
ing of non-inferiority for iTBS compared to 10Hz rTMS in the THREE-D trial, for this study,
an overall remission rate of 30% was assumed based on the average proportion of patients
achieving remission following either treatment. Cost per remission was then calculated by
dividing the cost per course of treatment by the remission rate. As other published studies
have reported different remission rates, a range of rates was also obtained from published liter-
ature on 10Hz rTMS in TRD,[30,31] and additional cost per remission calculations were per-
formed across this range as a sensitivity analysis.

Analytical approach

Baseline patient characteristics were compared between the iTBS and 10Hz rTMS groups
using Pearson’s chi-squared tests and Fisher’s exact tests for categorical variables and paired t-
tests for continuous parameters.

Cost outcomes in both treatment groups were reported as mean, standard deviation (SD),
median, and interquartile range (IQR). Incremental cost differences, corresponding 95% con-
fidence intervals (CI), and P-values were calculated using a generalized linear model (GLM)
with a log link and gamma family with treatment type as the independent variable.[32] Esti-
mates were obtained using non-parametric bootstrapping with 1,000 replications. The gamma
family specification was tested and chosen based on a Modified Parks test. P-values less than
0.05 were considered to indicate statistical significance. All analyses were performed in Stata
Statistical Software 13 (Statacorp, US) and Microsoft Excel 2016 (Microsoft, US).

Deterministic sensitivity analyses were also performed to assess the impact of parameter
uncertainty on the robustness of study results. Each parameter was varied over a clinically
plausible range to consider ranges of estimates for sensitivity analyses. Coil and core equip-
ment costs were varied using + 25% of the reference value. For each one-way sensitivity analy-
sis, the incremental cost per course of treatment and the incremental cost per remission were
calculated between treatment groups. Results of deterministic sensitivity analyses were pre-
sented using tornado diagrams for both the incremental cost per course of treatment and the
incremental cost per remission.

Results
Demographics

Table 2 provides baseline characteristics of all THREE-D participants considered in this study.
Of the 385 participants, 192 patients (49.8%) received 10Hz rTMS and 193 (50.1%) received
iTBS (Table 2). Between groups, the number of patients with a history of receiving ECT from a
prior episode of depression and the proportion of patients requiring rescheduled treatment
sessions were significantly different. In the iTBS group, the average number of treatment ses-
sions per patient was 26.7 (SD 4.7) sessions, versus 26.4 (SD 4.8) sessions in the 10Hz rTMS
group (p = 0.5427).

Cost per course of treatment and cost per remission

Estimated costs per course of 10Hz rTMS and iTBS are summarized in Table 3. Overall, the
estimated cost per course was $1,844 (SD 304) for 10Hz rTMS, and $1,108 (SD 166) for iTBS.
Between groups, cost of technician time represented the largest difference in treatment costs,
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Table 2. Baseline characteristics.

Parameter

Demographics

Age, Mean (SD)

Years educated, Mean (SD)
Episode length, Mean (SD)
Men, N (%)

Currently employed, N (%)
Previous ECT, N (%)

Receiving psychotherapy, N (%)
Any anxiety diagnosis, N (%)

10Hz rTMS (n = 192)

434 (12.1)
16.1 (3.2)
23.8(28.7)
81 (42.2%)
67 (34.9%)
4(2.1%)
73 (38.0%)
113 (58.9%)

Neurostimulation Treatment Characteristics from RCT, Mean (SD)

Treatment sessions
Missed treatment sessions
Interrupted treatment sessions

Rescheduled treatment sessions

26.4 (4.8)
0.094 (0.5)
0.12 (0.4)
3.04 (3.8)

Receiving Pharmacotherapy During Treatment, N (%)

Antidepressant
Antidepressant combination
Antidepressant augmentation
Antidepressant lithium
Benzodiazepine
Anticonvulsant

Treatment History, N (%)
One failed treatment

Two failed treatment

Three failed treatment

Unable to tolerate two trials

157 (81.2%)
44 (22.9%)
40 (20.8%)
7 (3.7%)
65 (33.9%)
10 (5.21%)

86 (44.8%)
56 (29.2%)
37 (19.3%)
13 (6.8%)

iTBS (n =193)

41.8 (10.7)
165 (3.1)
21.8 (24.6)
74 (39.4%)
76 (39.38%)
15 (7.8%)
80 (41.5%)
100 (51.8%)

26.7 (4.7)
0.13 (0.8)
0.063 (0.3)
2.24 (3.7)

145 (75.1%)
38 (19.7%)
34 (17.6%)
6 (3.1%)
64 (33.2%)
5 (2.6%)
87 (45.1%)
52 (26.9%)
39 (20.2%)
15 (7.8%)

P Value

0.1645

0.2292

0.4910
0.442
0.363
0.010
0.492
0.165

0.5427
0.5920
0.0744
0.0355

0.113
0.439
0.423
0.771
0.885
0.185

0.955
0.627
0.817
0.705

ECT indicates electroconvulsive therapy; iTBS, intermittent theta burst stimulation; N, number of participants; rTMS, repetitive transcranial magnetic stimulation; SD,

standard deviation.

https://doi.org/10.1371/journal.pone.0222546.t1002

accounting for a net savings of $394 (95% CI 378 to 410) per course for iTBS. Cost of techni-
cian time accounted for 32% of the cost of treatment in the 10Hz rTMS group, compared to
18% in the iTBS group. Cost of core equipment accounted for a net savings of $70 (95% CI 66
to 74) per patient favouring iTBS, while costs attributed to the coil accounted for a net savings
of $255 (95% CI 248 to 262) per patient favouring iTBS. The costs associated with physician
assessments were $794 (SD 115) for 10Hz rTMS, versus $801 (SD 112) for iTBS. In terms of
the overall proportion of the treatment cost, physician assessments accounted for 72% of the
course cost for iTBS, compared to 43% for 10Hz rTMS.
The incremental costs per course and incremental costs per remission are summarized in
Table 3. iTBS yielded a net savings of $735 (95% CI 688 to 783) per course delivered, compared
to 10Hz rTMS. Assuming a similar remission rate of 30% in each group, iTBS yielded a net
savings of $2.451 (95% CI 2,293 to 2,610) per remission achieved, compared to 10Hz rTMS.

Sensitivity analysis

One-way sensitivity analyses conducted on all variables in the study are presented in Figs 1
and 2. None of the tested scenarios resulted in iTBS being more expensive per course or per

remission then 10Hz rTMS. 10Hz rTMS session length was associated with the largest
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Table 3. Per patient results for cumulative costs and incremental costs associated with iTBS and 10Hz rTMS.

10Hz rTMS iTBS
Parameter Mean (SD) Median (IQR) Mean (SD) Median (IQR) Incremental Cost (iTBS- 10Hz) (95% CI)* P Value*
Cost of technician time 594 (107) 675 (450-675) 200 (35) 225 (150-225) -394 (-410 —-378) P<0.001
Cost of core equipment 145 (26) 164 (109-164) 75 (13) 84 (56-84) -70 (-74 --66) P<0.001
Cost of coil 275 (50) 312 (208-312) 19 (3) 22 (15-22) -255 (-262 —-248) P<0.001
Cost of maintenance 36 (7) 41 (27-41) 13 (2) 14 (10-14) -23(-24 --22) P<0.001
Cost of physician assessments 794 (115) 880 801 (112) 880 7 (-14-29) 0.510
(640-880) (640-880)
Total cost of course of treatment 1,844 (304) 2,072 1,108 (166) 1,225 -735 (-783 —-688) P<0.001
(1,435-2,072) (870-1,225)
Total cost of remission” 6,146 (1,015) 6,907 3,695 (552) 4,084 -2,451 P<0.001
(4,783-6,907) (2,900-4,084) (-2,610 --2,293)

Note: Costs are in 2018 United States dollars (USD

) and rounded to the nearest dollar.

“Estimated using a generalized linear model while employing non-parametric bootstrap analysis (1,000 replications)

"Remission was defined as patients achieving HRSD-17 scores <8 indicating a lessening of depressive symptoms following treatment

CI indicates confidence interval; HRSD indicates Hamilton Rating Scale for Depression; iTBS, intermittent theta burst stimulation; IQR, interquartile range; rTMS,

repetitive transcranial magnetic stimulation; SD, standard deviation.

https://doi.org/10.1371/journal.pone.0222546.t003

variation in cost of treatment. When 10Hz rTMS length of session was varied, incremental
cost ranged from a savings of $537 to $933 per course favouring iTBS over 10Hz rTMS. Vary-
ing the remission rate yielded the largest changes in estimates of cost per remission (Fig 2).
When remission rate was varied over a range of 20% to 40%, the incremental cost per remis-
sion ranged from a savings of $1,839 to $3,677 per remission, favouring iTBS over 10Hz
rTMS.

To ensure robustness of study results, patients’ prior history of ECT and number of
rescheduled treatment sessions were also added as nuisance covariates into the regression
model, as they were identified as being significantly different between treatment groups
(p < 0.05). The inclusion of both variables had a minimal, not statistically significant effect on
the incremental costs per course of treatment and per remission, and conclusions remained
the same (S1 Table).

Length of session, TMS k ‘ " .
Technician wage 7 |
Length of session, iTBS ! .
Coil amortization, TMS
Equipment capacity, TMS | ‘
Coil cost E—
Core equipment amortization period —
Coil amortization, iTBS I
Core equipment cost, rTMS —
Equipment capacity, iTBS —
Maintenance cost n
Core equipment cost, iTBS -
Ongoing physician assessment cost
Initial Physician Assessment Cost
-1,100 -1,000 -900 -800 -700 -600 -500

Incremental Cost of Treatment (iTBS - 10Hz rTMS) ($)

High Variation —mLow Variation

Fig 1. One-way sensitivity analyses on incremental cost of treatment per patient. High variation result reflects the
result when the high end of the range for the specified parameter was used. Low variation reflects the result when the
low end of the range for the specified parameter was used. iTBS indicates intermittent theta burst stimulation; rTMS,
repetitive transcranial magnetic stimulation.

https://doi.org/10.1371/journal.pone.0222546.9001
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Fig 2. One-way sensitivity analyses results on incremental cost of remission. High variation result reflects the result

when the high end of the range for the specified parameter was used. Low variation reflects the result when the low end
of the range for the specified parameter was used. iTBS indicates intermittent theta burst stimulation; rTMS, repetitive

transcranial magnetic stimulation.

https://doi.org/10.1371/journal.pone.0222546.9002

Discussion

In the THREE-D trial, 3 min iTBS showed non-inferior outcomes to conventional 37.5 min
10Hz rTMS in reducing symptom severity for MDD patients.[21] In this follow-up cost-analy-
sis based on the THREE-D trial outcome data, iTBS was found to be the less costly strategy
from the healthcare system perspective, yielding an estimated savings of $735 (95% CI 688 to
783) per course of treatment delivered and of $2,451 (95% CI 2,293 to 2,610) per remission
achieved. The lower cost of iTBS per course and per remission was largely attributable to the
shorter technician time needed per session, the estimated increases in daily treatment capacity
per device, and the lower amortized equipment costs per patient.

Currently in the US, rTMS is covered by federal and commercial healthcare insurers for the
treatment of patients with MDD who have not achieved remission with conventional pharma-
cotherapy.[18,30] With the recent US FDA approval of iTBS, clinics can offer the benefits of
r'TMS treatment, with the added advantage of shorter treatment sessions.[26] Outside the US,
the United Kingdom’s National Institute for Health and Care Excellence (NICE) has recom-
mended rTMS for treatment of medication-resistant depression.[33] In Canada, although
r'TMS carries Health Canada approval for treatment of MDD, treatment is currently funded
under the provincial health insurance plans only in Quebec and Saskatchewan.[17] Despite
these differences in coverage, all of these organizations still emphasize the need for research to
further optimize and inform decisions regarding the efficacy and cost-efficacy of rTMS com-
pared to other available treatment strategies in MDD. While this study specifically assesses the
direct treatment cost of iTBS, the results of this study provide quantitative evidence that iTBS
may be a potentially affordable rTMS protocol for reimbursement.

Where previous studies have suggested that rTMS has the potential to be cost-effective
when compared to ECT for TRD,[34] to our knowledge, this is the first study measuring the
differences in treatment costs between two different protocols of rTMS treatment. In the US,
published recommendations have suggested a cost ranging from $6,000 to $12,000 for an acute
course of 20 to 30 rTMS sessions (i.e. $200 to $400 per session),[17,18] and current reimburse-
ment for rTMS typically falls in the range of $120 to $250 per session among public and private
coverage plans. Similarly, current costs in Canada fall in the range of $60 to $200 per session
where publicly or privately funded rTMS is available. In Europe, the cost of rTMS in private
clinics or large urban centres can fall in the range of $60 to $300 or higher per session. In all
cases, the resultant per course costs present a significant economic obstacle to rTMS achieving
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meaningful reductions in the overall prevalence of MDD (~4.3% of the general population [1])
at a cost that is viable for the healthcare system as a whole. This study demonstrates that iTBS
can achieve a several-fold reduction in cost per course delivered and a still larger reduction in
the cost per remission achieved, without compromising therapeutic effectiveness. Such
improvements may render use of rTMS more viable as a practical and less costly intervention
for achieving meaningful, system-wide reductions in the prevalence and burden of disease
associated with MDD.

Strength of the present analysis rests on its usage of outcome data from the THREE-D trial,
the largest effectiveness trial of rTMS completed to date. The THREE-D trial was designed to
be generalizable with inclusion and exclusion criteria that roughly corresponding with real-
world clinical practice, as delineated in recent consensus rTMS recommendations.[18,21]
Additional strengths include the testing of a range of assumptions in costs and remission rates,
which bolster the robustness of the finding that iTBS offers several-fold improvements in cost
per course and cost per remission across a range of possible real-world scenarios for equip-
ment, personnel costs, and treatment outcomes.

At the same time, certain limitations warrant mention. As this study specifically considers
the differences in the direct medical costs associated with delivering iTBS or 10Hz rTMS treat-
ment, it does not consider indirect contributors to costs of running an rTMS clinic such as
rent, utilities, facility fees, insurance, and electronic health record maintenance, all of which
can vary greatly based on location. In addition, because this study only considered the direct
costs associated with treatment, as over 30% of patients in both treatment groups in the
THREE-D trial were currently employed, cost differences may have been underestimated by
not considering the impact of shorter treatment sessions on patients’ absences from work and
productivity losses.

There also are a range of possible estimates for parameters associated with equipment lifespan
and equipment capacity that may have a large impact on the generalizability of this study’s results.
To alleviate these concerns, expert opinions were sought to obtain conservative estimates of
equipment capacity, lifespan, session duration and remission rate to avoid biasing cost measures
associated with each intervention. Results from this study are relatively context specific, for exam-
ple, by assuming a constant measure of equipment capacity, this study suggests that both treat-
ments would see consistent core equipment usage over their lifespan. In practice, as responders
may require repeated courses of treatment and there is already evidence of limited clinical capac-
ity and increased wait times for conventional rTMS sessions,[12] this estimate may be conserva-
tive. It is also likely that the demand for rTMS may be higher or grow to support the expanding
volume of patients with TRD. In addition, this study did not consider the cost of follow-up main-
tenance treatments that may be required to sustain remission, since at present, there is no consen-
sus on what maintenance regimen (if any) should be applied among treatment responders.[35]

It is important to note that given the shorter duration of iTBS sessions, this study did not
assess the impact of repeating treatment sessions per day, which has been recently explored as
a strategy for potentially accelerating courses of treatment from weeks to days.[36] Clinical evi-
dence has not yet determined if any difference in the efficacy of treatment would also be
impacted.[36] The question of cost-savings associated with short courses with multiple daily
sessions thus awaits future studying using robust outcome data from large trials, once these
become available.

Conclusions

In summary, this study demonstrates the potential cost of iTBS treatment for patients with
TRD when compared to 10Hz rTMS. Where other published studies have suggested the notion
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of shorter rTMS protocols potentially increasing treatment capacity and therefore permitting
lower treatment costs and wider affordability, this study evaluates the potential cost-savings
between equally effective rTMS treatment protocols.[37] Although iTBS equipment is more
expensive when compared to 10Hz rTMS, the impact of a shorter session duration on techni-
cian time and treatment capacity has the potential to result in cost-savings per patient and per
remission. These cost savings are several-fold in magnitude and may be sufficient to position
r'TMS as a more economically viable intervention for achieving meaningful reductions in the
system-wide prevalence and burden of disease for MDD in the general population, in future
years.

Supporting information

S1 Table. Incremental per patient costs and non-parametric interval estimates. Note: Costs
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rescheduled treatment sessions as the independent variables. Non-parametric bootstrapping
was conducted using 1,000 replications to generate uncertainty intervals. Abbreviations: iTBS,
intermittent theta burst stimulation; rTMS, repetitive transcranial magnetic stimulation; SD,
standard deviation.
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