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Dear Editor,

The advent of accelerated repetitive transcranial magnetic stimula-
tion (a-rTMS)—defined as the administration of multiple daily ses-
sions—has significantly advanced neuromodulation for treatment-
resistant depression (TRD [1]). By shortening the treatment period,
a-rTMS can reduce the time commitment and lead to quicker symptom
improvement [2]. With multiple daily sessions, accelerated protocols
vary in the temporal distribution of rTMS sessions, and certain config-
urations may prove more effective in restoring neurophysiological bal-
ance, potentially leading to improved outcomes in depressive disorders
[3]. While the dose-response relationship has been relatively
well-characterized [4], the influence of stimulation timing (i.e., ses-
sions’ temporal distribution) on clinical outcomes remains unclear.
Protocol and patient heterogeneity in clinical a-rTMS may hinder
identification of parameter-response relationships [2], underscoring the
role of preclinical studies in helping to clarify determinants of efficacy.
We hypothesize that concentrating the dose (by increasing the number
of sessions per day and decreasing the intervals between sessions) may
enhance efficacy up to a threshold, beyond which administering addi-
tional sessions may not yield further benefit or even reduce therapeutic
benefit.

To test this hypothesis, we explored in an animal model the efficacy
of three differently concentrated 10Hz rTMS protocols delivering the
same dose (8 sessions; 1,600 pulses/session), but differing in how
densely sessions were scheduled (in terms of number of sessions per day
and intersession intervals): (i) a standard protocol (St-rTMS), matching
human standard protocols (1 session/day, 8 consecutive days, overnight
gaps [5]); (ii) an accelerated protocol (a-rTMS), replicating human
accelerated protocols (4 sessions/day, 2 consecutive days, 55-min
within-day intersession interval, single overnight gap [6]); (iii) a
super-accelerated protocol (sA-rTMS) to assess potential limits in dose
temporal distribution (8 sessions in 1 day, 15-min within-day interses-
sion interval, no overnight gap). Each 13-min session comprised 40
trains (40 pulses/4s per train) separated by 16-s inter-train intervals.
1rTMS was delivered using a MagPro-R30 with a rodent-optimized coil
for improved focality, targeting the prefrontal cortex bilaterally. The
experimental timeline, with a schematic representation of the stimula-
tion sessions, is presented in Fig. 1a.

Experiments were performed in a validated animal model (Wistar-
Kyoto rats exposed to chronic stress), known to exhibit resistance to
antidepressants but to respond to deep brain stimulation [7] and keta-
mine administration [8], thus mirroring key features of TRD clinical
picture. Each protocol included a sham group exposed to the same
procedure and acoustic effects. Animals were allocated to three inde-
pendent cohorts, each receiving a single rTMS protocol (St-rTMS n = 34,
a-rTMS n = 30, sA-rTMS n = 24); within each cohort, treatment
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(active/sham) was the sole between-subject factor.

Behavioral tests investigating anxiety and conflict-based motivation
(novelty-suppressed feeding test, NSFT), amotivation/apathy (splash
test), behavioral despair/helplessness (forced-swim test, FST), anxiety
and general locomotor activity (open-field test, OFT) were conducted
shortly after the end of the stimulation period. Study design, test pro-
cedures and statistical analyses are fully detailed in the supplementary
material.

In the splash test, all protocols elicited an anti-apathetic and pro-
motivational effect as measured by increased self-grooming behavior
compared to the respective sham group (St-rTMS: y? = 4.51, p = 0.03,
Fig. 1c; a-r'TMS: Fy 58 = 3.86, p = 0.05; Fig. 1f; sA-rTMS: F 20 = 4.93, p
= 0.04 Fig. 1i). In the FST, however, we observed a decrease in
helplessness-like behavior only following a-rTMS (Fj 28 = 4.60, p =
0.04, Fig. 1g), but not St-rTMS (F; 32 = 0.02, p = 0.88, Fig. 1d) or sA-
rTMS (Fq,22 = 0.46, p = 0.50, Fig. 1j) as measured by the latency to
start floating.

In the NSFT, St-rTMS and a-rTMS, not sA-rTMS, elicited an
anxiolytic-like and pro-motivational effect as measured by the shorter
latency to approach the food in the arena center (St-rTMS: Fy 32 = 5.12,
p = 0.03, Fig. 1b; a-rTMS: Fq 28 = 5.13, p = 0.03, Fig. 1e; sA-rTMS: Fq 2o
= 0.25, p = 0.62, Fig. 1h). No effect was observed in the home-cage,
confirming changes were not hunger-driven (see supplementary
material).

Importantly, an increase in anxiety-like behavior was observed
following sA-rTMS in the OFT, as measured by the decreased amount of
time spent in the center (F; 22 = 4.42, p = 0.05, eFig. 2e), while no
changes were observed following St-rTMS (Fy32 = 1.14, p = 0.29,
eFig. 2a) or a-rTMS (Fy,28 = 0.08, p = 0.78, eFig. 2c). None of the rTMS
protocols affected locomotor activity in the OFT (respectively, Fy 32 =
0.05, p = 0.82, eFig. 2b; F1 53 = 0.01, p = 0.92, eFig. 2d; F1 22 = 2.41, p
= 0.13; eFig. 2f).

To provide a comparative index of treatment efficacy, we calculated
Cohen’s d for the main parameter of each behavioral test in each stim-
ulation group (see supplementary material). These values are shown as
individual grey dots in Fig. 1k. For each group, the three effect sizes
were then averaged to yield a single composite value (blue dots). To aid
visualization, we fit a quadratic curve to group means (red line),
showing an inverted-U trend; this is descriptive, not a formal model
(Fig. 1K).

Our findings revealed that even though the three protocols delivered
an equal total number of pulses, a-rTMS produced the most robust an-
tidepressant- and anxiolytic-like effect, while the sA-rTMS failed to
confer noticeable benefits, producing instead an anxiogenic-like
phenotype. Nonetheless, all protocols reduced the apathy-like state
that characterizes the model, possibly indicating that the neural circuits
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Fig. 1. a) Timeline of experimental procedures (created with BioRender.com); b) Latency to approach the food in the NSFT, ¢) occurrence of self-grooming in the
splash test, and d) floating latency in the FST following St-rTMS (sham n = 13, active n = 21); e) Latency to approach the food in the NSFT, f) self-grooming duration
in the splash test, and g) floating latency in the FST following a-rTMS (sham n = 12, active n = 18); h) Latency to approach the food in the NSFT, i) self-grooming
duration in the splash test, and j) floating latency in the FST following sA-rTMS (sham n = 12, active n = 12); k) Individual effect sizes (Cohen’s d) for each
behavioral test across the three stimulation groups are shown in grey; group means are indicated in blue. The red line reflects a second-order polynomial fit to the
group means, intended to illustrate a potential non-linear (inverted U-shaped) relationship between intersession interval and rTMS efficacy. This curve is included for
visualization purposes only and does not represent a formal statistical model. Abbreviations. rTMS: repeated transcranial magnetic stimulation; St-rTMS: standard
rTMS; a-rTMS: accelerated rTMS; sA-rTMS = super-accelerated rTMS; ISI: intersession interval; CMS: chronic mild stress; NSFT: novelty-suppressed feeding test; OFT

= open-field test; FST = forced-swim test. *p < 0.05.

underlying motivational drive are less sensitive to the temporal distri-
bution of stimulation than those mediating affective or anxiety-related
responses. General locomotor activity remained unaffected, confirm-
ing that behavioral effects were not secondary to motor changes.

Our results highlight the critical role of session density in deter-
mining the behavioral efficacy of rTMS. While delivering the same total
dose, only a-rTMS, and to a lesser extent St-rTMS—characterized by a
more distributed temporal structure—elicited beneficial effects across
key domains relevant to TRD. In contrast, the excessively condensed sA-
rTMS appeared ineffective or even detrimental, suggesting that overly
rapid stimulation delivery may disrupt rather than support adaptive
neuroplastic changes.

This discrepancy might reflect distinct neurobiological consequences
driven by the temporal dynamics of stimulation. Standard and acceler-
ated protocols may allow sufficient time between sessions to engage
synaptic consolidation, homeostatic plasticity, and network-level reor-
ganization—crucial mechanisms for behavioral changes [9]. In contrast,
excessively compressed protocols may not, potentially leading to satu-
ration or maladaptive plasticity. Rapid-fire stimulation might also
disrupt local excitation-inhibition balance or desynchronize large-scale
networks, especially within cortico-limbic circuits implicated in mood
regulation. Moreover, excessive metabolic or neurochemical demands

imposed by super-accelerated delivery could activate stress-related
pathways or impair glial support functions, counteracting therapeutic
effects. These results align with evidence that ~40-50min
inter-stimulation intervals optimize LTP induction, whereas shorter in-
tervals do not [10]. Consistently, our recent meta-regression of accel-
erated rTMS trials in depression showed a significant dose-response
relationship in clinical outcomes and indicated that longer inter-session
intervals (>50min) were associated with greater treatment effectiveness
[11].

In addition, rTMS protocols, by delivering temporally patterned
perturbations, may interact with ongoing intrinsic dynamics in complex
ways, influencing network stability and plasticity. The observed inver-
ted U-shaped relationship between stimulation timing and efficacy
might reflect optimal alignment with the brain’s intrinsic variability,
where certain intersession intervals effectively harness stochastic reso-
nance to promote adaptive neuroplastic changes, whereas overly rapid
or excessively spaced stimulation disrupts this balance. Using a rodent-
optimized coil improved focality, yet spatial selectivity is still below that
of modern human figure-8 coils; this concerns anatomical precision
rather than the temporal dosing structure and does not alter the inferred
inverted-U.

In conclusion, the present findings demonstrate that stimulation
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timing critically contribute to determine rTMS efficacy and suggest an
inverted U-shaped relationship between dose distribution and thera-
peutic outcomes. a-rTMS with optimally spaced intersession intervals
appeared more effective, whereas both overly condensed and exces-
sively prolonged intervals were associated with reduced therapeutic
benefit. This interpretation aligns with prior proposals that multiple
rTMS parameters follow an inverted-U function, with peak efficacy at
intermediate values [12]. Future studies will be needed to investigate
the underlying neurobiology across cellular, circuit, and systems levels.
These findings could contribute to the optimization of rTMS protocols,
ultimately increasing their efficacy in the treatment of clinical
depression.
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