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Background: The cerebellum contributes to the precise timing of non-motor and motor functions, and cerebellum abnormalities have been implicated in psychosis pathophysiology. In this study, we explored the effects of cerebellar theta burst stimulation (TBS), an efficient transcranial magnetic stimulation protocol, on temporal discrimination and self-reported mood and psychotic symptoms.

Methods: We conducted a case-crossover study in which patients with psychosis (schizophrenias, schizoaffective disorders, or bipolar disorders with psychotic features) were assigned to three sessions of TBS to the cerebellar vermis: one session each of intermittent (iTBS), continuous (cTBS), and sham TBS. Of 28 enrolled patients, 26 underwent at least one TBS session, and 20 completed all three. Before and immediately following TBS, participants rated their mood and psychotic symptoms and performed a time interval discrimination task (IDT). We hypothesized that cerebellar iTBS and cTBS would modulate these measures in opposing directions, with iTBS being adaptive and cTBS maladaptive.

Results: Reaction time (RT) in the IDT decreased significantly after iTBS vs. Sham (LS-mean difference = −73.3, p = 0.0001, Cohen’s d = 1.62), after iTBS vs. cTBS (LS-mean difference = −137.6, p < 0.0001, d = 2.03), and after Sham vs. cTBS (LS-mean difference = −64.4, p < 0.0001, d = 1.33). We found no effect on IDT accuracy. We did not observe any effects on symptom severity after correcting for multiple comparisons.

Conclusion: We observed a frequency-dependent dissociation between the effects of iTBS vs. cTBS to the cerebellar midline on the reaction time of interval discrimination in patients with psychosis. iTBS showed improved (adaptive) while cTBS led to worsening (maladaptive) speed of response. These results demonstrate behavioral target engagement in a cognitive dimension of relevance to patients with psychosis and generate testable hypotheses about the potential therapeutic role of cerebellar iTBS in this clinical population.

Clinical Trial Registration: clinicaltrials.gov, identifier NCT02642029.
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1. Introduction

Psychotic disorders such as schizophrenias (SZ), schizoaffective disorders (SZA), and psychotic bipolar disorders (BD) are severe illnesses that involve disturbances in multiple domains (e.g., thought, behavior, language, cognition, perception, and mood). Despite significant efforts to identify what causes these conditions, a unified understanding of the pathophysiology underlying SZ and psychotic disorders remains elusive. The past few decades have seen increasing interest in the potential role of the cerebellum in disorders of cognition, behavior, and affect (1–4), and a growing literature provides evidence of cerebellar abnormalities in both SZ and BD supporting its role in the pathophysiology of psychosis (5–9). Though the cerebellum was traditionally thought to be involved solely in the homeostatic control of motor activities, it is now well established that the cerebellum is reciprocally connected to multimodal association areas (10–19) in addition to motor cortex, and that it serves a domain-general role in processing and coordinating diverse inputs (20–25).

The notion that the cerebellum applies a universal computation to diverse inputs offers an appealing and potentially unifying framework by which to explain the myriad symptoms in psychotic disorders. One of the proposed mechanisms is that the cerebellum performs a multidomain temporal coordination across tasks and brain functions (26–29). Keele and Ivry conceptualized the cerebellum as an “internal clock” that performs temporal computations in both the motor and non-motor domains, hypothesizing that the cerebellum’s highly regular cellular organization allows it to produce and coordinate precise temporal delays (26). Indeed, a vast literature corroborates the importance of the cerebellum in timing operations (30). While the cerebellum is not the sole brain area involved in temporal processing (31), it possesses intrinsic timing mechanisms that are not dependent on any network-generated time-varying input (32–36), and is particularly critical for timing functions requiring sub-second precision (37–39).

Precise timing is critical for synchronizing and coordinating diverse tasks. Cerebellar timing functions might play a role as a cognitive and “emotional pacemaker” (40), which, if disrupted, may result in incoordination, or “dysmetria,” of cognitive, behavioral, affective, and perceptual processes. Such dysmetria, in turn, may result in symptoms of psychosis (1–4). Consistent with this idea, impairments in time perception have been observed in both SZ and BD. Experimental methods commonly used to investigate time perception (i.e., processes related to the explicit judgment of the duration of events or the production of time intervals) (41) include verbal estimation of intervals (in which participants are presented with a time interval and instructed to estimate the interval duration in seconds or minutes), the repetitive finger tapping task (in which participants tap in time with computer-generated tones, then try to tap at the same pace after the tones are discontinued), the interval discrimination task (in which participants compare the duration of an experimental interval with a standard duration), and the temporal bisection task (in which participants judge whether a stimulus is most similar to a long or short anchor interval) (41, 42). Compared to healthy individuals, people with SZ are less accurate in estimating time durations across a wide range of timing tasks and independent of the duration of intervals that have been tested, suggesting that people with SZ have a primary timing deficit [see meta-analysis (42)]. Studies also indicate that time perception in SZ compared to healthy individuals is more variable [see meta-analysis (41)]. Interestingly, a functional neuroimaging study showed that timing deficits in schizophrenia were associated with alterations in the cerebellum, basal ganglia, supplementary motor area (SMA), and insula, among other brain areas (43). Critically, in this study, time processing deficits were associated with hyperactivation in the cerebellar hemispheres but hypoactivation in the cerebellar vermis (43).

Though the literature on timing abnormalities in BD is more sparse, BD patients are reported to have increased timing variability, as measured by the finger tapping task (44) and the temporal bisection task (45, 46). Notably, one of the latter studies investigated time perception in both SZ and BD and found that the bisection point did not differ across the patient groups, suggesting that both SZ spectrum disorders and BD are associated with disruptions in internal timing mechanisms.

While a growing body of research has contributed to the characterization of timing deficits in psychotic disorders, it remains unclear if such deficits in time perception can be improved. Parker et al. provided evidence, in rodents, of a relationship between timing and fronto-cerebellar circuitry by directly manipulating activity at the cerebellum (47). The authors showed that pharmacological inactivation of either lateral cerebellar nuclei (LCN) or medial frontal cortex (MFC) led to impaired performance by rodents on an interval timing task, and that delta-frequency optogenetic stimulation of the LCN in MFC-inactivated rodents rescued both behavioral timing deficits and MFC activity. Using the human version of the timing task, this group also found impaired interval timing and attenuated MFC delta activity in SZ relative to healthy participants (47). Though the patient data provide parallels with the rodent model and are highly suggestive, the human study was observational, involving no experimental interventions, and hence was limited in its capacity to infer causality.

Transcranial magnetic stimulation (TMS) is a noninvasive method of neuromodulation in which magnetic fields applied over the scalp induce electrical currents to excite or inhibit specific regions of the underlying neural tissue and transynaptically modulate the connectivity of those regions with distal nodes within a given functional network (48). The ability of TMS to up-or down-regulate brain regions and networks has been leveraged to study the functional significance of brain regions and circuits, relying on its interventional nature to establish causal relationships between brain physiology and behavior (49). Theta burst stimulation (TBS), a TMS protocol that in its most common variation administers bursts of three 50 Hz pulses (in the gamma range) every 200 ms (i.e., 5 Hz, in the theta range), induces longer lasting neuroplastic effects despite the much shorter stimulation times compared with traditional repetitive TMS (e.g., in the 1–20 Hz range) (50, 51). In the primary motor cortex, where the effects of TBS have been most investigated, the two most common TBS protocols— continuous TBS (cTBS), whereby TBS is given continuously, and intermittent TBS (iTBS), in which a 2 s train of TBS is repeated every 10s with an inter-train interval pause of 8 s— have opposing effects on cortical excitability (51): cTBS produces a predominantly long-term depression (LTD)-like inhibitory effect that reduces the amplitude of motor evoked potentials (MEP), while iTBS has an overall long-term potentiation (LTP)-like facilitatory effect, enhancing MEP amplitudes (50, 51) (we do not describe these effects fully as LTD and LTP as these are synaptic physiology phenomena and TBS engages populations of neurons at a larger scale than individual synapses). It is unclear if the TBS parameters that alter cortical excitability in the motor cortex produce the same effects in the cerebellum, which has a distinctive architecture consisting of cell types (e.g., granule cells and Purkinje cells) that are unique to the cerebellum and in a histological configuration quite different from the 6-layer organization of the primary motor cortex. Nevertheless, TBS has been safely administered to the cerebellum in >60 studies to date, ranging from those in patients with neuropsychiatric conditions to investigations of either motor or non-motor functions in healthy individuals [see review (52)].

Previous cerebellar TMS studies in SZ have uncovered diverse effects of cerebellar stimulation on cognition and symptoms, especially negative symptoms (53–57) [though also see (58, 59) for negative studies]. The study by Brady et al., which found that cerebellar TMS (iTBS) not only improved negative symptoms but also restored associated dorsolateral prefrontal-cerebellar resting state circuit abnormalities (56), additionally provides insights into the neural circuitry underlying negative symptoms. Similarly, Tikka et al.’s finding that reductions in resting state gamma power in left frontal and left temporal regions accompanied reductions in negative and depressive symptoms after cerebellar 5–7 Hz TMS (54) provides clues about potential mechanisms by which cerebellar stimulation may result in symptom improvement.

Notably, the participants in the studies published to date received only putatively excitatory TMS. Investigating both excitatory and inhibitory TMS has the potential to provide additional causal mechanistic insights and offers a non-invasive study design in humans that parallels the experimental interventions to the cerebellum performed by Parker et al. in rodents combining pharmacological inactivation and optogenetics (47). Moreover, the previous studies of cerebellar TMS in SZ did not explore disturbances in cerebellar timing functions as a possible mechanism by which cerebellar abnormalities may give rise to the symptoms of psychosis. Studies in healthy humans have examined the effects of TMS applied to the cerebellum on timing and time perception (37–39, 60–62). In addition, Singh et al. recently examined the effect of cerebellar transcranial pulsed current stimulation (tPCS), a special type of transcranial direct current stimulation, on time perception in patients with SZ (63). To our knowledge, no studies to date have investigated timing in SZ or other psychiatric disorders using cerebellar TMS.

In this study, we administered iTBS, cTBS, and sham TBS in a double-blind randomized cross-over design in patients with psychosis to explore the role of the cerebellum in psychotic disorders. We measured the effects of the three TBS conditions on time perception (specifically, time interval discrimination) and self-reported clinical symptom severity. We predicted that iTBS, but not sham, would result in acute improvement on a time interval discrimination task and reductions in mood and psychotic symptoms; conversely, we expected that cTBS might result in acute transient worsening in the interval discrimination task and worsening of symptoms.



2. Methods


2.1. Overview of study design

We conducted a case crossover study in which patients with psychosis (SZ, SZA, or BD) each underwent three sessions of theta burst stimulation (TBS) to the cerebellar vermis in a randomized order: one session of sham TBS, one session of continuous TBS (cTBS), and one session of intermittent TBS (iTBS). See technical details for placebo TMS and blinding below. Participants completed self-ratings of mood and psychosis symptoms and performed the interval discrimination before and after each TMS session. Though the effects of a single session of rTMS are believed to be acute and reversible, with effects usually lasting less than an hour, we separated the sessions by at least 36 h to avoid potential residual carry-over TMS effects from the previous study visit.



2.2. Participants

The study was approved by the Mass General Brigham (MGB) institutional review board, which oversees human subjects research at both Massachusetts General Hospital (MGH) and McLean Hospital. All participants provided written informed consent. We recruited male and female patients who had previously participated in research within the McLean Psychotic Disorders Division and had given permission to be contacted about future studies. To be eligible, patients had to be 18–50 years in age, meet criteria for SZ, SZA, or BD using the Structured Clinical Interview for DSM-IV (SCID) during prior participation in research, and be on a stable psychiatric medication regimen for at least 1 month prior to and during study participation. In addition, for neuronavigation, we recruited only patients who already had a structural brain MRI on file from previous participation in research.

Participants were excluded if they had any change in psychiatric medications within a month prior to and during study participation; had been diagnosed with intellectual disability; had been deemed to have legal or mental incompetency; met criteria for a DSM-IV-TR substance abuse or dependence within the prior 3 months; had a significant medical or neurological illness; had a prior neurosurgical procedure; had a history of seizures; were treated with electroconvulsive therapy or clinical TMS within the prior 3 months; previously participated in a cerebellar TMS study; had an implanted cardiac pacemaker; had conductive, ferromagnetic or other magnetic-sensitive metals implanted in the head or neck or that were non-removable and within 30 cm of the treatment coil (e.g., aneurysm clips or coils, carotid or cerebral stents, metallic devices implanted in the head, facial tattoos or permanent makeup using metallic ink, etc.); or were pregnant.

At the first study visit, prior to the first TMS administration, we characterized patients’ baseline clinical characteristics by administering the Positive and Negative Syndrome Scale (PANSS), Young Mania Rating Scale (YMRS), Montgomery-Asberg Depression Rating Scale (MADRS), Psychotic Symptom Rating Scale (PSYRATS), and North American Adult Reading Test (NAART). We also collected demographic (age, sex, race/ethnicity, education level) and medication information. We report antipsychotic medication dosages in chlorpromazine (CPZ) equivalent doses.



2.3. Transcranial magnetic stimulation parameters and procedures

All TMS procedures took place at the MGH Laboratory for Neuropsychiatry and Neurostimulation in Boston, MA. Stimulation was delivered using a MagVenture® MagPro X100 stimulator and the Cool DB-80 Active/Placebo figure-of-eight bent coil (MagVenture, Denmark). This coil has a 120° angle designed to stimulate deeper structures. We administered TBS at 100% of active motor threshold (AMT) over the anterior tibialis, a lower extremity muscle which has its primary motor cortical representation deeper in the midline (interhemispheric fissure), more representative of the depth of our cerebellar target than the superficial dorsal representation of the hand. This strategy has been used safely and effectively in previous cerebellar TBS studies [see Hurtado et al. (52) for a detailed discussion]. The AMT was defined as the minimum intensity to elicit a motor-evoked potential greater than 200 μV peak-to-peak, in at least 50% of the trials (3 out of 6) while sustaining a voluntary muscle contraction of approximately 25% of the maximum. We measured the AMT at the first study visit only, but in cases when more than two weeks had passed from the initial AMT measure, we measured it again. Continuous TBS consisted of 3 biphasic pulses delivered at 50 Hz, with these bursts repeated every 200 ms (5 Hz) for 40 s, resulting in a total of 600 pulses per session. Intermittent TBS also applied 600 pulses but over 190 s with cycles of 2 s of stimulation followed by an 8 s pause. Sham sessions used cTBS for half of the patients and iTBS for the other half in a randomized order.

The dual active-placebo Cool DB-80 coil is designed in an X-shape, with 2 bent figure-of-eight coils in opposing configurations. Both sides are visually identical, but the placebo side is magnetically shielded. This design allows for transmitting the vibration of the magnetic pulses only (i.e., auditory and sensory stimulation), without electromagnetic neuromodulation. In addition, a pair of electrodes for skin stimulation was also placed immediately below the hairline under the coil to emulate the tactile sensation generated by the electromagnetic fields over the soft tissue, muscle, and peripheral nerve endings. Electrodes were placed in all sessions but were only active in sham sessions. Using research blinding software embedded in the stimulator, the TMS technician entered a multinumeric code that determined if the session was active or sham, and the stimulator then required technicians to use the corresponding side of the coil while keeping them blinded. Hence, placebo TMS was procedurally identical to the active conditions but used the shielded side of the coil designed to only induce the nonspecific sensory effects of TMS (auditory and somatosensory activation) without the neuromodulatory magnetic fields. At the end of each of the three study visits, we assessed the efficacy of the blind by asking participants to indicate what TMS condition—sham or active—they thought they received that day.

TBS was administered with the participant sitting upright in a comfortable TMS chair. The TMS coil placed over the occiput with the handle pointing upward. We used stereotactic neuronavigation with infrared optical tracking (Localite, Germany) to identify the cerebellar vermis as the TBS target and to monitor the position of the coil throughout the stimulation session. Using a T1-weighted structural MRI for each participant, we identified the most posterior portion of the cerebellar vermis (midline) and the coil position for the shortest scalp to vermis distance. We targeted the vermis of the cerebellum because postmortem (64–66) and neuroimaging studies (67–74) have reported abnormalities in the cerebellar vermis of patients with SZ. While lateral hemispheric regions of the cerebellum such as Crus I and II—which have functional connections with higher order association areas such as the default, frontoparietal/control, and salience/ventral attention networks (75–77)— are also implicated in psychosis pathophysiology [(e.g., 78, 79)], we targeted the vermis in the medial cerebellum because studies have shown that rTMS applied to the medial cerebellum can modulate time perception in healthy individuals (38, 60, 62). Importantly, in people with SZ, there is evidence of hypoactivity in the cerebellar vermis during performance of a timing task, with vermal activation negatively associated with time processing deficits (43). While this same study found timing deficits to also be associated with altered brain activity in Crus I and II, the findings in Crus I and II were in the opposite direction (i.e., Crus I/II hyperactivations), and activity in these lateral cerebellar regions was not correlated with the severity of timing deficits (43). We targeted the posterior vermis (lobules VI-X), which is believed to subserve cognitive and affective functions (vs. the anterior vermis, comprised of lobules I-V, which is associated with somatomotor functions). Also from a practical standpoint, the posterior vermis (especially lobules VII-VIII) is closer to the skull surface, making it better positioned to receive direct TMS stimulation. Using the Localite TMS neuronavigation system, we co-registered the participant’s head to his or her own MRI, and placed the TMS coil over the scalp position that allows direct stimulation of the vermal lobules VII-VIII in the mid-sagittal plane (Figure 1). We assessed the accuracy of the coil placement before and during stimulation with a movement tolerance of 5 mm.
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FIGURE 1
 Transcranial magnetic stimulation targets. Schematic representation of coil positioning and target location in this study. Posterior, superior, and lateral views (A). Coronal, transversal, and mid-sagittal MRI slices of a participant depicting the target on the vermis in red and the motor threshold target, the representation of the tibialis anterior, in blue (B).




2.4. Interval discrimination task

The interval discrimination task (IDT) (80) requires participants to perform time interval comparisons. In each trial, a pair of two tones separated by 1,200 ms (standard interval) is followed by a 1,000 ms delay (interstimulus interval), after which a second comparison pair of tones (experimental interval) is presented. The duration of the experimental interval (time interval separating the second pair of tones) is either equal to (1,200 ms, E-condition), 120 ms longer than (1,320 ms, L-condition), or 120 ms shorter than (1,080 ms, S-condition) the standard interval. The tones for all conditions were 700 Hz in frequency and 50 ms in duration, presented binaurally via headphones. Studies of time interval discrimination have utilized a variety of different structural parameters, and have generated mixed results (81). In selecting the task parameters for the current study, we adopted the methods described by Papageorgiou et al. (80) so as to enable comparison of our findings with previous studies of interval discrimination in SZ. Providing support for the IDT version used in this study, temporal sensitivity has been shown to be higher for auditory than visual intervals (81); unaffected by the presentation of filled (stimulus presented continuously) vs. empty intervals (only the onset and offset are marked, with a silent period in between) as used in the current task (81); and similar across base durations ranging from 200 ms to 1,400 ms (82). Furthermore, research has shown that people with SZ have temporal processing deficits across a range of interstimulus intervals (300 ms to 3,000 ms) (83), which includes the interstimulus interval of 1,000 ms used in our study. Additionally, the inclusion of variable foreperiods (time from completion of the participant’s response on the preceding trial to the onset of the first stimulus presentation on the following trial) can influence both interval discrimination and reaction time by varying the level of preparation that a participant has to respond to the stimulus in the subsequent trial (84). However, the foreperiod length was held constant in our task.

Participants performed the task on a MacBook Pro laptop computer with the task presented using Superlab v5.0 (Cedrus Corporation, San Pedro, CA). Participants were visually cued with a fixation cross at the start of each trial. The words, “Pair 1” were shown on the computer screen while participants were presented with the first pair of tones, and “Pair 2” shown while participants were presented with the second pair of tones. After each trial, participants were instructed to press “e,” “l,” or “s” on the computer keyboard to indicate if the interval between the second pair of tones was equal, longer, or shorter, respectively, than the interval between the first pair. There were an equal number of equal, longer, and shorter trials, and trials were presented in pseudorandom order. The task was designed so that participants responded to all trials; the program did not advance to the subsequent trial without a keyboard response. Participants completed 15 trials during each pre-or post-TMS session for a total of up to 90 trials across the three study visits. Prior to each IDT session, participants performed a practice run consisting of six trials. The primary outcomes for this task were overall accuracy (percent of correct responses) and reaction time (RT). Test–retest reliability for IDT accuracy, as measured by the intra-class correlation (ICC) of accuracy scores across the three pre-TMS sessions, was fair (ICC 0.51, 95% CI 0.30–0.72). The ICC for mean RT was moderately high (ICC 0.77, 95% CI 0.65–0.85). These test–retest results suggest that our IDT data have fair to good reliability across study visits (separated by 36 or more hours).



2.5. Self-rated mood and psychotic symptoms

At each of the three study visits, we assessed both clinical and behavioral measures before and immediately following TMS administration. For clinical symptoms, we instructed participants to indicate on a 0-to-100 point visual analog scale (VAS) their current level of depressed mood, anxiety, elevated mood, auditory hallucinations (AH), visual hallucinations (VH), paranoid ideation (PI), ideas/delusions of reference (IOR), and delusions of control (Supplementary Table S1). VAS’s allow participants to easily and rapidly rate the intensity of subjective measures. Participants indicated their ratings for the above mood and psychotic symptoms in a computerized survey custom-designed using Research Electronic Data Capture (REDCap) (85) hosted at MGB. The slider was originally positioned in the middle of the VAS at a score of 50 (“moderately”). Participants were instructed to move the position of the slider to set a response. A rating of 0 indicates the absence of a symptom (e.g., “not at all”), while 100 indicates high symptom severity (e.g., “the most depressed I have ever felt”). We included mood symptoms because they are core features of BD and SZA, and are also observed in SZ. We included the psychotic symptoms that we did because of their relative accessibility by patient self-report (vs. thought disorder or bizarre behavior) and because we considered these to be more amenable to acute modulation by a single TMS session (vs. negative symptoms, which are relatively persistent and trait-like). For these pre-and post-TMS symptom measurements, we opted to use brief patient self-ratings rather than more widely used and more comprehensive clinician-administered standardized assessment tools (e.g., PANSS, YMRS, MADRS, which we used for baseline clinical characterization) because of the limited window of time we had to assess the effects of TMS and the lack of psychometric validity of these clinical tools to capture rapid changes over minutes. The effects of a single session of TBS are acute and reversible, usually receding in less than an hour, and this narrow window of time limited the use of standardized measures, which take time to administer. To aid in the interpretation of VAS findings, we explored each item’s convergent validity (by calculating Spearman correlations between baseline VAS scores from the first study visit and data from validated symptom measures, collected from the same study visit) and test–retest reliability (by calculating the intra-class correlation of each VAS item across the three pre-TMS sessions). The VAS items for depressed mood, anxiety, AH, VH, and PI showed acceptable validity (Supplementary Table S2) and test–retest reliability (Supplementary Table S3). As there was low evidence for convergent validity, test–retest reliability, or both for elated mood, IOR, and delusions of control, we do not report the results for these three VAS items.



2.6. Statistical analyses

The reaction time of single trials was introduced into a generalized linear model with mixed effects (GLMM) with a gamma distribution, modeled using the glmer function of the lme4 package in R software (v1.0.136). There were initially 1,800 trials in the completers-only data (20 participants, 90 trials each), and 2,055 trials in the dataset with all 26 participants. Three trials (from 2 participants) with a reaction time of zero, reflecting that there was zero time for stimulus encoding or response execution, were considered invalid and excluded from analysis. We also excluded outlier data, i.e., reaction times greater than 3 standard deviations above the mean, so that very slow reaction times at the right tail of the gamma distribution would not severely distort the means. There were 33 such outliers in the completers-only data (where the outlier threshold was RT > 5171.99 ms) and 39 outliers in the all-participant data (threshold RT > 5503.93 ms), resulting in 1,764 and 2,013 analyzed trials, respectively. In both the completers-only and all-participant datasets, chi-square tests showed that there were no significant differences in the proportion of outliers (excluded trials) before and after TMS, by condition (iTBS vs. cTBS vs. sham), or by session (pre-iTBS, post-iTBS, pre-cTBS, post-cTBS, pre-sham, post-sham) (all p-values >0.05).

We have previously shown that the gamma distribution is particularly well suited to modeling reaction times (86, 87). The GLMM distributional assumptions were validated using the fitdist and gofstat functions in R, which compute the goodness-of-fit statistics for parametric distributions. GLMMs are powerful, flexible modeling strategies for estimating the generalizability of experimental findings. The ability to account for correlated observations (longitudinal measures collected for each subject are non-independent) while also explicitly accounting for interindividual variation in primary effects of interest makes these modeling approaches well-suited for our repeated-measures cross-over design. In particular, considering random effects terms accounts for the possibility that, independent of experimental manipulation, each participant may have a different baseline performance or learning rate. This approach ensures that our observed results are not solely attributed to random variations in the tested cohort, particularly given the relatively small sample size. In addition to comparing the least square (LS) means for reaction times, we assessed reaction time variability by analyzing the coefficient of variation (CV), computed by dividing the standard deviation of the reaction times by the mean reaction time. We calculated the CV of each of the six test sessions for each participant and used mixed effects linear regression models with restricted maximum likelihood (REML) estimation to model the CV data.

Task accuracy (percentage of correct responses) was modeled using a generalized logistic regression with mixed effects and a binomial distribution. Subject ID was included as a random effect to account for baseline differences between subjects, while time points (post- and pre-simulation), stimulation type (sham TBS, iTBS, cTBS), and the interactions between them were included as fixed effects. Post hoc tests were performed using the “lsmeans” function, which corrects for multiple comparisons using Bonferroni correction and compares the means of the least squares for each fit. Coefficients were considered significant when p < 0.05 (two-tailed). Effect sizes were calculated for statistically significant IDT results using Cohen’s d for paired samples.

To assess whether IDT accuracy for each participant was better than chance levels, we conducted binomial tests to identify good IDT performers [similar to previously described methods (80)], testing for each participant the null hypothesis that their performance accuracy was no better than 0.33 (accounting for three possible IDT responses, i.e., shorter, longer, and equal time intervals). Binomial tests were conducted for only pre-TBS trials, as the goal was to assess if IDT performance at baseline, excluding potential TBS effects, was better than chance.

To analyze the visual analog scale (VAS) mood and psychotic symptom scores, we calculated the change in pre-and post-TMS VAS scores (Δ post-pre). As the VAS scores did not follow a normal distribution, we performed Friedman’s non-parametric repeated measures ANOVA tests for each of the eight VAS measures to test the null hypothesis that at least one of the conditions (iTBS, cTBS, sham) is different. Given the exploratory nature of this analysis, we set the significance threshold at p < 0.05, two-sided, without correcting for multiple comparisons. Statistically significant results from Friedman’s tests were followed by post-hoc pairwise testing using the Wilcoxon signed rank test.

Finally, we evaluated the effectiveness of participant blinding to TBS condition. The main concern here is that sham stimulation may not produce the same experience as active TBS. Therefore, at the end of each of the three study visits, participants completed a simple survey to indicate what condition (active vs. sham) they thought they received that day. We conducted chi-square tests to determine if there were any differences by actual TBS condition or by session number (first, second, or third study visit).




3. Results


3.1. Participant characteristics

We enrolled 28 patients with psychotic disorders (6 SZ, 12 SZA, 10 BD). Twenty-six (5 SZ, 12 SZA, 9 BD) underwent at least one session of TMS. Twenty patients completed all three TMS sessions (4 SZ, 9 SZA, 7 BD). Of the eight participants who did not complete the study, three were excluded (1 SZ, 1 SZA, 1 BD) and another five withdrew (1 SZ, 2 SZA, 2 BD) prior to study completion. See flow diagram (Figure 2) for the reasons for exclusions and withdrawals. We report findings from the 20 patients who completed all three TMS sessions (per protocol analysis). We aimed to have 20 completers and focus on completer analysis to avoid biases driven by unbalanced data given the relatively small sample size. Nevertheless, results from all 26 participants who completed at least one study visit (intention-to-treat analysis, though this is a mechanistic and not a therapeutic study) are presented in the Supplementary materials.
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FIGURE 2
 Participant flow diagram. Of 28 participants who enrolled in the study, 26 underwent at least one session of transcranial magnetic stimulation (iTBS, cTBS, or sham) and 20 completed all three sessions.


See Table 1 for demographic and clinical characteristics of our sample. The twenty completers (4 SZ, 9 SZA, 7 BD) were not significantly different from the eight non-completers (2 SZ, 2 SZA, 3 BD) with respect to age, sex, race/ethnicity, educational level, and estimated IQ. Non-completers seemed to have less severe psychopathology, as evidenced by numerically lower PANSS, YMRS, and MADRS scores; however, the differences between completers and non-completers on these clinical measures were not statistically significant. Similarly, there was no significant difference in the chlorpromazine equivalent antipsychotic doses, and the percentages of patients on antipsychotic and mood stabilizing medications were comparable between the two groups.



TABLE 1 Clinical and demographic characteristics.
[image: Table1]

Our protocol involved separating TMS visits by a minimum of 36 h to avoid any potential residual effects of TMS from the previous study visit. Including all participants, the mean number of days between the first and second TMS sessions and between the second and third TMS sessions was 6.6 ± 4.6 (range 3–19) and 5.2 ± 4.9 (range 3–22), respectively. Participants who completed all three study visits did so within a one-month time frame (mean 11.6 ± 6.6, range 4–28 days).



3.2. Changes in interval discrimination task performance before and after TMS

Table 2 shows the LS-means for each pre-and post-TBS test session. The LS-means are in the range of the reaction times reported in an interval discrimination study conducted in a sample of healthy individuals (88). Analysis of the reaction times showed a significant decrease after iTBS vs. Sham (LS-mean difference = −73.3, p < 0.0001), after iTBS vs. cTBS (LS-mean difference = −137.6, p < 0.0001), and after Sham vs. cTBS (LS-mean difference = −64.4, p < 0.0001) (Figure 3). The corresponding effect sizes, as measured by Cohen’s d for paired samples, were d = 1.62 (iTBS vs. sham), d = 2.03 (iTBS vs. cTBS), and d = 1.33 (sham vs. cTBS), indicating large effects. The LS-mean of pre-cTBS reaction times is numerically lower than the LS-means of pre-iTBS and pre-sham reaction times; however, the Kruskal-Wallis test indicated that the reaction times from the three pre-TBS sessions were not statistically significantly different (p = 0.794). Analysis of the reaction time coefficient of variation showed no significant effect of TBS condition, pre- vs. post-TBS session, or their interaction on reaction time variability.



TABLE 2 Least square (LS) means for pre-and post-TBS conditions (n = 20 Completers).
[image: Table2]
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FIGURE 3
 Changes in Interval Discrimination Task (IDT) reaction time pre-and post-TBS. TBS protocols differed in their effect on reaction time in the interval discrimination task. While iTBS reduced reaction time, cTBS increased time.


We did not observe any significant effects of TBS condition on IDT performance accuracy (Supplementary Tables S4, S5). Binomial tests indicated that 12 of the 20 completers (60%) were good IDT performers, i.e., performing the task better than chance; this group consisted of 2 SZ (50% of SZ), 6 SZA (67% of SZA), and 4 BD (57% of BD) patients. Among all 26 participants, 14 participants including 2 with SZ (40% of 5 SZ with data), 7 with SZA (58% of 12 SZA), and 5 with BD (56% of 9 BD with data) performed the IDT with better-than-chance accuracy. Spaghetti plots, with each participant color-coded by diagnosis, showing pre-and post-TBS within-subject changes in IDT reaction time and accuracy are shown in Supplementary Figures S1, S2, respectively.



3.3. Changes in symptom self-ratings before and after TMS

Friedman’s nonparametric repeated measures ANOVA revealed that the TMS conditions differed significantly in their effects on self-ratings of paranoid ideation (Q = 6.745, p = 0.034) (Supplementary Table S6). Note that these effects were not corrected for multiple comparisons, given the exploratory nature of this analysis as stated in the methods section. Post-hoc comparisons showed a significant pairwise difference between cTBS and sham (z = 2.227, p = 0.026) so that cTBS improved PI (Supplementary Figure S3). This result did not survive correction for multiple comparisons. The three TMS conditions did not significantly differ in changing VAS scores for all other symptom dimensions, even without correction for multiple comparisons, including depressed mood, anxiety, AH, or VH (though see Supplementary Table S10 and Supplementary Figure S8 for the results from the all-participants analysis, showing uncorrected p -values < 0.05 for AH as well as PI). Spaghetti plots of within-subject changes in symptom self-ratings pre-and post-TBS, color-coded by diagnosis, are shown in Supplementary Figure S4.



3.4. Assessment of participant blinding

Participants could not easily distinguish sham from active TMS. Across the three visits, there was no significant association between the actual condition and the condition participants thought they received (χ2 = 3.96, p = 0.138 for completers; χ2 = 4.65, p = 0.098 for all participants). There was also no significant association between visit number (first, second, or third study visit) and what condition participants guessed (χ2 = 3.08, p = 0.215 for completers; χ2 = 2.18, p = 0.337 for all participants).




4. Discussion

In this study, we used a randomized double-blind cross-over design to explore the effects of a single session of intermittent (iTBS), continuous (cTBS), and sham TBS targeted to the cerebellar vermis using individualized T1 structural MRI-guided stereotactic neuronavigation on time perception (using the interval discrimination task) and mood and psychotic symptoms in a mixed sample of patients with psychotic disorders. We observed that TBS protocols differed in their effect on reaction time in the interval discrimination task: while iTBS reduced RT, cTBS increased RT relative to sham effects. These changes in RT were not at the expense of changes in task accuracy. In fact, we did not observe any changes in task accuracy associated with TBS protocols. The lack of significant findings with respect to task accuracy does not appear to be due to the inability of our participants to perform the task. Sixty percent of participants who completed the study demonstrated better than chance performance in the IDT at baseline. Our sample performed better than the 20% of SZ good IDT performers in a previous study using 1,200 ms range IDT (80), but worse than the 86% of healthy individuals identified as good performers in the same study. In addition, we observed an effect of TBS on one symptom dimension: cTBS improved paranoid ideation compared to sham, but we did not observe any changes from iTBS. We should note that this effect was not corrected for multiple comparisons, and the finding does not survive correction. No other effects on symptom dimensions were observed.

TBS has well-characterized parameter-dependent (i.e., frequency-dependent) dissociable neurophysiological effects on cortical excitability and neuroplasticity: while iTBS leads to post-stimulation LTP-like increases in cortical excitability, cTBS leads to LTD-like decreases in cortical excitability (89, 90). These effects have been primarily demonstrated in the motor cortex, and while most TBS studies have now targeted non-motor areas, it remains a partial assumption that the physiological impact of TBS parameters on cortical motor physiology translates to non-motor cortical targets and circuits. This assumption carries even more uncertainty as we consider the impact of TBS on the cerebellum (52). The histology of the cerebellar cortex and vermis is significantly different from that of the highly structured multilayer cerebral cortex, and so are the patterns of cerebellar neuronal connectivity. These morphological differences (types of cells, local organization of cells, and distal connections of cells) translate into differences in neurophysiological profiles and states (91, 92). As the effects of device-based neuromodulation techniques, including TMS, have been demonstrated to be heavily state-dependent (86, 93), one should not assume that the patterns of response to TBS observed in the cerebral cortex directly translate to the cerebellum: these principles need to be tested empirically. While our study did not have neurophysiological outcome measures, we did observe a dissociation in the direction of the behavioral effect of TBS as a function of the stimulation frequency (or duty cycle), similar to the physiological effects described in the cerebral cortex: relative to sham effects, iTBS (excitatory in the motor cortex) decreased reaction time on a temporal discrimination task, while cTBS (inhibitory in the motor cortex) increased reaction time. Though reaction time can be modulated by factors other than the perceptual and motor-planning computations required to prepare a response (94), processing speed is a key component of reaction time. In this context, our findings suggest that iTBS improved while cTBS decreased processing speed. Our results thus suggest that cerebellar TBS leads to dissociable frequency-dependent neuromodulatory effects, similar to the effects of TBS in the cerebral cortex. Future studies should continue to explore the parameter space in cerebellar neuromodulation (e.g., comparing different stimulation frequencies) while adding neurophysiological outcome measures to understand the biological basis of this behavioral dissociation, and further characterize the differences and similarities between cerebellar vs. cerebral cortical responses to TMS.

The “cognitive dysmetria” (2, 95, 96) and “dysmetria of thought” psychopathological and pathophysiological models (1, 4) propose that psychotic symptoms are manifestations of dysmetria, or incoordination, of mental activity resulting from cerebellar and/or cerebro-cerebellar circuit dysfunction. Providing support for these models, there is accumulating evidence for abnormalities of cerebellar structure (8, 97, 98), function (2, 5–7, 99, 100), and connectivity (78, 79, 98, 101–115) in psychotic disorders, with some studies suggesting that abnormalities within cerebro-cerebellar circuitry may even precede (109) and predict progression (110, 113) to psychosis. Previous studies in healthy individuals suggest that the medial cerebellum is a suitable site to interfere with time perception using 1 Hz rTMS (38, 60) or cTBS (62). In addition, the IDT is a task that is expected to be sensitive to disruptions in cerebellar functioning: studies suggest that interval-based tasks such as the IDT rely on mechanisms involving the cerebellum (62, 116). In healthy individuals, TBS to the medial cerebellum alters interval discrimination but not relative beat-based timing tasks (62), which appear to depend more on the basal ganglia (116).

We used a version of the IDT that has been shown to be abnormal in SZ (80) and report frequency-dependent dissociable effects of iTBS vs. cTBS. Our results suggest an adaptive role of iTBS (improved reaction time) contrasted with a maladaptive role of cTBS (worsened reaction time) relative to the effects of sham. These data lead to the translational hypothesis that iTBS to the cerebellar midline may be therapeutic for psychotic patients. In particular, it could be therapeutic for symptom domains more directly associated with time perception and temporal discrimination. A more nuanced understanding of the association between temporal discrimination deficits and psychotic symptom domains and dimensions would allow a more precise hypothesis about the potential therapeutic benefit of iTBS. It is important to note that our study was designed as a mechanistic, not therapeutic, study: the effects of a single session of TBS are transient and return to a homeostatic baseline approximately 1 h after stimulation. That said, we demonstrate a behavioral target engagement of potential therapeutic significance for the clinical population of study.

It is notable that sham stimulation alone led to a statistically significant non-specific reduction in RT (one could hypothesize this to be driven, at least partially, by practice effects that made subjects faster even if not more accurate). Multiple factors can affect repeated measures performance in behavioral tasks, some associated with the psychometric properties (e.g., learning effects), some with the experimental setting (e.g., duration of the experiment, which can be associated with fatigue), and some with the population of study (e.g., healthy vs. clinical cohorts). Therefore, the observation of longitudinal changes in behavioral task outcomes under sham stimulation conditions is possible and therefore needs to be measured and appropriately controlled for. Interestingly, the uncontrolled change observed before and after cTBS (within condition) was not significant, but when compared with sham (between conditions) and therefore controlling for non-specific confounders, it revealed a de facto significant slowing in RT. This highlights the importance of sham-controlled studies in behavioral TMS research: when compared with the expected non-specific increase in RT captured by the sham condition, cTBS revealed its maladaptive reduction in processing efficiency and speed.

The results in the IDT may contrast with those observed with self-reported symptoms: while the task results conclude that iTBS may be adaptive, we did not observe any positive changes in clinical symptoms after iTBS. Moreover, only one clinical dimension (paranoid ideation) was possibly modulated by TBS, and it was cTBS that improved severity compared to sham (there were no effects associated with iTBS). While the positive effect of cTBS on paranoia may seem contradictory, it is important to highlight that the analysis of symptom severity was not corrected for multiple comparisons and that when correction was applied there were no effects of any TBS condition on any of the symptoms. While we decided to show this uncorrected result, given the small sample size and exploratory nature of the symptom analysis, it is conservative to conclude that while a single session of TBS to the cerebellar midline led to dissociable effects on the reaction time of interval discrimination in psychotic patients, it did not translate into significant effects in symptom severity captured with visual analog scales. Visual analog scales are valid and easy-to-use methods to capture rapid changes in symptom severity, but they are noisy and imperfect clinical outcome measures. Behavioral tasks (like the IDT) are better suited to capture the effects of single-session perturbation studies like ours, but they often reflect specific circuit computations more than syndromal or symptom severity. It is also worth noting that our sample consisted mostly of stable outpatients with low symptom severity as evidenced by the baseline PANSS, YMRS, and MADRS scores, and this may have caused a floor effect in the capacity to modulate VAS clinical outcomes. Finally, while a single session of TMS is known to induce transient but measurable biological and behavioral effects, it may not be sufficient to change symptom severity (not even transiently). Hence the lack of clear effects of a single TMS session on symptom severity assessed with VAS in patients with psychosis should not be interpreted as proof of the lack of therapeutic potential of repeated cerebellar TBS sessions, particularly in light of the reported behavioral results.


4.1. Limitations

The strengths of this study include the parametric exploration of the role of cerebellar TBS frequency by including two active TBS conditions and sham, the cross-over design, the use of individualized MRI-guided stereotactic neuronavigation for precise targeting of TBS to the medial cerebellum (i.e., vermis), and the choice of a task (IDT) that captures a cognitive dimension associated with cerebellar function and psychopathology in psychosis. However, this study also had several limitations.

First, there are limitations related to our sample, chief of which is that the sample size of 26 participants (only 20 of whom completed all three visits) is small. While our statistical analysis of the interval discrimination task was able to use more robust statistics, the analyses of secondary clinical outcomes were uncorrected for multiple comparisons and remain quite exploratory. Another limitation is that our sample consisted mostly of stable outpatients with low psychosis symptom severity (particularly among the subset with psychotic BD), which may have caused a floor effect in the capacity to modulate VAS clinical outcomes. Similarly, the mean IQ (full scale IQ 117 among the 20 participants who completed the study) and level of completed education (30% of completers finished college or graduate/professional school) of our participants were relatively high for a psychosis sample, and this may limit the generalizability of our findings. Future studies should examine the degree to which cognitive ability predicts or moderates the response to TBS in psychotic disorders. Furthermore, most patients were medicated, and it is unclear how TBS and medications interact; however, we employed a within-subject crossover design, and medications and their dosages were constant for the duration of the study across the three TBS conditions. Additionally, our psychosis sample was diagnostically heterogeneous, including patients with psychotic BD as well as SZ spectrum disorders. It is recognized that these disorders have substantial genetic and clinical overlap. Indeed, a study that investigated timing abnormalities in both SZ spectrum and BD patients found that the bisection point did not differ across groups, suggesting a similar timing deficit in the patient groups (46). Nevertheless, this was a single study, and the ways in which BD and SZ spectrum disorders differ with respect to cerebellar function and temporal discrimination remain to be determined. Though we provide visualizations of individual-level pre- vs. post changes color-coded by diagnosis (Supplementary Figures S1, S2, S4), the limited sample size of this pilot study restricted our ability to conduct subgroup analyses or to directly compare our outcome measures between diagnostic groups, and we are unable to draw any conclusions about the response to TBS according to specific psychosis diagnoses. Investigating similarities and differences in response to cerebellar stimulation across psychotic disorders would be a valuable area of future research. A final point related to our study sample is that we did not collect data from healthy controls. Future studies of cerebellar timing functions in psychotic disorders should include a healthy control group by which to compare the time discrimination findings of people with psychosis, as well as to enable comparisons with the larger literature on cerebellar timing functions in healthy individuals.

Second, there are limitations related to the timing task we employed. While the interval discrimination task is relatively easy to administer and interpret, and has been implemented in many studies of temporal processing including those focused on SZ (80, 83, 117, 118), the measure of accuracy for each trial is binary (correct or incorrect). Further, we collected data for a limited number of stimulus intervals (1,080 ms, 1,200 ms, and 1,320 ms). A task with a more continuous outcome measure, such as the repetitive finger tapping task (119), while more susceptible to potential motor confounds, may have enabled detection of more subtle changes in timing accuracy and variability before and after TBS. The temporal bisection task—in which participants first encode short and long anchor durations and are then presented with stimuli of intermediate durations which they classify as most similar to either the short or the long anchor interval—has also been used to study time perception in SZ (120, 121). While the response to each trial in the temporal bisection task is also binary (short or long), the proportion of “long” responses can be modeled as a function of stimulus duration (122), and changes in perceived time can be identified by shifts of the bisection point (the duration at which short and long classifications are made with equal probability). While these alternative timing tasks may have provided greater sensitivity to detect more subtle time perception changes in response to a single TMS session, it is important to note that we were able to detect the effects of different TBS conditions on the continuous variable of IDT reaction time, even if we identified no effects of TBS condition on the binary measure of interval discrimination accuracy.

Another important limitation related to our task design is that we did not have a reaction time control task to assess the degree to which the observed effects of TBS on IDT reaction times may be due to effects on motor speed and/or behavioral activation rather than selective effects on IDT processing speed. Similarly, we cannot rule out that TBS effects on attention, working memory, and other cognitive processes—which are commonly impaired in psychotic disorders—may account for some of the reaction time results we observed. Though the issue remains debated, the distinct timing hypothesis proposes that there are two distinct mechanisms for temporal processing, with processing of intervals in the sub-second range involving a sensory/automatic timing mechanism not accessible to cognitive control while temporal processing of supra-second intervals is more cognitively mediated (42, 88, 123). Evidence from functional neuroimaging studies suggests that automatic timing is mediated by supplementary motor area (SMA), sensorimotor cortex, cerebellum, premotor area, thalamus, and basal ganglia, while cognitively mediated timing tasks additionally recruit multi-purpose cognitive circuits within the prefrontal and parietal cortices (124). Our task tested time intervals in the 1,200 ms range. Though 1,200 ms is substantially shorter than the higher interval ranges (3–120 s) that some SZ studies (121, 125–127) have used, our interval range is still in the 1 s range and thus may have been susceptible to cognitive confounds. Thus, even though studies indicate that people with SZ have been shown to have timing deficits across a wide range of tasks, independent of whether tasks used sub-second or suprasecond intervals (42), it cannot be excluded that the differential effects of TBS condition on IDT reaction time could be due, in part, to differential impacts of iTBS, cTBS, and sham TBS on cognitive functioning. Finally, we administered a single version of the IDT across the six testing sessions. Given that this was a case cross-over design, repeated administration of the same task could introduce practice effects. Indeed, RT’s before and after sham TBS did show evidence of practice effects during a single study visit. Importantly, however, we captured these learning effects by including a sham condition, and still showed that the iTBS and cTBS conditions significantly differed from these sham effects.

Third, there are limitations with respect to our symptom measures. Visual analog scales are easy to use measures that allow for the assessment of rapid changes in severity. The five visual analog scales for which we report results (depressed mood, anxiety, AH, VH, and PI) have satisfactory test–retest reliability and convergent validity with standardized measures, but are very noisy. As rapidly effective treatments (including device-based treatments) are being developed, there is a growing need to develop more robust psychometrically validated measures of rapid changes in neuropsychiatric symptom severity. Another limitation is that we did not evaluate negative symptoms, the domain reported to improve with cerebellar TMS in previous studies of SZ (53–57). However, the goal of our study (which was mechanistic and not therapeutic in nature) was to capture immediate changes within the hour following a single session of TBS, and acute changes in negative symptoms which tend to be relatively persistent, trait-like phenomena are more challenging to measure.

Fourth, we did not include any biological markers by which to measure TBS effects. We selected the cerebellum as the target for neuromodulation because of its emerging role as a brain area of scientific interest in psychotic disorders, its relevance to temporal processing, and its accessibility close to the skull surface. However, the cerebellum is only one of several brain areas involved in temporal processing and is unlikely to be the only target for modulating timing deficits in SZ. For example, Walther and colleagues found that in patients with SZ, a single session of cTBS to the right inferior parietal lobule (IPL) improved both gesture performance accuracy and manual dexterity (128), both of which are more complex motor behaviors but ones that involve mechanisms of timing. Importantly, the cerebellum communicates with many distributed brain areas, including prefrontal and parietal cortices, through polysynaptic cerebro-cerebello-thalamo-cerebral (CCTC) circuits (23). It has already been demonstrated that iTBS targeting the medial cerebellum can impact its connectivity with the dorsolateral prefrontal cortex (DLPFC) (56). Similarly, a single session of transcranial pulsed current stimulation to the medial cerebellum during a timing task improved frontal theta oscillations in patients with SZ (63). Conversely, rTMS targeted to the left DLPFC in SZ has been shown to modulate functional connectivity with the cerebellum, thalamus, and other regions within CTCC circuits (129). While it is clear that applying rTMS to one brain area has effects in brain areas that are functionally connected, it remains unclear what neural changes are driving the differential response to TBS effects in the present study. Assessing how cerebellar TBS affects cerebellar physiology and distal connectivity associated with timing and/or psychotic symptoms will be critical in future studies.

Finally, while we used individualized MRI-guided stereotactic target selection, a TMS coil with a 120° angle designed to stimulate deeper structures, and a stimulation intensity with established safety and proven capacity to modulate physiology, behavior, and clinical symptoms, anatomical targeting and dosing remain unresolved problems in cerebellar TMS. The strength of the TMS magnetic field decays rapidly as it moves away from the coil, making TMS a relatively shallow neuromodulatory intervention (48). The cerebellum is a relatively deep structure, with a greater distance to the skull surface than typical cerebral cortical targets. Moreover, there are generally different types of tissues (including a large pool of cerebrospinal fluid) in between the coil and the target, and these anatomical characteristics can be variable across individuals. As we lack electric field modeling studies to understand how all these factors shape the actual topography and intensity of the TMS-induced electric fields across individuals, one should be cautious when making very specific anatomical inferences. Modeling and dose–response studies are urgently needed to accelerate the therapeutic potential of cerebellar TMS.




5. Conclusion

In conclusion, we demonstrate a frequency-dependent dissociation between the acute effects of a single session of iTBS vs. cTBS to the cerebellar midline (600 pulses per session, 100% MT of the AMT, a deep 120° bent figure-of-eight coil, and individualized MRI-guided stereotactic neuronavigation) on the speed of response during a time interval discrimination task in patients with psychosis. Specifically, iTBS showed improved reaction time (adaptive) while cTBS led to worsening speed of response (maladaptive). We did not observe any effects of TBS on affective or positive symptoms of psychosis when appropriately controlling for multiple comparisons. The results of this mechanistic behavioral neuromodulation study demonstrate behavioral target engagement in a cognitive dimension of relevance to the psychopathology and pathophysiology of patients with psychosis, and generate testable hypotheses about the potential adaptive therapeutic role of iTBS to the cerebellar midline in this clinical population.
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Sample size =28 = B
Diagnoses, No. (%) Fisher’s exact p=1000
Schizophrenia (SZ) 6(21.4%) 4(20.0%) 2(25.0%) - -
Schizoaffective disorder (SZA) 12 (429%) 9 (45.0%) 3(37.5%) - -
Psychotic bipolar disorder (BD) 10(35.7%) 7(35.0%) 3(37.5%)" - -
Age, meanSD (range), y 31.8£7.6 (19-48) 31.947.8(19-48) 316£7.4 (23-42) 1=-0.0698 p=0915
Female, No. (%) 13.(46.4%) 10(50%) 3(37.5%) Fisher’s exact Pp=0686
Race/Ethnicity Fisher’ exact Pp=0643
White, Non-Hispanic 21(75.0%) 15 (75.0%) 6(75.0%) - -
White, Hispanic/Latino 1(3.6%) 1(5.0%) 0(0.0%) - -
Black/African- American 2(7.1%) 2(10.0%) 0(0.0%) - -
Asian 3(107%) 1(5.0%) 2(25.0%) - -
Mixed 13.6%) 1(5.0%) 0(0.0%) - -
Completed education, No. (%) Fisher’s exact Pp=0.54
High school/GED 6(21.4%) 6(30.0%) 0(0.0%) - -
Part-college or 2years college 10(35.7%) 8(40.0%) 2(25.0%) - -
College/bachelor’s degree 8(28.6%) 4(20.0%) 4(50.0%) = -
Graduate/professional school 4(143%) 2(10.0%) 2(25.0%) - -
Estimated 1Q, mean £ SD
Verbal IQ 11832104 1165108 1229482 p=0175
Performance IQ 1145549 1136251 1166239 p=0175
Full scale 1Q 187291 171495 1227472 p=0175
PANSS total score, mean 5D 410£27.3 4554236 2094341 p=0175
Positive 98273 11269 65%7.7 p=0.137
Negative 104273 114265 8090 p=0275
General psychopathology 209£135 21£112 1542176 p=0178
PSYRATS-AH, mean D 41294 43293 36£103 1=-0.1690 Pp=0867
YMRS, mean:£SD 73193 76498 66+88 1=-02326 p=0818
MADRS, mean:+SD 1092112 1282112 632104 r=-14136 p=0.169
CPZ equivalent dose, mean +SD (range), mg/day | 242.4+311.6(0-1200) | 25173173 (0-1200)  219.3+3169 (0-900) 1=-02437 p=0809
‘Taking antipsychotic drug 17(60.7%) 12(60.0%) 5(62:5%)
‘Taking mood stabilizer 14(50.0%) 10(50.0%) 4(50.0%)
‘Taking either antipsychotic or mood stabilizer 23(82.1%) 17(85.0%) 6(75.0%)
Not taking any psychotropic drug 4(143%) 3(15.0%) 1(125%)

“Two non-completers ither withdrew (1 BD) or were excluded (152) prior to TBS randomization and do not contribute any results data.
“Test statistics and p-values are from a comparison of completers vs. non-completers, using a significance threshold of p<0.05. Al -tests are 2-sided.

Estimated intelligence quotient (IQ) estimated using the North American Adult Reading Test (NAART); NAART data are missing from 3 patients (2 completers, 1 non-completer).

GED, general educational development test;1Q, ntelligence quotient; PANSS, positive and negative syndrome scale; PSYRATS-AH, psychotic symptom rating scale, auditory hallucinations
subscale; YMRS, Young mania rating scale; MADRS, montgomery-asberg depression rating scale; CPZ, chlorpromazine.
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