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Abstract 

Background: Phosphenes induced by transcranial magnetic stimulation (TMS) are a 

subjectively described visual phenomenon employed in basic and clinical research as index 

of the excitability of retinotopically organized areas in the brain.  

Objective: Phosphene threshold estimation is a preliminary step in many TMS experiments 

in visual cognition for setting the appropriate level of TMS doses; however, the lack of a 

direct comparison of the available methods for phosphene threshold estimation leaves 

unresolved the reliability of those methods in setting TMS doses.  The present work aims at 

fulfilling this gap. 

Methods: We compared the most common methods for phosphene threshold calculation, 

namely the Method of Constant Stimuli (MOCS), the Modified Binary Search (MOBS) and 

the Rapid Estimation of Phosphene Threshold (REPT). In two experiments we tested the 

reliability of PT estimation under each of the three methods, considering the day of 

administration, the participants’ expertise in phosphene perception and the sensitivity of 

each method to the initial values used for the threshold calculation. 

Results: We found that MOCS and REPT have comparable reliability when estimating 

phosphene thresholds, while MOBS estimations appear less stable. 

Conclusions: Based on our results, researchers and clinicians can estimate phosphene 

threshold according to MOCS or REPT equally reliably, depending on their specific 

investigation goals. We suggest several important factors for consideration when 

calculating phosphene thresholds and describe strategies to adopt in experimental 

procedures. 
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Introduction 

Transcranial magnetic stimulation (TMS) is a non-invasive method for temporarily and 

reversibly interacting with functions of a targeted brain area. The experimental practice 

involves setting different parameters to define the TMS protocol (i.e., stimulation intensity, 

frequency duration, and pulse latency) [1]. Among those parameters, the intensity of the 

magnetic field (the percentage of the maximum stimulator output, MSO), has special 

relevance since it is used to measure and standardize the stimulus doses among individuals. 

Recent evidence suggests that choosing high or low TMS doses can either suppress or 

enhance behavioural response outcomes, respectively [2–5] thus making TMS intensity a 

critical parameter for data interpretation in cognitive models and for clinical applications.  

There are different approaches for setting TMS intensity and one of them involves choosing 

a fixed value for all participants (e.g. 65% ) [6], thus saving time. However, differences in 

cortical excitability, cortical structure and skull shape between participants require 

adjusting the TMS pulse individually, for example calculating psychophysical threshold on 

motor (motor threshold – MT) or visual (phosphene threshold – PT) cortices, respectively. 

While there are well-established procedures for computing MT [7–9], PT procedures are 

scarce. This is an important gap in experimental routine, because MT ceases to provide a 

reliable index for individually setting TMS intensity moving from motor cortex to other 

cortical areas [10]. Conversely, PT is a good candidate for establishing the effectiveness of 

the stimulation of the posterior brain. Indeed, reliable phosphenes have been reported after 

stimulation of retinotopic areas both in occipital and parietal cortex [11–13], making PT a 
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cardinal parameter in investigating complex cognitive processes, like visual attention and 

awareness [14].  

A standardized procedural definition of PT calculation is particularly challenging since 

phosphenes are subjective reports. Adding to complexity, PT can be affected by several 

other factors. For example, keeping the eyes closed or open changes the PT [15,16], as do 

the light level of the environment [17], instructions given to subjects, participants’ 

expectancy and expertise in phosphene perception, and the method used to calculate the 

threshold. Our aim is to compare psychophysical methods to calculate the PT.  

Three main procedures are typically used to estimate PT: the Modified Binary Search 

(MOBS) [18,19], the Method of Constant Stimuli (MOCS) [20], and the Rapid Estimation 

of Phosphene Threshold (REPT) [21]. We conducted two experiments. In the first one three 

methods (i.e. MOBS, MOCS, and REPT) were compared within one session on three 

different days. This way, we aimed at testing the reliability of each method between and 

within participants in repeated sessions. We also considered participants’ expertise with 

phosphene phenomenon comparing two groups (naïves vs. experts). In Experiment 2, we 

used data from Experiment 1 as prior to evaluate possible improvements in PT estimation 

due to the initial intensity range of two of the PT methods (MOCS and REPT) employed in 

Experiment 1.  

 

Method 

Experiment 1 

Participants 
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A total of 22 healthy participants with normal or corrected to normal visual acuity were 

recruited for the experiment and reimbursed for their participation. They had no 

contraindications to TMS, as assessed by the safety screening questionnaire (adapted from 

[22]). Three participants were not able to perceive phosphenes and were excluded from the 

experiment. Moreover, two participants dropped out after the first day of testing and they 

did not complete the experiment. The remaining 17 participants (4 males), including two 

authors (C.M. and S.S.), took part in the experiment (19 - 39 years old; one left-handed). 

Ten of them were naïve to phosphene. All of them but the two authors were naïve to the 

goals of the study.  

All the participants gave their written informed consent before participating in the study, 

which was conducted in accordance with the 2013 declaration of Helsinki and approved by 

the local Ethics Committee. 

 

Apparatus and procedure 

The participants were seated in a dark room at a distance of 57 cm from a 17 inch LCD 

monitor (LG L1753HM), with chin and forehead steadied so that eyes were aligned with 

the centre of the screen. The participants wore earplugs and a close-fitting cap with the 10-

20 international system marked on.  

To illustrate what a phosphene is, we showed participants some examples of phosphenes 

drawings [15]. Participants were instructed to not expect a flash of light, instead to covertly 

explore all the visual field and to look for a spatially circumscribed visual change (in 

brightness or texture) on the background.  



7 
 

Participants were adapted to the light conditions of the experimental room for at least 5 

minutes prior to the experiment. They were instructed to keep the fixation steady on the 

central spot on a completely black screen. To confirm that participants perceived authentic 

phosphenes, some criteria [23] such as the dependence on the stimulated hemisphere (i.e. 

phosphenes in the contralateral visual field, [24]), the dependence on gaze direction [24], 

and the visibility with eyes both open and closed [25] had to be satisfied. We further tested 

phosphenes reliability asking participants to describe the position, size, texture, colour and 

shape of perceived phosphenes. A few days before the beginning of the experiments, naive 

participants were invited to the laboratory and familiarized with TMS procedure and 

phosphenes perception. Furthermore, all the participants ran at least one threshold 

estimation before the beginning of the experiment as training.  

At the beginning of each session, the coil was placed over O1 (we only tested the left 

hemisphere) and it was slightly moved in all directions in a region within a circle of 2 cm in 

diameter centered on O1 until bright and reliable phosphenes were induced. By means of a 

mechanical arm (www.manfrotto.com) the coil was then fixed over this “hotspot” (i.e. the 

best location where circumscribed, right hemifield-lateralized phosphenes were perceived) 

and this position was marked on the cap to be used throughout the experimental session. 

The coil was placed tangentially to the skull, parallel to the mid-line with the handle 

pointing upwards to avoid unspecific activation of neck and shoulder muscles. Single-pulse 

TMS was discharged using a Magstim Rapid
2
 (Magstim Company Limited, Whitland, UK) 

system (MSO = 3.5 Tesla) through a 70 mm figure-of-eight coil. Both TMS pulse trigger 

http://www.manfrotto.com/
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and response acquisition were controlled by Matlab (The MathWorks, Natick, MA) and the 

Psychtoolbox (ver. 3.00, [26–28]). 

 

Phosphene threshold measurement 

We collected data from three psychophysical methods (MOBS, MOCS, and REPT) on 

three days (Monday, Wednesday and Friday of the same week within participant). Each day, 

the order of methods was counterbalanced among participants. The experiment lasted about 

half an hour each day. 

On each trial, participants were instructed to keep their eyes open, to maintain visual 

fixation on the central spot and, after each TMS pulse, to report the presence or the absence 

of a phosphene with a “yes/no” response by pressing two different keys. Based on the 

response and psychophysical method, the computer automatically adjusted the TMS 

intensity for the subsequent trial, thus avoiding the experimenter to manually adjust the 

intensity after each response. Participants had to press the spacebar to continue to the next 

trial, thus promoting coordination between pulse delivery and attending to phosphenes. The 

inter-pulse interval was longer than 3 s for all methods employed, in accordance with the 

safety guidelines [22]. 

 

Modified Binary Search (MOBS)  

MOBS [18] is an adaptive non-parametric algorithm which uses the mathematical method 

of bisection combined with additional heuristics to estimate PT. Initially, the first TMS 

intensity is set to the midpoint of the available range (51% of MSO). The extreme values (1% 
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and 100%) are called the bottom and top elements and 51% is called middle element. After 

participant’s response, the search range for PT is updated by setting new values of each 

element. For example, if participant responded “no” to seeing phosphene at 51% intensity, 

the bottom and top elements are set to 51 and 100%, respectively, and the middle element is 

set to 76%. The middle element (76%) is the next stimulation intensity. If participant 

responds “yes” at this intensity, the new search range will be set from 51 to 76% while if 

the response is “no” the search range is moved from 76% to 100%. If two consecutive “yes” 

(or “no”) are reported, the next stimulation intensity will be the bottom (or top) element of 

the available range. A process of “regression” is needed if the participant responds 

inconsistently to her/his previous response. In this case, all elements are moved up by one, 

losing the top element and setting the bottom one to the appropriate end of the range so that 

the range is widened. The procedure ends after a fixed number of reversals (i.e. changes 

from unseen to seen and vice versa – 6 in this experiment). The threshold is calculated as 

the mean of top elements from each range used. 

The number of trials required for estimating a threshold depends on the consistency of 

participant's reports (in this experiment between 8 and 16 trials, with an average test time of 

36.61 seconds, SD = 10.83). 

 

Method of Constant Stimuli (MOCS) 

MOCS is a non-adaptive, psychophysical method to calculate thresholds where a pre-

arranged set of stimuli (to cover sub- and supra-threshold values) is tested many times in a 

randomized order. In this experiment, 13 randomly intermixed TMS intensities (from 51% 
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to 87% in steps of 3%) were employed. Each intensity was tested 10 times per session for a 

total of 130 pulses. While it is possible to choose less number of intensities and less number 

of pulses [29,30], we chose such a large range to avoid running a range estimation 

procedure prior to running the MOCS. However, in order to understand whether MOCS can 

be reliable with less intensity steps and less repetitions, we conducted a Monte Carlo 

simulation. The average testing time was about 10 minutes. For each participant, we 

computed the proportion of “yes” responses for each TMS intensity. These data ware fitted 

with a cumulative Weibull psychometric function using the maximum likelihood procedure 

implemented in Palamedes toolbox [31] and with fixed lapse rate of 4%. The TMS intensity 

at which the participant perceived phosphenes 50% of the times was taken as the threshold 

value. 

 

Rapid Estimation of Phosphene Threshold (REPT) 

REPT [21] consists of a Bayesian adaptive staircase procedure where TMS intensities are 

selected by combining Bayes’ rule and information theory [32] to maximize the expected 

information gain from each trial and, at the same time, to minimize the uncertainty in the 

probability distribution of the parameters. Being a Bayesian procedure, REPT updates the 

posterior distribution of a range of threshold and slope values after each successful or 

unsuccessful response. To select the next TMS intensity, REPT computes the entropy based 

on the updated posterior distributions. Smaller entropies indicate psychometric functions 

that better match subjects’ performance. Such placement of the TMS intensity is expected 

to provide an outcome that leads to discovering the psychometric function that best 
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describes the observer. PT was calculated in 30 trials for every participant. The procedure 

lasted on average 1 minute and 31 seconds (SD = 15.84). The range of stimulation 

intensities allowed for PT estimation was generally set between 45% and 75% of MSO, 

however each participant used a different range within the general range 45-75 based on 

his/her own responses (mean range calculated across all REPTs and participants = 60%; 

SD=11% of MSO) (please refer to [21] for additional details about the staircase 

functioning).  

The estimated threshold according to REPT corresponds to the stimulation intensity that 

evoked phosphenes 50% of the times (position parameter of a Weibull function fitted to the 

proportion of phosphene responses between 0 and 1 with a lapse rate of 4%).  

 

Statistical analysis 

Individual PTs (expressed in percentage of MSO) were calculated for each method during 

each of three days of testing.  

We first performed a 2-way repeated measures analysis of variance (ANOVA) with Method 

(MOBS, MOCS and REPT) and Day (Monday, Wednesday and Friday) as within-subjects 

factors. To appreciate differences in PT estimation due to the three methods we performed 

three one-way ANOVA with Method as within-subjects factor on the three days data 

separately and three one-way ANOVA with Day as within-subjects factor on the data from 

three methods separately. Furthermore, participants’ expertise was taken into account by a 

3-way mixed ANOVA with Method (MOBS, MOCS and REPT) and Day (Monday, 

Wednesday and Friday) as within-subjects factors and expertise as a between subjects 
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factor (expert versus naïve participants). In order to appreciate the within subjects’ 

variability across different sessions, we calculated the standard deviation for each method 

and performed a within-subjects ANOVA with Method as main factor (MOBS, MOCS, 

REPT). Post-hoc tests were Bonferroni-corrected t-tests. 

 

Monte Carlo Simulation 

To estimate the minimum number of trials per intensity required to compute reliable 

thresholds, we ran a Monte Carlo simulation using MOCS collected on Day 1 in 

Experiment 1. Simulation probabilities were computed as a proportion of correct responses. 

For each participant and for each number of pulses (2-20), 300 simulations were made. To 

estimate 50% phosphene threshold a Weibull function was fit after each simulation. The 

median of 300 simulated threshold values was used as an estimate of individual threshold 

and standard deviation as a measure of phosphene reliability. We simulated using a range 

of 13 intensities used in Experiment 1, which were spaced in steps of 3%, but also ran a 

simulation with as well as a more sparsely distributed range of 7 intensities which covered 

the same intensity range but spaced in steps of 6%. Four participants were excluded from 

the simulation results after finding out low goodness of fit of the Weibull function. This 

was due to atypical response patterns, which resulted in “locking” the fit to similar 

psychometric functions creating an erroneous impression of stable thresholds. 

 

Results 
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The 2-way repeated measure ANOVA (n = 17) revealed a significant main effect of 

Method [F(2,32) = 3.636; p < 0.05; η
2
 = 0.19]. Post-hoc comparisons showed that REPT 

thresholds (mean REPT = 62.49, SD = 6.72) were lower than MOCS (mean MOCS = 65.70, 

SD = 6.95, p < 0.05). No significant differences in terms of Day of administration were 

found [F(2,32) = 0.963; p = 0.392; η
2
 = 0.06]. However, the interaction between Method 

and Day [F(4,64) = 2.524; p < 0 .05; η
2
 = 0.14] was significant (Fig. 1). To further 

investigate this effect, three separate one-way ANOVA with Method as within-subjects 

factor were performed for each day separately. Only in the first day of administration REPT 

produced lower threshold [F(2,32) = 5.422; p < 0.01; η
2
 = 0.25; mean REPT = 61.94, SD = 

6.74] with respect to MOCS (mean MOCS = 66.47, SD = 9.14). We also performed three 

separate one-way ANOVA with Day as within-subjects factor on each method separately; 

however no significant results were present. 

 

--------------------------- please insert Figure 1 about here ---------------------------- 

 

We suspected that the difference in PTs on the first day could be driven by participants’ 

expertise. That is, experts (n = 7), being more accustomed to phosphene perception, could 

have had lower and/or less variable PT estimations compared to naïves participants (n = 10). 

However, expertise was not significant as main effect [(1,15) = 0.723; p = 0.41 η
2
 = 0.05], 

(Fig. 2), nor interacted with other factors.  

 

--------------------------- please insert Figure 2 about here ---------------------------- 
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To assess the reliability of each method across sessions, we computed the standard 

deviation for each method across the three days of testing, individually, such that small 

values indicate more reliable measurements within a particular method. Standard deviations 

were entered into a one-way ANOVA with Method as within-subject factor. We found that 

the three methods were different in reliability as shown on Fig. 3 [F(2,32) = 5.304, p < 0.01; 

η
2
 = 0.25]. Specifically, MOBS produced more variable thresholds compared to MOCS (p 

< 0.01). There was no difference in reliability between REPT and MOBS (p = 0.179) and 

between REPT and MOCS (p = 1). 

 

--------------------------- please insert Figure 3 about here ---------------------------- 

 

In order to obtain a measure of reliability of the data fitting with the Weibull function, we 

also decided to consider a further parameter: the standard deviation of the goodness of fit 

(Weibull function) calculated for each MOCS threshold measurement according to the non-

parametric bootstrap procedure implemented in Palamedes toolbox. This parameter can 

only be obtained for MOCS data because for MOBS and REPT it is often the case that one 

level of intensity is administered only once in a run, therefore making the fitting procedure 

highly unreliable. We noticed that the standard deviation of the Weibull fitting, performed 

on MOCS data, exceeded the value of two at least in one session out of three in four 

participants. We therefore decided to exclude them and we run the same analyses 

performed before on the remaining thirteen participants: The 2-way repeated measure 
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ANOVA (Method x Day of administration) confirmed the main effect of Method [F(2,24) = 

6.147; p < 0.01; η
2
 = 0.34] as for the entire sample of participants (n=17). The interaction 

between Method and Day was significant [F(4,48) = 2.977; p < 0 .05; η
2
 = 0.20]. Data from 

14 participants highlighted not only a difference between REPT and MOCS thresholds (in 

the first day of administration REPT produced lower threshold with respect to MOCS 

[F(2,24) = 11.657; p < 0.01; η
2
 = 0.49; mean REPT = 62.08, SD = 4.19; mean MOCS = 

66.47, SD = 9.14], but also a further difference between REPT and MOBS thresholds 

(mean MOBS = 68.46, SD= 7.14; p < 0.05). Finally, post-hoc comparisons concerning the 

ANOVA on standard deviation data in the three methods showed a tendency for REPT to 

be less reliable than MOCS (p = 0.055). 

Taken together, these results show that (1) MOBS is highly variable; (2) MOCS is the most 

stable method having the smallest changing across sessions; and (3) REPT provides the 

lower TMS doses administrable but it tends to be less reliable than MOCS. Based on data 

from Experiment 1 we can conclude that MOCS and REPT are reliable methods in terms of 

number of administrations. We aimed at further testing the reliability of these two methods, 

focusing on their sensitivity for the initial range of power values. Indeed both MOCS and 

REPT could be susceptible to the range of intensities chosen as default parameters when 

estimating thresholds [33,34]. In Experiment 2 we enrolled a subset of participants already 

tested in Experiment 1. The rationale was to capitalize on real data from Experiment 1 in 

order to tailor the input parameters for subsequent calculations (both using MOCS and 

REPT). In Experiment 2 we ran MOCS adopting as midpoint value the average of all REPT 

data collected in Experiment 1 (across sessions and participants). We also performed three 
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repetitions of REPT with three intensity ranges calculated considering as midpoint the 

individual REPT thresholds collected in the previous experiment.  

To assess how reliability of phosphene threshold estimation changes as a function of 

number of delivered pulses, we used Monte Carlo simulation using participants’ responses 

from Experiment 1, Day 1 (n=13). Data from 4 participants were excluded because of the 

high variability (> 2 SD) in the Weibull fitting. For each participant, we simulated 

thresholds 300 times and computed the median phosphene threshold (and standard 

deviation) for each set of pulses. The simulation was completed for step-size intensity of 3% 

(a total of 13 intensities) and 6% (a total of 7 intensities) in the range from 51% to 87%. To 

assess how accurately phosphene thresholds change depending on the number of pulses, we 

first computed the difference between thresholds estimated using different number of 

pulses. In other words, we computed the difference between PT(N+1 pulse) - (N pulse). We 

found that the number of pulses did not significantly affect threshold estimates: this was 

true for 13 intensities (Fig. 5A) [F(18,216) = 1.05, p = 0.4] and 7 intensities (Fig. 5C) 

[F(18,216) = 0.64, p = 0.9]. 

To find out which parameters affect the reliability of threshold estimation, we 

computed the standard deviation of 300 simulated thresholds for both 13 and 7 intensities 

(Fig. 5B and 5D). The analysis of interaction between of the number of pulses (2 to 20) and 

range of intensities (3% or 6% step) was significant [F(18,216) = 5.60, p < 0.001]. This 

result indicates that when we spaced intensities in steps of 3% the threshold variability was 

smaller compared to when the intensities were incremented by 6% (compare Fig. 5B and 

5D). Therefore, more reliable thresholds are produced when intensities are more densely 
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distributed. Next, we wanted to find out what is the minimum number of pulses required for 

reliable estimation of phosphene thresholds. Indeed, there was a main effect of number of 

pulses in the case of standard deviations both when intensities were spaced at 3% [F(18,216) 

= 58.11, p < 0.01] and 6% [F(18.216) = 24.26, p <=> 0.01]. Pairwise comparisons, 

corrected using the Holmes method, revealed that starting from 7 pulses and onwards there 

was no difference in standard deviations, indicating that reliability did not grow as the 

number of pulses was increased from 7 on when intensities were spaced in steps of 3%. 

Similarly, in the case of intensities spaced at 6%, reliability did not improve after delivering 

6 or more pulses. Results from the Monte Carlo simulation suggest that it is recommended 

to deliver at least 7 pulses per intensity to obtain accurate and reliable threshold 

measurement. 

 

--------------------------- please insert Figure 5 about here ---------------------------- 

 

Experiment 2 

Method 

Participants 

Seven participants (1 male, age range 23 – 39 years) who participated in Experiment 1 were 

tested in Experiment 2. Written informed consent before participating in the study was 

collected from all the participants. The experiment was conducted in accordance with the 

2013 declaration of Helsinki and approved by the local Ethics Committee.  
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Apparatus, procedure and phosphene threshold measurement 

Apparatus and procedure were the same as in Experiment 1. 

PT was consecutively assessed in a single day session by MOCS and REPT in about half an 

hour. Each participant performed: 

- one MOCS whose midpoint value (63% of MSO) was the average of all REPT data 

collected in Experiment 1. The intensities employed ranged from 45% to 81% of MSO 

(step of 3%). Ten pulses were administrated for each intensity for a total amount of 130 

pulses; 

- three REPT with different intensity range each calculated considering as midpoint the 

individual REPT thresholds collected in the three sessions of Experiment 1. As a result, all 

the participants had three different ranges of intensities depending on their own previous 

data. The range consists of 31 points, therefore, if one REPT PT was 54% in Experiment 1, 

the REPT range used in Experiment 2 ranged from 39% to 69% (or, another example, from 

52% to 82% for a previous REPT PT of 67%).  

The order of the administration of MOCS and REPT was counterbalanced among 

participants. 

 

Statistical analysis 

Individual PTs (in percentage of MSO) were calculated for MOCS and REPT. We first 

conducted a one-way repeated measure ANOVA comparing the new MOCS values with 

the mean of the three MOCS collected in the first experiment. Furthermore, data from the 

REPT thresholds from Experiments 1 and 2 were re-arranged in ascending order for each 
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participant. Subsequently, a two-way repeated measure ANOVA was carried out using 

REPT threshold (3 levels) and Experiment (1 or 2) as within-subjects factors. Please note 

that the three levels of REPT threshold considered in the two-way ANOVA (“lower 

REPT”, “middle REPT”, “higher REPT”) are labelled according to the data collected in 

Experiment 1. 

 

Results 

In Experiment 2, we found that using a moderately weaker stimulation intensities for 

MOCS slightly lowered PTs compared to Experiment 1 but the difference was not 

significant [F(1,6) = 4.26, p = 0.08; η
2
 = 0.42] (Fig. 4A). 

 

--------------------------- please insert Figure 4 about here ---------------------------- 

 

Concerning REPT (Fig. 4B), individually adjusting the range of TMS intensities did not 

change thresholds (filled circles), whereas in Experiment 1, in which a common range was 

used for all participants, REPT had greater variability (open circles). Indeed, the factor 

REPT threshold was significant [F(2,12) = 17.31, p < 0.01; η
2
 = 0.74], however, the effect 

was driven by the interaction between REPT threshold and Experiment [F(2,12)=13.86; p < 

0.01; η
2
 = 0.70], where only in Experiment 1 there was a significant differences among the 

three REPT values collected (all ps < 0.01). 

Altogether, results from Experiment 2 showed that tailoring the intensity range used as 

input in case of REPT decreased the variability. 
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Discussion 

Phosphene threshold (PT) is widely used in cognitive neuroscience as an index for non-

invasive assessment of visual cortex excitability [35], but can also be used as a covariate of 

subjective variability with other physiological measures (e.g. [36]). Furthermore, it is 

measure of TMS doses in basic research and clinical purposes [3–5,35]. Due to its 

subjective nature, the need for a standardization of PT calculation is essential for data 

comparison and generalized conclusions. Here, we aimed at assessing the reliability of 

three psychophysical methods used for PT estimation, comparing MOCS, MOBS and 

REPT. Results showed that MOBS is the less reliable method across three sessions of 

administration. MOCS and REPT are equivalent in terms of within participant’s variability 

across sessions, even if REPT estimation was more unstable the first day of application. We 

further assessed the dependency of the final estimation on the initial values of TMS 

intensity allowed for the PT calculation in MOCS and REPT only. MOCS appeared to be 

stable regardless the midpoint initial value. REPT PT estimation tended to linearly increase 

as the range of initial values increased (Experiment 1), however, if the initial intensity 

range is individually adjusted, REPT PT estimation appeared to be very stable (Experiment 

2). 

Here, we carefully maintained other parameters known as affecting PT fixed, such as the 

instruction given to the participants, the environmental light, and the pre-experimental dark 

adaptation (see Apparatus and procedure). Especially in studies where PT is the dependent 

variable used for inferring the excitability of visual areas, limitation of possible sources of 
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variability is essential. To account for reproducibility of the results, we made use of manual 

self-administration for TMS pulses release, therefore ensuring that participant’s expectation 

to TMS pulses was uniform trial-by-trial. Self-triggering of TMS pulses is an important 

aspect that might affect perceptual report in terms of expectation [37] and sense of agency 

[38]. A note of caution should, however, be made about the stimulation site targeting since 

no neuro-navigation system was used across experimental sessions and this could introduce 

a possible uncontrolled source of variance. 

In the first experiment, we also considered the possibility that experienced participants 

might be more reliable in reporting phosphenes since “the ability to detect phosphenes must 

be “learned”, much as a gestalt processes” ([23] pag. 136). Although Figure 2 seems to 

show a difference between the two tested populations, the size of the effect was negligible, 

suggesting that, once a participant understood what a phosphene is and is able to report it, 

then her/his ability to detect phosphenes in further sessions is stable. We can therefore 

claim that PT is a reliable index to adopt in clinical setting for example, where participants 

are tested many times on the same task in order to establish the efficacy of a treatment.  

In the second experiment, we considered the possibility of an influence of the estimated PT 

on the initial range of intensities for the two most reliable methods, namely MOCS and 

REPT. We reasoned that threshold estimation can be sensitive to the extremes of a given 

input range [33,34]. Therefore, we capitalize on real data from Experiment 1 for 

establishing new range input in that particular sub-population of subjects. We found that 

MOCS can be considered a stable method, given that PT estimates are not sensitive to the 

range of the intensity used. REPT appeared to be more sensitive to the initial input values 
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(Experiment 1), even if, individual adjustment significantly improved PT reliability across 

sessions (Experiment 2; Fig. 4B). We think that the rationale we applied in Experiment 2 

can be easily applied in any TMS lab context where participants’ database is often fixed. 

Indeed testing screened participants, possibly having individual MRI (or fMRI) scans, has a 

strong impact on research or clinical costs. Here the idea is to turn constrains into 

advantages. A long-term strategy for a lab involved in TMS application is to tailor as much 

as possible the TMS parameters setting based on individual data. Thus, whatever the 

psychophysical method chosen for PT estimation, the initial input values can be set based 

on real data, rather than relying on simulations or choosing arbitrarily. 

In determining the best method for PT calculation, time consumption is another important 

factor to consider. Since PT calculation can be the preliminary step for a TMS study, the 

experimenter would like to limit resources for this procedure. Faster PT estimation has also 

the potential to prevent discomfort to the subject due to multiple pulses, as well as 

weakening the possibility to induce carry-over physiological changes that might interact 

with the target intervention in a study [39,40]. Even if we did not systematically store this 

information for all the experimental conditions, we can estimate that MOBS (average test 

time of 36.61 seconds, SD = 10.83) and REPT (average test time of 1 minute and 31 

seconds, SD = 15.84) are the fastest methods and MOCS is the longer one (about 10 

minutes). Considering a trade-off between time consumption and reliability, we can 

conclude that REPT might be the best option to consider in PT estimation when this step is 

the preliminary one to be followed by the actual experiment. Conversely, if the PT 

estimation is the core of the experiment (e.g. [12]) MOCS would be a better solution, given 
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its higher reliability. Indeed, MOCS data (considering an appropriate number of intensities 

and trials per intensities) can be modelled based on psychometric fitting procedures (here 

we used a Weibull function). Psychophysical modelling based on TMS intensity can be 

useful not only for phosphene threshold variable, but also for the parameterization of other 

physiological variable in a study (e.g. TEP: TMS-evoked potentials; [41]). Furthermore, the 

fitting procedure on MOCS data offers the possibility to establish a descriptive value for 

assessing the reliability of participants’ responses. For example, in this study we considered 

the standard deviation of the Weibull fitting for pinpointing outliers in the tested sample.  

A third suggestion aimed at maintaining the high reliability of MOCS while reducing the 

time of administration can be to adopt a shorter MOCS procedure by using a minimum of 7 

pulses per intensity and having sufficiently sparse distribution of intensities. Indeed, the 

results of the Monte Carlo simulation and data present in literature coming from Kammer’s 

lab [29,30] are in favour  of adopting such a procedure. 

The last aspect we would like to highlight is related to the intrinsically variable nature of 

any threshold estimation (not just PT). This aspect forces the experimenter to limit the 

duration of the study after PT estimation or rather, consider repeating the estimation several 

times in long experiments, to ensure that the TMS doses compensate for fatigue effects, 

habituations or random and spontaneous variation in the excitability of the stimulated 

cortex. To this respect we suggest to choose a fast method, like REPT for PT calculation. A 

different elegant possibility is to combine the two methods for PT estimation. So for 

example, it seems optimal to first assess PT by MOCS, and then apply REPT for getting 
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fastest PT values in between a long experiment, customizing the intensity range based on 

the previous MOCS value. 

In conclusion, PT provides a reliable measure of assessing visual cortical excitability [25,35] 

if taking care of the aspects that might affect it, such as the instructions given to the 

participants (e.g., visual examples [15]), a fixation point on the screen, or the self-

administration of TMS pulses by the participant and manual responses. Our data suggest 

that MOCS and REPT (free download: 

http://www.psych.usyd.edu.au/tmslab/rapid2andrept.html) provide reliable PT estimations. 

We also suggest considering the possibility to combine MOCS and REPT methods to 

compensate for threshold variability and to consider the possibility to feed the chosen 

algorithm with individual data whenever possible. 
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