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SUMMARY:  21 

Presented here is a protocol introducing a set of child-friendly statistical learning tasks geared 22 

towards examining children’s learning of temporal statistical patterns across domains and 23 

sensory modalities. The developed tasks collect behavioral data using the web-based platform 24 

and task-based functional magnetic resonance imaging (fMRI) data for examining neural 25 

engagement during statistical learning. 26 

 27 

ABSTRACT:  28 

Statistical learning, a fundamental skill to extract regularities in the environment, is often 29 

considered a core supporting mechanism of the first language development. While many studies 30 

of statistical learning are conducted within a single domain or modality, recent evidence suggests 31 

that this skill may differ based on the context in which the stimuli are presented. In addition, few 32 

studies investigate learning as it unfolds in real-time, rather focusing on the outcome of learning. 33 

In this protocol, we describe an approach for identifying the cognitive and neural basis of 34 

statistical learning, within an individual, across domains (linguistic vs. non-linguistic) and sensory 35 

modalities (visual and auditory). The tasks are designed to cast as little cognitive demand as 36 

possible on participants, making it ideal for young school-aged children and special populations. 37 

The web-based nature of the behavioral tasks offers a unique opportunity for us to reach more 38 

representative populations nationwide, to estimate effect sizes with greater precision, and to 39 

contribute to open and reproducible research. The neural measures provided by the functional 40 

magnetic resonance imaging (fMRI) task can inform researchers about the neural mechanisms 41 

engaged during statistical learning, and how these may differ across individuals on the basis of 42 

domain or modality. Finally, both tasks allow for the measurement of real-time learning, as 43 

changes in reaction time to a target stimulus is tracked across the exposure period. The main 44 
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limitation of using this protocol relates to the hour-long duration of the experiment. Children 45 

might need to complete all four statistical learning tasks in multiple sittings. Therefore, the web-46 

based platform is designed with this limitation in mind so that tasks may be disseminated 47 

individually. This methodology will allow users to investigate how the process of statistical 48 

learning unfolds across and within domains and modalities in children from different 49 

developmental backgrounds.  50 

 51 

INTRODUCTION:  52 

Statistical learning is an elementary skill supporting the acquisition of rule-governed 53 

combinations in language inputs1. Successful statistical learning ability in infants predicts later 54 

language learning success2,3. Variability in statistical learning skills in school-aged children has 55 

also been associated with vocabulary4 and reading5,6. Difficulty in statistical learning has been 56 

proposed as one etiological mechanism underlying language impairment7. Despite the 57 

association between statistical learning and language outcomes in both neurotypical and atypical 58 

populations, the cognitive and the neural mechanisms underlying statistical learning remain 59 

poorly understood. In addition, previous literature has revealed that, within an individual, 60 

statistical learning ability is not uniform but independent across domains and modalities6,8,9. The 61 

developmental trajectory of statistical learning abilities may further vary across domains and 62 

modalities10. These findings emphasize the importance of assessing individual differences in 63 

statistical learning across multiple tasks throughout the course of development. However, the 64 

field first requires a more systematic investigation of the relationship between statistical learning 65 

and first language development. To address these questions, we apply innovative methods 66 

including a web-based testing platform11 that reaches a large number of children, and laboratory-67 

based neuroimaging techniques (functional magnetic resonance imaging, or fMRI) that examine 68 

the real-time encoding of statistical information.  69 

 70 

Standard measures of statistical learning begin with a familiarization phase and are followed by 71 

a two-alternative forced choice (2-AFC) task12,13. The familiarization phase introduces a 72 

continuous stream of stimuli embedded with statistical regularities, where some stimuli are more 73 

likely to co-occur than others. The presentation of these co-occurring stimuli follows a fixed 74 

temporal order. Participants are passively exposed to the stream during the familiarization 75 

phase, followed by a 2-AFC task that tests whether the participant successfully extracted the 76 

patterns. The 2-AFC accuracy task presents two consecutive sequences: one sequence has been 77 

presented to the participant during the familiarization phase, while the other is a novel sequence, 78 

or contains part of the sequence. Above-chance accuracy on the 2-AFC would indicate successful 79 

learning at the group level. Traditional behavioral tasks assessing statistical learning generally 80 

rely upon accuracy as the outcome measure of learning. However, accuracy fails to account for 81 

the natural learning of information as it unfolds in time. A measure of real-time learning is 82 

necessary to tap into the implicit learning process of statistical learning during which children are 83 

still encoding the regularities from the inputs14,15,16.  Various adaptations across paradigms have 84 

been developed in an effort to move away from the 2-AFC measure, towards measures of on-line 85 

learning through behavioral responses during the exposure16.  Studies utilizing these adaptations 86 

which measure reaction time during the exposure phase found they were related to post-learning 87 

accuracy17 with better test-retest reliability compared to that of the accuracy in adult learners18.  88 
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 89 

Neural measures are also foundational to our understanding of how learning unfolds over time, 90 

as the implicit process by which language learning occurs likely recruits different neural resources 91 

from those used once language is learned19. Neural measures also provide insights into 92 

differences in cognitive specializations underlying language ability across special populations20. 93 

How the condition contrast is designed in an fMRI study is crucial for how we interpret patterns 94 

of neural activation during learning. One common practice is to compare brain responses during 95 

the familiarization phase between sequences containing regular patterns versus those containing 96 

the same stimuli which are ordered randomly. However, previous research implementing such a 97 

random control condition found no evidence for learning in behavior, despite neural differences 98 

between structured and random sequences. This might be due to the interference of random 99 

sequences on learning of structured sequences, as both were constructed from the same 100 

stimuli21,22. Other fMRI studies which utilized backward speech or earlier learning blocks as the 101 

control condition confirmed learning took place behaviorally19,23. However, each of these 102 

paradigms introduced its own confounding factor, such as the effect of language processing for 103 

the former case and the effect of the experimental order for the latter case. Our paradigm uses 104 

the random sequence as the control condition but mitigates their interference on participants’ 105 

learning of the structured sequences. Our fMRI paradigm also implements a mixed block/event-106 

related design, which allows for the simultaneous modeling of transient trial-related and 107 

sustained task-related BOLD signals24. Lastly, and more broadly, neural measures allow for the 108 

measurement of learning in populations where eliciting an explicit behavioral response may be 109 

difficult (e.g., developmental and special populations)25.  110 

 111 

The current protocol adopts a response time measure, in addition to traditional accuracy 112 

measures, and examines brain activation during the familiarization phase. The combination of 113 

these methods aims to provide a rich dataset for the investigation of real-time learning 114 

processes. The web-based platform offers a set of learning measures by including both response 115 

time during the exposure phase and accuracy of the 2-AFC task during the test phase. The 116 

neuroimaging protocol allows for the investigation of the underlying neural mechanisms 117 

supporting statistical learning across domains and modalities. While it is optimal to measure 118 

statistical learning within an individual using both the web-based and fMRI protocols, the tasks 119 

are designed so that they may be disseminated independently, and therefore, as two 120 

independent measures of statistical learning. The fMRI experiments included in the current 121 

protocol can help clarify how stimulus encoding, pattern extraction, and other constituent 122 

components of statistical learning are represented by particular brain regions and networks. 123 

 124 

PROTOCOL:  125 

All participants gave written consent to participate and study was conducted in accordance with 126 

the Institutional Review Board.  127 

 128 

1. Overview of the statistical learning paradigm utilized in the web-based protocol 129 

 130 

1.1. Include four tasks in the current paradigm: image (visual-nonlinguistic), letter (visual-131 

linguistic), tone (auditory-nonlinguistic), and syllable (auditory-linguistic).   132 
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 133 

1.1.1. Construct stimuli for visual tasks using 12 standalone alien cartoon images (image) and 12 134 

letter images (letter; B, J, K, A, H, C, F, E, J, G, D, M) showing the same alien holding up 12 signs 135 

with capital letters written on them.  136 

 137 

1.1.2. Construct auditory stimuli using 12 English syllables (syllable; 138 

pi,pu,pa,ti,tu.ta,di,du,da,bi,bu,ba) and 12 musical tones within the same octave (tone; 139 

F,G,D,G#,C#,B,C,F#,D#,E,A,A#). The syllable stimuli can be made using an artificial speech 140 

synthesizer, are recorded as separate files in Praat26,27.  141 

 142 

1.2. In the familiarization phase, present stimuli in a structured stream (see Figure 1). Feedback 143 

is not provided at any point during the familiarization or test phase.  144 

 145 

NOTE: Within each task, a familiarization phase is immediately followed by a test phase. 146 

 147 

1.2.1. For the Image (visual-nonlinguistic) task, structure 12 images into four target triplets. In 148 

the familiarization phase, repeat each of the four target triplets 24 times for a total of 96 triplets.  149 

 150 

NOTE: The 96 triplets are randomly concatenated into a continuous stream, with the constraint 151 

that no triplet can be immediately repeated. Images are presented one at a time in the center of 152 

the screen. Each image is presented for 800 ms with 200 ms of inter-stimulus interval. The whole 153 

familiarization phase will last for 4 min 48 s. 154 

 155 

1.2.2. Ensure the test phase always follows the familiarization phase and is composed of 32 two-156 

alternative forced-choice (2AFC) questions. For each question, include 2 options: a target triplet 157 

from the familiarization phase and a triplet that was not included in the familiarization phase, 158 

referred to as a foil triplet.  159 

 160 

NOTE: Foil triplets are constructed so that the relative position of each image in the foil triplet is 161 

the same as the target triplet. Each target and foil triplet are presented 8 times total in a test, 162 

and each foil-target pair is repeated. The test phase consists of 32 (4 target triplets x 4 foil triplets 163 

x 2 repetitions) randomly ordered trials. 164 

 165 

1.2.3. For the letter (visual-linguistic) task include 12 images of capitalized letters that are 166 

organized into four target triplets (GJA, FKC, LBE, and MDH). For the test phase, create 4 foil 167 

triplets (GDE, FJH, LKA, and MBC) to pair to the target triplets to form the 32 2AFC test trials. No 168 

letter triplet contains any words, common acronyms, or initialisms. 169 

 170 

1.2.4. For the tone (auditory-nonlinguistic) task include 12 musical pure tones within the same 171 

octave (a full chromatic scale starting from middle C) and concatenate them into four target 172 

triplets (F#DE, ABC, C#A#F, and GD#G#). Unlike in the visual tasks, presentation speed is faster 173 

due to differences in auditory perceptual preference6,28,29. 174 

  175 

NOTE: Each of the four target triplets is repeated 48 times for a total of 192 triplets (twice as 176 
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much as the visual conditions). All triplets are concatenated into a sound stream with no triplet 177 

being repeated twice in a row. Pure tones are presented one at a time while participants view a 178 

blank screen. The duration of each tone is 460 ms with a 20 ms inter-stimulus interval. The whole 179 

stream lasts about 4 min and 36 s. As in the visual tasks, a test phase of 32 2AFC trials with pairs 180 

of target and foil triplets (F#BF, AA#G#, C#D#E, GDC) immediately follows the familiarization 181 

phase.  182 

 183 

1.2.5. For the syllable (auditory-linguistic) task use 12 consonant vowel (CV) syllables created and 184 

grouped into four target triplets (pa-bi-ku, go-la-tu, da-ro-pi, and ti-bu-do). The duration of each 185 

syllable and the inter-stimulus interval is the same as the tone condition. Pair four foil triplets 186 

(pa-ro-do, go-bu-ku, da-bi-tu, and ti-la-pi) with the target triplets in the test phase. 187 

 188 

1.3. Randomize the order of the four statistical learning tasks across participants. 189 

 190 

2. Participant recruitment 191 

 192 

NOTE: While the web-based protocol and the fMRI protocol are best implemented together 193 

within a single participant, here we outline the best practices for participant recruitment for each 194 

task independently.  195 

 196 

2.1. Web based participant recruitment 197 

 198 

2.1.1. Recruit participants age 6 years and above. Participants of any sex, race, and ethnicity may 199 

participate; however, study sample should be representative of the population.  200 

 201 

2.1.2. Recruit participants who are a native English speaker and have been exposed to no 202 

languages besides English before the age of 5.  203 

 204 

2.1.3. Ensure they report no known psychological (including ADD, depression, PTSD, and clinical 205 

anxiety) and/or neurological condition (including stroke, seizure, brain tumor, or closed head 206 

injury).  207 

 208 

2.1.4. Ensure participants have normal or corrected-to-normal vision (glasses or contacts are 209 

okay), normal color vision and normal hearing (no hearing aid or cochlear implant devices). 210 

 211 

2.2. Task based fMRI participant recruitment 212 

 213 

2.2.1. Recruit participants age 6 years and above. Participants of any sex, race, and ethnicity may 214 

participate; however, study sample should be representative of the population. 215 

 216 

2.2.2. To be eligible, recruit participants who are native English speaker and have never been 217 

exposed to any languages besides English before the age of 5.  218 

 219 

2.2.3. Recruit right-handed individuals, with no known psychological (including ADD, depression, 220 
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PTSD, and clinical anxiety) and neurological condition (including stroke, seizure, brain tumor, or 221 

closed head injury).  222 

 223 

2.2.4. Exclude participants who are pregnant, claustrophobic, taking psychoactive drugs, or have 224 

any metal in the body (including pacemakers, neural implants, metal plates or joints, shrapnel, 225 

and surgical staples).  226 

 227 

2.2.5. Ensure participants have normal or corrected-to-normal vision (glasses or contacts are 228 

okay), normal color vision and normal hearing (no hearing aid or cochlear implant devices). 229 

 230 

2.2.6. Determine the eligibility to participate in the MRI by having participants (or parents if the 231 

participant is a minor) complete an MRI Safety Screening Form.  232 

 233 

3. Web based protocol 234 

 235 

NOTE: The web-based statistical learning paradigm is hosted on a secure website 236 

(https://www.cogscigame.co11) and developed using jsPsych, a JavaScript library for creating 237 

behavioral experiments online30.  238 

 239 

3.1. To reproduce tasks, go to DOI: 10.5281/zenodo.3820620. All scripts and materials are 240 

publicly available. Researchers can modify the scripts and run the experiments locally on any web 241 

browser as long as all the paths for the output files are set up appropriately. 242 

 243 

3.2. Have participants complete a target detection cover task during all familiarization phases of 244 

each statistical learning task. Have participants press the space bar as soon as they see an 245 

image/letter or hear a tone/syllable during the familiarization phase.  246 

 247 

3.3. Target stimulus assignment for each task  248 

 249 

3.3.1. In the image, letter and syllable tasks, randomly choose one of the four triplets and assign 250 

the target to the third stimulus of the triplet. In the tone task, constrain the target stimulus to 251 

only the lowest or the highest tones of the third stimulus in the triplets, and assign the target to 252 

the third stimulus of the triplet. This is done because tone stimuli are relatively harder to 253 

discriminate than other types of stimuli. 254 

 255 

3.3.2. In the syllable and tone tasks, introduce participants to an alien and the favorite word/note 256 

in its alien language/folk music. Tell participants that they will listen to the alien’s language/music 257 

and to remember to press the spacebar whenever they hear the favorite word/ note. Give 258 

participants a practice trial where they must press the space bar as soon as the alien’s favorite 259 

word/note is heard.  260 

 261 

3.3.3. In the image task, tell participants to keep track of a special alien as a group of aliens line 262 

up to enter a spaceship. In the letter task, tell participants to keep track of the alien’s favorite 263 

sign as the alien holds up signs for a parade. Give participant’s a practice trial in both the image 264 

https://www.cogscigame.co/
http://www.jspsych.org/
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and letter tasks.  265 

 266 

3.3.4. Do not provide explicit instructions about the presence of triplets.  267 

 268 

3.3.5. Measure response time over the 24 trials in the visual tasks and over the 48 trials in the 269 

auditory tasks to assess online learning.  270 

 271 

3.3.6. During the test phase, both a target (included in familiarization phase) and foil triplet (not 272 

included in familiarization phase) are presented to the participant. Instruct participants to then 273 

choose which one of the two is more similar to what they saw or heard in the familiarization 274 

phase. Each trial must end with a response.  275 

 276 

3.4. Behavioral measures of statistical learning in the web-based protocol 277 

 278 

3.4.1. Measure the real time learning during the familiarization phase via the linear slope of 279 

reaction time (change in reaction time throughout the familiarization phase).  280 

 281 

3.4.2. To be considered a valid response to the target, check that the keypress must be in the 282 

time window of one stimulus before and one stimulus after the target stimulus. That is -480 ms 283 

to +960 ms relative to the onset of the target in the auditory tasks and -1000 ms to +2000 ms in 284 

the visual tasks. A keypress prior to the target is considered as anticipation and thus yields a 285 

negative reaction time.  286 

 287 

3.4.3. To compare reaction times across conditions, transform the reaction times of each 288 

participant for each task into z scores. This normalizes the reaction times of an individual so they 289 

are less affected by the task differences and can be compared. 290 

 291 

3.4.4. Calculate a reaction time slope of each participant for each condition using linear 292 

regression. Input the z-normed reaction times as the dependent variable and the target trial 293 

order as the independent variable (visual: 1 to 24; auditory: 1 to 48). The slope of the linear 294 

regression line is the reaction time slope (RT slope).   295 

 296 

3.4.5. Measure offline accuracy of each participant for each condition by dividing the number of 297 

correct trials from the test phase by the total number of trials (32 trials).  298 

 299 

4. Task based fMRI protocol 300 

 301 

4.1. Modifications to the statistical learning paradigm (Figure 2). 302 

 303 

4.1.1. For each task, present both a structured sequence (containing statistical regularities) and 304 

a random sequence (no statistical regularities).  305 

 306 

NOTE: Structured sequences are identical to those described for the web-based protocol (see 307 

Figure 1). In contrast, random sequences contain the same 12 stimuli as presented in the 308 
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structured sequences but are ordered pseudo-randomly. No combinations of any three stimuli 309 

are repeated more than once. 310 

 311 

4.1.2. Divide each sequence into six smaller blocks of equal length (24 stimuli for the visual tasks 312 

and 48 stimuli for the auditory tasks). 313 

 314 

4.1.3. Concatenate three structured blocks, 3 random blocks, and 6 resting blocks (silence with a 315 

blank screen) in a pseudorandom order to create four runs of auditory stimuli and four runs of 316 

visual stimuli. To maximize learning of the structured sequences, ensure that the random blocks 317 

in each run contain a different domain from the structured sequence (e.g., syllable structured 318 

sequences are presented together with tone random sequences in one run, and syllable random 319 

sequences are presented together with tone structured sequences in another run).   320 

 321 

4.1.4. Include 288 images to be presented in each run for the visual task lasting approximately 322 

4.77 min. Include 576 sounds to be presented in the auditory task which lasts approximately 4.42 323 

min. At the beginning of each block, present a cue about the target with a verbal and visual probe: 324 

“Now listen/look for the [TARGET]”. 325 

 326 

4.1.5. Among the four runs of the visual task, ensure that two contain structured sequences of 327 

images and the other two contain structured sequences of letters. Among the four runs of the 328 

auditory task, ensure that two contain structured sequences of syllables and the other two 329 

contain structured sequences of tones.  330 

 331 

4.2. fMRI statistical learning procedure 332 

 333 

4.2.1. To help make participants, especially children get comfortable in the scanner, practice the 334 

MRI scanning session first using a mock scanner31. A mock scanner provides a naturalistic 335 

experience similar to the actual scanning session but is typically situated in a more child-friendly 336 

environment.  337 

 338 

4.2.2. First introduce the child to the mock scanner, i.e., brain camera, and ensure they are 339 

comfortable before putting them in the scanner.  340 

 341 

4.2.3. Introduce them to their “scan-buddy” and explain that the purpose of the scan buddy is to 342 

keep them accompanied and help them if they need anything. The scan buddy will gently remind 343 

the participant to keep still if too much motion is detected by the “camera”. 344 

 345 

4.2.4. Once they are in the scanner, play child-friendly videos to help them acclimate to the sound 346 

and video. When they are ready, play a few pre-recorded scanner sound clips to prepare them 347 

for the noises produced by the real MRI. During this time have them practice staying still and 348 

working with the scan buddy.  349 

 350 

4.2.5. Introduce children to the statistical learning paradigm and have them practice outside of 351 

the scanner. This is done by having children complete a brief portion of the task on a computer, 352 
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similar to the web-based protocol by performing steps 3.2.2 and 3.2.3 mentioned above. 353 

 354 

NOTE: The practice stimuli are the same as those utilized in the task; however, children are only 355 

exposed to the random sequence and not the structured sequences, allowing for brief 356 

habituation to the stimuli and task demands without enabling learning of particular sequences.  357 

 358 

4.2.6. Ensure the fMRI data collection protocol is appropriately set up on the MRI acquisition 359 

computer. 360 

 361 

NOTE: The acquisition parameters follow the recommendations of the Adolescent Brain 362 

Cognitive Development (ABCD) Study32. 363 

 364 

4.2.7. Begin the scanning session with high resolution T1-weighted scans. Acquire these using a 365 

176-slice  3D MPRAGE (Magnetization Prepared Rapid Gradient Echo) volume scan with TR 366 

(Repetition Time) = 2500 ms, TE (Echo Time) = 2.9 ms, flip angle = 8˚, FOV (Field of View) = 25.6 367 

cm, 256 X 256 matrix size, and 1 mm slice thickness. This acquisition will last 7.2 min.  368 

 369 

4.2.8. To acquire functional data, use T2*-weighted echo-planar imaging with simultaneous 370 

multi-slice scans acquisition with TR= 800 ms, TE = 32 ms, flip angle = 61˚, FOV = 21 cm, and matrix 371 

= 64 x 64. In this experiment, 60 adjacent slices are acquired in an interleaved sequence with 2.5 372 

mm slice thickness, a 21 cm FOV, and a 64 X 64 matrix, resulting in an in-plane resolution of 2.5 373 

mm x 2.5 mm x 2.5 mm.  374 

 375 

4.2.9. Have participants lie comfortably on the bed of the fMRI scanner with headphones that 376 

protect their ears from the scanner noise and a response pad/button box in their hand (both 377 

headphones and button box must be scanner compatible).  378 

 379 

4.2.10. Place additional padding around their head to ensure limited head motion during data 380 

collection. Give the button response box to the participant ahead of time to record responses 381 

and counterbalance whether the left or right hand is used to press buttons across participants.  382 

 383 

4.2.11. Give every child an option of a scan buddy. For older, neurotypical children who are 384 

comfortable without a scan buddy, give them a squeeze ball to notify the experimenter if they 385 

are distressed or need to stop. Give younger children and special populations a squeeze ball but 386 

also provide them with a scan buddy to assist them (described in 4.2.3). 387 

 388 

4.2.12. Place the head coil over the participant’s head and align the patient’s position in the bed.  389 

 390 

4.2.13. On the acquisition computer register a new participant. Enter their participant ID, date of 391 

birth, weight and height. The participant may now be inserted into the bore of the MRI. 392 

 393 

4.2.14. Acquire T1-weighted scan while showing participants a movie.   394 

 395 

4.2.15. Before beginning the statistical learning paradigm, give participants the instructions of 396 
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each task by speaking to them through an intercom system connected to their headphones.  397 

 398 

4.2.16. In the auditory tasks, tell participants: “Now we’re going to play a button-pressing game. 399 

You will hear the aliens say words and play music. Remember to press the button in your 400 

LEFT/RIGHT hand whenever you hear the sound you are listening for. There will be 4 parts, and 401 

each part will last about 5 min.” 402 

 403 

4.2.17. In the visual tasks, tell participants: “Now you are going to see the pictures of the aliens 404 

and the letters. Whenever you see the picture you are looking for, press the button in your 405 

LEFT/RIGHT hand. You will play this 4 times in a row. It will take about 5 minutes each time.” 406 

 407 

4.2.18. Start the statistical learning paradigm on the presentation computer and acquire the task 408 

fMRI data.  409 

 410 

4.2.19. Once the participant has completed the paradigm, stop the MRI, safely remove them 411 

from inside the scanner, and remove the head coil. 412 

 413 

4.2.20. After data collection, transfer all MRI data from the acquisition computer to a secured 414 

server for further analyses.  415 

 416 

4.3. fMRI data analyses 417 

 418 

4.3.1. Analyze in-scanner reaction time during the fMRI task similarly to the web-based 419 

calculation of reaction time during the familiarization phase. Normalize reaction time to compare 420 

across conditions, and calculate a linear slope using the normalized reaction time for each 421 

condition of an individual. 422 

 423 

4.3.2. When analyzing the fMRI data, first organize and convert data to Brain Imaging Data 424 

Structure33 (BIDS) formatting using HeuDiConv34 (https://github.com/nipy/heudiconv). 425 

 426 

4.3.3. Preprocess these data using fMRIPrep35,36. This automated preprocessing pipeline 427 

combines methodology from AFNI37, ANTs38, Freesurfer39, FSL40, and Mindboggle41 to provide 428 

scientifically rigorous and reproducible data for use in data analysis.   429 

 430 

NOTE: The current study implements a mixed block/event-related design. The representative 431 

results (below) treat each mini block as an event (e.g., random sequence is an event, structured 432 

sequence is an event, etc.). However, the task is also designed so that one can model each 433 

stimulus as an event.  434 

 435 

4.3.4. Include two task regressors for each run (“image” and “letter” for the visual condition, and 436 

“syllable” and “tone” for the auditory condition) in the first-level model design. Determine task 437 

regressors by convolving a vector of event onset times with their durations with a canonical 438 

hemodynamic response function. Compute differences and means between runs within each 439 

subject for higher-level model designs. This will result in a contrast between structured and 440 

https://github.com/nipy/heudiconv
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random sequences within each type of stimuli. 441 

 442 

4.3.5. Create a group mean of activation for structured blocks compared to random blocks within 443 

each modality/domain.  444 

 445 

REPRESENTATIVE RESULTS: 446 

Web-based Behavioral Results 447 

Given the current protocol is designed for easy dissemination with developmental populations, 448 

we have included preliminary web-based results based on data from 22 developing school-aged 449 

children (Mean (M) age = 9.3 years, Standard Deviation (SD) age = 2.04 years, range = 6.2-12.6 450 

years, 13 girls). In the web-based statistical learning task, children performed significantly better 451 

than 0.5 chance-level on all conditions, indicating successful statistical learning at the group level 452 

(see Table 1 for statistics; Figure 3). Mean reaction time slope was negative and significantly 453 

below 0 in the syllable condition (M = -0.01, SD = 0.02, t(14) = -2.36, one-tailed p = .02) and 454 

marginally significant in the letter condition (M = -0.02, SD = 0.06, t(15) = -1.52, one-tailed p = 455 

.07, Figure 4), suggesting a faster acceleration of target detection during the familiarization phase 456 

in the linguistic tasks. Mean reaction time slope was not significantly different from zero in the 457 

image condition (M = 0.02, SD = 0.04, t(17) = 1.54, one-tailed p > .1) or the tone condition (M = 458 

0.005, SD = 0.02, t(15) = -5.7 x 10-17, one-tailed p > .1), despite evidence of learning in the offline 459 

measures of accuracy. Cronbach’s alpha was 0.75 for the Letter task, 0.09 for the Syllable task, 460 

0.67 for the Tone task, and 0.86 for the Image task. Correlations between implicit measures (RT 461 

slope) and explicit measures (accuracy) of statistical learning identify a significant relationship for 462 

the Image task (R = -.48, p = 0.04) and Letter task (R = -.54, p = 0.03). Inter-task correlations 463 

further suggest that the four tasks may have a modest degree of overlapping learning mechanism 464 

(Figure 5). While accuracy on both visual tasks was highly correlated (R = .60, p = 0.02), they were 465 

also positively associated with accuracy on the Syllable task (Image R = .66, p = 0.01; Letter R = 466 

.85, p < 0.001).  467 

 468 

fMRI Results 469 

Preliminary fMRI results were based on data from 9 developing school-aged children. These 9 470 

children were a subset of the 22 children included in the web-based behavioral results, as not all 471 

children came to the lab to complete the fMRI portion of the study. All nine completed the 472 

auditory statistical learning tasks (M age = 10.77 years, SD = 1.96 years, range = 7.7-13.8 years, 4 473 

girls) and seven completed the visual statistical learning tasks (M age = 11.41 years, SD = 2.37 474 

years, range = 7.7-13.8 years, 4 girls). When comparing structured blocks to random blocks, 475 

significant clusters were observed in all four conditions (Figure 6). In the syllable condition, 476 

greater activation was found at the left superior temporal gyrus, right insula/frontal operculum, 477 

and anterior cingulate gyrus. In the tone condition, greater activation was found at left middle 478 

temporal gyri, bilateral angular gyri, left frontal pole, right lateral occipital cortex, right insula, 479 

and right frontal operculum. In the letter condition, greater activation was found at the left 480 

planum temporal. In the image condition, greater activation was found at the right lateral 481 

occipital cortex. These preliminary findings suggest that children’s neural activation patterns 482 

differ across learning of statistical regularities depending on the modality and domain of the 483 
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presented stimuli. The current task design is sensitive to these differences and can identify task-484 

specific regions of activation similar to past studies20,25. 485 

 486 

fMRI Behavioral Results 487 

To demonstrate learning in the fMRI portion of this study, we have included in-scanner 488 

behavioral results from 28 adults (M age = 20.8, SD = 3.53, 20 females), as the data from 9 children 489 

was not enough to compute reliable statistics. Our findings in adults indicate that learning 490 

successfully occurred in all tasks for the structured sequence, supported by significantly quicker 491 

response time in the structured as compared to the random condition, except in the case of the 492 

tone task (see Table 2 for statistics).   493 

 494 

Taken together, our web-based measures of accuracy, and increased activation for structured 495 

versus random sequences in the scanner, indicate this protocol may be implemented with 496 

developmental populations to gauge statistical learning across domains and modalities within an 497 

individual. Our behavioral MRI results in an adult population further emphasis the utility of this 498 

protocol in measuring learning of structured sequences as it unfolds in real-time, as well as the 499 

ability to implement the web-based and fMRI protocols independently.   500 

 501 

FIGURE AND TABLE LEGENDS:  502 

 503 

Figure 1: Familiarization phase of all four statistical learning tasks. Example triplets across each 504 

task are depicted in this figure. Each visual stimulus appeared for 800 ms with a 200 ms ISI, and 505 

each auditory stimulus was heard for 460 ms with a 20 ms ISI. 506 

 507 

Figure 2: Familiarization modification for fMRI statistical learning tasks. The fMRI task was 508 

similar to the web-based familiarization phase but introduced a random sequence that was 509 

counterbalanced across domains. 510 

 511 

Figure 3: Average statistical learning (SL) accuracy in the web-based task compared against 512 

chance-level. Results indicate individuals performed significantly above chance on all four tasks, 513 

***one-tailed p < .001, ** < 0.01, * < 0.05.  514 

 515 

Figure 4: Mean reaction time slope in the web-based task against zero. A more negative slope 516 

indicates faster acceleration in the target detection during familiarization. Target detection 517 

significantly improved over the course of exposure during the syllable task. †one-tailed p = .07, * 518 

< .05.  519 

 520 

Figure 5: Web-based between-task correlations across all four statistical learning tasks. (a) Non-521 

significant values at an alpha of .05 are shown with a white background. All comparisons with a 522 

colored background denote significant effects. (b) Sample size for each pairwise comparison.  523 

 524 

Figure 6: Neural activation at the group-level for structured blocks compared to random blocks 525 

within each modality and domain. Significant clusters were thresholded at voxel-level p < 0.001 526 

and cluster-level p < 0.05 for each task. Horizontal slices were selected to depict the cluster with 527 
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the maximum z-value. The color bar in the bottom, right corner reflects the same scale for all 528 

plots.  529 

 530 

Table 1: Web-based accuracy by condition. One-sample t-tests represent group differences 531 

compared to 0.5 chance-level.  532 

 533 

Table 2: MRI behavioral performance differences on random versus structured sequences 534 

across all four tasks in adults. Paired-samples t-tests represent group differences in learning of 535 

structured versus random sequences.  536 

  537 

DISCUSSION:  538 

The methods presented in the current protocol provide a multimodal paradigm for 539 

understanding the behavioral and neural indices of statistical learning across the course of 540 

development. The current design allows for the identification of individual differences in 541 

statistical learning ability across modalities and domains, which can be used for future 542 

investigation of the relationship between statistical learning and language development. Since 543 

an individuals’ statistical learning ability is found to vary across domains and modalities6,8,9, it is 544 

optimal if participants complete all four tasks. Findings from typically developing children and 545 

adults indicate that an individuals’ performance across statistical learning domains/modalities 546 

can differentially relate to vocabulary4 and reading5,6 outcomes. Therefore, we recommend 547 

additional measures of cognitive and language abilities be taken to relate to the measures of 548 

statistical learning taken in the current protocol.  549 

 550 

Research has reported reasonable internal consistency and test-retest reliability of these 551 

statistical learning tasks for adults8,42. However, concerns about task reliability for children42 and 552 

a recent discussion on general measurement issues9 indicates an urgent need to develop 553 

measures of statistical learning, that take into account children’s developmental characteristics. 554 

While our previous research, as well as the preliminary data from the current protocol, indicates 555 

high internal consistency for the non-linguistic statistical learning tasks in school-aged children 556 

between 8 and 16 years old6, our research also confirmed a less satisfying task reliability, 557 

particularly in auditory linguistic statistical learning which has been reported before42. The 558 

differences in internal consistency between tasks are particularly intriguing in light of recent 559 

findings on the impact of a learner’s prior linguistic experiences on statistical learning 560 

outcomes18,43,44.  Language and reading development change rapidly during the school years. The 561 

learnability of each auditory linguistic triplet might differ substantially within each child, 562 

depending on their developmental stage and current language abilities. Combining our protocol 563 

with other individual difference measures will offer an exciting opportunity to study the 564 

cascading effect between existing skills and subsequent learning underlying the heterogeneity of 565 

statistical learning performance across the course of development. 566 

 567 

An important benefit of the current design is in its’ utility for measuring statistical learning via an 568 

online web-platform. Researchers should be aware of the following when considering the 569 

accuracy of reaction time measurements via a web browser. de Leeuw and Motz (2016)45 found 570 

the response times measured via a web browser were approximately 25 ms longer than those 571 



   

Page 13   
 

measured via other standard data presentation software. Importantly, this delay was found to 572 

be constant across trials. Because our measure of real-time learning in the web-based tasks is the 573 

slope of change in reaction time, the effects of the delay in reaction time has been minimized 574 

using within-subject comparisons. de Leeuw (2015)30 has also acknowledged that reaction time 575 

measured via jsPsych may be affected by factors such as the processing speed of the computer 576 

or the number of tasks loaded in the background. To minimize these effects, we recommend 577 

normalizing response time within each individual participant before computing the response 578 

time slope30. 579 

 580 

The current protocol, providing methods to demonstrate a large variability in learning behavior 581 

across domains and modalities, is designed to investigate individual differences of statistical 582 

learning. However, this protocol is not suitable for investigating questions such as whether visual 583 

statistical learning is inherently easier than auditory statistical learning. The interpretation for 584 

group-level performance difference between tasks is difficult due to all the confounding factors 585 

that we are not able to control, such as stimuli familiarity14,43,46,47 , sensory salience, and 586 

processing speed28. Related to stimuli familiarity, it is well established that an individual’s prior 587 

experiences with the stimuli may influence their statistical learning performance. Additionally, 588 

the visual and auditory tasks are difficult to directly compare due to differences in the salience 589 

of the stimuli and presentation rate across these modalities. Therefore, our methods are 590 

designed with the aim of investigating individual differences in statistical learning. However, with 591 

advanced fMRI analysis approaches, our protocol is suitable for studying theoretical questions 592 

about the nature of statistical learning, for example we can ask which brain networks are 593 

sensitive to regularities in each domain and how the patterns of neural engagement 594 

differ/overlap. 595 

     596 

The current protocol was developed to be child-friendly and easily accessible to maximize 597 

research in neurotypical and atypical populations. During the implementation of this protocol 598 

with young children or those with developmental disorders, a critical step is to give breaks 599 

between each SL task to avoid fatigue. Each condition of the web-based tasks can be 600 

disseminated individually to ease cognitive demands. Prior to scanning, the mock scanner can be 601 

used to reduce child anxiety and head motion in preparation for the real fMRI task. An additional 602 

issue researcher should be aware of relates to a general concern when conducting any 603 

neuroimaging study: motion. A rotational head movement of just 0.3 mm can cause artifacts to 604 

manifest. In an effort to minimize the likelihood of motion artifacts, the current protocol has 605 

limited each run to last less than 5 minutes48. Participants should be encouraged to stay still 606 

during each 5-minute run but allowed to move or stretch between runs in order to reduce motion 607 

during actual scanning. We also recommend rigorous data analysis techniques to correct motion-608 

related artifacts on the fMRI data49.  609 

 610 

Given the critical contribution of statistical learning ability on later language acquisition, it is 611 

necessary to develop more comprehensive and reliable measures that assess both real time and 612 

offline learning of statistical regularities. The current proposal is a first step towards delineating 613 

how individual differences in statistical learning ability based on domain/modality may account 614 

for variations in later language outcomes.  615 
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Condition Mean Standard 
Deviation One-tailed T-test 

Image 0.63 0.21 t(17) = 2.64, p = .009 

Letter 0.66 0.16 t(15) = 3.98, p < .001 

Tone 0.60 0.15 t(16) = 2.83, p = .006 

Syllable 0.55 0.1 t(14) = 2.06, p = .03 
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 Structured Random  

Condition Mean Standard 
Deviation Mean Standard 

Deviation 
Paired Samples T-test 

Image 468.1 76.04 493.4 60.33 t(28) = -2.01, p = .05 

Letter 374.72 143.59 502.1 68.75 t(28) = -4.97, p <.001 

Tone 422.11 165.75 416.97 169.69 t(28) = 0.90, p = .13 

Speech 586.1 176.98 676.9 58.97 t(28) = -2.70, p = .01 
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Name of Material/Equipment Company Catalog Number

4 Button Inline Response Device

Cambridge 

Research Systems SKU: N1348

Short/Slim Canal Tips Comply Foam SKU: 40-15028-11

jsPsych jsPsych https://www.jspsych.org/

Speech Synthesizer Praat Version 6.1.14
Web-based statistical learning 

tasks Zenodo http://doi.org/10.5281/zenodo.3820620 (2020).

Table of Materials Click here to access/download;Table of Materials;JoVE_Table_of_Materials.xlsx

https://www.jspsych.org/
http://doi.org/10.5281/zenodo.3820620 (2020).
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Comments/Description

An fMRI reponse pad used for measuring in-scanner response time
Short & slim in-ear canal tips are recommended for children to protect hearing and allow 

for them to hear the stimuli while in the scanner. 

 jsPsych is a JavaScript library for running behavioral experiments in a web browser. 

This program is an artificial speech synthesizer which was used to create the syllable stimuli.

All web-based statistical learning tasks are available for free access on Zenodo.



We greatly appreciate all the reviewers’ thoughtful critiques of our protocol. We have addressed 

each point and feel the manuscript has been strengthened by these changes.   

Reviewers' comments: 

Reviewer #1: 
Overview 

The authors have prepared a manuscript that aptly describes their novel protocol for empirical 

measurement of cognitive and brain outcomes related to multimodal statistical learning. I 

applaud their commitment to providing the neuroscience community with their materials and the 

software necessary to administer these tests. There is no question that this work represents a 

substantial contribution to the methodology of statistical learning. My (minor) comments are 

only intended to enhance clarity in descriptions of the approach. 

 

Introduction 

* Paradigms: The authors might note that passive exposure to stimulus streams is not the only 

paradigm available for investigations of statistical learning. Other approaches may also offer 

benefits that the authors identify as important (e.g., opportunities to measure on-line learning 

through behavioral responses during exposure, either explicit associative tests or implicit 

measures of, for example, eye movements). 

Response: We have acknowledged other approaches that may offer benefits in moving beyond 

the standard 2-AFC measures in the introduction.  

 

Protocol 

* Familiarization phase, Image task: Are triplets arranged in a unique random sequence for each 

participant, a single pseudo-random sequence for all participants, or some further arrangement? 

Also, "no triplet can be repeated twice in a row" is redundant; consider "no triplet can be 

immediately repeated" or "no triplet can be presented twice in a row". 

Response: We have updated the wording to reflect that “no triplet can be immediately repeated” 

and clarified that triplets are arranged in a single pseudo-random sequence. This was because we 

are studying the individual differences, it is important to keep the exposure consistent across 

people. We thank the reviewer for requesting this clarification.  

 

* Test phase, Image task: Target triplets are presented four times at test. Are foil triplets also 

presented multiple times during the test phase? If not, the multiple presentations of target triplets 

(vs. foil triplets) may unintentionally present incidental learning opportunities. Also, the presence 

or absence of feedback during the test phase should be indicated. 

Response: Each target triplet is presented 8 times in total at test. Each foil triplet is also 

presented 8 times in total at test. Each foil-target pair are repeated once. 4 target x 4 foil x 2 

repetition of each foil-target pair in test phase = 32 trials in total for each condition. We have 

updated this information to be clearer in the protocol.  

 

* Auditory task labels: Note that the parenthetical descriptions of the two auditory tasks, 

"(auditory linguistic)" and "(auditory non-linguistic)" are incorrect due to a swap. 

Response: Thank you very much for identifying this error, which has now been corrected.  

Response to Reviewers Click here to access/download;Rebuttal
Letter;JOVE_ResponsetoReviewers_submission.docx
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* Stimuli, auditory non-linguistic: Were the tones pure tones? 

Response: Tones were in fact pure tones, and this information is now provided in the manuscript 

on page 4.  

 

* Stimuli, auditory linguistic: Were syllables produced synthetically or recorded speech? If 

recorded speech, what was the sex of the speaker? Also, was a single recording used, or were 

multiple recordings of each syllable used (to simulate variability in natural speech)? 

Response: The syllable stimuli were made using an artificial speech synthesizer and recorded as 

separate files in Praat. We have included this in section 1.1.2. 

 

Reviewer #2: 
I found this manuscript quite easy to follow and the protocol was mostly clear. Specific 

comments follow below: 

 

Major(ish) Concerns: 

I worry about systematic differences between the four tasks. I understand however at the same 

time that they might be hard to avoid. This includes e.g. differences in length, repeats in the 

familiarity phase, target selection rules (lines 166-174) 

Response: We thank the reviewer for raising this concern. We have made the discussion of task 

differences much more thorough and have emphasized that the current study aims to clarify 

individual differences and is not designed with the ability to directly compare across tasks.  

 

Line 183: One can become faster over time without learning anything about sequences, i.e. one 

would be expected to become faster for the stimulus in the third position of a triplet both due to 

general learning effects and statistical learning, but becoming faster for a stimulus in a first 

position would be more general learning but not statistical learning. It seems impossibly to 

unconfound these two in the protocol. It also varies by task, as the tone task allows for a target 

not just in the third position. 

Response: The reviewer brings up an excellent point, that all targets occur in the triplet final 

position. To ascertain that learning is statistical in nature in the structured condition (and in the 

web-based tasks) the MRI paradigm includes a random task in which target detection occurs in a 

random pattern. We have added preliminary results from an adult sample who was tested outside 

of an MRI scanner to determine whether the “structured” stream did in fact elicit faster RT’s than 

the “random” stream. Given mean RTs were faster for structured streams on all tasks (except in 

the auditory, non-linguistic, tone task) we feel confident that our tasks are measuring statistical 

learning. Additionally, the target for the tone task is in the third position and we have re-worded 

section 3.2.1. to clarify this point.  

 

Unless I missed it, there are no stats on the internal consistency/reliability of the tasks. If people 

want to adopt this protocol to study individual differences in SL, then they need that information. 

Also, I suggest correlating the implicit measures (online RT changes) with the explicit measures 

(accuracy) - they might not necessarily tap into the same underlying mechanisms. One measure 

could also be more reliable than the other. It is also unclear to which degree the four tasks 

overlap in their mechanisms. I suggest providing a correlation matrix with RTs and accuracy 

from all four tasks, along with internal consistency estimates (alpha or such). 



Response: We have provided data for internal consistency/reliability of the tasks and a 

correlation matrix between implicit and explicit measures of statistical learning in the results 

section (Figure 5).  

 

Minor Concerns: 

Line 120: "…twelve letter images… showing the same alien holding up twelve signs with capital 

letters written on them" What is the reasoning behind this choice, i.e. why not just have the 

twelve letter images without the aliens? This will become the most visually complex subtask, 

and seemingly unnecessarily so. 

Response: We designed all four tasks in a theme of “meet your alien friends”. An alien image on 

the screen also made the task more engaging for children. Based on our preliminary results in 

children, the letter task designed this way does not appear to challenging.  

 

Line 142: The tones are not linguistic but are described as such. 

Response: Thank you very much for identifying this writing error, which has now been 

corrected.  

 

Line 143: Here you could indicate the auditory foil triplets as you did with the letter task. 

Response: We have now included the foil triplets for the auditory tasks under section 1.2. 

 

Line 151: Speech is described as nonlinguistic but should likely be linguistic. 

Response: Thank you very much for identifying this writing error, which has now been 

corrected. 

 

Line: 152: Explain CV acronym (consonant vowel). 

Response: We have explained the CV acronym. 

 

Line 158: What if people want to run the protocol from another platform, e.g. if their IRB only 

allows them to collect data from a local server (e.g. GDPR)? Can they download the jsPsych 

script, and then how? 

Response: We are in the process of making our scripts and materials available for the 

community. All information can be found via the DOI: 10.5281/zenodo.3820620. Researchers 

can modify our scripts and run the experiments locally on any web browser as long as all the 

paths for the output files are set up appropriately. This information is provided in 3.1. 

 

Lines 208-210: I don't understand this sentence, please clarify. What does "different type of 

stimuli" mean? How can random blocks be presented every two experimental blocks if the 

experiment contains the same number of experimental and random blocks? Or doesn't it? 

Response: We appreciate the reviewer bringing our attention to this statement. We have clarified 

that we meant different domain: “To maximize learning of the structured sequences, the random 

blocks in each run contain a different domain from the structured sequence (e.g. speech 

structured sequences are presented together with tone random sequences in one run, and speech 

random sequences are presented together with tone structured sequences in another run)” 

(Section 4.1.3). 

 

Line 238: "This practice should not expose them to the actual statistical regularities of any task" - 



I suggest adding that this should not expose them to any of the stimuli actually used. If they are 

exposed to the same stimuli, then this needs some justification. 

Response: The practice stimuli are the same as those utilized in the task; however, children are 

only exposed to the random sequence and not the structured sequences. The purpose of doing 

this was to ensure they were comfortable with the actual stimuli being used and found the stimuli 

to be recognizable. We have provided this information in a note following section 4.2.5. 

 

Line 254: Is the child not given a squeeze ball or something like that to notify the experimenter if 

they feel uncomfortable in the scanner? Or is someone inside the scanner room with the child at 

all times? 

Response: We thank the reviewer for acknowledging the need for this information, which has 

now been provided. Specifically, older, neurotypical children are given a squeeze ball to notify 

the experimenter if they are distressed or need to stop. Younger children and special populations 

are given a squeeze ball but are also provided with a scan buddy to assist them (described in 

4.2.11). 

 

Line 254: I don't know how idiot-proof this needs to be, but should it be said explicitly that e.g. 

headphones and button box needs to be scanner compatible? 

Response: In addition to our recommendations for scanner compatible headphones and button 

box in the ‘Table of Materials’, we have also included a statement that both should be scanner 

compatible. 

  

Line 269: "Now we're going to play a button-pressing game. You will hear the aliens say words 

and play music" - this is the first time that we hear about the aliens saying something or playing 

music. You have already mentioned that the aliens are holding letters, I think that this info 

belongs in the same section. 

Response:  This is the portion of the protocol where instructions are explicitly given to the 

participant describing what they are to do next. The instructions the reviewer is referring to are 

associated with the auditory tasks, and the next line reviews instructions for the visual tasks, one 

condition of which aliens do hold letters (in no other conditions do aliens hold letters). We have 

made it more explicit which tasks each set of instructions are for.  

 

Line 294: My fMRI skills are rusty, but are you treating this as an event-related design instead of 

a block design? "Task regressors were determined by convolving a vector of event onset times 

with their durations with a canonical hemodynamic response function." Should you not convolve 

a boxcar instead of "event spikes"? And are you treating each image as an event? 

Response: The current study implements a mixed block/event-related design. We are treating 

each mini-block as an event (e.g. random sequence is an event, structured sequence is an event, 

etc.). However, the task is also designed so that one can model each stimulus as an event if they 

are interested. We have provided more information about this as a note in section 4.3. 

 

Line 385: "Current theories of statistical learning are mixed on whether this skill is domain-

general versus domain-specific" - I think this is true that this is has not been fully settled. 

However, you then contradict yourselves, e.g. line 360: "…individuals' statistical learning ability 

is found to vary across domains and modalities". 



Response: While some theories advocate for a domain-general perspective, other advocate that 

an individuals' statistical learning ability is found to vary across domains and modalities, 

indicating the capacity might be constrained by domain-specific cognitive processes. We 

removed this sentence to avoid confusion. 

 

I don't recall seeing a description of instructions given to the participants in the web-based 

paradigm. Are they in their tasks e.g. explicitly required to emphasize accuracy, are they asked to 

respond quickly etc.? I would suggest adding these as it can affect participant behavior. 

Response: We thank the reviewer for pointing out the lack of descriptions of web-based task 

procedure. We have now added the procedure in section 3.2.1-3.2.4. In the familiarization phase, 

participants were instructed to respond as soon as they see/ hear the target stimulus. In the test 

phase, though there was no emphasis on accuracy, participants must see/ hear both the target and 

foil triplets and must give a response. 

 

There is no check to see whether participants recognize the stimuli. I put this in minor concerns 

as this is generally not done in statistical learning paradigms - but it should be done in my 

opinion. E.g. if you don't recognize the aliens on their own, then this would lead to lower 2AFC 

accuracy in the testing phase, but this would not reflect poor statistical learning, but poor 

recognition abilities. Adding a 2AFC task where participants distinguish between old and new 

aliens (or syllables or whatnot) would be my suggestion so that this can be ruled out. 

Response: We appreciate the reviewers’ concern regarding participant recognition of stimuli. 

We do include a practice session using the same stimuli utilized in the task to ensure participants 

recognize the aliens in this study; however, we do not explicitly test them on this knowledge 

afterwards. We have included this information generally in the discussion focusing on limitations 

in the study related to familiarity of stimuli (or lack thereof).   

 

Reviewer #3: 
Manuscript Summary: 

The paper describes a paradigm for testing statistical learning (SL) abilities across modalities 

(auditory vs. visual) and across domains (linguistic vs. nonlinguistic), which assesses learning in 

three distinct ways: (1) an implicit behavioral measure (RTs); (2) an explicit behavioral measure 

(accuracy on a 2AFC task); and (3) a neural measure (regions of interest in fMRI). The paradigm 

is especially adapted for children, as well as for large-scale behavioral data collection via an 

online website. 

 

While the paradigm is clearly closely based on existing tasks that have already been described in 

detail in previous studies, it does nicely bring together several methodological advantages. For 

example, many behavioral studies compared SL across the visual and auditory modalities, and 

many fMRI studies tested auditory or visual learning in isolation, but I am unaware of any fMRI 

study to date that compared SL across modalities. Similarly, there are only a handful of papers 

that looked at statistical learning as it unfolds over time during the learning phase. The protocol 

described in the paper has multiple strong points in its favor. 

In general, I found this paper to be clear, concise, and well-written, with good methodological 

motivations and a detailed protocol. This is a timely paper given the recent criticism on classic 

SL tasks with offline measures and with a small sample size, and fits well with the current 

research. It is likely to be of interest to linguists, developmentalists, and experimental 



psychologists who are interested in learning mechanisms. 

 

I do have several important comments and requests for clarifications, which I would like the 

authors to address. While these points do not exclude publication, they should be addressed in 

the revised version: 

 

Major Concerns: 

1. While the abstract claims that the protocol allows "for the measurement of real-time learning" 

as change in RTs during the familiarization phase, no such analysis is actually provided (not in 

the protocol description, and not in the preliminary results). This is quite misleading. If this is 

indeed one of the strong sides of the paradigm, this missing data should be provided (i.e., how 

did learning unfold over time). Otherwise, it's best to remove this claim from the abstract. 

Response: We agree that providing measures of real-time learning as change in RTs during the 

familiarization phase is a critical goal of the current study. We have included measures of RT 

change across the familiarization period for each task in the results (Figure 4) and protocol 

(Section 3.2.5./3.3.4.) and have emphasized how this measure relates to real-time learning more 

clearly.  

 

2. Similarly, the abstract and introduction emphasize the comparison of SL abilities across 

domains and modalities. However, no such comparison is actually made. Albeit preliminary, the 

result should still be presented in a scientifically valid manner. Even though reporting the mean 

accuracy and RTs in tables and plots is a great visual demonstration, it is not sufficient for 

claiming anything about performance in auditory vs. visual modalities, or linguistic vs. 

nonlinguistic domains. Since this is arguably one of the main promises of the current protocol, 

please provide some statistical tests to demonstrate it. 

Response: The current protocol aims to emphasize the examination of individual differences in 

statistical learning abilities across different domains and modalities. Specifically, in the current 

protocol we are interested in demonstrating whether a) these tasks are learnable and whether b) 

they are sensitive to variability across participants. There are a few caveats in the method that 

prevent us from doing direct comparisons on a group level that have now discussed in great 

detail in the discussion (related to stimuli saliency, stimuli familiarity, and processing difficulty). 

We have also included between-task correlations (Figure 5). 

 

3. The abstract also mention examining individual differences in learning, yet no such 

measures/analyses are provided. All the results are presented at the group level. There is not even 

a correlation of performance across modalities (e.g., are participants consistent in their SL 

abilities in the four different tasks). While this is not the main aim of the protocol, the reader is 

led to believe that all these measures/analyses would be provided by the paradigm. 

Response: While the current protocol does in fact allow for the measurement/analysis of this 

data, it was not included due to sample size/a lack of power (as mentioned by the reviewer in the 

Minor Concerns #5). However, our group results include individual values to demonstrate that, 

even with a limited sample size, individual variability exists within and across tasks. We have 

also provided some measures of individual differences utilizing between-task correlations of 

implicit and explicit learning (Figure 5). 

 

4. Since we know that statistical learning is heavily influenced by prior knowledge (e.g., 



Siegelman et al., 2018), it actually seems quite problematic to compare the performance on 

linguistic and non-linguistic stimuli in the current paradigm. Given that the non-linguistic stimuli 

chosen for both modalities is quite novel (as the authors mention, tones are quite hard to 

distinguish for non-musicians, and the alien figures are completely novel to participants), it is not 

really possible (or fair) to compare them to well-known stimuli like letters and syllables, with 

which participants have plenty of experience. As such, in order to allow for a proper comparison 

across domains, it would make much more sense to use non-linguistic stimuli that is also 

familiar. For example, instead of novel aliens, the visual task should use triplets of known 

inanimate items (e.g., table, flower, brush) or animate animals (e.g., dog, tiger, bear). Similarly, 

the auditory task should use known environmental sounds (e.g., dog bark, glass breaking; See 

Shufaniya & Arnon, 2018), which are processed much more easily than tones. 

Response: We completely agree with the reviewer that prior experiences have effects on SL 
learning outcomes. The suggestions of using familiar stimuli for non-linguistic tasks is indeed a 
reasonable step to reduce task differences. However, despite these steps, there are still other 
differences in the stimuli that are difficult to control. Therefore, it is not easy to make a direct 
comparison between tasks. We now emphasize in a number of places throughout our protocol 
that the method was designed to investigate the variation of performance across individuals. 
We also included a section in the discussion about the caveats of direct comparisons on task 
performance. 
 

5. I was missing a more in-depth discussion of the protocol weaknesses. This is especially 

relevant in light of point 4 above (prior knowledge) and also points 3-4 made below (e.g., 

presentation rates, type of regularity). 

Response: We have included a more in-depth overview of protocol weaknesses throughout the 

discussion.  

 

Minor Concerns: 

1. I found the literature review to be quite sloppy, and lacking key papers that would actually 

help support the authors' argument. For example, Karuza, Emberson & Aslin (2014) strongly 

advocated for combining fMRI with behavioral methods, and Milne, Wilson and Christiansen 

(2018) have an extensive review of behavioral and fMRI studies that examined SL across 

multiple modalities. I am not an author on any of these papers and have nothing to gain by 

recommending this - I just believe that the current paper would benefit from engaging more with 

the existing literature. 

Response: We have revised the introduction and included a more thorough review of key papers 

and the relevance of combining MRI and behavioral methods.   

 

2. Similarly, I was missing some discussion on how the results relate to previous studies with 

similar tasks. I understand that this is a methods paper and therefore there is less emphasis on the 

results, but in order to ensure the validity of the protocol it is important to establish that it 

produces results that are in line with those already obtained in the literature (e.g., a learning 

advantage in the visual modality). 

Response: Our preliminary results demonstrated that all these tasks are learnable and there is 

substantial variation across individuals. We now explained more clearly in the revision that this 

protocol is not intended for a direct comparison between tasks, but rather is designed to provide 

robust measures for individual differences in SL. While we agree with the reviewer that more in-



depth discussion about our results and how they are related to past literature will strengthen our 

paper, we also have to adhere the page limit requirements and style guidelines set by the journal.  

 

3. Given that processing of visual and auditory stimuli differs substantially, I completely 

understand why the presentation rates were adapted between the auditory and the visual task 

(i.e., much faster presentation rates in auditory modality). However, it is unclear to me why the 

number of repetitions is doubled in the auditory modality? I understand that given the different 

presentation rates across modalities, doubling the repetitions of the auditory stimuli results in a 

familiarization phase of similar length in both auditory and visual tasks. But if participants 

received twice as much input in one modality, this also makes it hard to compare learning across 

modalities. Is this addressed in the comparison between the auditory and visual task? And if not, 

why not? 

Response: The decisions on the repetition times were based on previous literature (Saffran et al., 

1997 for auditory and Arciuli & Simpson, 2012 for visual). We tried to keep the overall exposure 

time similar between the two modalities (around 5 minutes) and we also found comparable 

performance at the group level between the two non-linguistic tasks in school-aged children, 

suggesting fewer exposure times in the visual domain did not lead to worse performance (Qi et 

al., 2019). We have included a much more thorough discussion of differences between the 

auditory and visual tasks in the discussion section.  

 

4. I wonder why the visual task is temporal, rather than spatial? One of the things that have been 

established in previous work (e.g., Emberson, Conway & Christiansen, 2011) is that the auditory 

and visual modalities differ not only in their preferred presentation rates, but also in their 

preferred regularities (i.e., temporal patterns are harder to learn in the visual modality, as 

opposed to spatial ones). In this case, why not fully optimize processing and have the visual task 

with spatial triplets instead of temporal? I am aware that most visual SL studies use a temporal 

design as employed here, but given the way the current protocol aims to improve on existing 

studies, I just wonder why not go all the way. 

Response: This method was developed in particular to study the relationship between statistical 

learning and language, which contains patterns distributed in the temporal domain. Spatial 

pattern learning, on the other hand, engages different neural systems (Karuza et al., 2017) and 

have different behavioral profiles in special populations (Roser et al., 2014). Therefore, all these 

tasks were designed to study learning in the temporal domain. 

 

5. The Age ~ Accuracy correlation which is reported in the results section doesn't actually tell us 

much given that there are only 22 kids in total. Given the small dataset and the lack of power to 

conduct such an analysis, it seems inappropriate. 

Response: The correlation has been removed from the current analysis. 

 

6. The objectives of the fMRI tasks are less clear - is it just about locating relevant brain areas 

associated with each modality/domain? Given that there is already quite some data on this (for 

review see Milne, Wilson and Christiansen (2018), isn't it more relevant to use this paradigm in 

order to examine other things, for example, the strength of activation? Moreover, what is the 

proposed relationship between the neural measures and the behavioral measures? Since both 

measures are collected in the current paradigm, surely the authors have some predications as to 



how these measure are correlated. For example, would stronger activation lead to better 

learning? 

Response: We have provided more background in the introduction on the merits and 

contributions of our fMRI paradigm. A combination of neural and behavioral measures allows 

future brain-behavior correlation analyses for both online and off-line statistical learning. An 

individual’s performance might be constrained by not only activation strength at certain brain 

regions, but also connectivity between the domain-specific sensory and domain-general learning 

regions.  Our paradigms provide a large range of possibility for analyses including both 

univariate and multivariate approaches. We appreciate the reviewers’ recommendation to include 

Milne, Wilson and Christiansen (2018), as the current manuscript can be strengthened by support 

from their research.  

 

7. The instructions regarding the use of a mock scanner are written as if this is something to be 

done in future studies. Was this actually done here, with the children reported in the paper? 

Response: A mock scanner was used with all children in the current study and we have edited 

the style of wording throughout the manuscript to better reflect this. 

 

8. There is a mix-up in the description of sections 1.2.4 and 1.2.5. Since it mentions tones, 

section 1.2.4 seems to be describing the auditory nonlinguistic task (and not the auditory 

linguistic task, as it written in parenthesis), and the opposite goes for section 1.2.5. 

Response: Thank you very much for identifying this writing error, which has now been 

corrected. 
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Reviewer #4: 
Manuscript Summary: 

Dr. Schneider and colleagues present a protocol for the study of statistical learning (SL) applied 

to school children. The protocol is sound and offers one great advantage over other similar types 



of tasks: it allows for real-time learning. This is an exciting innovation, as most of the studies 

assessing SL focus on the outcome (they use post learning tests). The authors provide fMRI and 

web versions of the task, as well as different paradigms to address linguistic and non-linguistic 

SL in both visual and auditory domains, which is of further significance. I recommend 

publication of this work pending some minor comments detailed below. 

 

Major Concerns: 

None 

 

Minor Concerns: 

1 Could the authors provide a better justification of the 24 repetitions of each of the 4 triplets for 

the visual tasks? Why 24? Is this usually enough for learning to occur? 

Response: It seems that increased exposure does not lead to increased performance in SL tasks 

after a certain point (see Arnon, 2019, and Siegelman, et al. 2018 for a demonstration and 

discussion) and that 24 repetitions is appropriate to measure learning in this task based on our 

preliminary results.  

 

2 Why double the trials for auditory stimuli than for visual? Is this just to make sure that all the 

tasks have a similar length in time? Is auditory SL harder than visual? 

Response: The purpose to doubling the trials for auditory stimuli was to ensure that all tasks 

have a similar length in time, and we do not believe the auditory task was any harder based on 

our results.  

 

3 How accurate is the measurement of Reaction Times via a web browser? 

Response: de Leeuw, the creator of jsPsych, and Motz found the response times measured via a 

web browser “were approximately 25 ms longer” than those measured via MATLAB (2016). 

Importantly, this delay was found to be constant across trials. Because our measure of real-time 
learning in the web-based tasks is the slope of change in reaction time, the effects of the delay 
in reaction time has been minimized using within-subject comparison. de Leeuw (2015) has also 

acknowledged that reaction time measured via jsPsych may be affected by factors such as the 

processing speed of the computer or the number of tasks loaded in the background. To minimize 

these effects, the author has recommended using within-subject comparison for response times 

across trials (de Leeuw, 2015). We have added this information to the discussion. 
 

4. For the fMRI protocol, the authors say “In contrast, random sequences 

contain the same 12 stimuli as presented in the structured sequences” 

and also “in order to maximize learning of the structured sequences, 

the random blocks in each run contain a different type of stimuli from 

the structured sequence”. Do the authors mean that for the latter the 

difference is the domain? Visual or auditory? Please clarify"  

Response: The reviewer is correct that the latter difference is related to domain. We have 

clarified this by stating “In order to maximize learning of the structured sequences, the random 

blocks in each run contain a different domain from the structured sequence (e.g. speech 

structured, tone random/image structured, letter random). This was counterbalanced across the 

four runs.”     

 


