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SUMMARY:  30 

This protocol describes methods used to examine neural mechanisms underlying sleep-31 

dependent memory consolidation during naps in early childhood. It includes procedures for 32 

examining the effect of sleep on behavioral memory performance, as well as the application and 33 

recording of both polysomnography and actigraphy. 34 

  35 

ABSTRACT:  36 

Sleep is critical for daily functioning. One important function of sleep is the consolidation of 37 

memories, a process that makes them stronger and less vulnerable to interference. The neural 38 

mechanisms underlying the benefit of sleep for memory can be investigated using 39 

polysomnography (PSG). PSG is a combination of physiological recordings including signals from 40 

the brain (EEG), eyes (EOG), and muscles (EMG) that are used to classify sleep stages. In this 41 

protocol, we describe how PSG can be used in conjunction with behavioral memory assessments, 42 

actigraphy, and parent-report to examine sleep-dependent memory consolidation. The focus of 43 

this protocol is on early childhood, a period of significance as children transition from biphasic 44 
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sleep (consisting of a nap and overnight sleep) to monophasic sleep (overnight sleep only). The 45 

effects of sleep on memory performance are measured using a visuospatial memory assessment 46 

across periods of sleep and wakeful-rest. A combination of actigraphy and parent report is used 47 

to assess sleep rhythms (i.e., characterizing children as habitual or non-habitual nappers). Finally, 48 

PSG is used to characterize sleep stages and qualities of those stages (such as frequencies and 49 

the presence of spindles) during naps. The advantage of using PSG is that it is the only tool 50 

currently available to assess sleep quality and sleep architecture, pointing to the relevant brain 51 

state that supports memory consolidation. The main limitations of PSG are the length of time it 52 

takes to prepare the recording montage and that recordings are typically taken over one sleep 53 

bought. These limitations can be overcome by engaging young participants in distracting tasks 54 

during application and combining PSG with actigraphy and self/parent-report measures to 55 

characterize sleep cycles. Together, this unique combination of methods allows for investigations 56 

into how naps support learning in preschool children.  57 

 58 

INTRODUCTION:  59 

Given sleep’s prevalence in our daily routine, it is important to understand its function. Studies 60 

with this objective require precise measurement of sleep. Polysomnography (PSG) is the gold-61 

standard measure of sleep. PSG allows for objective, quantitative measurement of sleep with 62 

high temporal resolution and can be useful for both research and clinical purposes. PSG is a 63 

combination of physiological recordings. At minimum, a PSG montage includes the following 64 

measures: electroencephalography (EEG), electrooculography (EOG), and electromyography 65 

(EMG). These measures assess electrical potentials from the brain, the eyes, and muscles 66 

respectively, and allow for classification of sleep stages (see Figure 1). Other measures, such as 67 

electrocardiography (ECG), respiration, and pulse oximetry may be included to identify the 68 

presence of disordered sleep.  69 

 70 

[Place Figure 1 here] 71 

 72 

PSG allows sleep to be characterized into four distinct sleep stages: non-rapid eye movement 73 

(non-REM) stage 1 (nREM1; 4−7 Hz), non-REM stage 2 (nREM2; 12−15 Hz), and non-REM stage 3 74 

(more commonly known as slow wave sleep [SWS]; 0.5−4 Hz), and rapid-eye movement (REM) 75 

sleep. nREM1 marks sleep onset, and is identified based on reduced muscle tone in the EMG 76 

recoding and mixed amplitude EEG oscillations relative to the alpha observed in resting wake. 77 

This is followed by nREM2, which can be distinguished by the presence of sleep spindles (short 78 

bursts of sigma frequency activity; 11−16 Hz) and K-complexes (single slow-waves that stand out 79 

from the surrounding activity) in the EEG. SWS is characterized by distinct slow-frequency high-80 

amplitude EEG oscillations. REM sleep is characterized by fast low-amplitude oscillatory brain 81 

activity very similar to that observed during wake. However, what distinguishes REM sleep from 82 

wake is that it is also characterized by phasic rapid eye movements (hence the moniker REM) and 83 

muscle atonia. Over the course of a sleep bout, sleep stages are experienced cyclically, at a rate 84 

of about 90 min/cycle. 85 

 86 

Sleep also follows the circadian rhythm, with sleep bouts taking place in 24-h cycles. Sleep timing 87 

and consistency may influence sleep function and are also important to assess. Although PSG is 88 



necessary to characterize sleep stages, it is time-consuming to apply and therefore not ideal for 89 

assessing multiple sleep bouts (e.g., multiple nights of sleep, naps and overnight sleep). For this, 90 

actigraphy is beneficial. Actigraphy uses a tri-axial accelerometer, typically on the wrist, to 91 

estimate sleep based on the absence of movement. Although actigraphy cannot be used to 92 

characterize sleep stages, it has been shown to be reliable at detecting sleep onset and wake 93 

onset (including sleep fragmentation or wake after sleep onset) in a range of populations from 94 

infants1 to older adults2. Both PSG and actigraphy are preferred methods over self/parent-report 95 

measures. Self/parent-report measures are easy to administer and relatively inexpensive, 96 

however, they are also subject to bias and non-compliance. Finally, it is worth noting that these 97 

methods can be used in combination to capitalize on the strengths of each. For example, PSG can 98 

be combined with actigraphy and/or self/parent-report to obtain both overnight sleep quality as 99 

well as verification of sleep quantities or sleep-wake cycles, especially over long durations (e.g., 100 

weeks or months). 101 

 102 

One function of sleep that has garnered particular interest is sleep-dependent memory 103 

consolidation, the processing of memories that leaves them stronger and less vulnerable to 104 

interference3. Although memory consolidation can take place during wake in children4 and 105 

adults5, there is substantial evidence that consolidation is enhanced during sleep. Past research 106 

has provided behavioral examples of sleep-dependent memory consolidation by comparing 107 

changes in memory performance following an interval of sleep (e.g., 8 pm−8 am) to changes 108 

following an equivalent interval spent awake (e.g., 8 am−8 pm). In adults, memories are 109 

protected6 or even enhanced7 following an interval of sleep while memories typically decay over 110 

an equivalent interval of wake. Controls have been employed that dissociate performance 111 

changes from circadian influences8-10 For example, similar benefits of sleep are observed when 112 

comparing performance over a mid-day nap to an equivalent mid-day wake period9. 113 

 114 

Although sleep was once thought to reflect a passive process, simply protecting memories from 115 

decay or interference, modern theories suggest sleep plays a more active role and actually 116 

promotes memory through reactivations11-13. Support for this comes from observed correlations 117 

between behavioral measures of memory consolidation over sleep (change in memory recall 118 

after sleep compared to before sleep) and specific aspects of sleep physiology. For many 119 

declarative memory tasks, memory consolidation is associated with aspects of non-REM sleep, 120 

specifically measures of SWS or sleep spindles found in nREM2 and SWS. If sleep’s role was 121 

passive protection from interference, such a correlation would not be expected; rather a 122 

correlation between time asleep (regardless of sleep stage) and performance would be expected, 123 

as more time asleep would provide more protection from interference14. 124 

 125 

Additional support for the active role of SWS in memory consolidation is evident in studies of 126 

targeted memory reactivation. In these studies, a memory is learned in the context of a 127 

perceptual cue, for instance an odor, and recall of the memory is greater following sleep if the 128 

cue is re-presented during sleep, SWS in particular15. Although the underlying mechanism is 129 

debated16,17, one prominent theory, systems consolidation theory, contends that memories 130 

encoded in the hippocampus are stabilized in the cortex though hippocampal-neocortical 131 



dialogue. Specifically, cortical slow waves and sleep spindles, occurring in conjunction with 132 

hippocampal ripples with memory reactivation, support the memory transfer3. 133 

 134 

The role of sleep in memory consolidation during development is less clear. Early childhood is a 135 

period of particular interest as children begin to transition from a biphasic (consisting of a mid-136 

day nap and an overnight sleep bout) to a monophasic sleep pattern. Recent research suggests 137 

that this transition may reflect brain maturation18. This argument is consistent with empirical 138 

data showing developmental changes in overnight sleep (i.e., topography of slow wave activity) 139 

mirrors that of cortical maturation19. 140 

 141 

Although there are several behavioral demonstrations of overnight sleep-dependent 142 

consolidation in children20,21 and infants22, research on the neural underpinnings of memory 143 

consolidation with mid-day sleep are just beginning to be investigated. In ground-breaking work 144 

examining the role of mid-day naps on memory in preschool children, naps were shown to 145 

protect memories of recently learned information, whereas memory was reduced (by ~12%) 146 

when children stayed awake during the nap interval23. This “nap benefit” was greatest in children 147 

who napped habitually (i.e., 5 or more times per week as measured with actigraphy) regardless 148 

of their age. By recording PSG during the nap, the change in memory performance across the nap 149 

period was found to be specifically associated with sleep spindle density (the number of sleep 150 

spindles per minute of nREM), suggesting nap quality (not quantity) was a critical factor in 151 

promoting memory retention (see the representative results section). 152 

  153 

This study highlights the significance of PSG in exploring relations between sleep and memory 154 

during development. It points to the importance of characterizing sleep macro- (sleep stages) 155 

and micro- (qualities of those stages such as frequencies and the presence of spindles) structures 156 

during naps for memory consolidation. It also highlights the importance of assessing sleep 157 

rhythms (characterizing children as habitual or non-habitual nappers). Although our work has 158 

characterized the function of naps in visuospatial learning (and more recently emotional24 and 159 

procedural25 learning), many questions remain. For instance, it will be important to examine 160 

other declarative memory tasks to assess the generalizability of these findings and to assess tasks 161 

used in preschool classrooms to understand specific parameters (e.g., amount of nap benefit 162 

relative to learning) for ecologically valid tasks. Additional work will also be necessary to 163 

understand when wake is sufficient for memory consolidation. Thus, our objective is to demystify 164 

the process of measuring sleep and sleep-dependent memory consolidation in children. We 165 

provide practical tips for examining the benefit of an afternoon nap on declarative memory in 166 

typically developing preschoolers (approximately 3 to 4 years of age) using a computerized 167 

visuospatial memory task as well as methods for assessing nap habituality using actigraphy, 168 

parent-report, and nap physiology using PSG. Although these methods were developed for 169 

preschool age children who nap with varying frequency, these methods could be adapted to any 170 

age group. 171 

 172 

PROTOCOL:  173 

 174 



Prior to beginning any research procedures, written consent should be obtained from the parent 175 

and verbal consent should be obtained from the child for all study procedures. 176 

 177 

NOTE: See Figure 2 for an overview of all procedures.  178 

 179 

[Place Figure 2 here] 180 

 181 

1. Nap promotion condition 182 

 183 

1.1. Ensure that the nap promotion condition is counterbalanced with the wake promotion 184 

condition across participants as discussed below. 185 

 186 

1.2. Schedule the nap promotion condition to begin approximately one hour before the child’s 187 

typical nap period to allow time to apply PSG and to conduct the visuospatial memory task. 188 

Ensure that the time between immediate and delayed recall are the same between the wake 189 

promotion and nap promotion conditions. 190 

 191 

1.3. Explain the procedures for this session to children and parents using age-appropriate 192 

materials. 193 

 194 

NOTE: Age appropriate materials include story books or short videos of another child undergoing 195 

the same procedures.  196 

 197 

1.4. Apply polysomnography equipment (see section 3). 198 

 199 

1.5. Conduct the encoding and the immediate memory assessment for the visuospatial memory 200 

task (see section 4). 201 

 202 

1.6. Have the child use the restroom and then initiate the child’s typical pre-nap routine. 203 

 204 

1.6.1. Allow the parent/caregiver to put the child to sleep as they usually would. Interfere as little 205 

as possible because most children fall asleep faster when provided with their normal routine. 206 

 207 

1.6.2. Allow the child to nap utilizing their typical nap location. 208 

 209 

1.6.3. Utilize nap promotion techniques, but only when necessary as these have proven less 210 

successful in the home if they deviate too far from the child’s normal routine. 211 

 212 

NOTE: Nap promotion techniques include using a weighted blanket, rubbing the participant’s 213 

back, wrapping the child in a blanket (similar to swaddling), progressive muscle relaxation, and 214 

playing soothing music. 215 

 216 

1.7. Ensure that the amount of time the child sleeps in the nap promotion condition matches the 217 

amount of time they play in the wake promotion condition. 218 



 219 

NOTE: If the nap promotion condition is first, allow the child to wake up naturally and use this 220 

duration to set the duration of the awake session. If the wake promotion condition is first, use 221 

this duration to determine the length of the nap. If the nap exceeds this time, wake the child as 222 

naturally as possible by opening the door, walking around outside the bedroom, and gradually 223 

speaking louder. 224 

 225 

1.8. Conduct the delayed recall assessment for the visuospatial memory task, approximately 226 

15−30 min after the child wakes to avoid sleep inertia.  227 

 228 

1.9. Collect child and experimenter rating for Visual Sleepiness Scale (VSS)26 and Visual Mood 229 

Scale (VMS)27. 230 

 231 

1.10. Remove PSG electrodes. 232 

 233 

2. Wake promotion condition 234 

 235 

2.1. Ensure that the wake promotion condition is counterbalanced with the nap promotion 236 

condition discussed above. 237 

  238 

2.2. Schedule the wake promotion condition to begin approximately one hour before the child’s 239 

typical nap period to equate time of day across conditions. Ensure that the time between 240 

immediate and delayed recall are approximate the same between the wake promotion and nap 241 

promotion conditions. 242 

 243 

2.3. Explain the procedures for this session to children and parents using age-appropriate 244 

materials. 245 

 246 

2.4. Apply PSG electrodes (see section 3) in order to equate the wake and nap promotion 247 

conditions. 248 

 249 

NOTE: Although sleep is not expected, this equates conditions and can be used to verify the 250 

absence of sleep if in doubt. 251 

 252 

2.5. Conduct the encoding and the immediate memory assessment for the visuospatial memory 253 

task (see section 4). 254 

 255 

2.6. Have the child use the restroom and then proceed to the location that they typically nap. 256 

 257 

2.6.1.  Do not allow the child to nap, instead, have the child play quietly with non-stimulating 258 

toys in the same location as their typical nap. 259 

 260 

NOTE: Acceptable non-stimulating toys include small sensorimotor toys such as wax sticks and 261 

age-appropriate interlocking plastic bricks. 262 



 263 

2.6.2.  Have the child play for their typical nap length or for the time they slept during the nap 264 

promotion condition (see step 1.7 for additional information).  265 

 266 

2.6.3. Record any unusual activity such as talking, leaving the room, and playing with toys that 267 

are not provided.  268 

 269 

2.7. Ensure that the amount of time the child sleeps in the nap promotion condition matches the 270 

amount of time they play in the wake promotion condition. 271 

 272 

2.8. Conduct the delayed recall assessment for the visuospatial memory task, approximately 273 

15−30 min after the child is finished playing in order to keep delay time similar between 274 

conditions. 275 

 276 

2.9. Collect child and experimenter rating for VSS26 and VMS27. 277 

 278 

2.10. Remove PSG electrodes. 279 

 280 

3. Polysomnography (PSG) 281 

 282 

3.1. Preparation 283 

 284 

3.1.1. Facilitate PSG electrode application by having the child engage in a quiet activity such as 285 

reading a book, playing with playdough, eating a snack if they are hungry, or watching a short 286 

movie. 287 

 288 

NOTE: If a movie is used, ensure that the movie is age appropriate but does not elicit rowdiness 289 

in the child (e.g., popular child-friendly animated films or shows). 290 

 291 

3.1.2. Accessibility to a parent or guardian is not required. However, for shy and tentative 292 

children ensure that trusted caregivers are available. 293 

 294 

NOTE: For a small number of children, parents and guardians may be distracting instead of 295 

helpful. If this is the case, ask the parent if they would be willing to step out of the child’s sight. 296 

 297 

3.2. Collect head measurements. 298 

 299 

3.2.1. Use a flexible tape measure and china marker to mark locations for subsequent electrode 300 

application. 301 

 302 

3.2.2. Measure the distance from the inion to nasion and place a mark at the halfway point. 303 

Measure the distance from preauricular to preauricular and place another mark at the halfway 304 

point. The intersection of these two marks is the “Reference” point (CZ). 305 

 306 



3.2.3. Measure 10% of the inion to nasion distance up from the inion. Then measure out 10% of 307 

the preauricular to preauricular measurement from this point on either side. Make two marks, 308 

one on each side (O3 and O4). 309 

 310 

3.2.4. Measure 20% of the preauricular to preauricular measurement from the reference point 311 

on either side of the head. Make two marks, one on each side (C3 and C4). 312 

 313 

3.2.5. Measure 20% of the inion to nasion distance up from the reference point. Then measure 314 

out 20% of the preauricular to preauricular measurement from this point on either side. Make 315 

two marks, one on each side (F3 and F4). 316 

 317 

3.3. Prepare one electrode at a time for placement. 318 

 319 

3.3.1. Clean each electrode location using an alcohol swab. Exfoliate using a slightly abrasive gel 320 

and then remove any residual cleaning material. 321 

 322 

3.3.2. Fill each electrode using electrode cream. 323 

 324 

3.3.2.1. For electrodes placed where hair is present, apply an additional drop of electrode cream 325 

to a gauze square and place it on the back of the electrode. 326 

 327 

3.3.2.2. For electrodes placed on the face, use medical tape to adhere the electrode to the skin.  328 

 329 

3.4. Place an electrode on each corresponding EEG, EOG, and EMG location. 330 

 331 

3.4.1. Place an electrode on each marked location on the scalp (CZ, O3, O4, C3, C4, F3, and F4). 332 

 333 

3.4.2. Place one electrode on each mastoid (small bony process behind the ear) and one in the 334 

center of the forehead. 335 

 336 

3.4.3. Place one EOG electrode adjacent to each eye. Place one of these electrodes slightly 337 

superior to the outside of the right eye (termed ROC) and one to the outside and slightly inferior 338 

to the left eye (termed LOC). 339 

 340 

3.4.4. Place two EMG electrodes around the chin area. Place one electrode on the right cheek 341 

just above the smile line. Place the other on the left side just above where the chin meets the 342 

neck, adjacent to the esophagus. Find the second location by having the participant say the word 343 

“milk” out loud while feeling for the location where muscle contractions in the neck and chin are 344 

maximal.  345 

 346 

3.5. Attach electrodes to the recording device and initiate recording.  347 

 348 

3.6 Record impedance readings for all electrodes. Ensure all electrodes pass the impedance test.  349 

 350 



NOTE: Some devices may note a ‘Pass’ or ‘Fail’, while other devices may give numeric values. In 351 

the latter, impedances under 25 kΩ are acceptable. If an impedance fails or is too high, remove 352 

and replace the batteries. If this does not amend the issue, reapply that electrode. 353 

 354 

3.7. At the completion of each conditions, remove the PSG electrodes. 355 

 356 

3.7.1. For electrodes applied in the hair, soak the location of the electrode with a water-based 357 

spray. Allow the spray to sit for about one minute then remove the electrode. 358 

 359 

NOTE: Detangling hair spray is highly effective for the purpose of removing hair electrodes. 360 

 361 

3.7.2. For electrodes applied with tape, typically on the face and mastoids, use a cotton pad with 362 

baby oil applied to it to saturate the tape. When the tape is completely covered in baby oil, gently 363 

pull the tape up from the corners. 364 

 365 

4.  Visuospatial memory task 366 

 367 

4.7. Administer nine to-be-remembered stimuli arranged in a 3 x 3 matrix to children younger 368 

than 44 months of age. Administer the 12 to-be-remembered stimuli arranged in a 3 x 4 matrix 369 

to children older than 44 months of age. 370 

 371 

NOTE: If a child assigned to the 12-item matrix is too challenged, the 9-item matrix can be used. 372 

Likewise, if it is evident that the 9-item matrix is too easy, the 12-item matrix can be used to avoid 373 

ceiling effects. This is justified because within-subject accuracy is of the variable of interest and 374 

not raw scores. Stimuli are typically cartoon-like pictures of common images (e.g., bear, car, 375 

scissors) arranged in a matrix and presented on a laptop screen. There are two sets of stimuli. 376 

This allows the task to be counterbalanced across the two conditions (i.e., nap versus wake 377 

promotion) so that children do not receive the same pictures in both conditions.  378 

 379 

4.8. Administer the task in three phases: encoding, immediate recall, and delayed recall. For each 380 

phase allow the child to answer each question at their own pace. 381 

 382 

NOTE: Typical durations are: 6 min for the encoding phase, 2 min for the immediate recall phase, 383 

and 2 min for the delayed recall phase. 384 

 385 

4.8.1. In the encoding phase, direct the child to identify each image by name, then instruct the 386 

child to remember their location of each item on the grid. Following encoding, the cards are 387 

replaced with ‘blank’ images and the child must then locate the position of each image until they 388 

reach an encoding score ≥70%. 389 

 390 

NOTE: A threshold of 70% was chosen based on studies in young adults28-30 and reflects a point 391 

when learning is clearly reached but not at ceiling. 392 

 393 

4.8.1.1. During this block, participants receive visual feedback from the task after each response. 394 



After the child selects an image location, reveal the associated image, informing the child 395 

whether that was the correct or incorrect location. 396 

 397 

4.8.1.2. Provide verbal feedback on performance to motivate the child but ensure that the 398 

amount of feedback is consistent across both conditions. When the child succeeds at locating an 399 

image use language like “Great job, you got that one!” When a child fails use language that 400 

highlights the child’s effort (e.g., “Whoops! Not quite but good try! Let’s see if you can get the 401 

next one.”). 402 

 403 

4.8.1.3. Provide children who are assigned to the 12-item matrix that cannot pass encoding after 404 

4 rounds with an opportunity to stretch, do jumping jacks, and move for about 5 min. If the child 405 

still cannot pass encoding after an additional 2 rounds, restart encoding with the 9-item matrix.  406 

 407 

4.8.1.4. Provide children assigned to the 9-item matrix who receive an encoding score of 100% 408 

on the first round with the encoding task for the 12-item matrix. If they do not go through all the 409 

necessary steps to drop back to the 9-item matrix, use the 12-item matrix for the following two 410 

phases. 411 

 412 

4.8.2. During the immediate recall phase, present the images again, one at a time, and ask the 413 

child to recall the corresponding location. Do not provide visual or verbal feedback, and only 414 

probe each item once. However, do provide feedback on effort (i.e., “Good job giving your best 415 

effort”). 416 

 417 

4.8.3. Conduct the delayed recall phase immediately after the wake or sleep condition. 418 

 419 

NOTE: This phase is identical to the immediate recall phase.  420 

 421 

4.8.3.1. At times children will become fussy during the delayed recall phase. If this happens, 422 

entice the child to complete the task with a prize or by offering more time to watch their movie 423 

during PSG removal. During this time do not allow the child to play with toys or engage in other 424 

tasks until the memory task is complete. 425 

 426 

[Place Figure 3 here] 427 

 428 

5. Actigraphy  429 

 430 

5.7. Program the activity watch. 431 

 432 

NOTE: The activity watch is sampled at 32 Hz, with a sensitivity of <0.01 g. Activity is stored in 15-433 

s epochs. 434 

 435 

5.8. Provide each participant with a pre-programmed activity watch and instructions. Tell the 436 

parent that the watch should always be worn. Highlight that it is waterproof so there is no reason 437 

to remove the device. 438 



 439 

5.8.1. Instruct the child to wear the watch on their non-dominant hand continuously. 440 

 441 

5.8.2. Instruct the parent to press the button on the side of the watch face every time their child 442 

attempts to sleep, and then again when they wake. 443 

 444 

NOTE: This generates an event marker in the data which assists with scoring actigraphy. 445 

 446 

5.9. Provide the parent with a sleep diary (similar to a log or spreadsheet) on which they can 447 

record sleep times and watch removal. 448 

 449 

NOTE: This also assists with scoring actigraphy.  450 

 451 

5.9.1. In the sleep diary, ask the parent to provide a complete log of all sleep for the number of 452 

days that the activity watch will be worn, including the time that the child goes to bed and when 453 

the child wakes up. The parent should provide this information for both naps and regular 454 

overnight sleep. Additionally, ask the parent to provide information about any time when the 455 

watch is removed. 456 

 457 

6. Data analysis 458 

 459 

6.7. Visuospatial memory task 460 

 461 

6.7.1. Calculate accuracy for each recall phase as the percent of items recalled. 462 

 463 

6.7.2. Calculate change in recall over the nap and wake intervals as follows. 464 

 465 

6.7.2.1. Calculate change in recallnap by subtracting immediate recall accuracy (before nap) from 466 

delayed recall accuracy (after nap). 467 

 468 

6.7.2.2. Calculate change in recallwake by subtracting immediate recall accuracy (before wake) 469 

from delayed recall accuracy (after wake). 470 

 471 

6.8. PSG 472 

 473 

6.8.1. Characterize sleep stages in accordance with the standard scoring criteria (e.g., The AASM 474 

Manual for the Scoring of Sleep and Associated Events v. 2.5). 475 

 476 

6.8.2. Detect sleep spindles at C3 using specialized software by marking spindle onsets and 477 

offsets. 478 

 479 

6.8.3. Verify sleep stages and spindle onsets and offsets with second trained researcher. In the 480 

event the scorings are not concordant, have a third trained scorer make the consensus decision. 481 

 482 



6.8.4. Analyze spindle density using specialized software and an in-house MATLAB code based on 483 

previous studies31. In brief, filter EEG data from 0.5−35 Hz. Consider the maximum voltage 484 

between the identified spindle onset and offset the peak spindle amplitude. Use a fast Fourier 485 

transform of each spindle to identify the peak spectral frequency between 9−15 Hz24,32. 486 

 487 

6.9. Actigraphy 488 

 489 

6.9.1. Score activity watch data using specialized software following standardized protocols20. 490 

 491 

NOTE: Multiple days and nights of data are required to ensure reliability of the data. At minimum, 492 

participants need at least three days and three nights of actigraphy data (days and nights do not 493 

need to be consecutive); however, 5 nights is preferable, particularly when these data are of 494 

primary interest33. 495 

 496 

6.9.2. Use sleep diary information and event markers (button presses) to verify sleep onset and 497 

offset. 498 

 499 

NOTE: These two items must be within 20 min of each other in order to score the start and end 500 

of a rest interval.  501 

 502 

6.9.2.1. If a participant is missing sleep diary information, event markers, or the diary and event 503 

markers are not within 20 min of each other, determine sleep onset and offset manually32:  504 

determine sleep onset by the first three minutes of continuous sleep33 and determine sleep offset 505 

by the last five minutes of continuous sleep34. 506 

 507 

REPRESENTATIVE RESULTS: 508 

Using the procedures described here, Kurdziel and colleagues23 examined sleep-dependent 509 

memory consolidation during naps in preschool children. Results showed children’s recall 510 

accuracy on the visuospatial memory task after a nap was better than their recall accuracy after 511 

a similar period during which they remained awake (i.e., signifying a “nap benefit”, Figure 4). 512 

Moreover, those who spent the prior day in the wake condition did not recover memories during 513 

overnight sleep. Finally, the actigraphy and parent reported sleep measures were used to 514 

examine whether the nap benefit was apparent in both habitual and non-habitual nappers. 515 

Findings revealed the nap benefit was only significant in children who napped regularly (i.e., 516 

habitual nappers, Figure 5).  517 

 518 

[Place Figure 4 and Figure 5 here] 519 

 520 

PSG was used to examine relations between sleep physiology and nap-dependent memory 521 

consolidation in both habitually and non-habitually napping children. There was a significant 522 

negative correlation between immediate recall accuracy and with sleep spindle density. The 523 

better a child performed at immediate recall, the fewer sleep spindles they displayed during 524 

nREM2 sleep (Figure 6A). This is consistent with previous studies which report a negative 525 

correlation between sleep spindles and IQ35. Importantly, there was a positive correlation 526 



between change in recallnap and sleep spindle density during nREM2 (Figure 6B). However, no 527 

other measure of sleep physiology (i.e., spindle amplitude, spindle frequency, etc.) was related 528 

to memory performance.  529 

 530 

[Place Figure 6 here] 531 

 532 

In sum, these results show that napping is associated with improved memory consolidation, 533 

especially in habitual nappers. Nap-related improvement in memory performance is related to 534 

sleep physiology assessed by PSG in early childhood. Therefore, PSG is an important method for 535 

understanding the mechanisms that underlie relations between sleep and memory consolidation 536 

in early childhood. Together, these results suggest that naps are critical for long-term memory 537 

consolidation in children. 538 

 539 

FIGURE LEGENDS:  540 

 541 

Figure 1: Example electrode placement and description of activity recorded via PSG.  542 

 543 

Figure 2: Overview of protocol. Each square represents one day. 544 

 545 

Figure 3: Examples of screen displays during the visuospatial memory task.  546 

 547 

Figure 4: Recall accuracy on the visuospatial memory task was tested immediately following 548 

encoding (“Immediate”), following the nap opportunity (“Delayed”), and again the following 549 

day (“24-hour”) across two conditions: a nap-promoted condition (gray bars) and wake-550 

promoted condition (white bars). Error bars represent ± 1 SE. This figure is reprinted with 551 

permission from Kurdziel et al.23. 552 

 553 

Figure 5: Change in recall accuracy (delayed recall minus immediate recall) across the nap (gray 554 

bars) and wake (white bars) intervals for habitual nappers (who took five to seven naps per 555 

week) and non-habitual nappers (those who took zero to two naps per week). Error bars 556 

represent ± 1 SE. This figure is reprinted with permission from Kurdziel et al.23. 557 

 558 

Figure 6: Sleep spindle density (spindles per minute of non-REM stage 2 sleep) associations 559 

with (A) immediate recall accuracy and (B) the change in recall accuracy from the immediate 560 

to delayed recall phase. This figure is reprinted with permission from Kurdziel et al.23. 561 

 562 

DISCUSSION:  563 

This article describes how to investigate sleep-dependent consolidation of declarative memory 564 

during naps in early childhood. Methods include behavioral assessment of memory across nap 565 

and awake conditions, actigraphy and parent-report to assess sleep cycles, and PSG to assess 566 

sleep architecture. This unique combination is critical for assessing memory, characterizing sleep 567 

cycles, and examining the neural mechanisms underlying the benefit of sleep on memory. 568 

Representative results indicate that learning and memory were dependent on mid-day sleep, 569 

particularly for habitual nappers. Specifically, habitual nappers showed a greater benefit from 570 



napping compared to staying awake (i.e., nap benefit score). In addition, across all children, 571 

better retention across the nap period (i.e., nap change score) was related to sleep spindles 572 

recorded during nREM2; greater retention over the nap was associated with more sleep spindles. 573 

Although the combination of methods described is critical for full characterization of the impact 574 

of sleep on memory, perhaps the most important aspect of this method is identification of 575 

underlying neural mechanisms associated with this effect using PSG. At present, PSG is the only 576 

methodological tool that allows for characterization of sleep quality via measurement of sleep 577 

stages. Thus, it is the only method that allows for insight into neurobiological mechanisms 578 

underlying sleep-dependent effects, such as memory consolidation.  579 

 580 

Major advantages of PSG include the fact that it is non-invasive and allows for characterization 581 

of four sleep stages, including sleep stages nREM 1−3 and REM. The most critical step in acquiring 582 

PSG is thoroughly cleaning electrode sites before application in order to achieve low impedances 583 

and subsequent high-quality data to realize this advantage. Another advantage is that PSG is 584 

portable and easy to administer, even in young children. Furthermore, the technique can be 585 

modified to increase resolution. Although we describe a low-density montage of 7 EEG 586 

electrodes, higher density EEG montages using specialized caps in order to examine the 587 

topographic distribution of sleep-related activity such as sleep spindles may also be used. This 588 

can be useful as topography changes developmentally14; however, these systems are not 589 

ambulatory and can be less comfortable. Finally, although we describe how to record PSG during 590 

mid-day sleep, the same method can be applied overnight to examine sleep at other periods, 591 

including overnight sleep. It can also be modified for clinical use to assess sleep disturbances (i.e., 592 

inclusion of ECG, respiration, pulse ox). We describe how data obtained during PSG can be related 593 

to sleep-dependent consolidation of declarative memories (i.e., visuospatial memory). However, 594 

other types of memory (e.g., procedural memory, emotional memory, language, etc.) and their 595 

relation to sleep components can also be examined23,28,25,36-38.  596 

 597 

The main limitation of PSG is the time it takes to apply the electrodes. In children this can be 598 

especially important as they are prone to boredom and limited attention. These effects can be 599 

mitigated by providing subjects with distractors during administration (e.g., toys, books, videos). 600 

Additionally, PSG typically records activity during one sleep bout. However, it can be combined 601 

with self-report and/or actigraphy to obtain insight into sleep quantities or sleep-wake cycles 602 

over longer durations (e.g., weeks or months). Finally, PSG can be uncomfortable, and disturb 603 

sleep at times. Note that for this reason, an adaptation sleep bout can be considered. This must 604 

be weighed against the additional burden placed on the participant and challenges recruiting to 605 

the study. 606 

 607 

Although PSG is critical for examining the neurobiological mechanisms underlying sleep-608 

dependent effects, proper administration of all other aspects of the protocol described (i.e., 609 

behavioral assessment of memory across nap and awake conditions, actigraphy and parent-610 

report of sleep cycles), are paramount to realizing its full potential. The most critical step in 611 

administering the nap and wake promotion conditions is to ensure that the time between 612 

immediate and delayed recall is the same between conditions and that the interference is 613 

minimized during the wake promotion condition. The former can be achieved by adhering to 614 



clear protocols and proper documentation of time for each session for each participant. The 615 

latter can be achieved by monitoring of the child’s activity during the wake condition and 616 

providing them, only when necessary, activities that are least likely to interfere (e.g., for the 617 

visuospatial memory task that taps declarative memory avoiding activities that engage 618 

declarative systems such as books or verbal material).  619 

 620 

In conclusion, PSG is the gold-standard assessment of sleep quality. It allows for objective, 621 

quantitative measurement of sleep with high temporal resolution that which can be useful to 622 

better understand sleep function. When paired with other tools (e.g., behavioral assessment of 623 

memory, actigraphy, and parent-report of sleep) it can yield important and interesting findings 624 

regarding how sleep contributes to healthy cognitive development of young children. 625 
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Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Dear Editor: 

 

Thank you for the opportunity to revise our manuscript [JoVE60200 "Measuring neural 

mechanisms underlying sleep-dependent memory consolidation during naps in early 

childhood"].  We have tried our best to address all comments from the Editor and Reviewers.  

Per your request, we provide a version with track changes.  In addition, we reply to each of the 

Reviewers comments in the letter below.  

 

Best, 

Tracy Riggins 

 

____________________________________ 

 

Editorial comments: 

Changes to be made by the author(s): 

1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are 

no spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any 

errors in the submitted revision may be present in the published version. 

 

Response:  We have done our best to proofread the manuscript to ensure there are no spelling 

or grammatical errors.  

 

2. Please obtain explicit copyright permission to reuse any figures from a previous publication. 

Explicit permission can be expressed in the form of a letter from the editor or a link to the 

editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your 

Editorial Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. 

“This figure has been modified from [citation].” 

 

Response:  We have obtained explicit copyright permission to reuse Figures 4, 5, and 6 from 

Kurdziel et al., 2013.  We have uploaded a letter from PNAS granting permission.  We have also 

cited the original source of the figure in the legend as requested.  

 

3. Authors and affiliations: Please provide an email address for each author. 

 

Response:  We provided emails for each author at the beginning of the document as requested. 

 

4. Please include single line spacing between each numbered step or note in the protocol.  

 

Response:  We added a single line space between each section and subsection in the protocol 

section. 

 

5. Everything in the protocol (except for the introductory ethics statement) should be in a 

numbered step (in the imperative tense and with no more than 4 sentences), numbered header, 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Jove revision
letter.docx

https://www.editorialmanager.com/jove/download.aspx?id=1065689&guid=1431bb0e-dded-44ac-b115-2566ffdb7a45&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1065689&guid=1431bb0e-dded-44ac-b115-2566ffdb7a45&scheme=1


or a “NOTE”. Please move the introductory paragraphs of the protocol to the Introduction, 

Results, or Discussion (as appropriate) or break into steps. 

 

Response:  We removed the introductory portion of the protocol and added it to the numbered 

steps. We also used imperative language, as requested.  

 

6. Please revise the Protocol to contain only action items that direct the reader to do something 

(e.g., “Do this,” “Ensure that,” etc.). The actions should be described in the imperative tense in 

complete sentences wherever possible. Avoid usage of phrases such as “could be,” “should be,” 

and “would be” throughout the Protocol. Any text that cannot be written in the imperative tense 

may be added as a “NOTE.” Please include all safety procedures and use of hoods, etc. 

However, notes should be used sparingly and actions should be described in the imperative 

tense wherever possible. Please move the discussion about the protocol to the Discussion. 

 

Response: The Protocol now contains only action items.  “NOTES” were used for text that 

added additional relevant information that could not be written in the imperative tense, as 

requested. 

 

7. Please add more details to your protocol steps. There should be enough detail in each step to 

supplement the actions seen in the video so that viewers can easily replicate the protocol. 

Please ensure you answer the “how” question, i.e., how is the step performed? Alternatively, 

add references to published material specifying how to perform the protocol action. 

 

Response: More detailed information about PSG removal and distractors were added. More 

detail about the memory task was added. More details about nap promotion techniques and 

waking procedures were added. References were added.  

 

8. Please organize the sections/steps properly so that the protocol can be followed in 

chronological order. 

 

Response:  Per the instruction of the editor via email on 6/10/2019 we left the PSG, memory 

task, and actigraphy separate from the condition due to the fact that these sections are used in 

both conditions. 

 

9. After you have made all the recommended changes to your protocol section (listed above), 

please highlight in yellow up to 2.75 pages (no less than 1 page) of protocol text (including 

headers and spacing) to be featured in the video. Bear in mind the goal of the protocol and 

highlight the critical steps to be filmed. Our scriptwriters will derive the video script directly from 

the highlighted text. 

 

Response:  We have highlighted sections as requested.  

 

10. Please highlight complete sentences (not parts of sentences). Please ensure that the 

highlighted steps form a cohesive narrative with a logical flow from one highlighted step to the 



next. The highlighted text must include at least one action that is written in the imperative voice 

per step. Notes cannot usually be filmed and should be excluded from the highlighting. 

 

Response:  We have highlighted sections as requested.  

 

11. References: Please do not abbreviate journal titles; use full journal name. 

 

Response:  We have revised the references to provide the full journal names.  

 

12. Table of Materials: Please sort the materials alphabetically by material name. 

 

Response:  The materials have been sorted alphabetically by material name. 

 

Reviewers' comments: 

Reviewer #1: 

Manuscript Summary: 

This manuscript presents a useful summary of a novel and state-of-the-art method for acquiring 

sleep EEG from young populations. There are a number of gaps in this literature and only 

limited number of researchers in this field; hence, this methodological paper provides important 

and useful information to initiate new research. 

 

Response:  Thank you for the positive feedback regarding our manuscript.  

 

Concerns: 

I have no major concerns, but a number of points that could be clarified / expanded upon... 

1. Lines 80-82. It would be useful to include mention of the kinds of variables that can be 

measured using actigraphy. At present, it just states that actigraphy measures "sleep". It would 

also be useful to say what actigraphy cannot capture, relative to PSG. 

 

Response:  Variables that can be measured using actigraphy are now clarified in the revised 

manuscript.   

 

2. Line 83. "Both PSG and actigraphy are…. Although these methods maybe easy to administer 

and relatively inexpensive, they are also subject to bias and non-compliance." Clarify that "these 

methods" refers to the self/parent report measures. 

 

Response:  As requested, we have clarified that “these methods” refer to the self/parent report 

measures.  

 

3. Line 91. "the off-line processing of memories that leaves them stronger and less vulnerable to 

interference" is not a particularly clear description of memory consolidation (i.e., "off-line 

processing of memories" is what I found to be vague). 

 

Response:  We have replaced the term “off-line” with “during sleep” to enhance clarity. 



 

4. Line 102. "…modern theories suggest that sleep plays a more active role…" The references 

provided in this section are quite outdated, and a more up-to-date (brief) description of current 

theories of systems and synaptic consolidation could be referred to here. E.g., see the work of 

Bernard Staresina and his colleagues in Birmingham, for intracranial evidence of the nesting of 

spindle - ripple - slow oscillation events in human hippocampi supporting memory consolidation. 

You could also mention the role of REM, as purported to support synaptic consolidation within 

neocortical networks. 

 

Response: We now provide newer references in the revised manuscript. 

 

5. Line 113. "The role of sleep during development is less clear." The role of sleep in memory 

consolidation during development? Or in development more generally? 

 

Response:  We have clarified  this and now state: “The role of sleep in memory consolidation 

during development is less clear.” 

 

6. Line 130- to the end of the introduction. Relating to the above point, it would be nice if you 

provided a couple of sentences to provide examples of what's needed in the way of future 

research into sleep-dependent memory consolidation in preschool children. Also, can you clarify 

whether the presented protocol is specific to preschoolers or whether it could be applied to 

school aged children (who are a neglected bunch in the nap domain)? 

 

Response:  We have added examples of questions for future research at the end of the 

Introduction.  We have also added a sentence clarifying that our procedure was designed for 

use with preschoolers but that it can also be used with both younger and older children.   

 

7. Line 160 - We also use short videos documenting each step of the procedure, which can be 

put on a lab website. This could be useful to mention here. 

 

Response: We added the recommendation that lab-made video clips can be used to facilitate a 

child friendly explanation of the procedures.  

 

8. Line 173 - Clarify what you mean by "allowing the child to wake up as naturally as possible". 

Does this mean you only ever let them wake naturally? What's the procedure here? 

You refer to the brands of exfoliant and electrode cream that you use and the type of 

actiwatches / PSG device, but not the type of electrodes. Out of interest, do you really want to 

be endorsing all of this equipment, or would it be more appropriate to present these as example 

kit, with other options available? There are also other methods of applying electrodes to the 

scalp (e.g., Ten20 paste). As a fellow researcher in this field, I'm reading this wondering whether 

your endorsement of these things comes through trying various alternatives? It would also be 

particularly useful to know whether you use silver/gold electrodes and the length of the 

electrode wires you use. Also, how do you decide when electrodes are no longer usable / do 

you use a single set for a study? 



 

Response: The child is allowed to wake up naturally when the nap promotion condition is first, 

however, they should be woken up gently (or as naturally as possible) when the wake promotion 

condition is first so that the time of the two conditions match. This is now reflected in the 

protocol.  As for the products, we clarified this with the Editor during the revision process.  JoVE 

policy states that the manuscript and video are objective and not biased towards a particular 

product. To this end, we now use generic terms in the manuscript but reference all commercial 

products in the Table of Materials. When possible, we list alternatives in the Table of Materials 

in the Comments column. 

 

As for electrodes, in the Kurdziel paper on which this protocol is based, gold cup electrodes 

were used.  Typical length is 48 inches.  Electrodes are judged to be usable until (1) we detect a 

bad lead (impedences do not go down or yield noisy recordings) or (2) we can visibly see when 

the film starts getting worn or even corroded.  We have a couple sets of electrodes ready to use 

in the event one set is no longer usable.  These details go beyond the scope of the manuscript 

and were not added to the text.  

 

9. Line 264 - I thought you could go into more detail on electrode removal, given this can be a 

particular source of stress for researchers and children. We've found that water sprays can be 

as effective as detangling hair spray. 

 

Response: As suggested we provided more details about electrode removal.  

 

Reviewer #2: 

Manuscript Summary: 

This protocol described a typical experimental procedure to record neural mechanisms of sleep 

in young children. Techniques used in this procedure involves polysomnography (PSG), 

actigraphy, and sleep diaries from participants' parents. This protocol is based on a previous 

publication from the same group. In that study, based on the same/similar procedure, clear nap 

benefits for declarative memory was shown in 3-5 years' old children.  The current protocol 

provided relatively detailed descriptions for each experimental step, making it easy to follow and 

replicate. In particular, this protocol also tailored some procedure for young children 

participants, providing a general comfortable and child-friendly process to motivate young 

children. For example, the authors considered to prepare a storybook to explain the whole 

procedure, and to allow experimenters to encourage children for their efforts during memory 

recall. Furthermore, it also considered the possible PSG's influence to disturb sleep so that a 

adaptation nap is recommended, even though it needs to be considered not burdening families 

and children significantly. 

I believe this protocol is suited to be published as a Methods Article - JoVE Produced Video to 

provide the field (children sleep experiments) an important reference, when the following issues 

are well addressed: 

 

Response:  Thank you for the positive review of our manuscript. 

 



Major Concerns: 

1. * I think the authors did not specify to which age range of children should this experiment 

protocol apply appropriately. The authors did mention "early childhood" in the title and abstracts. 

However, "early childhood" may cover a wide range of age from infancy, toddlers and 

preschoolers (see Wikipedia with the term "early childhood"). Although the authors did mention 

in the abstract that this protocol focuses on "early childhood, a period of significance as children 

transition from biphasic sleep (consisting of a nap and overnight sleep) to monophasic sleep 

(overnight sleep only)", should we understand that this protocol is purely suited for children 

whose sleep is only during this transition? This also generates a question, independent on the 

cognitive task, which should be age-appropriate, would nap in toddlers whose sleep is still in 

polyphasic or in a transition to biphasic sleep be different from the nap at older children? Would 

the sleep part (PSG and actigraphy) of this protocol still suit for those younger children?  2. * 

Maybe the authors should also claim what health status of children this protocol is suited for. 

For example, I assume that children with special need (disabled) or typical psychiatric issues 

like ADHD and autism would need to be specially tailored with more care during the whole 

procedure. So better claim this either at the beginning with subject description or in the 

Discussion. 

 

Response: We now clarify, at the end of the Introduction, that the protocol was designed for 

typically developing preschoolers approximately 3 to 4 years of age.  We also now clarify that, in 

general, the methods described in the protocol could be used (or adapted slightly) for use with 

both younger and older age groups, as well as atypically developing children. 

 

Minor Concerns: 

Suggestions: 

3. * Would be better to write exact frequency band range for sleep featured waves in the second 

paragraph of Introduction (e.g., spindle, sigma, slow-wave activities), also the corresponding 

text in the table of Figure 1. 

 

Response:  We have included the frequency bands in the text as requested.  However, to 

maintain a visually appealing Figure, we elected not to include them in Figure 1.  

 

4. * Even though it is generally accepted that sleep is crucial for memory consolidation, there 

are also evidence that sleep in children might not be exactly the same as adults, namely the 

wake period could also plays a role in memory consolidation in children1, 2. Although is not the 

main purpose of the current protocol to study wake consolidation, please at least discuss the 

wake consolidation in children, and how part of the protocol might apply for wake rest studies, 

for example, using actigraphy. 

 

Response: We address wake consolidation in the Introduction of the revised manuscript.  

 

Other questions: 

5. * What the short movie is about? Should it be emotionless content or child-friendly, like 

cartoons. 



 

Response:  Because the goal of the short movie is to engage the child, it should be child-

friendly.  However, it should not be overly stimulating.  We have added these details to the 

manuscript. 

 

6. * Is there anything to control pre-nap routines that are probably different from children? 

Depending on the actual age group, would something like nursing should be avoided? 

 

Response: Nursing is fairly uncommon in this age group (ages 3 to 5 years). Typically if children 

need to eat, we allow them to do so during PSG application. However, our most critical goal is 

to get the child to sleep as quickly and effortlessly as possible in order to minimize additional 

time awake. We have found that in the home the best way to accomplish this is by reducing 

variation from the child’s typical nap routine. This is now reflected in the protocol.  

 

7. * Would be better to shortly introduce parents' involvement, should they always be visible 

around their children to make them feel safe and conduct the sleep routine together with the 

experimenter? 

 

Response: Parent involvement is dependent on the child. For some children parent involvement 

is necessary to make them feel at ease. In other cases parents can hinder the child’s focus and 

can even lead to tantrums that would not happen otherwise. How to treat each situation is often 

left to the experimenter. We have added these details to the manuscript. 

 

8. * Would the Nap and Wake promotion are randomly balanced across all subjects? And would 

children and their parents be blind to the condition until they conducted the children's sleep 

routine? 

 

Response: The Nap and Wake promotion conditions are counterbalanced across all children. 

Children and parents are not blind to the condition mostly for logistical reasons so that parents 

are aware of what we are going to be doing when we arrive at their house and can plan their 

day around the activities (e.g., not planning an outing after the wake condition). 

  

9. * Depends on children's age, I am curious how to comfort a sleep-deprived child and keep 

them engaged for the subsequence cognitive tests? What if they gets fussy and irritable? 

 

Response: The best way to get the child to finish the cognitive task is to incentivize their 

participation. For example, offer the child a prize or something rewarding if they complete the 

task.  

 

10. * I wonder how is the 9 item in 3x3 matrix and 12 in 3x4 matrix are decided? And how 70% 

criteria is determined? And how fast can children at different age group to reach the criteria? 

 

Response: We now note why the 70% criteria is chosen and how this is implemented.  In 

addition, we also now note in the manuscript that encoding typically takes about 6 minutes.  



Finally, we would like to note that we chose this task as difficulty can be adjusted to 

accommodate this variability.  Pilot data prior to the Kurdziel et al. study led to the levels 

recommended.  

 

11. * Are the test items in the immediate recall and delayed recall are half-half of the total items 

to avoid testing effect? I am curious, how is the testing effect in such young children group? 

 

Response: All items are probed at each recall phase. No feedback is given at recall so there is 

no new learning per se. Children’s memory could improve via the testing effect. Importantly, this 

testing effect would be similar across sleep and wake conditions. 

 

12.  * Could you provide how motivation verbal feedback differ from succeeded trials and failed 

trails? 

 

Response: Specific examples of feedback for both types of trials is now provided in the current 

version of the manuscript. 

 

13. * Is the recall session with/without feedback is self-paced? Should specify it to understand 

children's possible stress level. And, how long each session lasts on average? 

 

Response: All three phases are self-paced. The protocol now reflects this. The typical durations 

are: 6 minutes for the Encoding phase, 2 minutes for the immediate recall phase, and 2 minutes 

for the delayed recall phase. 

 

14. * For electrodes placed on the face, should EC2 cream safe enough? Any alternatives for 

sensitive skins? Also, some children's skin could be very sensitive to medical tapes. So please 

provide general recommendations for tapes and electrical creams for sensitive skin. 

 

Response: Per JoVe policy, in the current version of the manuscript, we have omitted name 

brand information. However, we have found that EC2 cream is safe for application to the skin. 

However, Ten20 can also be used to apply electrodes to the face and maybe better for sensitive 

skin. 

 

15. * Line 252 "One electrode is placed on the right cheek just above the smile line and one on 

the left side just above where the chin meets the neck, adjacent to the esophagus." For me, I 

cannot easily imagine the location of EMG according to this sentence. Figure 1 illustrated the 

locations, but I am not sure whether that picture really match this description. Also, Figure 1 

showed EMG was only placed one side, is it considered by children's habitual sleep body 

position? Maybe a drawing graph would be more accurate about electrode locations. 

 

Response:  The description has been modified to include additional instructions for placing the 

electrodes.  Specifically, we have included a “tip” in which we ask the participant to say the word 

“milk” out loud while we look and feel for where the movement in the muscles in the neck and 

chin are maximal.  This clarifies the placement of the EMG recordings.  We have also clarified 



that Figure 1 is simply an example in the Figure caption.  We have added a drawing as well to 

further clarify EMG where all electrodes are placed.  

 

16. * Line 257 please specify the value that the impedance test should pass, for different 

electrodes and different age of children 

 

Response: This information has been added to the protocol.   

 

17. * In Line 259 "impedances under 25 are acceptable", the unit here is missing. I assume 

should be kOhm 

 

Response: We added the unit, which is indeed kOhm.   

 

18. * Line 269 "with a sensitivity of <0.01g", what's the unit of this "g" means? Could you shortly 

explain? 

 

Response: Here we are talking about acceleration. Acceleration is often measured in units of "g" 

for gravity. 

 

19. * Line 274 "Instruct the parent to press the button on the side of the watch face whenever 

their child is about to fall asleep or wake up." How to judge when is "is about to fall asleep"? or 

they should press the button as soon as the child lays on bed to calculate Total bed time? 

 

Response: The button should be pressed when the child attempts to sleep and once they wake 

up. The purpose of the button is to aid with actigraphy scoring by signalling the researcher when 

a sleep attempt began. For this reason, precision is not required. The protocol now reflects this. 

 

20. * Would you provide an example of the sleep diary? Should parent also record children's 

sleep behavior beyond the sleep times? 

 

Response: We have provided examples of the necessary questions to be included in the sleep 

diary. 

 

21. * I see the authors recommend AASM 2007 in this protocol as the standard for children 

sleep recording, why not a recent version e.g., version 2.3 of AASM? 

 

Response: We have changed the wording and refer to the most recent version. The newer 

versions have not significantly affected how sleep is scored in these records (changes are 

largely about sleep disorder identification) and, as long as the same metric is applied to every 

record, exactly which version is utilized is not likely to influence the results of interest. 

 

23. * Line 302 "however some labs require at least 10 days, particularly when these data are of 

primary interest." Could you provide the citations? 

 



Response: We have changed this to 5 days and provide a citation. 

 

24. * Line 309-311 "manually determine sleep onset" is according to which citation? 

 

Response: The citation for this has been added. 

 

25. * Regarding the result, how would Figure 4 of this protocol (from Kurdziel 2013) look 

differently for habitual nappers and non-habitual nappers? 

 

Response: Figure 5 displays the behavioral results separately for habitual and non-habitual 

nappers.  We edited the Results section in order to make this more apparent.  

 

26. * Just curious, is there any known baseline performance difference between habitual and 

non-habitual nappers? 

 

Response: We have found no baseline differences (immediate recall) in these groups (as 

reported in Kurdziel et al., 2013). 

 

27. * Just to be clear, does each small grid indicate one day in the overview protocol? Would 

also be important to provide the possible time of the day for Nap and Wake promotions to 

understand the circadian rhythm difference. 

 

Response: Yes, each small grid indicates one day. This has been clarified in the figure caption.  

We agree that it is important to note the time of day for nap and wake promotion. Given this 

protocol was designed for use with preschool children, we have clarified in the Introduction that 

the focus is on the benefit of an afternoon nap.  In the Method section we stress the importance 

of keeping all factors identical (except for sleep) between nap and wake promotion conditions.  

This includes the time of day in order to control for the effects of circadian rhythm and the 

amount of time between immediate and delayed recall. In the Discussion we also note that 

similar methods can be used to examine sleep at other times. 

 

 

Reviewer #3: 

Manuscript Summary: 

Methods used to examine neural mechanisms underlying sleep-dependent memory 

consolidation during naps in early childhood. It includes procedures for examining the effect of 

sleep on behavioral memory performance, as well as the application and recording of both 

polysomnography and actigraphy. 

 

Major Concerns: 

None. 

 

Minor Concerns: 

None. 



 

Response:  Thank you for the positive review of our manuscript.   

 

 

Reviewer #4: 

Manuscript Summary: 

The manuscript describes a thorough protocol to measure sleep and sleep-dependent memory 

consolidation in a relatively understudied population, i.e. young children. It uses and describes 

methodologies that adhere to the standards of the field and thus could be a valuable research 

for other researchers. I do want to point out several instances where further detail or explanation 

is necessary, though. 

Major Concerns: 

1. * What is not clearly described in the manuscript is the scheduling/timing of the conditions: is 

it important to schedule them at the same time of day? How much time should be between 

conditions/sessions? 

 

Response:  It is important to schedule the sessions at the same time of day. We have added 

this information to the manuscript.  We have also included details about timing within the 

session. 

 

2. * More details for parts of the procedure is necessary for other researchers to be able to 

reproduce the procedure. I'm not exactly sure what the policy of JoVE is on that but I would 

suggest to include more detail and/or references or links to the specific materials and where to 

find more info: 

○ Visuspatial memory task 

○ Spindle analyses 

○ Actiwatch scoring 

 

Response:  Additional details were added on spindle analysis, actigraphy data, and the visual 

spatial memory task.   

 

3. * What did not become clear in the description of the visuospatial memory task was the 

reasoning for the two different versions for children younger and older than 44 months. Where 

did that cut-off come from? Piloting? Pretesting? A larger study? 

 

Response: The preschool age range is broad and heterogeneous.  We chose this task as 

difficulty can be adjusted to accommodate this variability.  Pilot data prior to the Kurdziel et al., 

study led to the levels recommended.  

 

4. * What about controlling possible issues of sleepiness, especially in the wake promoting 

conditions where children are "deprived" of their usual nap? Do the authors have any measures 

taken for that? Would be necessary to discuss at least. 

 



Response:  We collect measures of both sleep and mood using the Visual Sleepiness Scale 

(VSS) and the Visual Mood Scale. The protocol now includes this step. 

 

5. * Is 15-30 minutes after awakening really enough to overcome sleep inertia? I am aware of 

other studies using at least 30 or 45 minutes. Is there some kind of standardization of what to 

do/not to do after awakening? e.g. eating, arousing activities 

 

Response: Unfortunately, to our knowledge, there is little research on sleep inertia and what has 

been done is in atypical populations and, importantly, involving overnight sleep.  Therefore we 

make this recommendation based on our current practices.  

 

6. * The representative results on sleep physiology and memory-consolidation are somewhat 

confusing. First of all, I recommend carefully revising the wording of the correlational results 

presented in lines 328 and the following. The order of the variables and especially the phrase 

"was a positive predictor of sleep spindle density" implies a direction of causality. It could well 

be the other way around (sleep spindles predicting the change in recall. Additionally - and I am 

aware the this is not the main focus of the paper - the presentation of these correlations is so 

shortened that it may be misleading to read. For example, the somewhat unexpected (at least to 

me) NEGATIVE association between sleep spindles and immediate recall performance should 

be explained and put into context more, possibly other research finding similar or contrary 

associations between sleep spindles and performance. I see the same need for further 

explanation for the correlation with change in recall. Could the correlation with change in recall 

mainly result from a ceiling effect in the high performers and therefore only present itself 

because of the negative correlation of sleep spindle density with immediate performance? 

Those with high immediate performance (& low spindle density) could not improve much more, 

those who started out worse (& high spindle density) had room to change/improve? 

 

Response: This issue was addressed in Kurdziel et al and we now summarize it in the revised 

manuscript. Notably, high performers are removed from the data – which is why we avoid ceiling 

behavior. In conjunction with adult data, we believe that this provides evidence in support of 

both trait-like (association with IQ as described now in the manuscript) and state-like 

(association with acute memory change). See discussion in Schabus M, et al. (2008) 

Interindividual sleep spindle differences and their relation to learning-related enhancements. 

Brain Res 1191:127–135. 

 

Minor Concerns: 

7. - Maybe it would be helpful for the reader to point out some more potential applications of the 

procedure/research questions? 

 

Response:  We have added examples of questions for future research at the end of the 

Introduction.   

 

8. - l. 329: delete "during" 

 



Response: The typo has been corrected.  

 

 

Reviewer #5: 

Manuscript Summary: 

1. This paper reports on a protocol for measuring memory in very young children, within a sleep 

paradigm. This is an exciting area of research, where there is much still to be learned. As such, 

the topic broadly is of current interest to the field. 

2. The abstract is well-written. 

 

Response: Thank you for noting these positive aspects of the manuscript.  

 

3. The introduction is heavily under-referenced. There are numerous instances where 

statements about aspects of sleep, sleep recording, and the role of sleep for memory 

consolidation should be referenced. 

 

Response: We added additional references to the manuscript.  

 

4. Some of the statements in the introduction are not supported or are contentious. For example 

the authors state that if the role of sleep for memory was simply passive protection from 

interference, we would not observe correlations between features of sleep and memory 

performance. However, such processes may be acting as a "passive guard" rather than be part 

of an active consolidation process, and the correlations still be apparent. Similarly, in one 

sentence the author mentions the nested occurrence of spindles, slow waves and hippocampal 

ripples to support memory formation. However nothing is said regarding how these processes 

are achieving stabilization of reactivated memories…again more depth is required for the 

concepts core to the topic of the article. 

 

Response: We have revised this section. We now provide additional evidence for an active role 

of sleep and additional discussion of the mechanism.  However, a full review of these topics is 

outside the scope of this paper. 

 

5. While the topic is of interest, the Protocol lacks the level of detail that will make this article 

attractive and useful. Primary concerns are listed below, however in sum the article states the 

obvious and known aspects of this type of research. There is no additional practical knowledge 

to be gained, which I think would be the primary motivation for reading such as article. 

 

Response: We have added additional details to the manuscript.  When these details are paired 

with the video produced by JOVE we anticipate this being a useful tool for researchers new to 

the field.  

 

Major Concerns: 

 



The objective is then stated to be the provision of practical advice for measuring sleep and 

sleep-dependant memory in young children. This is problematic for two primary reasons: 

6. The advice on sleep is simply a reiteration of standard pediatric PSG and actigraphy 

recommendations. In other words, there is really nothing new this article provides in this regard. 

 

Response: We have added details to the manuscript that provide information on how to assess 

sleep-dependent memory consolidation in preschoolers.  Although the method is not new, we 

are aware of no other published protocols that bring together the methods we have described 

for this purpose. 

 

7. The memory paradigm has the potential to inform researchers interested in investigating 

memory in young children. However, the level of detail does not allow for replication. There is 

arguably as much detail in the methods of the representative results cited. 

 

Response: We have additional details to the manuscript to allow for replication of the methods.  

 

Minor Concerns: 

 

8. There are some smaller concerns, which are also simply examples of the points above: 

'Distractors' are said to be useful during PSG set-up - and every pediatric sleep researcher or 

technician will tell you the same thing. If this is to be useful then more explicit examples and 

recommendations are required.  

 

Response: Explicit examples of age appropriate PSG distractors are now described in the 

revised manuscript.  

 

9. Similarly, the conclusion focuses only on sleep recording, but wasn't the article to cover 

sleep-dependent memory processes? So, what of the memory aspect in the conclusions? 

 

Response:  We agree that the focus of the article is on sleep-dependent memory consolidation.  

As such, the full combination of methods that are described is warranted and appropriate.  

However, at present, PSG is the only methodological tool that allows for characterization of 

sleep quality via measurement of sleep stages.  Thus, it is the only method that allows for 

insight into neurobiological mechanisms underlying sleep-dependent effects, such as memory 

consolidation.  Per the requirements of JoVE we elaborate on its major advantages, most critical 

steps, and limitations of PSG specifically. However, in response to this comment, we have 

revised the Discussion to include critical steps of the protocol in general and include the 

suggestion that the memory protocol can be altered to examine other forms of memory and/or 

cognition.   

 

10. A number of studies investigating sleep and memory in young children are completely 

absent (e.g. the work of Sabine Seehagen and Carolin Konrad). 

 



Response:  We have added additional references, including some from Seehagen and Konrad,  

to the manuscript. Thank you for this suggestion.  
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Specifically, I am seeking to re-use Figures 1-3 from Kurdziel, L., Duclos, K. & Spencer, R. M. C. Sleep spindles in
midday naps enhance learning in preschool children. Proc. Natl. Acad. Sci. U. S. A. 110, 17267–17272 (2013).

According to "https://www.pnas.org/page/about/rights-permissions"  I may re-use these Figures provided they are cited with the full
journal reference. 

"Anyone may, without requesting permission, use original figures or tables published in PNAS for noncommercial and educational
use (i.e., in a review article, in a book that is not for sale), provided that the full journal reference is cited and, for articles published
in volumes 90–105 (1993–2008), "Copyright (copyright year) National Academy of Sciences." Commercial reuse of figures and
tables (i.e., in promotional materials, in a textbook for sale) requires permission from PNAS"

The example given is for a review article.  Hence, my question is whether a different type of publication - such as a methods paper
in Jove also falls into this category.

Your advice would be greatly appreciated.

Tracy

Tracy Riggins, Ph.D.

Associate Professor

Secretary, Cognitive Development Society

Department of Psychology

4094 Campus Drive

Biology/Psychology Building Room 2147J

University of Maryland

College Park, MD 20742
(301) 405-5905

http://ncdl.umd.edu

https://www.facebook.com/NCDLumd  **NEW!**  Check out the lab on Facebook!

University of Maryland, College Park Mail - Permission Inquiry - Kurdzi... https://mail.google.com/mail/u/1?ik=b771bcad9c&view=pt&search=all...

3 of 4 6/5/2019, 8:54 PM



riggins@umd.edu

Pronouns: She/Her/Hers (What's this?)

University of Maryland, College Park Mail - Permission Inquiry - Kurdzi... https://mail.google.com/mail/u/1?ik=b771bcad9c&view=pt&search=all...

4 of 4 6/5/2019, 8:54 PM


