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SUMMARY: 
This protocol describes methods used to examine brain structure and function in children aged 3–5 years. It includes procedures for preparing children for a magnetic resonance imaging (MRI) session, including materials to send families in preparation for the session, mock scanner training, and methods employed during the scanning session.

ABSTRACT: 
Early childhood (3 to 5 years of age) is a period marked by significant changes in the brain. This development underlies age-related improvements in several domains – including language, memory, and socioemotional skills. However, assessing brain structure and function during this period using MRI poses several challenges. For example, difficulty remaining still, maintaining attention for long periods and non-compliance in performing behavioral responses in the scanner are particularly prevalent issues. Technological advances in neuroimaging techniques over the past decade have significantly improved success rates for pediatric neuroimaging studies. For example, shorter scan durations and real-time monitoring and correction of motion during scanning have proven especially valuable in acquiring reliable data. However, developmental researchers must still be creative to adequately prepare young participants for the scanning environment and, subsequently, ensure the data acquired can be used to address the questions of interest. The success of these sessions has become paramount with the onset of large, multi-site consortium studies, such as the HEALthy Child and Brain Development study, which seek to track normative and atypical brain development across the first ten years of life. To this end, the current report provides a pediatric neuroimaging protocol to improve young children’s scanning experience and developmental neuroimaging data quality results from four neuroimaging studies conducted in a single laboratory over the past 11 years. These results provide an indication of expected scan preparation time, total scan duration, and success rates for structural and functional scans in young children when using this protocol.

INTRODUCTION: 
[bookmark: _Hlk216968014]MRI studies in sleeping infants demonstrate how early structural and functional brain architecture sets the foundation for later skills across several domains, including language1,2, and executive functioning3, socioemotional development4. However, many developmental questions, such as those targeting specific cognitive processes, require children to be awake during scanning so that researchers can measure responses to tasks, movies, or other stimuli.  As children grow, they increasingly have the capacity to provide behavioral responses during scanning, motivating a shift toward awake neuroimaging in early childhood. This shift from scanning sleeping children to acquiring scan data while children are awake introduces novel challenges. For example, many young children experience anxiety surrounding MRI as it is a highly novel and stimulating environment that is often not designed to be child friendly. Further, it may remind children of doctor’s offices and, indeed, many researchers scan at medical centers. If children can get in the scanner, it can be difficult to keep them in the scanner for the duration of the scan protocol and to maintain their attention. Loss of attention is especially relevant for task-based scans from which researchers hope to infer relations between functional brain characteristics and cognitive processes. Both anxiety and fluctuating attention contribute to increased motion in this age range and, as a result, early childhood is considered a very difficult period to image5.

[bookmark: _Hlk216972272]Existing pediatric MRI protocols primarily focus on sleeping infants 6, and task-based scanning in older children7,8. However, during early childhood (approximately 3 to 5 years of age) children can be scanned awake but they may still be too young for traditional task-based functional MRI scans that require button press responses. This gap is important to address as early childhood is a unique developmental window during which children’s attention, ability to remain still, and compliance with instructions are emerging and do allow for variations of awake scanning. As a result, scanning preschool-aged children awake requires additional considerations beyond those outlined for older children. To date, the best practices for approaching these sessions have been shared informally through conversations at conferences or carrying training from one position to the next (e.g., procedures learned during a postdoctoral fellowship and subsequently implemented when establishing an independent laboratory). The current protocol formalizes and consolidates these practices, with the goal of increasing transparency and enabling researchers who are new to working with this age group in MR-settings to implement awake MRI with young children.

[bookmark: _Hlk216866051]Therefore, the goal of this protocol is to promote safe acquisition of high-quality brain images during early childhood to study brain-behavior relations. Specifically, acquiring high-quality data using this protocol enables researchers to address a range of developmental questions, such as relations between brain structure and cognitive outcomes, how functional connectivity among brain regions relates to cognitive outcomes, or how task-related functional activation of brain regions supports different cognitive processes. These questions are particularly salient during the preschool years, when foundational abilities such as theory of mind9, forming lasting memories10, and preliteracy skills underlying reading development11 rapidly emerge. Moreover, research on cognitive development during this time may have important clinical and policy implications. For example, linking brain development and nap transitions in early childhood may inform preschool nap policies, with consequences for learning and memory12. 

[bookmark: _Hlk216866874]The techniques described in this paper build off previous protocols7,8 for scanning children while incorporating more recent technological advances and methodological considerations in order to scan very young children awake. This method is especially applicable to researchers acquiring MRI data from children ages 3 to 5 years. Future research should continue to adapt procedures and technologies to enable examination of brain–behavior relations across broader age ranges and developmental stages using awake MRI (e.g., infancy13, toddlerhood14).

By following the steps outlined in this protocol, researchers will be able to examine how structural and functional brain development supports cognitive development during a period of rapid growth in both domains. In addition, this protocol can be used in clinical settings, as it enables the acquisition of high-quality neuroimaging data, which has the potential to improve early diagnosis and characterization of neurodevelopmental conditions in young children. To illustrate the efficacy of the protocol, results are presented from four neuroimaging studies conducted in a single laboratory that employed this protocol over the past 11 years in children ages 3–8 years. The results provide an indication of the expected preparation time needed before the scan, scan protocol durations and actual amount of time spent in the scanner, and usable data acquired across different sequence types (e.g., structural vs. functional). 

PROTOCOL: 
This protocol describes methods and tools to measure brain structure and function in awake and healthy preschool-aged children using magnetic resonance imaging (MRI) and follows the guidelines of University of Maryland, College Park’s human research ethics board. Written informed consent was obtained from each child’s parent or legal guardian, and verbal assent was obtained from each child. The protocol includes all steps in facilitating a successful neuroimaging session from recruitment practices through to the actual scanning session and highlights ways to reduce child and parent anxiety surrounding MRI and includes troubleshooting practices to maximize data.  

1. Staff training and experience

1.1. First, have new members of the research team shadow a session where they only observe.

1.2. After shadowing two or three sessions, new members serve as the Scan buddy, which requires less decision-making and troubleshooting than other roles (such as leading the session) but offers the chance for them to be more involved in the study visit and practice building rapport with a child participant.

1.3. After serving as the Scan buddy for two or three sessions, new members lead a session while an experienced research team member assists. Provide detailed feedback on their performance after the session. Repeat this process until the new member can independently and confidently lead a session.

1.3.1. Have the new members start by scanning older children as they tend to be more compliant, and the sessions run smoother than with younger children. Alternatively, have them practice on colleagues’ children who may be more comfortable in research settings.

2. Recruitment and scheduling

2.1. Inquire about preconceived notions of MRI and alleviate potential sources of anxiety. For example, ask whether the child has previous experience with MRIs and if there were any issues during the session (e.g., child was sensitive to the scanner noise or confined space of the scanner). 
2.2. Let potential families know that the scan will not require sedation or radiation, that the scan can be stopped at any point during the session, and (if consistent with imaging center practices) that parents/guardians may stay with the child at all times and/or that a researcher will be in the room with the child for the duration of the scan. 

 NOTE: Some children will perform better if their parents are heavily involved in all 
 steps while some children will perform better if their parent takes a less active role. 
 Directly ask the parent in the initial recruitment/screening whether their child will be 
 more attentive to the researcher’s instructions if the parent is engaged or disengaged  
 (e.g., in the room during the mock training and actual scan vs. outside the room) as it 
  will determine how to structure the study visit.

2.3. Use child-friendly language for any materials geared towards the child participant. For example, “brain camera” sounds less intimidating than “MRI” or “scanner” and “helmet” sounds less intimidating than “head coil”.

2.4. Use videos and other visuals to show the families exactly how the session will go when they arrive at the neuroimaging center (See Figure 1A).

2.5. Have a few articles (ideally ones that are written with a lay audience in mind) or other resources ready for parents that want to read more about MRI and understand the process in greater detail15, 16.  

2.6. Offer appointments on weekends, school holidays and mornings (not after school when the child is likely fatigued and less compliant). Obtain the parents’ input on the best time to schedule the MRI for their child. For example, some children perform best early in the morning whereas others are groggy in the morning and perform better in the afternoon. 

2.7. [bookmark: _Hlk217133609]Send the parents a reminder a few days before the session requiring them to confirm they are still able to attend the session. Include any requirements for their upcoming visit. For example, tell the parents to dress the child in comfortable, metal-free clothing such as a cotton T-shirt and sweatpants. 

2.8. Have MR-safe spare clothing on site in case the child arrives in clothing that is not MR-safe. 

3. Preparations before the scan

3.1. [bookmark: _Hlk217143201]Have at least two lab members who are experienced in working with children at the visit – one staff member to work with the participant during the mock session as well as manage the MRI control room setup during the scan and one staff member to serve as the helper (a.k.a. ‘Scan buddy’) that will remain in the room with the child during the actual scan. 

3.2. Avoid overwhelming the family with the size of the research team. Keep the team small and introduce members one at a time. 

3.3. Have one team member greet the family and bring them to the mock suite and then introduce additional staff when relevant, such as introducing the MR operator when entering the scanner suite.

NOTE: Some neuroimaging centers have their own MRI operators/technicians that will run the scan, while at other locations the research team trains a member to do so. If the center does not provide an operator, then have an additional research team member that can operate the scanner for a total of 3 staff members.

3.4. Before entering the actual scanner suite, hold a mock MRI session where the child is shown what they will be asked to do for the actual scan, such as practicing laying still while hearing noises like those the scanner will make.

[bookmark: _Hlk217144165]NOTE: Some neuroimaging centers may not have a dedicated mock suite with a replica scanner, but the same principles can be applied with a little creativity. For example, recreate the mock MRI environment by having the child lay in a fabric play tunnel (see Figure 1B) while playing scanner noises on a cell phone at full volume. However, some studies suggest that mock scanner sessions are not essential to successfully scanning young children17,18 so determine whether to employ this method. It should be noted that mock scanning does require additional time, which may present a burden. In addition, if done on the same day as the actual scan, children can get tired/hungry/fussy and families frustrated. Therefore, it is up to the researcher’s discretion to employ this method or not. The current protocol goes over the steps for a mock session, consistent with the studies presented in the Results section.

3.5. Provide a lot of scaffolding to prepare them for the MRI scan. Start by preparing them to lay still in a narrow space by using something more familiar/child-friendly, such as a fabric play tunnel (see Figure 1B). 

[Place Figure 1 here]

3.6. Introduce the mock scanner suite and allow the child to explore the space on their own terms. 

3.7. Decorate the space to fit a child-friendly theme (e.g., outer space demonstrated in Figure 2) to help the child feel comfortable upon entering and build rapport by discussing aspects of the room (e.g., asking child “which spaceship picture on the wall is your favorite?”).

3.8. Use the mock MRI training as an opportunity to prepare the child for all aspects of the real scan (see Figure 2A,B). Create a brain camera book that details the steps they will follow while getting their brain pictures taken with visual aids demonstrating each of the steps (Figure 2C–F). 

[Place Figure 2 here]

3.9. Have the child listen to pre-recorded scanner sounds that mimic the ones they will hear during the actual scan as another opportunity to scaffold their experience.
 
3.10. Start with having the child listen to the sounds while standing in the room and have them identify things that remind them of the sound. For example, one of the sequences often reminds children of a ringing telephone, alarm clock or fire engine. Map these foreign sounds onto more familiar ones to help reduce anxiety when hearing the noises in the actual scanner.

3.11. Have the option for the child to watch a movie during anatomical scans as this increases their engagement and, subsequently, reduces motion for those scans. During the mock session, have the child select the movie they will watch for the structural scans from a predetermined, age-appropriate selection.
 
NOTE: Offer movies that will engage the child’s attention but that are not too comical or involve singing. Comical movies will induce laughing and movies with singing will prompt the child to sing along, which both induce motion. Obtain the parent’s input on the movie as they may have additional insights on movies that are especially funny to the child or, on the other hand, may be scary and cause distress. 

3.12. [bookmark: _Hlk217126539]Have the child practice lying still on the mock MRI bed while watching a movie with the scanner sounds playing.
 
3.13. Remind the child that they should be still like a statue but soft like their favorite stuffed animal (as introduced in the brain camera book, Figure 2F). Do so for the same amount of time as one of the actual MRI sequences (e.g., around 4–5 min for a T1-weighted anatomical sequence). 

3.14. Provide feedback to the child on motion and attention during this time. Continue this practice until the child can remain still for two minutes straight. 

NOTE: If the child nods or otherwise gives a gesture to answer questions, prompt them to respond verbally and let them know that they will need to do so for the real brain camera as well. This is important to reduce head motion during the scan.  Incorporate this prompt into questions to the child (e.g., “Say yes if you are ok and ready to move on or say no.”) Take note of any other typical movements or tendencies to move a certain way that the child makes, such as pulling the knee up, moving the hands to the mirror/scanner ceiling and use this to adjust the instructions and approach during the scan (see Supplementary Table 1 for the scan parameters for each sequence).

3.15. Push the mock MRI scanner bed to move the child into the mock scanner, mimicking the experience in the actual MRI.
 
3.16. Repeat the progress in sections 3.12–3.14 of playing the movie, scanner noises, and monitoring motion. Continue this practice until the child remains still for the length of one of the scans without movement (about 5 min), while being mindful of overall visit length and child’s ability to continue.

3.16.1. If the child is especially anxious, offer for the parent or a researcher to demonstrate laying still in the mock scanner first. Often it is helpful for the child participants to see that others are willing to do the things that are being asked of them.
 
3.16.2. Offer for the child to choose a stuffy from a selection of MRI-safe stuffed animals to bring with them to the actual scanner. 

3.16.3. Ask the child, “would you like to bring a friend into the brain camera room?”. If they respond yes, show them the options and have them select one. If they say no, proceed without selecting a stuffed animal. 

3.17. Before proceeding to the actual scanner room, have the parent confirm the information on the screening form, take a quick snack break (minimize liquids) and ensure the child uses the restroom.
 
3.18. Ensure that the family leaves all belongings (e.g., phones, bags, watches, jewelry) in a locker outside the control and scanner room to keep distractions minimized. 

NOTE: Have the parent fill out the MRI safety screening form for both their child and themselves (if the neuroimaging center permits parents to go into the scanner room) before scheduling the visit to ensure the child is eligible. Then, re-screen the participant and parent/caregiver on the scan day. Even if the parent does not intend to stay in the room with the child during the scan, this will allow greater flexibility during the scan if the child becomes distressed in the scanner and the parent wants to/is permitted to go in to comfort them. If the parent is not MR safe, they should fully understand any associated restrictions. 

3.19. Provide brain-themed prizes such as a t-shirt with the child’s own brain image or a small 3D printout of the child’s brain to serve as extra motivation (see Figure 1C). Let the child know about this prize before doing the scan and inform them that, if they are still, the pictures for their prize will turn out better. 

NOTE: Though it is possible for these prizes to be made onsite at the session (e.g., make brain t-shirts using iron-on appliques), the timing may not always work out. If these prizes cannot be provided on the day of the MRI session, have a prize that the child will be able to take with them at the end of the session such as a teddy bear or sticker book.

4. During the scan

4.1. Set up before the child enters the room (completing these items before the child arrives in the scanner room is ideal, so then the focus can be on making the child comfortable).

4.1.1. Make sure the child's selected movie and any task files needed are prepped before checking the visual display and audio settings.
 
4.1.2. Open a screen check for when the child is in the scanner. This can be as simple as a PowerPoint slide with child-friendly images along the borders (see Figure 3). 

4.1.3. If the child can name all the images on the screen while in the scanner without moving their head, then they can see the whole screen. If they miss some of the images, then adjust the mirror and ask again what they can see. Repeat this process until they name all images.

[bookmark: _Hlk217134401]NOTE: If possible, decorate the actual scanner with decals or themed sheets as it makes the scanner environment less intimidating and more child friendly. 

[Place Figure 3 Here]

4.1.4. Check the headphone volume level to make sure it is not too quiet or too loud.

4.1.5. Set out the ear protection that will be used for the child and any padding for their head.

4.1.6. If using motion monitoring software, make sure to set up the parameters ahead of time. If using the Framewise Integrative Real-time MRI Monitoring (FIRMM), set the following settings: fMRI motion threshold: 0.3 mm, T1/T2 motion threshold: 0.5 mm, Brain Size: Default.

4.2. Entering the scanner suite with the child

4.2.1. [bookmark: _Hlk217125148]Once in the control room, introduce the child to the MRI operator and tell them that this is a friend that will help take their brain pictures.
 
4.2.2. Use a handheld metal detector to ensure parent/caregiver and child do not have any metal on them. If the parent/caregiver or child are wearing clothes with pockets, instruct them to check and ensure their pockets are empty. 

4.2.3. Have the child stand straight “like a pencil,” with their hands at their sides and their feet together. Pass the handheld metal detector along the front of the child’s body from their feet to the top of their head, and then along their back. 

4.2.4. Ask the child to spread their arms out “like a starfish.” Pass the metal detector along the side of one leg, up the child’s side, under the arm, along the top of the arm, up the side of the head, and then down the opposite side, following the same path. 

4.2.5. If the metal detector signals at any point, check for metal, remove the item, and re-screen the child. 

4.2.6. Repeat the process in section 4.2.3–4.2.5 for the parent/caregiver. 

4.2.7. Once in the scanner suite, give the child an opportunity to explore the scanner space or ask any questions about the machine before directing them to sit on the scanner bed. 

4.2.8. Have a stool for them to use to climb onto the bed to increase their sense of control and autonomy. 

NOTE: If the child is particularly anxious, try playing child-friendly music in the scanner room to mask the “whooshing” noise the scanner makes. 

4.2.9. When they are sitting on the bed, show them the screen in the back of the MRI where they will watch their movie and remind them that they will see the movie using a mirror.

4.2.10. Before putting in their ear protection, let them feel it with their own hands and explain to them that this will help make sure the ‘camera noise’ does not bother them while they watch their movie or play their game. 

4.2.11. [bookmark: _Hlk217125442]Once the ear protection is in, place headphones on the child’s head and have them lay down in the head coil. Reposition the child until they are laying comfortably and their head is straight. 

4.2.12. Use soft foam padding to pack the child’s head into the head coil and explain that these are like pillows to make them more comfortable and that they should be “nice and cozy, but not too tight”. Let them squeeze the pads before putting them in. 

4.2.13. Eliminate any negative space between the child’s head and the head coil to prevent large head movements during the scan. Once the pads are in place, ask the child, “is that nice and cozy, but not too tight?”. Readjust pads as needed until the child confirms.

4.2.14. Play part of the child’s movie through the headphones to ensure that it is not too quiet or too loud for the child. 

4.2.15. Place a rolled-up towel underneath the child’s knees to increase their comfort and decrease the likelihood that they will move their legs or cross them, which could result in conductive loops.

NOTE: For children that tend to move their legs, use a MR-safe weighted blanket to help reduce motion.  If the child chooses an MRI stuffed animal (see section 3.16.2), hand them the stuffed animal to hold and make sure they settle in a comfortable position. Remind them not to move it during scanning. To provide tactile motion feedback during the scan, apply medical tape from one end of the head coil base to the other via the child’s forehead as this has been shown to reduce head motion during the scan19.

4.2.16. Next, tell the child that they are going to get their space or superhero helmet that they will need to get the brain pictures taken and put the head coil on. 

4.2.17. Once the head coil is in place, tell the child that the ‘brain camera bed’ is going to be raised. 

4.2.18. Once the scanner bed is in home position, put the mirror on and adjust it so that the child can see the full screen by using the screen check (see Figure 4). Ask the child which animals/colors they see on the screen and make sure they name all the images. 

NOTE: Young children may not understand what is meant when asked if they can see the full screen, so this step is essential to ensure the child will be able to see the entire screen during the scan. 

4.2.19. Before moving the child into the scanner, ask if they have any last questions, make sure they are comfortable, and remind them to stay still and to not cross their arms or legs.
 
4.2.20. Remind the child that a study staff member will stay in the room with them for the whole scan and that they will check in with them in between each ‘picture.’ Also remind them to respond verbally rather than nodding their head.

NOTE: It is very important to always have something on the screen for the child to look at from the time they are put into the scanner and continually talk to them through the headphones in between sequences. This will reduce motion as children get antsy when they cannot see anything in the scanner and are uncertain of what is going to happen next. 

4.3. Role of the helper in the scanner room

4.3.1. Remain close to the scanner bore and monitor for motion and alertness during the scan. Avoid making inconsistent physical contact with the child during the scan, unless they become distressed, as this often prompts them to look down, which results in head motion.

NOTE: The effectiveness of physical contact in preventing motion varies largely from child to child but an “all or none” approach works well. For children that are doing well in the scanner or move at physical contact, do not provide any physical contact during the scan. For children that are anxious in the scanner and tend to move unless reassured in some way, keep constant pressure in the form of a hand on their ankle or a forearm across both ankles. If necessary, the scan buddy may also lean into the bore and lay a hand on the child’s stomach for the duration of the scan.

4.3.2. Once scanning starts, avoid moving too much at the bore to limit magnetic field inhomogeneities which can result in image artifacts. 

4.3.3. [bookmark: _Hlk217127504]Aid in the transition between sequences by having the researcher in the control room or operator talk to the child for particularly long setups, which will remind the child that they are not alone in the scanner room and will reduce their anxiety. Avoid having the scan buddy talk to the child unless necessary as this will likely prompt the child to look down, which moves their head.

4.3.4. [bookmark: _Hlk217135430]Communicate information to the child close to when it is relevant and in small chunks to avoid overwhelming them. For example, tell the child “We are going to set up your game now. We’ll let you know right before it starts” as people are setting up their functional scan. Then, after it is set up, provide any instructions for the game, and remind them to stay still right before starting the scan. 

4.3.5. Be receptive to the child’s needs. For example, if they become cold during the scan, put a blanket on them and, if they get hot, remove the blanket. 

4.3.6. Signal to the researchers in the control room if they should stop the scan (e.g., child wants to get out, child moved the mirror on the head coil). Ensure signals are understood and agreed upon by all staff members. 

4.3.7. Ensure that the child remains awake and attends to the screen for functional tasks.
 
4.4. Control room

4.4.1. Talk to the child through the headphones and let them know that the first brain picture will be starting soon, and they will start to hear the ‘brain camera noises’. Remind them to remain still, soft, and do their super-duper best to follow instructions (see Figure 2F). If this first sequence is a structural scan (a sequence that provides static anatomical information), have the child’s pre-selected movie playing. 

4.4.2. Structural scans: Put on the child’s movie and start the scan. Check the quality of the scan after it finishes to determine whether it is necessary to re-run. 

NOTE: if the child is engaged during the movie and is still, consider running through multiple structural sequences without checking in. This can reduce head motion as well as the child’s anxiety. 

4.4.3. Functional scans: For task-based functional scans, load the task and provide any instructions to the child via their headphones. Remind them to remain still while they complete the task. 

NOTE: Talk to the child while the task loads to keep them engaged and still as downtime during task setup can result in boredom and/or anxiety7. If the child is left for even a few seconds without someone speaking to them, they are likely to move and/or ask to end the scan. Watch out for common issues such as the child falling asleep during the task, talking during the task (which induces motion), the child asking for a blanket partway through the scan or asking to remove a blanket partway through, the child getting itchy and subsequently moving, the child looking at the researcher in the room instead of the screen during the task, and the child reaching up and moving the mirror during the scan, which may impact how much of the screen they can see. Button responses are incredibly difficult to get from young children without inducing motion. Consider using simple verbal responses with sparse scanning or eye movement responses20,21.

4.4.4. Be as flexible as possible in adjusting the scan order. 

NOTE: For example, it may be better to start with task-based sequences for young children to take advantage of their greater engagement early in the scan session. However, if a child is particularly anxious, it may be better to start with an anatomical scan where they can watch a movie of their choice. 

4.4.5. [bookmark: _Hlk217145002][bookmark: _Hlk217145085]Keep in mind that the task and rest data will not be usable if a usable structural scan is not acquired. Strike a balance between attending to the child’s specific needs and prioritizing the most important sequences for the study as they may not get acquired the longer the session goes on.

[bookmark: _Hlk217127771]NOTE: If a sequence or task fails to run and requires troubleshooting, put on a Pixar short or other short, animated clip to keep the child still and engaged. Communicate any changes to the child through the headphones so they know what to expect. For example, if troubleshooting the functional task say, “We’re having a little trouble getting your game to start, so we’re going to put on a short movie for you before we try again.”

4.4.6. For sequences where motion monitoring via software is available, ensure that the child’s motion meets a predefined threshold for acceptable motion. For sequences where this is not viable, use visual inspection to determine whether a sequence should be re-run (e.g., crispness of image, evidence of banding/striping, artifacts). 

4.4.7. [bookmark: _Hlk217129344]Have a quality assessment guide on hand to determine if a sequence should be rerun. 

4.4.8. Clearly document scan order, number of runs for each sequence, and any protocol deviations during the session as these should be considered when analyzing the data.

4.5. After the scan

4.5.1. Once the final sequence finishes running, tell the child via headphones that they are all done and that the operator will be in to get them out. Remind them to stay still until the operator lets them out. 

4.5.2. Have the Scan buddy assist in ensuring the child remains in the scanner until the appropriate time.  

4.5.3. Give positive feedback to the child, telling them they did well and thank them for their efforts!

4.5.4. If permitted, bring up an image of the child’s brain for them to see once they are out of the scanner and provide the child with a small prize or gift. 

RESULTS:
Scan success rates
Using the procedures detailed above leads to successful MRI scan acquisition in young children. The following results come from post hoc analysis of four neuroimaging study samples from a single lab with participants ranging between 3 to 8 years of age (N = 344). Additionally, three of these studies (Studies 1, 2, and 4) included a longitudinal component in which participants were brought back at 6–month or 1–year intervals. Study 1 has been completed22,23, Study 2 is in the data analysis phase, and data collection is ongoing for Study 3 and Study 4. Note that, across all figures and tables, success rates are calculated from the number of families that came in for the scan. Therefore, these numbers do not reflect the families that declined to participate in the MRI or did not come in for their appointment. Studies 1 and 2 typically began with children watching Inscapes24 (a 7 min abstract and language-free movie meant to keep children’s attention while not being too cognitively demanding), followed by a movie of their choice. Study 3 typically began with a task followed by a movie of their choice, and Study 4 typically began with the child’s movie choice followed by Partly Cloudy25. Figure 4 summarizes scan success across participants and timepoints, defining success as obtaining at least one usable (i.e., included in subsequent analyses) scan. The purpose of this figure is to highlight the overall efficacy of this protocol in acquiring neuroimaging data from young children. Sequence specific success rates, including the distinction between structural and functional scans, are detailed in Table 1, Table 2, and Table 3. Overall, most participants contributed usable data, with most unusable sessions concentrated on the youngest participants.

[Place Figure 4 here]

Table 1 presents structural scan success rates (at least 1 usable scan) at participants’ first timepoint and subsequent timepoints by age group. Success rates for the first timepoint were generally high, though lowest in the youngest group (87% for ages 3–4 years). In contrast, all participants 5 years and older successfully completed their first structural scan. At subsequent timepoints, the youngest age group’s success rate slightly decreased (83%) as well as the 5–6 year group (decreased from 100% to 91%). These results may partly reflect noise as there were fewer 3–4 year olds at subsequent timepoints (n = 18) than at the first timepoint (n = 98) and fewer 5–6 year olds at the first timepoint (n = 39) than the subsequent timepoints (n = 83). Yet several factors may also contribute. Younger children often improve with age but, when they do not, they may not retain a strong memory of the initial scan session and thus approach subsequent sessions with increased anxiety. Older children’s performance often remains stable, but declines may reflect recollection of prior difficulties and subsequently less compliance. Alternatively, worse performance could reflect increased comfort in the scanner to the point where children had less concern about staying still. However, as this study did not measure children’s subjective experiences of previous scan sessions, these interpretations remain speculative.

[Place Table 1 here]

Studies 1 and 2 also included a functional task-free resting state sequence using Inscapes, an abstract and language-free movie meant to keep children’s attention while not being too cognitively demanding24. Table 2 shows the success rates for participants’ first timepoint where this task was administered and their subsequent time points. Across all age ranges, success rates for this scan at participants’ first timepoint were lower than for the structural scan. Moreover, six years seemed to serve as an inflection point for performance whereby children under six show similar poor success rates (mean success rate = 58%) and children of age six and over perform significantly better (mean success rate = 82%). At subsequent timepoints, performance in the three- to six-year-old groups improved (mean success rate = 65%) whereas the six–to nine–year-old groups stayed more consistent (85%). 
 
[Place Table 2 here]

Studies 1 and 3 both included functional task-based scans. In Study 1 participants encoded a series of object-character pairs at timepoint 1, and in Study 3, participants passively viewed pictures of objects that were encoded outside the scanner immediately before the scanning session. Unsurprisingly, success rates for this task were lower than the structural scan success rate. This is likely because the tasks, which had no audio and consisted of static images presented one after another, were less engaging than the movie selected by the child for the structural scan.

[Place Table 3 here]

These results highlight the existing challenges associated with task-based functional MRI in young children. Study 4 attempted to remedy this issue using a passive movie-viewing paradigm in which three-five-year-old children watched the animated Pixar short film, Partly Cloudy, in the scanner and answered memory-related questions following the scan session. Of the 43 children at the first timepoint who attempted this sequence, 37 (86%) provided usable data. Data collection for this study is ongoing but, of the 38 participant data points from subsequent time points, 27 (71%) have been successful. These success rates are much higher than those seen for this age group using the task-free resting state scan and the task-based block designs using stock images. These results illustrate the importance of developmentally appropriate and child-friendly tasks to ensure successful scanning sessions.  

Scan prep time and data collection time
Figure 5 illustrates the average time required to set up participants in the scanner (measured from their arrival in the control room) as well as the average time they spent in the scanner. Setup time was fairly consistent across studies and age groups, typically ranging from 10 to 20 min. However, total in-scanner time showed more study-specific patterns. In Studies 1 and 2, children remained in the scanner for similar durations regardless of age. In Study 3, however, younger children appeared to spend less time in the scanner than older children, likely reflecting age-related increases in tolerance for the scanning environment and specific task demands. Notably, Study 3 included a block design functional task with static images, a particularly challenging paradigm for young children. Study 4 showed the opposite pattern: younger children tended to stay in the scanner longer than older children. This may reflect greater efficiency in scanning older children, who are more likely to provide usable data on the first attempt. For example, Study 4 included a high-resolution hippocampal structural scan that is highly sensitive to motion; younger children often required multiple runs to obtain a usable dataset.
[Place Figure 5 here]

Figure 5 illustrates two important points about how timing informs scan success rates. First, the setup time includes all the steps outlined above in protocol section 3.2. This section, more than any other in the protocol, emphasizes the importance of patience. Taking this additional time to allow the child to explore the scanner environment contributed greatly to the high success rates presented in Table 1, Table 2, and Table 3. Therefore, researchers should expect to block off around 15–20 min setting the child up for the scan, which may be different than what is expected when scanning infants, older children, and adults. Second, although scan protocols in this age tend to be around 30 min, it takes about twice as long to acquire the data. As outlined in the protocol, this is likely due to re-running unusable scans until they reach the appropriate motion/quality threshold and/or taking breaks in between scans to ensure the child is comfortable. 

FIGURE AND TABLE LEGENDS:
Figure 1: Materials for recruitment, training, and compensation of participants. (A) MRI video to send to families before the study visit. It should outline what to expect from the time the family enters the neuroimaging center to the time they leave. (B) Play tunnel used to give participants experience laying still under conditions like those for the actual MRI. (C) Participant prizes using their brain images include a teddy bear wearing a t-shirt with the child’s brain image ironed on as well as a t-shirt for the child to wear themselves.  

Figure 2: Mock scanner suite equipment and training materials. (A) Two examples of a mock MRI suite where the child gets more practice for the real scan and in a space that more closely mimics the actual scanner suite (as opposed to the play tunnel from Figure 1B). Using a space or underwater theme makes the mock space less intimidating and allows researchers to frame the MRI visit as an adventure. (B) Use the mock space to practice all the steps for the real scan such as putting on headphones, laying down on the scanner bed, and putting on the superhero helmet. (C) A colorful cover page with child-friendly images. (D) Connecting the brain camera to concepts that the child is already familiar with, such as a regular camera, can help increase their comfort with the brain camera and reinforce the importance of concepts such as staying still to avoid blurry pictures, which is true of both regular pictures and brain pictures. (E) Providing pictures of other children going through the scanning process, including practicing the poses for being wanded to check for metal and putting on headphones. (F) Simple commands with the participants, such as “still”, “soft”, and “super-duper” can later provide brief reminders of what to do during the session. 

Figure 3: Example screen check after setting the child up in scanner. Ask them to name all the animals/colors they can see. If they can name all the animals/colors, then they can see the whole screen. If they cannot, read just the mirror and ask again until they name all animals.

Figure 4: Age distribution and longitudinal MRI sessions across four studies. Each panel represents one study (Study 1–4). Individual dots indicate MRI sessions for each participant, plotted by timepoint (x-axis) and age (y-axis). Colors denote session type: green = at least one usable scan acquired, red = low-quality scan data acquired, and gray = no usable scan data acquired. Black horizontal lines connect sessions from the same participant, illustrating longitudinal data collection.

Figure 5: Preparation and scanning times by age group. Each panel represents one study (Study 1–4), with mean times (± SD) plotted for different age ranges. Green bars indicate time from entering the control room to being set up in the scanner, while purple bars represent total in-scanner time. Titles include the scan protocol duration for each study.

Table 1: First timepoint and subsequent timepoints structural scan completion and success rates by age group. The table shows the number of scheduled visits, the number of children who entered the scanner, the number who declined due to fear, and the number of structural scans. Percentages represent the proportion of successful scans relative to the number of children who entered the scanner.

Table 2: First timepoint and subsequent timepoints “task-free” functional scan completion and success rates by age group. The table shows the number of scheduled visits, the number of children who entered the scanner, the number who declined due to fear, and the number of successful “task-free” functional scans. Success was defined as ≤0.2 censor fraction at 0.3 mm. Percentages represents the proportion of successful scans relative to the number of children that attempted this scan.

Table 3: First timepoint “task-based” functional scan completion and success rates by age group. The table shows the number of scheduled visits, the number of children who entered the scanner, the number who declined due to fear, and the number of successful “task-free” functional scans. Success was defined as ≤0.2 censor fraction at 0.3 mm. Percentages represents the proportion of successful scans relative to the number of children that attempted this scan.

Supplementary Table 1: Scan parameters.

DISCUSSION:
Since MRI was introduced in research settings, it has greatly advanced understanding of the brain in school-aged children, adolescents, and adults. The presented data show that, with child friendly protocols, many barriers to scanning younger children can be overcome. Preparation is key: providing parents with child-friendly MRI materials, offering an extended mock scanner session, answering questions from both parents and children, and building rapport and trust all significantly increase the likelihood of success.

[bookmark: _Hlk217054916][bookmark: _Hlk217129422]However, even with strong preparation, flexibility at all stages of the protocol is essential. While this protocol outlines the main steps for preparing children for structural and functional scan sessions, these steps rarely occur in the exact same order or in the same exact way across participants. For example, an especially anxious child may benefit from first seeing a research assistant be put in the scanner, or from starting with structural scans paired with a preferred movie before attempting more demanding task-based or passive-viewing movie-watching scans. In contrast, children with less developed attentional control may benefit from starting with task-based scans, capitalizing on their ability to focus early on the session. Some children will stay still without any physical contact while some will require constant physical contact during scanning. Moreover, some children will perform better if their parent is heavily involved in all steps while some children will perform better if their parent takes a less active role. Therefore, it is essential to learn as much about the individual child leading up to and during the scan session in order to tailor the experience to their needs. This flexibility helps maximize the chance of obtaining usable data while respecting each child’s comfort level. These considerations are especially relevant in the age of multi-site cohort studies and shared developmental neuroimaging datasets. Researchers who analyze these data may not have direct experience collecting MRI data from young children and may therefore be unaware of key factors that influence data quality. For example, whether a given scan reflects a first attempt or a later attempt following earlier failures, as well as how acquisition order and in-session decision-making varied across participants, has important implications for subsequent analyses, as children may process stimuli differently upon repeated viewing26. By documenting the preparation, flexibility, and real-time judgment required to successfully scan young children, the current protocol aims to increase transparency around how these data are acquired. This information may help secondary data users better interpret variability in data quality and appreciate the expertise and effort involved in pediatric neuroimaging acquisition.

Functional MRI (fMRI) has become particularly valuable because it links brain activity to specific cognitive processes, often by having participants perform tasks in the scanner. However, most fMRI studies focus on older children (8+ years) and adults, as collecting task-based data from younger children poses significant methodological challenges27. To address this, researchers have used “task-free” approaches in which young children passively view abstract, nonverbal movies designed to reduce motion without imposing high cognitive demands24. However, these movies may fail to reliably engage participants during early childhood and do not allow for targeted examination of functional networks supporting specific cognitive processes. Lack of engagement introduces significant motion during the scan which further compromises usability of the data.

The results demonstrate both progress and remaining challenges in pediatric neuroimaging. Structural scans, which are typically paired with child-selected movies, yield the highest rates of usable data. Task-free resting-state scans—abstract movies without language or narrative—produce lower success rates, and existing task-based fMRI which requires children to attend to static images shows the lowest success rates. Therefore, researchers must be creative in designing tasks that are engaging enough to sustain young children’s attention, thereby reducing motion, while still acquiring enough data to robustly index the neural mechanisms underlying the cognitive process of interest28,29.  Although it requires more effort than the traditional abstract, non-verbal movies, developing engaging, naturalistic movie stimuli with interesting characters and contexts may be the best path forward to improve functional scan success rates and data usability in this age range. This approach aligns with recent work showing that naturalistic movie watching outperforms resting state in predicting behavior30. Further, movie-watching paradigms have advantages over traditional tasks with static images, as they more closely reflect cognitive processes as they unfold in real-world contexts. For example, encoding information while characters are embedded within a meaningful narrative more closely reflects everyday learning than encoding static images presented in isolation or superimposed on a static background. At the same time, if isolating specific processes is essential to the research question, task-based paradigms may remain feasible when designed to be developmentally appropriate, highly engaging, and brief. For example, studies that have successfully acquired behavioral responses from children during a traditional fMRI task included audiovisual stimuli which likely helped keep children engaged despite the presentation of static images31.

However, it is important to reiterate that these results come from one lab and therefore should not be interpreted as normative or field-wide benchmarks for pediatric neuroimaging success rates. Retention and data usability are expected to vary across laboratories, protocols, and time as methods, technology, and training practices evolve. Moreover, within-lab variability likely reflects not only child- or task-related factors but also increasing expertise of the data acquisition team, as confidence in protocol implementation and the ability to make appropriate in-the-moment judgments improve with experience. Instead, the intention of sharing these results is to demonstrate the variability in scan success rates across sequence type and age group to call attention to areas to improve data acquisition in early childhood neuroimaging.

This paper provides a comprehensive protocol for pediatric neuroimaging, from recruitment through data acquisition. Unlike previous protocols, it emphasizes the preparation that can be done before the scan session to reduce the child’s and parents’ anxiety surrounding MRI (i.e., at the recruitment/scheduling phase). Moreover, this protocol addresses important considerations for collecting different sequences from participants – different actions are necessary to promote successful collection of task-based functional scans from anatomical scans. This is especially important as research shows that functional neural characteristics are likely shaped by the brain’s underlying structural properties32,33 indicating that observed structural changes in the existing literature likely interact with emerging functional properties to support cognitive development. Further, investigating these processes during early childhood is particularly crucial as this developmental period reflects an inflection point for several important brain structures and cognitive domains. Ultimately, improving pediatric neuroimaging protocols will advance the ability to chart brain–behavior relations across development and inform early interventions for children at risk for neurodevelopmental challenges. 
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