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Abstract

The application of both functional MRI and diffusion MR tractography prior

to a neurosurgical operation is well established in adults, but less so in children,

for several reasons. For this review, we have identified several aspects (task

design, subject preparation, actual scanning session, data processing, interpreta-

tion of results, and decision-making) where pediatric peculiarities should be

taken into account. Further, we not only systematically identify common issues,

but also provide solutions, based on our experience as well as a review of the

pertinent literature. The aim is to provide the clinician as well as the imaging

scientist with information that helps to plan, conduct, and interpret such a clin-

ically-indicated exam in a way that maximizes benefit for, and minimizes the

burden on the individual child.

Introduction

Advanced MR methods such as functional MRI (fMRI)

and diffusion MR tractography (dMRI) are noninvasive

tools to assess neuronal activation and structural brain

connectivity, respectively. Both are widely used in the field

of neuroscience research, particularly as MRI can be con-

sidered a “minimal-risk” method1; however, both have

been used increasingly in the clinical arena as well,2–5 albeit

with remarkably varying actual implementation across cen-

ters.6 While broadly used in practice, the special challenges

of performing functional MRI exams in a clinical context

have only recently been discussed controversially.7,8

Exemplary indications are the presurgical localization of

neuronal foci of activation or their connections, in order to

optimize neurosurgical planning.2–5,9–11 The aim always is

to maximize resectability while minimizing postoperative

neurological deficits. The former is particularly relevant in

structural epilepsy and in the context of low-grade brain

tumors as an as-complete-as-possible resection is associ-

ated with a better long-term outcome.12,13 With regard to

the latter, postoperative functional deficits are less accept-

able in the context of a not immediately life-threatening

clinical situation.4,14,15 Of note, each of these aspects is

especially relevant for children: both low-grade brain

tumors and structural epilepsies are common entities in

childhood,16,17 and avoiding deficits is actually even more

critical as children will live with a neurological deficit for

much longer periods of time.18,19 Consequently, each bit of

information helping to strike the balance between radical

resection and minimal impairment is a most relevant clini-

cal question in children in particular.

Not each brain function or domain, however, is equally

well-suited to be assessed using functional or diffusion
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MRI. In order to qualify for such an exam, a neurological

function has to be (1) relevant for everyday life, (2) reli-

ably located in the brain and (3) robustly addressable

using functional MRI and/or diffusion MRI. All of these

criteria are met regarding the language, the sensorimotor,

and the visual system in particular; these therefore consti-

tute the majority of clinically-indicated imaging studies.2–

5 Typical indications for each of these domains are listed

in Table 1. Medial temporal lobe memory functions are

also of high relevance but robustly addressing them is

more difficult.4,20–22 For the domain-specific parts of this

review, we will therefore focus on language, sensorimotor,

and visual functions.

Performing MR imaging exams in children is widely

recognized to be more difficult than performing a similar

study in adults.23–26 While general practice parameters

exist,27 a comprehensive review of the special challenges

of performing such studies in a clinical context in chil-

dren is still missing. We have therefore tried to identify

common issues and possible solutions in the course of

planning, conducting, and interpreting clinically indicated

functional and diffusion MRI studies in children. Of note,

we here focus on the age as of when cooperation is possi-

ble (usually ~5–6 years of age24–28). While it is based on

our experience over the last decades of performing such

studies in children, it aims to provide a broader perspec-

tive. Also and as a matter of cause, not all recommenda-

tions are equally applicable to, or relevant for all patients:

while a hitherto healthy adolescent with a low-grade brain

tumor may be able to perform many complicated tasks in

a long scanning session, successfully scanning a young

and cognitively impaired child with long-standing epi-

lepsy may require a concerted effort from a multidisci-

plinary team (including the child!). For successfully

scanning this latter population in particular, knowing

“the tricks of the trade” is essential.

With regard to the following six aspects, pediatric

peculiarities were identified: task design, subject prepara-

tion, actual scanning session, data processing, interpreta-

tion of results, and decision-making (see Fig. 1 for an

overview). The manuscript is structured along a list of

short and succinct suggestions to bear in mind for each

point, hopefully providing some pointers for solutions to

common problems. Following a short preface, these

points shall be discussed in more detail. The most perti-

nent points are also summarized in Tables 2–8.

Preconditions

While these points are not specific to imaging children, we

believe that considering them is important in any setting

where these methods are applied in a clinical context.

Personalized medicine

The fact that there is no “standard clinical fMRI exam”

cannot be emphasized enough: the definition of which

function is of interest has to be based on numerous char-

acteristics of the individual patient, including personal,

clinical, demographic, electrophysiological, neuroanatomi-

cal, and neuroimaging aspects. This definition, and the

necessary prioritization of which question is the most rele-

vant to answer, is the primary responsibility of the clini-

cian. To ensure that this information is relayed to the one

carrying out the exam requires clear channels of commu-

nication. The examiner, on the other hand, then has to

decide if and in which way the question posed to the exam

can be answered, based on his experience and the available

technical options. Ideally, both involved parties share an

understanding of the clinical as well as the technical chal-

lenges involved, but it is important to clearly define who

takes over which role in indicating, conducting, and inter-

preting such a study, and in communicating its results.

The KISS1 principle

While numerous and very sophisticated tasks exist for func-

tional imaging studies of the language, sensorimotor, or

visual domain, we believe that a rather compact and

straightforward tool chest of tasks is sufficient for most

patients. We also believe that it is important to clearly

define which questions can be answered in which way, and

to select tasks accordingly. While a comprehensive review is

beyond the scope of this manuscript, some pointers shall be

provided as follows. For the language domain, expressive

language can be probed using phoneme detection,29,30 ver-

bal,31–33 or semantic fluency.34–36 For the assessment of

receptive language processing, passive, and inherently less

performance-dependent tasks (such as listening to a story)

are especially helpful in young/preliterate children.37 Modi-

fications such as missing elements or syntactic deviations to

induce activation in wider language networks38,39 may be

especially promising in younger children (due to the func-

tionally more integrated approach to syntax and semantics

the developing brain seems to rely on40). Such studies may

even be conducted during natural sleep41,42 or under

Table 1. Typical indications for clinically-indicated fMRI/dMRI exams.

Functional MRI Diffusion MRI

Language domain Expressive language Arcuate fasciculus

Receptive language

Sensorimotor domain M1 and/or S1 regions Corticospinal tract

Cerebellar motor regions

Visual domain V1 regions Optic radiation

V5 regions Meyer loop
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sedation (e.g., prior to inserting a cochlear implant43,44).

See also Ref. 6 for a recent review. For the sensorimotor

domain, active or passive movement or sensory stimulation

of the targeted body part are well established para-

digms.23,33,45,46 For children with motor handicaps, squeez-

ing of a deformable foam toy or a finger of the examiner

may be tolerated and/or performed better than unguided

finger tapping tasks.23,46,47 Likewise, a caregiver or the

examiner passively moving the child’s fingers33,45 may be

an alternative as passive movement elicits functional activa-

tion similar to that seen in active tasks,48,49 although some

differences may still exist.20 Whenever active or passive

movement is involved, special care should be taken to avoid

task-correlated subject motion.50,51 The visual systems can

be assessed very comprehensively using advanced MR

imaging techniques,52 and activation in primary and sec-

ondary visual cortical areas can robustly be achieved even

at high spatial resolution.53 While fMRI of the visual cortex

Figure 1. Illustration of the key aspects in the course of a clinically indicated functional MRI exam where pediatric peculiarities should be

considered.

Table 2. Considerations regarding preconditions.

Personalized

medicine

Identify, prioritize, and communicate the

individual patient’s existing or projected deficits

and the resulting questions to the exam

The KISS principle Invest in a robust and compact tool chest to

address defined questions

Know how State of the art approaches and hardware

should be used, and the impact of processing

options should be understood

Comprehensive

assessment

Be aware of principal and individual

shortcomings of each approach and be ready

to use complementary methods

Table 3. Considerations regarding task design.

Know your tasks The normal pattern of activation in a healthy,

comparable population should be established

Robust is good To maximize sensitivity and robustness, block

designs should be used

Two birds with

one stone

A smart choice of the control condition may

allow for a dual or triple-use task

Remember who is

watching

Use child appropriate stimulation material and

multi-sensory stimulation

Not too long Task duration should be minimized, also

allowing for several tasks to be conducted

Not too hard Task demands should be age-appropriate or

adaptive, and neither too hard nor too boring

Monitor

engagement

Include feedback in the task design, ideally

allowing for online monitoring

Table 4. Considerations regarding subject preparation.

Keep calm Create a calm and child-centered atmosphere

Include Mom

and Dad

Keep the parents well informed and give them a

feeling of participation

Use role models Instructional videos of appropriate role models are

helpful to prepare the child beforehand

Make it tangible Simulating the scanning experience in a concrete

manner helps to reduce anxiety

Explain motion Illustrate the effects of subject motion, using

appropriate wording and/or images

Preparation is

key

Let the child repeatedly practice the tasks and

repeat instructions in the scanner

Useful reminder Make it a general rule to always send subjects to

the restroom prior to the session

Table 5. Considerations regarding the scanning session.

Adapt

sequences

Optimize technical factors with regard to signal-to-

noise and robustness, considering developmental

aspects and energy deposition

Check the

hardware

Make sure that child-appropriate headphones or

earplugs and response devices are used

Focus Focus the session on what is most relevant

Comfort is key Comfortable placement of the subject is paramount

Encourage

often

Provide positive feedback during the scan

Monitor

motion

Monitor subject motion and scan quality (as well as

task engagement) during the scan

Table 6. Considerations regarding data processing.

Routine quality

assessment

Carefully and systematically assess data

quality

Alleviate issues Account for subject motion, consider

algorithms for signal-to-noise improvements

and image distortion corrections

Not “just smaller” Consider developmental brain changes in

hemodynamic responses, white matter

microstructure and water content

Balance sensitivity

and specificity

Explore several statistical thresholds, starting

low to maximize sensitivity
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has long-since been achieved with high-contrast (checker-

board) patterns54 and using stroboscope lights in sleeping

children,55 such studies in older children should use less

abstract and more child-friendly stimulation material.28,56

In contrast to functional MRI, diffusion MR images

can be acquired without the need for cooperation, and

therefore even in sedated or sleeping children; this makes

dMRI a potentially more broadly applicable technique in

the clinical setting (albeit bearing in mind the potential

risks of repeated anesthesia in young children57). Com-

mon applications of diffusion MRI in the language

domain include assessing the arcuate fasciculus and other

white matter language-associated tracts.5,58,60 In the sen-

sorimotor domain, the most relevant question will usually

entail the visualization of the corticospinal tract.59,60 In

the visual domain, recent methodological advances now

also allow for the delineation of such complex white mat-

ter structures as the Meyer loop,61,62 in addition to the

more prominent posterior parts of the optic radiation.5,59

Know how

Due to the rapid technical and methodological develop-

ments in the field and in order to maximize sensitivity and

specificity of the obtained results, a close link to the state of

the art of the neuroimaging and Neuroscience community

should be maintained, and current hardware should be

used. It is also important to be aware of the impact of data

processing steps on the resulting maps or tracts. For exam-

ple, spatial smoothing increases signal-to-noise but

decreases spatial specificity63,64 and may lead to nonlinear

(and thus hard-to-predict) artifacts.65,66 Such effects add to

the imprecise localization already inherent in the com-

monly used functional MRI sequences53,67 and make obvi-

ous and clinically relevant questions such as “distance of

activation from a lesion” surprisingly hard to answer.

Newer, spatially adaptive smoothing approaches68–71 may

alleviate this effect in the future. Also, when interpreting a

derivative marker such as a Lateralization index to assess,

e.g., hemispheric dominance for language, it is again

important to be aware of mathematical, methodological,

and/or technical issues associated with the calculation of

such a parameter.72,73 In particular, the region within and

the statistical threshold at which such an index is calculated

must be chosen with great care.74–77 Functionally-defined

regions of interest may be indicated,30–78 as may be taking

into account overt brain lesions.79

For dMRI, investing in an appropriate data acquisition

scheme and using a nontensor based analysis approach

both seem most important in the single-case setting in

particular.5,80,81 Similarly, it should be remembered that

the final tractography result in a given patient will always

be the result of many, and highly individual decisions.5

All of these aspects make individual technical expertise all

the more important, both on the side of the one drafting

the report and on the side of the one interpreting it.

Comprehensive assessment

As with any other diagnostic approach, neither fMRI nor

dMR tractography alone will be decisive in every single

patient. On the contrary, complementary methods may

have to be employed in many patients to aid in the pre-

operative decision-making process, such as magnetoen-

cephalography, (neuronavigated) transcranial magnetic

stimulation, invasive recordings, and even Wada test-

ing.22,23,82–87 Alternatively and/or in addition, intraopera-

tive neurophysiological monitoring can be used to verify

preoperative imaging results.2,3,88,89 Finally, awake cran-

iotomy may also be possible in selected children,90 pro-

vided that psychological counseling is available.91

Therefore, even if not providing the final answer to each

question, the advanced MR modality’s results may both

inform other (invasive or noninvasive) approaches and be

used in conjunction with their results, to comprehensively

characterize each patient.

Our recommendations pertaining to the general pre-

conditions are summarized in Table 2.

Task design

Know your tasks

At the beginning of thinking about applying functional

MRI in children (or adults, for that matter), much

thought should naturally be given to designing the task.

The aim is to robustly address a given cognitive function

which is then reliably localized in the individual

brain.20,30,38 The individual assessment of a child may

require a high level of neuropsychological expertise.92

Some examples of possible starting points for each

domain were already mentioned above. Knowledge about

the to-be-expected activation in a comparable, representa-

tive cohort is imperative, to be aware of both the normal

Table 7. Considerations regarding data interpretation.

Changes with

age

Consider age-related changes in the degree of

lateralization and the typical activation patterns

Unique

capacities

Be aware of atypical patterns of reorganization only

observable following early brain lesions

Table 8. Considerations regarding decision-making.

Consider age More pressing need to intervene early and to avoid

effects of therapeutic radiation in younger children

Consider

duration

Consider deleterious long-term effects of

longstanding epilepsy
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group pattern and its interindividual variability.30,34,39,93

This is important in the presence of abnormal brain anat-

omy in particular, as induced by mass effects and/or

developmental and neural plasticity (see also below).

Robust is good

In general, block designs will be used as their higher sig-

nal-to-noise ratio94 leads to shorter acquisition times and

higher sensitivity.20 Block designs may also be less prone

to the potentially more variable hemodynamic response

function51 observable in younger children. There have

been attempts to assess the language system using one95

or several resting state sessions,96 and broad measures

such as “hemispheric dominance for language” have been

suggested to be extractable from such datasets.97 Also,

combining results from task-based and resting state analy-

ses has been suggested.98 Interestingly, recent reports sug-

gest that watching a movie during the acquisition of a

resting state fMRI scan hardly alters the observable con-

nectivity pattern99,100 which makes acquiring such data in

children easier. However, this approach is still not in

widespread use in the presurgical setting as (1) the direct

correspondence between an actually executed task with an

observable activation is most important, (2) the test retest

reliability is still considered too low for this purpose, and

(3) relevant differences in the results from both

approaches still exist and need to be better under-

stood.20,100–102 Overall, the use of an active task in a

robust block design implementation therefore currently

seems preferable in the routine presurgical pediatric set-

ting.

Two birds with one stone

The design of a meaningful control condition should also

be considered carefully. In addition to balancing

unwanted parts of the task9 and to distract the child from

the main condition (thus maximizing the difference of

activation in the targeted brain regions), it should also

keep the child busy and engaged.38,75 This is important as

active participation of the child will allow for longer scan-

ning sessions.103 To this effect, a nominal control condi-

tion can be used as an additional stimulation condition,

which may result in several contrasts being extractable

from the acquired data in the sense of a dual-, or even

triple-use task.32,104,105 For example, bilateral finger tap-

ping as a control condition for verb generation allows

assessing expressive language as well as hand motor func-

tions,32 and visuospatial functions can be assessed from

the “control condition” of an active language task.104 A

more recent task (assessing language, visual, and motor

functions105) is described in Figure 2.

Remember who is watching

When designing a task, it is also worthwhile to consider

the stimulus presentation from a child’s perspective. For

example, tasks can be presented as games or adventures

and in a cartoon like fashion.56,106–108 Tasks with multi-

sensory (including visual) stimulation are less susceptible

to subject motion.109 Furthermore, it is important to use

child-appropriate vocabulary38,110 which may be guided

by standardized neuropsychological tests,111 elementary

school material,37 or a children’s book.39 For very young

children, utilization of the individual patient mother’s

voice may be helpful.112,113

Not too long

In children, shorter sessions than feasible in adults must

be expected,114,115 and the plan for the whole exam must

accordingly be clearly prioritized beforehand. Therefore,

paradigms should be kept short, in the range of about 5–
6 min.30,32,39,75,106,115 This is also relevant as children tend

to fare better with several shorter instead of fewer longer

runs.107 Moreover, clinically relevant inference should ide-

ally not be drawn from only one task; instead, several

tasks’ (overlapping or diverging) activation pattern should

be assessed.30,76,116–118 An example is provided in Fig-

ure 3. For the motor domain, performing multiple runs

of the same task has been suggested to improve reliabil-

ity,84 also allowing for conjunction analyses.119

Not too hard

As a general rule, task complexity should be considered

critically to avoid confusion.23,30,120 In particular, it is

important to adapt the difficulty of a given task to the

population for which it is intended. While a more com-

plex task may induce stronger activation in core network

regions,121 tasks that are too difficult (or, for that matter,

too easy) might lead to frustration and/or boredom.122

Language task demands in particular should therefore be

adapted to the child’s age or level of proficiency, which

may result in different versions of a task.37,111,123,124 Alter-

natively, a self-paced version can be used that self-adapts

to the individual’s skills.33,122 Similarly, the level of com-

plexity of a motor task should also be adapted to a

child’s motor abilities.23,46,47

Monitor engagement

In a clinical setting in particular, the ability to monitor a

child’s continued task engagement is critically important

as a weak or atypical activation pattern is otherwise much

more difficult to interpret.118 To this effect, online
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performance monitoring should be aimed for, for exam-

ple by following the pattern of button presses in forced-

choice paradigms30,35 or by using overt speech paradigms

with sparse sampling acquisition.125 Other approaches are

the inclusion of a test tone (upon which a button has to

be pressed111) or using an “active” control condition

where performance monitoring can be observed directly

(e.g., a finger tapping sequence32). If online monitoring is

not possible, postscan questions may be used to indirectly

assess task engagement.39,111 Such a postscan “quiz”

should be announced beforehand126,127 as this may also

serve to increase attention.

Our recommendations pertaining to task design are

summarized in Table 3.

Subject Preparation

Keep calm

One of the main hindrances when actually performing

MRI in children is their lower ability to comply with

instructions and, most of all, to lie still for extended peri-

ods of time. This effect is potentiated by anxiety and agi-

tation, it is therefore of utmost importance to create a

calm atmosphere by booking longer time slots128 and by

only involving personal with a high level of flexibility and

experience regarding pediatric patient handling.25,33,107

This point cannot be overestimated as an insecure child’s

cooperation will drop immediately if there is a sense of

Figure 2. Illustration of the “triple use task” concept, with simple instructions to the child (“move your hands when you see the video, or listen

to the story”). Here, assessing active condition 1 (C1, “video with moving hands” vs. “black screen and no moving hands”) induces activation in

sensorimotor (S1/M1) and visual regions (V1/V5), while assessing active condition 2 (C2, “story with semantic violation” vs. “meaningless beep

sounds”) induces activation in receptive (and partly, expressive) language regions (cf. Figure 3C and 6).
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rush. To ease the tension, the usually very technical scan-

ner environment can be decorated in a child-friendly

manner.51,108,114,129 Allowing (nonmagnetic!) toys or

(safety-screened!) family members to accompany the child

may also be helpful.107 It is important to remember that

abstract terminology should be avoided; instead, words or

metaphors familiar to the child should be used when

explaining the procedures.107,115

Include mom and dad

Most children will sense anxiety and uneasiness on their

parent’s part and will react accordingly. It is therefore

important to ensure that any accompanying caregiver is

comfortable and satisfied with the proceedings. A calm

parent will function as a proxy to also calm the child,

which should be considered during the prescan

Figure 3. Illustration of clinically indicated fMRI exam for language in a 17-year-old boy with long-standing epilepsy following a left-frontal

tumor removal in early childhood. Right-hemispheric dominance was demonstrated for expressive (oval marker; vowel identification (A) and

synonyms task (B)) and for receptive language (square marker; modified beep story (C), cf. Figure 2) and picture story task (D)). Also note

consistent crossed cerebellar coactivation. Results are presented in neurological orientation, at P ≤ .001, uncorrected, with language activation in

red and sensorimotor/visual activation in green.
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explanations. To this effect, it may be helpful to send

information material to the parents well in advance of the

scanning session42,115 which may also save time on for-

malities prior to the scan itself. On the other hand, chil-

dren may actually be less concerned than the caregiver130

such that no general recommendation can be given

regarding the presence of an adult during the scan.

Use role models

One preparation approach is the use of instructional intro-

ductory videos in which a role model explains the experi-

mental setting. This has the additional advantage of

allowing to prepare the child in his or her home environ-

ment prior to scanning. Several such videos are publicly

available, for older or younger children.131–134 Smartphone

apps and dedicated websites have also been devel-

oped.135,136 Here, describing the scanning session as an

adventure story (e.g. “a trip to space” or “a dive in a sub-

marine”) can be helpful for younger children.42,108Also,

miniature scanner models may help to reduce anxiety

before the scan,115,137 effectively using play therapy

approaches.138 An example is shown in Figure 4. It may

also be helpful to introduce the children to the actual scan-

ning room by playing “magnet tricks”24,109 or to illustrate

the actual scanning procedure by scanning a life-sized

doll.128 During preparation, it is important to be alert with

regard to signs of anxiety106,107 which may be alleviated by

reminding the child that the scanning procedure can be

interrupted or even aborted at any time.

Make it tangible

Another option to simulate the scanning experience

beforehand is by using a mock scanner which has been

shown to improve data quality in pediatric research and

clinical settings alike.139 To simulate the tight scanning

environment, tunnel tents or decommissioned scanners

have been used.26,106,140–142 More extensive simulators

include a speaker system to simulate the scanning noise

and come with a moving table and a mock head

coil.143,144 The option for online motion feedback51,142,145

allows for behavioral modification during prescan training

sessions.

Figure 4. Example of a miniature Lego MRI scanner model, allowing to prepare the child for the scanning session. Image courtesy of Julia Klebitz

and with kind permission from “I love MRI” (www.amazings.eu/mri).
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Explain motion

As subject motion is one of the most detrimental artifacts

in an fMRI time series,146,147 it is worthwhile to spend

some time on trying to prevent it. It is important that the

child understands why motion is bad, and how much is

too much. To this effect, metaphors like “blurry pho-

tographs”107,108 can be used, illustrated using MR images

acquired during motion vs. lying still.114 A progressive

behavioral training (e.g., “playing the statue game”) with

tangible reinforcers has also been proposed.42,148 Further,

active head motion tracking systems114,145,149 or down-

loadable apps150 are available for such a training session.

Preparation is key

Task preparation is a very important aspect. Many chil-

dren may, due to the excitement of the experience, not

understand or remember what exactly it is they are sup-

posed to do, yet may be hesitant to say so. To this effect,

it may be helpful to make the task instructions available

beforehand.25 It also is important to make sure the child

actually understood the instructions by having them prac-

tice the task outside or inside the scanner.117,120,127 In our

experience, it is very valuable to repeat the instructions

directly before the task is to be performed in the scanner,

in the form of an audio-visual animation.104 Announced

beforehand, this relieves the tension of “having to remem-

ber everything”; furthermore, it also ensures standardized

delivery of instructions to each child.

Useful reminder

Finally, it is trivial but no less important to always send

the child to the restroom immediately prior to beginning

the scanning session.

Our recommendations pertaining to subject prepara-

tion are summarized in Table 4.

Scanning Session

Adapt sequences

Naturally, appropriate sequences should be used for both

functional and diffusion MRI. For clinical fMRI in chil-

dren, technical factors as well as data acquisition parame-

ters will usually be optimized along the same criteria as

in adults (i.e., finding a compromise between signal-to-

noise and temporal and spatial resolution151,152).

For dMRI, it is important to keep in mind that lower

b-values may have to be applied in neonates and infants,

optimizing signal-to-noise and tensor estimation in brains

with a high water content and less myelination.153–155

Considering the higher propensity of children to move in

the scanner, it is advisable to optimize the acquisition

order of diffusion directions by using a progressive order-

ing scheme and a uniform distribution of orienta-

tions.156,157 This seems especially relevant for high

angular resolution diffusion sequences with more diffu-

sion encoding directions (and thus, longer scan times),

although reliable tractography results may also be

obtained from low-angular resolution imaging data.158

With stronger gradients and higher field strengths becom-

ing more common, consideration should also be given to

limiting the energy deposition in the developing brain for

both methods.159,160

Check the hardware

In general, child-appropriate technical equipment should

be used, minding the smaller dimensions of a child’s ear

in particular to ensure appropriate sound insulation.20

Also, response devices should comfortably fit the child’s

hands as otherwise there is an increased risk of incorrect

responses.107,114,161

Focus

As already mentioned, prioritization is key in the com-

munication between the clinician and the imaging person.

To this effect, clear questions regarding functional and

diffusion MRI have to be formulated beforehand, and the

imaging session has to be kept clean of all influences pos-

sibly interfering with these aims. This may also mean to

actively refrain from obtaining “some last up-to-date

preop images”. While this may still be possible towards

the end of a session in an older child, younger children

will not be very cooperative to begin with after having an

i.v.-line inserted. Therefore, any such “add-on request”

should be low on the priority list, and be declined in case

of doubt (i.e., if it likely endangers the successful acquisi-

tion of the functional and/or diffusion MRI data).

Comfort is key

Making sure the child is lying comfortably is important

as discomfort will lead to an increase in motion and, ulti-

mately, to shorter scanning times. During the session,

using stabilizing foam paddings129 is the preferred means

to minimize motion as children tend to have a low toler-

ance towards more “radical” restraint systems like bite

bars.23,76,103 It should also be remembered that, for

younger children in particular, extra padding may be

required to ensure optimal head placement in the center

of the coil.161 During noninteractive parts of the scanning

session (for example, during the dMRI data acquisition),
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the child should be entertained by showing (interesting,

but not too funny) videos99,100,128 or personally selected

audio books or music.

Encourage often

Providing positive reinforcement is an important part for

creating and/or maintaining a child’s motivation. Social

rewards such as frequent words of encouragement or tan-

gible rewards can help to increase task compliance and

performance.162,163 Virtual stickers can be used not only

to provide positive feedback but also to inform the child

playfully about the progress of the session.107,162

Monitor motion

Online evaluation of head motion and scan quality (im-

mediately at the scanning console) allows for timely inter-

vention.109 To this effect, periodic reminders to lie still

may serve as a feedback loop, delivered via auditory

devices or directly by an accompanying person (e.g. by

gently pressing the child’s leg in case of visible

motion106,115).

Our recommendations pertaining to the scanning ses-

sion are summarized in Table 5.

Data Processing

Routine quality assessment

As clinically critical considerations may depend on the

quality of the individual results, it is important to pay

attention to the complete image data processing stream.

For some steps, aspects specific for or more typical in

children should also be considered. Initially, data quality

in general and subject motion in particular should be

assessed very closely, for which numerous automated

algorithms are available.147,164–168

Alleviate issues

When it comes to subject motion, rigid body correction

approaches are usually employed.146,169 However, it has

been well-documented that subject motion still explains a

substantial part of the fMRI signal even after applying

such approaches.146,147 It is therefore usually recom-

mended to include indicators of subject motion as nui-

sance regressors into the statistical model.146,147,168,170

This has the drawback that the resulting loss of degrees of

freedom147,168 may reduce power, and thus, sensitivity,

especially in case of task-correlated motion.50,51 Addition-

ally or as an alternative, explicit censoring of high motion

data points has been suggested, which also improves data

quality in dMRI derived measures.155,171–173 Many other

approaches to improving the signal-to-noise ratio have

been developed (using intrinsic signal changes,174 wave-

lets,70,175 further regressors to the general linear model,176

independent component analyses177 or combined

approaches178,179) but their individual discussion would

be beyond the scope of this review. It should be remem-

bered that the possible range of datasets encountered in

clinical f/dMRI sessions is very wide, such that only few

general recommendation for a standard data processing

pipeline can be given. These are summarized in the sup-

plementary Table 1. One aspect that may also deserve

attention during data acquisition is the correction of

image distortions inherent in the acquisition of echo-pla-

nar images: as the distance of functional activation from

a lesion may be of high relevance, we believe it important

to also account for these non-linear distortions (and

potentially also movement-by-B0 interactions) by acquir-

ing a fieldmap.180,181 Such nonlinear EPI susceptibility

and eddy-current-induced distortion correction schemes

have also been suggested for dMRI datasets.182 This is

especially relevant for field strengths exceeding 1.5 T and

may involve acquiring an additional b0-EPI image in the

reversed phase-encoding direction.183 It is important to

note that all functional and/or diffusion MRI results

should ultimately be assessed conjointly, and the selection

of the “final” result may well depend on several factors

(including individual dataset characteristics, the question

at hand, results from other modalities etc.).

Not “just smaller”

Despite the brain only being slightly smaller than an adult

brain as of ~6 years of age,170,184 developmental changes

may still influence data analysis decisions. For example,

when modeling the hemodynamic response function dur-

ing statistical analyses, it must be borne in mind that this

function may deviate from the “standard adult” one, to

the point that negative responses are seen where adults

show a positive response.55,112,185,186 The use of an empir-

ical, age-appropriate HRF,55,187 a basis set of wave-

forms,188–190 or assumption-free approaches187 have been

suggested. Further, as the activation pattern in children191

as well as the underlying anatomy192 may differ from

adults, it may be preferable to use functional localizers

instead of anatomically-defined seed and target regions

for tractography.58,193,194 An example is provided in Fig-

ure 5.

For dMRI and as an alternative to selecting seed points,

unbiased whole brain tractography analyses may be con-

ducted.195 Further, as fractional anisotropy (FA) values

are positively correlated with age,196–198 one may have to

apply lower FA- or fiber orientation distribution
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thresholds as the tractography termination criteria in

younger children in general and neonates and infants in

particular.153,199–201

Balance sensitivity and specificity

The results of functional MRI tasks are assessed by look-

ing at statistical parametrical maps, usually in the form of

thresholded t-maps. In the context of a clinical applica-

tion, sensitivity is most important: “real” activation

should not be missed, which commonly leads to the

exploration of several, and usually lower statistical thresh-

olds,6,23,31,120,202–204 which is not without controversy.8

On the other hand, specificity is also relevant as false pos-

itive activation foci may hamper radical resection

approaches; this is usually assessed visually but automated

approaches have also been suggested to balance these

requirements.205,206 Another approach towards increasing

robustness and specificity is to use conjunction analyses,

that is, to assess the activation which can reliably be seen

across all, or most, tasks.119 The assumption is that

activation foci jointly activated across tasks differentiate

core from coactivated regions.30,116,117

Our recommendations pertaining to data processing

are summarized in Table 6 (see also Table S1).

Interpretation

Changes with age

In many cases, the interpretation of a clinically indicated

functional or diffusion MRI study will not depend upon

the age of the child; in other cases, however, the interpre-

tation of the results of such a study may well have to take

into account developmental aspects. This is true for the

language domain in particular. For example, bilateral lan-

guage representation is more likely to occur in children

than adults as the degree of hemispheric dominance

changes as a function of age,32,207,208 although parts of

this effect may be attributable to performance.191 There

are regional differences, with the frontal lobe and the

cerebellum showing a higher variability even in later

Figure 5. Illustration of clinically indicated fMRI/dMRI exam for motor system in a 6-year-old girl with a low-grade glioma (oval marker).

Depiction of functional activation in sensorimotor cortex (using active hand movement; (A) and functionally seeded depiction of the

corresponding corticospinal tract (B), each being close to the lesion. Resection was planned accordingly and only a very minor facial palsy ensued.

Results are presented in neurological orientation, at P ≤ 0.001, uncorrected, with sensorimotor activation in red. dMRI, diffusion MR tractography
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childhood.123,209,210 Also, children often show more wide-

spread activation in areas beyond the “core network”.211–

213 Notably, this effect is not exclusive to the language

domain.214,215

Unique capacities

Apart from developmental aspects observable in healthy

children, there are also distinct patterns of neural plastic-

ity in children, in particular following early brain

lesions.15,216 Such functional reorganization may occur in

the language domain78,217–220 and may include remote

network nodes219 (cf. Figure 3). A different but equally

unique pattern can be observed in the motor

domain,47,84,221,222 while the sensory layout remains

remarkably stationary.223,224 In the context of patients

with early brain lesions in particular, these special pat-

terns of reorganization should therefore be considered

when assessing a single patient, again arguing for a com-

prehensive and multimodal assessment.65,224

Our recommendations pertaining to interpretation of

results are summarized in Table 7.

Decision-Making

Consider age

While clinical decision-making in such complex patients

will always need to be based on multidisciplinary

exchange and the consideration of the specific case at

hand, discussions regarding the timing of a therapeutic

intervention will also be influenced by the age of the

child. For example, early onset epilepsy is a risk factor for

behavioral issues, mental retardation, and developmental

delay.225–227 This makes the need for early intervention

more pressing. Further, the developing brain (in infancy

Figure 6. Illustration of clinically indicated fMRI/dMRI exam for the visual system in a 6-year-old girl with a low-grade glioma (oval marker).

Depiction of functional activation in receptive language as well as primary and secondary visual brain regions (A), and the optic radiation (B).

Demonstrating the bulged optic radiation lateral to the tumor allowed predicting a postoperative visual field defect, which in fact ensued

following successful gross total tumor resection. Results are presented in neurological orientation, at p ≤ 0.001, uncorrected, with language

activation in red and sensorimotor/visual activation in green (in A), and corticospinal tract in red and optic radiation in green (in B).
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in particular) is more sensitive to radiation effects,228,229

making gross total tumor resection more pressing to

avoid postoperative radiation therapy. An example is

shown in Figure 6.

Consider duration

While very early brain lesions may induce patterns of

neural plasticity not observable in older children (see

above), the developing brain may also be more vulnerable

in some respects. For example, the duration of epilepsy

correlates negatively with development, cognition, and

adaptive functioning in children.230,231 These detrimental

effects are at least partly due to impairing previously

unaffected regions of the brain (“kindling”), requiring a

speedy decision-making process.18,232,233 In these children

with severe early epileptic encephalopathies of structural

origins, both functional and diffusion MRI may play an

important role in neurosurgical decision-making,234 par-

ticularly for initial222,235 or repeat hemispherotomy.236

Our recommendations pertaining to decision-making

are summarized in Table 8.

Summary & Conclusion

The prototypical indication for the clinical application of

advanced MR methods is a patient with a brain lesion

which is (1) possibly interfering with essential cortical or

subcortical components of a neuronal system with high

everyday relevance and a known layout in the brain, and

(2) potentially amenable to surgical intervention. Due to

a better understanding of functional and structural brain

properties and methodological as well as technical

advances, both criteria are continuously evolving, includ-

ing new entities and approaches. In a clear-cut case, such

clinically indicated functional and diffusion MRI must be

considered state of the art in adults, to aid in maximiz-

ing resectability and in minimizing postoperative seque-

lae. While the aim may be harder to achieve in children,

there is no ethical justification to deny them the poten-

tially beneficial information that can be gained from

these exams. Consequently, if an indication as laid out

above exists, such an exam should be considered, irre-

spective of the age of the patient. To this end, however,

a dedicated and multidisciplinary team effort may be

required, with clear responsibilities and roles for each

partner. This review was meant to provide interested

clinicians and imaging researchers with a list of starting

points that must, should, or can be considered when

such a study is indicated, to the effect that it is planned,

conducted, and interpreted in a way that maximizes ben-

efit for, and minimizes the burden on the individual

child.

Acknowledgments

We would like to thank all clinical cooperation partners

and all patients and their families who have undergone

this sometimes laborious process with admirable compo-

sure. This study was funded in part by a grant of the

H.W. & J. Hector Foundation, Mannheim, Germany

(M66), to MW. The sponsor had no part in study design,

interpretation of results, or decision to publish.

Conflict of Interest

All other authors have nothing to disclose.

Note

1Short for „keep it simple and straightforward“

References

1. Schmidt MH, Marshall J, Downie J, Hadskis MR.

Pediatric magnetic resonance research and the minimal-

risk standard. IRB 2011; 33, 1–6.

2. Barras CD, Asadi H, Baldeweg T, et al. Functional

magnetic resonance imaging in clinical practice: state of

the art and science. Aust Fam Physician 2016;45:798–
803.

3. Bick AS, Mayer A, Levin N. From research to clinical

practice: implementation of functional magnetic imaging

and white matter tractography in the clinical

environment. J Neurol Sci 2012;312:158–165. https://doi.

org/10.1016/j.jns.2011.07.040.

4. Duncan JS, Winston GP, Koepp MJ, Ourselin S. Brain

imaging in the assessment for epilepsy surgery. Lancet

Neurol 2016;15:420–433. https://doi.org/10.1016/S1474-

4422(15)00383-X.

5. Essayed WI, Zhang F, Unadkat P, et al. White matter

tractography for neurosurgical planning: a topography-

based review of the current state of the art. Neuroimage

Clin 2017;15:659–672. https://doi.org/10.1016/j.nicl.2017.
06.011.

6. Benjamin CFA, Dhingra I, Li AX, et al. Presurgical

language fMRI: technical practices in epilepsy surgical

planning. Hum Brain Mapp 2018;39:4032–4042. https://d
oi.org/10.1002/hbm.24229.

7. Chong TT. Voodoo surgery? The distinct challenges

of functional neuroimaging in clinical neurology.

Brain 2017;140:e76. https://doi.org/10.1093/brain/

awx283.

8. Lyon L. Dead salmon and voodoo correlations: should we

be sceptical about functional MRI? Brain 2017;140:e53.

https://doi.org/10.1093/brain/awx180.

9. Binder JR. Functional MRI is a valid noninvasive

alternative to Wada testing. Epilepsy Behav

1446 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Clinical fMRI/dMRI in Children M. Wilke et al.

https://doi.org/10.1016/j.jns.2011.07.040
https://doi.org/10.1016/j.jns.2011.07.040
https://doi.org/10.1016/S1474-4422(15)00383-X
https://doi.org/10.1016/S1474-4422(15)00383-X
https://doi.org/10.1016/j.nicl.2017.06.011
https://doi.org/10.1016/j.nicl.2017.06.011
https://doi.org/10.1002/hbm.24229
https://doi.org/10.1002/hbm.24229
https://doi.org/10.1093/brain/awx283
https://doi.org/10.1093/brain/awx283
https://doi.org/10.1093/brain/awx180


2011;20:214–222. https://doi.org/10.1016/j.yebeh.2010.08.
004.

10. Dimou S, Battisti RA, Hermens DF, Lagopoulos J. A

systematic review of functional magnetic resonance

imaging and diffusion tensor imaging modalities used

in presurgical planning of brain tumour resection.

Neurosurg Rev 2013;36:205–214; discussion 214.

https://doi.org/10.1007/s10143-012-0436-8

11. Mabray MC, Barajas RFJ, Cha S. Modern brain tumor

imaging. Brain Tumor Res Treat 2015;3:8–23.https://doi.
org/10.14791/btrt.2015.3.1.8

12. Mueller S, Chang S. Pediatric brain tumors: current

treatment strategies and future therapeutic approaches.

Neurotherapeutics 2009;6:570–586. https://doi.org/10.
1016/j.nurt.2009.04.006.

13. Rubinger L, Chan C, D’Arco F, et al.,Change in

presurgical diagnostic imaging evaluation affects

subsequent pediatric epilepsy surgery outcome. Epilepsia

2016;57:32–40. https://doi.org/10.1111/epi.13229.

14. Jobst BC, Cascino GD. Resective epilepsy surgery for

drug-resistant focal epilepsy: a review. JAMA

2015;313:285–293. https://doi.org/10.1007/s00062-015-
0429-4.

15. Li�egeois F, Cross JH, Gadian DG, Connelly A. Role of

fMRI in the decision-making process: epilepsy surgery for

children. J Magn Reson Imaging 2006;23:933–940.
https://doi.org/10.1002/jmri.20586.

16. Banerjee PN, Filippi D, Allen Hauser W.. The descriptive

epidemiology of epilepsy-a review. Epilepsy Res

2009;85:31–45. https://doi.org/10.1016/j.eplepsyres.2009.
03.003.

17. Dolecek TA, Propp JM, Stroup NE, Kruchko C. CBTRUS

statistical report: primary brain and central nervous

system tumors diagnosed in the United States in 2005-

2009. Neuro-Oncol 2012;14(Suppl 5):v1–v49. https://doi.

org/10.1093/neuonc/nos218.

18. Cross JH. Epilepsy surgery in childhood. Epilepsia

2002;43(Suppl 3):65–70.
19. Ding D, Hong Z, Wang W, et al.,Assessing the disease

burden due to epilepsy by disability adjusted life year in

rural China. Epilepsia 2006;47:2032–2037. https://doi.org/
10.1111/j.1528-1167.2006.00802.x.

20. Hertz-Pannier L, Noulhiane M, Rodrigo S, Chiron C.

Pretherapeutic functional magnetic resonance

imaging in children. Neuroimaging Clin N Am

2014;24:639–653. https://doi.org/10.1016/j.nic.2014.07.002.

21. Khatamian YB, Golestani AM, Ragot DM, Chen JJ. Spin-

echo resting-state functional connectivity in high-

susceptibility regions: accuracy, reliability, and the impact

of physiological noise. Brain Connect 2016;6:283–297.

https://doi.org/10.1089/brain.2015.0365.

22. Szaflarski JP, Gloss D, Binder JR, et al.Practice guideline

summary: use of fMRI in the presurgical evaluation of

patients with epilepsy: report of the guideline

development, dissemination, and implementation

subcommittee of the American Academy of Neurology.

Neurology 2017;88:395–402.
23. Altman NR, Bernal B. Pediatric applications of fMRI.

Chapter 15 In: Faro S, Mohamed FB, eds. Functional

MRI. Basic principles and clinical applications. New York:

Springer Science + Business Media, 2006:394–428.

24. Byars AW, Holland SK, Strawsburg RH, et al. Practical

aspects of conducting large-scale functional magnetic

resonance imaging studies in children. J Child Neurol

2002;17:885–890.

25. Wilke M, Holland SK, Myseros JS, et al. Functional

magnetic resonance imaging in pediatrics.

Neuropediatrics 2003;34:225–233. https://doi.org/10.1055/
s-2003-43260.

26. Yerys BE, Jankowski KF, Shook D, et al. The fMRI

success rate of children and adolescents: typical

development, epilepsy, attention deficit/hyperactivity

disorder, and autism spectrum disorders. Hum Brain

Mapp 2009;30:3426–3435. https://doi.org/10.1002/hbm.

20767.

27. ACR–ASNR–SPR. Practice parameter for the performance

of functional magnetic resonance imaging (fMRI) of the

brain, revised 2017. 2017. Available at https://www.acr.

org/-/media/ACR/Files/Practice-Parameters/fmr-brain.pdf

(last accessed January 10, 2018).

28. de Bie HMA, de Ruiter MB, Ouwendijk M, et al. Using

fMRI to investigate memory in young children born small

for gestational age. PLoS ONE 2015;10:e0129721. https://d

oi.org/10.1371/journal.pone.0129721.

29. Conant LL, Liebenthal E, Desai A, Binder JR. FMRI of

phonemic perception and its relationship to reading

development in elementary- to middle-school-age

children. NeuroImage 2014;89:192–202. https://doi.org/10.
1016/j.neuroimage.2013.11.05.

30. Wilke M, Lidzba K, Staudt M, et al. An fMRI task battery

for assessing hemispheric language dominance in

children. NeuroImage 2006;32:400–410. https://doi.org/10.
1016/j.neuroimage.2006.03.012.

31. Hertz-Pannier L, Gaillard WD, Mott SH, et al.

Noninvasive assessment of language dominance in

children and adolescents with functional MRI: a

preliminary study. Neurology 1997;48:1003–1012.
32. Holland SK, Plante E, Weber Byars A, et al. Normal

fMRI brain activation patterns in children performing a

verb generation task. NeuroImage 2001; 14, 837–843.

https://doi.org/10.1006/nimg.2001.0875

33. Shurtleff H, Warner M, Poliakov A, et al. Functional

magnetic resonance imaging for presurgical evaluation of

very young pediatric patients with epilepsy. J Neurosurg

Pediatr 2010;5:500–506. https://doi.org/10.3171/2009.11.
PEDS09248.

34. Gaillard WD, Sachs BC, Whitnah JR, et al.

Developmental aspects of language processing: fMRI of

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 1447

M. Wilke et al. Clinical fMRI/dMRI in Children

https://doi.org/10.1016/j.yebeh.2010.08.004
https://doi.org/10.1016/j.yebeh.2010.08.004
https://doi.org/10.1007/s10143-012-0436-8
https://doi.org/10.14791/btrt.2015.3.1.8
https://doi.org/10.14791/btrt.2015.3.1.8
https://doi.org/10.1016/j.nurt.2009.04.006
https://doi.org/10.1016/j.nurt.2009.04.006
https://doi.org/10.1111/epi.13229
https://doi.org/10.1007/s00062-015-0429-4
https://doi.org/10.1007/s00062-015-0429-4
https://doi.org/10.1002/jmri.20586
https://doi.org/10.1016/j.eplepsyres.2009.03.003
https://doi.org/10.1016/j.eplepsyres.2009.03.003
https://doi.org/10.1093/neuonc/nos218
https://doi.org/10.1093/neuonc/nos218
https://doi.org/10.1111/j.1528-1167.2006.00802.x
https://doi.org/10.1111/j.1528-1167.2006.00802.x
https://doi.org/10.1016/j.nic.2014.07.002
https://doi.org/10.1089/brain.2015.0365
https://doi.org/10.1055/s-2003-43260
https://doi.org/10.1055/s-2003-43260
https://doi.org/10.1002/hbm.20767
https://doi.org/10.1002/hbm.20767
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/fmr-brain.pdf
https://www.acr.org/-/media/ACR/Files/Practice-Parameters/fmr-brain.pdf
https://doi.org/10.1371/journal.pone.0129721
https://doi.org/10.1371/journal.pone.0129721
https://doi.org/10.1016/j.neuroimage.2013.11.05
https://doi.org/10.1016/j.neuroimage.2013.11.05
https://doi.org/10.1016/j.neuroimage.2006.03.012
https://doi.org/10.1016/j.neuroimage.2006.03.012
https://doi.org/10.1006/nimg.2001.0875
https://doi.org/10.3171/2009.11.PEDS09248
https://doi.org/10.3171/2009.11.PEDS09248


verbal fluency in children and adults. Hum Brain

Mapp 2003a;18:176–185. https://doi.org/10.1002/hbm.

10091.

35. Gaillard WD, Berl MM, Moore EN, et al. Atypical

language in lesional and nonlesional complex partial

epilepsy. Neurology 2007;69:1761–1771. https://doi.org/10.
1212/01.wnl.0000289650.48830.1a.

36. Sabsevitz DS, Swanson SJ, Hammeke TA, et al. Use of

preoperative functional neuroimaging to predict language

deficits from epilepsy surgery. Neurology 2003;60:1788–
1792.

37. Ahmad Z, Balsamo LM, Sachs BC, et al. Auditory

comprehension of language in young children: neural

networks identified with fMRI. Neurology 2003;60:1598–
1605.

38. Vannest J, Karunanayaka PR, Schmithorst VJ, et al.

Language networks in children: evidence from functional

MRI studies. AJR Am J Roentgenol 2009;192:1190–1196.
https://doi.org/10.2214/AJR.08.2246.

39. Wilke M, Lidzba K, Staudt M, et al. Comprehensive

language mapping in children, using functional magnetic

resonance imaging: what’s missing counts. NeuroReport

2005;16:915–919.

40. Skeide MA, Brauer J, Friederici AD. Syntax gradually

segregates from semantics in the developing brain.

NeuroImage 2014;100:106–111. https://doi.org/10.1016/j.
neuroimage.2014.05.080.

41. Redcay E, Haist F, Courchesne E. Functional

neuroimaging of speech perception during a

pivotal period in language acquisition. Dev Sci

2008;11:237–252. https://doi.org/10.1111/j.1467-7687.

2008.00674.x.

42. Vannest J, Rajagopal A, Cicchino ND, et al. Factors

determining success of awake and asleep magnetic

resonance imaging scans in nonsedated children.

Neuropediatrics 2014;45:370–377. https://doi.org/10.1055/
s-0034-1387816.

43. Deshpande AK, Tan L, Lu LJ, et al. fMRI as a preimplant

objective tool to predict postimplant oral language

outcomes in children with cochlear implants. Ear Hear

2016;37:e263–e272. https://doi.org/10.1097/AUD.
0000000000000259.

44. Patel AM, Cahill LD, Ret J, et al. Functional magnetic

resonance imaging of hearing-impaired children under

sedation before cochlear implantation. Arch Otolaryngol

Head Neck Surg 2007;133:677–683. https://doi.org/10.

1001/archotol.133.7.677.

45. Holloway V, Gadian DG, Vargha-Khadem F, et al. The

reorganization of sensorimotor function in children after

hemispherectomy. A functional MRI and somatosensory

evoked potential study. Brain. J Neurol 2000;123:2432–
2444.

46. Mall V, Linder M, Herpers M, et al. Recruitment of the

sensorimotor cortex–a developmental FMRI study.

Neuropediatrics 2005;36:373–379.https://doi.org/10.1055/
s-2005-873077

47. Staudt M, Pieper T, Grodd W, et al. Functional MRI in a

6-year-old boy with unilateral cortical malformation:

concordant representation of both hands in the

unaffected hemisphere. Neuropediatrics 2001;32:159–161.
https://doi.org/10.1055/s-2001-16619.

48. Blatow M, Reinhardt J, Riffel K, et al. Clinical functional

MRI of sensorimotor cortex using passive motor and

sensory stimulation at 3 Tesla. J Magn Reson Imaging

2011;34:429–437. https://doi.org/10.1002/jmri.22629.

49. Guzzetta A, Staudt M, Petacchi E, et al. Brain

representation of active and passive hand movements in

children. Pediatr Res 2007;61:485–490. https://doi.org/10.
1203/pdr.0b013e3180332c2e.

50. Johnstone T, Ores Walsh KS, Greischar LL, et al. Motion

correction and the use of motion covariates in multiple-

subject fMRI analysis. Hum Brain Mapp 2006;27:779–788.
https://doi.org/10.1002/hbm.20219.

51. Poldrack RA, Pare-Blagoev EJ, Grant PE. Pediatric

functional magnetic resonance imaging: progress and

challenges. Top Magn Reson Imaging 2002;13:61–70.
52. Millington RS, Ajina S, Bridge H. Novel brain imaging

approaches to understand acquired and congenital neuro-

ophthalmological conditions. Curr Opin Neurol

2014;27:92–97. https://doi.org/10.1097/WCO.

0000000000000050.

53. Cheng K. Exploration of human visual cortex using high

spatial resolution functional magnetic resonance imaging.

NeuroImage 2016;. https://doi.org/10.1016/j.neuroimage.

2016.11.018.

54. Tootell RB, Hadjikhani NK, Vanduffel W, et al.

Functional analysis of primary visual cortex (V1) in

humans. Proc Natl Acad Sci USA 1998;95:811–817.
55. Born AP, Miranda MJ, Rostrup E, et al. Functional

magnetic resonance imaging of the normal and abnormal

visual system in early life. Neuropediatrics 2000;31:24–32.

https://doi.org/10.1055/s-2000-15402.

56. Pflugfelder AD. Etablierung und Anwendung

funktioneller Magnetresonanztomographie des visuellen

Kortex bei Kindern. 2007. Dissertation, Available at:

http://tobias-lib.uni-tuebingen.de/volltexte/2007/3069/pdf/

Doktorarbeit.pdf, (last accessed July 13, 2017)

57. FDA. FDA review results in new warnings about using

general anesthetics and sedation drugs in young

children and pregnant women. 2016. Published online

December 14, 2016; Available at https://www.fda.gov/

Drugs/DrugSafety/ucm532356.htm, (last accessed July

13, 2017)

58. Broser PJ, Groeschel S, Hauser T-K, et al. Functional

MRI-guided probabilistic tractography of cortico-cortical

and cortico-subcortical language networks in children.

NeuroImage 2012;63:1561–1570. https://doi.org/10.1016/j.
neuroimage.2012.07.060.

1448 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Clinical fMRI/dMRI in Children M. Wilke et al.

https://doi.org/10.1002/hbm.10091
https://doi.org/10.1002/hbm.10091
https://doi.org/10.1212/01.wnl.0000289650.48830.1a
https://doi.org/10.1212/01.wnl.0000289650.48830.1a
https://doi.org/10.2214/AJR.08.2246
https://doi.org/10.1016/j.neuroimage.2014.05.080
https://doi.org/10.1016/j.neuroimage.2014.05.080
https://doi.org/10.1111/j.1467-7687.2008.00674.x
https://doi.org/10.1111/j.1467-7687.2008.00674.x
https://doi.org/10.1055/s-0034-1387816
https://doi.org/10.1055/s-0034-1387816
https://doi.org/10.1097/AUD.0000000000000259
https://doi.org/10.1097/AUD.0000000000000259
https://doi.org/10.1001/archotol.133.7.677
https://doi.org/10.1001/archotol.133.7.677
https://doi.org/10.1055/s-2005-873077
https://doi.org/10.1055/s-2005-873077
https://doi.org/10.1055/s-2001-16619
https://doi.org/10.1002/jmri.22629
https://doi.org/10.1203/pdr.0b013e3180332c2e
https://doi.org/10.1203/pdr.0b013e3180332c2e
https://doi.org/10.1002/hbm.20219
https://doi.org/10.1097/WCO.0000000000000050
https://doi.org/10.1097/WCO.0000000000000050
https://doi.org/10.1016/j.neuroimage.2016.11.018
https://doi.org/10.1016/j.neuroimage.2016.11.018
https://doi.org/10.1055/s-2000-15402
http://tobias-lib.uni-tuebingen.de/volltexte/2007/3069/pdf/Doktorarbeit.pdf
http://tobias-lib.uni-tuebingen.de/volltexte/2007/3069/pdf/Doktorarbeit.pdf
https://www.fda.gov/Drugs/DrugSafety/ucm532356.htm
https://www.fda.gov/Drugs/DrugSafety/ucm532356.htm
https://doi.org/10.1016/j.neuroimage.2012.07.060
https://doi.org/10.1016/j.neuroimage.2012.07.060


59. Jim�enez-Pe~na MM, Gil-Robles S, Cano-Alonso R, et al.

Essential subcortical tracts in language and reading. 3D-

tractography for clinical practice and anatomic

correlation with intraoperative subcortical

electrostimulation. Clin Neuroradiol 2017; 27, 81–89.
https://doi.org/10.1007/s00062-015-0429-4

60. Raffa G, Conti A, Scibilia A, et al. Functional

reconstruction of motor and language pathways based on

navigated transcranial magnetic stimulation and DTI fiber

tracking for the preoperative planning of low grade

glioma surgery: a new tool for preservation and

restoration of eloquent networks. Acta Neurochir

2017;124(Suppl):251–261.https://doi.org/10.1007/978-3-

319-39546-3_37

61. Dayan M, Kreutzer S, Clark CA. Tractography of the

optic radiation: a repeatability and reproducibility study.

NMR Biomed 2015;28:423–431. https://doi.org/10.1002/

nbm.3266.

62. Lilja Y, Nilsson DT. Strengths and limitations of

tractography methods to identify the optic radiation for

epilepsy surgery. Quant Imaging Med Surg 2015;5:288–

299. https://doi.org/10.3978/j.issn.2223-4292.2015.01.08.

63. Darki F, Oghabian MA. False positive control of activated

voxels in single fMRI analysis using bootstrap resampling

in comparison to spatial smoothing. Magn Reson

Imaging 2013;31:1331–1337. https://doi.org/10.1016/j.mri.

2013.03.009.

64. Welvaert M, Tabelow K, Seurinck R, Rosseel Y. Adaptive

smoothing as inference strategy: more specificity for

unequally sized or neighbouring regions.

Neuroinformatics 2013;11:435–445. https://doi.org/10.

1007/s12021-013-9196-z.

65. Reid LB, Boyd RN, Cunnington R, Rose SE. Interpreting

intervention induced neuroplasticity with fMRI: the case

for multimodal imaging strategies. Neural Plast

2016;2016:2643491. https://doi.org/10.1155/2016/2643491

66. Reimold M, Slifstein M, Heinz A, et al. Effect of spatial

smoothing on t-maps: arguments for going back from t-

maps to masked contrast images. J Cereb Blood Flow

Metab 2006;26:751–759. https://doi.org/10.1038/sj.jcbfm.

9600231.

67. Huber L, Uludag K, Moller HE. Non-BOLD contrast for

laminar fMRI in humans: CBF, CBV, and CMR02.

NeuroImage 2017;. https://doi.org/10.1016/j.neuroimage.

2017.07.041.

68. Liu Z, Berrocal VJ, Bartsch AJ, Johnson TD. Pre-surgical

fMRI data analysis using a spatially adaptive conditionally

autoregressive model. Bayesian Anal 2016;11:599–625.

https://doi.org/10.1214/15-BA972.

69. Strappini F, Gilboa E, Pitzalis S, et al. Adaptive

smoothing based on Gaussian processes regression

increases the sensitivity and specificity of fMRI data.

Hum Brain Mapp 2017;38:1438–1459. https://doi.org/10.
1002/hbm.23464. DOI: 10.1002/hbm.23464.

70. Wink AM, Roerdink JBTM. Denoising functional MR

images: a comparison of wavelet denoising and

Gaussian smoothing. IEEE Trans Med Imaging

2004;23:374–387. https://doi.org/10.1109/TMI.2004.

824234.

71. Yue YR, Loh JM, Lindquist MA. Adaptive spatial

smoothing of fMRI images. Stat Interface 2010;3:3–13.

https://doi.org/10.4310/SII.2010.v3.n1.a1.

72. Seghier ML. Laterality index in functional MRI:

methodological issues. Magn Reson Imaging 2008;26:594–
601. https://doi.org/10.1016/j.mri.2007.10.010.

73. Wilke M, Lidzba K. LI-tool: a new toolbox to assess

lateralization in functional MR-data. J Neurosci Methods

2007;163:128–136. https://doi.org/10.1016/j.jneumeth.

2007.01.026.

74. Abbott DF, Waites AB, Lillywhite LM, Jackson GD. fMRI

assessment of language lateralization: an objective

approach. NeuroImage 2010;50:1446–1455. https://doi.

org/10.1016/j.neuroimage.2010.01.059.

75. Holland SK, Vannest J, Mecoli M, et al. Functional MRI

of language lateralization during development in children.

Int J Audiol 2007;46:533–551. https://doi.org/10.1080/
14992020701448994.

76. Leach JL, Holland SK. Functional MRI in children:

clinical and research applications. Pediatr Radiol

2010;40:31–49. https://doi.org/10.1007/s00247-009-1452-x.
77. Wilke M, Schmithorst VJ. A combined bootstrap/

histogram analysis approach for computing a

lateralization index from neuroimaging data. NeuroImage

2006;33:522–530. https://doi.org/10.1016/j.neuroimage.

2006.07.010.

78. Li�egeois F, Connelly A, Cross JH, et al. Language

reorganization in children with early-onset lesions of the

left hemisphere: an fMRI study. Brain J Neurol

2004;127:1229–1236. https://doi.org/10.1093/brain/

awh159.

79. Dietz A, Vannest J, Maloney T, et al. The calculation of

language lateralization indices in post-stroke aphasia: a

comparison of a standard and a lesion-adjusted formula.

Front Hum Neurosci 2016;10:493. https://doi.org/10.3389/

fnhum.2016.00493.

80. Farquharson S, Tournier J-D, Calamante F, et al. White

matter fiber tractography: why we need to move beyond

DTI. J Neurosurg 2013;118:1367–1377. https://doi.org/10.

3171/2013.2.JNS121294.

81. Jones DK, Knosche TR, Turner R. White matter integrity,

fiber count, and other fallacies: the do’s and don’ts of

diffusion MRI. NeuroImage 2013;73:239–254. https://doi.

org/10.1016/j.neuroimage.2012.06.081.

82. Picht T, Krieg SM, Sollmann N, et al. A comparison of

language mapping by preoperative navigated transcranial

magnetic stimulation and direct cortical stimulation

during awake surgery. Neurosurgery 2013;72:808–819.
https://doi.org/10.1227/NEU.0b013e3182889e01.

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 1449

M. Wilke et al. Clinical fMRI/dMRI in Children

https://doi.org/10.1007/s00062-015-0429-4
https://doi.org/10.1007/978-3-319-39546-3_37
https://doi.org/10.1007/978-3-319-39546-3_37
https://doi.org/10.1002/nbm.3266
https://doi.org/10.1002/nbm.3266
https://doi.org/10.3978/j.issn.2223-4292.2015.01.08
https://doi.org/10.1016/j.mri.2013.03.009
https://doi.org/10.1016/j.mri.2013.03.009
https://doi.org/10.1007/s12021-013-9196-z
https://doi.org/10.1007/s12021-013-9196-z
https://doi.org/10.1155/2016/2643491
https://doi.org/10.1038/sj.jcbfm.9600231
https://doi.org/10.1038/sj.jcbfm.9600231
https://doi.org/10.1016/j.neuroimage.2017.07.041
https://doi.org/10.1016/j.neuroimage.2017.07.041
https://doi.org/10.1214/15-BA972
https://doi.org/10.1002/hbm.23464. DOI: 10.1002/hbm.23464
https://doi.org/10.1002/hbm.23464. DOI: 10.1002/hbm.23464
https://doi.org/10.1109/TMI.2004.824234
https://doi.org/10.1109/TMI.2004.824234
https://doi.org/10.4310/SII.2010.v3.n1.a1
https://doi.org/10.1016/j.mri.2007.10.010
https://doi.org/10.1016/j.jneumeth.2007.01.026
https://doi.org/10.1016/j.jneumeth.2007.01.026
https://doi.org/10.1016/j.neuroimage.2010.01.059
https://doi.org/10.1016/j.neuroimage.2010.01.059
https://doi.org/10.1080/14992020701448994
https://doi.org/10.1080/14992020701448994
https://doi.org/10.1007/s00247-009-1452-x
https://doi.org/10.1016/j.neuroimage.2006.07.010
https://doi.org/10.1016/j.neuroimage.2006.07.010
https://doi.org/10.1093/brain/awh159
https://doi.org/10.1093/brain/awh159
https://doi.org/10.3389/fnhum.2016.00493
https://doi.org/10.3389/fnhum.2016.00493
https://doi.org/10.3171/2013.2.JNS121294
https://doi.org/10.3171/2013.2.JNS121294
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.1016/j.neuroimage.2012.06.081
https://doi.org/10.1227/NEU.0b013e3182889e01


83. Raghavan M, Li Z, Carlson C, et al. MEG language

lateralization in partial epilepsy using dSPM of auditory

event-related fields. Epilepsy Behav 2017;73:247–255.
https://doi.org/10.1016/j.yebeh.2017.06.002.

84. Staudt M, Krageloh-Mann I, Holthausen H, et al.

Searching for motor functions in dysgenic cortex: a clinical

transcranial magnetic stimulation and functional magnetic

resonance imaging study. J Neurosurg 2004;101:69–77.
https://doi.org/10.3171/ped.2004.101.2.0069.

85. Wagner K, Hader C, Metternich B, et al. Who needs a

Wada test? Present clinical indications for amobarbital

procedures. J Neurol Neurosurg Psychiatry

2012;83:503–509. https://doi.org/10.1136/jnnp-2011-

300417.

86. Wellmer J, Weber B, Weis S, et al. Strongly lateralized

activation in language fMRI of atypical dominant

patients-implications for presurgical work-up. Epilepsy

Res 2008;80:67–76. https://doi.org/10.1016/j.eplepsyres.
2008.03.005.

87. Zsoter A, Pieper T, Kudernatsch M, Staudt M.

Predicting hand function after hemispherotomy: TMS

versus fMRI in hemispheric polymicrogyria. Epilepsia

2012;53:e98–e101. https://doi.org/10.1111/j.1528-1167.

2012.03452.x.

88. Gras-Combe G, Moritz-Gasser S, Herbet G, Duffau H.

Intraoperative subcortical electrical mapping of optic

radiations in awake surgery for glioma involving visual

pathways. J Neurosurg 2012;117:466–473. https://doi.org/
10.3171/2012.6.JNS111981.

89. Luo Y, Regli L, Bozinov O, Sarnthein J. Clinical utility

and limitations of intraoperative monitoring of visual

evoked potentials. PLoS ONE 2015;10:e0120525. https://d

oi.org/10.1371/journal.pone.0120525.

90. Delion M, Terminassian A, Lehousse T, et al. Specificities

of awake craniotomy and brain mapping in children for

resection of supratentorial tumors in the language area.

World Neurosurg 2015;84:1645–1652. https://doi.org/10.

1016/j.wneu.2015.06.07.

91. Riquin E, Dinomais M, Malka J, et al. Psychiatric and

psychologic impact of surgery while awake in children for

resection of brain tumors. World Neurosurg

2017;102:400–405. https://doi.org/10.1016/j.wneu.2017.03.

017.

92. APA. Official position of the division of clinical

neuropsychology (APA division 40) on the role of

neuropsychologists in clinical use of fMRI. The Clinical

Neuropsychologist 2004;18:349–351.
93. Mbwana J, Berl MM, Ritzl EK, et al. Limitations to

plasticity of language network reorganization in

localization related epilepsy. Brain J Neurol 2009;132:347–

356. https://doi.org/10.1093/brain/awn329.

94. Liu TT, Frank LR, Wong EC, Buxton RB. Detection

power, estimation efficiency, and predictability in event-

related fMRI. NeuroImage 2001;13:759–773.

95. Lee MH, Miller-Thomas MM, Benzinger TL, et al.

Clinical resting-state fMRI in the preoperative setting: are

we ready for prime time? Top Magn Reson Imaging

2016;25:11–18. https://doi.org/10.1111/j.1469-8749.2012.

04342.x.

96. Xiao Y, Friederici AD, Margulies DS, Brauer J.

Longitudinal changes in resting-state fMRI from age 5 to

age 6years covary with language development.

NeuroImage 2016;128:116–124. https://doi.org/10.1016/j.

neuroimage.2015.12.008.

97. DeSalvo MN, Tanaka N, Douw L, et al. Resting-state

functional MR imaging for determining language

laterality in intractable epilepsy. Radiology

2016;281:264–269. https://doi.org/10.1148/radiol.
2016141010.

98. Huang H, Ding Z, Mao D, et al. PreSurgMapp: a

MATLAB toolbox for presurgical mapping of eloquent

functional areas based on task-related and resting-state

functional MRI. Neuroinformatics 2016;14:421–438.

https://doi.org/10.1007/s12021-016-9304-y.

99. Vanderwal T, Kelly C, Eilbott J, et al. Inscapes: a movie

paradigm to improve compliance in functional magnetic

resonance imaging. NeuroImage 2015;122:222–232.

https://doi.org/10.1016/j.neuroimage.2015.07.069.

100. Wang J, Ren Y, Hu X, et al. Test-retest reliability of

functional connectivity networks during naturalistic fMRI

paradigms. Hum Brain Mapp 2017;38:2226–2241.

https://doi.org/10.1002/hbm.23517.

101. Doucet GE, He X, Sperling MR, et al. From “rest” to

language task: task activation selects and prunes from

broader resting-state network. Hum Brain Mapp

2017;38:2540–2552. https://doi.org/10.1002/hbm.23539.

102. Tie Y, Rigolo L, Norton IH, et al. Defining language

networks from resting-state fMRI for surgical planning–a
feasibility study. Hum Brain Mapp 2014;35:1018–1030.

https://doi.org/10.1002/hbm.22231.

103. Fassbender C, Mukherjee P, Schweitzer JB. Minimizing

noise in pediatric task-based functional MRI; Adolescents

with developmental disabilities and typical development.

NeuroImage 2017;149:338–347. https://doi.org/10.1016/j.

neuroimage.2017.01.021.

104. Ebner K, Lidzba K, Hauser T-K, Wilke M. Assessing

language and visuospatial functions with one task: a

“dual use” approach to performing fMRI in children.

NeuroImage 2011;58:923–929. https://doi.org/10.1016/j.ne
uroimage.2011.06.048.

105. Fiori S, Zendler C, Hauser TK, et al. Assessing the motor,

visual, and language domain using one fMRI-task: three

birds with one stone. Brain Imag Behav 2018;(in press).

https://doi.org/10.1007/s11682-018-9848-6.

106. Davidson MC, Thomas KM, Casey BJ. Imaging the

developing brain with fMRI. Ment Retard Dev Disabil

Res Rev 2003;9:161–167. https://doi.org/10.1002/mrdd.

10076.

1450 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Clinical fMRI/dMRI in Children M. Wilke et al.

https://doi.org/10.1016/j.yebeh.2017.06.002
https://doi.org/10.3171/ped.2004.101.2.0069
https://doi.org/10.1136/jnnp-2011-300417
https://doi.org/10.1136/jnnp-2011-300417
https://doi.org/10.1016/j.eplepsyres.2008.03.005
https://doi.org/10.1016/j.eplepsyres.2008.03.005
https://doi.org/10.1111/j.1528-1167.2012.03452.x
https://doi.org/10.1111/j.1528-1167.2012.03452.x
https://doi.org/10.3171/2012.6.JNS111981
https://doi.org/10.3171/2012.6.JNS111981
https://doi.org/10.1371/journal.pone.0120525
https://doi.org/10.1371/journal.pone.0120525
https://doi.org/10.1016/j.wneu.2015.06.07
https://doi.org/10.1016/j.wneu.2015.06.07
https://doi.org/10.1016/j.wneu.2017.03.017
https://doi.org/10.1016/j.wneu.2017.03.017
https://doi.org/10.1093/brain/awn329
https://doi.org/10.1111/j.1469-8749.2012.04342.x
https://doi.org/10.1111/j.1469-8749.2012.04342.x
https://doi.org/10.1016/j.neuroimage.2015.12.008
https://doi.org/10.1016/j.neuroimage.2015.12.008
https://doi.org/10.1148/radiol.2016141010
https://doi.org/10.1148/radiol.2016141010
https://doi.org/10.1007/s12021-016-9304-y
https://doi.org/10.1016/j.neuroimage.2015.07.069
https://doi.org/10.1002/hbm.23517
https://doi.org/10.1002/hbm.23539
https://doi.org/10.1002/hbm.22231
https://doi.org/10.1016/j.neuroimage.2017.01.021
https://doi.org/10.1016/j.neuroimage.2017.01.021
https://doi.org/10.1016/j.neuroimage.2011.06.048
https://doi.org/10.1016/j.neuroimage.2011.06.048
https://doi.org/10.1007/s11682-018-9848-6
https://doi.org/10.1002/mrdd.10076
https://doi.org/10.1002/mrdd.10076


107. Raschle NM, Lee M, Buechler R, et al. Making MR

imaging child’s play - pediatric neuroimaging protocol,

guidelines and procedure. J Vis Exp 2009;29:e1309.

https://doi.org/10.3791/1309.

108. Theys C, Wouters J, Ghesquiere P. Diffusion tensor

imaging and resting-state functional MRI-scanning in 5-

and 6-year-old children: training protocol and motion

assessment. PLoS ONE 2014;9:e94019. https://doi.org/10.

1371/journal.pone.0094019.

109. Yuan W, Altaye M, Ret J, et al. Quantification of head

motion in children during various fMRI language tasks.

Hum Brain Mapp 2009;30:1481–1489. https://doi.org/10.
1002/hbm.20616.

110. Hutton JS, Horowitz-Kraus T, Mendelsohn AL, et al.

Home reading environment and brain activation in

preschool children listening to stories. Pediatrics

2015;136:466–478. https://doi.org/10.1542/peds.2015-0359.

111. Berl MM, Duke ES, Mayo J, et al. Functional anatomy of

listening and reading comprehension during

development. Brain Lang 2010;114:115–125. https://doi.
org/10.1016/j.bandl.2010.06.002.

112. Altman NR, Bernal B. Brain activation in sedated

children: auditory and visual functional MR imaging.

Radiology 2001;221:56–63. https://doi.org/10.1148/radiol.
2211010074.

113. Altman NR, Bernal B. Pediatric applications of functional

magnetic resonance imaging. Pediatr Radiol 2015;45(Suppl

3):S382–S396. https://doi.org/10.1007/s00247-015-3365-1.
114. Perlman SB. Neuroimaging in child clinical populations:

considerations for a successful research program. J Am

Acad Child Adolesc Psychiatry 2012;51:1232–1235.

https://doi.org/10.1016/j.jaac.2012.09.008.

115. Raschle N, Zuk J, Ortiz-Mantilla S, et al. Pediatric

neuroimaging in early childhood and infancy: challenges

and practical guidelines. Ann N Y Acad Sci

2012;1252:43–50. https://doi.org/10.1111/j.1749-6632.
2012.06457.x.

116. Arora J, Pugh K, Westerveld M, et al. Language

lateralization in epilepsy patients: fMRI validated with the

Wada procedure. Epilepsia 2009;50:2225–2241. https://d

oi.org/10.1111/j.1528-1167.2009.02136.x.

117. de Guibert C, Maumet C, Ferre J-C, et al. FMRI language

mapping in children: a panel of language tasks using

visual and auditory stimulation without reading or

metalinguistic requirements. NeuroImage 2010;51:897–
909. https://doi.org/10.1016/j.neuroimage.2010.02.054.

118. Gaillard WD, Balsamo L, Xu B, et al. fMRI language task

panel improves determination of language dominance.

Neurology 2004;63:1403–1408.
119. Friston KJ, Penny WD, Glaser DE. Conjunction revisited.

NeuroImage 2005;25:661–667. https://doi.org/10.1016/j.ne
uroimage.2005.01.013.

120. Norrelgen F, Lilja A, Ingvar M, et al. Language

lateralization in children aged 10 to 11 years: a combined

fMRI and dichotic listening study. PLoS ONE 2012;7:

e51872. https://doi.org/10.1371/journal.pone.0051872.

121. Lopes TM, Yasuda CL, de Campos BM, et al. Effects of

task complexity on activation of language areas in a

semantic decision fMRI protocol. Neuropsychologia

2016;81:140–148. https://doi.org/10.1016/j.neuropsyc
hologia.2015.12.020.

122. Mate A, Lidzba K, Hauser T-K, et al. A “one size fits all”

approach to language fMRI: increasing specificity and

applicability by adding a self-paced component. Exp

Brain Res 2016;234:673–684. https://doi.org/10.1007/

s00221-015-4473-8.

123. Berl MM, Mayo J, Parks EN, et al. Regional differences in

the developmental trajectory of lateralization of the

language network. Hum Brain Mapp 2014;35:270–284.

https://doi.org/10.1002/hbm.22179.

124. de Ribaupierre S, Wang A, Hayman-Abello S. Language

mapping in temporal lobe epilepsy in children: special

considerations. Epilepsy Res Treat 2012;2012:837036.

https://doi.org/10.1155/2012/837036

125. Wang Y, Holland SK, Vannest J. Concordance of MEG

and fMRI patterns in adolescents during verb generation.

Brain Res 2012;1447:79–90. https://doi.org/10.1016/j.bra

inres.2012.02.001.

126. Sun B, Berl MM, Burns TG, et al. Age association of

language task induced deactivation induced in a pediatric

population. NeuroImage 2013;65:23–33. https://doi.org/

10.1016/j.neuroimage.2012.09.071.

127. Szaflarski JP, Altaye M, Rajagopal A, et al. A 10-year

longitudinal fMRI study of narrative comprehension

in children and adolescents. NeuroImage

2013;63:1188–1195. https://doi.org/10.1016/j.neuroimage.

2012.08.049.

128. Wilke W, Holland S. Structural MR imaging studies of

the brain in children: issues and opportunities.

Neuroembryol Aging 2008;5:6–13.
129. Nordahl CW, Simon TJ, Zierhut C, et al. Brief report:

methods for acquiring structural MRI data in very young

children with autism without the use of sedation. J

Autism Dev Disord 2008;38:1581–1590. https://doi.org/

10.1007/s10803-007-0514-x.

130. Thomason ME. Children in non-clinical functional

magnetic resonance imaging (FMRI) studies give the

scan experience a “thumbs up”. Am J Bioeth 2009;9:25–

27.

131. Austin. A trip to the Imaging Research Center. 2017.

Available at https://www.youtube.com/watch?v=O6hQe

qp5-EI (last accessed July 13, 2017)

132. Cincinnati. Instruction videos for older or younger kids.

2017. Available at https://research.cchmc.org/c-mind/

visitors/preparing (last accessed July 13, 2017)

133. Stanford. Getting ready for your MRI. 2017. Available at

http://cibsr.stanford.edu/GettingReady/HomePreparation.

html (last accessed July 13, 2017)

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 1451

M. Wilke et al. Clinical fMRI/dMRI in Children

https://doi.org/10.3791/1309
https://doi.org/10.1371/journal.pone.0094019
https://doi.org/10.1371/journal.pone.0094019
https://doi.org/10.1002/hbm.20616
https://doi.org/10.1002/hbm.20616
https://doi.org/10.1542/peds.2015-0359
https://doi.org/10.1016/j.bandl.2010.06.002
https://doi.org/10.1016/j.bandl.2010.06.002
https://doi.org/10.1148/radiol.2211010074
https://doi.org/10.1148/radiol.2211010074
https://doi.org/10.1007/s00247-015-3365-1
https://doi.org/10.1016/j.jaac.2012.09.008
https://doi.org/10.1111/j.1749-6632.2012.06457.x
https://doi.org/10.1111/j.1749-6632.2012.06457.x
https://doi.org/10.1111/j.1528-1167.2009.02136.x
https://doi.org/10.1111/j.1528-1167.2009.02136.x
https://doi.org/10.1016/j.neuroimage.2010.02.054
https://doi.org/10.1016/j.neuroimage.2005.01.013
https://doi.org/10.1016/j.neuroimage.2005.01.013
https://doi.org/10.1371/journal.pone.0051872
https://doi.org/10.1016/j.neuropsychologia.2015.12.020
https://doi.org/10.1016/j.neuropsychologia.2015.12.020
https://doi.org/10.1007/s00221-015-4473-8
https://doi.org/10.1007/s00221-015-4473-8
https://doi.org/10.1002/hbm.22179
https://doi.org/10.1155/2012/837036
https://doi.org/10.1016/j.brainres.2012.02.001
https://doi.org/10.1016/j.brainres.2012.02.001
https://doi.org/10.1016/j.neuroimage.2012.09.071
https://doi.org/10.1016/j.neuroimage.2012.09.071
https://doi.org/10.1016/j.neuroimage.2012.08.049
https://doi.org/10.1016/j.neuroimage.2012.08.049
https://doi.org/10.1007/s10803-007-0514-x
https://doi.org/10.1007/s10803-007-0514-x
https://www.youtube.com/watch?v=O6hQeqp5-EI
https://www.youtube.com/watch?v=O6hQeqp5-EI
https://research.cchmc.org/c-mind/visitors/preparing
https://research.cchmc.org/c-mind/visitors/preparing
http://cibsr.stanford.edu/GettingReady/HomePreparation.html
http://cibsr.stanford.edu/GettingReady/HomePreparation.html


134. T€ubingen. Was ist eigentlich eine MRT-Untersuchung?

2017. Available at https://www.youtube.com/watch?

v=zode_raXKyM (last accessed July 13, 2017)

135. KCH. Kings College Hospital, My MRI at King’s App.

2017. Available at https://play.google.com/store/apps/deta

ils?id=uk.nhs.kch.mymri (last accessed August 7, 2017)

136. UHNM. University Hospitals for North Midlands

Radiology Introduction Website 2017. Available at http://

www.radiologyforkids.com/ (last accessed August 7, 2017)

137. Taragin B. Reducing kids’ MRI anxiety, brick by brick.

2017. Available at http://blog.myesr.org/reducing-kids-

mri-anxiety-brick-by-brick/ (last accessed July 13, 2017)

138. Pressdee D, May L, Eastman E, Grier D. The use of play

therapy in the preparation of children undergoing MR

imaging. Clin Radiol 1997;52:945–947.

139. Epstein JN, Casey BJ, Tonev ST, et al. Assessment and

prevention of head motion during imaging of patients

with attention deficit hyperactivity disorder. Psychiatry

Res 2007;155:75–82.

140. Hallowell LM, Stewart SE, de Amorim E, et al. Reviewing

the process of preparing children for MRI. Pediatr Radiol

2008;38:271–279.https://doi.org/10.1007/s00247-007-0704-x
141. O’Shaughnessy ES, Berl MM, Moore EN, Gaillard WD.

Pediatric functional magnetic resonance imaging (fMRI):

issues and applications. J Child Neurol 2008;23:791–801.

https://doi.org/10.1177/0883073807313047.

142. Slifer KJ, Cataldo MF, Cataldo MD, et al. Behavior

analysis of motion control for pediatric neuroimaging. J

Appl Behav Anal 1993;26:469–470. https://doi.org/10.

1901/jaba.1993.26-469.

143. Carter AJ, Greer M-LC, Gray SE, Ware RS. Mock MRI:

reducing the need for anaesthesia in children. Pediatr

Radiol 2010;40:1368–1374. https://doi.org/10.1007/

s00247-010-1554-5.

144. de Bie HMA, Boersma M, Wattjes MP, et al. Preparing

children with a mock scanner training protocol results in

high quality structural and functional MRI scans. Eur J

Pediatr 2010;169:1079–1085. https://doi.org/10.1007/
s00431-010-1181z.

145. Satterthwaite TD, Wolf DH, Loughead J, et al. Impact of

in-scanner head motion on multiple measures of

functional connectivity: relevance for studies of

neurodevelopment in youth. NeuroImage 2012;60:623–
632. https://doi.org/10.1016/j.neuroimage.2011.12.063.

146. Friston KJ, Williams S, Howard R, et al. Movement-

related effects in fMRI time-series. Magn Reson Med

1996;35:346–355.
147. Wilke M. An alternative approach towards assessing and

accounting for individual motion in fMRI timeseries.

NeuroImage 2012;59:2062–2072. https://doi.org/10.1016/j.

neuroimage.2011.10.043.

148. Horowitz-Kraus T, Grainger M, DiFrancesco M, et al.

Right is not always wrong: DTI and fMRI evidence for

the reliance of reading comprehension on language-

comprehension networks in the right hemisphere. Brain

Imaging Behav 2015;9:19–31. https://doi.org/10.1007/

s11682-014-9341-9.

149. Greene DJ, Black KJ, Schlaggar BL. Considerations for

MRI study design and implementation in pediatric and

clinical populations. Dev Cogn Neurosci 2016;18:101–
112. https://doi.org/10.1016/j.dcn.2015.12.005.

150. Current Studios. Don’t stumble tumble – MRI

preparation application. 2017. Available at http://www.c

urrentstudios.ca/mri/ (last accessed July 13, 2017)

151. Dahmoush HM, Vossough A, Roberts TPL. Pediatric

high-field magnetic resonance imaging. Neuroimaging

Clin N Am 2012;22:297–313, xi. https://doi.org/10.1016/j.

nic.2012.02.009

152. Gizewski ER, Monninghoff C, Forsting M. Perspectives of

ultra-high-field MRI in neuroradiology. Clin Neuroradiol

2015;25(Suppl 2):267–273. https://doi.org/10.1007/s00062-

015-0437-4.

153. Dubois J, Poupon C, Thirion B, et al. Exploring the early

organization and maturation of linguistic pathways in the

human infant brain. Cereb Cortex 2016;1991:2283–2298.

https://doi.org/10.1093/cercor/bhv082.

154. Mukherjee P, Chung SW, Berman JI, et al. Diffusion

tensor MR imaging and fiber tractography: technical

considerations. AJNR Am J Neuroradiol 2008;29:843–852.

https://doi.org/10.3174/ajnr.A1052.

155. Pannek K, Guzzetta A, Colditz PB, Rose SE. Diffusion

MRI of the neonate brain: acquisition, processing and

analysis techniques. Pediatr Radiol 2012;42:1169–1182.

https://doi.org/10.1007/s00247-012-2427-x.

156. Cook PA, Symms M, Boulby PA, Alexander DC. Optimal

acquisition orders of diffusion-weighted MRI

measurements. J Magn Reson Imaging 2007;25:1051–

1058. https://doi.org/10.1002/jmri.20905.

157. Dubois J, Poupon C, Lethimonnier F, Le Bihan D.

Optimized diffusion gradient orientation schemes for

corrupted clinical DTI datasets. Magma 2006;19:134–143.

https://doi.org/10.1007/s10334-006-0036-0.

158. Toselli B, Tortora D, Severino M, et al. Improvement of

white matter tract reconstruction with constrained

spherical deconvolution and track-density mapping in

low angular resolution data: a pediatric study and

literature review. Front Pediatr 2017;5:182. https://doi.

org/10.3389/fped.2017.00182.

159. Ditchfield M. 3T MRI in paediatrics: challenges and

clinical applications. Eur J Radiol 2005;2008:309–319.

https://doi.org/10.1016/j.ejrad.2008.05.019-2009. Neuro-

Oncol. 14 Suppl 5, v1-49. https://doi.org/10.1093/neuonc/

nos218.

160. Tocchio S, Kline-Fath B, Kanal E, et al. MRI evaluation and

safety in the developing brain. Semin Perinatol 2015;39:73–
104. https://doi.org/10.1053/j.semperi.2015.01.002.

161. Kotsoni E, Byrd D, Casey BJ. Special considerations for

functional magnetic resonance imaging of pediatric

1452 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Clinical fMRI/dMRI in Children M. Wilke et al.

https://www.youtube.com/watch?v=zode_raXKyM
https://www.youtube.com/watch?v=zode_raXKyM
https://play.google.com/store/apps/details?id=uk.nhs.kch.mymri
https://play.google.com/store/apps/details?id=uk.nhs.kch.mymri
http://www.radiologyforkids.com/
http://www.radiologyforkids.com/
http://blog.myesr.org/reducing-kids-mri-anxiety-brick-by-brick/
http://blog.myesr.org/reducing-kids-mri-anxiety-brick-by-brick/
https://doi.org/10.1007/s00247-007-0704-x
https://doi.org/10.1177/0883073807313047
https://doi.org/10.1901/jaba.1993.26-469
https://doi.org/10.1901/jaba.1993.26-469
https://doi.org/10.1007/s00247-010-1554-5
https://doi.org/10.1007/s00247-010-1554-5
https://doi.org/10.1007/s00431-010-1181z
https://doi.org/10.1007/s00431-010-1181z
https://doi.org/10.1016/j.neuroimage.2011.12.063
https://doi.org/10.1016/j.neuroimage.2011.10.043
https://doi.org/10.1016/j.neuroimage.2011.10.043
https://doi.org/10.1007/s11682-014-9341-9
https://doi.org/10.1007/s11682-014-9341-9
https://doi.org/10.1016/j.dcn.2015.12.005
http://www.currentstudios.ca/mri/
http://www.currentstudios.ca/mri/
https://doi.org/10.1016/j.nic.2012.02.009
https://doi.org/10.1016/j.nic.2012.02.009
https://doi.org/10.1007/s00062-015-0437-4
https://doi.org/10.1007/s00062-015-0437-4
https://doi.org/10.1093/cercor/bhv082
https://doi.org/10.3174/ajnr.A1052
https://doi.org/10.1007/s00247-012-2427-x
https://doi.org/10.1002/jmri.20905
https://doi.org/10.1007/s10334-006-0036-0
https://doi.org/10.3389/fped.2017.00182
https://doi.org/10.3389/fped.2017.00182
https://doi.org/10.1016/j.ejrad.2008.05.019-2009. Neuro-Oncol. 14 Suppl 5, v1-49. doi: 10.1093/neuonc/nos218
https://doi.org/10.1093/neuonc/nos218
https://doi.org/10.1093/neuonc/nos218
https://doi.org/10.1053/j.semperi.2015.01.002


populations. J Magn Reson Imaging 2006;23:877–886.
https://doi.org/10.1002/jmri.20578.

162. Schlund MW, Cataldo MF, Siegle GJ, et al. Pediatric

functional magnetic resonance neuroimaging: tactics for

encouraging task compliance. Behav Brain Funct

2011;7:10. https://doi.org/10.1186/1744-9081-7-10.

163. Slifer KJ, Koontz KL, Cataldo MF. Operant-contingency-

based preparation of children for functional magnetic

resonance imaging. J Appl Behav Anal 2002;35:191–194.

https://doi.org/10.1901/jaba.2002.35-191

164. Andersson JLR, Graham MS, Drobnjak I, et al. Towards

a comprehensive framework for movement and distortion

correction of diffusion MR images: Within volume

movement. NeuroImage 2017;152:450–466. https://doi.
org/10.1016/j.neuroimage.2017.02.085.

165. Andersson JLR, Graham MS, Zsoldos E, Sotiropoulos SN.

Incorporating outlier detection and replacement into a

non-parametric framework for movement and distortion

correction of diffusion MR images. NeuroImage

2016;141:556–572. https://doi.org/10.1016/j.neuroimage.

2016.06.058.

166. Mazaika P, Hoeft F, Glover GH, Reiss AL. Methods and

software for fMRI analysis for clinical subjects. San

Francisco, CA, USA: Organization for Human Brain

Mapping, 2009.

167. Oguz I, Farzinfar M, Matsui J, et al. DTIPrep: quality

control of diffusion-weighted images. Front.

Neuroinformatics 2014;8:4. https://doi.org/10.3389/fninf.

2014.00004.

168. Power JD, Mitra A, Laumann TO, et al. Methods to

detect, characterize, and remove motion artifact in resting

state fMRI. NeuroImage 2014;84:320–341. https://doi.org/
10.1016/j.neuroimage.2013.08.048.

169. Jenkinson M, Bannister P, Brady M, Smith S. Improved

optimization for the robust and accurate linear

registration and motion correction of brain images.

NeuroImage 2002;17:825–841.

170. Wilke M. Isolated assessment of translation or rotation

severely underestimates the effects of subject motion in

fMRI data. PLoS ONE 2014;9:e106498. https://doi.org/10.

1371/journal.pone.0106498.

171. Lemieux L, Salek-Haddadi A, Lund TE, et al. Modelling

large motion events in fMRI studies of patients with

epilepsy. Magn Reson Imaging 2007;25:894–901. https://d

oi.org/10.1016/j.mri.2007.03.009.

172. Morris D, Nossin-Manor R, Taylor MJ, Sled JG. Preterm

neonatal diffusion processing using detection and

replacement of outliers prior to resampling. Magn Reson

Med 2011;66:92–101. https://doi.org/10.1002/mrm.22786.

173. Siegel JS, Power JD, Dubis JW, et al. Statistical

improvements in functional magnetic resonance imaging

analyses produced by censoring high-motion data points.

Hum Brain Mapp 2014;35:1981–1996. https://doi.org/10.
1002/hbm.22307.

174. Glover GH, Li TQ, Ress D. Image-based method for

retrospective correction of physiological motion effects in

fMRI: RETROICOR. Magn Reson Med 2000;44:162–167.
175. Patel AX, Kundu P, Rubinov M, et al. A wavelet method

for modeling and despiking motion artifacts from

resting-state fMRI time series. NeuroImage 2014;95:287–
304. https://doi.org/10.1016/j.neuroimage.2014.03.012.

176. Kay KN, Rokem A, Winawer J, et al. GLM denoise: a

fast, automated technique for denoising task-based fMRI

data. Front Neurosci 2013;7:247. https://doi.org/10.3389/

fnins.2013.00247

177. Pruim RHR, Mennes M, van Rooij D, et al. ICA-AROMA:

a robust ICA-based strategy for removing motion artifacts

from fMRI data. NeuroImage 2015;112:267–277. https://d
oi.org/10.1016/j.neuroimage.2015.02.064.

178. Kundu P, Brenowitz ND, Voon V, et al. Integrated strategy

for improving functional connectivity mapping using

multiecho fMRI. Proc Natl Acad Sci USA 2013;110:16187–
16192. https://doi.org/10.1073/pnas.1301725110.

179. Salimi-Khorshidi G, Douaud G, Beckmann CF, et al.

Automatic denoising of functional MRI data: combining

independent component analysis and hierarchical fusion

of classifiers. NeuroImage 2014;90:449–468. https://doi.

org/10.1016/j.neuroimage.2013.11.046.

180. Andersson JL, Hutton C, Ashburner J, et al. Modeling

geometric deformations in EPI time series. NeuroImage

2001;13:903–919. https://doi.org/10.1006/nimg.2001.0746.

181. Schmithorst VJ, Dardzinski BJ, Holland SK. Simultaneous

correction of ghost and geometric distortion artifacts in

EPI using a multiecho reference scan. IEEE Trans Med

Imaging 2001;20:535–539. https://doi.org/10.1109/42.

929619.

182. Taylor PA, Alhamud A, van der Kouwe A, et al.

Assessing the performance of different DTI motion

correction strategies in the presence of EPI distortion

correction. Hum Brain Mapp 2016;. https://doi.org/10.

1002/hbm.23318.

183. Andersson JL, Skare S, Ashburner J. How to correct

susceptibility distortions in spin-echo echo-planar images:

application to diffusion tensor imaging. NeuroImage

2003;20:870–888. https://doi.org/10.1016/S1053-8119(03)
00336-7.

184. Huttenlocher PR. Synaptic density in human frontal

cortex - developmental changes and effects of aging.

Brain Res 1979;163:195–205.
185. Anderson AW, Marois R, Colson ER, et al. Neonatal

auditory activation detected by functional magnetic

resonance imaging. Magn Reson Imaging 2001;19:1–5.

186. Erberich SG, Friedlich P, Seri I, et al. Functional MRI in

neonates using neonatal head coil and MR compatible

incubator. NeuroImage 2003;20:683–692. https://doi.org/
10.1016/S1053-8119(03)00370-7.

187. Lee W, Donner EJ, Nossin-Manor R, et al. Visual

functional magnetic resonance imaging of preterm

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 1453

M. Wilke et al. Clinical fMRI/dMRI in Children

https://doi.org/10.1002/jmri.20578
https://doi.org/10.1186/1744-9081-7-10
https://doi.org/10.1901/jaba.2002.35-191
https://doi.org/10.1016/j.neuroimage.2017.02.085
https://doi.org/10.1016/j.neuroimage.2017.02.085
https://doi.org/10.1016/j.neuroimage.2016.06.058
https://doi.org/10.1016/j.neuroimage.2016.06.058
https://doi.org/10.3389/fninf.2014.00004
https://doi.org/10.3389/fninf.2014.00004
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1016/j.neuroimage.2013.08.048
https://doi.org/10.1371/journal.pone.0106498
https://doi.org/10.1371/journal.pone.0106498
https://doi.org/10.1016/j.mri.2007.03.009
https://doi.org/10.1016/j.mri.2007.03.009
https://doi.org/10.1002/mrm.22786
https://doi.org/10.1002/hbm.22307
https://doi.org/10.1002/hbm.22307
https://doi.org/10.1016/j.neuroimage.2014.03.012
https://doi.org/10.3389/fnins.2013.00247
https://doi.org/10.3389/fnins.2013.00247
https://doi.org/10.1016/j.neuroimage.2015.02.064
https://doi.org/10.1016/j.neuroimage.2015.02.064
https://doi.org/10.1073/pnas.1301725110
https://doi.org/10.1016/j.neuroimage.2013.11.046
https://doi.org/10.1016/j.neuroimage.2013.11.046
https://doi.org/10.1006/nimg.2001.0746
https://doi.org/10.1109/42.929619
https://doi.org/10.1109/42.929619
https://doi.org/10.1002/hbm.23318
https://doi.org/10.1002/hbm.23318
https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/S1053-8119(03)00370-7
https://doi.org/10.1016/S1053-8119(03)00370-7


infants. Dev Med Child Neurol 2012;54:724–729.
https://doi.org/10.1111/j.1469-8749.2012.04342.x.

188. Arichi T, Moraux A, Melendez A, et al. Somatosensory

cortical activation identified by functional MRI in

preterm and term infants. NeuroImage 2010;49:2063–
2071. https://doi.org/10.1016/j.neuroimage.2009.10.038.

189. Cusack R, Wild C, Linke AC, et al. Optimizing

stimulation and analysis protocols for neonatal fMRI.

PLoS ONE 2015;10:e0120202. https://doi.org/10.1371/

journal.pone.0120202.

190. Woolrich MW, Behrens TEJ, Smith SM. Constrained

linear basis sets for HRF modelling using variational

Bayes. NeuroImage 2004;21:1748–1761. https://doi.org/10.

1016/j.neuroimage.2003.12.024.

191. Weiss-Croft LJ, Baldeweg T. Maturation of language

networks in children: a systematic review of 22 years of

functional MRI. NeuroImage 2015;123:269–281. https://d

oi.org/10.1016/j.neuroimage.2015.07.046.

192. Mills KL, Tamnes CK. Methods and considerations for

longitudinal structural brain imaging analysis across

development. Dev Cogn Neurosci 2014;9:172–190.

https://doi.org/10.1016/j.dcn.2014.04.004.

193. Ellis MJ, Rutka JT, Kulkarni AV, et al. Corticospinal tract

mapping in children with ruptured arteriovenous

malformations using functionally guided diffusion-tensor

imaging. J Neurosurg Pediatr 2012;9:505–510. https://doi.
org/10.3171/2012.1.PEDS11363https://doi.org/10.1016/j.

pscychresns.2006.12.009.

194. Kleiser R, Staempfli P, Valavanis A, et al. Impact of

fMRI-guided advanced DTI fiber tracking techniques on

their clinical applications in patients with brain tumors.

Neuroradiology 2010;52:37–46. https://doi.org/10.1007/
s00234-009-0539-2.

195. Calamante F, Tournier J-D, Jackson GD, Connelly A.

Track-density imaging (TDI): super-resolution white

matter imaging using whole-brain track-density mapping.

NeuroImage 2010;53:1233–1243. https://doi.org/10.1016/j.

neuroimage.2010.07.024.

196. Rollins NK. Clinical applications of diffusion tensor

imaging and tractography in children. Pediatr Radiol

2007;37:769–780. https://doi.org/10.1007/s00247-007-
0524-z.

197. Schmithorst VJ, Wilke M, Dardzinski BJ, Holland SK.

Correlation of white matter diffusivity and anisotropy

with age during childhood and adolescence: a cross-

sectional diffusion-tensor MR imaging study. Radiology

2002;222:212–218. https://doi.org/10.1148/radiol.
2221010626.

198. Yoshida S, Oishi K, Faria AV, Mori S. Diffusion tensor

imaging of normal brain development. Pediatr Radiol

2013;43:15–27. https://doi.org/10.1007/s00247-012-2496-x.
199. Rose J, Vassar R, Cahill-Rowley K, et al. Brain

microstructural development at near-term age in very-

low-birth-weight preterm infants: an atlas-based diffusion

imaging study. NeuroImage 2014;86:244–256. https://doi.
org/10.1016/j.neuroimage.2013.09.053.

200. Shany E, Inder TE, Goshen S, et al. Diffusion tensor

tractography of the cerebellar peduncles in prematurely

born. Cerebellum Lond Engl 2016;. https://doi.org/10.

1007/s12311-016-0796-7.

201. Soares JM, Marques P, Alves V, Sousa N. A hitchhiker’s

guide to diffusion tensor imaging. Front Neurosci

2013;7:31. https://doi.org/10.3389/fnins.2013.00031.

202. Gaillard WD, Grandin CB, Xu B. Developmental aspects

of pediatric fMRI: considerations for image acquisition,

analysis, and interpretation. NeuroImage 2001;13:239–
249. https://doi.org/10.1006/nimg.2000.0681.

203. Tyndall AJ, Reinhardt J, Tronnier V, et al. Presurgical

motor, somatosensory and language fMRI: technical

feasibility and limitations in 491 patients over 13 years.

Eur Radiol 2017;27:267–278. https://doi.org/10.1007/

s00330-016-43694x.

204. Vlieger E-J, Majoie CB, Leenstra S, Den Heeten GJ.

Functional magnetic resonance imaging for neurosurgical

planning in neurooncology. Eur Radiol 2004;14:1143–

1153. https://doi.org/10.1007/s00330-004-2328-y.

205. Auer T, Schweizer R, Frahm J. An iterative two-threshold

analysis for single-subject functional MRI of the human

brain. Eur Radiol 2011;21:2369–2387. https://doi.org/10.

1007/s00330-011-2184-5.

206. Zsoter A, Staudt M, Wilke M. Identification of successful

clinical fMRI sessions in children: an objective approach.

Neuropediatrics 2012a;43:249–257. https://doi.org/10.

1055/s-0032-1324731.

207. Ressel V, Wilke M, Lidzba K, et al. Increases in language

lateralization in normal children as observed using

magnetoencephalography. Brain Lang 2008;106:167–176.

https://doi.org/10.1016/j.bandl.2008.01.004.

208. Szaflarski JP, Holland SK, Schmithorst VJ, Byars AW.

fMRI study of language lateralization in children and

adults. Hum Brain Mapp 2006a;27:202–212. https://doi.

org/10.1002/hbm.20177.

209. Gaillard WD, Balsamo LM, Ibrahim Z, et al. fMRI

identifies regional specialization of neural networks for

reading in young children. Neurology 2003b;60:94–100.
210. Lidzba K, Schwilling E, Grodd W, et al. Language

comprehension vs. language production: age effects on

fMRI activation. Brain Lang 2011;119:6–15. https://doi.

org/10.1016/j.bandl.2011.02.003.

211. Gaillard WD, Hertz-Pannier L, Mott SH, et al. Functional

anatomy of cognitive development: fMRI of verbal

fluency in children and adults. Neurology 2000;54:180–

185.

212. Schlaggar BL, Brown TT, Lugar HM, et al. Functional

neuroanatomical differences between adults and school-

age children in the processing of single words. Science

2002;296:1476–1479. https://doi.org/10.1126/science.
1069464.

1454 ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

Clinical fMRI/dMRI in Children M. Wilke et al.

https://doi.org/10.1111/j.1469-8749.2012.04342.x
https://doi.org/10.1016/j.neuroimage.2009.10.038
https://doi.org/10.1371/journal.pone.0120202
https://doi.org/10.1371/journal.pone.0120202
https://doi.org/10.1016/j.neuroimage.2003.12.024
https://doi.org/10.1016/j.neuroimage.2003.12.024
https://doi.org/10.1016/j.neuroimage.2015.07.046
https://doi.org/10.1016/j.neuroimage.2015.07.046
https://doi.org/10.1016/j.dcn.2014.04.004
https://doi.org/10.3171/2012.1.PEDS11363 doi:10.1016/j.pscychresns.2006.12.009
https://doi.org/10.3171/2012.1.PEDS11363 doi:10.1016/j.pscychresns.2006.12.009
https://doi.org/10.1016/j.pscychresns.2006.12.009
https://doi.org/10.1016/j.pscychresns.2006.12.009
https://doi.org/10.1007/s00234-009-0539-2
https://doi.org/10.1007/s00234-009-0539-2
https://doi.org/10.1016/j.neuroimage.2010.07.024
https://doi.org/10.1016/j.neuroimage.2010.07.024
https://doi.org/10.1007/s00247-007-0524-z
https://doi.org/10.1007/s00247-007-0524-z
https://doi.org/10.1148/radiol.2221010626
https://doi.org/10.1148/radiol.2221010626
https://doi.org/10.1007/s00247-012-2496-x
https://doi.org/10.1016/j.neuroimage.2013.09.053
https://doi.org/10.1016/j.neuroimage.2013.09.053
https://doi.org/10.1007/s12311-016-0796-7
https://doi.org/10.1007/s12311-016-0796-7
https://doi.org/10.3389/fnins.2013.00031
https://doi.org/10.1006/nimg.2000.0681
https://doi.org/10.1007/s00330-016-43694x
https://doi.org/10.1007/s00330-016-43694x
https://doi.org/10.1007/s00330-004-2328-y
https://doi.org/10.1007/s00330-011-2184-5
https://doi.org/10.1007/s00330-011-2184-5
https://doi.org/10.1055/s-0032-1324731
https://doi.org/10.1055/s-0032-1324731
https://doi.org/10.1016/j.bandl.2008.01.004
https://doi.org/10.1002/hbm.20177
https://doi.org/10.1002/hbm.20177
https://doi.org/10.1016/j.bandl.2011.02.003
https://doi.org/10.1016/j.bandl.2011.02.003
https://doi.org/10.1126/science.1069464
https://doi.org/10.1126/science.1069464


213. Szaflarski JP, Schmithorst VJ, Altaye M, et al. A

longitudinal functional magnetic resonance imaging study

of language development in children 5 to 11 years old.

Ann Neurol 2006b;59:796–807. https://doi.org/10.1002/

ana.20817.

214. Eslinger PJ, Blair C, Wang J, et al. Developmental shifts

in fMRI activations during visuospatial relational

reasoning. Brain Cogn 2009;69:1–10. https://doi.org/10.
1016/j.bandc.2008.04.010.

215. Everts R, Lidzba K, Wilke M, et al. Strengthening of

laterality of verbal and visuospatial functions during

childhood and adolescence. Hum Brain Mapp

2009;30:473–483. https://doi.org/10.1002/hbm.2052.

216. Kr€ageloh-Mann I, Lidzba K, Pavlova MA, et al. Plasticity

during early brain development is determined by

ontogenetic potential. Neuropediatrics 2017;48:66–71.
https://doi.org/10.1055/s-0037-1599234.

217. Jacola LM, Schapiro MB, Schmithorst VJ, et al.

Functional magnetic resonance imaging reveals atypical

language organization in children following perinatal left

middle cerebral artery stroke. Neuropediatrics

2006;37:46–52. https://doi.org/10.1055/s-2006-923934.
218. Kr€ageloh-Mann I. Imaging of early brain injury and

cortical plasticity. Exp Neurol 2004;190(Suppl 1):84–90.
https://doi.org/10.1016/j.expneurol.2004.05.037.

219. Lidzba K, Wilke M, Staudt M, et al. Reorganization of

the cerebro-cerebellar network of language production in

patients with congenital left-hemispheric brain lesions.

Brain Lang 2008;106:204–210. https://doi.org/10.1016/j.ba

ndl.2007.11.003.

220. Staudt M, Lidzba K, Grodd W, et al. Right-hemispheric

organization of language following early left-sided brain

lesions: functional MRI topography. NeuroImage

2002;16:954–967.
221. De Tiege X, Connelly A, Li�egeois F, et al. Influence of

motor functional magnetic resonance imaging on the

surgical management of children and adolescents with

symptomatic focal epilepsy. Neurosurgery 2009;64:856–
864. https://doi.org/10.1227/01.NEU.0000343741.54200.58.

222. K€upper H, Kudernatsch M, Pieper T, et al. Predicting hand

function after hemidisconnection. Brain 2016;139:2456–
2468. https://doi.org/10.1093/brain/aww170.

223. Staudt M. Reorganization after pre- and perinatal brain

lesions. J Anat 2010;217:469–474. https://doi.org/10.1111/

j.1469-7580.2010.01262.x.

224. Wilke M, Staudt M, Juenger H, et al. Somatosensory

system in two types of motor reorganization in congenital

hemiparesis: topography and function. Hum Brain Mapp

2009;30:776–788. https://doi.org/10.1002/hbm.20545.

225. Cross JH, Jayakar P, Nordli D, et al. Proposed criteria for

referral and evaluation of children for epilepsy surgery:

recommendations of the Subcommission for Pediatric

Epilepsy Surgery. Epilepsia 2006;47:952–959. https://doi.
org/10.1111/j.1528-1167.2006.00569.x.

226. Elger CE, Helmstaedter C, Kurthen M. Chronic epilepsy

and cognition. Lancet Neurol 2004;3:663–672. https://doi.

org/10.1016/S1474-4422(04)00906-8.

227. Spencer S, Huh L. Outcomes of epilepsy surgery in adults

and children. Lancet Neurol 2008;7:525–537. https://doi.
org/10.1016/S1474-4422(08)70109-1.

228. Bowers DC, Nathan PC, Constine L, et al. Subsequent

neoplasms of the CNS among survivors of childhood

cancer: a systematic review. Lancet Oncol 2013;14:e321–

e328. https://doi.org/10.1016/S1470-2045(13)70107-4.

229. Padovani L, Andr�e N, Constine LS, Muracciole X.

Neurocognitive function after radiotherapy for paediatric

brain tumours. Nat Rev Neurol 2012;8:578–588. https://d

oi.org/10.1038/nrneurol.2012.182.

230. Basheer SN, Connolly MB, Lautzenhiser A, et al.

Hemispheric surgery in children with refractory epilepsy:

seizure outcome, complications, and adaptive function.

Epilepsia 2007;48:133–140. https://doi.org/10.1111/j.1528-
1167.2006.00909.x.

231. Ben-Ari Y, Holmes GL. Effects of seizures on

developmental processes in the immature brain. Lancet

Neurol 2006;5:1055–1063. https://doi.org/10.1016/S1474-
4422(06)70626-3.

232. Freitag H, Tuxhorn I. Cognitive function in preschool

children after epilepsy surgery: rationale for early

intervention. Epilepsia 2005;46:561–567. https://doi.org/
10.1111/j.0013-9580.2005.03504.x.

233. Noachtar S, Borggraefe I. Epilepsy surgery: a critical

review. Epilepsy Behav 2009;15:66–72. https://doi.org/10.

1016/j.yebeh.2009.02.028.

234. Muh CR. Current and emerging surgical therapies for

severe pediatric epilepsies. Sem Ped Neurol 2016;23:143–
150. https://doi.org//10.1016/j.spen.2016.05.005.

235. Nelles M, Urbach H, Sassen R, et al. Functional

hemispherectomy: postoperative motor state and

correlation to preoperative DTI. Neuroradiology

2015;57:1093–1102. https://doi.org/10.1007/s00234-015-

1564-y.

236. Kiehna EN, Widjaja E, Holowka S, et al. Utility of

diffusion tensor imaging studies linked to

neuronavigation and other modalities in repeat

hemispherotomy for intractable epilepsy. J Neurosurg

Pediatr 2016;17:483–490.https://doi.org/10.3171/2015.7.
PEDS15101

Supporting Information

Additional supporting information may be found online

in the Supporting Information section at the end of the

article.

Table S1. Summary of some general recommendations re:

data processing for diffusion MR tractography, functional

MRI, or both, in a clinical context in children.

ª 2018 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 1455

M. Wilke et al. Clinical fMRI/dMRI in Children

https://doi.org/10.1002/ana.20817
https://doi.org/10.1002/ana.20817
https://doi.org/10.1016/j.bandc.2008.04.010
https://doi.org/10.1016/j.bandc.2008.04.010
https://doi.org/10.1002/hbm.2052
https://doi.org/10.1055/s-0037-1599234
https://doi.org/10.1055/s-2006-923934
https://doi.org/10.1016/j.expneurol.2004.05.037
https://doi.org/10.1016/j.bandl.2007.11.003
https://doi.org/10.1016/j.bandl.2007.11.003
https://doi.org/10.1227/01.NEU.0000343741.54200.58
https://doi.org/10.1093/brain/aww170
https://doi.org/10.1111/j.1469-7580.2010.01262.x
https://doi.org/10.1111/j.1469-7580.2010.01262.x
https://doi.org/10.1002/hbm.20545
https://doi.org/10.1111/j.1528-1167.2006.00569.x
https://doi.org/10.1111/j.1528-1167.2006.00569.x
https://doi.org/10.1016/S1474-4422(04)00906-8
https://doi.org/10.1016/S1474-4422(04)00906-8
https://doi.org/10.1016/S1474-4422(08)70109-1
https://doi.org/10.1016/S1474-4422(08)70109-1
https://doi.org/10.1016/S1470-2045(13)70107-4
https://doi.org/10.1038/nrneurol.2012.182
https://doi.org/10.1038/nrneurol.2012.182
https://doi.org/10.1111/j.1528-1167.2006.00909.x
https://doi.org/10.1111/j.1528-1167.2006.00909.x
https://doi.org/10.1016/S1474-4422(06)70626-3
https://doi.org/10.1016/S1474-4422(06)70626-3
https://doi.org/10.1111/j.0013-9580.2005.03504.x
https://doi.org/10.1111/j.0013-9580.2005.03504.x
https://doi.org/10.1016/j.yebeh.2009.02.028
https://doi.org/10.1016/j.yebeh.2009.02.028
https://doi.org//10.1016/j.spen.2016.05.005
https://doi.org/10.1007/s00234-015-1564-y
https://doi.org/10.1007/s00234-015-1564-y
https://doi.org/10.3171/2015.7.PEDS15101
https://doi.org/10.3171/2015.7.PEDS15101

