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Abstract 
 
Objective: Following brain injury, clinical assessments of residual and emerging cognitive function 
are difficult and fraught with errors. In adults, recent AAN practice guidelines recommend objective 
neuroimaging and neurophysiological measures to support diagnosis. Equivalent measures are 
lacking in pediatrics—an especially great challenge due to the combined heterogeneity of both 
brain injury and pediatric development. Therefore, we aim to establish quantitative, clinically 
practicable measures of cognitive function following pediatric brain injury. 
 
Methods:  Participants with and without brain injury were aged 8–18, clinically classified according 
to cognitive recovery state: N=8 in disorders of consciousness (DoC), N=7 in confusional state 
(CS); N=19 cognitively impaired (CI); N=13 typically-developing (TD) uninjured controls. We 
prospectively measured electroencephalographic markers of sensory processing and attention in 
an auditory “oddball'' paradigm, and of covert movement attempts in a command-following 
paradigm. 
 
Results: In three DoC participants, EEG markers of active attempted command-following revealed 
cognitive function that clinical assessment had failed to detect. These same three individuals could 
also be distinguished from the rest of their group by two event-related potentials (ERPs) that 
correlate with sensory processing and orienting attention in the oddball paradigm. Considered 
across the whole subject group, magnitudes of these two ERP markers significantly increased as 
cognitive recovery progressed (ANOVA: each p<0.001); viewed jointly, the two ERP markers 
cleanly delineated the four cognitive states. 
 
Conclusion: Despite heterogeneity of brain injuries and brain development, our objective EEG 
markers reflected cognitive recovery independent of motor function. Two of these markers required 
no active participation. Together, they allowed us to identify, for the first time in pediatrics, three 
individuals who meet the criteria for cognitive motor dissociation. To diagnose, prognose and track 
cognitive recovery accurately, such markers should be employed in pediatrics. 
 
  

Introduction 

Brain injury is a leading cause of death and disability among children and adolescents; cognitive 

impairment is the primary, most persistent, and most disabling sequela. Assessments of emerging 
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and residual cognition are conducted via bedside behavioral examination;1 these are inextricably 

tied to co-emergence of motor responses. Cognitive recovery, especially in the more severely 

injured, is characterized by subtle, inconsistent behaviors, further complicated by injury-related 

motor impairments. Consequently, clinical assessment of cognitive recovery is difficult and fraught 

with errors.2 

 

Objective brain signal measurements during cognitive tasks have long been used in neuroscience 

to elucidate cognitive processing, and have broad clinical relevance.3–6 They have been used to 

diagnose cognitive function in the absence of a positive clinical evaluation, both acutely7 and 

chronically6  in adults. In adults, the use of neuroimaging and neurophysiology for detection of 

covert function, has been adopted as a practice guideline by AAN, ACRM, NIDILRR8 and the 

EAN.9  By contrast, in pediatric brain injury, attempts to improve diagnosis and prognosis via 

neuroimaging and neurophysiology have been very limited10–14 and have not reported on brain 

responses to command-following. Thus there has been insufficient evidence in pediatrics to 

develop guidelines.10–14 

Our present aim was to characterize cognitive recovery objectively in children and adolescents with 

brain injury. We included participants across the full spectrum of cognitive recovery15   including 

disorders of consciousness, confusional state and cognitive impairment, with uninjured controls for 

comparison. To assess recovery comprehensively, we used well-established event-related EEG 

markers,7,16–18 time-locked to multiple distinct aspects of cognitive processing. In this way we 

probed a hierarchy of cognitive functions from basic sensory processing and orienting attention 

during passive listening, up to sustained, active performance of mental tasks on command. We 

hypothesized that electrophysiological markers of cognitive function would track cognitive state in 

children recovering from brain injury despite the combined heterogeneity arising from the diverse 

types of brain injury and from the natural variation that occurs along the course of brain 

development.  
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Methods 

Participants 

Participants were thirty-one children and adolescents with a history of brain injury (see Table 1) 

and thirteen typically developing (TD) age-matched controls. The participants were enrolled at a 

single sub-acute pediatric rehabilitation center. Participants with brain injury represent a 

convenience sample of patients admitted either to the inpatient or outpatient rehabilitation service 

and/or referred to the study by physicians at the center. Controls were recruited from the same 

center (limited to patients with injuries not affecting the brain) and the local community. All 

procedures were approved by the institutional review boards (IRBs) of Weill Cornell Medicine and 

Blythedale Children’s Hospital. Parental consents and participant assents were obtained as per 

IRB protocols. Participants with a history of brain injury spanned the full spectrum of cognitive 

function: disorders of consciousness (DoC) to confusional state (CS) and cognitive impairment 

(CI). With two exceptions noted in the table, participants were tested in a single cognitive state.  

 

Cognitive state classification 

Clinical classification was made by a pediatric clinical neuropsychologist using validated standard 

clinical measures.1,19,20 Disorders of consciousness such as the vegetative state, sometimes known 

as unresponsive wakefulness syndrome (VS/UWS) or minimally conscious state (MCS) were 

classified15 based on the gold-standard neurobehavioral  assessment, the Coma Recovery Scale - 

Revised (CRS-R).1 The lowest level of functioning of participants in this study was VS/UWS, which 

is characterized by generalized, non-specific responses to environmental stimuli. Participants were 

classified as MCS based on CRS-R criteria. 

 Emergence from DoC into CS was determined by functional object use or functional 

communication as per the CRS-R. CS usually follows emergence from MCS and describes a 
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cluster of fluctuating neurobehavioral symptoms that include disturbances of attention, 

disorientation, disturbance of memory, and emotional/behavioral dysregulation. This designation 

was based on recent case definition and diagnostic criteria for post-traumatic confusional state.21 In 

this study, because similar presentations are often observed across etiologies we have expanded 

to broadly apply to all ABI. 

 Emergence from CS was assessed with an age-appropriate orientation measure (e.g. Children's 

Orientation and Amnesia Test20 and Orientation Log22  as a proxy for the overall cluster of 

confusion-related symptoms. CS was considered resolved when a patient obtained two 

consecutive scores above the cutoff for their age on these orientation measures. 

 All participants who emerged from CS were classified as CI because there was no consistent 

outcome data to specify when and whether complete recovery of all cognitive functions occurred. 

Stimuli and tasks 

(i) Auditory oddball: This EEG paradigm, frequently used in both adults17 and pediatrics,12 consists 

of abrupt, frequent standard and rarer deviant stimuli presented in rapid, randomized sequences. It 

requires no participation from the subject beyond passive listening. While both sounds trigger 

event-related potentials (ERPs), the ERPs time-locked to standards and those time-locked to 

oddballs exhibit robustly detectable differences. 1) In-house version:  Stimuli were square-wave 

beeps of 340 ms duration with a fundamental frequency of either 400 Hz (standard) or 575 Hz 

(deviant), as well as a variety of “novel” deviant sounds designed to elicit an enhanced P3a 

component.17 Each recording session comprised 410 stimuli (270 standard beeps, 80 deviant 

beeps, 60 novel deviant sounds) presented in random order in a 1-second repeating rhythm. 2) 

Neurocatch:  In four participants, the Neurocatch oddball paradigm23 was used. This paradigm was 

adapted from previous “brain vital signs” studies that utilize an oddball paradigm.23 Each session 

consisted of two 5-minute runs, for a total of  520  standard (75 dB) and 46 deviant (100 dB) 

stimuli.  
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ii) Attempted motor command following:  Participants performed a motor-command-following 

(MCF) paradigm previously used in adult brain injury but with fewer trials.7 This paradigm required 

active mental effort and participation from the subject. It did not require overt motor responses. 

Participants heard a pre-recorded female voice saying ‘‘Keep opening and closing your left hand,’’ 

then, ‘‘Stop and relax’’, then “Keep opening and closing your right hand”, then “Stop and relax”. 

Commands were delivered every 15 seconds, allowing 13 seconds to perform or attempt each 

movement, and the sequence was repeated 8 times for a total of 8 left-hand, 8 right-hand and 16 

rest trials.7 Table 1 notes the presence or absence of actual overt hand movement during this task, 

as well as the number of sessions with positive EEG results. 

Data acquisition 

Three EEG systems were used to collect the recordings: (1) Wearable Sensing DSI-24 dry 

electrode EEG headset (Wearable Sensing LLC, USA) with 19 active electrodes covering frontal, 

central, parietal and occipital areas, according to the 10–20 system of the International Federation. 

Signals were digitized at 300 samples per second after appropriate anti-alias filtering. (2) g.Nautilus 

system (g.tec Medical Engineering GmbH, Austria; NeuroCatch Inc., Canada) with 3 midline 

electrodes (Fz, Cz, & Pz, embedded within a cap) and four additional electrodes to provide ground, 

reference and eye monitoring.23 Sampling rate was 500Hz. (3) Geodesic EEG Net Station 

(Electrical Geodesics Inc., USA) with the 129-channel Sensor Net. The signals were digitized at 

1000 samples per second. 

Data Analysis 

EEG data preprocessing 

EEG data were analyzed using custom software as well as EEGLAB24 in MATLAB  (The 

MathWorks, Inc). EEG signals were high-pass-filtered at 1Hz before 60Hz line noise removal, anti-

alias filtering, and downsampling to 200 Hz. The artifact subspace reconstruction method25 was 

further applied to remove transient high-amplitude artifacts from the continuous EEG data.  Smaller 
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artifacts from blinks, cardiac activity, and muscle contractions were removed by rejecting the 

corresponding sources from an independent component analysis (ICA) decomposition using the 

Infomax algorithm26 and projecting back into the sensor space. 

Analysis of event related potentials 

We derive three event-related potential (ERP) measures at the vertex electrode: auditory evoked 

potential (AEP), the P3 and N2.16–18 After preprocessing, trials were segmented into 1100ms 

epochs time-locked to the onset of the auditory stimulus (100ms pre-stimulus and 1000ms post-

stimulus). Analysis then followed standard procedures27: each trial was baseline-corrected (by 

subtracting the mean voltage over the 100ms pre-stimulus interval), low-pass filtered at 20 Hz, and 

averaged time-locked to the stimulus onset. For the analysis of auditory evoked potentials (AEPs) 

this used standard tones only; for the oddball response analysis, a difference wave was computed 

(average response to deviant stimuli of either kind, minus average response to standard tones). 

We corrected this for the effect of noise by computing a signal-to-noise ratio (SNR), i.e. by dividing 

the mean voltage signal by its own trial-to-trial standard error at each time sample. For the 

difference waves, this standard error was computed from the variance of differences, i.e. from the 

sum of the trial-to-trial variances of the deviant-class amplitudes and standard-class amplitudes.28 

To obtain a single number reflecting each participant’s AEP, whose latency varies according to 

age,16 we computed the largest negative value of the SNR at electrode location Cz in the interval 

60–260 ms following stimulus onset. In the oddball difference waveforms, we computed the largest 

positive SNR at Cz in the interval 200–450 ms to capture the P3 component,17 and the largest 

negative value in the interval 100–250 ms to capture the N2 (part of which is the mismatch 

negativity or MMN).18 The latency of each peak response was also noted. Statistical tests: A two-

way ANOVA was performed separately for the latency and magnitude of each ERP peak. We had 

a total of 41 ERP measurements from N=38 participants—so, for the participants measured in 

more than one cognitive state, we included only their results from the DoC state. Cognitive state 

was one explanatory variable (four levels, corresponding to our four groups), and age was the 

other (binned into three roughly equally populated groups, 8-12, 13-16 and 17-18 years). 
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Analysis of motor-command-following EEG correlates (MCF-EEG) 

After preprocessing, the EEG data were divided into 9-second trials, each trial starting 3s after the 

end of the auditory cue. The trials were separated and grouped by condition (move left: n=8;  move 

right: n=8; rest: n=16). Signals were spatially filtered using a a Hjorth Laplacian montage,29 and 

power spectral density estimates were obtained using a multi-taper method with 5 tapers, resulting 

in a frequency resolution of 2 Hz. As in previous work,29 we used the two-group test30 to determine 

statistical significance of power spectral differences at each electrode (Chronux toolbox for Matlab, 

www.chronux.org) employing a jackknife method with a cutoff of p ≤ 0.05 before false-discovery-

rate correction.  Significant separations between hand movement and rest conditions in the alpha 

or theta frequency band) power were taken as evidence of a response.  Furthermore, we boiled 

down the question of a positive or negative outcome to two statistical tests per participant—one for 

attempted left-hand movement and one for right. For each, we computed the signed coefficient of 

determination between the bandpower values at each electrode, and a binary variable indicating 

the instruction (rest or movement), and then subtracted the sum of the values in contralateral 

electrodes from the sum of the values in ipsilateral electrodes. A positive net value would be 

expected in successful command following, as it indicates consistent contralateral event-related 

desynchronization and/or ipsilateral event-related synchronization;31 a negative value would 

indicate the reverse. The significance of the statistic was assessed using a one-sided permutation 

test in which the labels (rest and movement) were randomly reassigned to the trials in each of 1000 

repetitions. We considered a participant to have a positive MCF-EEG response if either the left-

hand or right-hand p-value was equal to or less than 0.05. 
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Data Availability 

Data and stimuli from this study are available from the corresponding author upon reasonable 

request. 

Results 

Demographics and characteristics 

Thirteen typically developing (TD) children and adolescents (9 males) with no history of 

neurological disease participated in this study, along with thirty-one children and adolescents (23 

males) with a history of brain injury (see Table 1). Two participants were followed longitudinally: 

one (marked as B in tables and figures) was measured in CS and CI groups; another (marked as 

D) appears in DoC and CS. The predominant etiology was Traumatic Brain Injury (TBI), accounting 

for 45% of the injured cohort. Time since injury at date of EEG measurement was widely 

distributed; 40% were within 12 months.  

EEG correlates of auditory stimulus processing 

 
A traditional groupwise grand-averaged view of the auditory event-related potential (ERP) 

responses is shown in Figure 1, whereas Figure 2 shows the individual results after standardization 

of each waveform by its own trial-to-trial standard error at each time point. When viewed at the 

same intensity scaling across all cognitive-state groups in panel 2(i), it is clear that the magnitudes 

of the AEP responses (blue negative deflections between 60 and 250 ms) increase as cognitive 

state improves, as is also apparent in Figure 1. The same data, when scaled groupwise in 

panel 2(ii), reveal that AEPs were nonetheless present for most participants in all groups, even 

when scaling alongside other groups’ stronger responses made them invisible in panel 2(i). As 

expected,16 AEPs appeared at ~200–250 ms in participants younger than 12 (first few rows of the 
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TD and CI groups), whereas older participants exhibit a 100-ms component similar to the N1 seen 

in adults.  

 

Individual waveforms from the oddball paradigm are similarly presented in the lower panels (iii)-(iv) 

of Figure 2, this time as difference waves reflecting the contrast between the EEG response to 

standard beeps and deviant sounds. In contrast to the AEPs, the change in scaling from a global 

common scale in panel (iii) to per-group scaling in panel (iv) does not qualitatively change the 

picture: some participants have a clear N2 (blue negative deflection ~200ms) and P3 (red positive 

deflection ~300ms), whereas others do not. There is a group-dependent trend in magnitude and 

prevalence of clear N2 and P3 components, with the DoC group having the fewest and smallest 

components, and the TD group exhibiting a clear P3 in all cases and an N2 in almost all cases. 

Statistical analysis of the ERP magnitudes and latencies is shown in Table 2. 

 
From our analyses of variance (Table 2) we note a main effect of cognitive state on peak 

magnitude in both AEPs and P3s (p<0.01 for both). We also found a significant effect of age on 

AEP and N2 peak magnitude (p<0.05 for both). The AEP latency also showed a main effect of age, 

as expected: the observed latency decreases (p<0.001) as dominance transitions from a longer-

latency component to the adult-like N1 at age 10-12.16 We found no significant effect of age on N2 

or P3 latency, and no significant effect of cognitive state on any of the ERP latencies. 

EEG correlates of attempted movement to command 

Modulation of EEG bandpower with imagined movement was observed in participants across all 

recovery states, but the proportion varied across groups (Figure 3). Statistical testing revealed that 

80% of participants in the TD group, and 69% in the CI group, showed significant responses 

contralateral to attempted hand movements. In both CS and DoC groups, 43% showed significant 

responses. For one particular participant (labelled B in figures and tables), the response was not 

significant when tested during DoC but reached significance with the right hand following 

emergence (in both CS and CI states). As noted in Table 1, three participants in the DoC group 
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showed significant responses in at least one session (A: 1 out of 4 sessions; C: 2 of 5 and E: 1 of 

4).These three DoC participants had not shown any clinical signs of command-following since their 

injury.  

 

Towards an integrated EEG-based profile of cognitive recovery 

The power of the EEG markers emerges clearly when they are plotted together in Figure 4, where 

each individual’s P3 magnitude (“response to change in sounds”, reflecting higher-level stimulus 

processing including orienting attentional processes) is plotted against the same individual’s AEP 

magnitude (“response to sounds”, reflecting lower-level sensory processing of auditory stimuli).  

 

Two participants in the DoC group are clustered together in the lower left corner, with the lowest 

response magnitudes. In contrast, three other participants in the DoC group (marked A, C, and E) 

show larger responses to both stimuli; these are the same three participants who showed 

significant EEG correlates of attempted motor command following (“MCF-EEG positive”). Of note, 

participant D is in this latter cluster, but we cannot corroborate the AEP measurement in this 

individual as no MCF-EEG test was performed during the time period while they remained in DoC. 

Several participants in the CS group also show an increase in response to change in sounds (log 

P3 magnitude >0.4) with intermediate values between those in the DoC group and the CI group in 

their response to sounds (log AEP values from 0.2 to 0.4). There is both a wide range of responses 

in the TD and CI groups and considerable overlap between them; however, they are separable 

from the DoC and CS group by their larger magnitudes of both AEP and P3. In the two participants 

followed longitudinally (B,D), we note increases in ERP responses as clinical signs demonstrated 

improving cognition (DoC to CS to CI). We also note a proportion of negative MCF-EEG results in 

each of our four groups. Within each of our groups, the individuals with negative MCF-EEG 

findings tend to cluster towards the origin of Figure 4, i.e. to have smaller AEP and P3 magnitudes 

than the rest of their group. 
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To determine the extent to which cognitive state can be objectively determined from passive ERP 

biomarkers alone, we conducted an automated classification of cognitive state using a machine-

learning approach, details of which are provided in table e-1. The data from subjects A, C and E 

were excluded from classifier training, on the grounds that their MCF-EEG results rendered their 

labeling as "DoC" questionable. This left 37 measurements (37 of the 40 points in Figure 4). Our 

algorithm detected emergence from DoC with sensitivity 94.1% and specificity 66.7% (2 out of 3). It 

detected emergence from DoC and CS (considered together) with sensitivity 96.3% and specificity 

100% (10 out of 10). 

Discussion 

In a heterogeneous sample of 44 children, clinically feasible hierarchical neurophysiological 

assessments yielded objective, non-motor-function-dependent biomarkers of cognitive function. 

Two EEG event-related potentials (ERPs), reflecting sensory processing and orienting attention, 

systematically tracked cognitive recovery following pediatric brain injury. With only four exceptions 

across the cohort, correlates of auditory processing distinguished our disorders-of-consciousness 

(DoC) and confusional state (CS) groups from each other, and from the clinically higher-functioning 

cognitively impaired (CI) and typically developing (TD) groups. The four exceptional participants 

were clinically categorized in DoC but had higher magnitudes in both ERP components. For three 

of this group, additional EEG measurements verified motor command following (MCF); we did not 

measure the fourth on this task. Since the three participants exhibit neurophysiological evidence of 

command-following, but no clinically significant response to commands, they fulfill the construct of 

cognitive-motor dissociation (CMD).32 

  

Auditory stimuli processing during cognitive recovery 

The presence of the N1 auditory evoked potential (AEP) component (or, for younger children, a 

negative AEP of longer latency16 than the N1) is traditionally thought to reflect preattentive 
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perception of sound.33 However, variation in AEP amplitude has also been linked to arousal and 

selective attention,34 allowing identification of residual consciousness in severely brain-injured 

adults.35 In adults, the absence, reduced amplitude and longer latency of AEPs are associated with 

poorer outcomes following TBI.36 In the oddball difference wave, two components (the N218 and 

P317) are considered to be dependent on attention to target discrimination17 and information 

processing. In adults, the P3 has been employed to improve diagnosis and prognostication in both 

severe3,36 and mild35 brain injury. In pediatrics, P3 amplitude has been shown to be decreased in 

mild TBI37 and to be correlated with better function in DoC.12 

 

Whereas most ERP studies use mean amplitude, we divide our waveforms by the standard error to 

better reflect signal-to-noise ratio. This improved our results—for example, in allowing us to identify 

the P3 component more reliably and consistently in the typically-developing participants. 

Consequently, our measures must be interpreted slightly differently: they reflect not only the 

strength, but also the consistency, of ERP generators, taking greater account of the extent to which 

irrelevant brain processes and other noise sources interfere. 

 

All our participants displayed an AEP, albeit with varying magnitude. The presence of an AEP in all 

our DoC participants is consistent with previous results from children12 and  adults.38 The 

magnitude of the AEP separated the groups well: in particular, the CS group was separated almost 

perfectly from CI and TD where we see larger magnitudes, and from the DoC participants without 

motor-command-following (MCF) EEG correlates, who had smaller magnitudes. We note a P3 

response in almost all our participants but with reduced magnitude in the DoC and CS groups, 

increasing as cognitive recovery progresses (p<0.001); P3 makes a clearer separation than AEP 

between the participants with positive and negative MCF-EEG. If such a correlation between 

markers of orienting attention and markers of higher-order function could be confirmed in a larger 

sample, the P3 might emerge as a more-sensitive indicator of cognitive recovery than current 

clinical criteria. Our N2 magnitude measurements were not significantly affected by cognitive state 

(others39 have also found it to be less valuable than the P3). In the CI group, we note a wide range 
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of AEP, P3, and N2 magnitudes, overlapping with the uninjured TD group; this might reflect 

heterogeneity in cognitive impairments not captured by gross classifications of recovery.  

 

The latency of the N2 and P3 components did not exhibit significant effects of age or cognitive 

state. The AEP latency changed with age in the expected way, but we did not find any 

superimposed trend of latency as a marker of cognitive recovery—a larger sample would be 

necessary to confirm this, and to investigate this apparent failure to replicate findings from adults.36 

An exception of particular note is DoC participant C: while a low-amplitude AEP was present, it 

occured at ~200ms, developmentally consistent with age at injury (9 years) and not at time of 

testing (16 years). A larger sample of chronic participants would be necessary to determine 

whether such apparent “stunting” of brain development is to be expected following severe brain 

injury.  

 

 Covert motor command-following during cognitive recovery 

Functional MRI or EEG correlates of attempted movement, temporally consistent with verbal 

instructions, have been used to detect awareness and motor planning in the absence of overt, 

purposeful movements.29 Such task-based brain signal analytics can reveal CMD in 15–20% of 

patients judged unresponsive on clinical examination,2 and emerging evidence suggests that acute 

detection of CMD predicts positive 1-year functional outcomes.2 Furthermore, such tasks have also 

been used to establish simple communication channels for answering yes/no questions.40 Negative 

results should be seen as less conclusive than positive, partly because the appropriate signals are 

not always measurable even in healthy individuals,41–43 and partly because the task requires active 

effort—fluctuation of arousal regulation and mental effort is to be expected in all groups.  Studies 

using small groups of uninjured adult controls have reported false-negative rates ranging from 0 to 

30%.7,29,31,41,42,44,45  Accordingly, a meta-analysis46 demonstrated that passive paradigms (e.g. 

responses to sounds/change in sounds, as in the current study) may be more effective than active 

paradigms in diagnosing adults’ state of consciousness.  
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In our own MCF-EEG measurements, the high positive rate in single-session measurements in TD 

group (80%) is encouraging evidence that this cognitively demanding task is applicable, even 

unmodified from the adult paradigm, in children as young as 9 years (youngest positive in our 

sample). We also note a fairly high response rate (69%) in CI. The response rate drops to 43% in 

CS—unsurprising given the nature of this cognitive state.47  Most notably, we identify positive 

responses in three participants in DoC, who show no clinical evidence of command following; in 

two of these participants, we investigated further using additional cognitive tasks and imaging 

modalities, and obtained positive results that corroborate the findings here.48  

Limitations 

(1) Despite being the largest cognitive ERP study of pediatric brain injury, our sample is still small 

and heterogenous. This limits the generalizability of our results due to potential outlier effects. 

Etiologies and severity are not equally distributed across cognition groups. (2) The lack of detailed 

cognitive assessments prevents finer stratification of our results by degree of cognitive impairment, 

especially within the CI group.  (3) Our test sample only extends down to 8 years of age; we are 

unable to conclude how well our findings might generalize to younger children. (4) We cannot draw 

strong conclusions about individual recovery trajectories as we have very few longitudinally-

repeated measurements. (5) A larger cohort of healthy controls across a wider age range would 

help to establish more-precise quantitative expectations as a function of developmental age. 

(6) Although our SNR methodology helped in standardizing the results across EEG systems, a 

cleaner picture might emerge from using a single manufacturer. (7) Larger prospective cohorts 

would be necessary to link our EEG findings with structural patterns of injury, or with effects of 

particular types of medication. (8) Caution is urged before concluding that patients, especially 

those tested a single session, have negative MCF-EEG or lack overt voluntary movement given the 

high rate (up to 30%) of false-negatives noted even in healthy adults.41–43 Ideally, we would perform 

multiple assessments over several days and times, as in behavioral assessments of adult DoC.49 

(9) Lastly, this study, in common with the previous studies reviewed above, uses only a small 

subset of the possible EEG components that reflect different aspects of cognition.50 Pediatric 
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adaptations of additional paradigms, including passive language paradigms,10,11 may further 

broaden and enrich the cognitive profile provided by a few minutes of bedside EEG measurement.  

 

Recent practice guidelines for DoC8 identified the lack of evidence supporting an understanding of 

the natural history of individual pediatric brain injuries as a crucial gap in knowledge. Our results 

provide a quantitative framework that can be applied to track the natural history of pediatric brain 

injuries prospectively across the full spectrum of cognitive recovery. Our EEG markers show 

precise quantification of cognitive recovery at the individual level without relying on motor function. 

These findings go beyond previous work in that they reflect multiple levels of a cognitive hierarchy, 

allowing us to consider each measure separately and illustrate the unique way in which it 

characterizes recovery. Where previous (adult) studies relied on active command following alone to 

reveal covert cognition, we assessed EEG in both active and passive tasks and illustrated the 

potential of passive responses alone to achieve this goal. For our participants in DoC, active and 

passive measures were in agreement. Our results should be validated across larger cohorts and in 

a more extensive set of within-subject longitudinal assessments. Most importantly, for the first time 

in pediatrics, we were able to identify three individuals in DoC with evidence of sustained 

purposeful intent unrevealed by behavioral testing. These three participants fulfill the construct of 

cognitive-motor dissociation,32 identification of which has been associated (in adult populations) 

with critical differences in natural history and clinical outcome.2 

 

 

Summary Box 
 

• Following pediatric brain injury, diagnosing residual and recovering cognitive function is difficult. 

• In a convenience sample of 44 children with and without brain injury, we demonstrate that 

neurophysiological measures of sensory processing, orienting attention and imagined action can 

track recovery and identify covert cognitive abilities.  

• Our direct measurements of brain activity reveal features of cognitive recovery that transcend both 

the heterogeneity of brain injury and the variation across different stages of brain development. 
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• Objective measurements of brain responses during cognitive activity can and should be employed in 

children to diagnose cognitive impairment and track recovery.  
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Table 1: Clinical characteristics and session details for ABI sample. The injured group comprised 31 distinct 
individuals, of whom two were followed longitudinally. Letters denote individuals singled out in the figures and 
discussion: A,C and E are the DoC participants who showed detectable brain responses in the attempted movement task; 
B and D were followed longitudinally, such that B was included in DoC, CS and CI groups, and D was included in DoC 
and CS groups.  Diagnosis for subject B when tested during DoC is confirmed by clinical reports because CRS-R report 
is unavailable. Time to admission (TTA); DSI wearable sensing® (DSI); Traumatic brain injury (TBI); disorders of 
consciousness (DoC) ; confusional state (CS); cognitively impaired (CI); MCS+: Minimally conscious state (MCS), 
MCS+, MCS- per published definitions51: Vegetative state/Unresponsive wakefulness (VS/UWS). 
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N2 

magnitude 
(z-score) 

2.24 (1.09) 4.08 (3.15) 4.24 (2.20) 4.88 (2.91) 2.28 4.82* 2.17 

latency 
(ms) 

122 (53.07) 137 (82.10) 173 (55.67) 186 (55.34) 2.24 0.19 0.77 

P3 

magnitude 
(z-score) 

2.31 (0.50) 2.69 (1.08) 4.80 (1.90) 6.78 (2.90) 6.99** 1.39 0.24 

latency 
(ms) 

306 (76.61) 290 (48.72) 314 (65.71) 274 (47.12) 0.80 0.44 0.56 

Table 2 Oddball peak magnitude and latency - mean (standard deviation) and F-scores from 2-way 
ANOVA . ^The injured group comprised 31 distinct individuals, of whom two were followed longitudinally: 
one (marked as B in other tables and figures) was measured in CS and CI states; another (marked as D) 
appears in DoC and CS. * p <0.05, ** p<0.01, *** p<0.001 
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Figures 

Figure 1. Grand averaged event-related potentials (ERPs) in the auditory oddball paradigm. Raw 
amplitudes are shown (not scaled by standard deviation). The standard error of the mean (across participants 
in each group) is shown as a shaded region around each grand-averaged waveform. In panel (iv) we indicate 
auditory evoked potential (AEP), N2 and P3 components.  
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Figure 2. Raster plot of individual event-related potentials from the oddball paradigm: Each row 
corresponds to a different participant (except where participants B and D are marked as reappearing in 
multiple cognitive states). The horizontal axis shows time relative to the onset of an auditory stimulus. The 
color scale is a z-score derived from voltage: it indicates electrical potential, measured at the vertex EEG 
electrode, standardized by its own trial-to-trial variability. Upper panels: Response to standard beep stimuli; 
Lower  panels: Difference wave between deviant and standard stimuli. Left panels: between-group color 
scaling - all groups are compared on the same scale. Right panels: within-group scaling - each group is 
presented with a group specific scale. Within each group, participants are sorted according to their age at 
testing—each individual’s age, in years, is indicated in the column of numbers down the center of the figure. 
Certain individuals of interest are denoted by letters: A, C, and E all showed positive EEG responses to 
attempted movement while in DoC; Only B and D were measured longitudinally—B appears in the CS, and 
CI groups, and D appears in DoC and CS. 
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Figure 3. Group and individual motor-command-following EEG results (MCF-EEG). Panel (i) shows 
topographic scalp maps of group results. Within each group, the color scale denotes the number of 
participants whose EEG response was significant according to the two-group test at each electrode location. 
Cold colors represent channels where few or no participants responded significantly; hot colors indicate 
channels where significant responses occurred (greater bandpower in the rest condition than in the attempted-
hand-movement trials). Panel (ii) shows individual statistical test results. Significance values (negative log p 
values) from permutation tests are shown per participant for attempted left-hand movement in panel on the 
left side of the panel and attempted right-hand movement on the right side of the panel. Symbol shape and 
color denote cognitive state, corresponding with Figure 4. Participant numbers and letters on the y axis 
correspond with the identifiers in Table 1. 
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Figure 4. Two-dimensional view of individuals’ event-related potential magnitudes, inflected 
according to motor-command-following EEG results. Each symbol denotes one measurement from a 
different participant, with the exception of the repeated measurements in the participants marked B and D. 
(The longitudinal sequence of measurements for each of these subjects is connected by faint gray arrows.)  
Symbol shape and color indicate cognitive state. Letters denote particular individuals of interest, noted in the 
main text. Filled symbols denote participants for whom there was a positive result in the motor command-
following EEG measurement (MCF-EEG). Open symbols denote participants with negative MCF-EEG. 
Symbols containing crosses denote participants for whom there were no MCF-EEG data. Participants not 
shown, because of missing ERP data, are: 2 DoC, 2 CI, and 1 TD who all had negative MCF-EEG, and 2 TD 
who had positive MCF-EEG. 

 

 

CPJ-2022-200067_etab --- http://links.lww.com/CPJ/A372 

 

 

 

 

 

 

 

 

 



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 

References 

1.  Giacino JT, Kalmar K, Whyte J. The JFK Coma Recovery Scale-Revised: measurement 
characteristics and diagnostic utility. Arch Phys Med Rehabil. 2004;85(12):2020-2029. 

2.  Edlow BL, Claassen J, Schiff ND, Greer DM. Recovery from disorders of consciousness: 
mechanisms, prognosis and emerging therapies. Nat Rev Neurol. Published online 2020:1-
22. 

3.  Polich J. Clinical application of the P300 event-related brain potential. Phys Med Rehabil Clin 
N Am. 2004;15(1):133-161. doi:10.1016/s1047-9651(03)00109-8 

4.  Meysam A, Kim YK. EEG Correlates of Cognitive Functions and Neuropsychiatric Disorders: 
A Review of Oscillatory Activity and Neural Synchrony Abnormalities. Curr Psychiatry Res 
Rev Former Curr Psychiatry Rev. 2020;16(4):228-243. 

5.  Landa L, Krpoun Z, Kolarova M, Kasparek T. Event-related Potentials and Their Applications. 
Act Nerv Super (Praha). 2014;56(1-2):17-23. doi:10.1007/BF03379603 

6.  Lachapelle J, Bolduc-Teasdale J, Ptito A, McKerral M. Deficits in complex visual information 
processing after mild TBI: electrophysiological markers and vocational outcome prognosis. 
Brain Inj. 2008;22(3):265-274. doi:10.1080/02699050801938983 

7.  Claassen J, Doyle K, Matory A, et al. Detection of Brain Activation in Unresponsive Patients 
with Acute Brain Injury. N Engl J Med. 2019;380(26):2497-2505. 
doi:10.1056/NEJMoa1812757 

8.  Giacino JT, Katz DI, Schiff ND, et al. Practice guideline update recommendations summary: 
Disorders of consciousness: Report of the Guideline Development, Dissemination, and 
Implementation Subcommittee of the American Academy of Neurology; the American 
Congress of Rehabilitation Medicine; and the National Institute on Disability, Independent 
Living, and Rehabilitation Research. Neurology. 2018;91(10):450-460. 
doi:10.1212/WNL.0000000000005926 

9.  Kondziella D, Bender A, Diserens K, et al. European Academy of Neurology guideline on the 
diagnosis of coma and other disorders of consciousness. Eur J Neurol. 2020;27(5):741-756. 
doi:10.1111/ene.14151 

10.  Nicholas CR, McLaren DG, Gawrysiak MJ, Rogers BP, Dougherty JH, Nash MR. Functional 
neuroimaging of personally-relevant stimuli in a paediatric case of impaired awareness. Brain 
Inj. 2014;28(8):1135-1138. doi:10.3109/02699052.2014.890745 

11.  de Jong BM, Willemsen ATM, Paans AMJ. Regional cerebral blood flow changes related to 
affective speech presentation in persistent vegetative state. Clin Neurol Neurosurg. 
1997;99(3):213-216. doi:10.1016/S0303-8467(97)00024-3 

12.  Duszyk A, Dovgialo M, Pietrzak M, Zieleniewska M, Durka P. Event-related potentials in the 
odd-ball paradigm and behavioral scales for the assessment of children and adolescents with 
disorders of consciousness: A proof of concept study. Clin Neuropsychol. 2019;33(2):419-
437. doi:10.1080/13854046.2018.1555282 

13.  Dovgialo M, Chabuda A, Duszyk A, et al. Assessment of Statistically Significant Command-
Following in Pediatric Patients with Disorders of Consciousness, Based on Visual, Auditory 
and Tactile Event-Related Potentials. Int J Neural Syst. 2018;29(03):1850048. 
doi:10.1142/S012906571850048X 

14.  Carrai R, Grippo A, Lori S, Pinto F, Amantini A. Prognostic value of somatosensory evoked 
potentials in comatose children: a systematic literature review. Intensive Care Med. 
2010;36(7):1112-1126. doi:10.1007/s00134-010-1884-7 

15.  Watson W, Suskauer SJ, Askin G, et al. Cognitive recovery during inpatient rehabilitation 
following pediatric traumatic brain injury: a pediatric brain injury consortium study. Journal of 
Head Trauma Rehabilitation. Published online 2021. 

16.  Ponton CW, Eggermont JJ, Kwong B, Don M. Maturation of human central auditory system 
activity: evidence from multi-channel evoked potentials. Clin Neurophysiol. 2000;111(2):220-
236. doi:10.1016/S1388-2457(99)00236-9 

17.  Polich J. Updating P300: An Integrative Theory of P3a and P3b. Clin Neurophysiol Off J Int 



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 

Fed Clin Neurophysiol. 2007;118(10):2128-2148. doi:10.1016/j.clinph.2007.04.019 
18.  Näätänen R, Gaillard AWK. The N2 deflection of ERP and the orienting reflex. In: EEG 

Correlates of Information Processing: Theoretical Issues. Amsterdam: Elsevier; 1983:119-
141. 

19.  Jackson WT, Novack TA, Dowler RN. Effective serial measurement of cognitive orientation in 
rehabilitation: The orientation log. Arch Phys Med Rehabil. 1998;79(6):718-721. 
doi:10.1016/S0003-9993(98)90051-X 

20.  Ewing-Cobbs L, Levin HS, Fletcher JM, Miner ME, Eisenberg HM. The Children’s Orientation 
and Amnesia Test: Relationship to Severity of Acute Head Injury and to Recovery of Memory. 
Neurosurgery. 1990;27(5):683-691. doi:10.1227/00006123-199011000-00003 

21.  Sherer M, Poritz JMP, Tulsky D, Kisala P, Leon-Novelo L, Ngan E. Conceptual Structure of 
Health-Related Quality of Life for Persons With Traumatic Brain Injury: Confirmatory Factor 
Analysis of the TBI-QOL. Arch Phys Med Rehabil. 2020;101(1):62-71. 
doi:10.1016/j.apmr.2017.04.016 

22.  Novack TA, Dowler RN, Bush BA, Glen T, Schneider JJ. Validity of the Orientation Log, 
relative to the Galveston Orientation and Amnesia Test. J Head Trauma Rehabil. 
2000;15(3):957-961. 

23.  Ghosh Hajra S, Liu CC, Song X, et al. Developing Brain Vital Signs: Initial Framework for 
Monitoring Brain Function Changes Over Time. Front Neurosci. 2016;10. 
doi:10.3389/fnins.2016.00211 

24.  Delorme A, Mullen T, Kothe C, et al. EEGLAB, SIFT, NFT, BCILAB, and ERICA: New Tools 
for Advanced EEG Processing. Computational Intelligence and Neuroscience. 
doi:https://doi.org/10.1155/2011/130714 

25.  Mullen TR, Kothe CAE, Chi YM, et al. Real-time neuroimaging and cognitive monitoring using 
wearable dry EEG. IEEE Trans Biomed Eng. 2015;62(11):2553-2567. 
doi:10.1109/TBME.2015.2481482 

26.  Bell AJ, Sejnowski TJ. An information-maximisation approach to blind separation and blind 
deconvolution. Technology. 1995;1159:1129-1159. doi:10.1162/neco.1995.7.6.1129 

27.  Luck SJ. An Introduction to the Event-Related Potential Technique. MIT press.; 2014. 
28.  Heinrich SP, Bach M. Signal and noise in P300 recordings to visual stimuli. Doc Ophthalmol. 

2008;117(1):73-83. doi:10.1007/s10633-007-9107-4 
29.  Goldfine AM, Victor JD, Conte MM, Bardin JC, Schiff ND. Determination of awareness in 

patients with severe brain injury using EEG power spectral analysis. Clin Neurophysiol Off J 
Int Fed Clin Neurophysiol. 2011;122(11):2157-2168. doi:10.1016/j.clinph.2011.03.022 

30.  Bokil H, Purpura K, Schoffelen JM, Thomson D, Mitra P. Comparing spectra and coherences 
for groups of unequal size. J Neurosci Methods. 2007;159(2):337-345. doi:S0165-
0270(06)00328-1 [pii] 10.1016/j.jneumeth.2006.07.011 

31.  Pfurtscheller G, Lopes da Silva FH. Event-related EEG/MEG synchronization and 
desynchronization: basic principles. Clin Neurophysiol. 1999;110(11):1842-1857. 
doi:10.1016/S1388-2457(99)00141-8 

32.  Schiff ND. Cognitive Motor Dissociation Following Severe Brain Injuries. JAMA Neurol. 
2015;72(12):1413. doi:10.1001/jamaneurol.2015.2899 

33.  Pekkonen E, Jääskeläinen IP, Kaakkola S, Ahveninen J. Cholinergic modulation of 
preattentive auditory processing in aging. NeuroImage. 2005;27(2):387-392. 
doi:10.1016/j.neuroimage.2005.04.018 

34.  Thornton ARD, Harmer M, Lavoie BA. Selective attention increases the temporal precision of 
the auditory N100 event-related potential. Hear Res. 2007;230(1):73-79. 
doi:10.1016/j.heares.2007.04.004 

35.  Seifert TD, Cecchi M. Use of event related potential markers in patients with traumatic brain 
injury. Neurology. 2018;91(23 Supplement 1):S19-S20. 
doi:10.1212/01.wnl.0000550607.80858.c7 

36.  Mazzini L, Zaccala M, Gareri F, Giordano A, Angelino E. Long-latency auditory-evoked 
potentials in severe traumatic brain injury. Arch Phys Med Rehabil. 2001;82(1):57-65. 
doi:10.1053/apmr.2001.18076 

37.  Baillargeon A, Lassonde M, Leclerc S, Ellemberg D. Neuropsychological and 



 

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 

neurophysiological assessment of sport concussion in children, adolescents and adults. Brain 
Inj. 2012;26(3):211-220. doi:10.3109/02699052.2012.654590 

38.  Kotchoubey B, Lang S, Mezger G, et al. Information processing in severe disorders of 
consciousness: Vegetative state and minimally conscious state. Clin Neurophysiol. 
2005;116(10):2441-2453. doi:10.1016/j.clinph.2005.03.028 

39.  Fischer C, Dailler F, Morlet D. Novelty P3 elicited by the subject’s own name in comatose 
patients. Clin Neurophysiol. 2008;119(10):2224-2230. doi:10.1016/j.clinph.2008.03.035 

40.  Mikołajewska E, Mikołajewski D. Non-invasive EEG-based brain-computer interfaces in 
patients with disorders of consciousness. Mil Med Res. 2014;1(1):14. doi:10.1186/2054-9369-
1-14 

41.  Cruse D, Chennu S, Chatelle C, et al. Bedside detection of awareness in the vegetative state: 
a cohort study. The Lancet. 2011;378(9809):2088-2094. doi:10.1016/S0140-6736(11)61224-5 

42.  Edlow BL, Chatelle C, Spencer CA, et al. Early detection of consciousness in patients with 
acute severe traumatic brain injury. Brain. 2017;140(9):2399-2414. doi:10.1093/brain/awx176 

43.  Bodien YG, Giacino JT, Edlow BL. Functional MRI Motor Imagery Tasks to Detect Command 
Following in Traumatic Disorders of Consciousness. Front Neurol. 2017;8:688. 
doi:10.3389/fneur.2017.00688 

44.  Curley WH, Forgacs PB, Voss HU, Conte MM, Schiff ND. Characterization of EEG signals 
revealing covert cognition in the injured brain. Brain. 2018;141(5):1404-1421. 
doi:10.1093/brain/awy070 

45.  Cruse D, Chennu S, Fernández-Espejo D, Payne WL, Young GB, Owen AM. Detecting 
Awareness in the Vegetative State: Electroencephalographic Evidence for Attempted 
Movements to Command. PLOS ONE. 2012;7(11):e49933. doi:10.1371/journal.pone.0049933 

46.  Gibson RM, FernÃ¡ndez-Espejo D, Gonzalez-Lara LE, et al. Multiple tasks and neuroimaging 
modalities increase the likelihood of detecting covert awareness in patients with disorders of 
consciousness. Front Hum Neurosci. 2014;8. doi:10.3389/fnhum.2014.00950 

47.  Mullally WJ, Ronthal M, Huff K, Geschwind N. Chronic confusional state. N J Med J Med Soc 
N J. 1989;86(7):541-544. 

48.  Kim N, O’Sullivan J, Olafson E, et al. Cognitive-Motor Dissociation Following Pediatric Brain 
Injury: What About the Children? Neurol Clin Pract. Published online March 29, 
2022:10.1212/CPJ.0000000000001169. doi:10.1212/CPJ.0000000000001169 

49.  Wannez S, Heine L, Thonnard M, Gosseries O, Laureys S, Coma Science Group 
collaborators. The repetition of behavioral assessments in diagnosis of disorders of 
consciousness: Repeated CRS-R Assessments for Diagnosis in DOC. Ann Neurol. 
2017;81(6):883-889. doi:10.1002/ana.24962 

50.  Comanducci A, Boly M, Claassen J, et al. Clinical and advanced neurophysiology in the 
prognostic and diagnostic evaluation of disorders of consciousness: review of an IFCN-
endorsed expert group. Clin Neurophysiol. 2020;131(11):2736-2765. 
doi:10.1016/j.clinph.2020.07.015 

51.  Thibaut A, Bodien YG, Laureys S, Giacino JT. Minimally conscious state “plus”: diagnostic 
criteria and relation to functional recovery. J Neurol. 2020;267(5):1245-1254. 
doi:10.1007/s00415-019-09628-y 



DOI 10.1212/CPJ.0000000000200066
 published online September 7, 2022Neurol Clin Pract 

Nayoung Kim, William D. Watson, Eric Caliendo, et al. 
Objective neurophysiological markers of cognition after pediatric brain injury

This information is current as of September 7, 2022

Services
Updated Information &

 66.full.html
http://cp.neurology.org/content/early/2022/09/07/CPJ.00000000002000
including high resolution figures, can be found at:

  
Permissions & Licensing

 http://cp.neurology.org/misc/about.xhtml#permissions
its entirety can be found online at:
Information about reproducing this article in parts (figures,tables) or in

  
Reprints

 http://cp.neurology.org/misc/addir.xhtml#reprintsus
Information about ordering reprints can be found online:

reserved. Print ISSN: 2163-0402. Online ISSN: 2163-0933.
Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology.. All rights
since 2011, it is now a bimonthly with 6 issues per year. Copyright Copyright © 2022 The Author(s). 

is an official journal of the American Academy of Neurology. Published continuouslyNeurol Clin Pract 

http://cp.neurology.org/content/early/2022/09/07/CPJ.0000000000200066.full.html
http://cp.neurology.org/content/early/2022/09/07/CPJ.0000000000200066.full.html
http://cp.neurology.org/misc/about.xhtml#permissions
http://cp.neurology.org/misc/addir.xhtml#reprintsus

