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Abstract

An examination of electroencephalographic and magnetoencephalographic studies demonstrates 

how age-related changes in brain neural function temporally constrain their use as diagnostic 

markers. A first example shows that, given maturational changes in the resting-state peak alpha 

frequency in typically developing children but not in children who have autism spectrum disorder 

(ASD), group differences in alpha-band activity characterize only a subset of children who 

have ASD. A second example, auditory encoding processes in schizophrenia, shows that the 

complication of normal age-related brain changes on detecting and interpreting group differences 

in neural activity is not specific to children. MRI studies reporting group differences in the rate 

of brain maturation demonstrate that a group difference in brain maturation may be a concern 

for all diagnostic brain markers. Attention to brain maturation is needed whether one takes a 

DSM-5 or a Research Domain Criteria approach to research. For example, although there is 

interest in cross-diagnostic studies comparing brain measures in ASD and schizophrenia, such 

studies are difficult given that measures are obtained in one group well after and in the other much 

closer to the onset of symptoms. In addition, given differences in brain activity among infants, 

toddlers, children, adolescents, and younger and older adults, creating tasks and research designs 

that produce interpretable findings across the life span and yet allow for development is difficult 

at best. To conclude, brain imaging findings show an effect of brain maturation on diagnostic 

markers separate from (and potentially difficult to distinguish from) effects of disease processes. 

Available research with large samples already provides direction about the age range(s) when 

diagnostic markers are most robust and informative.
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Characterizing neural abnormalities in psychiatric and neurological disorders is a promising 

route to understanding neural and behavioral dysfunction, with the need for markers 
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for diagnosis, prognosis, and treatment widely recognized (see National Institute of 

Mental Health’s ‘Strategic Research Priorities’1 and Research Domain Criteria [RDoC] 

framework2–5). With respect to our search for diagnostic electrophysiological markers 

(markers used to detect or confirm the presence of a disease or condition of interest, 

preferably with considerable specificity), this article focuses on the impact of typical brain 

maturation on the challenge of identifying clinically useful markers. Examples are provided 

to show how normal age-related changes in brain function temporally constrain the use of 

neural measures as diagnostic markers. The first, an examination of resting-state (RS) brain 

activity in children, shows the effect of normal brain maturation on identifying a maker that 

differentiates typically developing children (TDC) from children who have autism spectrum 

disorder (ASD). The second, an examination of auditory encoding processes in adults with 

schizophrenia (SCZ), shows that the influence of age-related brain changes on diagnostic 

markers is not specific to children. Finally, structural and functional MRI studies observing 

control and ASD or SCZ group differences in brain maturation are presented to show the 

generality of this problem to other brain measures.

Presented findings show that, with large enough samples, the data point to the age range(s) 

when neural imaging diagnostic markers are most robust. The article concludes with a 

discussion of the impact of typical maturation on clinical neuroimaging research and models 

of neural dysfunction.

Resting-state Measures in ASD

Significant research findings dating to the 1940s demonstrate changes in RS neural activity 

from birth through adulthood. Commonly reported are an age-related decrease in delta and 

theta activity (~1 to 8 Hz) and an age-related increase in alpha, beta, and gamma activity 

(~8 to 50 Hz).6–12 As an example, examining 1416 subjects aged 6 to 39 years, Matsuura et 
al.13 showed that RS electroencephalographic (EEG) rhythms did not reach adult levels until 

very late adolescence. Regional differences in the maturation of RS brain rhythms were also 

observed. In particular, although alpha activity reached adult levels in occipital areas by 10 

to 13 years of age, adult alpha levels were not observed in frontal and central areas until 22 

to 25 years. Theta-band activity also did not reach adult levels until approximately 23 years 

in occipital regions versus 27 years in frontal and central regions.

Given the above, a potential problem is that maturational changes in RS brain activity in 

TDC6–8,10,12–18 mean that an RS marker identified in one pediatric patient cohort may not 

generalize to a pediatric patient cohort outside the studied age range (or even to all within 

the studied cohort). This would be especially true if the control and patient groups showed 

different rates of maturation. Research examining RS alpha rhythms in ASD provides 

support for this concern. In the eyes-closed RS, 8–13-Hz alpha oscillations are the dominant 

rhythm, most prominent in parieto-occipital regions.19–23 A well-established finding is 

that posterior RS alpha activity changes as a function of age. Notable in children is an 

age-related increase in the frequency at which RS alpha oscillations show maximum power, 

often referred to as the peak alpha frequency (PAF). Indeed, among examined quantitative 

EEG and magnetoencephalographic (MEG) parameters, the PAF is considered a robust 

signature of brain maturation,24,25 with many studies showing an alpha peak at ~6 Hz in 
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young children (5 to 7 years old) and with an adult profile of a 10–12 Hz PAF not observed 

until at least 15 years.16,26–28

PAF is of clinical interest because it is one of the most heritable brain measures.29,30 As an 

example, in a large sample of 16-year-old twins, Smit et al.31 obtained a heritability estimate 

of 0.81 for PAF, with all non-genetic variance attributed to measurement unreliability rather 

than unique environmental factors. PAF is also of clinical interest given studies showing that 

it is associated with working memory and speed of information processing.32–34 Studies also 

indicate that the brain generates its own temporal structure via neural activity, with alpha 

rhythms providing the timing for communication within and between brain regions (e.g., 

Klimesch35). Given that alpha oscillations and the circuits associated with alpha oscillations 

provide a scaffold for basic and more complex brain processes, an examination of alpha 

rhythms in pediatric psychiatric and neurological disorders may be revealing.

To date, three cross-sectional studies have reported TDC/ASD differences in PAF 

maturation. Edgar et al.20 applied distributed source localization to RS MEG data to identify 

brain regions showing group differences in alpha activity (47 TDC and 41 children with 

ASD). PAF was examined at the calcarine region (the region with the greatest concentration 

of alpha generators) and at right central sulcus and parieto-occipital regions (where group 

differences in alpha power were observed). At both regions, analyses showed a positive 

relation between age and PAF in TDC and a non-significant negative relation in ASD. 

Dickinson et al.,36 using EEG and examining sensor RS activity in participants 2- to 

12-years-old, also observed an age-related increase in PAF in TDC (n = 38) but not children 

with ASD (n = 59).

In the largest study to date, Edgar et al.37 obtained RS MEG data from 141 TDC (aged 

6.13–17.70 years) and 204 children who had ASD (aged 6.07–17.93 years). A neural source 

model with 15 regional sources projected the raw MEG surface data into the brain source 

space. PAF was identified in each participant from the source showing the largest amplitude 

alpha activity (7–13 Hz). Given sex differences in PAF in TDC (females > males) and the 

relatively few females in both groups, group comparisons were conducted with male TDC (n 
= 121) and ASD subjects (n = 183).

Figure 1 shows associations between age (x-axis) and RS PAF (y-axis). As indicated in the 

top left of Figure 1, regressions showed a significant Group Age × PAF slope difference, 

with an age-related increase in PAF in TDC (R2 = 0.32) but not ASD (R2 = 0.01). Analyses 

examining male children aged below or above 10 years (median split) indicated that, given 

no age-related PAF change in male ASD subjects, the younger male children with ASD 

(aged 6 to 10 years) had a higher PAF than the younger male TDC (Cohen’s d = 1.05). In 

contrast, the older male children with ASD (aged 10 to 18 years) tended to have a lower PAF 

than the older male TDC (although this group difference was not significant in this sample).

If the above findings were replicated and the field were to pursue PAF frequency as a marker 

of ASD, allowing this brain measure to be incorporated into clinical practice, something like 

an RS PAF indication label shown in Figure 2 might be created. The label notes that the PAF 

measure is clinically indicated for males who have ASD aged 6 to 9 years (shown in green). 
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PAF is contraindicated (uninformative at this time) for males who have ASD aged 10 to 14 

years (shown in red). The label also notes that this measure may be of use in males aged 15 

years and older who have ASD, although additional studies in older individuals are needed.

The red at the left of Figure 2 indicates that RS infant and toddler PAF studies are not 

yet available. Although it is difficult to obtain eyes-closed RS data in infants, of note are 

findings from Stroganova et al.,38 who identified an infant analog of the child, adolescent, 

and adult alpha rhythms based on assessment of spatial distribution (largest over primary 

parieto-occipital cortex) and functional reactivity to visual input by obtaining RS measures 

in lighted and darkened conditions (see also Mulholland39). Specifically, Stroganova et al.38 

found that total darkness is associated with highly synchronous 5.5- to 8-Hz oscillations over 

the occipital cortex in infants aged 4 to 12 months and that these oscillations are attenuated 

when the lights are turned on. Further work in this area is of interest.

In the Figure 2 indication label, we might also note the following: (i) findings to date are 

based on MEG source space analyses (in the label showing the 15-dipole source model 

used); (ii) if possible, the reliability of the measures should be considered (shown here as 

being very high and based on a sample of 10 subjects); and (iii) research is needed to 

determine whether similar group-difference findings are observed using EEG (source and 

sensor analyses). Finally, it is noted that, given possible sex differences in the maturation 

of RS PAF, there may be a need for sex-specific brain markers (see also discussion of PAF 

differences in male and female children in Edgar et al.37).

The following section demonstrates that normal age-related changes in neural activity are 

also of concern in adults.

Auditory Encoding Measures in SCZ

Over the last 10 years there has been increased interest in clinical trials seeking to use neural 

measures to demonstrate biological effects of psychological and biological treatments. As 

an example, there is considerable research examining gamma-band activity (30 to 50 Hz) 

in SCZ, with the hypothesis that gamma abnormalities are due, in part, to inhibitory 

interneuron dysfunction, and with clinical trials examining the effectiveness of cognitive 

therapy, physical exercise, or pharmacology for normalizing gamma activity.40,41

Two auditory encoding measures frequently of interest are considered here: poststimulus 

transient low-frequency activity and 40-Hz steady-state activity. In a review of studies 

examining the early transient 100-ms component of the auditory event-related potential, 

Rosburg et al.42 concluded that auditory encoding abnormalities in SCZ are a robust finding, 

and studies examining the time-frequency profile of the early transient activity (50-ms 

and 100-ms activity) have repeatedly demonstrated decreased lower-frequency activity in 

adults with SCZ,43–46 with Johannesen et al.47 and Jansen et al.48 concluding that the small 

response observed in SCZ reflects a diminished capacity to ‘gate in’ the relevant signal.

Researchers have also used 40-Hz auditory driving stimuli to examine auditory cortex 

dysfunction in SCZ. Assessment of 40-Hz (gamma-band) activity is of interest given 

hypothesized abnormalities in pyramidal cells and inhibitory interneuron networks in the 
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superficial cortical layers in SCZ (for reviews, see Gandal et al.49 and Uhlhaas et al.41). 

Many studies have reported 40-Hz auditory steady-state abnormalities in SCZ. Although 

group differences in 40-Hz auditory steady-state activity are most often examined as 

a function of the strength of the 40-Hz response or the trial-to-trial similarity of the 

40-Hz response,50–62 other studies have examined group differences in the timing of the 

40-Hz response.55,63 To better understand normal and abnormal 40-Hz auditory steady-state 

activity, studies have also examined the relation between background brain activity and 

the 40-Hz auditory steady-state response,64 and cross-frequency associations, assessed via 

phase-amplitude coupling.65,66

Using 40-Hz auditory steady-state stimuli and relatively long interstimulus intervals (e.g., 

greater than 1 s) allows examination of both early transient and steady-state activity.67,68 

As left and right superior temporal gyrus (STG) regions are the primary generators of the 

early transient responses69–76 as well as the 40-Hz steady-state response,77,78 some studies 

have used source localization to directly assess the left and right STG cortical microcircuits 

involved in auditory encoding. As an example, using a 40-Hz steady-state task with a 

relatively long interstimulus interval, Edgar et al.79 showed multiple disruptions in STG 

auditory areas in SCZ, including STG poststimulus low-frequency abnormalities (4–16 Hz) 

as well as 40-Hz steady-state abnormalities.

A growing literature indicates that the utility of 40-Hz steady-state activity as a biomarker 

depends on the age of the control and patient sample. Edgar et al.79 showed an association 

between age and 40-Hz steady-state activity in the left but not right hemisphere in control 

adults but not adults with SCZ, with a smaller left-hemisphere 40-Hz steady-state response 

in older compared to younger control adults (age accounting for over 20% of the variance in 

40-Hz steady-state activity).

Building on the above study, Edgar et al.45 sought to identify EEG and MEG analysis 

approaches that best differentiated controls and patients with SCZ. Given an age-related 

decrease in left 40-Hz steady-state activity in controls but not adults with SCZ, larger 

control and SCZ 40-Hz group differences were hypothesized in the younger participants 

compared to their older counterparts. The meta-analysis of 40-Hz steady-state studies of 

SCZ by Thune et al.80 also provided support for this hypothesis, where a trend for an 

effect of age on group differences was observed (P = 0.09), with controls versus SCZ effect 

sizes of 0.52 for patients older than 39.8 years and 0.77 for patients younger than 39.8 

years. In addition to examining 40-Hz steady-state activity, left and right auditory cortex 

poststimulus low-frequency activity was also examined. Given that the primary/secondary 

auditory cortexes in the left and right STG are primary generators of early transient and 

40-Hz steady-state responses, Edgar et al. also hypothesized that the construct-valid STG 

source measures would better differentiate groups than EEG sensor measures and that larger 

group-difference effects would be observed in source space than in sensor space.

As shown in Figure 3, given an age-related decrease in left STG 40-Hz steady-state activity 

in adult controls, the expected greater 40-Hz steady-state activity in controls compared to 

patients was observed only in the left hemisphere, and only in younger participants (20 to 40 

years old), as shown with the asterisk for the left MEG source measure. The 40-Hz steady-
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state group differences were difficult to observe using EEG in source or sensor space, with 

the only significant EEG group difference finding indicating greater left 40-Hz steady-state 

activity in older patients than controls, likely due to the age-related change in 40-Hz activity 

in controls but not patients. It is of note, however, that this somewhat unexpected group 

difference finding – greater 40-Hz activity in older patients than controls – has been reported 

in EEG studies examining older participants. In particular, studies examining controls and 

individuals with SCZ with a mean age in the late 30s59 and early 40s52,81 have reported 

only trend-level group differences or no group differences. Both Hamm et al.51 and Kim et 
al.,81 reporting auditory steady-state activity in control and SCZ participants with a mean 

age of ~40 years, observed greater steady-state activity in SCZ than in controls, with the 

greater 40-Hz steady-state response in SCZ perhaps due to the age-related decrease in 40-Hz 

steady-state activity present in controls. In contrast, studies examining first-episode and 

early onset SCZ have reported control versus SCZ 40-Hz steady-state group differences.60,82

A comparison of the 40-Hz and low-frequency group difference findings is informative, with 

the Edgar et al.45 results showing that control and SCZ auditory encoding low-frequency 

group-difference effects were observed in the full sample and also generally comparable 

across modality and analysis strategies. As shown on the bottom panel of Figure 4, in the 

full sample, poststimulus low-frequency group differences were observed in the left for 

MEG and bilaterally for EEG. In addition, for the low-frequency activity, similar effect 

sizes were observed across source and sensor (e.g., Cz, sensor principal component analysis) 

methods.

Thus, the findings from Edgar et al.45 indicated that, with regard to identifying group 

differences in auditory encoding, the ‘optimal’ approach depends on the measure of interest. 

To this end, a clinical label for 40-Hz steady-state activity might look something like that 

shown in Figure 5, with the color bar indicating that research shows that 40-Hz steady-state 

tasks are most useful for the ages shown in green. The red area to the left indicates that 

previous research has shown that 40-Hz steady-state tasks may not provide brain responses 

with sufficient signal-to-noise in child and young adolescent populations (discussed further 

in the Discussion section). Text in the indication label notes that there is some evidence 

that 40-Hz steady-state group differences are more easily identified using MEG than EEG, 

also noting that 40-Hz steady-state measures obtained at EEG sensors are contraindicated. 

So, using source measures, the 40-Hz steady-state task looks to be of use in differentiating 

controls and adults with SCZ from ages 18 to 40 years.

In contrast, a label for auditory poststimulus low-frequency activity might look something 

like that shown in Figure 6. The color bar indicates that poststimulus low-frequency group 

differences are robustly observed in controls and adults with SCZ from ages 20 to 50 years, 

and the text in the label notes that poststimulus low-frequency group differences have been 

robustly observed using MEG and EEG, and with EEG at the source or sensor level. For 

both the 40-Hz steady-state and low-frequency activity, additional studies are needed to 

determine the reliability of the measures.
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Beyond Electrophysiology

Although this paper focuses on electrophysiology (EEG and MEG), structural and functional 

MRI studies examining control and ASD or SCZ group differences also often report group 

differences in the rate of brain maturation.83–89 For example, Ouyang et al.90. found that in 

TDC and children with ASD aged 2 to 7 years, the pattern of diffusion group differences 

changed as a function of age. Sheffield et al.91 observed significant differences in the 

maturation of functional brain networks in controls and individuals with SCZ, with their 

figure 1 suggesting that the direction of group differences in the cingulo-opercular network 

changed in younger versus older subjects. Van Haren et al.92 showed differences in the 

trajectory of gray matter volume change in controls and individuals with SCZ: instead of a 

curved trajectory found in controls, patients with SCZ showed a linear decrease over time. 

As a result of different maturation rates, the pattern of gray-matter group differences is 

expected to change as a function of the age. As a final example, in an fMRI study examining 

RS activity in controls and individuals with ASD, Guo et al.93 showed that the pattern 

of group differences changed as a function of age in some but not all brain regions. In 

particular, as shown in Figure 7 (from Guo et al.93), whereas the group-difference effect 

was in the same direction for children (<11 years), adolescents (11–18 years), and adults 

(>18 years) at the middle occipital gyrus and precuneus regions, the group-difference pattern 

reversed for children and adolescents at the medial prefrontal cortex. This was due to a 

quadratic age-related change in medial prefrontal cortex RS activity in controls but not in 

ASD subjects. The above studies suggest that a group difference in brain maturation is a 

concern for all brain diagnostic markers.

Discussion

If diagnostic markers are to be of general use in clinical practice, then maturation rates 

between the control and case groups must be similar (or, at a minimum, known). The upper 

two panels of Figure 8 show where control and case group-difference effects are maintained 

given similar linear (Fig. 8a) or quadratic (Fig. 8b) changes in brain activity across the life 

span in two groups. Different rates of maturation, however, result in electrophysiological 

markers specific to certain ages (Fig. 8c,d). The ASD and SCZ examples presented above 

show that maturational changes in brain function in a control group (pediatric as well as 

adult populations) result in diagnostic markers of use only for specific ages.

Figures 2,5, and 6 use color coding to indicate when a diagnostic marker is of most 

use. As more studies are conducted, these figures can be refined to report effect sizes 

at specific ages. For some diagnostic markers, a group-difference effect-size asymptote 

surrounded by steep slopes might be observed, indicating a very restricted use of the 

diagnostic marker. Such a pattern might be observed in studies examining brain areas that 

show relatively rapid development during infancy, such as primary/secondary somatosensory 

and visual cortex.94,95 For other measures, an asymptote surrounded by shallow slopes 

might be observed, indicating a more general use of the diagnostic marker, such as auditory 

poststimulus low-frequency activity in SCZ. Studies examining maturational changes in 

brain activity might also indicate for some measures relatively abrupt changes in neural 

activity, and thus non-symmetric slopes around the asymptote.96 As an example of non-
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linear change in neural activity, during a Gestalt perception task, Uhlhaas et al.97 observed 

increased neural synchrony (gamma power) from early childhood to early adolescence, 

followed by an unexpected decrease during late adolescence, and then a pronounced increase 

in neural synchrony in adults. Such information is needed to guide future studies, recruiting 

within an age range most likely to show group differences, as well indicating when a 

diagnostic marker is of clinical use.

As an extension of the above, although for many decades there has been interest in obtaining 

large samples to quantitatively identify individuals with abnormal brain activity via a 

normative data base and regression methods (e.g., see Szava et al.4 and John et al.98), 

an age-related change in brain activity in one group but not the other creates problems. In 

particular, a regression approach will not identify individuals with disease who are at the 

ages where the groups do not differ on the brain measure. For example, using PAF in ASD, 

regression methods would not identify an 11-year-old male child who has ASD, given that 

at age 11, a typically developing male child and a male child who has ASD will tend to 

have a similar PAF. This is not to say that the alpha rhythms in the 11-year-old child who 

has ASD should be considered normal (especially if a longitudinal study were to show an 

abnormally high PAF in a 6-year-old who had ASD and with the PAF remaining unchanged 

in 11-year-olds) but that purely cross-sectional analyses, thus not considering development, 

will be unable to ‘detect’ this abnormality.

The maturation of neural brain circuits occurs in parallel with the maturation of brain 

structure, with brain development beginning soon after conception, and with establishing 

synchronization of neural activity within and between brain regions a fundamental aspect of 

brain development (e.g., see Uhlhaas et al.41). As an example, electrophysiological studies 

examining primary sensory neural activity in infants have hypothesized that changes in 

neural activity during early development are due to maturation of brain structure, such as 

age-related increases in myelin or increased synaptic efficiency.99,100 Throughout child, 

adolescent, and adult brain development, among many factors, establishing an efficient 

cortical network likely involves maturational changes to white matter,101,102 GABAergic 

interneurons,103,104 and the maturation of gap-junctions between neurons.105

Etiological and biological models of pathology that do not consider maturation risk being 

simplistic or even wrong. The previously described 40-Hz auditory steady-state SCZ 

findings perhaps provide an example. Whereas less 40-Hz auditory steady-state activity 

in SCZ than in controls is often taken as evidence of inhibitory interneuron and pyramidal 

cell dysfunction in SCZ,49 more 40-Hz auditory steady-state activity in SCZ has been 

hypothesized to indicate NMDA receptor dysfunction.51,81 These conclusions, based in 

part on animal models of 40-Hz activity,106,107 are potentially problematic as the temporal 

stability of 40-Hz group-difference findings are often not considered. The Edgar et al.45 

findings suggest that the 40-Hz SCZ/control group difference in older participants is due 

to an age-related decrease of 40-Hz activity in controls. It is anticipated that models that 

consider time will have greater explanatory power than models that ignore maturation 

(see Vaidyanathan et al.108 for a recent discussion regarding experimental design in model 

generation).

Edgar Page 8

Psychiatry Clin Neurosci. Author manuscript; available in PMC 2023 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An understanding of normal brain maturation is needed whether one takes a DSM-5 or an 

RDoC approach to research. What differentiates these approaches is primarily the level of 

analysis, with a DSM-5 approach focusing on diagnosis and an RDoC approach focusing 

on smaller units of analysis that may cut across DSM-5 diagnostic categories, such as 

psychological concepts and biological phenomena associated with disease.3,4 Although a 

DSM-5 approach considers maturation (e.g., diagnoses such as ASD require childhood 

onset), the RDoC approach is better positioned to accommodate maturational change in 

brain activity. Discussing the RDoC initiative, Lake et al.109 noted that an RDoC approach 

allows that, ‘The time course of the development of features of the disorder may vary 

considerably, and important psychological and biological changes may occur (and may 

be targets of preemptive intervention) before the clinical presentation is conventionally 

diagnosable’ (p. 171).

Given maturational changes in brain activity, seeking to identify electrophysiology markers 

across DSM-5 diagnoses via an RDoC approach is likely difficult, especially given 

variability in the age at which symptoms first present. Consideration of gamma-band activity 

provides an example. As detailed in Foss-Feig et al.,110 given the excitation and inhibition 

(E/I) imbalance proposed as underlying neural and behavioral dysfunction in ASD and SCZ, 

cross-diagnostic studies examining E/I imbalance are of interest. As previously described, 

in adults with SCZ the 40-Hz auditory steady-state exam is frequently used to examine 

the integrity of inhibitory interneuron and pyramidal cell circuits (and thus E/I balance). 

This task, however, is unlikely to be of use in studies examining children who have ASD, 

as the 40-Hz auditory steady-state response is often not observed in children and young 

adolescents.111,112 As an example, Edgar et al.113 showed that a robust 40-Hz auditory 

steady-state response was often not observed until mid to late adolescence, with a majority 

of the children in that study having 40-Hz auditory steady-state magnitudes too small to be 

distinguished from noise; thus the control and ASD between-group 40-Hz steady-state group 

comparisons were not informative.

Given the above limitations, studies seeking to use the 40-Hz steady-state procedure to 

evaluate similarities in auditory E/I imbalance in SCZ and ASD might examine older 

adolescents with ASD and adolescents with prodromal evidence of SCZ to obtain robust 40-

Hz auditory steady-state responses in both groups. This approach, however, has limitations 

given that brain activity is examined in one group well after the onset of symptoms (and 

DSM-5 diagnosis) and in the other near the onset of symptoms (but prior to formal 

DSM-5 diagnosis). RDoC studies applying a trait-based approach – examining traits that 

inform a clinical diagnosis and that are detectable at a subclinical level114–119 – are of 

interest, although these would still have the problem of identifying an appropriate task for 

a given age. Given significant differences in brain activity among infants, toddlers, children, 

adolescents, and younger and older adults, creating tasks and a research design that produce 

interpretable findings across the life span and yet allow for development is difficult at best. 

Nevertheless, life span biomarker research is feasible with adequate understanding of the 

effects of maturation on the electrophysiological measure(s) of interest. As an example, 

Chen et al.94 showed that investigation of the maturation of auditory responses from infancy 

to adulthood suggests that at least some auditory event-related responses can be reliably 

tracked across the life span (see figure 3 in Chen et al.94).
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Interest in maturation inevitably leads to longitudinal studies. With respect to clinical 

studies, a central question is whether longitudinal measures examining rate-of-change 

rather than single time-point measures will better predict symptom severity and outcome. 

Diagnostic and prognostic neural markers that change as a function of maturation have 

advantages. For example, measures that change in typical development necessarily show 

the potential to change and thus are of interest in studies examining the effect of treatment 

on these measures (exercise, cognitive behavioral, transcranial direct current stimulation 

[tDCS], or pharmacological). First, for a given brain region and brain measure, studies are 

needed to determine an average change value (and SD) across a fixed time period. It is 

hypothesized that neural measures will show variability in size similar to that obtained for 

developmental behavior observed ‘by eye.’ As an example, although on average children 

learn to walk at ~12 months, it is within normal range to start walking at 18 months. Not 

walking by 2 years, however, is of clinical concern. Similarly, if from 6 to 8 years the 

latency of a brain response has not decreased by ~9 ms in females and ~6 ms in males, this 

may prompt clinical concern.

Although the focus has been on neural activity, as previously noted, the examined issues 

are general and extend to other imaging modalities, such as structural and functional 

MRI. This is because brain structure also shows maturational change. Gray matter cortical 

thickness shows an interesting pattern: whereas in adults cortical thickness decreases as 

a function of age, cortical thickness increases in infants. As an example, peak cortical 

thickness in somatosensory cortex is not obtained until 7 to 10 years,120 and only during 

early adolescence, when dendritic branching stops and neural pruning begins, does cortical 

thickness start to decrease.121,122 Age-related changes are also observed for white matter, 

with a well-documented age-related increase in fractional anisotropy due to the myelination 

of infant white matter.123–125

Finally, and as an extension of the above, strong associations between age and brain 

measures limit our ability to detect structure–function associations distinct from shared 

but not causally associated maturation. Whereas larger samples would provide better 

estimates of the shared structure–function variance after accounting for age, larger samples 

do not necessarily allow examination of ‘true’ structure–function associations without the 

‘confound’ of age. Large samples with a small age range (e.g., 6 to 7 years) are of 

interest, likely providing better estimates of structure–function by reducing the influence 

of maturation by restricting age.

To conclude, brain imaging findings show an effect of brain maturation on diagnostic 

markers separate from (and potentially difficult to distinguish from) effects of disease 

processes. Available research with large samples already provides direction about the age 

range(s) when diagnostic markers are most robust and informative.
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Fig.1. 
Scatterplots showing associations between age (x-axis) and peak alpha frequency (y-axis) 

for typically developing children (TDC; blue, n = 121) and those with autism spectrum 

disorder (ASD; red, n = 183). As detailed in the Results, a significant interaction term 

indicated group slope differences. ***P < 0.001. Reproduced from Edgar et al.37 with 

permission.
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Fig.2. 
A peak alpha frequency clinical indication label for autism spectrum disorder. Activity 

examined at the following brain regions: FpM, fronto-polar midline; FL, frontal left; FM, 

frontal midline; FR, frontal right; TAL, temporal anterior left; TAR, temporal anterior right; 

CL, central left; CM, central midline; CR, central right; TPL, temporal posterior left; TPR, 

temporal posterior right; PL, parietal left; PM, parietal midline; PR, parietal right; OpM, 

occipito-polar midline.
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Fig.3. 
Intertrial coherence time-frequency plots (grand average of controls shown) with box plots 

(magnetoencephalography [MEG] = green border, electroencephalography [EEG] = yellow 

border) showing the mean and 95% confidence intervals for each group (healthy controls 

[HC] = blue, schizophrenia (SCZ) patients = red), and for younger (left) and older (right) 

participants. Findings shown for left and right superior temporal gyrus (STG) 40-Hz steady-

state activity (38–42-Hz activity averaged from 500 to 1000 ms). In the box plots, significant 

group differences are indicated. *P < 0.05. Reproduced from Edgar et al.45 with permission.
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Fig.4. 
Intertrial coherence time-frequency plots (grand average of controls shown) with box plots 

(magnetoencephalography [MEG] = green border, electroencephalography [EEG] = yellow 

border) showing the mean and 95% confidence intervals for each group (healthy controls 

(HC) = blue, schizophrenia (SCZ) patients = red), and for the total sample (younger and 

older). Findings shown for left and right superior temporal gyrus (STG) poststimulus low-

frequency activity (4–16-Hz activity averaged from 50 to 200 ms) and 40-Hz steady-state 

activity (38–42-Hz activity averaged from 500 to 1000 ms). In the box plots, significant 

group differences are indicated. *P < 0.05, **P < 0.001, trends below P = 0.10 reported with 

P-value.
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Fig.5. 
A 40-Hz steady-state gamma activity clinical indication label for schizophrenia. EEG, 

electroencephalography; MEG, magnetoencephalography.
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Fig.6. 
A 40-Hz steady-state poststimulus low-frequency activity clinical indication label for 

schizophrenia. EEG, electroencephalography; MEG, magnetoencephalography; PCA, 

principal component analysis.
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Fig.7. 
(a) Significant main effect of diagnosis on the amplitude of low-frequency fluctuations 

(ALFF) in the left middle occipital gyrus. (b) Significant main effect of diagnosis on ALFF 

in the right precuneus. (c) Significant Diagnosis × Age interaction effect in the medial 

prefrontal cortex (mPFC). *Indicates Bonferroni corrected. (■) Autism spectrum disorder. 

(■) Typical controls. MOG, middle occipital gyrus. Reproduced from Guo et al.93 with 

permission.
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Fig.8. 
(a,b) Control and case group-difference effects are maintained given similar (a) linear or (b) 

quadratic changes in brain activity across the life span in the two groups. (c,d) Different 

rates of maturation, however, result in electrophysiological markers specific to certain ages.
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