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Method 

Participants 

Twenty-eight healthy 6-month-old infants (14 boys, 14 girls) and their parents were recruited 

through mailing lists to participate in a longitudinal study of infant development. The 

participants were Caucasian from generally middle to upper-middle class homes in the greater 

Washington D. C. metropolitan area. Only infants born to two right-handed parents were selected 

to participate in the study. Parental handedness was assessed with the Edinburgh Handedness 

Inventory (Oldfield, 1971), and children of parents who received scores of at least 10 were 

selected for the study. Additionally, infants were chosen if they were born within three weeks of 

their anticipated due date, weighed at least six pounds at birth, received no special medical 

intervention at birth, had no documented neurological problems, and both parents had at least a 

high school education. These selection criteria data were obtained over the telephone with the 

parents prior to their first visit.  

Procedures 

Parents brought their infants into the laboratory every month from 6 to 12 months of age, 

each time within 5 days of their monthly birthday (total of 7 visits). At each visit, brain electrical 

activity (EEG) was recorded and the infant completed a series of cognitive tasks, including the 

A-not-B task.  

Electrophysiological Recording. Brain electrical activity was recorded during a 2-minute 

pre-task baseline recording session at each visit. Infants were placed in either a high chair or at a 

feeding table. The parent was instructed to sit slightly behind the infant and not speak to the 

infant unless the infant was distressed and they needed to soothe the infant. During the recording, 

the infant watched the experimenter spin balls in a bingo wheel, segmented into 10 seconds of 
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spinning 1, 3, and 7 balls, each separated by a 10 second pause, and then the 1-3-7 sequence with 

pauses repeated. Power values were yielded at each electrode site for each stimulus condition 

(spin 1, spin 3, spin 7, pause), resulting in a composite of EEG baseline power values that were 

used in the current analyses.  

Since we presented a spinning wheel to sustain infant attention and minimize motor 

movement during the baseline EEG assessment, it may be that our EEG measure reflects a state-

dependent index of visual attention that increases over the second half of the first year. Task-

related changes in alpha EEG power have been found for attention tasks in infancy. Xie, Mallin, 

and Richards (2017) found a negative relation between alpha power and infants’ sustained 

attention. These findings contrast with the work of Bell (2001, 2002) and Orekhova, Stroganova, 

and Posikera (2001) who found that increases in alpha power from baseline to task were 

associated with working memory and visual attention. The authors conclude that different 

cognitive tasks are associated with different patterns of baseline alpha EEG power changes. 

Broadly, these data suggest that the development of alpha rhythm might be linked to infants’ 

visual attention capabilities and may depend on the cognitive task being measured.  

EEG recordings were taken from six scalp placements referenced to Cz: left and right frontal, 

parietal, and occipital regions (F3, F4, P3, P4, O1, and O2). These scalp sites were chosen to 

represent electrical activity from anterior to posterior parts of the scalp. Channels A1 and A2, 

located at the ears and referenced to Cz, were also recorded. Recordings were captured using an 

Electro-Cap stretch cap with a 10/20 electrode system placement. Once the cap was placed on 

the infant’s head, a small amount of Omni-Prep was used to abrade the scalp with the blunt end 

of a Q-tip. EEG electrode gel was then inserted into each site. If sites were above 5K Ohms, 
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additional abrasive was used. EOG was recorded from the external canthus to the supra-orbit of 

one eye. This channel was digitized with the EEG recordings to facilitate artifact editing.  

All EEG leads, two ear leads, and the EOG lead were separately amplified by Grass Model 

12A5 amplifiers as part of the Neuro-data acquisition system (Grass Model 12-32). 

Digitalization of data was done online using a HEM A/D board mounted in an IBM PS2/80 

computer with HEM customized software. Channels were displayed on a Grass Model 78D 

polygraph. The EEG was digitized at 512 Hz per channel, and this high sampling rate was 

chosen to insure no problems aliasing the data and to examine EMG artifacts at 90- to 200-Hz. 

Before recording the participants, a 10 Hz .477 V rms sine wave was input through each 

amplifier of the polygraph. The amplifier was configured so the output of the signal was 50 𝝁V 

peak to peak with a gain of 10,000. The calibration of each amplifier was digitized for 30 

seconds. The EEG data were re-referenced to an average reference configuration prior to editing.  

The EEG data were edited for eye movement and gross movement artifact. Trained coders 

marked epochs that were corrupted by EOG or gross motor movement and these channels were 

thus removed from further analyses. On average, 50% of the EEG data were artifact-free at the 6-

month measurement occasion, 54% at the 7-month measurement occasion, 54% at the 8-month 

measurement occasion, 58% at the 9-month measurement occasion, 57% at the 10-month 

measurement occasion, 59% at the 11-month measurement occasion, and 58% at the 12-month 

measurement occasion. All analyses used the artifact-free data. Individual patterns of available 

EEG data were not associated with any study variables (p’s > .08). The EEG data were analyzed 

using a discrete Fourier transform with a Hanning window of a one-second width with 50% 

overlap. The mean voltage was subtracted from each data point to remove any power results due 

to DC offset before DFT computation. Power in single Hz bands was computed for frequencies 
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between 1 and 12 Hz, and power was expressed in mean square microvolts. In line with 

longitudinal research for infants of this age, plots of spectral power indicated dominant 

frequency in all leads at all ages was in the 6- to 9-Hz alpha band (Marshall, Bar-Haim, & Fox, 

2002). Given the positive skewness of the data, power values were log transformed (ln) in this 

frequency band. One male infant missed his 9-month visit and twelve of the participants had 

incomplete EEG data due to artifacts and poor channel recordings. Chi-square tests of 

independence suggested that children with complete and incomplete data did not differ on any of 

the available demographics (2 < 1.313, p > 0.252). ANOVA tests indicated that those children 

with missing data at any point tended to have higher power at some EEG measurement occasions 

(i.e., F3 at 10 months, P3 at 8 and 9 months, F4 at 11 months, P4 at 9 and 10 months, O1 at 10 

months, and O2 at 10 months) and lower at power at another (i.e., P3 at 10 months).  Given the 

inconsistencies in these missing data patterns, it was assumed that the data were missing at 

random and could be handled using maximum likelihood estimation.  

A-not-B Task with Delay. After the electrophysiological recording, infants were assessed on 

the A-not-B task with delay, which was modeled after the standard two-location task (Wellman 

et al., 1986). The AB apparatus was a cardboard box measuring 47.5 cm (length) by 22.5 cm 

(width) by 7.5 cm (depth). It contained two wells, A and B, that were each 9.5 cm in diameter 

and 7.5 cm deep, separated by 29 cm from center to center and covered with 20 squared-cm 

white fabric cloths. The apparatus was positioned on the floor in front of the infant, such that the 

center of the box was at midline and the wells were within reach of the infant. While the parent 

sat behind the infant, the experimenter sat on the opposite side of the apparatus facing the infant 

and parent. Given that not all toys are equally engaging among children, an assembly of toys was 
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placed next to the experimenter. The experimenter could thus choose a toy that appealed to the 

infant and substitute a new toy if the infant lost interest.  

The experimenter signaled the beginning of a trial by holding up a toy to engage the infant’s 

attention. Subsequently, the experimenter lifted the cloth covering one of the wells (A or B), 

placed the toy in that well, and then covered the well again with the cloth, completely obscuring 

any sight of the toy. If attention was lost during the trial, the experimenter gained the infant’s 

attention and hid the toy again. A correct response was coded if the child recovered the toy from 

side A. Also included as a correct response was uncovering the correct well but failing to reach 

for the toy and uncovering both wells yet visually fixating on the correct well. In prior work 

(Bell & Fox, 1992), this latter response was seen quite often. In order for the response to be 

deemed correct, both the experimenter and an observer had to have witnessed the fixation on the 

cloth covering the toy. Uncovering the empty well, not reaching for the toy, and not fixating on 

the well housing the toy were all deemed incorrect responses.  

A successful trial consisted of correctly retrieving the toy from side A two times, then a 

correct retrieval to side B, or the second well. This trial was deemed the “A-A-B” trial. If the 

infant’s interest in the toy waned, the experimenter selected a new toy that captured the child’s 

attention and started the trial over. After successfully retrieving the toy in trial A-A-B, the infant 

had to then correctly uncover side A in trial B-B-A. If the infant did not succeed in the trial B-B-

A, this trial was repeated. The initial site of hiding the toy was randomized across participants 

and visits. Infants were required to recover the toy on 2 out of 3 trials in both directions (to 

eliminate preferential reaching) to be considered competent at the task.  

The A-not-B task was scored by delay on a scale from 0 to 4. A score of “0” represented a 

failure to complete the task at a 0-second delay. A score of “1” represented competence at 
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completing the task with a 0-second delay, where the infant was allowed to immediately search 

for the toy once it was hidden. Scores of “2”, “3”, and “4” were given when the infant completed 

the task with a 2-second, 4-second, or 6-second or greater delay, respectively. During the delay 

period, the experimenter broke the infant’s attention from the task by clapping her hands 

together. The parent was also told to hold the infant’s hands to prevent reaching during the 

hiding and delay periods. The delay period began once the experimenter observed the infant’s 

attention breaking from the second well. Two observers completed coding of A-not-B 

performance by videotape very shortly after the session took place. The principal investigator, 

the experimenter, and the observer in the session reviewed these codes independently to resolve 

any discrepancies.  

Data Analysis 

 

Data analysis proceeded in two steps, organized and constructed to make efficient use of the 

unique study design that encompassed seven monthly repeated measurements of task behavior 

and brain function. We viewed our analyses of this small and very unique sample as semi-

exploratory – using linear and nonlinear growth models to extract meaningful parameters from 

the rich and unique repeated measures data, but not claiming or assessing model fits as 

confirmatory evidence for statistical inference.  

Interindividual differences in development of A-not-B task performance. Our first aim was 

to quantify interindividual differences in the development of infants’ A-not-B task performance 

from age 6 to 12 months. The data had some distinctive characteristics that suggested description 

using a logistic growth function (Grimm & Ram, 2009; Ram & Grimm, 2007). By design, the A-

not-B task imposes clear lower and upper bounds on performance. Theoretically, all children 

progress from a stage when they are not able to perform the task at a 0-second delay 
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(performance = 0) to a stage when they perform the task at a 6-second or greater delay 

(performance = 4). As such, we modeled the seven, t = 0 to 6, repeated observations of each 

infant i’s performance as 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒𝑖𝑡 = 𝜃0 + (𝜃1 − 𝜃0) {
1

1+𝑒𝑥𝑝[−𝑟𝑖(𝑎𝑔𝑒𝑖𝑡−𝜃2𝑖)]
} + 𝑒𝑖𝑡  (1) 

 

where θ0 defines the lower asymptote of performance, in our case fixed = 0 (failure to complete 

task at 0-second delay); θ1 defines the upper asymptote of performance, in our case fixed = 4 (A-

not-B performance with 6-second or greater delay); θ2i is a person-specific coefficient that 

captures the timing of change, specifically considered here as the age at which an infant would 

reach a performance score = 2 (formally, the inflection point located halfway between the lower 

and upper asymptotes); ri is a person-specific coefficient that indicates the rate at which an infant 

develops (i.e., rate governing change from the lower to the upper asymptote; higher rate values 

indicating that the infant is improving in A-not-B task performance more quickly over time at the 

inflection point, relative to the other infants); and eit is residual error assumed normally 

distributed with a mean of zero and a variance 𝜎2
e. Analytically, the logistic growth model 

served as a “measurement model” to derive timing and rate scores (θ2i and ri) that could then be 

examined in relation to individual differences in the development of EEG power. The selection 

of the score of 2 provided a common point, or parameter in the model, on which to compare 

individuals most parsimoniously. Linearity was accommodated in the measurement scale (0 to 

4). Nonlinearity was accommodated in development of cognitive performance, given the 

previous research revealing nonlinearities in infants’ cognitive development. Models were fit to 

each infant’s repeated measures data by looping the nls function in R (R Core Team, 2013) with 

a range of starting values that facilitated convergence for all N = 28 cases.  
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Associations between development of EEG power and development of A-not-B task 

performance. Interindividual differences in the development of infants’ EEG power from age 6 

to 12 months were then modeled using a standard linear growth model with covariates (Grimm, 

Ram, & Estabrook, 2017). Specifically, the seven, t = 0 to 6, repeated observations of EEG 

power were modeled, separately for each electrode location (F3, F4, P3, P4, O1, O2), as 

𝐸𝐸𝐺𝑝𝑜𝑤𝑒𝑟𝑖𝑡 = 𝛽0𝑖 + 𝛽1𝑖𝑎𝑔𝑒𝑖𝑡 + 𝑒𝑖𝑡     (2) 

with the person-specific intercept and linear slope coefficients modeled as  

𝛽0𝑖 = 𝛾00 + 𝛾01𝑡𝑖𝑚𝑖𝑛𝑔𝑖 + 𝛾02𝑟𝑎𝑡𝑒𝑖 + 𝑢0𝑖    (3) 

𝛽1𝑖 = 𝛾10 + 𝛾11𝑡𝑖𝑚𝑖𝑛𝑔𝑖 + 𝛾12𝑟𝑎𝑡𝑒𝑖 + 𝑢1𝑖    (4) 

where s are sample-level parameters and u0i and u1i are unexplained interindividual differences 

in initial level and rate of change that are assumed multivariate normal distributed with means of 

zero, standard deviations of 𝜎u0 and 𝜎u1, and correlation ru0u1.  Of particular interest were the 

relations of EEG power development with the timing (01 and 11) and rate (02 and 12) of A-not-

B development. Models were fit to the repeated measures data from each electrode location 

using the nlme package in R (Pinheiro, Bates, DebRoy, Sarkar, & Core Team, 2015) using 

maximum likelihood estimation, with incomplete data (5%) treated using missing at random 

assumptions.  
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Table 1. 

Descriptive statistics for the seven monthly repeated measurements of behavior (A-not-B performance) and brain activity (EEG power).  

 Age (months) 

 6 mo 7 mo 8 mo 9 mo 10 mo  11 mo 12 mo 

 M SD M SD M SD M SD M SD M SD M SD 

A-not-B Score  0.00 0.00 0.32   0.72 1.25 0.97   2.15 1.41   2.61 1.17 3.18 1.09 3.32   1.09 

F3 Power   2.71 0.48   2.81   0.52   2.93   0.53   2.95 0.41   3.08 0.57 3.19 0.38   3.21   0.42 

F4 Power   2.72 0.46   2.92   0.52   3.01   0.51   2.99 0.41   3.18 0.58 3.23 0.38 3.20   0.45 

P3 Power 2.45  0.54 2.54 0.66 2.60 0.64 2.63 0.56 2.85 0.63  2.99   0.58 2.91 0.61 

P4 Power 2.44  0.63 2.45 0.57 2.58 0.53 2.66 0.53 2.64 0.72  2.82 0.48 2.86 0.61 

O1 Power 2.53 0.54 2.64   0.51   2.54   0.46   2.68 0.40   2.78 0.57 2.92   0.49 2.85   0.49 

O2 Power    2.54 0.56 2.58   0.56   2.63   0.55   2.67 0.57   2.81 0.53   2.92   0.55  2.95   0.48 

Note. Descriptive statistics for EEG power values are natural log transformations of power in the 6-9 Hz frequency band. Descriptive statistics are based on 195 occasions for A-

not-B task performance (186 for F3, P3, O1; 185 for F4, P4; 188 for O2) nested within 28 participants. M = mean, SD = standard deviation. 
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Table 2. 

 
Results from the Linear Growth Models with Logistic Model Parameters as Predictors. 

                     Change over Age (months) 
 

F3 Power F4 Power P3 Power P4 Power O1 Power O2 Power 

 Est. SE 95% CI Est. SE 95% CI Est. SE 95% CI Est. SE 95% CI Est. SE 95% CI Est. SE 95% CI 

Fixed effects  

  Intercept, γ00 2.731* 0.082 

 

 2.569,  

2.893 

2.796* 0.085 

 

 2.628, 

2.965 

2.464* 0.098 

 

 2.269, 

2.658 

2.440* 0.094 

 

 2.254, 

2.626 

2.514* 0.073 

 

 2.370, 

2.659 

2.509* 0.077 

 

 2.357, 

2.661 

  Agec6, γ01 0.088* 0.012 
 

 0.064,  

0.112 

0.082* 0.012 
 

 0.060, 

0.105 

0.087* 0.015 
 

 0.057, 

0.117 

0.070* 0.015 
 

 0.041, 

0.099 

0.062* 0.017 
 

 0.029, 

0.094 

0.072* 0.015 
 

 0.041, 

0.102 

  Timing, γ11  0.034 0.047 

 

-0.064, 

0.132 

0.029 0.049 

 

-0.072, 

0.131 

0.043 0.057 

 

-0.074, 

0.161 

0.036 0.055 

 

-0.076, 

0.148 

-0.046 0.043 

 

-0.135, 

0.042 

-0.021 0.045 

 

-0.114, 

0.072 

  Rate, γ12 -0.031 0.031 

 

-0.095, 

0.034 

-0.028 0.033 

 

-0.096, 

0.039 

-0.039 0.038 

 

-0.117, 

0.039 

-0.052 0.036 

 

-0.127, 

0.022 

-0.081* 0.029 

 

-0.141, 

-0.021 

-0.077* 0.030 

 

-0.138, 

0.017 

  Agec6 x Timing -0.002 0.007 

 

-0.016, 
0.012 

0.003 0.007 

 

-0.011, 
0.016 

-0.003 0.009 

 

-0.021, 
0.015 

-0.004 0.009 

 

-0.021, 
0.013 

0.009 0.010 

 

-0.010, 
0.028 

0.010 0.009 

 

-0.008, 
0.028 

  Agec6 x Rate  0.002 0.005 

 

-0.007, 

0.011 

0.003 0.004 

 

-0.006, 

0.011 

0.002 0.006 

 

-0.009, 

0.014 

0.004 0.006 

 

-0.007, 

0.016 

0.011 0.007 

 

-0.001, 

0.024 

0.010 0.006 

 

-0.002, 

0.022 

 
Random effects 

 

  Intercept, σu0  0.151  

 

 0.076, 

0.303 
0.167  

 

 0.085, 

0.329 
0.218  

 

 0.108, 

0.440 
0.185  

 

 0.089, 

0.386 
0.090  

 

 0.036, 

0.228 
0.089  

 

 0.031, 

0.256 

   

  Agec6, σu1 
 0.001  

 
<0.001, 

0.008 
0.009  

 
<0.001, 

0.009 
0.003  

  
 0.001, 

0.011 
0.001  

 
<0.001, 

0.017 
0.003  

 
 0.001, 

0.012 
0.001  

 
<0.001,          

0.071 

  
  Correlation, ru0,u1 

-0.008  

 

-0.524, 

0.396 
-0.274  

 

-0.654, 

0.259 
0.064  

 

-0.399, 

0.494 
0.089  

 

-0.539, 

0.650 
-0.077  

 

-0.498, 

0.384 
0.416  

 

-0.972, 

0.996 

 

Residual variance, σe 
 0.074  

 

0.073  

 

0.108  

 

0.125  

 

0.120  

 

0.158  

 

Note. Unstandardized estimates and standard errors (SE) for models based on 186 occasions for F3, P3, O1, 185 for F4, P4, and 188 for O2 nested within 28 participants. * p ≤.01.  
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