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BELL, MARTHA ANN, and Fox, NATHAN A. The Relations between Frontal Brain Electrical Activity
and Cognitive Development during Infancy. CHILD DEVELOPMENT, 1992, 63, 1142—-1163. The rela-
tions between changes in the scalp-recorded electroencephalogram (EEG) and the development
of the ability to perform successfully 2 cognitive tasks attributed to frontal lobe functioning were
examined in 13 infants from 7 to 12 months of age. Infants successful in performing the A-not-B
task with increasingly longer delays across the second half of the first year of life showed changes
in power in scalp-recorded brain electrical activity in the frontal region and an increase in
anterior/posterior EEG coherence. Infants with rapid mastery of object retrieval did not differ
in frontal EEG development from infants who exhibited the normal developmental progression
in object retrieval performance. In a task examining inhibition of reaching to a novel toy, there
were no differences in frontal EEG as a function of performance. Results from a cross-sectional
sample revealed similar findings. These data confirm work with nonhuman primates on the
importance of maturation of frontal cortex in the successful performance on certain tasks (A-
not-B), but do not confirm nonhuman primate data on the importance of frontal cortex for other
tasks (object retrieval). The data also suggest that the electroencephalogram may be useful as a
noninvasive measure of central nervous system development during the first year of life.

There are few instances of known neu-
roanatomical substrates for human intelli-
gent behavior during the first year of life.
However, recent advances in behavioral
neuroscience have permitted investigation
of the relations between the emergence of
object permanence skills and developing ar-
eas of the cerebral cortex (Goldman-Rakic,
1987a, 1987b; Goldman-Rakic, Isseroff,
Schwartz, & Bugbee, 1983). A number of
studies by Diamond and associates (Dia-
mond & Goldman-Rakic, 1983, 1986, 1989;
Diamond, Zola-Morgan, & Squire, 1989)
have demonstrated that successful perfor-
mance on a Stage IV object permanence task
(the A-not-B task) depended upon matura-
tion or integrity of dorsolateral prefrontal
cortex.

Infant rhesus monkeys displayed a
change in performance on the A-not-B task
with delay across the first 5 months of life
which corresponded to the developmental
change in performance on the same task in
human infants over the second half of the
first year of life (Diamond & Goldman-Rakic,

1986). Infant monkeys who received bilat-
eral lesions in dorsolateral prefrontal cortex
(Broadmann’s areas 8, 9, and 10) at 4.5
months of age succeeded on the A-not-B task
with 12-sec delay before surgery (Diamond
& Goldman-Rakic, 1986). However, when
testing resumed at 5.5 months and continued
until 8 months of age, these infant monkeys
were unable to succeed at the A-not-B task
at any tested delay (e.g., 2, 5, and 10 sec;
Diamond, 1990b; Diamond & Goldman-
Rakic, 1986). Adult rhesus and cynomo-
gus monkeys with lesions in the prefrontal
cortex were hampered, when compared to
normal or hippocampal lesioned animals,
on the A-not-B task with varying delay (Dia-
mond & Goldman-Rakic, 1989; Diamond et
al., 1989).

There is evidence, however, that the
timing of bilateral lesions to the dorsolateral
prefrontal cortex during infancy may affect
the monkey’s performance on a similar task-
—delayed response. The A-not-B and the
delayed response tasks differ only in the
schedule for determining where the desired
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object is to be hidden. In the delayed re-
sponse task, the object, or bait, is hidden ran-
domly according to a predetermined pattern.
Diamond (Diamond & Doar, 1989) has dem-
onstrated that human infants and infant mon-
keys (Diamond & Goldman-Rakic, 1986)
show a progressive increase in successful
performance on the delayed response task
similar to that shown for the A-not-B task.

The link between integrity of the dorso-
lateral prefrontal cortex and success on the
delayed response task has been established
by many researchers (e.g., Fuster, 1973;
Goldman & Rosvold, 1972; Stamm & Rosen,
1969). However, Goldman (1971) has re-
ported that infant monkeys with lesions to
the dorsolateral prefrontal cortex did not
show deficits on the delayed response task
later in infancy. These monkeys did, how-
ever, demonstrate impairments on the task
as adults. Thus, there is the possibility that
other areas of the brain might mediate the
infant monkeys’ performance on the delayed
response task when damage has occurred to
the prefrontal cortex at an early age (Gold-
man, 1971).

Diamond has proposed that the skills es-
sential for solving the A-not-B task include
the ability to hold a representation in mem-
ory over time (i.e., recall memory) and the
ability to inhibit a motor response (Dia-
mond, 1985, 1988, 1990b). Diamond (1990b)
has argued that the integration of these two
skills (recall memory and inhibitory control)
is a primary competency of dorsolateral pre-
frontal cortex. Tasks that utilize only one of
these skills, such as the delayed non-match
to sample task that makes use of recall mem-
ory but not response inhibition, can be suc-
cessfully solved by monkeys with lesions
of dorsolateral prefrontal cortex (Diamond,
1990b).

There are in the developmental litera-
ture many alternate explanations for a hu-
man infant’s performance on the A-not-B
task. Since Piaget’s (1954) initial description
of the task, researchers have proposed that
confusion about the hidden object’s identity
(Harris, 1983) or egocentric conflicts (Butter-
worth, Jarrett, & Hicks, 1982) are key deter-
minants of the A-not-B error. Recently, Well-
man and colleagues (Wellman, Cross, &
Bartsch, 1986) presented a critique of the
major alternative explanations for the A-
not-B error and proposed instead that there
are different search modes that lead the in-
fant to search at A and at B. Specifically, they
argued that understanding object move-
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ments, not simply having object perma-
nance, is a key to correct search at B during
the A-not-B task. Thus, the infant must use
an “inferred-location” approach to deduce
an object’s current location after observing
its movements from one location to another
over time (Wellman et al., 1986).

To investigate what she believes to be
another representational competency associ-
ated with the frontal lobes, Diamond devel-
oped the object retrieval task (Diamond,
1990a, 1992; Diamond & Goldman-Rakic,
1986). This task was designed to tap the abil-
ity to relate information spanned over space,
as well as the ability to inhibit motor re-
sponses. As with the A-not-B task, it is the
integration of these two skills that requires
frontal lobe involvement. In the object re-
trieval task, infants must inhibit reach to-
ward a toy that is placed inside a clear Plexi-
glas box. According to Diamond, over the
second half of the first year of life, infants
develop strategies to find the opening to the
box, relate the information about the open-
ing position to motor movements, and re-
trieve the toy.

Infant rhesus monkeys showed a devel-
opmental progression on object retrieval
similar to that seen in human infants (Dia-
mond & Goldman-Rakic, 1986). Adult rhesus
monkeys with bilateral lesions of the dorso-
lateral prefrontal cortex (Broadmann’s areas
8, 9, and 10) show impaired performance on
object retrieval similar to human infants un-
der 9 months of age (Diamond, 1990a, 1992;
Diamond & Goldman-Rakic, 1985). Rhesus
monkeys with lesions of parietal cortex or
the hippocampus were not impaired on ob-
ject retrieval performance (Diamond et al.,
1989), although parietal lesions produced
some misreaching errors. However, these er-
rors were very different from errors made by
infant rhesus monkeys and 7.5-9-month-old
human infants.

These behavioral neuroscience studies
of frontal lobe development have utilized
nonhuman primates as subjects. Those stud-
ies of cognitive development in human in-
fants (Diamond, 1990a, 1990b) have made
inferences from the findings of lesion stud-
ies with monkeys regarding the role of dor-
solateral frontal cortex. An additional source
of evidence of regional maturation of the cor-
tex in human infants may be found through
measurement of the scalp-recorded electro-
encephalogram (EEG). Studies of EEG de-
velopment have traditionally focused on de-
scriptions of changes in frequency and
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power. EEG power may be expressed as
voltage squared (amplitude squared) in a
particular frequency band.

Longitudinal studies over the first year
of life (Hagne, 1968, 1972; Mizuno et al.,
1970) have reported changes in both the
amount of EEG power and the frequencies
at which power is manifested. For example,
Hagne (1968) reported that the amount of
power between the left parietal and occipital
regions decreased between 8 and 10 months
of age and then increased between 10 and
12 months. She also noted that power be-
tween left central and common vertex stead-
ily increased between 8 and 12 months of
age. Similarly, Ohtahara (1981) reported data
on a cross-sectional sample of infants over
the first year of life in which there was a
pattern of increases and decreases in occipi-
tal EEG power with a trend toward gradu-
ally increasing power values.

The assumption that scalp electrodes
necessarily reflect brain activity from spe-
cific cortical regions immediately underly-
ing the electrodes is not without problems.
Likewise, there are concerns about the de-
gree to which EEG measures reflect cortical
versus subcortical brain activity, especially
in infants. While issues of precise localiza-
tion using the EEG remain, it is possible to
examine corresponding changes in EEG
power and frequency with cognitive perfor-
mance (see Bell & Fox, in press, for a discus-
sion of these issues). To date, there has been
only one study which has examined the cor-
respondence between changes in cognitive
development below 12 months of age and
the EEG. Hagne (1968, 1972) recorded EEG
in 20 infants at 3 weeks, and at 2, 4, 6, 8, 10,
and 12 months of age. Hagne administered
the Griffiths Scale of Mental Development
and reported two sets of correlations be-
tween the Griffiths Scale and the EEG. She
computed a ratio score of two frequency
bands (1.5-3.5 Hz/3.5-7.5 Hz) and found
that infants with high Griffiths scores had a
lower ratio (more power in the higher fre-
quency band). In addition, infants with a
higher peak frequency (i.e., the frequency
bin exhibiting the greatest power value) at
both 4 and 10 months of age scored higher
on the Griffiths Scale at those ages.

Recent advances in understanding the
physiological significance of certain parame-
ters of the EEG have demonstrated that
EEG may also be useful in reflecting the in-
tegrity of anatomical connections in the cen-
tral nervous system. There are data, for ex-

ample, which indicate that the coherence of
the EEG recorded from electrode sites at
different locations reflects the degree to
which there are axonal connections between
these regions (Nunez, 1981). Coherence
(Thatcher, Krause, & Hrybyk, 1986;
Thatcher, Walker, & Guidice, 1987) has
been related to the density of white matter
axons and the short and long fiber networks
of these axons. The strength and number of
these axonal connections are reflected by co-
herence values. Coherence is defined math-
ematically as the absolute value of the cross-
correlation function in the frequency
domain. Values range between 0 and 1, with
a value of 1 indicating a complete linear re-
lation between two electrodes sites (Kuks,
Vos, & O’Brien, 1988).

Thatcher reported that from birth to age
3 the coherence between pairs of electrode
sites showed different patterns of develop-
ment, with some pairs displaying an in-
crease in coherence and others a decrease
in coherence. After age 3, all pairs of leads
simultaneously increase or decrease in co-
herence across age (Thatcher et al., 1987).
Thatcher (Thatcher et al., 1986) also re-
ported that the frontal region is strongly cou-
pled to the posterior regions via long dis-
tance axonal connections. Thatcher has
provided evidence that the periods of
change in the magnitude of coherence be-
tween electrode sites across the first 12 years
of life may correspond to the ages of major
cognitive change as defined by Piaget
(Thatcher et al., 1987).

One of the competencies of the frontal
region, the sequencing of goal-directed be-
havior such as that involved in means-end
tasks like A-not-B and object retrieval, may
involve the synchronization of many special-
ized processes that are regulated by poste-
rior regions (Pribram, 1973). Long distance
connections (anterior to posterior) could be
critical for successful performance of these
complex behaviors. Connections between
frontal cortex and the parietal cortex, for ex-
ample, may be crucial for spatial cognitive
competencies associated with the A-not-B
and object retrieval tasks. Specifically, the
posterior parietal cortex has been implicated
in the generation and control of reaching
in space (Georgopoulos, 1987; Jeannerod,
1988; Mountcastle, Lynch, Georgopoulos,
Sakata, & Acuna, 1975).

Changes in spectral power of the EEG
may reflect the mass organization and excit-
ability of particular groups of neurons (Nu-



