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Cyclic Cortical Reorganization during Early Childhood
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EEG coherence was computed from & ieft and 8 right intrahemispheric electrode
pairs from 253 children ranging in mean age from 6 months to 7 vears. The lirst
derivative of mean coherence was computed in urder o study growth spurts or
rapid changes in mean coherence over the early childhouvd period. Growth spurts
in EEG cohercnee were approximately 6 months to 1 year in duration and involved
a cyclical process composed of a sequential lengthening of intracortical connections
in the left hemisphere and a sequential cantraction of intracortical connections
in the right hemisphere. Each growth spurt cycle had a period of approximately
2 to 4 vears and involved both a rustral-caudal expansion and contraction as well
45 a lateral-to-medial rotation. Data support the view that the functions of the
left and right hemisphere are established carly in human development through
complementary developmental sequences and that these sequences appear to re-
capitulate differences in adult hemispheric function. = 1992 Academie Press. Inc.

Previous rescarch has demonstrated growth spurts in frontal lobe in-
tracortical conncctions during the postnatal peried from 6 months to adult-
hood (Thatcher, Walker, & Giudice, 1987; Thatcher, 1991, 1992a). The
postnatal growth spurts, defined as increases in eithcr the number or the
strength of cortical synaplic conncctions, were approximately 6 months
to 1 year in duration and involved a cyclical process composed of a
sequential lengthening of intracortical connections in the left hemisphere
and a sequential contraction of intracortical connections in the right hemi-
sphere (Thatcher, 1992a). Fach growth spurt cycle had a period of ap-
proximately 4 years and involved both a rostral-caudul expansion and
contraction as wcll as a lateral-to-medial rotation. It was hypothesized
(Thatcher, 1992a,b) that each growth spurt cycle involved a propagated
wave of nerve growth factor such that the leading edge of the wave resulted
in the local production of a surplus of synaptic connections while the
trailing edge was followed by a pruning of excess connections.,
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The anatomical pattern of the traveling wave of intracortical growth
spurts suggested a couvergence process that narrows the disparity between
structure and function by iteratively sculpting and reshaping the brain’s
microanatomy to meet the nceds of diverse and unpredictable environ-
ments {Thatcher, 1992a). The anatomical pattern of postnatal growth
spurts also suggested a complementary recapitulation of the differcnces
in hemispheric function observed in the adult. For example, the devel-
opmental sequence of the left hemisphere from short distance to long
distance frontal connections was likened to a developmental process that
sequentially integrates differentiated subsystems. Consequently, the left
hemisphere developmental sequence was charactenzed as “integration of
diffcrentiation.”™ In contrast, the development of the right hemisphere,
from long distance to short distance connections, was likened to a process
of sequential differentiation of a previously integrated system. Accord-
ingly, the complementary right hemisphere developmental scquence was
characterized as “differentiation of integration™ {Thatcher, 1992a).

PURPOSE OF THE PRESENT STUDY

The purpose of the present study was to provide a detailed evaluation
of the iterative growth spurt processes reported previously (Thatcher,
19924) by focusing on the early childhood period from 6 months to 7
years. This is a period when the largest number of growth spurts are
observed and it is a period that contains the first complete developmental
cycle. This study will examine the factor structure of EEG coherence
presented by Thatcher (1991) through a detailed analysis of the cvents
comprising the period from 6 months to 7 years in order to invesligate
the following issues: (1) What are the rates ol growth along the rostral—
caudal und lateral-medial anatomicul dimensions? (2} Are there special
ages or growth periods involving unique frontal lobe development? and
(3) What is the significance of the presence of nonlinear dynamical equi-
librium proccsses such as competition, cooperation. and nonlinear oscil-
lations between developing intracortical systems?

Cortico—Cortical Connections and EEG Coherence

The present study used measures of EEG coherence to estimate changes
in the maturation of cortico—cortical connections. Accordingly, a bricf
introduction to the mathematical and ncurophysiological foundations of
EEG coherence is necessary to provide a basis by which the conclusions
of this study cun be understood. Coherence is mathematically analogous
Lo a cross-corrclation in the frequency domain. It is a mcasure of the
degree of “phase synchrony™ or “shared activity™ between spatially sep-
arated generators (Otnes & Enochson, 1972; Bendat & Peirsol, 1980
Glaser & Ruchkin, 1976). The application of coherence measures to the
human scalp EEG have shown that EEG coherence reflects the counling
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between neocortical neurons (Lopez da Silva, Pijn, & Boeijinga, 1989,
1991; Nunez, 1981, i989; Tucker, Roth, & Blair, 1986; Thatcher,
McAlaster, Lester, Horst, & Cantor, 1983). Recently, a “two-compart-
mental” model of EEG coherence was devecloped (Thatcher, Krause, &
Hrybyk, 1986; Pascual-Marqui, Valdes-Sosa, & Alvarez-Amador, 1988)
based upon Braitenberg's (1978) two-compartment analysis of cortical
axonal fiber systems in which compartment “A” is composed of the basal
dendrites that receive input primarily from the axon collaterals from neigh-
boring or “short distance™ pyramidal cells, while compartment “B” is
composed of the apical dendrites of cortical pyramidal cells that receive
input primarily from “long distance” intracortical connections. The short
distance A systerm primarily involves local inferactions ont the order of
millimeters to a few centimeters, while the long distance B system involves
long-range interactions on the order of scveral centimeters, which rep-
resent the majority of white matter fibers. These two systems exhibit two
different network properties. System B, due to reciprocal connections and
invariant apical dendrite terminations, is involved in long distance feed-
back or loop systems. In contrast, system A, due to the variable depths
of the basal dendrites, is not involved in reciprocal loop processes but
rather in a diffusion type of transmission process (Thatcher et al., 1986;
Pascual-Marqui et al., 1988; Braitenberg, 1978).

The following mathematical equation was developed to describe the
magnitude and slope of decline of human EEG coherence with inter-
etectrode distance {Thatcher et al., 1986; Pascual-Margui et al., 1988):

Coherence = A, e " + B, ¢ sin kd, (1)

where A;, B;, and k are functions of frequency and 4 is scalp interelectrode
distance in centimeters. The first term on the right side of Eq. (1} cor-
responds to the operation of the A system while the second term cor-
responds to the operation of the B system.

White the moment-to-moment changes in EEG cohercnce with inter-
electrode distance can be understood by Eq. (1), changes in the devel
opment of coherence over long spans of time (i.e., months and years)
require additional consideration. One consideration is thai developmental
changes in EEG coherence in a large group of subjects reflect changes
in the mean coupling constants between connccted neuronal networks,
For example, if we assume that volume conduction has been controlled,
then we can postulate a relationship between EEG coherence and two
primary factors: (1) the number of cortico—cortical connections between
neural assembles and (2) the synaptic strength of connections between
neural assemblics (the terms cortico~cortical connections and intracortical
connections are considered synonymous), This relationship is described
as
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Coherence = (C; X §5), (2)

where (; is a connection matrix of the number or density of connections
between neural systems i and | and §; is the synaptic strength of those
conncctions. Equation (2) provides a logical means by which develop-
mental chunges in EEG coherence can be interpreted in terms of changes
in the number and strength of connections between assemblies of neurons
(Thatcher et al., 1986, 1987; Pascual-Murqui et al., 1988). For cxample,
increased coherence is duc to an increasc in the oumber and/or strength
of connections and, conversely, decreased coherence is due to a decrcased
number and/or reduced strength of connections. The neurophysiological
mechanisms responsible for the changes in the numbers or strengths of
connections may include axomal sprouting, synaptogenesis, mylenation.
expunsion of existing synaptic terminals, pruning of synaptic connections,
presynaptic changes in the amount of neurotransmitter, and changes in
the postsynaptic response to a given ncurotransmitter (see discussions by
Purves, 1988; and Huttenlocher, 1984). Curreatly, measurcs of EEG co-
herence cannot discern between these various possibilities.

METHODS

Subjects. A total of 436 normal children ranging in age from 2 months 1o 16.364 years
of age were included in the Thatcher (1991} analysis, This age range of children was selected
hecause it comtained an adequately large sample size at cach age peniod (Ns ranged from
15 10 53 per age group); it covered the developmental period from near hith to carly
adulthood and the data set during this period was especially stable and robust (i.c.. relatively
cqual variances and constant coelficients of vatiation across aged. A variety ol measures
were obtained from each child, including a neurologicul and developmental history, full-
scale T.Q., measures of school achievement. measures of motor development, measures of
skull size, and measures of handedness. Details of the methods of recruitment as well as
psychomeltric, handedness, and neuropsychological examinations are provided eclsewhere
(Thatcher, Lester, McAlaster, & Horst, 1982, "Thatcher et al.. 1983, Thatcher & Lester,
1985). The children were classified as normal hased wpon the following criteria: (1) an
ugeventlul prenatal. perinatal, and postnatal period; (2) no disorders of consciousness: (3) no
heud injury with cerebral symptoms: (1) no history of central nervous diseases; (5) no
convulsions of an emational, febrile, or other nature; (6) no obvious mental discases, and
(7) no abnormal deviation with regard to mental and physical development (Thatcher et
ab.. 1987: Thatcher, 1991). The demographics of the data were 242 males and 194 females
and handedness of children over the age of 2 (i.e.., when handedness could be measured
using the Fdinberg Scale. Thatcher et al.. [982) was approximately 88% right-handed, %%
left-handed, and 3% ambidextrous.

The present study is Timiled o the mean age range from (0513 10 7013 years, which
represents a total of 253 children considered normal based upon the ubove criteria. Of the
subset of 253 children between the ages of 0.513 and 7.013 vears, approximately 72% of
the children were caucasian and 28% were black. Fifty-cight percent were oales, 42%
females, and for children older than 2 vears 88% were right-handed and 119% were left-
handed (we considered measures of handedness as unreliable before the age of 2},

flectroencephalographic acquisivion and anafysis. Grass silver disk clecirodes were applied
to the 19 scalp sites of the Iaternational 10/20 system. A transorbital eye channel (elec-
trooculogram or EOG) was used to measure cye movements, and all scalp recordings were
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referenced to linked ear lobes. impedunce measures for all channels were generally less
than S000 ohms. Amplificr bandwidths were rominally 0.3 to 30 Hg, the outputs being 3
db down at these frequencics. The EEG activity was digitized on-line by a PP 11/03 data
aequisition system. An on-line artifact rejection routine was used which excluded segments
of BEG if the voltage in any channel exceeded a preset limit determined at the beginning
of each session to be sypical of the subject’s resting EE( and EQG.

Onc minute of artifact-free EEG was obtained at a digifization rate of 106 Hz. The EEG
segments were analyzed off-line by a PDP 11/70 computer and plotted by a Versatec
printer/plotter. Each subject's EEG was then visually examined and edited to eliminate
anv artifacts that may have passcd through the on-lre atifact rejection process.

EEG coherence was computed for all pairwise combipations of the following 16 channels
(01,02,P3.P4.T5,T6,T3,T4,C3,C4,F7,F8. F3,F4 F1.F2). According to the International
10420 system, distances hetween electrodes vary as a [uaction of anterior—posterior and
medial-fateral skull size. The vatucs given in the text were estimated based upon mean
skull size for mean apes 1 {0 7 years and were rounded to the nearest centimeter {e.g., 6
cr for adjacent clectrode pairs). The mathematical and digital signal processing procedures
used to compute the EEG power spectrum and EEG coherence are described elsewhere
{Thatcher et al.. 1983, 1986, 1987).

Stansiical analfyses. In previous studies {Thatcher ct al., 1987}, 2- to 4-vear osailations
the lifespan development of EE(G coherence and phase were commonly evident using 1-
year means. In order to increase the frequency resolution of the thythms of coherence,
sliding averages wete computed asing 1-year epochs and .25-yeur increments {from a mean
ape of 513 years to @ mean age of 15.98 years (Thatcher. 1991). Statistical independence
of subjects was attained at 1-year intervals with a 25% increase in ncw subjects with each
.253-year increment {i.e., uniquc subjects within a mean was 25% for mcans separated by
one slep, 50% for means scparated by two sleps, 73% for means separated by three steps,
and 100% independence of subjects for means scparated by four steps). This procedure
provided a total of 64 means and a .5-year frequency resolution. The statistical stability ol
the sliding averages was established by evaheations of the variance of the samples. There
were no variance outliers {¢.g.. extreme Cook scores, Witkinson, 1987) and there was no
statistically significant heterogeneity of variance actoss age. The interpretation of EEG
coherence is facilitated by analyses that correspond to known cortico—cortical connection
systems. Since approximately 95% of the cortical white matter imvolves axons conpecting
intrahemispheric cortico—cortical regions (Nunez, 19813, the present study will focus pri-
marily on analyses of intrahemispheric cortico—cortical electrode derivations, Homologous
interhcmispheric {e.g.. F3/F4) analyses were also conducted; however, these analyses were
essentially redundant to the intrahemispheric analyses {i.c., correlations with inirakemss-
pheric electirodes of >.80) and did oot yield unique factors ur significant elfecis by them-
selves. The nonhomogencous interhemispheric electrode combinations (e.g., F3/P4) were
not analyzed since they represented a very small fraction of the known cortico--cortical fiber
systems {Szentagothai, 1978; Braitenhorg, 1978),

Factor analyses. As described in ‘Thatcher (1991) principal components analysis and dif-
ferent factor analysis rofations (i.e., varimax and quadramax, Wilkinson, 1987) were con-
ducted separatcly for cach of the (our ERG frequency bands. The rows of the analyses
were the 64 time points and the columns of the analyses were {he mean EEG cokercoce
vajues from the 112 mirahemispheric sealp locations {i.e., cach elccirode with respect 1o
all other intrahemispheric clectrndes, 7 X 8 = 56 per hemisphere). To simplify the analysis
amd to increase reliability only eigenvalues greater than 19 of the variance were evaluated.
The {actor analyses reveated that from 9 to 11 factors accounted for at Icast 905 of the
variance within each frequency band (Le., delta, theta, alpha. and beta). Furthermore, the
{actors Tor the different frequency bands were consistenily periodic and showed consistent
anatomical patterns (Thatcher, 1991).
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For example. the factor analysis revealed that the factors for the different frequency bands
were periodic and showed similar anatomical patterns independent of [requency and con-
sistently exhibited differential factor loadings between the left and right hemispheres
{Thatcher. 1991).

Computation of the first derivative. A four-point least squares procedure was used (o
compiute the first derivative {(1.e.. velocity) or instantancous rate of chunge in EEG coherence
means [tom the 436 children in each developmental time series (Savitzky & Golay, 1964).
The procedure involved the convolution ol a quadratic function to compute the first and
second derivatives (i.¢.. velocity and acceleration in percentage mcan coherence/time as
the Timit approached zera), The first four points {mean ages of (313 to 1292 years) were
used to gstimate the derivatives, and these points were set to zero. Therefore, no estimates
ol growth spurts prior o 1495 years of age were made.

Definition of growth spures. Growth spurls were delined by peaks of velocity or those
postnatal ages where there wus o maximum increase in mean coherence as measured by
the first degrivarive. The point of maximum increase in LG coherence (ie.. peak velocity)
wis comsidered to refleet an inerease in the number and/or strength of conncctions hetween
two or more intracorticul systems as per g, (2). The eriteria tor defining a peak in vetocity
us o growth spurt were: (1) Only “in-phase”™ LG coherence trajectories that loaded = 80
on o fuctor were evaluated. The criteria of in-phase developmental trajectories were generally
satisfied by o significant loading on a given factor (Thatcher, 1992a). That 15, cach factor
represents the commenality between developmental (rajectories of EEG coherence and,
theretore, by defimiion a factor reflects in-phase activity. ln-phuse trajectories were con-
sidered important since they reflect shared activity between specilic intracorticul conneetion
systems and oot localized or spurious changes, (2) The velocity peaks must be positive. The
latter was based upon Eq. (2) and the Tact that postnatal synaptogenesis often involves the
production of o surplus of synapses followed by u pruning of synapses (Purves, [Y88).
Presumatily, the positive hrst-derivative peaks cotrespond to the overproduction phisce . while
the negative peaks correspond to the pruning phase. The velocity or first derivalive was
selected ruther than the second derivitive or peaks in mean coherence because velocity
reflects the point in time when growth or change in coherenee is at o maximum.

RESULTS

Factor Analyses of Intrahemispheric Coherence Maturation

The head diagrams in Fig. | are from Thatcher (1991) and show the
interelectrode combinations which loaded .80 or greater in the factor
analysis of the theta frequency band. Replicated and stable factor struc-
turcs were observed in the delta, theta, alpha, and beta frequency bands
(Thatcher, 1991) and the critical features of this study such as cyclic
recurrence of growth spurts and the spatial dimensions were present in
all frequency bands. Therefere, because of space limitations only the
analyses of the theta frequency band are shown in Fig. |. The graphs
below each set of head diagrams are the velocity curves computed [rom
the mean EEG coherence. The ages at which growth spurts occurred are
marked by arrows pointing to the various peaks in velocity. Although
most of the first-derivative pcaks were single points, several peaks were
broad, involving morc than onc point. Therefore, for clarity only ap-
proximate ages of first-derivative peaks are represented in the text and
figures. Since Julian ages were used (Thatcher et al., 1987) the designation
of the aee of a first-derivative peak was the 6-month period it was nearest
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Fii. 2. Summary of the sequence and anatomical distribution of the growth spurts shown
in Fig. 1. Lincs connecting two electrode locations correspond to the electrode locations in
Fig. 1 for the various developmental trajectories that loaded (> 80} on the first five factors
from Thatcher (1991}, Microcycles were defined by a developmental sequence involving a
predominant rostral-caudal lengthening of interelectrode distances und  predominant lat-
eral-medial rotation that cyeles from the left hemisphere to bilateral to right hemisphere
in approximately 4 years.

to. As shown in Fig. 1, left temporal-frontal and left parietai—frontal
developmental trajectorics loaded on factor 1, right temporal-frontal de-
velopmental trajectories loaded on factor 2, bilateral local frontal trajec-
tories loaded on factor 3, left occipital frontal trajectorics loaded on tactor
4, and bilatcral posterior cortical trajectories loaded on factor 5. Periodic
in-phase activity was present at different ages for each of the five factors.
The fact that multiple electrode combinations were often invelved indi-
cated that the “growth spurts” or in-phase activity reflected the involve-
ment of relatively large numbers of ncuronal systems over relatively short
periods of time (e.g., 6 months to 1 year).

Cyelic Microcyeles of Development

Figurc 2 is a summary of the ages and periods of in-phasc activity for
the five factor groupings shown in Fig. 1. An iterative and sequential
anatomical pattern of growth spurts was evident. For example, at age 1.5
years growth spurts were relatively localized (e.g.. 6-cm interelectrode
distances) and confined to the parietal and central to lateral-temporal
regions. At age 2.5 vears there was a lengthening along the rostral-caudal
dimension (e.g., 12-cm interclectrode distances) with a lateral-to-medial
rotation of parietal—frontal rclations to include left parictal to left dorsal

Fic. 1. The velocity curves or the first derivalives (mean percentage coherence/time)
of the developmental trajectorics of mean EECG coherence from the subgroupings of clec-
trode pairs that had the highest factor loadings (c.g.. >.80) (Thatcher, 1991). Growth spurts
were defined by a positive peak in the first derivative (i.e., a postnalal time of maximum
growth} in multiple interclectrode combinations. Since cach of the trajeetories loaded heavily
on a factor {i.e., = &1 this was considered sufficient evidence that a trajectory represented
in-phasc or anatomical synchrony of growth. Scc Fig. 2 to determine more precisely which
intracortical connections exhibited growth spurts at the ditferent postnalal ages.
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medial—frontal regions (i.e., P3-F3 and 13-F1). At age 3 years there
was a further lengthening of intracortical relations along the rostral-caudal
dimension (e.g., 18- to 24-cm interclectrode distances) with continued
involvement of dorsal medial-{rontal to posterior cortex. This sequence
of lengtheming along the rostral—caudal dimension and rotation along the
lateral-to-medial dimension between 1.5 and 3 years was repeated again
between ages 5.5 and 6.5 vears and is referred to as a “microcycle”™ of
cortical development. The labeling of a predominant pattern as a micro-
cycle or a subcycle 1s used to emphasize the presence of a sequential
pattern. The important point, whether a sequence is labeled as a micro-
cyele or a subcycle. is that the predominant sequence of left hemisphere—
bilatcral-right hemisphere represented a cyclic anatomical pattern.

The following sections arc an in-depth analysis of some ol the devel-
opmental trajectorics obscrved in Figs, 1 and 2. The purpose of these
sections is to examine in detail the timing and location ot growth spurts.

Expansion of Left Intracoriical Connections

Figure 3A shows the scquential lengthening of left hemisphere intra-
cortical growth spurts in EEG coherence at ages of approximatcly 1.5 to
3.0 years, For cxample, a peak in the first derivative of EEG coherence
occurred in short distance parictal-to-ventral temporal leads around age
1.6 years (e.g.. P3-T3, approx 6 cm), this was followed by a peak in the
first derivative around 2.5 years in the parictal-to-lateral frontal (c.g., P3—
F7, approx 12 cm) and this was followed by a peak in the first derivative
around 3.1 years in a longer distance connection system (c¢.g.. F7-01,
approx 21 cm).

Figurc 3B shows a similar sequential lengthening ot left hemisphere
infracortical growth spurts during the period from 5.5 to 6.5 years. The
short distance connection system of the parictal-to-lateral temporal regions
(c.g.. approx 6 ¢cm) cxhibited a growth spurt at approximately 5.5 years

Fiui. 3. Exumples of left bemisphere expansion sequences {tom short-distance intra-
cortical connections W longer distanee connections (see Fig, 2). (A) Sequence of expansive
growth spurts in mean CEG coherence trajectories during the 1.3- to 3-year period. A peuk
in velocity occurred first in shore distance intracortical connections (e.g.. approx 6-cm in-
terelectrode distance) in the left parietal lateral-temporal regions at age L6 yvears, was
followed by a peak in the intermediate distance intracortical connections of the left panietal—
lateral trontal region at 2.5 vears (c.g.. approx 12-eminlerelectrode distance), and then,
tinally, was followed by o peak in velogity in the longer distunee Tateral frontal-oceipital
region at 3 years postnatal {e.g . approx 18 cm). (B] A sccond and iterative sequence of
cxpansive growth spurts in mean EEG coherence trajectories during the 3.5- (0 6.5-year
period. A peak in velocity again occurred first i the short distance intracortical fell parictal
lateral-temporal tegion at age 3.5 years {e.g.. approx 6-cm interclectrode distance), was
followed by a list-denvative peak in the intermediate distance intracortical syslems in the
left lateral fronto vecipital region at 6.2 years (¢ g approx 12 ecm), and. Bnally. was followed
by a peak in velocity in the lonper distance moedial-Trontil—occinital reeion {60 annrox
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and was followed by growth spurts at 18§ cm {c.g., F7-01), followed by
a growth spurt at 6.5 years at approximately 24 cm {e.g., F1-0O1). It
should be noted that a 180" phase reversal between long distance versus
short distance connection systems was observed in both Figures 3A and
3B.

Contraction of Right Intracortical Connections

The right hemisphere pattern of contraction appeared to be the reverse
of the left hemisphere pattern of cxpansion. As shown in Fig. 4A between
approximately 3.0 and 3.8 years, the right hemisphere exhibited a se-
quence of contraction or consolidation of long distance rostral-caudal
intracortical growth spurts (e.g.. approx 18 cm) to a shorter distance right
posterior cortical growth spurt {i.e., 6 cm, right occipital-temporal). As
shown in Fig. 4B. a similar contracting sequcnee was obscrved between
the right frontal pole and right temporal and frontal regions between the
ages of 3.0 and 5.0 vears.

Age 3 as the North Pole in a Lateral-to-Medial Anatomical Rotation

Figurc 5A shows the fuli scquence of left and right hemisphere growth
spurts between the ages of approximately 1.5 and 3.5 years. A sequential
left hemisphere expansion of intracortical growth spurts was followed by
a right hemisphere sequence of intracortical contractions. This process
can be visualized as a left-to-right, lateral-medial' rotational vector in

" The T3/4 and F7/8 clectrodes record activity primarily from the lateral and ventral-
lateral frontal regions while the F3/4 and C3/4 electrodes record activity primarily from
the dorsul and dorsal-medial regions. Some prefer to refer o these electrode locations as
lying along the lateral-dorsal rather than lateral-medial planc {e.g., Fox & Bell. 1994).
The [ull dimension of neocortical evolution and ortogenesis is lateral-medial with the dorsal
in between the lateral and the medial cortical regions {Lohman & Smeets, 1990, Pandya
& Barncs, 1989; Smart, 1983). We prefer (0 emphasize the phylogenetic evolution of the
two fronmto—temporal systems and, therefore, use the lateral-medial nomenclature. The
reader is referred to the approximate correspondence of the electrode locations to Broad-
man’s arcas as given by Homan, 1988,

Fic. 4. Examples of right hemisphere contraction sequence from long-distance intra-
cortical connections to shorter distance connections. {A) Growth spurts in mean EEG
coherence trajectories during the 3- w 4-year period. Peaks in the first derivative oceurred
first in long distance intracortical connection systems {e.g., approx 12- to 18-cm interelectrode
distances) in (he right fronto-temporal and right fronto-occipital areas at age 3.0 years,
were followed by a larger amplitude peak in the shorter distance intracortical connections
in the right lateral frontal—posterior temporal regions, and, finally, were followed by a peak
in the lateral temporal-posterior temporal regions at 3.8 years postnatal (e.g., approx 6
cm). (B} Right (rontal pole growth spurts in mean EEG coherence trajectones during the
3.0 to 5.0-year period. Peaks in the first derivative again occurred first in the long distance
1n1rdc0rhcal right fronto- tempoml regions at apprommatcly ape 3.0 vears (e.g.. '1pprm( 18
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which the ‘“‘north pole” is reached at approximately age 3. Figure 3B
shows the left and night dorsal frontal growth spurts which are present at
approximately age 3 years. Notc that near age 3 there is an approximatcly
2~ to 3-month phase lag between left and right hemisphere growth spurts
with the left hemisphere leading the right.

Rostral-Caudal Expansion of Intracortical Connections

Figure 6A shows a sequential posterior-to-anicrior expansion in the
length of intracortical growth spurts. The cxpansion begins around the
age of 4.7 vears with a growth spurt between short distance intracortical
connections (i.e., O1-P3, approx 6 cm), followed by a growth spurt n
lenger distance connections (i.c., O1-C3, approx 12 ¢m), followed by a
growth spurt in a longer distance connection system (1.c., O1-F3, approx
18 em) followed, finally, by a longer distance growth spurt at age ap-
proximately 6.7 years (i.e.. Ol-FI, approx 24 cm). This entire process
is completed in approximately 2 years and represents a scquence of growth
spurts in intracortical connections that lengthens (rom 6 cm to 24 cm and
exhibits a velocity of approximately 24 ¢em/2 years or ~1 em/month.

As shown in Tig. 6B, a similar scquential lengthening of intracortical
connections was observed in the anterior-to-posterior direction. Thig
growth process occurred during the same postnatal interval of approsi-
mately 4.7 to 6.7 years as observed for the growth process in the posterior-
to-anterior direction. However, the fiming of growth spurts for a given
interelectrode distance was somewhat different for the two dircctions of
growth. For example, the growth spurt in the 12-cm distance in the pos-
terior-to-anterior direction (e.g., O1-C3) occurred at approximately age
3.8 years, whereas the same distance in the anterior-to-posterior direction
(¢.g.. F1-C3) cxhibited a growth spurt at approximately 5.4 years.

A prominent feature of the rostral-caudal dircctional growth spurts was
a 180° phasc reversal between short-distance versus long-distance con-
nections. As discussed clsewhere (Thatcher et al., 1986; Thatcher,
1992a.b) 180" phase reversals often reflect a competitive relationship,
cspecially In dynumical nenlincar systems (Thom, {975; Thompson and
Stewart, 1986},

Fic. 5. (A} A sequence of expanding and contracting growth spurts that reflect a clock-
wise analomical rotation. ‘The process beging al age approximately 1.5 vears in the lelt
temporal-parietal region. rotates and extends At approximately uge 2.5 vears to the left
lateral frontal-parictal region, rotates at approximately age 3.2 vears to the right lateral
[rontal -posterior temporal region. and, tinally. rotates and comiructs 10 the right lateral
temporal-posterior temporal region at age 3.5 w 4 years. (B) The long distance cortico -
cortical growth spurts which are present near the dorsal medial cortex around the age of
3.0 years. Age 3.0 represents the 12 o'clock™ or “north pole” of the lateral-to-medial
rotational vector and is characterized by u phase lag of about .25 years between long distance
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An Age 5.0 Right Frontal Pole Growth Spurt

Figure 7A shows a spatial gradient in the magnitude of a right frontal
pole growth spurt around the age of 4.75 1o 5.0 years. A maximum first
derivative is in the short-distance righi frontal pole interclectrodes of F2-
F8 and F2-F4 (i.e., approx 6 cm). a smaller growth spurt is simuftaneously
prescnt in the longer distance frontal pole interelectrodes of F2-T4 and
F2-C4 (i.e., approx 12 cm), and no growth is present in the frontal pote
to occipital clectrode pairs (i.e.. approx 28 cm). A comparison to the
same ¢lectrode pairs in the homologous left hemisphere is shown in Fig.
7B. Only very small first derivatives were present with no spatial gradient
evident,

These data suggest that a uniquely localized right frontal lobe growth
spurt was present around the age of 4.5 to 5.0 years.

DISCUSSION
Limitations of the Study

There are several limitations of this study. One concerns the demo-
graphics of the population which, while composed of normal children,
was not adequately represented by left-handed children and contained a
mixturc of sexes. The spatial and temporal aspects of the growth spurts
may well be different for left-handed children as well as for males and
females. The occurrence of EEG coherence growth spurts must be studied
in different groups of children before the cxact timing and anatomy of
growth spurts can be considered to be accurate. Nonetheless, given the
robustness of the general finding of cycles of spatial vectors of develop-
ment, it is expected that all groups of children will exhibit these general
phenomena.

Another limitation concerns the physiological meaning of EEG coher-
ence. EEG coherence, while reflecting the actions of intracortical con-

Fii. 6. {A) An expanding sequence of posterior-te-anterior growth spurts which occur
in the medial-dorsal planc. This process begins at approximately age 4.5 vears in the lefl
occipital—parietal region, then expands to the left occipital-central region at approximately
age 5.75 years. then expands o the left occipital-dorsal frontal at approximately age 6.0
years, and, finally, expands to the left occipital-frontal pole at approximately age 6.5 years.
A 180" phase reversal between the short-distance intracortical electrode pair {i.e., O1-P3)
and the long distance intracortical electrode pair (.c.. QI-F1) is evident around age 6.5
years. (B) A complementary and nearty simultaneous expanding scquence to that observed
in (A} but in the anterior-to-posterior direction. This prucess begins at approximately age
4.5 in the left frontal pole—dorsal frontal tegion, then expands at approximately age 5.3 to
the left frontal pole—central region, then cxpands at age approximately 6.0 to the left frontal
pole—parnetal region, and, finally, cxpands at approximately age 6.5 years 1o the left frontal
pole—oceipital region. A 180° phase reversal between the short distance intracortical electrode
pair (i.e., F1-F3) and the long distance intracortical electrode pair (i.e., FI-0O1) is again
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nections, fails to precisely definc the mechanisms of this interaction. Equa-
tions (1) and (2) are very general and do not distinguish between basic
neurophysiological processcs capable of affecting intracortical interactions
such as axonal sprouting, synaptogenesis, mylenation, expansion of ex-
isting synaptic terminals, pruning of synaptic conngctions, presynaptic
changes in the amount of ncurotransmitter. and changes in the postsyn-
aptic response 10 a given neurotransmitter. Although all of the neuro-
physiological mechanisms influcncing Eq. (2) cannot be distinguished using
EEG coherence and phase. recent advances in digit signal analysis allow
distinctions to be made between “‘white matter” versus “gray matter”
contributions. In gencral, white matter axonal transmission delays arc
defined by a linear operator in which the signal 1s shifted in time without
distortion. In contrast, synaptic delays and dendro-somatic integration
delays of the gray matter are often nonlincar in which delay times are a
function of amplitude and/or frequency. This distinction between linear
whitc matter delays versus nonlinear gray matter delays is due to the fact
that there is a relatively uniform and narrow range ol cerebral axonal
diameters in man and all-or-nonc axonal conduction velocities {approxi-
mately 2 to 9 meters/sec) within each axon. in contrast, ﬁynaptic transfers
operate as low-pass filters in which the delays (.3 to 1.2 meters/scc) arc
frequency dependent (Lopes da Silva et al., 1989). These new technologies
have not been applied to this population of children.

The method of defining the growth spurts is also an important imitation.
The first derivative reflects the rate of change in mean coherence, mde-
pendent of the actual mean coherence values. Thus, a 30% change in the
mean can occur whether the mean is .1 or .8 and the derivative value
will be identical. Thus, the relative magnitude of influcnce or connectivity
between two brain regions is not directly represeated by the first deriv-
ative. Nonetheless, the first derivative is valuable as a definition of growth
since it normalizes “growth™ by providing a precise definition of the point
in time when there is a maximum rate of change. Another limitation is
that only positive first-derivative values were counted as growth spurts.
As mentioned previously, this was decided based upen Eq. (2) and the
fact that postnatal synaptogenesis often involves the production of a sur-
pius of synapses followed by a pruning of synapses. The positive first-
derivative pcaks presumably correspond to the over production phase

-

. 7.0 (A) A right froatal pole growth spurt around the age of 4.5 to 5.0 years. Right
frontal pole localization of the growth spurt is demonstrated by the spatial gradient in the
decline of the first derivative from right frontal pole clectrode pairs at approx 6 em (i.e.,
F2-F4/F8) to longer distance frontal pole electrode pairs at approx 12 em (i.c., I2-C4/14)
o no growth (NG) al approximately 18 to 24 em (i.c., F2 O2/T6). (B) First-derivative
values irnm the hnmolngom left frontal p()lc as those qhown in {A). No spatiat gradient
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Fig. 8. (A) A diagramatic representation 1o illustrate the rostral-caudal sequence of
development in the left and right hemispheres. The left hemisphere exhibited a sequential
lengthening of intracortical conncction systems, described as a developmental process of
integrating differentiation. The right hemisphere exhibited a sequential shortening of the
intracortical connection systems, described as a developmental process of differcntiating
integration (sce Figs. 3, 4, and 5). (B} A diagramatic representation to illustrate the lateral—
medial sequence of development. The sequence begins at left lateral cortex then intrahemi-
spherically expands to left dorsal medial cortex, then projects through the corpus callosum
lo the right dorsal medial cortex, and then intrahemispherically contracts in the right lateral
cortex (see Figs. 3, 4., and 5).

Medial Right Medial Left

L ateral Right Lateral Left

while the ncgative peaks correspond to the pruning phase. Further,
whether a statistical criteria (c.g., P < .05) or an absolute positive de-
rivative value was used (e.g.. >.5 or rate of increase at 20% or greater
per year, etc.) did not significantly alter the general finding of a left-to-

eioht hemicnhors cannmanere af avynandine and contracting oroawvth <ourts



CYCLIC CORTICAL REORGANIZATION 43

with rostral-caudal and lateral-medial vectors. Finally, a limitation was
the usc of the factor amalysis with >.80 loadings to determine which
developmental trajectories to examine. This criteria is relatively conserv-
ative since it minimizes the contribution by rarc and spurious processes.
Howcver, while some type 11 errors may have been intreduced, this pro-
cedure tended to minimize type 1 errors and provide a more reliable
assessment of the dynamics of the growth spurts. For example, of the
over 400 interelectrode combinations, 9 to 11 factors accounted for greater
than 90% of the variance (Thatcher, 1991). It is this basic and stable
structure, involving spatially synchronized activity. upon which the growth
spurts were based.

Left versus Right Hemispheric Development

It is not surprising that the left and right hemispheres develop at dif-
ferent rates, since this is consistent with the neuropsychological litcrature,
However, a new finding is that there are anatomical poles of postnatal
cortical development and spatial gradicnts which opcrate differentty for
the two hemispheres. The developmental sequence of the left hemisphere,
from short distance differentiated subsystems to long distance integration
of the subsystems, mirrors the adult functional differences between the
two hemispheres. For cxample, left hemisphere development can be lik-
ened to a process that functionally integrates differentiated subsystems.
In contrast. the development of the right hemisphere, from iong distance
connections to short distance subsystems, can be likened to a process of
functional differentiation of a previously integrated system. These obser-
vations suggest that thce complementary functions of the left and right
hemisphere are established curly in human development through com-
plementary developmental sequences. These complementary develop-
mcntal sequences of the left and right hemisphere appear to rccapitulate
the differences in hermispheric function observed in the adult. For example,
the adult left hemisphere is specialized for analytical and sequential pro-
cessing which involves a high degree of local differentiation (Kinsbourne,
1974). However, diffcrentiated subsystems require coordination and in-
tegration to operate efficiently. The developmental sequence of the left
hemisphere is from differcntiation to integration and this order may play
an important role in the eventual maturation of left hemisphere analytical
and sequential processing observed in the adult. In contrast, the special-
ized functions of the right hemisphere involve holistic and integrative
information processing (Kinsbourne, 1974). Accordingly, the develop-
mental order of the right hemisphere begins from an integration of dis-
tributed subsystems and then converges to differentiated or specialized
subsystems. Presumably, this iterative sequence reflects a consolidation
of the holistic functioning of the right hemisphere to relatively localized
reeions of the rieht partetal and right temporal lobes. Fizure 8 is a sum-
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mary of the specialized integration—differcntiation distinctions of the two
hcmispheres.

In addition to the complementary dircctions of development, there
appear to be at least two specialized and qualitatively unigue differences
in hemispheric development. One is the unique right frontal polc growth
spurt around the age of 4.5 years (see Fig. 7) in which there was a spatial
gradient of first-derivative values with a maximum at the right frontal
pole. A similar growth spurt was absent in the homologous left frontal
pole. This localized right frontal pole growth spurt occurs near the end
of the first medial-to-lateral right hemisphere growth cycle (i.e., 4 years)
and just prior to the beginning of the second lateral-to-medial left hemi-
sphere growth cycle around age 5. A bchavioral developmental landmark
which occurs around the age of 4 to 4.5 years is referred to as “perspective
taking” (Flavel, 1977) or the *‘Theory of Mind” (Perner & Wimmer,
1983) in which children develop the ability to represent what other people
think about other people’s thoughts. This is also a period of self devel-
opment in which the child clcarly scparates him or herself from others in
representational and social terms (Fischer & Pipp, 1984). The second
unique feature of right hemispheric development is the differentiation of
the right temporal lobes in the rostral-caudal plane. That is, the end of
the medial-to-lateraf right hemisphere growth cycle is marked by a dit-
ferentiation between right temporal froatal and right temporal occipital
and parietal subsystems. A similar bifurcation into subsystems is not ob-
served in the homologous left hemisphere. The diftferentiation of the
temporal lobes marks the end point of the first cycle of differentiation of
integration (e.g., age 3 to 5) and presumably reficcts the consolidation
of integrated function within specialized subsystems of the right hemi-
sphere.

Competition and Cooperation between Cortico—Cortical Connection
Svstems

Compctition in EEG coherence is reflected by 180° phasc reversals
between ditferent electrode pairs, whereas cooperation is retlected by in-
phase (or necarly in phase) developmental trajectories (Thatcher et al.,
1986; Thatcher, 1991}. A common finding in the present study was that
competition was maximal between long distance versus short distance
intrahemispheric clectrode pairings (sce Figs. 3, 4, and 6). This finding
is consistent with anatomical analyses demonstrating developmental re-
modeling of short distance axonal distributions through a process referred
to as ‘‘collateral climination™ (Innocenti, 1981: (’Leary, Stanfield, &
Cowan, 1981; Ivy & Kallackey, 1982; O'Leary, 1987}, According to this
process “local” synaptic connections to a given ncuron are prined or lost,
while more “distant™ synaptic connections to that same neuron are main-
tained or increased (O'Learv, 1987).
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Speculation as to why synaptic competition is most prevalent between
local versus long distance connections is that such a proccss may be a
developmental strategy which increases connectional diversity at the ex-
pense of rcgional specificity (O’Leary, 1987). That is, o there is u limited
and finite amount of dendritic surface on which synaptogencsis may occur,
then an optimal developmental strategy would be to shift neural control
from a highly specialized and differentated system to a more globally
integrated system. In the present study, the global integration of long
distance connections is not a random network process, but rather one
that specifically favors frontal to posterior cortico—cortical connection sys-
tems. The functional consequence of such a developmental process would
be to bring local neural networks in posterior cortical regions under in-
creasing control of frontal regions.

Lateral versus Medial Frontal Lobe Development: Assimilation and
Accommodation Revisited

A central and unifying concept of Piaget’s various developmental stages
(1.e., sensory-motor, preoperational, operational, and formal) 18 that a
child willfully acts upon the world in which he or she finds himself. A
given motor act is created through motivation, perception, and goal-
directed plans. At birth a child has a imited ability to act upon the world.
As the child grows this ability evolves from simple sensory—-motor unijts
of behavior to complicated temporal organizations of behavior which in-
volve the integration of motor acts that depend upon the bridging of
substantial discontinuitics between perception and action. Many ncuro-
scicntists agree that the frontal arcas of the necocortex participate to some
degree in the temporal orgamzation of behavior and that the most anterior
regions, e.g.. the prefrontal cortex, are especially crucial for the bridging
of the gap between perception and action (sec revicws by Fuster. 1980:
Goldberg, 1985 Brown, 1977; and Pribram. 1991).

Especially germane to the present paper is the recent evidence that
there arc two independent and parallel sources involved in the phylo-
genetric development of the frontal lobes (Dart, 1934; Abbic, 1940; San-
ides, 1971; Pandyva & Barbas, 1985; Pandyva & Barncs, 1989). One is the
olfactory bulbs and amygdala, which form the lateral frontal lobes, and
the other is the hippocampus and cingulum, which form the medial frontal
lohes. Among many anatomicul differences, the medial frontul regions,
with their center at the supplemental motor area, interhemisphericaily
connect through the corpus callosum, whereas the lateral fromial regions.
with their center at the lateral premotor arca, are not connected through
the corpus callosum (Goldberg. 1985).

A parallel can be drawn between Piaget’s concepts of assimilation and
accommodation and the functions of the lateral versus medial frontal
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is influenced more by emotion and motivation, while the medial system
relies more upon logical structure to form abstractions and higher lcvels
of action patterns. The medial system is concerned with the representation
of space and is essential for extended, predictive, and projected action.
This system is more concerned with navigating the limb through space
than with perceiving and accurately identifying objects in space {Fuster,
1980, 1981; Goldberg, 1985). In contrast, the lateral system is concerned
with perceiving and rccognizing external inputs and imparting to them
motivational significance. The lateral system is involved in the production
of actions responsive to the immediate environment, whercas the medial
system is more involved in anticipatory or predictive actions that are
guided by how the world will be in the future (Goldberg, 1985; Rizzolatti,
Matelli, & Pavesi, 1983; Paillard, 1982; Fustcr, 1980). The lateral system
is uniguely connected to the limbic system through the temporal lobe
archicortical-amygdaloid pathway and is involved in the retrospective
evaluation of movemcnts through short-term memory, whereas the medial
system is uniguely connected to the limbic system through the cingulate—
paleocortical-hippocampal system and is involved in the prospective as-
pect of anticipating or predicting future actions. 1t is consistent with the
analyses of Fuster (1980, 1981} and others (Goldberg. 1985; Rizzolatti et
al., 1983; Fox & Bell, 1990; Pribram, 1991) to postulate that assimilation
and accommodation are interactively reflected in the operations of these
two evolutionary and architectonically separate frontal lobe systems, that
is (1) through the temporally retrospective process of short-term memory
and motivation mediated by the lateral system and (2) through the tem-
porally prospective process of prediction and anticipation mediated by the
medial system.

Cyclic Convergence as a Process that Narrows the “Gap”’ between
Structure and Function

The data from the present study indicate that various intracortical con-
nection systems iteratively exhibit growth spurts on an approximately 2-
to 4-year cycle. The domirant patterns of the developmental trajectories
of EEG coherence over the period from 1.5 years to age 7 indicate “poles™
of development from which there are spatial gradients of organizational
structure, The left-right, rostral-caudal, and lateral-medial poles of de-
velopment reflect the three major anatomical axes of the cercbral cortex.
That is, the major dimensions of anatomical differentiation, as manifested
in diffcrences in neocortical cytoarchitecture and intracortical connections,
are along these three axes (Baver & Altman, 1991). Furthermore, gross
anatomical differcntiation along the three major axes is largely established
prenatally and is certainly complete by the second year of life (Salamon,
Raynaud, Regis. & Rumeau, 1990; Rakic, 1Y85). However, at age 2 therc
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is a large disparity between structure and function in that adult anatomicat
differentiation is established early while adult functional differentiation
only slowly emerges during the postnatal period (Piaget, 1971, 1975;
Fischer & Pipp. 1984; Fischer, 1980; Fischer & Farrar, 1987; Casc, 1985,
1987). Thus, the itcrative growth spurts and patterns of development
during the postnatal period may reflect a convergence process which nar-
rows the disparity between structure and function by slowly sculpting and
shaping the brain’s microanatomy to eventually meet the demands and
requirements of an adult world. According to this notion, an individual’s
gross anatomical structure is established carly in development and the
postnatal iterative sculpting process is used to fine tune anatomical struc-
ture to meet the needs of diverse and unpredictable environments. The
sculpting process unlocks or tailors the functional potential of the stable
gross anatomy according to individual needs and environmental demands.

Presumably, the cyclical patterning reflects a dialectic process which
itcratively and sequentially reorganizes intracortical connection systems.
This process can be described as a spiral staircase in which intracortical
connection systems are reorganized each time the spiral sweeps around,
forming successively higher levels of integration. However, precisely what
Is this spiral process and what are the mechanisms by which spatial and
temporal growth is governed? Preliminary population dynamic models
have recently been developed to fit the data and to simulate some of the
critical features of the development of EEG coherence (Thatcher, 1989,
1992b,c). While these studies are still preliminary they utilize spatial pop-
ulation models of predatory-prey bechavior and spatial models of 1wo
species competing for a common food supply. The species are two intra-
cortical connection systems competing for synaptic binding sites on the
dendrites of cortical pyramidal cells. A prowth wave, involving propa-
gation of a nerve growth factor, is postulated to arise from lateral cortical
regions and 1o rotate clockwise at a rate from approximately 1.0 to 0.5
cm/month (i.e., assumes 24-cm cxcursion in the rostral-caudal and/or
lateral-medial directions over a 2- to 4-year period). Each periodic wave
front involves the local production of a surplus of synaptic connections
tollowed by a pruning of excess connections. It is postulated that envi-
ronmental factors, such as use and need of specific connections, largely
determine which synaptic connections will survive and which will be
pruned.
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