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ABSTRACT
Gifted children learn more rapidly and efficiently than others, presumably dueto
neurophysological differencestha affect neurond efficiency. Datafrom many
neuroimaging studies suppot this conjecture. Gifted subjects have greater
interconnectivity between different areas of thar brains the coordinaion and
integration of which is suppoted by precodoudy developel frontal cortical areas.
This suppotts a suite of high-level neuro-cognitive abilitiesinduding arelatively
enhanced executive capability, with amore efficaciousworking memory. These
precodoudy developed neurobiological fundionscombineto enable high-level
creative intelligence as a central characteristic of genera giftedness, alongwith rapid
information processing, heghtened cognitive control, and adesire for top-down
perspectives. Implicationsfor pedagogyand curriculumindude

Set tasks with high working memory demands e.g. tasks with multiple

components;

Reduce quantity of small tasks, e.g. repetitive maths examples;

Use chdlengetests to evaluae prior knowedge

Design assessment with higha-order Bloom@ taxonomies Dandysis,

synthesis,Use aboveagelearning materials;

Groupgifted kidswith other gifted kids regardless of age



Employ subject speciaist mentors, e.g. retired professonds;

Offer lessonson topics beyondtheregular curriculum.

INTRODUCTION

In the early 21% Century, nearly a decade after (The Decade of the BrainQwhen brain-
based explanaionsof human cognitive characteristics are expected, (if notalways
available to a completely satisfactory degree), how can we explain giftedness?

Within adiverse literature, there are plenty of cogntive behaviours which characterise
giftedness for which we can seek neural level descriptions Amongsuch

characteristics, thefollowing (at |east) enjoy general acceptance (Geake, 20073.

Gifted children are precodousin thar intellectud development, evidenced
by 1Q measures several standad deviationsabovethe normed
chronological average (Gross, 2004. Of course in many circumstances,
such as selection for differentiated school programmes, thisis definitiond.
For mog laboratory studies, induding those reviewed bdow, tha

giftedness incorporates high 1Q is tautological.

Gifted children exhibit supeaior cognitive control characteristics, induding
focussed attention (Geake, 1996) evaludive selection (Geake, 1997, and

ddayed closure (Vigneau, Caissie & Bors, 2009.

Gifted children demondrate rapid information processing (O@oyle,
Benbow& Alexande, 1995;0oyle, 2000;Singh & OdBoyle, 2004)

typically requiring much less repetition for learning, althoughsometimes,



paradoxically, being dower at lower-level classroomanswers, presumably
dueto interpreting the question at a highe level than was intended, and

thusprocessing too much information (Gross, 2004).

Gifted children seek top-down undestanding (Clark, 1997) Slakingther
seemingly endless thirst for knowledgecould become overwhdming were
it notfor aconoomitant drive to conaeptudise with big-picture
perspectives, with abgract highe-order categorisations(Geake, Cameron,
Clements & Phillipson, 1996. Such cognitive mapping is suppoted by

compaatively larger working memory capecities (Geake, 1999;2006b)

Gifted children are highly creative, making origind inter-subject
connectionswith relative ease (Kanevsky & Geake, 2005;Geake &
Dod=n, 2005) aided by predilectionsfor abgract symbolic manipulation
(Geake, 20063, andfor readily comprehending sub-text (Bacon, Geake,
Lea-Wood,McAllister & Waitt, 1991)

To accountfor such a suite of behaviourstha characterise giftedness, presumably:

[s]uch individual differences can be attributed to neurophysiological

differences that affect neuronal efficiency. (Geake, 1997,p. 28)

But wha differencesin neural fundion result in giftedness as oppo®d to pathology?
Asinteresting as the question mightbe, it is notthe purpose of thisreview to consder
conjectured GinelinesCbetween genius and madness, or to contrast the neuro-

cognitive characteristics of savants with those of the @omallyQyifted (Geake, in



progress). Rather, thisreview will note some neuroscientific evidence for theneural
bases of thefive typically gifted cognitive behaviours listed above Foramore

detailed review of particular pieces of this research see Geake (20073.

GIFTED CHILDREN ARE PRECOCIOUS IN THEIR INTELLECTUAL
DEVELOPMENT

Aboveagetesting has been onesuccessful approach to more accurately assess the
academic and intellectud abilities of gifted children whose scores on age-normed
standadised tests are at or near ceiling (Gross, 2004). Theassumption behind above-
agetestingisthat gifted children are more similar (at least cognitively), to older
children than to thar same-age peers. This assumptionis notunfoundel. In an
electroencephdographic (EEG) study comparing the (resting alphapower) EEG of 30
gifted adolescents from the lowa Study of Mathematically PrecocdousY outh (CY -
TAG) with 30 age-matched peers and 30 college students, Alexande, OBoyle and
Benbow (1996)foundthat, while there were differencesin aphaband power over the

tempora and parietal lobes:

there were no differences in alpha power at the frontal and occipital lobe
locations between gifted adolescents and college age subjects suggesting that

the two groups have a similar level of brain maturation for these regions. (p.

30)

In other words thefrontal lobes of the younggifted subjects seemed to be opeating
with the equivalent maturity of students some five years older already in university.

Thisinterpretationraises a question: To wha extent is such cognitive precodity the



outcome of precodousneura development, i.e., are the brains of gifted children
structurally more like the brains of older children than those of same-age peers?
Evidence to address this question was provided by a six-year longitudind magnetic
resonance imaging (MRI) study of intellectud ability and cortical development in 300
children and adolescents (Shaw et al, 2009. (MRI daa congsts of structural images
of brain tissue Bwhite and grey matter). Here, these daa showed tha thetrgectory of
changein thethickness of thecerebral cortex (theouter layer of grey matter mos
implicated in intellectud fundioning), rather than cortical thickness per se, was mos
closly related to the children@levels of intelligence. In particular, the cortices of the
high-1Q groupwere thinneg when these children were young,but grew so rapidly tha
by thetime the gifted children were adolescents, their cerebral cortices were
significantly thicker than average, especialy the prefrontal cortex. In sum, the

neuroanaomical development of intelligence is dynamic.

Shaw et d.@ condusgonin turn raises questionsof causative contributons(beyond
theremit of thar study), such as gendic endowment ontheonehand, and sodo-
econormic and educationd environments ontheother. To thisend, over adecade
earlier, OdBoyle and Benbow (1990 speculated that onesource of such precodous
neural development was differential prenatal exposure to testogerone oneof severa

neurotaxic hormones which mediate epigendic brain organisation.

GIFTED CHILDREN EXHIBIT SUPERIOR COGNITIVE CONTROL
CHARACTERISTICS
Whereas executive fundioning (cognitive control) involves a suite of interacting

aspects of working memory, induding top-down attention, ddayed closure, task



evauaion and updaing (Badddey & Sala, 1998) daafromarangeof neuroimaging
studies of theneural correlates of variousaspects of executive fundioning have
consstently conveaged on bilateral activationsof the prefrontal cortex (PFC) (e.g.,
Koechlin et al., 1999; Christoff et al., 2001;Parsons& Osherson, 2001;Strangeet
al., 2002, Kroge et a., 20093. Two neurobiological questionsfollow: 1. Do
differences in measures of intelligence correlate with differences in PFC activation?2.
Do differences in measures of intelligence correlate with differencesin structural

features of the PFC?

Evidence to address thefirst question comes from a Postron Emission Tomography
(PET) study (measuring neural glucose metabolism) by Duncan and colleaguesin
which neural activationsin respong to high g-loaded (i.e., difficult) 1Q test items
were contrasted with activationsin respong to low g-loaded (i.e., easier) 1Q test items
(Dunan et al., 200]). Thinking aboutdifficult 1Q test items, whether spatial or
verbd, involved thebilateral PFC. Congstent results were foundby Lee et al. (2009
in afundiond magneic resonance (fMRI) study (measures experimentally induced
changesin neural vasculature, the BOLD (bloodoxygen level dependent) respon®)
which compared gifted and age-matched adolescents on high-g and low-g loaded 1Q
test items; in the gifted group, high g-loaded tasks increased activity in bilateral PFC
regions Andin aseriesof fMRI studies of fluid andogising (described more fully
bdow), Geake and Hansen foundpostive linear correlationsbetween BOLD changes
while engaged in andogising with measures of high verbd 1Q (Nationd Adult
Reading Test, NART) in theleft lateral PFC (Geake & Hansen, 2005) and with
measures of high spaial 1Q (Raven®@ Advanced Progressive Matrices, RAPM) in

rightlateral PFC (Geake & Hansen, 2006.



Evidence with which to address the second question about1Q correlates with
differences in neural structure comes from avoxd-based morphonetry (VBM) study
(uses MRI daato measure quantitative individud differences in grey and white
matter) of brain cell dengty in which mog of the 6% of grey matter volumes
distributed throughoutthe brain which correlated with 1Q were foundin the PFC

(Haier et al., 2004)

In sum, gifted individuds have relatively enhanced structural, and hence fundiond,
neurobiology in the PFC regionsrespongble for cognitive control, and working

memory.

GIFTED CHILDREN DEMONSTRATE RAPID INFORMATION
PROCESSING

Theforegoing focusonthe PFC, however, does nat imply tha thefrontal cortex isthe
exclugve brain regioninvadved in suppoting giftedness. Rather, highintelligenceis
suppoted by afronto-parietal network (Gray, Chabris & Braver, 2003;Gray &
Thompson, 2004. Thereasonistha the cognitive control afforded by frontal
fundioning requires persistent activation of relevant input from other brain areas to

maintain task commitment (Duncan, 2007).

Theextent to which such neura suppot is more extensve and focussed for gifted
individudsis presumably a manifestation of greater working memory efficacy
(Rypmaet a., 1999. Evidence for the effective deployment of afronto-parietal

network by gifted individuds modd is provided by two studies. Zhanget al. (2006,



in an ERP study of theinformation processing involved during avisud search task
with gifted and average school children in Ching, explained ther results by suggesting
tha thegifted children had better spatialy and temporally coordinaed neura
networks. AndLeeet a. (2006)in an fMRI studyin Korea foundthat gifted primary
and seconday school children displayed stronge activationsin their pogerior paietal
cortices, regionsinvolved in forming conceptud inter-relationships especialy of a

quasi-spaial representation (Luria, 1973. Leeet d. condudel tha:

These results suggest that superior-g may not be due to the recruitment of
additional brain regions but to the functional facilitation of the fronto-parietal

network particularly driven by the posterior parietal activation. (p. 578)

Congstently, an fMRI study by O@Boyle et al. (2005) of mathematically gifted male
adolescents engaged in mental rotation also showed bilateral activation of the parietal

lobes and frontal cortex. O@oyle et al. suggested that:

the parietal lobes, [and] frontal cortex ... are critical parts of an all-purpose
information processing network, one that is relied upon by individuals who
are intellectually gifted, irrespective of the nature of their exceptional

abilities. (p. 586)

Importantly, enhanced bilaterality seems to be a characteristic neurobiological feature
of information processing by gifted individuds (Singh& O@oyle, 2004) as a suite of
psychophyscal experiments has shown (O'Boyle, Benbow & Alexande, 1995.

Moreover, it has been more recently suggested tha the cerebdlum plays an important



rehearsal role in information processing; conequently, heightened cerebdlar
fundioning is another neurobiological characteristics of giftedness (Vandeavert &

Liu, 2007)

The combined effect of these neurobiological features for processing informationisto
create atemporary domnant active state of concern towardsa particular problem,
inareasingly recruiting overlapping regionsof thefrontal cortex as problem
engagement continues (Duncan, 2001) By thisaccountit is clear why enhanced
working memory capecity, as suppoted by efficaciousfrontal fundioning and
structure, isahdlmark of intellectud giftedness, enabling gifted people to achieve
supeior measuresin IQ tests, as well as highlevels of creative intelligence through

task adgptation and selectivity (described more fully bdow) (Geake & Dobson, 2005.

GIFTED CHILDREN SEEK TOP-DOWN UNDERSTANDING

In describing giftedness at a neurobiological leve, it is also important to consder
differences in howinformationis perceived and utilised by gifted individuds. To this
end, muscal prodigies provide an informative group of gifted and talented children to
study. Inan information processing study of musical coherence in youngMozarts,
Geake (1996)foundtha cognitive control processing was mog important for

outstanding musical ability. He conjectured tha:

For gifted young musicians, it is their superior use of executive or
metacognitive strategies [mediated by the frontal cortex], such as inward-

directed attention, that contributes most towards their remarkable abilities. (p.

41)



Thepoint of measuring muscal coheence as acritical aspect of mudcal information
processing was tha making sense of musc requires atop-down perspective: wha is
being heard in the present indant mus be compared with wha was heard jud prior,
and wha was heard before that, and so onover longer time periodsback to the
beginning of the piece. But whereas compostiond structure, such as hierarchical
tempora organisation of themusc, can assist mudcal information processing (Geake
& Gregon, 1999, it was individud differencesin thar predilection for making top-
down mudcal sense throughprocessing muscal cohaence, aided by ther enhanced
working memory capecities for processing such mudgcal information (Geake, 1999)
that enabled these moden-day Mozarts to achieve mature levels of peformance of
the standad repertoire, and engagein hous of highly motivated and efficient practice

(Geake, 1996.

Thequest for top down undestanding is also evident among youngmathematically
gifted children. In aninformation processing study which opeationdised Vygotsky®
Zoneof Proximal Development (ZPD) in elementary school children undetaking
mathematical patern problems, Kanevsky and Geake (2005)foundthat the gifted
children soughttop-down, meta-level hints and suggestionsfrom ther teacher rather
than item-specific suggestionswhich were preferred by ther peers. And similarly to
Geake@ musdcal prodigies, the mathematically gifted children here also had higher

measures of cognitive control, as described by Vygotsky@ colleagueL uria (1973)

GIFTED CHILDREN ARE HIGHLY CREATIVE
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Theneurobiological characteristics of giftedness which suppot highlevels of
executive fundioning and working memory, viz., efficaciousPFC fundioning, and
enhanced bilaterality of an extended cortical network, afford bendfits to gifted

individuds through:

a finely tuned capacity for activating (or inhibiting) the very brain regions
known to play (not play) specialized roles in the performance of a given task.
... That is, precocious individuals are especially facile at knowing [sic] what
steps to take in solving a given intellectual problem. (Badddey & Sala, 1998,

p.438)

In other words efficaciousexecutive cognitive control involves attentiond focusand
selective inhibition (albeit mogly unmnsioug. These neurobiological and related
cognitive characteristics have been combined in aneurops/chological modd of high
creative intelligence (Geake & Dobsn,2005) This modd of cregtive intelligence
features fluid andogising, andogies with severa plaugble butno necessary correct
solutions(Hofstadter, 1995;2001) as the vehicle by which dynamic information
processing occurs in the brain. Fluid andogising enables the generation of candidae
relationships between new information and selected items from long-term memory
store. Consequently, it has been argued (in much greater detail than is possible here)
tha akeen facility for fluid andogising is a cogntive hdlmark of giftedness (Geake,
2007b) Geake and Doboon®@modd aso indicates how creative solutionsor ideas are
selected from candidae variance with recourse to both internd and externd (sodal)
criteria, which in turn inform further creative thinking. Themodd draws onan earlier

neural Darwinian description of giftedness (Geake, 1997)in which gifted individuds
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in search of acreative solution to a problem generate greater variance, employ more
innovdive selection criteria, and store the outcomes more efficiently in long-term
memory for later use. Moreover, Geake and Dobsn (2005)suggest, gifted
individuds dday closure on creative thinking tasks to accommodéae the more
extengve information processing tha they typically employ, and notto discard outlier
thoughstoo early. Thereisboth behavioural (Carson, Peterson & Higgins 2003 and

psychophyscal (Vigneau, Caissie & Bors, 2006)evidence for this suggestion.

Thereis aso neuroimaging evidence for the primary role of fluid andogisingin
creative cognition. Geake and Hansen (2005;2006; in progress) used fMRI to study
theneura activity of aboveaveragelQ subjects to assessing the plaughbility of fluid
andogy symbol strings(Hofstadter, 1995) Consstently with previousneuroimaging
studies of theneural correlates of higha-level reasoning (Prabhekaran et al., 1997;
Wharton et a., 200Q Luoet a., 2003) activationswere foundin a bilateral fronto-
paieta nework. Asnoted above Geake and Hansen (2005)also foundtwo areas of
left PFC where neural activity during fluid andogising correlated with verbd 1Q as
determined by knowledgeof irregular words (NART). In other words 1Q as
determined by ameasure of crystallised intelligence predicted neura activationin
regionsfor working memory engaged in afluid or creative andogy task. A wider
knowledgebase, it seems, can suppot a greater facility for fluid thinking, at least in
high-1Q subjects. More recently, Geake and Hansen (2006)demondrated tha fluid
andogical thinking across different fluid andogy types recruits the same fronto-
paieta nework; further evidence for the claim of fluid andogising as a core
cognitive process. Additiondly, as noted above Geake and Hansen (in progress)

foundan area of therightfrontal cortex where neural activity during fluid andogising

12



across types postively correlated with 1Q as determined by high-level spatial
reasoning (RAPM). This par of correlates, between verbd/spaia measures of 1Q
and lateralised PFC, suggests tha a gifted person@success at specific intellectudly
demanding tasks is significantly determined by how well ther brain enables fluid

andogising as afundanental cognitive process.

Certainly, a proficiency at fluid andogical reasoning and its application to creative
thinking, anadysing sub-text, decoding symbolic relationships and so on, could
explain giftedness in a number of academic areas, induding philosophy (Baconet a.,
1991) mathematics (Geake, 20063, science (Geake et a., 1996, and musc
(Andreasen & Geake, 1998;Geake, 2007b) For example, the cognitive processes
required of muscally gifted children involved in highly creative and effective
compostional improvisation, viz., planned muscal andyses, compostiond variation,
ddayed inhibition before selection, and performance critique (Andreasen & Geake,
1998) are smilar to those required of mathematically gifted studentsin arriving at
optimally passmoniousor aesthetically elegant solutions(Geake, 20063. In both
cases, proficiency at fluid andogising can explain how these processes are seamlessy

and unaongioudy engbled in the brain.

CONCLUSION

Althoughneuroimaging studies of brain structure and fundion have been conduded
for well over adecade, the complexity of the human brain suggests tha cognitive
neuroscience as aresearch disciplineis still initsinfancy. Andwithin this nascent
field, studies of groupdifferences necessarily await further publication of robug and

replicated data aboutthe brain fundioning of thegenera popuktion. Neverthdess,
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findingsfromthose few studies which have compared gifted with non-gifted subjects,
togdher with correlationd studies involving conventiond measures of intelligence,
are congstent. The neurobiology of giftedness is characterised by high-level
prefrontal cortical fundioning within abilateral fronto-parietal network which, anong
other things suppots enhanced executive capability induding a more efficacious
working memory in gifted people. By conaeptudising the necessary cognitive
processes to enable efficaciousinformation processing within such an extended
cortical network as fluid and ogising, common characteristics of giftedness across
variousacademic and creative endeavours can be accounted for, induding precodous
talent, rapid information processing, haghtened cognitive control, and adesire for
top-down perspectives. Hopdully, asthefield of cognitive neuroscience matures,
neurobiological accounts of themany other cognitive and behavioural characteristics
of giftedness will beforthcoming. Consequently, research into how human brains

enable highintelligence seems goodcareer advice for many of today@ gifted children.
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