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Abstract

High fluid intelligence enables high performance in cognitive tasks. Hith-

erto, previous research on the cerebral correlates of fluid intelligence was

restricted to studying participants of average fluid intelligence solving in-

telligence test items of varying difficulty, thus not allowing assumptions on

interindividual differences in fluid intelligence. Other neuroimaging stud-

ies compared participants with varying levels of fluid intelligence but often

utilised tasks that do not exclusively demand fluid intelligence.

The geometric analogical reasoning task demands fluid intelligence very

purely and thus is an eligible approach for research on interindividual differ-

ences in fluid intelligence. As previous findings in this field had been scant,

we examined the cerebral correlates of geometric analogical reasoning in a

first study and showed the involvement of parietal and frontal brain regions.

This is in line with the assumptions of the parieto-frontal integration theory

(P-FIT) of intelligence and with what the literature reports for verbal analog-

ical reasoning tasks and for other visuo-spatial tasks. Furthermore, we found

that short-term training led to improved behavioural performance. Train-

ing related decreases of brain activation are indicative of more automated

processing of the task over time.

Building upon these findings, we report results from a second study with

high fluid intelligence (hi-fluIQ) and average fluid intelligence (ave-fluIQ)

high-school students solving the geometric analogical reasoning task. Again in

line with the P-FIT model, we demonstrated that the parieto-frontal network

is involved in geometric analogical reasoning in both groups. However, the

extent of task-related brain activation was modulated by fluid intelligence;

while hi-fluIQ showed stronger involvement of parietal brain regions, ave-

fluIQ showed stronger involvement of frontal brain regions. Our results thus
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partly run counter to the postulates of the neural efficiency hypothesis, which

assumes a negative brain activation-intelligence relationship as a marker of

cognitive efficiency. We conclude that the brain activation-intelligence rela-

tionship is not generally unitary. This is in line with some other findings in

the literature and suggests a revision of the neural efficiency hypothesis. It

can be conjectured that the adaptive and flexible modulation of brain acti-

vation is characteristic of high fluid intelligence rather than neural efficiency

in general.

Knowledge on the stability or changeability of the cerebral correlates of high

fluid intelligence during late adolescence (the peak age of fluid intelligence)

had been sparse. To elucidate this field, we examined the follow-up stability

of the behavioural and cerebral correlates of geometric analogical reasoning in

hi-fluIQ in a third study. We demonstrated that the relevant brain network is

in place already at age 17 and that improvements in behavioural performance

at age 18 due to task familiarity are indicative of more efficient use of the

cerebral resources available.

Keywords:

high fluid intelligence, geometric analogical reasoning, adolescence, parieto-

frontal network, neural efficiency, follow-up, functional Magnetic Resonance

Imaging (fMRI)
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Zusammenfassung

Hohe fluide Intelligenz ermöglicht hohe kognitive Leistungen. Bisherige Stu-

dien zu zerebralen Korrelaten fluider Intelligenz haben Probanden mit durch-

schnittlicher fluider Intelligenz beim Lösen von Intelligenztestaufgaben mit

unterschiedlichen Schwierigkeitsstufen untersucht. Dieser Ansatz ermöglicht

keine Aussagen zu interindividuellen Unterschieden in fluider Intelligenz. An-

dere bildgebende Studien haben zwar Probanden mit unterschiedlichen flui-

den Intelligenzlevels untersucht, haben aber häufig Aufgaben verwendet, die

fluide Intelligenz nicht in Reinform erfordern.

Die geometrische Analogieaufgabe beansprucht fluide Intelligenz in Rein-

form und ist daher ein geeignetes Paradigma für die Untersuchung fluider

Intelligenz. Da es in diesem Feld bisher kaum Forschungsergebnisse gab, auf

denen man aufbauen konnte, haben wir in einer ersten Studie die zerebralen

Korrelate des geometrischen analogen Schließens untersucht und nachgewie-

sen, dass parietale und frontale Hirnregionen involviert sind. Dies steht im

Einklang mit der parieto-frontalen Integrationstheorie (P-FIT) der Intelli-

genz und mit Literaturberichten zu verbalen Analogieaufgaben und anderen

visuell-räumlichen Aufgaben. Des Weiteren konnten wir zeigen, dass Kurz-

zeittraining zu verbesserter behavioraler Performanz führt. Training führt im

Verlauf des Experiments ebenfalls zu einer Verringerung der aufgabenspezi-

fischen Hirnaktivierung und deutet auf eine höhere Automatisierung bei der

Aufgabenverarbeitung hin.

Aufbauend auf diesen Befunden berichten wir Ergebnisse einer zweiten Stu-

die, in der Gymnasiasten mit hoher fluider Intelligenz (hi-fluIQ) und durch-

schnittlicher fluider Intelligenz (ave-fluIQ) geometrische Analogieaufgaben

lösten. In Übereinstimmung mit den Annahmen des P-FIT-Modells konnten

wir zeigen, dass diese Aufgaben in beiden Gruppen das parieto-frontale Netz-
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werk beanspruchen. Das Ausmaß der Hirnaktivierung wurde jedoch durch

fluide Intelligenz moduliert: Hi-fluIQ zeigten stärkere Beteiligung parietaler

Hirnregionen, während ave-fluIQ stärkere Beteiligung frontaler Hirnregionen

zeigten. Unsere Ergebnisse widersprechen damit teilweise den Postulaten der

neuralen Effizienztheorie, die annimmt, dass ein negativer Zusammenhang

zwischen Hirnaktivierung und Intelligenz ein Kennzeichen kognitiver Effizi-

enz ist. Aus unseren Ergebnissen schlussfolgern wir, dass der Zusammenhang

zwischen Hirnaktivierung und Intelligenz nicht generell einseitig gerichtet ist.

Dies steht im Einklang mit Befunden in der Literatur und ist ein Hinweis, dass

die neurale Effizienztheorie überarbeitet werden sollte. Es ist davon auszuge-

hen, dass nicht allgemein neurale Effizienz, sondern die adaptive und flexible

Modulation von Hirnaktivierung charakteristisch für fluide Intelligenz ist.

Befunde zur Stabilität und Veränderlichkeit zerebraler Korrelate hoher flui-

der Intelligenz in der späten Jugend (dem Höhepunkt fluider Intelligenz) wa-

ren bisher rar. Um dieses Forschungsfeld zu beleuchten, haben wir die follow-

up-Stabilität behavioraler und zerebraler Korrelate des geometrischen ana-

logen Schließens in der hi-fluIQ Gruppe in einer dritten Studie untersucht.

Wir konnten zeigen, dass das relevante zerebrale Netzwerk schon im Alter

von 17 Jahren etabliert ist und Verbesserungen der behavioralen Performanz

im Alter von 18 Jahren bedingt werden durch eine höhere Aufgabenvertraut-

heit und für eine effizientere Nutzung der verfügbaren zerebralen Ressourcen

sprechen.

Schlagwörter:

hohe fluide Intelligenz, geometrische Analogien, Jugend, parieto-frontales Netz-

werk, neurale Effizienz, follow-up, funktionelle Magnetresonanztomographie

(fMRT)
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1 Introduction

This dissertation is based on three peer-reviewed publications concerning the be-
havioural and cerebral correlates of analogical reasoning and high fluid intelligence
in adolescents, and their temporal characteristics. These three articles will be re-
ferred to as Study 1 (Wartenburger, Heekeren, Preusse, Kramer & van der Meer,
2009), Study 2 (Preusse, van der Meer, Deshpande, Krueger &Wartenburger, 2011),
and Study 3 (Preusse et al., 2010). In this synopsis, I will begin by presenting a
brief introduction to the concept of fluid intelligence, to the parieto-frontal inte-
gration theory of intelligence, and to the neural efficiency hypothesis. This will be
followed by an outline of the research questions of my dissertation. I will conclude
by presenting and integrating the main results from the three studies.

1.1 Fluid intelligence
Fluid intelligence defined by Raymond Cattell is the ability to perceive, discrim-
inate, and manipulate relationships of various concepts and various complexities,
to think flexibly, and to draw inferences that are independent of prior knowledge
(Cattell, 1963; Horn & Cattell, 1966; Cattell, 1987). Consequently, fluid intelli-
gence is a prerequisite for solving novel problems, using adaptive problem-solving
strategies in reasoning, and coping with unfamiliar situations, thereby allowing a
person to acquire new knowledge and obtain new insights. Fluid intelligence is thus
a general foundation of cognitive performance.1

1The relevant literature in this field does not always clearly demarcate between different concepts
of intelligence. A similar – but not identical – concept to fluid intelligence is general intelligence
as described by Charles Spearman (Colom, Abad, García & Juan-Espinosa, 2002; Süß, 2003;
Blair, 2006; Colom, Jung & Haier, 2006; Asendorpf, 2007). When carrying out research,
both concepts of intelligence are often operationalised by assessing participants’ intelligence
using the Raven’s Advanced Progressive Matrices test (RAPM; Raven, Court & Raven, 1980;
Carpenter, Just & Shell, 1990; Schweizer, Goldhammer, Rauch & Moosbrugger, 2007). In
addition to reviewing findings on fluid intelligence, I will thus partly draw upon literature that
labels the subject of their research ‘general intelligence’ or simply ‘intelligence’. However, I
will include these reports only if, in my estimation, their focus is close enough to Cattell’s
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A person’s level of fluid intelligence can be assessed using the Raven’s Advanced
Progressive Matrices test (RAPM; Raven et al., 1980). Taking this standardised in-
telligence test requires flexible thinking, pattern matching, and relational reasoning
(Raven et al., 1980; Bethell-Fox, Lohmann & Snow, 1984; Carpenter et al., 1990;
Schweizer et al., 2007).
As can be deduced from the definition of fluid intelligence, people with high fluid

intelligence outperform people with average or low fluid intelligence in cognitive
tasks (Horn & Cattell, 1966). Several reports in the literature support this fact:
Kane and Engle commented that "In memory tasks [. . . ], such as verbal fluency and
proactive interference tasks, subjects of high intelligence [. . . ] outperform those
of low intelligence" (cf., Kane & Engle, 2002, page 648). This is corroborated by
other reports demonstrating associations between psychometric fluid intelligence
and shorter reaction times, or respectively increased task performance, in a num-
ber of memory tasks (Vernon, 1983; Grabner, Fink, Stipacek, Neuper & Neubauer,
2004). Furthermore, Grabner, Neubauer und Stern (2006) showed that participants
with high intelligence consistently achieved shorter reaction times in differentially
demanding speed, memory, and reasoning tasks. Using elementary cognitive tasks,
Neubauer, Riemann, Mayer und Angleitner (1997) showed that individuals scoring
high on the RAPM have shorter reaction times. In addition, Jausovec (2000) found
that highly intelligent individuals score higher on a linear optimisation problem.
These relationships can be understood to be a characteristic of the central nervous
system that processes information quickly and correctly (Vernon, 1983; Neubauer,
1990; Conway, Cowan, Bunting, Therriault & Minkoff, 2002). Hence, people with
high fluid intelligence process information more efficiently. Neuroimaging studies
presenting a link between superior behavioural performance in more intelligent in-
dividuals and lower brain activation call this phenomenon neural efficiency (Haier,
Siegel, Nuechterlein & Hazlett, 1988; Neubauer & Fink, 2009).
In addition to studying the behavioural correlates of intelligence, researchers are

increasingly interested in identifying the cerebral correlates of intelligence and in
understanding the cerebral characteristics of interindividual differences in fluid in-
telligence; yet, findings on the cerebral characteristics of extraordinarily high fluid
intelligence are sparse. Recent developments in modern neuroimaging technology
now allow us to carry out such studies and thus obtain a more comprehensive view
of intelligence.

concept of fluid intelligence and if they are appropriate to help us understand the nature of
fluid intelligence and interindividual differences in fluid intelligence.

2



1 Introduction

Two central concepts currently discussed in this respect are the parieto-frontal
integration theory (P-FIT) of intelligence and the neural efficiency hypothesis. In
the following, I will illustrate both concepts because of their central importance to
neuroscientific intelligence research and to the research presented here.

1.1.1 Cerebral correlates of fluid intelligence

Neuroimaging studies have identified the involvement of parietal and frontal brain
regions in tasks demanding fluid intelligence. For instance, Prabhakaran, Smith,
Desmond, Glover und Gabrieli (1997) investigated the cerebral correlates of solving
intelligence test items using functional Magnetic Resonance Imaging (fMRI). The
bilateral inferior and superior parietal cortex, and bilateral middle and inferior
frontal gyrus were reportedly involved in solving the RAPM test items. Thus,
Prabhakaran et al. (1997) concluded that a network of parietal and frontal brain
regions mediates visuo-spatial relational reasoning and flexible problem solving.
Additionally, Duncan et al. (2000) obtained comparable results in a positron emis-

sion tomography (PET) study. Their participants completed items of a non-verbal
visuo-spatial task and a non-verbal visuo-perceptive task taken from Cattell’s Cul-
ture Fair Test (Cattell, 1987). In each item of the visuo-spatial task, four panels
that contained several shapes, symbols, or drawings were presented to the partici-
pants. The elements inside the panels differed, but all except one panel were related
by having identical properties (e.g., symmetry). The participants had to detect the
one panel out of each quartet that differed from the other three in a certain subtle
property. This task is considered a complex problem solving task and demands intel-
ligence more strongly than the visuo-perceptive task. In the visuo-perceptive task,
items still consisted of four panels of shapes, symbols, or drawings but contained
only one element each. Three of the panels were physically identical, while the
fourth differed in a visually very obvious property (e.g., shape or size). Again, the
participants had to detect the mismatching panel. This task was a purely perceptive
decision task demanding intelligence less strongly than the visuo-spatial task and
thus serving as the control condition. When comparing task-evoked brain activa-
tion between these two task-conditions, the medial frontal, bilateral lateral frontal,
bilateral parietal, and bilateral occipital brain regions showed stronger involvement
during items that more strongly demanded intelligence compared to items that less
strongly demanded intelligence. Based on the finding that frontal brain regions
related to information integration and cognitive control are recruited in the com-

3



plex problem solving task, Duncan et al. (2000) concluded that these brain regions
particularly contribute to intelligent behaviour.
In this way researchers started to elucidate the cerebral correlates of fluid intel-

ligence using modern neuroimaging technology. From this research, Newman und
Just (2005) argue that intelligent behaviour is not associated with the function or
processing of a single and specialised brain region; rather, it is associated with the
interplay of several brain regions within a large-scale cerebral network.

1.1.2 The parieto-frontal integration theory of intelligence

The aforementioned findings (Prabhakaran et al., 1997; Duncan et al., 2000; New-
man & Just, 2005) are in line with what Jung und Haier (2007) report in their com-
prehensive review of studies on the neurobiology of intelligence. They thoroughly
reviewed 37 neuroimaging studies and compiled evidence demonstrating that in-
terindividual differences in intelligence and reasoning task performance are related
to interindividual variation in structure and function of the parieto-frontal brain
network. Based upon these findings, they framed the P-FIT, which postulates that
a network of interacting brain regions (that is, the dorsolateral prefrontal cortex
(PFC), anterior cingulate cortex (ACC), inferior and superior parietal lobe, and
temporal and occipital lobe regions) is involved in intelligent information process-
ing. Cognitively salient sensory information is acquired from the environment and
processed in early sensory brain regions (e.g., in the occipital lobe for visual infor-
mation and in the temporal lobe for auditory information). From there, the basic
sensory information is forwarded to parietal brain regions (namely, the superior
and inferior parietal lobe, angular gyrus, and supramarginal gyrus) where struc-
tural symbolism, abstraction, and elaboration emerge. Moreover, the parietal and
frontal brain regions interact to compare different possible task solutions for a given
problem and to ultimately select the appropriate behaviour or task response out of
several alternatives. Finally, the ACC is involved in the inhibition of alternative
responses (Jung & Haier, 2007).
Besides, the P-FIT model is supported by a number of studies on structural

correlates of intelligence. There are various findings of increased grey matter volume
within the parieto-frontal network in individuals with higher intelligence test scores
(e.g., Colom et al., 2009; Luders, Narr, Thompson & Toga, 2009). Furthermore,
there are recent studies examining the genetic (e.g., Bouchard & McGue, 1981;
Fisher et al., 1999; Chiang et al., 2009) or biochemical (e.g., Rae et al., 1996;
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1 Introduction

Jung et al., 1999) correlates of intelligence, which will not be dwelled upon here
for reasons of brevity. All of these studies contribute to our understanding of the
nature of fluid intelligence.

However, there has been no comprehensive research on the functional character-
istics of the parieto-frontal network in individuals with extraordinarily high intelli-
gence. The majority of available studies compared tasks that recruit intelligence to
differing degrees and often used samples with unmeasured intelligence levels (e.g.,
Wright, Matlen, Baym, Ferrer & Bunge, 2008; Ferrer, O’Hare & Bunge, 2009);
that is, variation in fluid intelligence was established by means of variation between
tasks or items rather than variation between individuals. Other studies made use
of tasks that were not exclusive to fluid intelligence (e.g., Neubauer, Freudenthaler
& Pfurtscheller, 1995; Gray, Chabris & Braver, 2003; Grabner et al., 2004) or com-
pared sample groups that were assigned to the high or low performance groups
a posteriori rather than being selected systematically a priori according to their
scores in standardised intelligence tests (e.g., Haier et al., 1988; Neubauer et al.,
1995; Geake & Hansen, 2010). Thus, these findings only allow limited inference
to the nature of interindividual differences in intelligence and there is a paucity
of noteworthy knowledge on cerebral correlates of extraordinarily high fluid intel-
ligence. Research on the cerebral correlates of interindividual differences in fluid
intelligence is of utmost necessity.

There are two conceivable possibilities to explain how the cerebral network of in-
telligent reasoning is characterised in high intelligence individuals. Interindividual
differences in fluid intelligence could possibly appear as: 1) the recruitment of dif-
ferential brain network components (that is, the network associated with intelligent
reasoning comprises different brain regions in high intelligence individuals than in
average intelligence individuals), or 2) the differential extent of brain activation in a
similar network (that is, the network associated with intelligent reasoning comprises
the same brain regions in high and average intelligence individuals, but the extent
of task-related brain activation is modulated by intelligence).

Thus, interindividual differences in fluid intelligence may manifest cerebrally as
differences in spatial characteristics or as differences in activation strength. In the
following section, this brain activation-intelligence relationship will be outlined.

5



1.1.3 The neural efficiency hypothesis

Not only is the link between the parieto-frontal network and the cerebral charac-
teristics of fluid intelligence currently discussed, but the relationship between fluid
intelligence and the extent of task-induced brain activation is also subject of current
research and debate. The term ‘neural efficiency’ is frequently used when discussing
this issue. Neural efficiency means that individuals with higher intelligence display
less task-related brain activation than individuals with comparatively lower intelli-
gence (Haier et al., 1988). By examining cortical metabolic rates (as measured by
PET) of solving RAPM items, Haier et al. (1988) initially demonstrated a negative
correlation between brain activation and intelligence test performance. To date, a
considerable number of studies have substantiated neural efficiency in participants
with higher intelligence (e.g., Haier, Siegel, Tang, Abel & Buchsbaum, 1992; Lar-
son, Haier, LaCasse & Hazen, 1995; Neubauer et al., 1995; Jausovec, 1998; Rypma,
Berger & D’Esposito, 2002; Geake & Hansen, 2005; Neubauer & Fink, 2003; Grab-
ner et al., 2004; Neubauer & Fink, 2009).

Moderator variables of neural efficiency

Using a number processing task, Neubauer und Fink (2003) found a negative brain
activation-intelligence relationship only for the male but not for the female partic-
ipants. As the aforementioned initial report by Haier et al. (1988) included solely
male participants, the findings by Neubauer und Fink are not contradictory. In
fact, other studies have identified and discussed sex as a moderator variable. For
example, Grabner et al. (2004) reported significant negative correlations between
fluid intelligence and cortical activation in three tasks demanding the short-term
memory, working memory or executive processes for male but not for female partici-
pants. Additionally, Neubauer, Fink und Schrausser (2002) and Neubauer, Grabner,
Fink und Neuper (2005) found that female participants showed neural efficiency in
verbal tasks, while male participants showed neural efficiency in figural and spatial
task. This indicates how the variables of sex and task type play a moderating in-
fluence on neural efficiency. Task difficulty and brain region were also identified as
potential moderator variables of neural efficiency (Neubauer & Fink, 2009). Again,
the literature reports regarding these factors are partly inconsistent.
In a PET study, Larson et al. (1995) demonstrated decreased task-related corti-

cal glucose use (i.e., neural efficiency) in high intelligence participants only for easy
backwards digit-span items but not for difficult backwards digit-span items. Yet,

6



1 Introduction

Neubauer, Sange und Pfurtscheller (1999) reported that neural efficiency emerged
only in high complexity trials of Posner’s letter matching paradigm; it should be
noted, however, that this task is a little less cognitively demanding than the above-
mentioned backwards digit-span task. Integrating these reports and results from
other studies in their review, Neubauer und Fink (2009) conclude that neural ef-
ficiency may be characteristic to tasks of subjectively low to medium difficulty.
According to this review, people with high intelligence are able to invest more cor-
tical effort into more difficult tasks than people with lower intelligence, which then
reverses the brain activation-intelligence relationship in those tasks.
Moreover, neural efficiency may be specific to frontal brain regions rather than

the whole brain (Neubauer & Fink, 2009). When determining the best next moves
for given chess game positions, participants with high figural intelligence showed
higher neural efficiency in the PFC than participants with lower figural intelli-
gence (Grabner et al., 2006). As Neubauer, Grabner, Freudenthaler, Beckmann
und Guthke (2004) report, cortical activation of frontal (but not other) brain re-
gions was negatively correlated with intelligence while solving a figural reasoning
task.

Findings challenging the neural efficiency hypothesis

Although there is a large number of studies substantiating neural efficiency, there
is also a certain number of studies showing the opposite of neural efficiency: That
is, participants with higher intelligence and/or better cognitive performance show
stronger task-related brain activation compared to average intelligence participants
or participants with poorer performance. For example, Geake und Hansen (2005)
reported that when solving a fluid letter string analogy task, the activation of the
PFC was positively correlated to intelligence in an adult sample. Likewise, using a
three-back working memory task, Gray et al. (2003) showed stronger involvement
of the PFC, parietal cortex, and ACC in more intelligent individuals. Interestingly,
Duncan (2003) reported stronger recruitment of the ACC, lateral PFC, and inferior
parietal cortex in high intelligence participants when executing a figural problem
solving task. According to Duncan, the inversion of neural efficiency can be in-
terpreted as being related to a stronger cerebral response to cognitive conflict and
conflict resolution. Furthermore, a positive relationship between cognitive ability
and brain activation was demonstrated by Grabner et al. (2007). When solving
multiplication problems, the left angular gyrus of individuals with high mathe-
matical competence displayed stronger activation than in individuals with lower

7



mathematical competence. In this study, mathematical competence was assessed
with the numerical subscale of the Berliner Intelligenzstruktur-Test (Jäger, Süß &
Beauducel, 1997).

It can be noted that by and large, there is a number of findings on neural ef-
ficiency; yet, further research is needed to explain previous inconsistent results
and to characterise neural efficiency more comprehensively. Most of the existing
studies investigating and confirming neural efficiency used electroencephalography
(EEG) to measure brain activation (e.g., Grabner et al., 2004; Neubauer et al.,
2004, 2005; Grabner et al., 2006). More specifically, these studies reported the
event-related desynchronisation (ERD) of the EEG upper alpha band, which is
indicative of increased event-related cortical activation (Pfurtscheller & Lopes da
Silva, 2005). Lower ERD signifies lower cortical activation, that is, higher neural
efficiency. Interestingly, the few studies employing fMRI to investigate the cerebral
characteristics of intelligence often report findings challenging the neural efficiency
hypothesis (e.g., Duncan, 2003; Gray et al., 2003; Geake & Hansen, 2005; Grab-
ner et al., 2007). While the ERD of the upper alpha band is related to semantic
information processing (Klimesch, 1999; Doppelmayr, Klimesch, Stadler, Pöllhuber
& Heine, 2002), blood oxygenation level dependent (BOLD) signal changes as mea-
sured by fMRI are unspecifically related to task-related changes in neural activity
(Jezzard, Matthews & Smith, 2003; Logothetis, 2008; Huettel, Song & McCarthy,
2009). Thus, one cannot rule out that the cerebral characteristics of intelligence
may be reflected differentially when using different methods. The characteristics of
the brain activation-intelligence relationship and of neural efficiency may be more
nuanced and more differentiated than currently assumed. Therefore, these con-
cepts clearly necessitate further investigation through a variety of methods, using
various experimental tasks, and with samples covering a wider range of individual
levels of fluid intelligence. We aimed at contributing further insights by compar-
ing individuals with extraordinarily high fluid intelligence to a group of individuals
with average fluid intelligence when solving a task that demands fluid intelligence
very purely (Study 2). Furthermore, for the first time, we aimed at characterising
the stability of the brain activation-intelligence relationship in a one-year follow-up
study (Study 3).
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1 Introduction

1.1.4 Intelligence and learning

Fluid intelligence constitutes a foundation for successful learning and thus enables
individuals to access new knowledge (Cattell, 1963; Horn, 1968). People with high
fluid intelligence are known to show greater learning and training success than peo-
ple with average fluid intelligence (J. F. Beckmann, 2001). This is assumed to be
a function of more efficient cognitive strategies in people with high fluid intelli-
gence. In a study by Neubauer et al. (2004) characterising the relationship between
intelligence and learning, a sample of participants with distributed intelligence lev-
els received training on the Adaptive Sequential Figure Learning Test (ADAFI;
Guthke, Beckmann, Stein, Vahle & Rittner, 1995) and were provided with feedback
on the accuracy of their responses. If the initial response to an item was incorrect,
the participants received prompts that helped with retrying the item. After the
training phase, performance on a figural reasoning test was compared to the pre-
training performance on a parallel version of this test. As a result, post-training
performance improvements were higher for participants with higher intelligence.
Thus, the authors concluded that individuals with higher intelligence showed more
efficient learning. The authors also found a negative brain activation-intelligence
relationship in frontal brain regions, which evolved only after the training, and was
established by EEG measurements that accompanied the pre- and post-training
assessments of figural reasoning ability.

1.2 Analogical reasoning

The transfer of relational information from objects or elements with known re-
lation(s) onto objects or elements with unknown relation(s) is called analogical
reasoning. This higher-order cognitive process allows us to discover new insights,
explain new concepts by means of familiar ones, and acquire new knowledge do-
mains (Gentner, 1983; Vosniadou & Ortony, 1989; Hofstadter & Mitchell, 1997;
Hofstadter, 2001; French, 2002). Analogical reasoning is an important process in
human reasoning and it is not only useful in problem solving, but also in cre-
ative processes and human communication for instance. Analogical reasoning and
fluid intelligence are closely related; individuals with high fluid intelligence have
a good command of analogical reasoning (Mulholland, Pellegrino & Glaser, 1980;
Carroll, 1993; Hofstadter & Mitchell, 1997; Hofstadter, 2001; Geake & Hansen,
2005; Holyoak & Morrison, 2005). For this reason, an analogical reasoning task
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serves as an eligible approach to examine fluid intelligence. Analogical reasoning
involving geometric patterns and their mirroring relations necessitates only limited
prior semantic knowledge, thus demanding fluid intelligence very purely. Therefore,
to characterise the cerebral correlates of high fluid intelligence, we implemented a
geometric analogical reasoning task in Studies 2 and 3.

1.2.1 Cerebral correlates of geometric analogical reasoning

Using PET, Wharton et al. (2000) found that the left medial frontal, left inferior
frontal, and left inferior parietal cortex were involved in geometric analogy detec-
tion. In their study, participants were asked to indicate whether or not the four
geometric shapes inside two consecutively presented panels were analogical. The
geometric shapes either were or were not related by abstract visuo-spatial relations,
such as texture, colour, shape, or position. The task-related brain activation of solv-
ing such a block of analogy detection items was compared to the task-related brain
activation of solving a block of control items where participants judged whether
or not the presented panels were perceptually identical. Wharton et al. (2000) as-
sumed that the demonstrated brain activation in the left frontal lobe is related to
identifying and mapping analogical relations. However, the manner of consecutively
presenting the stimuli added a working memory demand to the analogy detection
task, which simultaneous presentation would not have posed. One can assume that
the involvement of frontal brain regions may be confounded by the additional work-
ing memory demand, which is not inherent to geometric analogical reasoning itself.
Thus, there is a clear need for further investigation of the cerebral characteristics
of geometric analogical reasoning.
As previous neuroimaging findings on geometric analogical reasoning had gener-

ally not been sufficient to draw upon for our research on high fluid intelligence, and
as there had been no fMRI findings in this respect, we initially conducted an fMRI
study to elucidate the cerebral correlates of geometric analogical reasoning (Study
1). Please refer to section 1.4 for an explanation of the advantages of fMRI over
PET and other neuroscience methods, and for our specific reasons for employing
fMRI.

1.2.2 Training-related changes in geometric analogical reasoning

Many studies examining training effects in cognitive tasks demonstrated improve-
ments in behavioural performance and decreases in brain activation, which are com-
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1 Introduction

monly attributed to reduced processing time or more automatic processing and thus
represent increased neural efficiency (Risberg, Maximilian & Prohovnik, 1977; Pol-
drack, 2000; Kelly & Garavan, 2005). However, there are some literature reports
that presented different findings. Olesen, Westerberg und Klingberg (2004), for
instance, showed an increase in brain activation after successful training on a work-
ing memory task. Furthermore, Ischebeck, Zamarian, Egger, Schocke und Delazer
(2007) found that short-term training changes the functional neuroanatomy of mul-
tiplication. Upon training, activation decreased in frontal and parietal regions, but
increased in temporo-parietal regions, indicating a shift in strategy from complex
calculation and visualisation to mere result retrieval.
There had been no previous knowledge on the cerebral characteristics of short-

term training on geometric analogical reasoning. Study 1 aimed at filling this gap
under the assumptions that behavioural performance increases and task-related
brain activation decreases with short-term training.

1.3 The development of cognitive abilities

Even though cognitive development and improvements in cognitive performance
are possible all throughout life, most development-related changes in cognitive abil-
ities take place during childhood and young adolescence. The same holds true
for analogical reasoning ability. Its development begins during infancy and im-
proves during childhood and adolescence (Sternberg & Rifkin, 1979; Gentner, 1988).
Young children have limited reasoning ability and often make mistakes when iden-
tifying or mapping element relations. The analogical reasoning ability of children
improves after the relational shift, which is a developmental process (completed
around puberty) that enables people to consider element relations and relational
structure when reasoning. Before the relational shift, children primarily focus on
the attributes of elements (Levinson & Carpenter, 1974; Gentner, 1988; Goswami,
1991, 1996; Hosenfeld, van der Maas & van den Boom, 1997; Richland, Morrison &
Holyoak, 2006; Sodian, 2008).
Inextricably linked with cognitive development during childhood and adolescence

are periods of maturation and development of brain structure and function. The
development of the frontal cortex (whose function is related to executive processes,
analytical thinking, response inhibition, and abstract reasoning) is not complete
until late adolescence or the early twenties (Giedd et al., 1999; Blakemore & Choud-
hury, 2006; Shaw et al., 2006). According to the findings of Shaw et al. (2006), high
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intelligence is characterised by a strong increase in cortical thickness in the PFC
peaking at around age 11, compared to a less pronounced cortical thickening in a
control group of average intelligence. Furthermore, individuals with high intelli-
gence showed a delayed onset (around age 13 to 14) of subsequent cortical thinning
in the same brain regions, but a more rapid progression of this regular process.

Using a nonsymbolic magnitude processing task, Ansari und Dhital (2006) re-
ported a shift of brain activation from frontal to parietal brain regions during the
transition from childhood to adulthood, which they interpreted as the developmen-
tal specialisation of cortical regions. In addition, Wright et al. (2008) compared
school children and young adults performing a semantic analogical reasoning task
and not only did they find that the children performed more poorly but also that
the children showed a time delay in recruiting the lateral PFC (which is known to
be crucially involved in relational reasoning) when solving the task. This suggests
an incomplete development of analogical reasoning ability and response inhibition
in children, which later improves with cognitive development.

However, of the behavioural and neuroscience studies in the field, many have
focused on the development of cognitive abilities during childhood rather than ado-
lescence or have compared children and adult samples in cross-sectional designs
(e.g., Dehaene, Molko, Cohen & Wilson, 2004; Feigenson, Dehaene & Spelke, 2004;
Liu, Shi, Zhao & Yang, 2008; Houdé, Rossi, Lubin & Joliot, 2010; Prieto-Corona
et al., 2010). Thus, there is a paucity of knowledge on the cerebral correlates of
cognitive abilities (and especially analogical reasoning ability) in adolescence and
their changes with development. Thus, it is of particular importance to conduct
studies with teenage participants involving multiple measuring time points, or to
realise longitudinal studies that span from early childhood up to young adulthood.

Moreover, Cattell postulated that fluid intelligence increases throughout child-
hood and adolescence, reaches its peak in late adolescence, and declines after the
early twenties (Cattell, 1963; Horn & Cattell, 1966; Cattell, 1987). This is cor-
roborated by findings from Rammsayer und Troche (2010) who demonstrated that
high fluid intelligence is associated with both high speed of information processing
(as displayed by short median reaction times) and high consistency in processing
speed (as displayed by low intraindividual variability in reaction times) in a sample
of young and middle-age adults (ranging from 18 to 39 years) on a modified Hick
task. Speed of processing, but not consistency in processing speed, was shown to
decline with age.

12



1 Introduction

As analogical reasoning demands fluid intelligence, one can infer that analogical
reasoning ability follows a similar developmental course as fluid intelligence. Fur-
thermore, as little is known about the temporal characteristics of particularly high
fluid intelligence, it was of great interest to us to examine changes in the cerebral
characteristics of analogical reasoning and high fluid intelligence related to devel-
opment and task familiarity in late adolescence in a follow-up study (Study 3).
Given our lack of knowledge on development-related changes of the cerebral char-
acteristics of cognitive abilities and especially fluid intelligence in adolescence, more
in-depth studies were urgently required. Moreover, to date, there have only been
a few follow-up fMRI studies or fMRI studies with multiple measuring time points
(L. Friedman et al., 2008; Bennett & Miller, 2010). Thus, Study 3 was designed to
add new insights to our understanding of the temporal characteristics of the cerebral
correlates of geometric analogical reasoning in high fluid intelligence adolescents, to
the cerebral correlates of task familiarity, and to the stability of the BOLD signal.

1.4 Fundamentals of fMRI

Owing to massive advances neuroscience methods have made in recent years, new
possibilities have opened up for cognitive science and thus for the study of human be-
haviour and task performance. Within the large spectrum of neuroscience methods,
fMRI has occupied an important place. Aside from fMRI, there are various other
neuroscience research techniques, such as EEG, PET, computed tomography (CT),
and near-infrared spectroscopy (NIRS). Each of these methods has specific char-
acteristics, advantages, and disadvantages. Depending on the underlying research
question, overall research goal, and sample characteristics, one must carefully select
the most suitable research technique. As the research on the characteristics of high
fluid intelligence and geometric analogical reasoning presented here used fMRI, I
will give a short overview of fMRI and its advantages over other methods regarding
our particular research goals. More detailed information on fMRI can be found, for
example, in Jezzard et al. (2003), Logothetis (2008) or Huettel et al. (2009).
Cognitive processing demands cerebral activity. The activity of cerebral neurons

in one brain region increases local cerebral metabolism and thus requires oxygen,
which is supplied by local blood vessels. More precisely, blood oxygen is bound to
hemoglobin. Oxygenated and de-oxygenated hemoglobin differ in their magnetic
characteristics. FMRI studies utilise this so-called BOLD effect to compare a stim-
ulated state (e.g., cognitive demand and events of interest) with a non-stimulated
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state (e.g., rest), different types of stimulation, or differing extents of stimulation.
Consequently, fMRI measures neural activity indirectly through changes in blood
oxygenation.

Whilst the physiological relationship between neural activity and changes in blood
oxygenation level seems to be an impressively simple foundation for fMRI measure-
ment, one must be aware that this relationship is more complex than outlined here
and not all of its details are currently understood (Heeger & Ress, 2002). As such,
the exact relationship between neural activity, brain metabolism, blood oxygena-
tion, and blood flow is the subject of ongoing research and scientific exchange.
Even so, previous studies have shown correlations between brain metabolism and
regional cerebral blood flow, making fMRI an eminently suitable method for cog-
nitive neuroscience (Villringer & Dirnagl, 1995; Logothetis, Pauls, Augath, Trinath
& Oeltermann, 2001; Raichle & Mintun, 2006).

FMRI is characterised by a fine spatial resolution (usually within the range of
a few millimeters) and it can record signals from subcortical brain regions. Unlike
EEG, NIRS or PET, it thus allows for a very precise spatial localisation of areas
of interest within the whole brain. Nevertheless, the temporal resolution of fMRI
falls short of the temporal resolution that EEG and NIRS provide, yet surpasses the
temporal resolution PET allows. As the increase of the regional blood flow lags with
respect to the neural activity of a given brain region and is also much slower than
the electrical activity of neurons, the precise duration of cerebral activity cannot
be specified with fMRI (Orrison, Lewine, Sanders & Hartshorne, 1995; Gazzaniga,
Ivry & Mangun, 2002).

In order to reliably measure BOLD signal changes in response to a stimulus, it
is necessary to take repeated measurements within one experimental session. That
is, stimulus repetition or multiple stimuli are needed for each experimental con-
dition. These days, fMRI studies are commonly conducted with an event-related
experimental design in which different stimuli or experimental tasks are consecu-
tively presented in a randomised (and usually fixed) order. Afterwards, the BOLD
signal changes for all stimuli of the same experimental condition are aggregated for
analysis. Usually, the generalised linear model (GLM) and correction for multiple
comparisons are applied to detect significantly activated brain regions of interest
(C. F. Beckmann, Jenkinson & Smith, 2003). As there is no natural baseline of
brain activation that can be used as a reference when analysing fMRI data, two
task-related functional brain states can be subtracted from one another in order to
determine the functional cerebral correlates of the task of interest. Therefore, it is
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crucial to carefully select an adequate reference task (Cabeza & Nyberg, 2000; Smith
et al., 2004). Alternatively, stepwise parametric contrasts can be calculated. This
type of fMRI data analysis focuses on brain regions that show a stepwise increase in
activation when varying the associated experimental variables (e.g., increasing lev-
els of task difficulty). Furthermore, to make up for the lack of baseline reference of
brain activation, between-group comparisons can be calculated. That is, the task-
related functional brain activation of two or more groups of participants differing
in one experimental variable can be compared. By comparison, PET data analysis
does not provide the possibility to incorporate single event information if the event
is shorter than 40 seconds. Thus, PET studies usually use block designs and are
therefore unable to factor in performance parameters or compare multiple exper-
imental conditions within one participant; that is, stepwise parametric contrasts
cannot be calculated (Gazzaniga et al., 2002).
FMRI is a non-invasive technique. Unlike CT and PET, fMRI does not require

the administration of ionising radiation or a radioactive contrast agent. This makes
fMRI much more participant-friendly than invasive research methods.
Due to its good spatial resolution, ability to locate subcortical brain regions,

non-invasiveness, general tolerability in participants, ability to regard multiple ex-
perimental conditions and calculate stepwise parametric contrasts, and its ability
to provide insights on important properties of the large-scale cerebral networks that
underlie cognition, fMRI proved to be the method of choice for our research on the
cerebral characteristics of high fluid intelligence and geometric analogical reasoning.
Further explanations of the precise procedures and parameters of statistical data
analysis can be found in the respective article.

1.5 Goals of the dissertation and hypotheses

It is well established that solving fluid intelligence test items recruits the parieto-
frontal network in populations of average intelligence (Prabhakaran et al., 1997;
Jung & Haier, 2007). However, the cerebral correlates of exceptionally high fluid
intelligence remained elusive and clearly required more investigation in order to
better understand fluid intelligence and its important function as a foundation of
thinking and cognitive performance. The neural efficiency hypothesis postulates a
negative brain activation-intelligence relationship (e.g., Haier et al., 1988; Neubauer
& Fink, 2009). Although there is a number of EEG studies supporting the neural
efficiency hypothesis, fMRI findings on the topic are sparse.
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As geometric analogical reasoning demands fluid intelligence in a very pure way,
it serves as an appropriate task to operationalise fluid intelligence for our purposes
(e.g., Carroll, 1993; Holyoak & Morrison, 2005). Yet, little was known about the
cerebral correlates of geometric analogical reasoning.
Fluid intelligence develops during childhood and adolescence and is most pro-

nounced in late adolescence (Cattell, 1963; Horn & Cattell, 1966). To date, there
still is a lack of knowledge on the cerebral correlates of the development of fluid
intelligence, especially during adolescence.
Therefore, in my dissertation project I aimed at elucidating the behavioural and

cerebral correlates of geometric analogical reasoning (Study 1), and exceptionally
high fluid intelligence (Study 2), and characterising their temporal characteristics
(Study 3).
More specifically, based on evidence from the literature outlined above, the fol-

lowing hypotheses were postulated:

1. Geometric analogical reasoning recruits the parieto-frontal brain network,
more precisely the inferior and superior parietal lobe, PFC, and ACC.

2. Individuals with high fluid intelligence (hi-fluIQ) achieve better behavioural
performance than individuals with average fluid intelligence (ave-fluIQ) in the
geometric analogical reasoning task.

3. As postulated by the neural efficiency hypothesis, hi-fluIQ display a negative
brain activation-intelligence relationship during the execution of the geometric
analogical reasoning task.

4. Hi-fluIQ show cognitive development and task familiarity when repeating the
task one year later, resulting in improved behavioural performance and de-
creased task-related brain activation, especially in frontal brain regions.
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2 Experimental approaches:

Summary of the three studies

In this chapter, I will briefly present and summarise the objectives, methods, and
main findings of each study. A comprehensive discussion of the results of all studies
can be found in chapter 3.

2.1 Study 1: Cerebral correlates of analogical

processing and their modulation by training
Wartenburger, I., Heekeren, H.R., Preusse, F., Kramer, J., van der Meer, E. (2009).
Cerebral correlates of analogical processing and their modulation by training. Neu-
roImage 48(1), 291-302.

2.1.1 Background and aim of the study

As there was limited knowledge on the cerebral correlates of geometric analogical
reasoning, in Study 1, we aimed to find out which brain regions are involved in ge-
ometric analogical reasoning, and whether and how the involvement of these brain
regions is modulated by task difficulty. Moreover, we sought to understand how
short-term training on geometric analogical reasoning induces changes at the be-
havioural and brain level. Study 1 laid the groundwork for our further investigations
on the cerebral characteristics of high fluid intelligence.

2.1.2 Methods

In this study, 15 male high-school students solved the geometric analogical reason-
ing task while behavioural and functional brain imaging data were obtained. In this
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task, participants were asked to judge whether or not the mirroring relationship be-
tween two simultaneously presented pattern pairs were equal (i.e., analogical). The
task comprised 168 items with three conditions of different task difficulty levels: 1)
easy condition = no mirroring (i.e., the second partner of a pattern pair had the
same orientation as the first partner), 2) medium condition = orthogonal mirroring
(i.e., the second partner of a pattern pair was a mirror image of the first partner,
mirrored on one of the orthogonal axes), or 3) difficult condition = diagonal mirror-
ing (i.e., the second partner of a pattern pair was a mirror image of the first partner,
mirrored on one of the diagonal axes). Items with the same mirroring between the
two pattern pairs were analogy target items. Items with dissimilar mirroring be-
tween the two pattern pairs were non-analogy distractor items. The data analysis
only comprised analogy target items. Please refer to the original manuscript for a
more detailed description of the task and methods.

2.1.3 Main results and interpretation

We found that both reaction times and error rates increased as task difficulty in-
creased. Furthermore, as hypothesised, training improved behavioural performance.
More specifically, training led to a slight improvement in performance quality (i.e.,
decreased error rates) and a statistically significant decrease of reaction times.
Comparable to the findings in the behavioural data, there were main effects of

task difficulty and short-term training in the functional imaging data. The left
and right superior and inferior parietal lobe, left and right precuneus, left and
right middle frontal gyrus, and left and right inferior temporal regions showed an
increasing BOLD signal with increasing task difficulty. Additionally, we established
that the left superior and inferior parietal cortex, left and right inferior temporal
regions, and cingulate gyrus showed a training-induced decrease in BOLD signal in
the difficult task condition. There was no decrease in BOLD signal from the first
to last third of the experiment in the easy or medium conditions.
The involvement of the parieto-frontal network in the execution of the geometric

analogical reasoning task goes in line with what the literature reports for verbal
analogical reasoning tasks and for other visuo-spatial tasks (Wharton et al., 2000;
Luo et al., 2003; Geake & Hansen, 2005). More specifically, the increase of parieto-
frontal BOLD signal with task difficulty reflects an increase in resource demand
when solving more difficult items compared to items of easy and medium difficulty.
While parietal brain regions are involved in visuo-spatial operations and relational
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manipulation, frontal brain regions are involved in relation integration, relational
mapping, and response selection (Zacks & Michelon, 2005; Green, Fugelsang, Krae-
mer, Shamosh & Dunbar, 2006). As the difficult items require more complex rela-
tion recognition and relational mapping, they thus require stronger involvement of
parietal and frontal brain regions.
The reduction of the BOLD signal accompanying improved behavioural perfor-

mance over the course of the experiment hints to a short-term training effect leading
to higher efficiency in cerebral resource use. While performance on the difficult items
was associated with a very distinct reduction in the BOLD signal with training, there
are no such distinct changes in the BOLD signal for the easy and medium items.
This can be attributed to a floor effect; the processing of the easy and medium
items is already efficient from the beginning of the experiment, so the reduction of
cerebral activity that corresponds to increased efficiency of cerebral resource use is
not possible with short-term training.
To summarise this study, we showed that geometric analogical reasoning recruits

a similar parieto-frontal brain network as verbal analogical reasoning does. (Note
that brain activation solely related to semantic processing in verbal analogical rea-
soning tasks is usually subtracted out by the data analysis and therefore not re-
ported as analogy-task-related activation). Furthermore, behavioural performance
and cerebral involvement are modulated by short-term training.

2.2 Study 2: Fluid intelligence allows flexible

recruitment of the parieto-frontal network in

analogical reasoning

Preusse, F., van der Meer, E., Deshpande, G., Krueger, F., Wartenburger, I. (2011).
Fluid intelligence allows flexible recruitment of the parieto-frontal network in ana-
logical reasoning. Frontiers in Human Neuroscience 5(22), 1-14.

2.2.1 Background and aim of the study

As there had been sparse knowledge of the functional cerebral correlates of high
fluid intelligence, the aim of the second study was to characterise behavioural and
cerebral correlates of interindividual differences in fluid intelligence. Therefore, we
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drew a sample of high-school students with a high fluid intelligence level (hi-fluIQ)
and implemented a slightly improved version of the geometric analogical reasoning
task from Study 1. This task is known to function as a prototype to recruit fluid
intelligence. We compared the behavioural performance and functional imaging
data of the hi-fluIQ to a sample of students with average fluid intelligence (ave-
fluIQ).
We hypothesised that hi-fluIQ achieve better behavioural performance on the

task than ave-fluIQ. Based on our findings from the previous study, we also hypoth-
esised that a network of parietal and frontal brain regions is involved in geometric
analogical reasoning and that its activity is modulated by task difficulty. Further-
more, as the literature is not fully conclusive on the direction of the relationship
between task-induced brain activation and intelligence level, we did not establish
a directional hypothesis on whether the relationship between the two is exclusively
positive or negative.

2.2.2 Methods

Twenty-two hi-fluIQ (IQ range 119 – 145, mean IQ 130, SD 8) and 18 ave-fluIQ (IQ
range 91 – 110, mean IQ 104, SD 7) high-school students participated in this study
solving the geometric analogical reasoning task while behavioural and functional
brain imaging data were obtained. In this task, participants were asked to judge
whether or not the mirroring relationships between two simultaneously presented
pattern pairs were equal (i.e., analogical). The improved geometric analogical rea-
soning task comprised 150 items with five levels of task difficulty. The ‘no mirroring’
condition was the easiest (i.e., the second partner of a pattern pair had the same
orientation as the first partner), followed by the vertical mirroring condition (i.e.,
the second partner of a pattern pair was a mirror image of the first partner, mir-
rored on the vertical axis), then the horizontal mirroring condition (i.e., the second
partner of a pattern pair was a mirror image of the first partner, mirrored on the
horizontal axis), then the mirroring on the diagonal tilted left condition (i.e., the
second partner of a pattern pair was a mirror image of the first partner, mirrored
on the left-tilted diagonal axis), and then the mirroring on the diagonal tilted right
condition (i.e., the second partner of a pattern pair was a mirror image of the
first partner, mirrored on the right-tilted diagonal axis), which was the most diffi-
cult condition. Items with the same mirroring between the two pattern pairs were
analogy target items. Items with dissimilar mirroring between the two pattern pairs
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were non-analogy distractor items. The data analysis only comprised analogy target
items. For a more comprehensive description of the sample, task, data acquisition,
and analysis methods, please refer to the original article.

2.2.3 Main results and interpretation

In accordance with our hypotheses and the literature, hi-fluIQ generally achieved
a better quality of behavioural performance and had slightly (but not statistically)
shorter reaction times. Furthermore, we replicated the findings from Study 1 show-
ing that a parieto-frontal network is involved in geometric analogical reasoning and
is modulated by task difficulty. Additionally, we found that interindividual differ-
ences in fluid intelligence modulate the involvement of parieto-frontal network com-
ponents; while parietal brain regions (left and right superior parietal lobe and pre-
cuneus, stretching into the left middle and superior occipital gyrus) showed greater
BOLD signal changes in hi-fluIQ than in ave-fluIQ, frontal brain regions (anterior
cingulate cortex and medial frontal gyrus) showed greater BOLD signal changes in
ave-fluIQ than in hi-fluIQ. Thus, stronger task-related parietal brain activation is
related to superior performance in hi-fluIQ. Concurrently, hi-fluIQ require less ex-
tensive cognitive control and executive monitoring than ave-fluIQ when performing
the task. The differential recruitment of parietal and frontal brain regions indicate
that there is no globally and exclusively positive or negative relationship between
fluid intelligence and brain activation. Instead, the brain activation-intelligence re-
lationship depends on the particular brain region recruited and the task demand.
Therefore, we concluded that adaptive and flexible modulation of regional cerebral
activation is characteristic of high fluid intelligence rather than neural efficiency
alone.

2.3 Study 3: Long-term characteristics of analogical

processing in high-school students with high fluid

intelligence

Preusse, F., van der Meer, E., Ullwer, D., Brucks, M., Krueger, F., Wartenburger,
I. (2010). Long-term characteristics of analogical processing in high-school students
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with high fluid intelligence: an fMRI study. ZDM The International Journal on
Mathematics Education 42(6), 635-647.

2.3.1 Background and aim of the study

As some researchers assumed that analogical reasoning does not emerge until adoles-
cence, there had been a lack of research on the development of analogical reasoning
ability for a long time (Goswami, 1991, 1996; Sodian, 2008). Later, other researchers
started closing that gap and showed that school children already have analogical
reasoning ability, which improves in the course of late childhood (e.g., Levinson &
Carpenter, 1974; Gentner, 1988; Vosniadou & Ortony, 1989; Goswami, 1991; Ho-
senfeld et al., 1997; Richland et al., 2006). Cross-sectional fMRI studies showed
that brain activation related to solving analogical reasoning tasks is stronger and
has different temporal characteristics in children compared to adults, especially in
frontal brain regions (Wright et al., 2008; Crone et al., 2009). Yet, there had been a
lack of functional neuroimaging studies on the development of analogical reasoning
in adolescents.
Fluid intelligence, which is a foundation for analogical reasoning, increases during

childhood and adolescence, and reaches it maximum in late adolescence (Cattell,
1963; Horn & Cattell, 1966; Cattell, 1987). Since our knowledge was scant when
it comes to the cerebral characteristics of the development of fluid intelligence and
analogical reasoning ability during adolescence, Study 3 aimed at filling this gap,
expecting improvements in behavioural performance and a decrease of task-related
brain activation. Study 3 is also one of the few fMRI studies with multiple measuring
time points.

2.3.2 Methods

The third study is a follow-up of the hi-fluIQ from Study 2 after twelve months.
Participants were invited to the lab and solved the geometric analogical reasoning
task once again. The experimental setup and procedure in Study 3 remained as in
the preceding study.

2.3.3 Main results and interpretation

In the follow-up study after one year, we found a decrease in reaction times and
no change in high reaction accuracy. The improvements in reaction times were
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strongest for the more difficult task conditions. The left and right superior and left
inferior parietal lobe, and the left middle frontal gyrus were involved in geometric
analogical reasoning at both measuring time points. This is in line with the postu-
lates of the parieto-frontal integration theory of intelligence (Jung & Haier, 2007).
Nevertheless, BOLD signal changes did not differ between time points. As the brain
regions recruited by the geometric analogical reasoning task were congruent at the
two measuring time points, we concluded that the cerebral network for analogical
reasoning is stably established by the age of 17 (when the first measurement took
place). Improvements in behavioural performance can be achieved through task fa-
miliarity and more efficient use of the resources available. That is, hi-fluIQ achieved
an improved quality of behavioural performance using the same cerebral resources.
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3 General discussion

3.1 Integration of the findings

The main goals of my dissertation were to improve our understanding of the be-
havioural and cerebral mechanisms of geometric analogical reasoning, of exception-
ally high fluid intelligence, and of their temporal characteristics. The three studies
I presented aided in fulfilling these main goals by contributing the following main
results as summarised and discussed below.
In Study 1, we established that parietal and frontal brain regions are involved in

geometric analogical reasoning. Furthermore, we found that short-term training led
to improved behavioural performance in all levels of task difficulty and to decreased
brain activation in the most difficult task condition. Training related decreases in
parietal, temporal, and prefrontal brain regions can be interpreted as indicators of
a more automated processing of the geometric analogical reasoning task over time
(Risberg et al., 1977).
In Study 2, we showed that hi-fluIQ involve the same parieto-frontal network

when executing the geometric analogical reasoning task as ave-fluIQ. These results
are in line with the P-FIT model (Jung & Haier, 2007). However, the extent of
task-related brain activation was modulated by fluid intelligence; while hi-fluIQ
showed stronger involvement of parietal brain regions, ave-fluIQ showed stronger
involvement of frontal brain regions. These results run counter to the postulates
of the neural efficiency hypothesis, which assumes lower overall brain activation in
hi-fluIQ as a marker of cognitive efficiency. I will discuss our results with respect
to the neural efficiency hypothesis in section 3.1.3.
The geometric analogical reasoning task involves extracting visuo-spatial feature

characteristics of the patterns, identifying the mirroring relations, mapping the
mirroring relations to find correspondences between the patterns, and evaluating
the similarity of the mirroring relations (Sternberg, 1977; Mulholland et al., 1980;
Hummel & Holyoak, 2005). Our results demonstrating the task-related involvement
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of the parieto-frontal network are in line with results from a PET study of geometric
analogy detection (Wharton et al., 2000). Furthermore, it has previously been
shown that solving fluid intelligence test items recruits the parieto-frontal network
in populations of average intelligence (Prabhakaran et al., 1997) and the ability
to solve these kinds of tasks is impeded by rTMS stimulation over these areas
(Boroojerdi et al., 2001). In the literature, the activity of parietal brain regions
is associated with goal-directed attentional control (Corbetta & Shulman, 2002;
Kelley, Serences, Giesbrecht & Yantis, 2008; Shulman et al., 2009) and task-related
processing (Gevins & Smith, 2000; Rypma et al., 2006). More specifically, it has
been suggested that the parietal lobe may be involved in directing spatial attention,
visuo-spatial imagery, spatial object feature processing (such as size or orientation),
visuo-spatial mental operations, and spatial stimuli selection, as it is essential for
solving the geometric analogical reasoning task (Faillenot, Decety & Jeannerod,
1999; Cavanna & Trimble, 2006; Frings et al., 2006; Bledowski, Rahm & Rowe,
2009; Sack, 2009).
To summarise, stronger recruitment of parietal brain regions involved in spatial

and visuo-spatial cognition is related to superior behavioural performance in the geo-
metric analogical reasoning task in hi-fluIQ. Moreover, as the above-mentioned com-
ponent processes of geometric analogical reasoning require executive control, pari-
etal and prefrontal brain regions functionally interact during task solving (Cavanna
& Trimble, 2006; Jung & Haier, 2007).

3.1.1 Executive functions and their relation to fluid intelligence

The cognitive processes controlling thought and action comprise a number of sepa-
rate functions, such as information selection, working memory, information integra-
tion, cognitive flexibility, inhibition of inappropriate responses, and action initia-
tion. This group of cognitive processes is termed ‘executive functions’ and has been
associated with the involvement of prefrontal brain regions (Roberts, Robbins &
Weiskrantz, 1998; Miller & Cohen, 2001). Previous research showed that executive
functions are related to fluid intelligence, but the two concepts are not isomorph.
Moreover, the various executive functions differentially relate to fluid intelligence
(N. P. Friedman et al., 2006; Unsworth, Miller et al., 2009). Some researchers are of
the opinion that specifically working memory and intelligence level are very closely
related (Kyllonen & Christal, 1990; Engle, Tuholski, Laughlin & Conway, 1999; Süß,
Oberauer, Wittmann, Wilhelm & Schulze, 2002; Kane, Hambrick & Conway, 2005;
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3 General discussion

Oberauer, Schulze, Wilhelm & Süß, 2005; Wilhelm & Oberauer, 2006; Salthouse &
Pink, 2008). However, other studies and meta analyses alleviate this strong view
by showing that fluid intelligence and working memory are only slightly yet statis-
tically significantly correlated. Thus, the current and generally agreed upon view
is that working memory and fluid intelligence may be related but are not identical
(Conway, Kane & Engle, 2003; Ackerman, Beier & Boyle, 2005; Unsworth, Brewer
& Spillers, 2009).
Differential involvement of executive functions may possibly account for the dif-

ferential task-related involvement of the ACC in hi-fluIQ and ave-fluIQ in Study
2. However, please note, that there were no group differences in working memory
capacity as assessed by the digit operation span. Therefore, there is reason to as-
sume that the differential recruitment of the ACC may be related to interindividual
differences in integration of (conflicting) information and inhibition of alternative
but inappropriate responses when solving the geometric analogical reasoning task
(M. Botvinick, Nystrom, Fissell, Carter & Cohen, 1999; Allman, Hakeem, Erwin,
Nimchinsky & Hof, 2001; M. M. Botvinick, Cohen & Carter, 2004). This is in line
with findings by Duncan et al. (2000) who reported that the involvement of pre-
frontal brain regions was increased in items that demanded intelligence (and hence
information integration and cognitive control) more strongly.
In a nutshell, interindividual differences in fluid intelligence lead to interindivid-

ual differences in relative task difficulty and thus display interindividually different
cognitive demands, which in turn elicit interindividually different cerebral activa-
tion. Furthermore, the increase of activation in frontal brain regions with increasing
task difficulty that we showed in all three studies hints to an increasing demand of
executive functions with increasing task difficulty. More precisely, the more difficult
task conditions pose a stronger demand on the detection and selection of relevant
information and information integration.

3.1.2 Task difficulty

Royer (1981) proposed that the geometric mirroring axes are represented hierar-
chically in the cognitive system and thus mirroring detection is carried out in a
fixed order. He postulated that symmetry along the vertical axis is detected more
easily than symmetry along the horizontal axis, which is detected more easily than
symmetry along the left tilted diagonal, which again is detected more easily than
symmetry along the right tilted diagonal. Our results from all three studies go in
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line with these postulates and also with the findings of Corballis und Roldan (1975)
who reported that participants detected vertical symmetry much faster than diago-
nal symmetry. Even so, there is no conclusive evidence that can explain why this is
the case. The advantage of the vertical over the other mirroring axes could possibly
be explained by the direction of reading in German (left to right), which allows a
certain advantage for detecting manipulations on the vertical mirroring axis, even if
the geometry of the different mirroring conditions does not differ qualitatively. This
assumption should be corroborated by future studies examining mirroring detection
in the geometric analogical reasoning task in individuals with a different primary
direction of reading (e.g., Hebrew or Arabic). Still, further research is needed to un-
derstand why individuals detect orthogonal mirrorings faster and more accurately
than diagonal mirrorings.

3.1.3 Neural efficiency and flexibility in thinking

When solving the geometric analogical reasoning task, the extent of task-related
brain activation was modulated by fluid intelligence; while hi-fluIQ showed stronger
involvement of parietal brain regions, ave-fluIQ showed stronger involvement of
frontal brain regions. These results partly run counter to the postulates of the neu-
ral efficiency hypothesis, which assumes lower overall brain activation in hi-fluIQ
as a marker of cognitive efficiency. Instead, in the geometric analogical reasoning
task, neural efficiency for the hi-fluIQ was restricted to frontal brain regions, while
parietal brain regions showed the reverse of neural efficiency. There have been prior
assumptions and research findings in the literature that neural efficiency may be
specific to frontal brain regions (Neubauer & Fink, 2009). For instance, in an EEG
study Neubauer et al. (2004) demonstrated neural efficiency exclusively for frontal
recording sites and only after training in highly intelligent individuals carrying out a
figural reasoning task. Likewise, Grabner et al. (2006) established neural efficiency
in frontal brain regions for participants with higher figural intelligence when solving
chess problems. Furthermore, our findings are partly in line with the findings of
Rypma et al. (2006) who reported lower involvement of the Brodmann area 9 (the
superior part of the dorsolateral PFC) in individuals who performed faster than
the whole-group median in the digit-symbol substitution test. The same group
of participants additionally showed stronger task-related involvement of the Brod-
mann area 46 (the middle and inferior part of the dorsolateral PFC), inferior frontal
gyrus, and supramarginal gyrus than the sub-group performing below the median.
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Moreover, other fMRI studies reported a positive brain activation-intelligence rela-
tionship (e.g., Gray et al., 2003; Geake & Hansen, 2005).

Our results as well as other findings from the literature thus contradict the hy-
pothesis of a globally and unidirectionally negative brain activation-intelligence re-
lationship. It can instead be assumed that neural efficiency is moderated by diverse
variables. Although different brain regions have different characteristic signatures of
brain activation, these are probably not independent of cognitive demands but may
differ between tasks. Thus, when characterising the function of the human brain,
rather than focusing on brain regions, research should strive to characterise brain
function related to different cognitive demands or processes. It is conceivable that
a brain region may show neural efficiency in one task and/or for a specific sample
while it does not show neural efficiency in a different task or for a different sample.
For example, Grabner, Stern und Neubauer (2003) found neural efficiency in high
intelligence participants only when solving a task demanding intelligence but not in
a memory task. Furthermore, task familiarity led to a decrease of brain activation
in the memory task. Hence, neural efficiency may result from the interplay of task
characteristics and individual ability regarding the cognitive demand. Our results
are further corroborated by pupillometry findings on a similar sample of hi-fluIQ
and ave-fluIQ by van der Meer et al. (2010) who reported greater pupil dilations
in hi-fluIQ than in ave-fluIQ when solving the most difficult items of the geomet-
ric analogical reasoning task. This was interpreted as higher general availability of
cognitive resources and more extensive task-related resource allocation in hi-fluIQ.

To understand the cerebral characteristics of fluid intelligence, the focus of re-
search should not be restricted to frontal brain regions. Furthermore, the cerebral
characteristics of fluid intelligence go beyond a negative brain activation-intelligence
relationship. Thus, the concept of neural efficiency may need revision and exten-
sion. More specifically, as our results show, the interplay between different brain
regions from the parieto-frontal network is characteristic of high fluid intelligence
and thus crucial for performance on the geometric analogical reasoning task.

To conclude, it can be conjectured that the adaptive and flexible modulation of
brain activation to task demands is characteristic of high fluid intelligence rather
than general neural efficiency. Thus, Cattell’s definition of fluid intelligence – adap-
tivity and flexibility in thinking and problem solving – can be expanded from the
cognitive and behavioural levels to the cerebral level, and therefore is integratively
valid psychologically and physiologically. On the one hand, this may explain hith-
erto contradictory results on neural efficiency (e.g., Gray et al., 2003; Geake &
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Hansen, 2005; Neubauer & Fink, 2009); on the other hand, this opens up new per-
spectives for future research, which should investigate the influence of task charac-
teristics and individual abilities on brain activation in more detail. Furthermore, as
every neuroimaging method has its particular advantages and can thus contribute a
different piece of the puzzle to elucidate a research question, future research should
aim at collecting evidence from various methods and could, for example, include
measures of cerebral connectivity or mechanisms of neurotransmitter action.

3.1.4 Temporal characteristics of high fluid intelligence

While little was known about the cerebral correlates of high fluid intelligence, still
less was known about the cerebral correlates of high fluid intelligence during ado-
lescence, an age at which fluid intelligence reaches its peak according to Cattell
(Cattell, 1963; Horn & Cattell, 1966; Cattell, 1987). In the follow-up study with
a sample of high fluid intelligence high-school students solving the geometric ana-
logical reasoning task, which demands fluid intelligence, we demonstrated that be-
havioural performance improved at the follow-up measurement at age 18, and the
same cerebral network of parieto-frontal regions was involved in geometric analogical
reasoning at both time points. Since brain activation strength did not change over
time, we concluded that more efficient use of the cerebral resources led to improve-
ments in geometric analogical reasoning performance. As the geometric analogical
reasoning task or other closely related tasks are not usually utilised outside lab-
oratory settings, the results cannot be attributed to task-specific training effects
but are related to increased task familiarity at the second measuring time point or
processes of cognitive development.
Based on our findings from Study 1 and reports from the literature (e.g., Ansari

& Dhital, 2006; Ischebeck et al., 2007; Wright et al., 2008), we had hypothesised
improvements in behavioural performance along with decreased task-related brain
activation, especially in frontal brain regions, owing to a more automatised pro-
cessing of the task. Contrary to our expectations, there was no decrease in brain
activation in frontal brain regions. This may be because the geometric analogi-
cal reasoning task was not sufficiently automatised to elicit both improvements in
behavioural performance and decreases in brain activation at the same time. Fur-
thermore, the time period between ages 17 and 18 might not be long enough to
substantiate broader developmental changes in the function of the parieto-frontal
network. The congruence of brain regions involved at both measuring time points

30



3 General discussion

suggests that development-related changes in the function of prefrontal brain re-
gions might be worth investigating in an early adolescence sample (between ages 11
and 15) of varying fluid intelligence levels.
To summarise, in Study 3 we showed that hi-fluIQ were able to improve their

behavioural performance in a one-year follow-up of the geometric analogical reason-
ing task while recruiting the same cerebral network. This can be interpreted as a
variant form of neural efficiency induced by task familiarity. Study 3 is one of the
few fMRI studies that report multiple measuring time points instead of pursuing a
cross-sectional approach.

3.2 Limitations of the studies and directions for

future research

The study results presented above need to be considered along with some limita-
tions. Fluid intelligence is a theoretical construct. Its complement is crystallised
intelligence. The two hardly appear in their pure form in everyday life. The research
results from my dissertation project contribute a building block to our understand-
ing of analogical reasoning and interindividual differences in fluid intelligence. As
successful learning is always based on both the individual’s world knowledge and
the individual’s ability to identify and manipulate relations, to think flexibly, and to
acquire new knowledge, it will render fruitful for future research to build upon the
results presented here and to examine the interplay between fluid and crystallised
intelligence. Insights from such research might, for example, aid to understand
interindividual differences in scholastic performance and learning.
The sample characteristics of Studies 2 and 3 need to be considered when trans-

ferring the study results to the general population. Study 2 examined ave-fluIQ
and hi-fluIQ participants. Thus, the results might not be generalised to people with
below-average fluid intelligence. For reasons not related to the research content,
Study 3 only followed-up on hi-fluIQ. Thus, those results might not be generalised
to ave-fluIQ. How the follow-up results would have looked like for ave-fluIQ and
whether or not the cerebral characteristics of below-average fluid intelligence show
patterns comparable to our findings remains speculative until future research with
samples composed of participants with a wider spectrum of fluid intelligence pro-
vides further insights on the cerebral characteristics of below-average fluid intel-
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ligence and the temporal characteristics of behavioural and cerebral correlates of
average fluid intelligence.
Being single time point measurements, Studies 1 and 2 catch only snapshots of

the behavioural and cerebral correlates of geometric analogical reasoning and fluid
intelligence. Even though Study 3 is one of the very few follow-up neuroimaging
studies in the field, it only covers a short time frame of cognitive development.
In order to build more comprehensive models of the cerebral correlates of cognitive
abilities and their development, long-term studies are desirable, following-up people
from very early childhood all through adolescence and even up to adulthood.

3.3 Conclusion
Our research showed that the parieto-frontal network is involved in solving the
geometric analogical reasoning task which demands fluid intelligence very purely.
Furthermore, by recruiting a sample with extraordinarily high fluid intelligence, we
demonstrated that task-related activation of parietal and frontal brain regions is
modulated differentially by fluid intelligence. This runs counter to the postulates of
the neural efficiency hypothesis, which we thus suggest to revise. Instead, the results
of the presented studies suggest an integrative model of fluid intelligence which
on the one hand comprises Cattell’s concept of flexible and adaptive information
processing on the cognitive level, and on the other hand incorporates the flexible
and adaptive modulation of brain activation to task demands on the cerebral level.
Taken together, this allows superior performance in cognitive tasks.
Moreover, in a one-year follow-up study demonstrating the stability of the cere-

bral correlates of geometric analogical reasoning in high-fluIQ, we showed that the
relevant brain network for geometric analogical reasoning is already in place at age
17 and that improvements in behavioural performance due to task familiarity are
indicative of more efficient use of the cerebral resources available.
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