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      Abbreviations 

  ACC    Anterior cingulate cortex   
  ALE    Activation likelihood estimation   
  BA    Brodmann area   
  DN    Default network   
  FEF    Frontal eye fi eld   
  IFG    Inferior frontal gyrus   
  IFJ    Inferior frontal junction   
  IPC    Intraparietal cortex   
  OFC    Orbitofrontal cortex   
  PET    Positron emission tomography   
  PFC    Prefrontal cortex   
  ROI    Region of interest   
  SMA    Supplementary motor area   

11.1          Introduction 

 Understanding the correlates of cognitive func-
tions in the prefrontal cortex is a topic that 
remains highly relevant. This proves true both 
from the side of a puzzling complexity achieved 
by this area of the brain (what makes us such a 
distinct group in comparison to other species 
and so individual in contrast to one another) and 

from the potential of new therapeutic approaches 
in disorders presenting dysfunctional cognitive 
mechanisms. And nowadays, this not a matter 
of science fi ction or very distant future plans. It 
is reality, for instance, to directly apply neuro-
imaging data to subserve the anatomical choice 
of prefrontal electrode implantation to treat 
pharmacoresistant depression (Mayberg et al. 
 2005 ). Differently from decades ago, our genera-
tion has been gifted to have hands on a myriad 
of noninvasive technological tools to access the 
human brain in vivo. Currently, imaging research 
protocols can empirically test existing theories 
about cognitive functions in neurophysiological 
and psychopathological settings, enabling pos-
sible reformulations quicker than ever before. 
Cutting-edge protocols and novel methods of 
analysis are available individually or in combina-
tion to extend the frontiers of knowledge about 
the working brain. In this chapter, we review 
the data collected and present the state of the art 
about imaging cognition. We start with a brief 
overview of the anatomical distribution of the 
prefrontal cortex, passing through the functional 
boundaries revealed by lesion studies, laboratory 
paradigms applied in fMRI investigation of cog-
nition and regional activations, and ending with 
more recent assumptions about functional con-
nectivity, network organization, and future per-
spectives. Above all, we understand that patients 
with neuropsychiatric disorders, usually featur-
ing several cognitive limitations, will enormously 
benefi t from mechanism-guided therapeutics still 
to be developed.  
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11.2    The Architecture 
of the Prefrontal Cortex 

 The organization of the human brain has been 
addressed for long date with the aim to compre-
hend the complexity of this organ. Postmortem 
neuroanatomical and histological seminal works 
of many researchers, among them Ramon y Cajal 
and Brodmann, have made great achievements 
about the histological organization and charac-
teristics of different regions. Here, we will briefl y 
address the most relevant anatomical aspects 
within the scope of this chapter. 

11.2.1    Brief Neuroanatomical 
Aspects 

 The prefrontal cortex (PFC) has been the main 
region of interest when considering cognitive 
functions. A classifi cation of areas presented by 
Brodmann ( 1908 ) has been used since then and 
until today to support the communication of fi nd-
ings in modern imaging literature. As a general 
principle to comprehend complex constructs, the 
PFC was initially divided into smaller parts with 
the hope to reach simpler cortical equivalences of 

unitary, basic functions behind such intricate high-
order cognitive abilities. Also in direction of sim-
plifi cation, relative anatomical comparisons across 
other species could give important insights about 
the evolutionary modifi cations incorporated into 
more sophisticated systems. Therefore, Petrides 
and Pandya ( 1994 ) reported the anatomical 
homology between the human and monkey PFC. 
Although they may share some similarities, there 
are consistent modifi cations in the localization of 
the Brodmann areas (BA), considering expansion, 
rotation, and gyrifi cation. As seen in Fig.  11.1 , the 
PFC, located in front of the motor/premotor cortex 
(BA 4 and 6, not shown), is usually divided into 
dorsolateral PFC (DLPFC), BA 9 and 46, Broca 
and ventrolateral PFC (VLPFC), BA 44 and 45, 
orbitofrontal cortex (OFC), BA 12 and 47, and 
anterior PFC, BA 10. The anterior cingulate cortex 
(ACC), BA 24 and 32, frequently referred in the 
literature of cognitive processes, cannot be seen in 
the lateral, but in the medial surface of the PFC.

11.2.2       Learning from Lesion Studies 

 The functional impairments derived from lesions 
have been one of the fi rst forms to access the 
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  Fig. 11.1    The prefrontal cortex division based on Brodmann areas (Modifi ed from Petrites and Pandaya ( 1994 ))       
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functional neuroanatomy of the PFC. Multiple 
studies evaluated the consequences of surgi-
cal lesions in animals. Obviously the readout 
restrictions of an animal behavior compose the 
main limitation and interpretation pitfall. Even 
when studying nonhuman primates, presenting 
more similar cognitive skills to humans, this 
limitation is reduced but still present. Therefore, 
studies of human PFC spontaneous lesions 
became so valuable (Milner  1982 ; Leimkuhler 
and Mesulam  1985 ; Owen et al.  1990 ; Bechara 
et al.  2000 ; Stuss et al.  2000 ,  2001 ; Fellows and 
Farah  2005a ). A more recent publication with a 
vast sample of patients systematically address-
ing cognitive impairments (Gläscher et al.  2012 ) 
re- incited the discussion about the specifi city of 
cognitive correlates (Fig.  11.2 ). The color over-
lays represent affected regions, each color associ-
ated with reduced performance in a specifi c task. 
Here, the PFC correlates related to different cog-
nitive functions such as cognitive control, confl ict 
monitoring, response inhibition, fl exibility, plan-
ning, working memory (functions detailed over 

the next section), and decision-making supported 
the segregation of two distinct groups. The fi rst 
involved the DLPFC and VLPFC in association 
with cognitive control, namely, confl ict monitor-
ing, response inhibition, and switching/fl exibil-
ity. The second comprised the medial/anterior 
PFC and the OFC and was associated to value- 
based decision-making in a gambling task, which 
requires assessment of internal information such 
as individual preferences. Lesions in the rostral 
ACC could not be classifi ed in one or another 
of these groups. Also, the dorsal ACC has not 
been specifi cally related to Stroop impairment 
corroborating to previous fi ndings (Fellows and 
Farah  2005b ). This reinforces a certain degree of 
participation across tasks in these ACC regions, 
instead of showing clear-cut task divisions. After 
all, integration should be advantageous for the 
optimization of resources regarding the multi-
plicity of stimuli repeatedly perceived by our 
sensory system. Nevertheless, one should always 
consider that lesion-defi cit studies can give 
 valuable insights about the necessity of  certain 
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  Fig. 11.2    Spatial    lesion mapping associated with cognitive impairments.  1 ,  2  spatially represent the sections presented 
in the left side of the fi gure (Modifi ed from Gläscher et al. ( 2012 ))       
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region(s) during behavioral performance, but 
will rarely allow more specifi c inferences about 
the functional signifi cance of this region(s) in the 
network. Therefore, functional studies are imper-
ative to further elucidate the neural correlates of 
cognition.

11.3        Imaging Cognitive Functions 

 We are daily challenged to respond and adapt 
to the environment around us. The capacity to 
evaluate and decide over multiple alternatives is 
essential for optimizing resources and surviving. 
Hence, it is demanded from the brain to be func-
tionally a dynamic organ, in which components 
interact and solutions are achieved by a product 
of perception and experience. Laboratory func-
tional imaging studies have been used toward 
further understanding of the complex construct 
of cognition. 

11.3.1    Executive Functions 

 There has been so far little consensus on the tax-
onomy of attention and executive control func-
tions. Uncertainties about the classifi cation of 
such functions derive at least partially from the 
overlapping correlates behind the psychological 
constructs of selective attention, response inhi-
bition, cognitive control, and working memory. 
For instance, numerous neurophysiological and 
functional imaging studies have collected evi-
dence for very similar prefrontoparietal and 
prefrontotemporal neural correlates involved in 
both short- term maintenance of task-relevant 
information in working memory and selective 
attention processes (Gruber and Goschke  2004 ; 
Ikkai and Curtis  2011 ; Gazzaley and Nobre  2012 ; 
Niendam et al.  2012 ). Selective attention, the 
ability of focusing on specifi c relevant informa-
tion over the background, is gained through sen-
sory upregulation guided by the PFC (Hopfi nger 
et al.  2000 ; Kastner and Ungerleider  2000 ; 
Petersen and Posner  2012 ). The sensory areas 
processing irrelevant and possibly interfering 
information will be downregulated. At this point, 
a close relationship between the psychological 

constructs of attention, executive, and cognitive 
control can be observed. Such modulatory pro-
cesses can interfere on sensory perception and 
processing of a certain object or aspect from the 
environment. These are top-down-oriented pro-
cesses that control bottom-up-oriented attention 
processes (Fig.  11.3 ). The fi rst can allow us to 
succeed daily in different cognitive tasks; the 
second can alert us from any threat unexpectedly 
arriving that may endanger our integrity. A fre-
quent example is the one about a student prepar-
ing for an exam (top-down), while the fi re alarm 
goes off (bottom-up). These two forces compete 
for the attention resources as shown (Corbetta 
and Shulman  2002 ; Gruber and Goschke  2004 ; 
Posner  2012 ; Petersen and Posner  2012 ). In the 
laboratory, the bottom-up component of atten-
tion can be investigated with a task called odd-
ball paradigm (Bledowski et al.  2004 ; Melcher 
and Gruber  2006 ; Gruber et al.  2009 ). Here, an 
infrequent stimulus is presented among other 
frequent stimuli. The fact that it is rarer triggers 
attention, a process called stimulus-driven atten-
tion (Corbetta and Shulman  2002 ).

   A paradigm called Go-Nogo demands 
response inhibition of infrequent stimuli. Subjects 
are instructed to respond to frequent stimuli in 
such a regular and fast fashion that a tendency to 
respond is developed, making it diffi cult to avoid 
responding even when a Nogo infrequent stimu-
lus is presented. The inferior frontal gyrus has 
been implied in the capacity to suspend this initi-
ated response as part of a supramodal network 
(Chikazoe et al.  2007 ; Walther et al.  2010 ). Also, 
the activation in this region during inhibition has 
been correlated with the variability in impulsivity 
traits measured from a behavioral scale (Goya- 
Maldonado et al.  2010 ). These fi ndings suggest 
that the IFG, as an area involved in cognitive 
control, regulates the expression of inherent 
impulsive tendencies in healthy subjects. Most 
interestingly, the same area has been reported 
to be involved in both response inhibition and 
stimulus- driven attention processes (Fig  11.4 ). 

 Another laboratory approach of inhibition 
called Stroop paradigm deals with confl ict 
detection and cognitive control. While respond-
ing to the color of letters displayed, one reads 
from the letters, another color name leading to 
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  Fig. 11.3    Dorsal and ventral frontoparietal areas involved 
in  top-down  and  bottom-up  attention processes (Modifi ed 
from Corbetta and Shulman ( 2002 )).  FEF  frontal eye 

fi eld,  IPS  intraparietal sulcus,  TPJ  temporoparietal junc-
tion,  VFC  ventral frontal cortex       
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  Fig. 11.4    Neural correlates of response inhibition elic-
ited by Go-Nogo paradigm ( a ) which correlated to impul-
sivity scores, ( b ) presented supramodal ( red areas ) 
characteristics (Modifi ed from Goya-Maldonado et al. 

( 2010 ), Walther et al. ( 2010 )).  L VLPFC  left ventrolateral 
prefrontal cortex,  R VLPFC  right ventrolateral prefrontal 
cortex,  BIS  Barratt Impulsiveness Scale       
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confl ict. Response confl ict and semantic confl ict 
were identifi ed in Stroop paradigm    (Melcher 
and Gruber  2009 ), and there are now many vari-
ations of the paradigm (Stroop  1935 ,  1992 ; 
MacLeod  1991 ; Kerns et al.  2004 ; Matsumoto 
and Tanaka  2004 ; Melcher and Gruber  2006 ), 
but the principle remains that contradictory 
information is displayed and confl ict has to be 
identifi ed and solved to achieve the correct 
answer. With the fi nal purpose of succeeding, 
adjustments based on additional information 
from the environment are demanded. This 
recruits the DLPFC for increased cognitive con-
trol, which is again deactivated once the confl ict 
disappears (Fig.  11.5 ).

   To address the dynamic mechanisms involved 
in bottom-up and top-down components of 
behavioral control, a more recent paradigm called 
the desire-reason-dilemma was used (Diekhof 
and Gruber  2010 ; Diekhof et al.  2011 ). It consists 
of two settings, one that allows the acceptance 
(desire) of previously conditioned rewards while 
the subject performs a simple task and another 
that restricts the acceptance (reason) of rewards. 
The nucleus accumbens and ventral tegmental 
area, regions involved in the dopaminergic bot-
tom- up of the reward system, have shown high 
activation during desire, which was drastically 
top-down suppressed during reason by specifi c 
prefrontal regions.
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  Fig. 11.5    ( a ) Color and names of colors presented as 
confl ict stimuli in the Stroop paradigm and ( b ) the medial 
and lateral areas involved in confl ict detection and cogni-

tive control, respectively (Modifi ed from Matsumoto and 
Tanaka ( 2004 ), Kerns et al. ( 2004 )).  LPFC  lateral prefron-
tal cortex,  dACC  dorsal anterior cingulate cortex       
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  Fig. 11.6     (a ) Visuospatial item recognition or verbal item 
recognition with or without visual or articulatory suppres-
sion; visual suppression was performed by following a 
moving star or articulatory suppression by subvocalizing 

numbers. ( b ) Scheme depicting prefrontoparietal and pre-
frontotemporal circuits according to information domains 
and the phonological loop (Modifi ed from Gruber and von 
Cramon ( 2003 ), Gruber and Goschke ( 2004 ))       

11.3.2       Working Memory 

 Working memory or short-term memory is a cog-
nitive function that allows holding an amount of 
information for a limited period of time so a cer-
tain goal can be achieved. The information can be 
captured from the environment and may be dis-
carded right after it has served its purpose. This 
enables a faster and more effective performance 
of daily tasks. Analogous    to the input of external 
information, parts of consolidated memory can be 
retrieved and put online during the  performance 
of language, problem solving, and task planning. 

 Multiple cognitive models have been pro-
posed, among which the model of    Baddeley and 
Hitch ( 1974 ) was highly infl uential. Here and in a 
more actual version (Baddeley  2000 ), short-term 
memory processes could be partitioned in differ-
ent components. Studies addressing the func-
tional anatomy of working memory were then 
conducted in the early 1990s, based on this 

 cognitive model (Baddeley and Hitch 1974). 
These components described as part of the work-
ing memory were suggested to be separable in 
PET and fMRI studies (Jonides et al. 1993 ; 
Paulesu et al. 1993 ; D’Esposito et al.  1995 ), and 
the verbal and visual components could be later 
compared (Fig.  11.6b ). However, this segregation 
was not confi rmed by following fMRI studies 
using the n-back paradigm (   D’Esposito et al. 
 1998 ;    Nystrom et al.  2000 ;    Zurowski et al.  2002 ; 
Owen et al.  2005 ). This task involves responding 
with a button press every time a stimulus is 
repeated in the sequential presentation. The n 
represents the position in which this repetition 
should be tracked and is instructed right before 
the task block begins; for instance, 1-back means 
that a button press is demanded every time a 
stimulus is immediately repeated, 2-back every 
time a stimulus is repeated in an interval of 
another stimulus, 3-back every time it is repeated 
in an interval of two other stimuli, and so on. 
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Clearly the level of diffi culty increases with the 
n, so that the information has to be hold for lon-
ger and across more in-between stimuli. The use 
of this task in a psychiatric  sample withholds the 
disadvantage of not allowing the investigation of 
process-specifi c working memory functions due 
to its complexity in regard to the traditional 
instruments for neuropsychological testing. In 
this paradigm, sustaining the information online 
is mixed with processes involved in sequencing, 
updating, and manipulating the information. 
Obviously, the simultaneous activation of brain 
areas comprising a variety of related processes to 
working memory will confound the differentia-
tion of even well-established correlates such as 
the human visuospatial working memory (see 
Fig.  11.6b ). Differently, the use of process- or 
network-specifi c tasks like the Sternberg para-
digm, a delayed match-to-sample task, allows the 
functional dissociation of working memory com-
ponents (Gruber and von Cramon  2003 ). In the 
fi rst moment a list of stimuli is presented, fol-
lowed by the presentation of a single stimulus in 
a second moment. The subject has to respond 
whether this stimulus has been shown before or 
not. So, one mechanism frequently used here is 
the articulatory rehearsal, related to the verbal 
working memory, eliciting the activation of left-
dominant regions, which include Broca, ventro-
lateral prefrontal cortex (PFC), pre- supplementary 
motor area (SMA), intraparietal cortex (IPC), 
and part of the cerebellum (Gruber  2001 ; Gruber 
and von Cramon  2003 ).

   The fMRI investigation of non-articulatory 
mechanisms for sustaining phonological infor-
mation confi rmed the cognitive model (Baddeley 
and Hitch 1974), describing a dual architecture of 
the linguistic working memory in terms of a pho-
nological loop. Unlike suggested by lesions that 
the non-articulatory phonological memory is 
localized in a single brain area, namely, the 
 inferior parietal lobe, functional imaging studies 
reinforced the implementation of this mechanism 
in a bilateral network of several brain regions 
(Gruber  2001 ; Gruber and von Cramon  2001 , 
 2003 ). These mainly include anterior parts of 
middle frontal gyri and the inferior parietal lob-
ules. Additionally, the functional signifi cance of 
the anterior middle frontal gyrus for the non- 

articulatory maintenance of phonological infor-
mation could be confi rmed with the experimental 
and neuropsychological assessment of patients 
with lesions in this region (Gruber et al.  2005 ; 
Trost and Gruber  2012 ). 

 Out of these two partially dissociable and 
functionally interacting verbal working memory 
components (Gruber et al.  2007 ), a visuospatial 
component could be delineated. fMRI investiga-
tion of the latter could consistently show that 
the frontal eye fi elds (FEF) and the IPC play a 
crucial role (Gruber and von Cramon  2003 ). 
Working memory neural correlates for object 
form seem to be differently organized from the 
visual working memory for spatial information 
(Gruber and von Cramon  2001 ,  2003 ), mirror-
ing the dorsal and ventral pathways of visual 
processing (see Chap.   9    ). Overall, grounded in 
systematic evaluation of the functional anatomy 
of working memory in humans and converging 
evidence from research with primates, working 
memory would be essentially composed of two 
neurofunctional systems originated from differ-
ent evolutionary contexts (Goschke and Gruber 
 2004 ). From one side is the working memory of 
different sensory modalities, e.g., visual, audi-
tory, and possibly others, being specifi cally 
implemented in this domain, prefrontal- parietal 
and prefrontal-temporal networks. Considering 
that these networks are also identifi able in non-
human primates (Goldman- Rakic  1988 ,  1996 ; 
   Romanski et al.  1999 ), it is plausible that this is 
an older phylogenetic system (Gruber and 
Goschke  2004 ). However, in humans the sub-
stantial development of a particular left-domi-
nant language-based system permeated the use 
of articulatory rehearsal mechanism (Fig.  11.6b ) 
as a predominant working memory tool involved 
in many higher cognitive functions (Gruber 
et al.  2000 ).  

11.3.3    Meta-analysis of Executive 
Functions Including Working 
Memory 

 In the previous two sections, many functional 
studies have been presented and strikingly the 
neural correlates subserving different executive 
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functions frequently overlapped. Also, lesion stud-
ies have supported the existence of a unique cor-
relate behind initiation, inhibition, fl exibility, and 
working memory. However, according to classic 
cognitive theory, each of these executive func-
tions has been conceptualized as a different and 
specifi c domain. As an attempt to present more 
robust results, the activation likelihood estima-
tion (ALE), a valuable tool to collect and compile 
imaging information from multiple studies, has 
been performed (Niendam et al.  2012 ). Different 
tasks addressing vigilance, planning, initiation, 
fl exibility, inhibition, and working memory were 
evaluated as a whole and separately for initia-
tion, fl exibility, inhibition, and working memory 
domains using conjunction analysis in a very 
large sample (Fig.  11.7a ). A common pattern of 
activation involving the medial and lateral PFC 

and superior and inferior parietal regions is repre-
sented with green and red overlays. Additionally, 
when results are presented in domain-specifi c pat-
terns represented by the colors in Fig.  11.7b , the 
cortical overlapping is even more representative. 
This reinforces the idea of a general and superordi-
nate cognitive network across different executive 
domains.

11.3.4       Episodic Memory 

 Episodic memory is a part of the broad concept 
of long-term memory. Long-term memory can be 
generally divided into non-declarative or implicit 
memory, in which automated motor, cognitive 
performance, and unconscious associations can 
be learned, and declarative or explicit memory, 
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  Fig. 11.7    Meta-analytic results supporting a superordi-
nate characteristic of cognitive control network with over-
lapping results of ( a ) all studies ( red ) and the intersection 

of some domains ( green ) and ( b ) separation by domains 
(Modifi ed from Niendam et al. ( 2012 ))       
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in which the content is consciously learned and 
can be rehearsed and taught. Declarative memory 
can be further divided into semantic and episodic 
memory. Semantic memory is the pure factual 
knowledge about the world, whereas episodic 
memory is responsible for storing the personal 
experiences accumulated. 

 The famous case of the patient H.M. (Scoville 
and Milner  1957 ) was a tragic milestone for the 
comprehension of neural correlates of memory. 
Due to severe drug-resistant epilepsy, the patient 
had both hippocampi surgically removed. Since 
then, immediate rehearsal of information was 
preserved, but the consolidation into long-term 
memory was persistently impaired, resulting in 
permanent anterograde amnesia. This means 
that it was impossible for H.M. to store new 
information, only holding it for shorter than a 
couple of minutes. The hippocampus and 
extended hippocampal formation are essential 
for memory consolidation, which was confi rmed 
by behavioral experiments in nonhuman pri-
mates. Also, functional imaging studies posed 
the medial temporal lobe as crucial in storing 
new content in episodic memory, involved in 
long-term consolidation and retrieval of infor-
mation (Brewer et al.  1998 ; Wagner et al.  1998 ). 
Frequently, however, additional activations dis-
played in subregions of the prefrontal cortex 
were associated with successful memory con-
solidation. It has been considered plausible that 
these regions played an important role in infor-
mation selection and organization, as well as 
strategy selection (Fletcher and Henson  2001 ). 
Moreover, it should be clearly stated that the 
neural prefrontal correlates involved in encod-
ing and retrieving episodic memory or general 
long-term memory are not exclusive. This cor-
relates are also involved in working memory 
and recognition processes. 

 In principle, the retrieval of information from 
long-term memory can be seen as an update of 
working memory contents and therefore an acti-
vation of working memory itself. Consequently 
it is not surprising for instance to observe the 
 activation of the anterior middle frontal gyrus 
during information retrieval in the context of 
both working memory and long-term memory 

(Gruber  2001 ; Fletcher and Henson  2001 ). 
Although recent imaging literature is full of 
speculation about the specialization of subre-
gions of the PFC activated during episodic 
memory tasks with eventual lateralization, it 
must be emphasized that in the overall view of 
the  empirical evidence, the structures of the 
medial temporal lobe likely play a more impor-
tant role in the establishment and maintenance 
of episodic memory. The hippocampus per    se 
receives information from sensory association 
areas over the other mediotemporal structures 
such as the parahippocampal, perirhinal, and 
entorhinal cortices (Lavenex and Amaral  2000 ). 
While the activation of the entorhinal cortex 
may be suffi cient to ascertain familiarity to spe-
cifi c stimuli (Henson et al.  2003 ), the hippocam-
pus retains an essential role in making 
associations with existing memory contents, 
which means processing contextual information 
(Weis et al.  2004 ). This feature allows a genuine 
recognition of someone’s identity beyond the 
recognition of a familiar face by retrieving addi-
tional information such as the name, situation 
where we met, and what else is known about 
this person (   Fig.  11.8 ).

   A recent ALE meta-analysis (Viard et al. 
 2012 ) addressed the variability in the correlates 
of episodic memory driven by different tasks 
applied in the laboratory setting. Multiple para-
digms exist, generally demanding the subjects to 
recall past experiences or imagine future events 
cued by words, sounds, or pictures with per-
sonal or generic content (   Crovitz and Schiffma 
 1974 ). It has been shown that the type of cue, 
type of task, nature of the information retrieved, 
and age of the participants contribute for the 
elicited imaging correlates to vary. This sup-
ports the assumption of some pattern of special-
ization in parts of the hippocampus and medial 
temporal structures in dealing with stored infor-
mation. Future studies addressing networking 
processes behind this specialization, e.g., with 
 high- resolution functional connectivity and/or 
structural tractography, could extend the com-
prehension of whether spatial specifi cities have 
to do with perceptual specialization or encoding/
recall or both.   
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11.4    The Prefrontal Cortex 
in Networks 

 Different methods of analysis of fMRI data 
allow the investigation of connectivity patterns. 
Functional and effective connectivity are based, 
differently from the activity analysis already 
seen, on the activation patterns along the time or 
timecourses of certain regions of interest (ROIs). 
Other regions presenting similar or opposite time-
course patterns, namely, positive or negative cor-
relations, to these ROIs can be identifi ed and are 
assumed to play a role in the network. Functional 
connectivity is a very important complementary 
approach that allows focusing on the investiga-
tion of regions that not necessarily present wide 
and robust activation, but even though might 
encompass signifi cant functional importance, 
e.g., parts of the hippocampus. It is valid to rein-
force that this fi eld is newer and therefore more 

speculative, although with persistently increasing 
interest and importance. 

11.4.1    Task-Based and Resting-State 
Insights 

 The brain is organized by highly coordinated 
networks. Positive activations are seen in the 
dorsal attention and frontoparietal networks 
(Fig.  11.9 ) during the performance of external 
goal-oriented tasks (task-positive), whereas the 
so-called default network (DN) is generally deac-
tivated (task-negative). Conversely, during rest or 
introspective cognitive processes such as internal 
monitoring, the DN is activated, while the other 
two networks deactivate. The interplay between 
task-positive and task-negative networks has 
been shown in many studies (Biswal et al.  1997 ; 
   Biswal  2012 ; Fox et al.  2005 ; Greicius et al. 
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  Fig. 11.8    ( a ) Scheme of cortical afferents and local inter-
change of information and ( b ) meta-analysis of multiple 

studies addressing episodic memory correlates (Modifi ed 
from Lavenex and Amaral ( 2000 ), Viard et al. ( 2012 ))       

 

11 Imaging Cognition



228

 2003 ; Margulies et al.  2007 ; Raichle et al.  2001 ) 
and happens continually in the healthy brain. 
The physiological meaning of this interplay 
and the importance of such a robust network, 
the DN, have been questioned since then in the 
academic community. Descriptions of hub prop-
erties within a small-world organization (for 
review, Bassett and Bullmore  2006 ) of functional 
networks have made promising advancement in 
the comprehension of cost/effectiveness balance 
in the central neurosystem. Although offering a 
clear insight about local-distant interconnection 
of regions, it could not entirely explain the physi-
ological signifi cance of the DN and its interplay 
with task-positive networks. An interesting study 
addressed working memory functional con-
nectivity of task-relevant information distracted 
by task-irrelevant information (Chadick and 
Gazzaley  2011 ). They identifi ed that to succeed 
the task the visual regions elicited by irrelevant 
information were coupled with the DN, whereas 
task-relevant information areas were coupled to 
the frontoparietal network. This implies that a 
possible functional role of the DN during exter-
nal goal-oriented performance is to enable the 
suppression of distracting information, analo-
gous to the suppression of internally generated 
distracting information, e.g., hunger or tiredness 
during an interview. Another argument in favor 
of the cognitive support given by the DN is the 
emergence of this network around 2 years after 
birth (Gao et al.  2009 ). If it would simply refl ect 

the basal of energy balance of the brain, the DN 
would be expected already in intrauterine life. 
Two years coincide with the improvement in 
more complex cognitive abilities such as sym-
bolization and language, followed by a highly 
growing interaction with the world. And the 
occurrence of inhibitory control in children has 
been shown to generally happen only after the 
age of 3 years old (Dowsett and Livesey  2000 ). 
Moreover, the prefrontal component of the DN, 
the rostral ACC, has been associated with errors 
in the antisaccade inhibition task, whenever it 
failed to properly deactivate (Polli et al.  2005 ).

   Another study (Spreng et al.  2010 ) investi-
gated the engagement of the frontoparietal con-
trol network during the performance of 
autobiographical planning (internal-oriented) 
task in contrast to a visuospatial planning 
(external- oriented) task. Connectivity analyses 
indicated the coupling of this network with the 
DN in the fi rst and with the dorsal attention net-
work in the second task. These fi ndings support 
the dynamic interaction of the frontoparietal net-
work with the other networks in order to achieve 
the goal successfully. More substantial fi ndings 
driven by internally oriented tasks such as 
remembering the past as well as envisioning the 
future have displayed the DN activation (Szpunar 
et al.  2007 ;    Cabeza and St Jacques  2007 ; Maguire 
 2001 ; Wagner et al.  2005 ) including medial 
 temporal regions. These studies support the idea 
that imagining the future involves many of the 

Resting-State Networks

Dorsal Attention Frontoparietal Control Default

  Fig. 11.9    Identifi cation of resting-state networks by seed-based correlation maps of functional connectivity (Modifi ed 
from Spreng et al. ( 2010 ))       
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same neural correlates present in the network of 
episodic rehearsal. The ability of remembering 
the past would then carry adaptive value in build-
ing the future with information stored from previ-
ous experiences.   

11.5    Future Perspectives 

 Functional connectivity analysis has opened 
another perspective for the comprehension of the 
PFC than pure topographic descriptions of func-
tional activity. This is especially relevant here, 
considering the predominance of superordinate 
cognitive characteristics. In the close future, 
one should expect not only a better description 
of developmental plasticity of such networks but 
also a day-to-day comprehension of the plastic 
boundaries involving cognitive demands. An 
interesting example of this plastic potential is 
offered by Mackey and colleagues ( 2013 ), in 
which changes in the basal connectivity patterns 
are identifi ed and measured after intensive rea-
soning training. The identifi ed regions are pre-
dominantly those taking part in the frontoparietal 
network (Fig.  11.10 ). This opens new dimensions 
for cognition investigation in order to extend the 
knowledge of mechanisms behind such a fl exible 
and adaptable organ as the brain.

   The potential application of shedding light on 
such mechanisms remains very promising toward 

psychopathology. The pathophysiology of multi-
ple disorders should comprise the malfunctioning 
of cognitive mechanisms generally spared in the 
healthy brain. For instance, research in psychosis- 
related disorders such as schizophrenia and mood 
disorders has shown associated impairment in 
cognitive domains such as executive functions, 
attention, language, verbal, and visual memory 
(   Green  1996 ; Hoff et al.  1999 ; Reichenberg et al. 
 2009 ). It is expected that several cognitive aspects 
that pertain to multiple neuropsychiatric disor-
ders could be more effectively approached and 
improved with mechanism-guided therapies.  

11.6    Summary 

 The classical psychological construct of cog-
nition comprises many distinguishable cogni-
tive functions as parts of a complex construct. 
Starting with anatomical descriptions, lesion 
imaging studies, and more recently based on 
fMRI studies, specifi c neural correlates to each 
of these functions do not seem to  represent the 
reality. 

 Selective attention elicits the activation of 
prefrontoparietal and prefrontotemporal regions. 
Stimuli can elicit the prefrontal modulation to 
enhance activity in supplementary and primary 
areas perceiving and processing relevant sensory 
information. According to recent imaging data, 
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  Fig. 11.10    Longitudinal evaluation of functional con-
nectivity changes between regions after intensive reason-
ing training in real-world setting showing ( a ) regions with 

increased number of interconnections and ( b ) intensity of 
changes within and across regions in the diagram 
(Modifi ed from Mackey et al. ( 2013 ))       
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this is the primary control mechanism mediating 
competing information (Egner and Hirsch  2005 ). 
To the same extent, prefrontal-derived inhibi-
tory mechanisms might play a top-down role; 
however, it is still under controversy whether the 
activation of sensory areas is really suppressed. 
Inasmuch as retrieval processes put the infor-
mation stored in long-term memory online, it is 
available to be employed by working memory 
challenges or modulated by prefrontal effects. 
In parallel to the selective attention processes, 
there is a continuous background monitoring 
of the environment of unexpected and poten-
tially behavior-relevant stimuli (Gruber and 
Goschke  2004 ) outside of the focus of attention. 
Bottom-up mechanisms are essential to interrupt 
the current behavior, e.g., in case of emergency, 
and adapt it to surprising or threatening events. 
This works through stimulus-elicited activation 
of the VLPFC (Corbetta and Schulman  2002 ; 
Ridderinkhof et al.  2004 ; Brown and Braver 
 2005 ; Gruber et al.  2009 ) among other regions 
involved in the network. In other words, sen-
sory events can as well modulate the individual’s 
behavior. Whenever the current expectation and 
behavioral tendencies are in disagreement with 
the situation perceived from the environment, 
the dorsal ACC identifi es confl ict and signal-
izes the necessity of increasing cognitive control 
performed by the DLPFC. Other inferior frontal 
and intraparietal regions are involved in cognitive 
control processes, especially the inferior frontal 
junction (IFJ) (Derrfuss et al.  2005 ; Brass et al. 
 2005 ; Gruber et al.  2009 ; Goya-Maldonado et al. 
 2010 ). This region is adjacent to the Broca area, 
suggesting a certain functional relation between 
basal cognitive control and language processes 
according to the proximity. Also, IFG neural 
processes are recruited during preparation for an 
upcoming task or during announcement of task 
change, under which verbalization mechanisms 
play an important functional role (Gruber et al. 
 2006 ). 

 All these cognitive abilities have been shown 
to elicit overlapping regions that do not represent 
specifi c functions. Instead, a superordinate 
 collection of regions seem to be responsible for 
the orchestration of executive functions. Newer 

functional connectivity approaches suggest that 
the interactions between the frontoparietal, dor-
sal attention, and default networks support the 
dynamic development/adjustment achieved by 
the cognitive functions. But this fi eld is relatively 
new and both replication studies and future meta- 
analyses should prove the consistency of these 
fi ndings. Additionally, cutting-edge studies 
should clarify the physiological mechanisms 
behind interplaying networks in order to foster 
cognitive processes. The uttermost importance of 
these neurocognitive mechanisms is to accom-
plish fl exible adaptations of behavior in a 
 constantly changing environment.     
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