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In this paper we consider how functional Magnetic Resonance Imaging (fMRI) has been used to study cortical
connectivity in autism and autistic spectrum disorders (ASD). We discuss those studies that have contributed
to the evidence supporting a model of disordered cortical connectivity in autism and (ASD), with a focusing
emphasis on the application to research into the underconnectivity model. We note that the analytical
techniques employed are limited and do not allow interpretation in terms of effective, or directional
connectivity, nor do they provide information about the temporal or spectral characteristics of the functional
networks being studied. We highlight how currently the features of neural generators that are being assessed
by functional connectivity in fMRI are unclear. In addition, we note the importance in clinical studies of
considering the consequences of task choice for the nature of the imaging data that can be collected and also
of individual differences in participant state and trait characteristics for the accurate interpretation of
imaging data. We discuss how alternative techniques such as EEG/MEG may address the limitations of fMRI
in assessing brain connectivity, and additionally consider the potential of multimodal approaches. We
conclude that fMRI has made significant contributions towards our understanding of the brain in terms of
neural systems but that the conclusions drawn from its application in the sphere of autism research need to
be approached with caution. It is important in research of this kind that we are aware of the need to examine
the methodological and analytical techniques closely when applying findings in clinical populations, not only
when they are used to support the development of theoretical models but also to inform diagnostic or
treatment decisions.

© 2009 Elsevier B.V. All rights reserved.
1. Connectivity in the human brain
Contemporary models of brain function stress the coordinated
interconnections within and between networks of neurons, large- and
small-scale, often only transiently coupled, with both long-distance
and local pathways providing this interconnectivity. Structural con-
nectivitymeasures in the humanbrain frequently focus on the integrity
(or otherwise) of white matter tracts, using techniques such as
Diffusion Tensor Imaging (e.g. Hagmann et al., 2007). The main
emphasis is on spatial information and the accurate and fine-tuned
identification of key structures linked by measured neuronal path-
ways. Functional connectivity refers to dynamic relationships between
brain regions underpinning specific behavioural processes; this is
commonly measured by correlational analyses of varying degrees of
sophistication, and may refer to task-specific networks or ‘default
mode’ networks, evident in the ‘resting state’ activity of the brain
(Raichle et al., 2001; Greicius et al., 2003). Again the emphasis is on
spatial information and the accurate location of those structures
whose activation is correlated and coordinated in some way. Clearly,
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there will be a close relationship between structural and functional
connectivity, recently demonstrated, for example, by Hagmann et al.
(2008).

Measures of effective connectivity infer a causal, modulatory
relationship between regions or networks and describe directional,
temporal interactions. These are potentially the most exciting
developments in this area, but increase the analytical demands
(Friston, 1994) as will be discussed below. Although spatial informa-
tion remains important for the identification of network members,
some measure/assumption of temporal ordering is also required to
ascertain the sequencing of activation changes and to confirm the
feed-forward, feedback aspects of the modulations.

More recently, there has been some focus on the role of spectral
information in assessing connectivity, with the notion that functional
connectivity is, in fact, frequency specific and that the coupling of
network members is achieved by synchronization of their particular
oscillations (Sauseng and Klimesch, 2008). This approach was initially
based on techniques which gave direct access to spectral information
such as EEG or MEG; simpler correlational or coherence measures
between activated areas were initially applied to provide assessments
of connectivity; but more sophisticated processing approaches based
on estimations of directed causality between brain areas are now
available, such as Granger causality or Synchronization Likelihood
(Stam, 2005; Kujala et al., 2008). A recent review based on EEG
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techniques claims that measurement of phase synchronization can
provide accurate information about the relationship between global
and local neuronal networks and the coupling and uncoupling of
distant but functionally related networks (Sauseng and Klimesch,
2008). Parallels to this approach are now being reported in fMRI
research, based on the relationships between low-frequency sponta-
neous fluctuations in the haemodynamic response and EEG frequency
changes (Wu et al., 2008). These have extended EEG findings with the
suggestion that different functional networks may have frequency
specific ‘signatures’ (Mantini et al., 2007).

2. Connectivity in autism

Autism or autistic spectrum disorders (ASD) are currently defined
in terms of a triad of impairments in social interaction, communica-
tion and behavioural flexibility. Research into the neural bases of ASD
has largely focused on the identification of structural or functional
abnormalities in specific structures or ‘modules’ within large scale
networks underpinning aspects of social and emotional functioning
(Cody et al., 2002; Kennedy and Courchesne, 2008). However there
has recently been a shift in emphasis to investigating the more
dynamic processes of brain functional connectivity (see reviews:
Uhlaas and Singer, 2006; Rippon et al., 2007). It has been proposed
that the behavioural correlates of ASD are associated with a deficit in
‘temporal binding’ in the brain caused by disordered neuronal
connectivity, whereby the normal rapid and transient integration
within local neuronal clusters and between large scale networks is
dysfunctional (Brock et al., 2002). It is hypothesized that abnormal-
ities in early brain overgrowth lead to atypical connectivity (Courch-
esne and Pierce, 2005), primarily in the form of reduced long-distance
connections between structurally remote but functionally connected
networks, the “underconnectivity hypothesis”, with additionally,
enhanced or exaggerated connectivity within local network nodes
i.e. local ‘overconnectivity’ (Belmonte et al., 2004a,b).

2.1. Insights from fMRI studies of connectivity in autism

Here we will highlight a few of the most recent fMRI studies that
support the theory that autism is a disorder of underconnectivity. This
review will draw attention to the potential problems associated with
task and population variations which should be noted in any attempts
to generalise connectivity findings to the autistic population as a
whole. In additionwewill discuss the analytical techniques adopted to
assess connectivity in fMRI data and their limitations.

Much of the supporting research with ASD populations has
employed fMRI techniques (Just et al., 2004, 2007; Koshino et al.,
2005, 2008; Villalobos et al., 2005; Welchew et al., 2005; Kana et al.,
2006; Kleinhans et al., 2008;Mason et al., 2008), focusing on the long-
distance underconnectivity hypothesis. In almost all of the studies, the
protocols have incorporated measures of the higher level social and
cognitive functioning known to be deficient in autism and ASD. These
include a ‘theory of mind’ task (Mason et al., 2008); an executive
functioning task (the Tower of London task) (Just et al., 2007);
sentence comprehension (Just et al., 2004; Kana et al., 2006); face
processing (Welchew et al., 2005; Kleinhans et al., 2008; Koshino
et al., 2008). Villalobos et al. (2005) used a lower level, sensorimotor
task in the context of action planning processes.

All of these studies have reported their findings as supporting the
underconnectivity hypothesis and have interpreted these findings as
providing explanations for the social and affective dysfunctions in
autism and ASD. Some have indicated that the overall weaker
connectivity within specific networks e.g. language networks, will
lead to poorer information integration and thus the related deficits
characteristic of autism and ASD (Just et al., 2004; Kana et al., 2006).
Others have interpreted variations in the degrees of connectivity
within networks as underpinning behavioural characteristics of
autistic and ASD participants. For example, Koshino et al.'s (2008)
study demonstrated that participants with autism showed activation
in a slightly different location in the fusiform face area (FFA) an area
associated with face processing, compared to control participants.
Their connectivity analysis showed that the autism group's FFA
showed underconnectivity to frontal areas but not among posterior
cortical regions compared to the control group. They concluded that,
although the behavioural performance of the task was comparable
between autism and control group, the connectivity analysis revealed
that participants with autism used a visually oriented, asocial
processing strategy that reduced the reliance on prefrontal areas.

In general, apart from participant selection based on standard
autism and ASD diagnosis, the researchers did not directly link the
behavioural characteristics of their clinical cohort to the neuroimaging
findings. One exception was Kleinhans et al. (2008) who directly
testedwhether abnormalities in the interactions between functionally
linked brain regions were associated with the clinical impairments
observed. They investigated the functional connectivity within the
limbic system during face identification. In addition to the functional
connectivity analysis of the fMRI data, measures of social functioning
were included as independent variables. Both ASD and control groups
had significant FFA-amygdala and FFA superior temporal sulcus func-
tional connectivity but the ASD groups had significantly decreased
connectivity with the left amygdala and the posterior cingulate
compared to controls. Measures of the relationship between social
functioning and connectivity scores revealed a negative correlation
between FFA-left amygdala connectivity and social functioning, i.e.
more severely affected individuals had a greater reduction in con-
nectivity between these two critical brain regions. Additionally, a
better social score was significantly correlated with increased con-
nectivity between the right FFA and the right inferior frontal gyrus.

Two recent studies have moved away from the specific social and
cognitive deficit models and instead have looked at so-called resting
state networks, i.e. networks that become deactivatedwith task-onset.
Cherkassky et al. (2006) have directly compared connectivity of the
resting state network between participants with autism and matched
control participants. They reported that both groups had highly similar
resting-state network both in volume and in organization. However in
the autism group, the resting state network is much more “loosely
connected”, characterised by a decreased connectivity in the anterior–
posterior connections. Kennedy and Courchesne (2008) further
refined this approach by assessing the Task-Negative resting state
network (TNN) and the Task-Positive resting state network (TPN). The
former is associated with internally directed processes such as self-
reflection and theory of mind type tasks whereas the TPN is associated
with externally directed processes such as sustained attention and
working memory tasks. Deactivation in one network is generally
correlated with activation in the other. A group of high functioning
autistic participants were compared to controls for connectivity
patterns in both TPN and TNN. Findings indicated decreased
connectivity of TNN but preserved organization of the TPN. This was
interpreted as underlying the imbalance between dysfunctional social
and emotional functioning and preserved cognitive and perceptual
skills characteristic of autism and ASD.

Based on an appraisal of some of the task-based fMRI studies
mentioned above, a review by Hughes (2007) hailed underconnec-
tivity in the autistic brain as the first firm finding in this complex
disorder. While we obviously do not wish to contradict this
conclusion, we do feel there are some concerns about the reliability
and generalisability of the interpretations of these types of fMRI
connectivity studies.

2.2. Task factors in autism connectivity studies

The evidence supporting the underconnectivity hypothesis in the
fMRI studies have mainly come from measures of task-related
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covariance between autistic/autistic spectrum disorder and control
groups (Just et al., 2004, 2007; Koshino et al., 2005, 2008; Kana et al.,
2006; Kleinhans et al., 2008). Apart from the need to be aware of this
in assessing the accuracy of such measures (as well as the analytical
complexity required when high-level cognitive tasks will activate a
relatively wide-range of transiently coupled networks over a relatively
prolonged timescale) it is an issue which needs to be taken into
consideration in comparing control with clinical populations. Honey
et al. (2002) have pointed out the need for researchers to be aware of
differential task effects in clinical populations possibly arising from
factors not related to the task itself but to indirect effects e.g. the
requirement for greater engagement of attentional resources. This
may underpin differential performance rather than any specific deficit
in the relevant task-related network. This would apply more in the
type of high-level cognitive tasks generally employed in the fMRI
studies reviewed above. Thus, interpretation of differential connec-
tivity in, say, language or face processing networks, as providing direct
evidence of dysfunction in the neural underpinnings of these
processes in autism should be viewed with caution.

Additionally, in autism research, there has been a recent shift away
from the focus on high-level social and cognitive functioning, such as
‘theory of mind deficit’ to measures of more fundamental perceptual
and cognitive processes and their cascading effects on the developing
brain as underpinning the core psychological deficits in autism. For
example, low-level visual processing impairment providing the basis
for later face-perception difficulties (Dakin and Frith, 2005; Behrmann
et al., 2006). Such tasks may be more impervious to the type of
indirect effects described above or, at least, lend themselves more to
the introduction of controls for variations in attention. For example,
they may also be more appropriate task choices, if indeed it is in lower
level processes where the primary dysfunctions may be found.
Assessment of the insight provided by fMRI research to date on ASD,
or in plans for future research, should therefore consider the
appropriateness of the task protocols employed. An obvious alter-
native is to focus on the insights provided by the study of resting-state
networks, where task choice is not an issue (Cherkassky et al., 2006;
Kennedy and Courchesne, 2008).

2.3. Participant characteristics in autism research

Inter-subject variance is obviously another factor to be considered
but is perhaps more important when there is a high level of
heterogeneity in the target clinical population which is not repre-
sented in the participants selected for study. In the majority of fMRI
studies reviewed here the clinical participants were high-functioning
adults. This is understandable given the ethical considerations in
employing potentially alarming imaging techniques where consent
and compliance may be difficult to establish. However, autism/ASD is
a pervasive developmental disorder generally identified at a young
age and can be characterised by wide variation in IQ, language
acquisition and use and the expression of symptomatic behavioural
patterns such as rigidity and inflexibility, not to mention atypical
sensory processing in both vision and audition.

This needs to be borne inmindwhen considering the narrow range
of representatives of this clinical populationwho currently participate
in current fMRI connectivity research. It is also the case that even
within an apparently narrowly selected cohort there will be some
variation in the degree and nature of their dysfunction. This could
either apply to their ‘score’ on the standard diagnostic protocols or in
their performance on the task selected for study. Kleinhans et al.
(2008) have demonstrated the usefulness of incorporating social
functioning scores as independent variables alongside fMRI data.
Integration of performance data into fMRI analysis would seem to be a
recommended way forward in capturing the true nature of the link
between behavioural characteristics and fMRI data, given that it is
these which are used to determine a diagnosis of autism or ASD.
2.4. Connectivity analysis limitations and assumptions

In addition to the above caveats, it should be noted that all of the
fMRI studies discussed computed functional connectivity and no
direction of influence was assessed between brain regions. Functional
neural networks were defined by Regions of Interest (ROIs) from
activation maps generated from the task set to participants in each
study. All ROIs were manually defined by the researchers based on
functional activation maps or high resolution anatomical MRI of
participants. Intersubject variance was accounted for by generating
time-series from voxels of activation for connectivity analysis from
each individual participant to be entered into a group analysis (Just
et al., 2004, 2007; Koshino et al., 2005, 2008; Villalobos et al., 2005;
Welchew et al., 2005; Kana et al., 2006; Kleinhans et al., 2008; Mason
et al., 2008). The method for defining ROIs in all these studies is
therefore highly dependant on accurate localization of functional
regions associated with the task under study. The majority of the fMRI
studies discussed here used 1.5 T or a combination of data from
1.5 Tesla and 3 Tesla MRI scanners and a voxel resolution of between 5
and 7 mm slice thickness and always with a 1 mm gap acquiring
between 16 and 21 slices of the brain. It has been noted that many
localization errors are made at lower field strengths (Logothetis,
2008). The high spatial resolution is the main advantage of fMRI; yet
all the discussed functional connectivity studies appear not to have
taken advantage of this ability. What is more concerning is that the
spatial relationship between the neuronal sources responsible for
haemodynamic changes detected by BOLD imaging has been found to
be optimal at 3 mm resolution (Kim et al., 2004), therefore it is
questionable whether low resolution scans at 7 mm are spatially
concordant with the neural generators of the signal.

Another limitation with the methods is their assessment of con-
nectivity that is based on correlations or covariance of the haemody-
namic time series. This method assumes that two or more brain
regions that are operating together have highly synchronized temporal
profiles (Koshino et al., 2005). Thus the correlation between these
brain regions will be high (Friston,1994). The evidence supporting the
underconnectivity hypothesis is therefore based on the assumption
that if the control group has a high correlation but the autistic group
has a lower correlation between ROIs, then the autistic population has
an underconnected neural network (Just et al., 2004, 2007).

A major problem with this assumption is that any correlation
found between two or more brain regions even if statistically sig-
nificant may not be neurobiologically significant (Fair et al., 2007).
Our current understanding of the BOLD signal measured by the
majority of fMRI studies is that multiple neural assemblies are present
in any resolvable fMRI region of interest even at the voxel level of
spatial resolution (Horwitz et al., 2005). The poor temporal resolution
of fMRI means that transient neural activity cannot be detected as
the haemodynamic measures such as BOLD do not reflect neuronal
spiking activity but rather they reflect synaptic and post synaptic
activity (Logothetis et al., 2001). The metabolic changes associated
with neural activity responsible for BOLD signal is most affected by
changes in the balance between excitation and inhibitory processes
and strongly modulated by attention (Logothetis, 2008). Therefore
any claims of underconnectivity based on lower correlations between
two or more haemodynamic time-series must acknowledge that it is
unclear what this means at the neuronal level.

3. Solutions

As noted above the underconnectivity evidence from fMRI studies
have only employed functional connectivity analysis (Just et al., 2004,
2007; Koshino et al., 2005, 2008; Villalobos et al., 2005; Welchew
et al., 2005; Kana et al., 2006; Kleinhans et al., 2008). There are two
main disadvantages; firstly they rely on discerning correlations
between activity in between brain regions without any assessment
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of causation or direction of influence in a neural network. Functional
connectivity cannot therefore draw conclusions about any deficits in
causal or modulatory relationships between brain regions. Secondly
the assumption that a high/low correlation between the haemody-
namic time series implies a high/low degree of neuronal synchroniza-
tion is a gross simplification of the neural activity underpinning the
haemodynamic response.

Effective connectivity analysis involves estimation of the direction
of influences between brain regions in a neural network. Psychophy-
siological interactions (PPI) is a method of connectivity analysis of
fMRI which was developed to allow for the detection of interactions
between brain regions specifically in response to cognitive/sensory
processes (Friston et al., 1997). For example in a recent fMRI study we
found evidence for a dynamic interplay between lateral prefrontal
cortex (PFC) and ventral medial prefrontal (VMPFC) regions support-
ing an emotional gating role for the VMPFC during cognitively
demanding tasks. This was characterised by a negative functional
connectivity between the lateral PFC and the VMPFC in the context
of high memory load, and high memory load in tandem with a
highly motivating context, but not in the context of reward alone.
Furthermore physiophysiological interactions indicated that the
dorsal anterior cingulate and the caudate nucleus modulated this
pathway (Longe et al., 2009). Using effective connectivity analysis
such as PPI allows for direct assessment of interactions between brains
regions in relation to the cognitive or sensory processes under study.
This allows for the evaluation of divergence in causal or modulatory
relationships within a neural network that could be responsible for
the expression of the behavioural/sensory deficits in ASD beyond a
simple underconnectivity between two or more brain regions.

Although fMRI is ultimately an indirect measure of neural activity,
to address the second problem with correlation based functional
connectivity analysis, we can model the neuronal activity associated
with the observed haemodynamic response to assess connectivity.
Dynamic casual modeling (DCM) is a method of effective connectivity
analysis that distinguishes between the neuronal level and the
haemodynamic level. The neuronal interactions among brain regions
are modeled by bilinear approximations of the neuronal dynamics
with one state per brain region i.e. excitatory or inhibitory. The dif-
ferential equations describing the neuronal dynamics that sum-
marizes the neuronal activity of each brain area are used to induce
the observed haemodynamic responses (Penny et al., 2004). Therefore
DCM can be seen as a “forward model” solution that estimates
effective connectivity from the neurophysiological time series, by
using neuronal parameters as model constraints and accounting for
both excitatory and inhibitory states (Marreiros et al., 2008). However,
a major disadvantage of DCM is that neurodynamics must be
predefined to account for complex interactions within and between
brain regions, for example, neurotransmitter systems that require
multiple state variables in each brain region, making it computation-
ally demanding and reliant on parameters from high temporal resolu-
tion data, such as EEG/MEG to define the neural activity responsible
for the haemodynamic response. The development of realistic models
of neurodynamics may therefore depend on integration of informa-
tion from fMRI, for accurate spatial localization, and EEG/MEG, for
temporal information (Penny et al., 2004).

3.1. Measuring temporal dynamics of connectivity

Accurate tracking of the time course of inter-network activity
would allow a greater insight into the temporal dynamics of con-
nectivity which, at the functional level, is acknowledged to be brief,
temporary and transient (Varela et al., 2001). Mapping these will
clearly require imaging techniques with millisecond time-scale
resolution which is not characteristic of BOLD response data. Event
Related Response (ERP) measures using EEG/MEG have, in the past,
been used to ‘track’ the time course of behavioural processes, such as
linguistic analysis (Ferretti et al., 2008) or emotional processing
(Olofsson et al., 2008) with latency differences measurable at the
millisecond level. A drawback of this approach has been the relatively
poor spatial resolution, although advanced signal processing analyses
combining EEG data with structural images have made considerable
progress on this front. In addition, using DCM analyses, it can be
demonstrated that evoked potentials are associated with changes in
effective connectivity (David et al., 2006; Garrido et al., 2006) and are
therefore a powerful index of this aspect of connectivity. Evidence that
ERPs can be related to the phase-resetting of specific cortical
frequencies (Sauseng et al., 2007) embeds this measure well in the
‘armoury’ of connectivity measures. While there have been many ERP
studies demonstrating atypical processing in specific behavioural
tasks (e.g., Bomba and Pang, 2004) none to date has tapped into the
potential of ERP measures for addressing issues of disordered
connectivity, though the need for this has been noted in a review of
language studies (Groen et al., 2008).

3.2. Measuring frequency specific functional connectivity

As described above, the role of cortical oscillations in the dynamic
synchronization of cortical networks can be directly tested using EEG/
MEG techniques, with indirect support from the study of fMRI signal
fluctuations (Wu et al., 2008). Excitingly, it is suggested that different
brain networks may have their own ‘spectral signature’ (Mantini et al.,
2007) and additionally, that specific cognitive processes are associated
with specific EEG/MEG frequencies (Sauseng and Klimesch, 2008). It
is clear that techniques which provide detailed information of the
spectral characteristics will be instrumental to advances in successful
measures of functional connectivity.

Abnormal gamma activity has been reported in two EEG studies of
autistic children, interpreted as supporting hypotheses of abnormal
connectivity (Grice et al., 2001; Brown et al., 2005). Additionally,
Wilson et al. (2007) report reduced MEG gamma responses to
auditory stimuli in children with autism, again interpreting these as
evidence of reduced functional connectivity. Murias et al. (2007) and
Coben et al. (2008) measured connectivity more directly using EEG
coherence and reported evidence of both under- and over-connectiv-
ities in different frequency bands in ASD populations.

It is clear that direct measures of frequency specific variations in
both resting state and task-related activity can be a rich source of
evidence for connectivity research, with the added advantage that
these techniques can prove less challenging when dealing with lower
functioning categories of ASD and may therefore provide more
generalisable findings. Although the use of MEG/EEG techniques in
this way is still relatively limited theywould seem to offer a promising
way forward (Rippon et al., 2007).

3.3. Limitations of EEG/MEG

A criticism levelled at EEG/MEG approaches is that the spatial
resolution is too poor to reliably resolve the inverse solution and
accurately identify the sources of the measured signals. Considerable
advances in signal processing in both EEG and MEG indicate that
remarkable accuracy is possible in modelling signal sources with
remarkably close correspondence with fMRI measures (Singh et al.,
2002;Michel et al., 2004; Stam, 2005). It should also be pointed out that
a sensor-basedmeasure of connectivitymay be equally valid in research
that is aiming to characterise differences between different populations
or even intra-individual differences across time as a function of age,
illness or treatment (Stam et al., 2006; Jelles et al., 2008).

3.4. Integrative solutions

Clearly in the field of human neuroimaging, every technique has
advantages and disadvantages. With respect to acknowledged
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drawbacks in fMRI research, it appears to be possible that many of
these can be overcome by the integration of EEG/MEGmeasures with
fMRI, either by simultaneous recording or by analytical integration of
separately recorded data sets (Babiloni et al., 2005; Laufs et al., 2008;
Shibasaki, 2008). This has indeed been the subject of a recent Special
Issue of this journal (Herrmann and Debener, 2008). Furthermore
integration of information from different imaging modalities can also
give us insight into the relationship between the brain signals mea-
sured by fMRI and EEG/MEG and improve our understanding of the
neurobiological basis of these signals. For example in a combined fMRI
and MEG study we found that positive BOLD is best predicted by low
frequency power decrease and high frequency power increase. Our
findings suggest that increases in the BOLD signal measured by fMRI
are a result of an acceleration of neural dynamics leading to increased
energy dissipation; which could also mean decreased effective mem-
brane time constants and increased effective coupling among neu-
ronal ensembles resulting in a shift in the MEG spectral profile to
higher frequencies (Thai et al., 2008).

4. Conclusion

Perhaps one of the main contributions of fMRI is the theoretical
shift towards understanding the brain in terms of neural network/
systems. Functional connectivity analysis of fMRI data, despite the
limitations, has provided a means towards understanding how these
neural networks interact and underpin function in both the healthy
and pathological brain. In conclusion, in research into the under-
connectivity hypothesis in autism, the neuroimaging focus has mainly
involved the application of fMRI techniques, with strong support for
this model evident. It is important to be aware that such findings may
not only be used to support the development of theoretical models but
also (perhaps) to inform diagnostic or treatment decisions. For
example, it has been suggested that ‘profiling’ of cortical activity
may provide more effective endophenotypes in categorizing psychia-
tric disorders for genetic research (Chu et al., 2008). With respect to
treatment, the acceptance of dysfunctional neural circuits as the basis
of autistic disorders may inform the application of techniques such as
Transcranial Magnetic Stimulation (TMS) (Théoret et al., 2005). We
should therefore be aware of any shortfall in methodological and
analysis techniques used in research in this area, and also investigate
alternative/supplementary techniques which may be more informa-
tive as well as more suitable for more vulnerable, less compliant
populations.

References

Babiloni, F., Cincotti, F., Babiloni, C., Carducci, F., Mattia, D., Astolfi, L., Basilisco, A., Rossini,
P.M., Ding, L., Ni, Y., Cheng, J., Christine, K., Sweeney, J., Heg, B., 2005. Estimation of
the cortical functional connectivity with the multimodal integration of high-
resolution EEG and fMRI data bydirected transfer function. NeuroImage 24,118–131.

Behrmann, M., Thomas, C., Humphreys, K., 2006. Seeing it differently: visual processing
in autism. Trends Cogn. Sci, 10, 259–264.

Belmonte, M.K., Cook, E.H., Anderson, G.M., Rubenstein, J.L., Greenough, W.T., Beckel-
Mitchener, A., Courchesne, E., Boulanger, L.M., Powell, S.B., Levitt, P.R., Perry, E.K.,
Jiang, Y.H., DeLorey, T.M., Tierney, E., 2004a. Autism as a disorder of neural
information processing: directions for research and targets for therapy. Mol.
Psychiatry 9, 646–663.

Belmonte, M.K., Allen, G., Beckel-Mitchener, A., Boulanger, L.M., Carper, R., Webb, S.,
2004b. Autism and abnormal development of brain connectivity. J. Neurosci. 2442,
9228–9231.

Bomba, M.D., Pang, E.W., 2004. Cortical auditory evoked potentials in autism: a review.
Int. J. Psychophysiol. 53 (3), 161–169.

Brock, J., Brown, C., Boucher, J., Rippon, G., 2002. The temporal binding deficit
hypothesis of autism. Dev. Psychopathol. 14 (2), 209–224.

Brown, C., Gruber, T., Rippon, G., Brock, J., Boucher, J., 2005. Gamma abnormalities
during perception of illusory figures in autism. Cortex 41, 364–376.

Cherkassky, V.L., Kana, R.K., Keller, T.A., Just, M.A., 2006. Functional connectivity in a
baseline resting-state network in autism. Neuroreport 17 (16), 1687–1690, 6.

Chu, P.H., Kayali, M.A., Kishida, K.T., Tomlin, D., Klinger, L.G., Klinger, M.R., Read
Montague, P., 2008. Self responses along cingulate cortex reveal quantitative neural
phenotype for high functioning autism. Neuron 57, 463–473.
Coben, R., Clarke, A.R., Hudspeth, Barry, R.J., 2008. EEG power and coherence in autistic
spectrum disorder. Clin. Neurophysiol. 119, 1002–1009.

Cody, H., Pelphrey, K., Piven, J., 2002. Structural and functional magnetic resonance
imaging of autism. Int. J. Dev. Neurosci. 20 (3–5), 421–438.

Courchesne, E., Pierce, K., 2005. Why the frontal cortex in autism might be talking only
to itself: local over-connectivity but long-distance disconnection. Curr. Opin.
Neurobiol. 15, 225–230.

Dakin, S., Frith, U., 2005. Vagaries of visual perception in autism. Neuron 48, 497–507.
David, O., Kiebel, S.J., Harrison, L.M., Mattout, J., Kilner, J.M., Friston, K.J., 2006. Dynamic

causal modeling of evoked responses in EEG and MEG. NeuroImage 30, 1255–1272.
Fair, D.A., Dosenbach, N.U., Church, J.A., Cohen, A.L., Brahmbhatt, S., Miezin, F.M., Barch,

D.M., Raichle, M.E., Petersen, S.E., Schlaggar, B.L., 2007. Development of distinct
control networks through segregation and integration. Proc. Natl. Acad. Sci. U. S. A.
104 (33), 13507–13512 14.

Ferretti, T.R., Singer, M., Patterson, C., 2008. Electrophysiological evidence for the time-
course of verifying text ideas. Cognition. doi:10.1016/j.cognition.2008.06.002.

Friston, K.J., 1994. Functional and effective connectivity in neuroimaging: a synthesis.
Hum. Brain Mapp. 2, 56–78.

Friston, K.J., Buechel, C., Fink, G.R., Morris, J., Rolls, E., Dolan, R.J., 1997. Psychophysio-
logical and modulatory interactions in neuroimaging. NeuroImage 6, 218–229.

Garrido, M.I., Kilner, J.M., Mattout, J., Kilner, J.M., Friston, K.J., 2006. Dynamic causal
modelling of evoked potentials: a reproducibility study. NeuroImage 36, 571–580.

Greicius, M.D., Krasnow, B., Reiss, A.L., Menon, V., 2003. Functional connectivity in the
resting brain: a network analysis of the default mode hypothesis. Proc. Natl. Acad.
Sci. U. S. A. 100, 253–258.

Grice, S.J., Spratling, M.W., Karmiloff-Smith, A., Halit, H., Csibra, G., de Haan, M., Johnson,
M.H., 2001. Disordered visual processing and oscillatory brain activity in autism and
Williams syndrome. Neuroreport 12, 2697–2700.

Groen, W.B., Zwiers, M.P., van der Gaag, R.-J., Buitelaar, J.K., 2008. The phenotype and
neural correlates of language in autism: an integrative review. Neurosci. Biobehav.
Rev. doi:10.1016/j.neubiorev.2008.05.008.

Hagmann, P., Kurant, M., Gigandet, X., Thiran, P., Wedeen, V.J., Meuli, R., Thiran, J.P.,
2007. Mapping human whole-brain structural networks with diffusion MRI. PLoS
ONE 2 (7), e597, 4.

Hagmann, P., Cammoun, L., Gigandet, X., Meuli, R., Honey, C.J., Wedeen, V.J., Sporns, O.,
2008. Mapping the structural core of human cerebral cortex. PLoS Biol 6 (7), e159.
doi:10.1371/journal.pbio.0060159.

Herrmann, C.S., Debener, S., 2008. Simultaneous recording of EEG and BOLD responses:
a historical perspective. Int. J. Psychophysiol. 67 (3), 161–168.

Honey, G.D., Fletcher, P.C., Bullmore, E.T., 2002. Functional brain mapping of
psychopathology. J. Neurol. Neurosurg. Psychiatry 2, 432–439.

Horwitz, B., Warner, B., Fitzer, J., Tagamets, M.A., Husain, F.T., Long, T.W., 2005.
Investigating the neural basis for functional and effective connectivity. Application
to fMRI. Philos Trans R Soc. Lond. B. Biol. Sci. 360 (1457), 1093–1108, 29.

Hughes, J.R., 2007. Autism: the first firm finding = underconnectivity? Epilepsy
Behav. 11 (1), 20–24.

Jelles, B., Scheltens, Ph., van der Flier, W.M., Jonkman, E.J., Lopes da Silva, F.H., Stam, C.J.,
2008. Global dynamical analysis of the EEG in Alzheimer's disease: frequency-
specific changes of functional interactions. Clin. Neurophysiol. 119 (4), 837–841.

Just, M.A., Cherkassky, V.L., Keller, T.A., Minshew, N.J., 2004. Cortical activation and
synchronization during sentence comprehension in high-functioning autism:
evidence of underconnectivity. Brain 127 (8), 1811–1821.

Just, M.A., Cherkassky, V.L., Keller, T.A., Kana, R.K., Minshew, N.J., 2007. Functional and
anatomical cortical underconnectivity in autism: evidence from an fMRI study of an
executive function task and corpus callosummorphometry. Cereb. Cortex 17, 951–961.

Kana, R.K., Keller, T.A., Cherkassky, V.L., Minshew, N.J., Just, M.A., 2006. Sentence
comprehension in autism: thinking in pictures with decreased functional
connectivity. Brain 129 (9), 2484–2493.

Kennedy, D.P., Courchesne, E., 2008. The intrinsic functional organisation of the brain is
altered in autism. NeuroImage 39, 1877–1885.

Kleinhans, N.M., Richards, T., Sterling, L., Stegbauer, K.C., Mahurin, R., Johnson, L.C.,
Greenson, J., Dawson, G., Aylward, E., 2008. Abnormal functional connectivity in
autism spectrum disorders during face processing. Brain 131 (4), 1000–1012.

Kim, D.S., Ronen, I., Olman, C., Kim, S.G., Ugurbil, K., Toth, L.J., 2004. Spatial relationship
between neuronal activity and BOLD functional MRI. NeuroImage 21 (3), 876–885.

Koshino, H., Carpenter, P.A., Minshew, N.J., Cherkassky, V.L., Keller, T.A., Just, M.A., 2005.
Functional connectivity in an fMRI working memory task in high-functioning
autism. NeuroImage 24 (3), 810–821 1.

Koshino, H., Kana, R.K., Keller, T.A., Cherkassky, V.L., Minshew, N.J., Just, M.A., 2008. fMRI
investigation of working memory for faces in autism: visual coding and under-
connectivity with frontal areas. Cereb. Cortex 18 (2), 289–300.

Kujala, J., Gross, J., Salmelin, R., 2008. Localization of correlated network activity at the
cortical level with MEG. NeuroImage 39, 1706–1720.

Laufs, H., Daunizeau, J., Carmichael, D.W., Kleinschmidt, A., 2008. Recent advances in
recording electrophysiological data simultaneously with magnetic resonance
imaging. NeuroImage 40 (2), 515–528.

Logothetis, N.K., 2008. What we can do and what we cannot do with fMRI. Nat. Rev. 453
(7197), 869–878, 2.

Logothetis, N.K., Pauls, J., Augath, M., Trinath, T., Oeltermann, A., 2001. Neurophysio-
logical investigation of the basis of the fMRI signal. Nature 412, 150–157.

Longe, O., Senior, C., Rippon, G., 2009. The lateral and ventromedial prefrontal cortex
work as a dynamic integrated system: evidence from functional magnetic
resonance imaging connectivity analysis. J. Cog. Neurosci. 21 (1), 141–154.

Mantini, D., Perucci, M.G., Del, G.C., Romani, G.L., Corbetta, M., 2007. Electrophysiolo-
gical signatures of resting state networks in the human brain. Proc. Natl. Acad. Sci.
U. S. A. 104, 13170–13175.

http://dx.doi.org/10.1016/j.cognition.2008.06.002
http://dx.doi.org/10.1016/j.neubiorev.2008.05.008
http://dx.doi.org/10.1371/journal.pbio.0060159


32 N.J. Thai et al. / International Journal of Psychophysiology 73 (2009) 27–32
Marreiros, A.C., Kiebel, S.J., Friston, K.J., 2008. Dynamic causal modelling for fMRI: a two-
state model. NeuroImage 39, 269–278.

Mason, R.A., Williams, D.L., Kana, R.K., Minshew, N., Just, M.A., 2008. Theory of mind
disruption and recruitment of the right hemisphere during narrative comprehen-
sion in autism. Neuropsychologia 46 (1), 269–280, 15.

Michel, C.M., Murray, M.M., Lantz, G., Gonzalez, S., Spinelli, L., Grave de Peralts, R., 2004.
EEG source imaging: invited review. Clin. Neurophysiol. 115, 2195–2222.

Murias, M., Webb, S.J., Greenson, J., Dawson, G., 2007. Resting state cortical connectivity
reflected in EEG coherence in individuals with autism. Biol. Psychiatry 62 (3),
270–273.

Olofsson, J.K., Nordin, S., Sequeira, H., Polich, J., 2008. Affective picture processing: an
integrative review of ERP findings. Biol. Psychol. 77, 247–265 (2008).

Penny,W.D., Stephan,K.E.,Mechelli, A., Friston,K.J., 2004.Modelling functional integration:
a comparison of structural equation and dynamic causal models. NeuroImage 23,
S264–S274.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., et al., 2001. A
default mode of brain function. Proc. Natl. Acad. Sci. U. S. A. 98, 676–682.

Rippon, G., Brock, J., Brown, C., Boucher, J., 2007. Disordered connectivity in the autistic
brain: challenges for the ‘new psychophysiology’. Int. J. Psychophysiol. 63, 164–172.

Sauseng, P., Klimesch, K., 2008. What does phase information of oscillatory brain
activity tell us about cognitive processes? Neurosci. Biobehav. Rev. 1001–1013.

Sauseng, P., Klimesch, W., Gruber, W.R., Hanslmayr, S., Freunberger, R., Doppelmayr, M.,
2007. Are event-related potentials components generated by phase resetting of
brain oscillations? A critical discussion. Neuroscience 146, 1435–1444.

Shibasaki, H., 2008. Human brain mapping: hemodynamic response and electrophy-
siology: invited review. Clin. Neurophysiol. 119, 731–743.

Singh, K.D., Barnes, G., Hillebrand, A., Forde, E., Williams, A., 2002. Task-related changes
in cortical synchronisation are spatially coincident with the haemodynamic
response. NeuroImage 16, 103–114.
Stam, C.J., 2005. Nonlinear dynamical analysis of EEG and MEG: review of an emerging
field. Clin. Neurophysiol. 116, 2266–2301.

Stam, C.J., Jones, B.F., Manshanden, I., van Cappellen van Walsum, A.M., Montez, T.,
Verbunt, J.P.A., de Munck, J.C., van Dijk, B.W., Berendse, H.W., Scheltens, P., 2006.
Magnetoencephalographic evaluation of resting-state functional connectivity in
Alzheimer's disease. NeuroImage 32 (3), 1335–1344.

Thai, N.J., Adjamian, P., Seri, S., Barnes, G.R., 2008. Haemodynamic change is due to an
acceleration of cortical dynamics. 16th International Conference on Biomagnetism,
25–29 August 2008, Sapporo, Japan.

Théoret, H., Halligan, E., Kobayashi, M., Fregni, F., Tager-Flusberg, H., Pascual-Leone, A.,
2005. Impaired motor facilitation during action observation in individuals with
autism spectrum disorder. Curr. Biol. 15 (3), R84–R85.

Uhlaas, P.J., Singer, W., 2006. Neural synchrony in brain disorders: relevance for
cognitive dysfunctions and pathophysiology. Neuron 52, 155–168.

Varela, F., Lachaux, J., Rodriguez, E., Martinerie, J., 2001. The brainweb: phase
synchronisation and large-scale integration. Nat. Rev. Neurosci. 2, 229–239.

Villalobos, M.E., Mizuno, A., Dahl, B.C., Kemmotsu, N., Müller, R.A., 2005. Reduced
functional connectivity between V1 and inferior frontal cortex associated with
visuomotor performance in autism. NeuroImage 25 (3), 916–925, 15.

Welchew, D.E., Ashwin, C., Berkouk, K., Salvador, R., Suckling, J., Baron-Cohen, S.,
Bullmore, E., 2005. Functional disconnectivity of the medial temporal lobe in
Asperger's syndrome. Biol. Psychiatry 57 (9), 991–998.

Wilson, T.W., Rojas, D.C., Reite, M.L., Teale, P.D., Rogers, S.J., 2007. Children and
adolescents with autism exhibit reduced MEG steady-state gamma responses. Biol.
Psychiatry 62 (3), 192–197.

Wu, C.W., Gu, H., Lu, H., Stein, E.A., Chen, J.H., Yng, Y., 2008. Frequency specificity of
functional connectivity in brain networks. NeuroI.


	Disconnected brains: What is the role of fMRI in connectivity research?
	Connectivity in the human brain
	Connectivity in autism
	Insights from fMRI studies of connectivity in autism
	Task factors in autism connectivity studies
	Participant characteristics in autism research
	Connectivity analysis limitations and assumptions

	Solutions
	Measuring temporal dynamics of connectivity
	Measuring frequency specific functional connectivity
	Limitations of EEG/MEG
	Integrative solutions

	Conclusion
	References




