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Studies of intrinsic brain activity in the resting state have become increasingly common. A productive discussion of what analysis methods are appropriate, of the importance of physiologic correction and of the potential interpretations of results has been ongoing. However, less attention has been paid to factors other than physiologic noise that may confound resting-state experiments. These range from
straightforward factors, such as ensuring that participants are all instructed in the same manner, to more obscure participant-related factors, such as body weight. We provide an overview of such potentially confounding factors, along with some suggested approaches for
minimizing their impact. A particular theme that emerges from the overview is the range of systematic differences between types of study
groups (e.g., between patients and controls) that may influence resting-state study results.

Introduction
Studies of the resting brain have proliferated in recent years.
These studies of the brain’s intrinsic activity have involved a
range of imaging modalities, including magnetic resonance
imaging (MRI), electroencephalography (EEG) and positron
emission tomography (PET), and have been undertaken in a
wide range of participant groups. The results have shown
great promise in advancing our understanding of the functioning of healthy and diseased brains.1,2
Although there has been a detailed debate over the appropriate methodologies for analyzing resting-state data3–5
and the interpretation of any findings,6,7 and although there
have been individual studies describing specific sources of
noise,8–10 to our knowledge, there has been no literature collating and considering some of the factors that may be relevant
to the methodology and interpretation of such experiments in
a more general sense. We thus provide an overview of some
of the confounding factors that have been shown to alter the
properties of resting-state activity and that may be relevant to
the approaches to data acquisition and analysis in such experiments. These experimental confounds can be distinguished from issues relating to particular analysis techniques
or targets (e.g., negative blood oxygen level–dependent
[BOLD] responses,11 functional connectivity12) as well as from

questions regarding the purpose or content of resting-state
activity.6,13
It must be noted from the outset that the experimental resting state is necessarily only an operationalization of the concept of a “true” resting state (i.e., one composed solely of intrinsic activity).7,10 This is because a situation in which there is
no activity owing to extrinsic stimuli is impossible, as there is
always some input from the environment and body. For our
purposes, we considered resting-state studies to be those that
involved measures of some aspect of brain function, such as
intraregional neuronal changes or inter-regional synchrony,
in conditions that did not include any explicit external stimuli. In addition, as many resting-state studies to date have focused on the default mode network (DMN),14 we considered
factors that have been shown to influence this network
specifically. We assumed that those factors that affect restingstate measures in the DMN may also have similar effects in
other regions and so should be taken into consideration until
it has been shown otherwise.
The range of techniques being used to analyze resting-state
data is rapidly expanding, as is the variety of regions studied.
The techniques and regions discussed in the present review
are necessarily limited by the literature available at the time of
writing; further research specific to particular novel techniques
may be necessary. The range of scanning modalities of studies
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covered for each factor is also necessarily dictated by the range
of work that has been published to date. This has meant that
the context of the factors covered is skewed somewhat toward
functional MRI (fMRI), as this is the modality in which most
work has been undertaken. We included other modalities
whenever information was available. Given the likelihood that
effects seen in one modality will have equivalent effects in
others, it has been suggested that attempting to link findings
across modalities may be a fruitful overall research direction.
The factors identified for our review are divided into 3 general groups (although in some cases there is some overlap
among them). First, we consider those factors that we class as
procedure-related. By this we mean those factors that are
related to the setup of the experiment itself, as well as those

that are relevant to the manner in which data are analyzed.
Second, we consider those factors that can be described as
participant-related. These factors are those that are inherent to
the participants themselves and to their state at the time of the
experiment. Finally, factors that may be relevant but for
which there is currently no direct experimental evidence are
also presented with a view to suggesting possible research
directions. Where relevant, we suggest ways of avoiding the
particular confounding factor being discussed. An overview
of the confounds discussed can be found in Table 1.

Procedure-related factors
The validity of an experiment depends on its procedural

Table 1: Overview of confounds*
Confounding factor

Effect

Instructions to
participant

Differing activity and FC with different instructions to participant.
Particular effect in dmPFC.

Time of day

Spatial extent of RSNs generally consistent throughout day
(greater variability is seen in some networks, e.g., hippocampal
and occipital). Substantial variation in regional usage strength
exists, except in midline regions. Global small-world properties
of RSNs vary throughout the day.
Opening or closing eyes changes resting-state measures
significantly, including EEG measures, ALFF and resting
activity. Rhythmic visual noise may produce spurious patterns in
resting-state measures.
MRI noise reduces measured spatial extent of the DMN; MRI
noise alters activity in the auditory cortex and other regions
(including cingulate and insula); MRI noise may interfere with
EEG data acquired using simultaneous MRI-EEG.
Reduced FC in the DMN and increased FC in the
somatosensory cortex with age. Long range connectivity
reduced with relatively small increases in age. EEG frequency
changes throughout life.

Visual noise

Auditory noise

Age

Body weight

Sex

Emotional state
Sleep

Movement

Caffeine

Nicotine

Resting EEG measures vary with BMI, including reduced α
activity in overweight. MEG ∆ and β synchronicity increased in
obese participants. Reduced FC in overweight participants.
Women show higher resting-state measures, including FC,
network efficiency, ReHo, in the left hemisphere; men in right.
Greater α, β, γ power in women; greater EEG entropy in men.
Greater frontal NIRS fluctuations in men.
Anxiety may alter FC patterns (e.g., increased coupling between
insula and thalamus).
Transition between wakefulness and sleep alters FC and “anticorrelated” networks. Sleep deprivation reduces coherence and
FC in DMN; also reduces “anti-correlations.”
Greater mean movement reduces long-range inter-regional FC,
increases short-range FC. Affects ICA and ALFF. Movement
may produce neural activity in itself.
Alters BOLD response; reduces measures of functional
connectivity and ALFF; reduces global α power and increases
mean α frequency.
Acute nicotine consumption alters activity and FC in DMN and
other networks; increases EEG α2 power; reduces cerebral
glucose metabolism. Craving leads to activations in frontal
midline regions and deactivations in posterior ones, with EEG α
band effects. Chronic use reduces gCBF and has effects on
vasculature.

Comments/suggestions
Consistent instructions should be given to all participants. Care
should be taken with groups that may respond differently to
instructions.
Care should be taken when scheduling experiment times to
reduce time of day effects.

Consistent instructions should be given and compliance may be
monitored with a simple camera setup. Eyes closed may be the
optimal condition.
Noise attenuation should be used. Comparisons between
modalities may consider noise differences. Systematic
differences among groups is important.
Include participant age in analysis.

BMI can be easily recorded and included in the analysis.

Sex should be controlled for in resting-state studies. Particular
care should be taken to match among groups.

Where possible, participants should be familiarized with
experimental environment.
Care should be taken with experiment scheduling and
participants’ state of wakefulness noted. Sleeping during the
experiment may be monitored by camera.
Particular care in analysis must be taken when comparing
groups with systematic differences in movement.
Instruct participants not to consume caffeine in hours before
experimental session.
Smokers should abstain for 2–3 hours preceding experimental
session. Smoking status and history should be taken for all
participants.

ALFF = amplitude of low frequency fluctuations; BMI = body mass index; BOLD = blood oxygen–level dependent; DMN = default-mode network; dmPFC = dorsomedial prefrontal cortex;
EEG = electroencephalography; FC = functional connectivity; gCBF = global cerebral blood flow; ICA = independent component analysis; MEG = magnetoelectroencephalography; MRI = magnetic
resonance imaging; NIRS = near infrared spectroscopy; ReHo = regional homogeneity; RSN = resting-state network.
*Confounding factors identified are listed along with their observed effects on resting state experiments and brief comments on how their effects can be minimized. References can be
found in the relevant section of the main text.
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consistency across all of the samples and measurements that
are to be compared. Similarly, the conclusions that can be
drawn from a particular study depend on knowledge of the
variables that are altered, regardless of whether they are the
direct target of the experiment or whether they are extraneous confounds. In addition, if results from one experiment
are to be compared with those of a similar one, then the possibility that differences in results may stem from slight differences in the methods employed must be considered.
In this section, we detail a range of procedural aspects of
resting-state experiments that alter the properties of the
measurements obtained from participants and that may thus
be confounding factors to be considered when making inferences from the data. These factors are those that are inherent
to the experimental design and scan-day procedure and, as
such, should be consistently relevant across all participants
(although there is scope for differences in individual responses to the procedures). Such experimental factors may
also be relevant to comparisons among studies owing to any
potential interstudy differences. Particular strategies for the
analysis of acquired data are beyond the scope of this review
and have been discussed elsewhere.3–5

Participant instructions
Most resting-state experiments involve the participant remaining within the particular scanning equipment for a period of minutes, at rest and with no specific external stimuli.
Although such a setup is simple, there is still a need for the
researcher to provide some instruction to the participant before starting the experiment. Thus there is scope for a variability in neural responses that is related to differences in the exact
content of instructions across participants or among studies
rather than to “true” differences in resting-state activity.
The importance of this factor is demonstrated by the finding of an effect of instruction content on acquired data in a
study by Benjamin and colleagues.15 They showed in this
MRI study that instructing the participants to relax and be
still during the scan produced different results from those obtained when participants were instructed to either attend to
or ignore the scanner noise. More specifically, the activity
and connectivity of the dorsomedial prefrontal cortex
(dmPFC) was altered, with increased intraregional activity
and differential connectivity patterns with other brain regions, such as the posterior cingulate cortex (PCC), when instructions other than just to relax were given.
The different instructions given in the study by Benjamin
and colleagues mimic the possible differences between individual participants’ approaches to resting-state scans in the
absence of specific instructions. Some participants may respond to the scanner noise in a specific way (e.g., actively trying to block it out rather than relaxing), and this difference
may then result in differences in the measures obtained for
each participant. The authors further pointed out that the situation is of particular interest when comparing 2 participant
groups, each with a systematic inclination toward one approach (e.g., patients with schizophrenia v. healthy controls).
Such an inclination could result in apparent differences be-
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tween the groups related to how they act during the scan
rather than to genuine neural differences. Support for this
possibility is given by the authors’ finding that regions, such
as the dmPFC, that have been identified in past studies as regions that differ between patients and controls are also ones
that show an effect of instruction content.
The confounding effects of instruction content can be mitigated by using a standardized script for all participants and
ensuring that they all understand the instructions. Unfortunately, a complete attenuation of this factor is not possible because participants do not always follow the instructions they
have been given to the same degree. Similarly, differences in
behaviour between groups that are in some way related to
the nature of 1 or more groups (e.g., patients with schizophrenia v. healthy controls) are hard to remove entirely, but
can be taken into consideration when interpreting results.

Time of day
Circadian rhythms are a powerful feature of the human body
and have wide-ranging effects.16,17 Time of day has been shown
to affect a number of psychological processes, including memory, executive function and attention.18–20 In addition, glucose
metabolism, a common target of PET resting-state studies, has
been found to be altered throughout the day in a number of
cortical and subcortical regions.21,22 In addition, circadian
rhythms differ, sometimes quite substantially, among individuals in terms of the peak and nonpeak stages of the daily cycle
(i.e., the difference between so-called “owls” and “larks”).23,24 In
conjunction, these observations question the relevance of the
time of day at which resting-state experiments are carried out
to the results obtained.
An fMRI resting-state experiment by Park and colleagues25
that sought to specifically test the consistency of resting-state
measures throughout the day showed that most resting-state
networks (RSNs) display a generally consistent spatial delineation at different time points. For example, the spatial
properties of the DMN were highly conserved throughout the
day. However, not all resting-state networks displayed such
spatial consistency; some, such as the hippocampal and occipital networks, displayed a greater degree of variability. The
finding that the DMN shows consistent spatial properties
throughout the day is supported by a study of attention using
a Stroop-like task that found no changes in the pattern of taskinduced deactivation in DMN regions throughout the day.26
This was in contrast to activity alterations in regions within attention networks, such as the supplementary motor area, parietal lobe and frontal eye fields.
In contrast to the general spatial consistency of RSNs
throughout the day, Park and colleagues25 found that within
RSNs there was significant variation in regional usage
strength — a measure of the degree to which a particular network contributes to intrinsic fluctuations — across time. An
exception to this was those network constituents around the
central and posterior midline, such as the PCC and superiorparietal region, which displayed consistent usage strength
throughout the day. In addition, Park and colleagues25 found
that the global small-world properties27,28 of RSNs differed
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significantly throughout the day, contrasting with consistent
local efficiency within regions over time.
With some measures of resting-state activity being consistent throughout the day and others differing considerably, a
case can be made for considering time of day when scheduling and analyzing resting-state data, although more research
is warranted. Comparisons among groups should, where
possible, be based on data acquired at comparable hours.

importance when comparisons are made among studies. Apparent differences between 2 groups taken from the literature
(e.g., patient group v. healthy controls) may be due to this
simple factor rather than a genuine difference between the
groups. Thus it is important that this information be clearly
reported in resting-state studies.

Visual noise

Different scanning techniques have different levels of background noise, ranging from none (e.g., EEG) to more than
100 dB (e.g., MRI). Such levels of noise and their differences
among techniques may be a source of confounding effects on
measurements obtained during resting-state experiments and
on the validity of comparisons among studies.
In MRI studies, the presence of scanner noise has been
shown to reduce the extent of DMN activity, a common target
of resting-state studies, as determined by a contrast between
rest and task.40 Although this study by Gaab and colleagues40
indirectly measured resting-state activity through contrast
with an auditory task (raising potential questions as to the nature of the effect measured), the result was suggestive of a
general effect of noise on the resting state. This would arguably be analogous to the more robust findings on the effects
of visual noise on the resting state described above.
Support for an effect of scanner noise on resting-state data
comes from studies that have been carried out using methods, such as sparse sampling, that present stimuli during the
silent periods between spaced MRI acquisitions. In addition
to altering the response of the auditory cortex,41 such studies
have found that scanner noise can interact with stimuli to
produce differential activity in, for example, the insula, cingulate gyrus and occipital cortex.40,42,43 We can thus infer that
scanner noise has an effect on these regions in the absence of
stimuli, although further research on this front is required.
Also of note is the possibility that MRI noise will corrupt
EEG data acquired simultaneously during rest using combined fMRI-EEG. Such a confounding effect has been reported in the context of studies of memory (in both the auditory and nonauditory domain), where MRI scanner noise
influenced the EEG responses observed.44
The probable effect of noise on resting-state properties
points to the need for quality noise attenuation when using
MRI and for robust control of background noise when using
other modalities. Of equal importance is consistency in the
level of noise attenuation across participants. The difference
in noise levels between imaging modalities (e.g., between
MRI and PET) may also be worth considering when comparing resting-state results, as subtle but spurious differences
may be introduced. A final consideration may be the possibility that there are systematic differences in responses to background noises between healthy controls and groups with altered auditory attention, such as people with schizophrenia.45

With the experimental resting state being an operationalization of an ideal, entirely input-free resting state, the degree of
extraneous external stimulus present is of key importance.7,10
In this context, the amount of visual stimulation present during the experiment must be taken into account.
First to be considered is whether the participant should be
instructed to remain at rest with their eyes open or their eyes
closed. Significant differences in the properties of the brain’s
resting activity have been reported between these 2 states.29–34
These differences include alterations in multiple EEG bands,35,36
changes in the amplitude of low-frequency fluctuations in the
visual cortex and paracentral lobule (note that this study acquired data from the posterior portion of the brain only, and
so changes in other regions may also occur34) and differences in
activity levels in the sensory cortices.31
Interestingly, it should be noted that the changes in brain
activity seen between the eyes open and eyes closed conditions do not appear to be simply owing to a difference in the
amount of light seen. The opening and closing of the eyes in
darkness has been found to produce alterations in sensory
cortices and cortical midline structures in both blind and
sighted individuals,30,33,37 suggesting that there is an effect of
opening or closing the eyes beyond that relating to visual
stimuli per se.
Also to be considered are any sources of visual input that
may not be obvious but that may produce responses in the
brain that could be mistaken for intrinsic activity. For example, Logothetis and colleagues10 demonstrated that an almost
imperceptible flicker from a visual stimulator produced
rhythmic responses in the brain that could be mistaken for
organized and physiologically relevant intrinsic activity.
To minimize the potential confounding effects of visual
noise, consistent instructions should be given to all participants. Compliance with instructions can be monitored using
a simple camera setup or in person by the experimenter. Care
should be taken to eliminate sources of noise, such as visual
stimulators or lights that operate at a particular frequency.
For most resting-state experiments, where the aim is to obtain measures as close to a true baseline as possible, eyes
closed in a minimally lit room appears to be the optimal condition.36 This state minimizes the chance of extraneous visual
inputs10 and the issue of external input confounding intrinsic
activity,31,38 while minimizing the anxiety-inducing effects of
complete darkness.39
Although the consideration of eyes open versus eyes
closed is not always relevant within studies (given that all
participants should be in the same state), it becomes of key

Auditory noise

Participant-related factors
Efforts are generally taken to ensure that study participants
are as comparable as possible. This can be through selection
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for only those who are, for example, right handed or within a
certain age range, or by screening for certain psychiatric conditions. However, despite a general assumption of uniformity within such screened samples, there is potentially a great
amount of variability among participants. With such variation in physical and psychological traits, there is the risk that
experimental results are confounded by these traits. This may
be particularly true in comparisons among groups that have
systematic differences.

give results that are skewed toward the dominant frequency
band.55 Using a database of 4651 patients, Aurlien and colleagues56 found that resting α rhythm frequency increased
through childhood until about 20 years of age, at which point
it stabilized until about 45 years of age. The amplitude of the
resting α rhythm declines from youth until around 35–
40 years of age, at which point the amplitude stabilizes. In the
case of both the α rhythm frequency and amplitude, female
participants have higher measures than male participants,
with the differences increasing with age.

Age
Body weight
The brain and its functioning are known to change over an
individual’s lifetime.46,47 The factor of age is an explicit variable in studies that compare functional properties among
groups at different stages of development (e.g., adolescents v.
adults) where there is a prima facie reason to believe that this
factor will have an effect. The question arises, however, as to
whether the variances in the ages of participants that make
up a single resting-state study group also have the potential
to be a confounding factor for the properties of interest in
such experiments.
Age has been shown to affect resting-state functional connectivity between regions. For example, a reduction in functional connectivity within the DMN and within somatosensory networks has been seen in older compared with
younger participants.48,49 Specifically, Tomasi and Volkow49
demonstrated that long-range connectivity (connectivity between different regions) was reduced, but that connectivity
within regions (the coherence of regional activity) was not affected. They described a 6% decrease in long-range functional connectivity within the DMN with each decade of life
along with a corresponding 3.4% decrease in the dorsal attentional network. The magnitude of these changes over such a
relatively small age difference suggests that aging effects may
be relevant even within participant groups that are quite
closely matched for age (e.g., a healthy group of participants
with ages ranging from 18 to 35 years).
It should also be noted that there is some evidence that the
effect of aging on the results gained through MRI restingstate analyses observed may to some degree depend on the
data analysis methods used. For example, Koch and colleagues50 found that independent component analysis (ICA)
proved to be more sensitive than cross-correlation methods
in detecting age-related alterations in their participant population. Also of note in the context of MRI resting-state studies
is evidence that the brain’s metabolic properties alter with
advancing age. Specifically, the link between BOLD response
and neural activity may be altered due to age-related changes
in the cerebral oxygen metabolic rate, meaning that changes
in BOLD properties in older participants may be of physiologic rather than neuronal origin.51
In the context of EEG, the absolute spectral power has been
seen to be sensitive to age differences in young participants
aged 3–17 years.52 Relative spectral power does not appear to
be sensitive to age in the same way,53,54 but it should be noted
that changes in relative power in a particular band do not
necessarily reflect power changes in that band alone and can
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Perhaps a less obvious factor than age, the body weight of
participants has been found to have some effect on restingstate measures. Babiloni and colleagues57 measured resting
EEG rhythms in participants who were either of normal
weight, underweight or obese (no participants had eating
disorders). They found differences in α1 and α2 low resolution brain electromagnetic tomography current densities in
the occipital, parietal and temporal lobes among the groups.
Obese participants showed the lowest values in all regions,
with normal-weight participants generally showing the highest and underweight participants being between these 2. It
must be noted, however, that the effects seen may have been
due to altered EEG properties with differing body composition rather than an underlying physiologic change. However,
the effect on resting-state measures would still need to be
considered if this were the case.
The finding that body weight in nonpathological participants is related to differences in resting-state measures and
that there appears to be a continuum (although not an obviously linear one for some measures) from underweight
through to overweight extends previous findings of alterations in resting-state measures in obese compared with lean
individuals. In obese participants, a left-sided asymmetry in
prefrontal resting α-activation, as measured using EEG, has
been observed,58 as has been an increase in synchronization
likelihood in the ∆ and β bands, as measured using magnetoencephalography (MEG).59
Magnetic resonance imaging functional connectivity
changes have also been observed in obese individuals. Using
an ICA approach, Kullmann and colleagues60 found a reduction of functional connectivity strength in the right anterior
cingulate and left insula, along with an increase in strength in
the bilateral precuneus. The functional connectivity strength
in these regions correlated with participant body mass index
(BMI). In addition, functional connectivity strength in the left
orbitofrontal cortex and the right putamen were found to correlate with insulin levels, as measured after fasting. This latter finding is of interest in the context of prior findings that
nasally administered insulin produces a change in MEG θ
band path length that is correlated to BMI,61 suggesting an
interaction between resting-state, hormonal properties and
BMI. However, more research in this area is required.
Obtaining a metric for a person’s body weight, such as the
BMI, requires no measures beyond those that are routinely
taken (i.e., height and weight) when setting up the MRI scanner

J Psychiatry Neurosci 2013;38(2)

Confounds for neuroimaging of the resting state

for each participant and would be easily obtained in the context
of other scanning techniques, requiring no additional measurements. This should make body weight a simple measure to include in group-level analyses. Participant body weight may be
of particular relevance in comparisons between healthy controls and patient groups, such as depressed patients, in which
there are tendencies toward greater BMI,62 leading to systematic
differences between groups. Potential hormonal effects (i.e., insulin levels) are harder to account for, and would involve measurements that are impractical in most circumstances. Studies
that focus on resting-state measures in individuals with eating
disorders may, however, wish to take this variable into account.

Sex
Differences in neuroanatomy between male and female participants have been suggested by a number of studies. For example, at a population level men have larger brains than
women, with a lower proportion of grey matter.63,64 Some differences in anatomic lateralization between men and women
have also been reported, specifically greater hemispheric
asymmetries in both white and grey matter in men65,66 (although other studies have found no difference67,68). The existence of gross anatomic differences has been shown to be reflected in differences in anatomic network properties, with,
for example, local and global network efficiency suggested to
be slightly higher in women than men.69,70
Such anatomic differences are mirrored by differences in
resting-state measures between men and women. Using a
combination of fMRI and ICA, Filippi and colleagues71 found
that functional connectivity within the cannonical RSNs72 differed between male and female participants (although another, smaller, fMRI ICA study found no difference73). For example, within the DMN, men showed greater connectivity
than women within the right cuneus cortex, whereas in the
executive network, women showed greater functional connectivity than men in the left inferior temporal gyrus. In addition,
connectivity between specific networks (e.g., between the
DMN and auditory networks) has been shown to be greater in
men than women. Using a data set of more than 1400 participants, Biswal and colleagues74 also found differences in functional connectivity between men and women and showed differences in the amplitude of low-frequency fluctuations
(ALFF). Small-world functional network properties also appear to differ between men and women.75 More specifically,
men had somewhat greater local efficiency in the right hemispheric networks, whereas women had greater local efficiency
in the left hemispheric networks. Finally, in the context of
fMRI, differences in regional homogeneity have been observed, with men showing greater regional homogeneity in
the right hemisphere and women showing greater regional
homogeneity in the left hemisphere.76,77 This difference is
linked to some degree with differences in grey matter density.
Although there is some inconsistency in the literature, reasonably robust sex differences in EEG resting-state measures
have been reported. In the ∆ and θ bands, no clear pattern
emerges;78 however, in the α, β and γ bands, multiple studies
have reported higher power in women.56,78–81 In addition to sex

differences in frequency band power, studies have reported
differences in resting-state approximate entropy, a measure
reflecting the complexity of neural generators,82 within separate bands. Specifically, approximate entropy was found to be
greater in men in the β and γ bands, and greater in women in
the α band.78,80 Greater entropy in the α band in women was
also shown using a spectral entropy approach.79 In addition to
EEG, Jausovec and Jausovec78 acquired resting-state near infrared spectroscopy data from the same participants, showing
that men had greater frontal hemoglobin saturation than
women, coupled with faster and more irregular spontaneous
fluctuations in oxi- and deoxyhemoglobin. This result appears
to tie in well with the concurrent greater entropy measures.
The described range of sex effects on resting measures
highlights the importance of controlling for this factor in
analyses. Where groups are to be compared, it also underscores the need to match participants for sex. Finally, it
should be noted that it is somewhat unclear to what extent
the differences described are due to basic anatomic features
(e.g., skull thickness, cortical volume) and to what extent they
are due to genuine functional differences between the sexes.
This, however, does not detract from the need to control for
this variable.

Emotional state
Participating in any experiment is an unusual experience for
most people. This is particularly true with MRI and PET experiments owing to the unusual environment or to the need
for an injection, respectively. As such, the experience can
have quite a profound emotional effect on participants —
most often an anxious response83 — that has been shown to
produce subjective and hormonal changes that correlate with
brain activity.84
Whereas such emotional responses are of consideration for
all experiments, they have, in the form of induced transient
emotional responses, been shown to have direct effects on
resting-state measures. Eryilmaz and colleagues85 presented
emotional videos (fearful, joyful and neutral) to participants
directly before resting measures were obtained. When compared with neutral videos, joyful and fearful videos produced a number of different changes in resting properties.
First, inter-regional coupling was altered, with, for example,
greater coupling between the insula and thalamus following
fearful videos. In addition, the pattern of network hubs was
altered, with the strongest hub shifting from the precuneus to
the PCC following emotional videos. The effects observed
were particularly pronounced following fearful videos, relating directly to the degrees of anxiety that different participants may experience during scanning.
With the experimental experience being necessarily somewhat unusual, it seems difficult to eliminate the issue of anxiety completely. However, some steps, such as giving participants sufficient information in a form that they can easily
understand about what will be happening and why, can be
taken. With MRI scans, dummy scanners allow the participants to experience a simulation of the scanner environment
before scanning. If such a facility is not available, then prior
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exposure to scanner sounds may be beneficial. Also of note in
this context is the potential difference between individuals
who have experienced 1 or more scanning sessions before the
resting-state study (e.g., patients, “professional” study participants), compared with those who have never been in a
similar situation. This difference in familiarity with the experimental environment may lead to differences in restingstate measures and should be at least noted during the study.

Sleep
With resting-state experiments requiring participants to sit or
lie still and at rest for a period of some minutes, the possibility that they may drift into sleep becomes a real concern. This
is particularly true for elderly individuals, in whom the
supine position used in most MRI and PET scanners has been
shown to induce drowsiness,83 and in students, in whom
there is a propensity for lack of sleep.86
Functional connectivity in the DMN and anticorrelated
networks (often referred to as “task-positive” networks) have
been shown to alter between sleep and wakefulness, 87,88
meaning that apparent differences among participants could
be severely confounded by this factor should some stay
awake while others sleep. Similarly, EEG measures differ between sleep and wakefulness, making this a consideration in
studies using this method.89
Also relevant is the finding that partial sleep deprivation
alters functional connectivity, as measured using MRI.
Sämann and colleagues90 found that a single night of disrupted sleep (participants sleeping only from 10 pm until
1:30 am) reduced the strength of coherence within the DMN
and task-positive network compared with a full night’s sleep.
De Havas and colleagues91 similarly found that 24 hours of
sleep deprivation compared with a normal night’s sleep reduced functional connectivity strength within the DMN and
reduced anticorrelations between the DMN and the taskpositive network (including the insula, temporoparietal junction and intraparietal sulcus). At the biochemical level, sleep
disruption (through shift work patterns) has also been shown
to alter frontal lobe γ-aminobutyric acid (GABA) concentrations.92 As GABA has been implicated in resting-state related
processes11 and is the major inhibitory transmitter in the
brain, this raises further questions as to the effects due to
sleep deprivation.
Scheduling scans at times of the day when sleepiness is
less likely to be an issue (e.g., avoiding scanning very early in
the morning, late in the evening and during the “post-lunch
dip”) would be a prudent precaution.93 Participants can also
be questioned about their levels of tiredness and quality of
sleep the preceding evening to gain some information regarding the potential presence of sleep deprivation effects.
The issue of participants sleeping during the experiment is
one that is in most circumstances amenable to direct monitoring through a simple video camera setup. Observing the participant’s behaviour during the scan (where an eyes open
resting state is used) or recording it for later analysis will allow those who had problems with staying awake to be identified. Such an approach would be a desirable addition to a
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simple participant self-report about their wakefulness during
the session.

Participant movement
Any participant movement, particularly head movement, is a
serious issue for most scanning modalities; thus efforts are
generally made to minimize movement. Similarly, a range of
methods has been developed to account as much as possible
for any movement when analyzing acquired data.94,95 The issue of movement is particularly relevant in studies that compare very young or very old participants with healthy adults,
as systematic differences in movement can be expected.
In the context of MRI resting-state measures, Van Dijk and
colleagues96 analyzed the effect of head movement on interregional functional connectivity, as determined using a crosscorrelation method and local functional coupling.97 Participants who displayed a greater mean amount of head motion
were found to have reduced inter-regional functional connectivity in the DMN and the frontoparietal control network. In
contrast to reductions in functional connectivity in these networks, greater mean head movement was found to increase
functional connectivity between the left and right motor cortices, suggesting that head movement can affect the measures
obtained from different regions differently. Similar to the increase in functional connectivity seen between the motor cortices, a greater mean motion was associated with an increase
in local, intraregional, functional coupling. These findings
were replicated in a large juvenile sample98 in a study that
also looked at the effect of head movement on different
resting-state analysis methods, specifically dual-regression
ICA and ALFF.34 As with the correlation-based approach,
movement was found to susbtantially affect the other methods studied. Importantly, Power and colleagues,99 having
found that head movement introduced spurious correlation
structures into resting-state results (specifically that longrange inter-regional correlations were reduced and shortrange ones were increased), observed that standard preprocessing steps did not eliminate these effects. Even following
the typical regressing out of head movement parameters, the
spurious correlations remained.
The effects of head movement on functional connectivity observed in these studies were relatively small, but were of a sufficient magnitude to be plausibly mistaken for “true” neuronal
effects of interest. Van Dijk and colleagues96 also observed that
individual participants displayed a similar degree of head
movement across scanning sessions, increasing the likelihood
that systematic differences resulting from head movement
could be mistaken for neuronal differences in comparisons between different groups. Similarly, Satterthwaite and colleagues98 observed that the amount of participant movement
was correlated with age in their juvenile sample, meaning that
systematic differences among age groups are likely.
In addition to head movement influencing the data acquisition methods by altering, for example, the position of the
brain in the MRI field,100 the motion itself can also induce
neural activity. Jansen and colleagues101 investigated the effect
of movement when EEG signals are used as predictors for
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BOLD signals. Participants were cued to move their feet a
small amount at marked times during the scan to induce
small movements of the head that mimicked those that occur
normally during scanning. When convolved with a canonical
hemodynamic response function, the artifacts in the EEG signal were found to correlate with BOLD responses in multiple
brain regions (including the mid-cingulate cortex, insula and
thalamus, all areas of interest in resting-state studies). However, when the artifacts were not correlated with the hemodynamic response function, there were far fewer correlating regions, suggesting that the observed effect was due to
motion-related neural activity rather than the effect of motion
on the MRI acquisition properties alone.

Caffeine
Commonly taken into consideration in task-related fMRI is
the consumption of caffeine. This is based on findings that
caffeine alters the properties of the BOLD response.102–104 With
such physiologic effects in the context of MRI, it seems likely
that caffeine also has effects on data acquired using other
modalities.
The consumption of caffeine has been found to alter the
properties measured in the resting state. For example, using
fMRI, Rack-Gomer and Liu105 demonstrated that the consumption of 200 mg of caffeine 45 minutes before the scanning session reduced both the measured functional connectivity within the motor cortex and the power of low
frequency fluctuations (< 0.1 Hz) in this region. Although this
study acquired data from the motor cortex alone, the prior
results referred to previously that showed an effect of caffeine across the brain in the context of fMRI tasks suggest
that its results can be generalized to all regions.
An effect of caffeine on the resting state has also been observed in studies using EEG. Barry and colleagues35,36 found
that 250 mg of caffeine administered 30 minutes prior to testing produced a global reduction in α power along with an
increase in mean α frequency. The reduction in power was
particularly pronounced in the lower portion of the α band, a
frequency range of particular interest in the context of restingstate studies. These findings suggest that participants’ caffeine
consumption must be considered in EEG studies as well as
MRI studies.
To minimize the effects of caffeine on resting-state experiments, participants should be instructed to not ingest caffeine
in the hours before the scanning session (including a reminder that caffeine increasingly appears in products and
foods other than the obvious tea and coffee).

Nicotine
As with caffeine, nicotine is a stimulant that is widely used.
Importantly, the proportion of individuals using nicotine is
much greater among those who have mental disorders than
among those who do not.106 This is of key importance when
comparing patient and control groups, as there may be a systematic difference in nicotine use between the groups and
thus scope for spurious differential imaging results.

The potential role of nicotine as a confounding variable affecting resting-state experiments is multifactorial, as both its
acute administration and craving due to abstinence in addicts
can influence the brain, as can the effects of chronic use.
Nicotine administration has been observed to have cognitive
effects, particularly on attention.107 In comparisons between
nicotine and placebo, these cognitive effects have been linked
to deactivation of the DMN in response to tasks108 in conjunction with increases in activity in other attention-related regions.109 In addition to such task-related changes in the DMN,
a similar pattern of changes in response to nicotine administration (i.e., a reduction in DMN activity and an increase in
activity in attention networks) has been observed in an fMRI
resting-state study,110 along with changes in fMRI functional
connectivity between subregions of the DMN and other brain
regions.111 Similarly, a recent EEG study found that resting
EEG measures in nonsmokers were altered by nicotine administration; specifically an increase in left frontal α2 power
was reported.112
Task-induced nicotine craving has been seen to alter activity within regions, including the anterior cingulate cortex
(ACC), dmPFC, PCC and precuneus, that are of typical interest in resting-state studies.113,114 The changes observed in these
studies were found to be even more extensive when the participants were instructed to consciously resist their cravings,
with additional activations in prefrontal regions. Cued nicotine craving has also been suggested to alter α band properties in EEG studies.115 Finally, arterial spin-labelling restingstate scans acquired after a period of nicotine abstinence
(≥ 12 h) have identified increases in blood flow in the ACC/
orbitofrontal cortex.116
In addition to regional effects within the brain, nicotine use
and nicotine withdrawal have more global cerebral effects
that may be relevant to resting-state measures. Nicotine administration has been shown to reduce global cerebral glucose
metabolism,117,118 a factor that may be of relevance in fluorodeoxyglucose (FDG)-PET resting-state studies. Reductions
in global cerebral blood flow are also seen after nicotine administration and, importantly, after chronic nicotine use.106,119,120
These findings are of particular relevance to studies using
methods that depend on blood flow properties, such as fMRI.
Also of relevance in this context is the acute effect that nicotine has on the vasculature through nitric oxide–induced vasodilatation, with chronic smoking also leading to dysfunction of the nitric oxide system in the cerebral vasculature.121
With a range of chronic and acute effects, nicotine use represents a potential confound for resting-state studies, particularly in comparisons among groups with systemic differences
in nicotine use. To minimize short-term effects of nicotine administration and craving, smokers (and those on nicotine replacement therapy) may be instructed to abstain in the
2–3 hours preceding the scanning session; this time period
fits between the nicotine elimination half-life of around
2 hours122 and the onset of withdrawal at 6–12 hours after abstinence.123 For chronic effects and between-group differences,
the only solution seems to be awareness of the possibility of a
confounding effect and noting all participants’ current and
historical smoking status.
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Potential factors of interest
Menstrual cycle
The menstrual cycle is a powerful modulator of the female
body as a whole and has been found to have a range of effects
on the brain that may be relevant to resting-state studies. First,
at a functional level the menstrual cycle has been found to alter
neural responses (as measured using MRI) to different stimuli.
These include negative emotional124,125 and food-related126,127
stimuli. Such effects on stimulus-induced responses suggest
that the menstrual cycle may produce a similar modulation of
resting-state measures.
At the neurotransmitter level, the concentration of GABA
in different parts of the brain, including the occipital and motor cortices, changes in the follicular, as compared with the
luteal, phase.128,129 An alteration in dopaminergic function
across the menstrual cycle has also been observed.130,131 It
seems reasonable to suppose that such alterations in transmitter function will have concurrent effects on resting-state
measures.
Taken together, the described changes that can be brought
about by the menstrual cycle at both a functional and physiological level suggest that the question of whether it can also
lead to alterations in resting-state activity is a valid one. Future research in this area is thus required.

Posture
Different imaging modalities require participants to be
placed in different positions. For example, most MRI scanners require that the participant lie down, whereas most EEG
experiments are carried out with the participant in a seated
position. Could such a difference in posture lead to differences in the properties of resting-state measures acquired
though the different methods?
The relevance of posture as a confounding factor for imaging studies has been discussed previously, with evidence
to support the view that there is a general effect.83 Of particular relevance to MRI and PET studies of the resting-state, regional cerebral blood flow (rCBF) has been shown to differ
between different postures, with, for example, an increase in
rCBF in the frontal and parietal cortices when lying down
compared with standing or sitting.132 In addition, regional
neuronal activity has been found to alter with different postures, as different neural processes are involved in the maintenance of different positions.133
In the context of EEG studies, Harmon-Jones and
Peterson134 carried out an identical anger-evocation experiment with the participant either upright or supine. A difference in functional lateralization was observed between the
2 positions that corresponded to differences in lateralization
that had previously been reported between fMRI and EEG
results in a number of studies (i.e., differences between results from upright and supine scanning methods). Although
the study by Harmon-Jones and Peterson involved a psychological process that is potentially modulated by position
through the difference in capacity to respond to insult be-
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tween the 2 states, the observed effect may be transferable to
other contexts. Further supporting this suggestion are findings in children that posture affects EEG acquisition, altering
the patterns of neural activity observed.83
Finally, evidence points to the influence of posture on brain
dynamics being of particular relevance in populations, such
as elderly individuals, in whom postural hypo- or hypertension or coronary heart disease are prevalent, as an association between such conditions and postural changes in the
brain has been observed. For example, in individuals with
the former condition, the posture in which a test is performed
has been seen to influence cognitive performance.135,136 This
would seem likely to mirror a change at the neural level. Similarly, in those with coronary heart disease, rCBF has been
seen to differ from reference ranges as a function of posture,137 which could affect those resting-state measures, such
as MRI and PET, that rely on the physiological properties of
the brain.
Taken together, the effects of posture on brain function and
physiology described would point to at least a potential relevance of this factor to resting-state studies. However, more
research into this question is required.

Conclusion
Although we make no claims of our review being exhaustive,
we have presented a range of factors that have been observed
to affect resting-state measures across different experimental
modalities. These have been observed in both the context of
the manner in which experiments are planned and carried
out and in the context of natural variability among participants that is unrelated to resting-state measures, per se.
The range of factors discussed highlights the need for robust
experimental methods when carrying out studies of the resting
state. Some comment along these lines has recently been made
in the context of cognitive neuroimaging studies,138,139 and the
findings described here seem to reinforce this position. Indeed, it is worth noting also that most of the issues identified
here are likely to be equally relevant to such paradigm-based
studies. Although intrasubject test–retest reliability has been
shown to be acceptable for some resting-state measures,140,141
as the research targets and experimental methods used become more precise and fine-grained, it will be increasingly
important to control for the effect of any confounding variables. It should also be noted that the range of techniques
now being used to analyze resting-state data is rapidly increasing, as is the variety of regions studied; however, the
techniques and regions discussed here are necessarily limited
by the literature available at the time of writing, and research
specific to novel techniques may be necessary. Along similar
lines, it remains to be shown if particular modalities or analysis methods as more robust than others. This information
could be beneficial in situations where resting-state measures
are used for diagnosis, where the effect of confounds could
have major consequences.
As noted previously, those confounding factors where
there is potential for a systematic difference among participant groups are of particular importance. Such confounds
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include the instructions given to participants and the level of
background noise in comparisons between healthy controls
and groups that have altered auditory attention, such as
people with schizophrenia.45 Another example is comparisons between groups that have systematic differences in
head movement, such as juvenile or elderly participants in
comparison to young adults, where this movement can alter
resting measures. If such confounding factors are not taken
into consideration, then the strength of claims of differences
among groups are greatly diminished. This is a key point as
progress is made toward potentially using resting-state
measures as biomarkers for particular conditions.
The range of factors we described that can affect restingstate measures also vividly illustrates the difficulty that exists
in providing a satisfactory definition of the concept of “rest.”
As discussed elsewhere7 and shown through empirical methods,142 the resting-state is an operationalization that is most
likely to consist of an amalgamation of true intrinsic activity
along with environmental and bodily inputs. Evidence relating to the effect of cognitive load on resting-state measures
would also suggest that the individual’s particular attentional
state must be included in this “rest” mixture.143 Experimentally separating out the different factors that form the resting
state thus seems to be one of the key research directions to be
followed (where possible), and is an area in which the considerations put forward here will be of particular importance.
Finally, there is potentially a distinction to be drawn between resting-state activity and resting-state measures. The
experimental methods used in resting-state studies are generally indirect and so should be seen as providing information
about the latter but not necessarily the former. For example,
fMRI provides a measure of BOLD response from which information about neuronal responses are inferred;139 however,
as seen in the current review differences in this value can
come about through mechanisms other than neuronal ones,
meaning that differences in resting-state measures may not
reflect actual differences in resting-state activity. A difference
in resting-state measures may thus be seen between 2 groups,
but this difference may be due to a non-neuronal feature of
one of these groups interacting with the experimental method. Given this, as accurate as possible a knowledge of all the
factors that may be influencing resting-state measures in a
particular experiment is required to make the inference from
these measures to resting-state activity with a reasonable degree of certainty (although, importantly, this still remains an
inference).
Research into the brain’s intrinsic activity forms a burgeoning part of the neuroscientific endeavour. However, care must
be taken with the experimental procedures adopted to avoid
any of the different factors detailed in the present review confounding results or producing spurious differences among
participant groups.
Acknowledgements: We thank T. Nakao, C. Wiebking, D.J. Hayes,
and the 2 anonymous reviewers for their useful comments. The work
was supported by grants to G. Northoff (Canadian Institutes of
Health Research EJLB-CIHR Michael Smith Chair in Neurosciences
and Mental Health, Hope for Depression Research Foundation–
Institute for the Study of Affective Neuroscience).

Competing interests: None declared for N.W. Duncan. As noted in
Acknowledgements for G. Northoff.
Contributors: N.W. Duncan designed and wrote the review.
G. Northoff reviewed the article. Both authors analyzed data and
approved publication.

References
1. Broyd SJ, Demanuele C, Debener S, et al. Default-mode brain dysfunction in mental disorders: a systematic review. Neurosci Biobehav
Rev 2009;33:279-96.
2. Raichle ME. A paradigm shift in functional brain imaging. J Neurosci
2009;29:12729-34.
3. Margulies DS, Böttger J, Long X, et al. Resting developments: a review of fMRI post-processing methodologies for spontaneous
brain activity. MAGMA 2010;23:289-307.
4. Smith SM, Miller KL, Salimi-Khorshidi G, et al. Network modelling methods for FMRI. Neuroimage 2011;54:875-91.
5. Cole DM, Smith SM, Beckmann CF. Advances and pitfalls in the
analysis and interpretation of resting-state FMRI data. Front Syst
Neurosci 2010;4:8.
6. Morcom AM, Fletcher PC. Does the brain have a baseline? Why
we should be resisting a rest. Neuroimage 2007;37:1073-82.
7. Northoff G, Duncan NW, Hayes DJ. The brain and its resting state
activity — experimental and methodological implications. Prog
Neurobiol 2010;92:593-600.
8. Birn RM. Smith MA, Jones TB, et al. The respiration response function: the temporal dynamics of fMRI signal fluctuations related to
changes in respiration. Neuroimage 2008;40:644-54.
9. Chang C, Glover GH. Effects of model-based physiological noise
correction on default mode network anti-correlations and correlations. Neuroimage 2009;47:1448-59.
10. Logothetis NK, Murayama Y, Augath M, et al. How not to study
spontaneous activity. Neuroimage 2009;45:1080-9.
11. Northoff G, Walter M, Schulte RF, et al. GABA concentrations in the
human anterior cingulate cortex predict negative BOLD responses
in fMRI. Nat Neurosci 2007;10:1515-7.
12. Greicius MD, Krasnow B, Reiss AL, et al. Functional connectivity
in the resting brain: a network analysis of the default mode hypothesis. Proc Natl Acad Sci U S A 2003;100:253-8.
13. Carhart-Harris RL, Friston KJ. The default-mode, ego-functions
and free-energy: a neurobiological account of Freudian ideas. Brain
2010;133:1265-83.
14. Raichle ME, MacLeod AM, Snyder AZ, et al. A default mode of
brain function. Proc Natl Acad Sci U S A 2001;98:676-82.
15. Benjamin C, Lieberman DA, Chang M, et al. The influence of rest
period instructions on the default mode network. Front Hum Neurosci
2010;4:218.
16. Hastings MH, Reddy AB, Maywood ES. A clockwork web: circadian timing in brain and periphery, in health and disease. Nat Rev
Neurosci 2003;4:649-61.
17. Karatsoreos IN, Bhagat S, Bloss EB, et al. Disruption of circadian
clocks has ramifications for metabolism, brain, and behavior. Proc
Natl Acad Sci U S A 2011;108:1657-62.
18. Anderson KJ, Revelle W. Impulsivity and time of day: Is rate of change
in arousal a function of impulsivity? J Pers Soc Psychol 1994;67:334.
19. May CP, Hasher L, Foong N. Implicit memory, age, and time of
day: paradoxical priming effects. Psychol Sci 2005;16:96-100.
20. Schmidt C, Collette F, Cajochen C, et al. A time to think: circadian
rhythms in human cognition. Cogn Neuropsychol 2007;24:755-89.
21. Buysse DJ, Nofzinger EA, Germain A, et al. Regional brain glucose
metabolism during morning and evening wakefulness in humans:
preliminary findings. Sleep 2004;27:1245-54.
22. Germain A, Nofzinger EA, Meltzer CC, et al. Diurnal variation in regional brain glucose metabolism in depression. Biol Psychiatry 2007;
62:438-45.

J Psychiatry Neurosci 2013;38(2)

93

Duncan and Northoff

23. Bennett CL, Petros TV, Johnson M, et al. Individual differences in
the influence of time of day on executive functions. Am J Psychol
2008;121:349-61.
24. Kerkhof GA. Inter-individual differences in the human circadian
system: a review. Biol Psychol 1985;20:83-112.
25. Park B, Il Kim J, Lee D, et al. Are brain networks stable during a
24-hour period? Neuroimage 2012;59:456-66.
26. Marek T, Fafrowicz M, Golonka K, et al. Diurnal patterns of activity
of the orienting and executive attention neuronal networks in subjects performing a Stroop-like task: a functional magnetic resonance
imaging study. Chronobiol Int 2010;27:945-58.
27. Achard S, Bullmore E. Efficiency and cost of economical brain
functional networks. PLOS Comput Biol 2007;3:e17.
28. Rubinov M, Sporns O. Complex network measures of brain connectivity: uses and interpretations. Neuroimage 2010;52:1059-69.
29. Donahue MJ, Hoogduin H, Smith SM, et al. Spontaneous blood
oxygenation level-dependent fMRI signal is modulated by behavioral state and correlates with evoked response in sensorimotor
cortex: a 7.0-T fMRI study. Hum Brain Mapp 2012;33:511-22.
30. Hüfner K, Stephan T, Flanagin VL, et al. Differential effects of eyes
open or closed in darkness on brain activation patterns in blind
subjects. Neurosci Lett 2009;466:30-4.
31. Marx E, Deutschländer A, Stephan T, et al. Eyes open and eyes closed
as rest conditions: impact on brain activation patterns. Neuroimage
2004;21:1818-24.
32. Marx E, Stephan T, Nolte A, et al. Eye closure in darkness animates sensory systems. Neuroimage 2003;19:924-34.
33. Wiesmann M, Kopietz R, Albrecht J, et al. Eye closure in darkness
animates olfactory and gustatory cortical areas. Neuroimage 2006;
32:293-300.
34. Yang H, Long X-Y, Yang Y, et al. Amplitude of low frequency fluctuation within visual areas revealed by resting-state functional
MRI. Neuroimage 2007;36:144-52.
35. Barry RJ, Clarke AR, Johnstone SJ. Caffeine and opening the eyes
have additive effects on resting arousal measures. Clin Neurophysiol
2011;122:2010-5.
36. Barry RJ, Clarke AR, Johnstone SJ, et al. EEG differences between
eyes-closed and eyes-open resting conditions. Clin Neurophysiol 2007;
118:2765-73.
37. Hüfner K, Stephan T, Glasauer S, et al. Differences in saccadeevoked brain activation patterns with eyes open or eyes closed in
complete darkness. Exp Brain Res 2008;186:419-30.
38. Northoff G, Qin P, Nakao T. Rest-stimulus interaction in the brain:
a review. Trends Neurosci 2010;33:277-84.
39. Grillon C. Startle reactivity and anxiety disorders: aversive conditioning, context, and neurobiology. Biol Psychiatry 2002;52:958-75.
40. Gaab N, Gabrieli JDE, Glover GH. Assessing the influence of scanner background noise on auditory processing. I. An fMRI study
comparing three experimental designs with varying degrees of
scanner noise. Hum Brain Mapp 2007;28:703-20.
41. Petkov CI, Kayser C, Augath M, et al. Optimizing the imaging of the
monkey auditory cortex: sparse vs. continuous fMRI. Magn Reson
Imaging 2009;27:1065-73.
42. Schmidt CF, Zaehle T, Meyer M, et al. Silent and continuous fMRI
scanning differentially modulate activation in an auditory language comprehension task. Hum Brain Mapp 2008;29:46-56.
43. Haller S, Bartsch AJ, Radue EW, et al. Effect of fMRI acoustic
noise on non-auditory working memory task: comparison
between continuous and pulsed sound emitting EPI. MAGMA
2005;18:263-71.
44. Novitski N, Anourova I, Martinkauppi S, et al. Effects of noise from
functional magnetic resonance imaging on auditory event-related
potentials in working memory task. Neuroimage 2003;20:1320-8.
45. Hugdahl K, Rund BR, Lund A, et al. Attentional and executive
dysfunctions in schizophrenia and depression: evidence from dichotic listening performance. Biol Psychiatry 2003;53:609-16.
46. Fjell AM, Walhovd KB. Structural brain changes in aging: courses,
causes and cognitive consequences. Rev Neurosci 2010;21:187-221.

94

47. Jernigan TL, Baaré WFC, Stiles J, et al. Postnatal brain development:
structural imaging of dynamic neurodevelopmental processes. Prog
Brain Res 2011;189:77-92.
48. Damoiseaux JS, Beckmann CF, Arigita EJS, et al. Reduced restingstate brain activity in the “default network” in normal aging. Cereb
Cortex 2008;18:1856-64.
49. Tomasi D, Volkow ND. Aging and functional brain networks. Mol
Psychiatry 2012;17:471, 549-58.
50. Koch W, Teipel S, Mueller S, et al. Effects of aging on default mode
network activity in resting state fMRI: Does the method of analysis
matter? Neuroimage 2010;51:280-7.
51. Mohtasib RS, Lumley G, Goodwin JA, et al. Calibrated fMRI during
a cognitive Stroop task reveals reduced metabolic response with
increasing age. Neuroimage 2012;59:1143-51.
52. Benninger C, Matthis P, Scheffner D. EEG development of healthy
boys and girls. Results of a longitudinal study. Electroencephalogr
Clin Neurophysiol 1984;57:1-12.
53. Balsters JH, O’Connell RG, Martin MP, et al. Donepezil impairs
memory in healthy older subjects: behavioural, EEG and simultaneous EEG/fMRI biomarkers. PLoS ONE 2011;6:e24126.
54. Finnigan S, Robertson IH. Resting EEG theta power correlates with
cognitive performance in healthy older adults. Psychophysiology
2011;48:1083-7.
55. Klimesch W. EEG alpha and theta oscillations reflect cognitive and
memory performance: a review and analysis. Brain Res Brain Res Rev
1999;29:169-95.
56. Aurlien H, Gjerde IO, Aarseth JH, et al. EEG background activity
described by a large computerized database. Clin Neurophysiol
2004;115:665-73.
57. Babiloni C, Marzano N, Lizio R, et al. Resting state cortical electroencephalographic rhythms in subjects with normal and abnormal
body weight. Neuroimage 2011;58:698-707.
58. Ochner CN, Green D, van Steenburgh JJ, et al. Asymmetric prefrontal cortex activation in relation to markers of overeating in obese
humans. Appetite 2009;53:44-9.
59. Olde Dubbelink KTE, Felius A, Verbunt JPA, et al. Increased restingstate functional connectivity in obese adolescents; a magneto encephalographic pilot study. PLoS ONE 2008;3:e2827.
60. Kullmann S, Heni M, Veit R, et al. The obese brain: association of
body mass index and insulin sensitivity with resting state network
functional connectivity. Hum Brain Mapp 2012;33:1052-61.
61. Stingl KT, Kullmann S, Guthoff M, et al. Insulin modulation of
magnetoencephalographic resting state dynamics in lean and
obese subjects. Front Syst Neurosci 2010;4:157.
62. Faith MS, Butryn M, Wadden TA, et al. Evidence for prospective
associations among depression and obesity in population-based
studies. Obes Rev 2011;12:e438-53.
63. Leonard CM, Towler S, Welcome S, et al. Size matters: cerebral
volume influences sex differences in neuroanatomy. Cereb Cortex
2008;18:2920-31.
64. Sowell ER, Peterson B, Kan E, et al. Sex differences in cortical thickness mapped in 176 healthy individuals between 7 and 87 years of
age. Cereb Cortex 2007;17:1550-60.
65. Powell JL, Parkes L, Kemp G, et al. The effect of sex and handedness on white matter anisotropy: a diffusion-tensor magnetic resonance imaging study. Neuroscience 2012;207:227-42.
66. Crespo-Facorro B, Roiz-Santiáñez R, Pérez-Iglesias R, et al. Sex-specific
variation of MRI-based cortical morphometry in adult healthy volunteers: the effect on cognitive functioning. Prog Neuropsychopharmacol Biol
Psychiatry 2011;35:616-23.
67. Takao H, Abe O, Yamasue H, et al. Gray and white matter asymmetries in healthy individuals aged 21-29 years: a voxel-based
morphometry and diffusion tensor imaging study. Hum Brain
Mapp 2011;32:1762-73.
68. Takao H, Hayashi N, Ohtomo K. White matter asymmetry in
healthy individuals: a diffusion tensor imaging study using tractbased spatial statistics. Neuroscience 2011;193:291-9.
69. Gong G, Rosa-Neto P, Carbonell F. Age-and gender-related differences

J Psychiatry Neurosci 2013;38(2)

Confounds for neuroimaging of the resting state

in the cortical anatomical network. J Neurosci 2009;29:15684-93.
70. Yan C, Gong G, Wang J, et al. Sex- and brain size-related smallworld structural cortical networks in young adults: a DTI tractography study. Cereb Cortex 2011;21:449-58.
71. Filippi M, Valsasina P, Misci P, et al. The organization of intrinsic
brain activity differs between genders: a resting-state fMRI study
in a large cohort of young healthy subjects. Hum Brain Mapp 2012
Feb. 22. [Epub ahead of print]
72. Smith SM, Fox PT, Miller KL, et al. Correspondence of the brain’s
functional architecture during activation and rest. Proc Natl Acad
Sci U S A 2009;106:13040-5.
73. Weissman‐Fogel I, Moayedi M. Cognitive and default-mode resting state networks: Do male and female brains “rest” differently?
Hum Brain Mapp 2010;31:1713-26.
74. Biswal BB, Mennes M, Zuo X, et al. Toward discovery science of
human brain function. Proc Natl Acad Sci U S A 2010;107:4734-9.
75. Tian L, Wang J, Yan C. Hemisphere- and gender-related differences in small-world brain networks: a resting-state functional
MRI study. Neuroimage 2011;54:191-202.
76. Wang L, Shen H, Tang F, et al. Combined structural and restingstate functional MRI analysis of sexual dimorphism in the young
adult human brain: an MVPA approach. Neuroimage 2012;61:931-40
77. Dai X, Gong H, Wang Y, et al. Gender differences in brain regional
homogeneity of healthy subjects after normal sleep and after sleep
deprivation: a resting-state fMRI study. Sleep Med 2012;13:720-7.
78. Jausovec N, Jausovec K. Resting brain activity: differences between genders. Neuropsychologia 2010;48:3918-25.
79. Zappasodi F, Pasqualetti P, Tombini M. Hand cortical representation at rest and during activation: gender and age effects in the
two hemispheres. Clin Neurophysiol 2006;117:1518-28.
80. Jausovec N. Personality, gender and brain oscillations. Int J
Psychophysiol 2007;66:215-24.
81. Nikulin VV, Brismar T. Long-range temporal correlations in electroencephalographic oscillations: relation to topography, frequency
band, age and gender. Neuroscience 2005;130:549-58.
82. Pincus S. Approximate entropy (ApEn) as a complexity measure.
Chaos 1995;5:110-7.
83. Raz A, Lieber B, Soliman F, et al. Ecological nuances in functional
magnetic resonance imaging (fMRI): psychological stressors, posture, and hydrostatics. Neuroimage 2005;25:1-7.
84. Muehlhan M, Lueken U, Wittchen H-U, et al. The scanner as a
stressor: evidence from subjective and neuroendocrine stress parameters in the time course of a functional magnetic resonance imaging session. Int J Psychophysiol 2011;79:118-26.
85. Eryilmaz H, Van De Ville D, Schwartz S, et al. Impact of transient
emotions on functional connectivity during subsequent resting
state: a wavelet correlation approach. Neuroimage 2011;54:2481-91.
86. Lund HG, Reider BD, Whiting AB, et al. Sleep patterns and predictors of disturbed sleep in a large population of college students.
J Adolesc Health 2010;46:124-32.
87. Boly M, Phillips C, Tshibanda L, et al. Intrinsic brain activity in altered states of consciousness: How conscious is the default mode
of brain function? Ann N Y Acad Sci 2008;1129:119-29.
88. Sämann PG, Wehrle R, Hoehn D, et al. Development of the brain’s
default mode network from wakefulness to slow wave sleep. Cereb
Cortex 2011;21:2082-93.
89. McCarley RW. Neurobiology of REM and NREM sleep. Sleep Med
2007;8:302-30.
90. Sämann PG, Tully C, Spoormaker VI, et al. Increased sleep pressure reduces resting state functional connectivity. MAGMA 2010;
23:375-89.
91. De Havas JA, Parimal S, Soon CS, et al. Sleep deprivation reduces
default mode network connectivity and anti-correlation during
rest and task performance. Neuroimage 2012;59:1745-51.
92. Kakeda S, Korogi Y, Moriya J, et al. Influence of work shift on glutamic acid and gamma-aminobutyric acid (GABA): evaluation
with proton magnetic resonance spectroscopy at 3T. Psychiatry Res
2011;192:55-9.

93. Bes F, Jobert M, Schulz H. Modeling napping, post-lunch dip, and
other variations in human sleep propensity. Sleep 2009;32:392-8.
94. Costes N, Dagher A, Larcher K, et al. Motion correction of multiframe PET data in neuroreceptor mapping: simulation based validation. Neuroimage 2009;47:1496-505.
95. Jenkinson M, Bannister P, Brady M. Improved optimization for the
robust and accurate linear registration and motion correction of
brain images. Neuroimage 2002;17:825-41.
96. Van Dijk KR, Sabuncu MR, Buckner RL. The influence of head motion
on intrinsic functional connectivity MRI. Neuroimage 2012;59:431-8.
97. Sepulcre J, Liu H, Talukdar T, et al. The organization of local and
distant functional connectivity in the human brain. PLOS Comput
Biol 2010;6:e1000808.
98. Satterthwaite TD, Wolf DH, Loughead J, et al. Impact of in-scanner
head motion on multiple measures of functional connectivity: relevance for studies of neurodevelopment in youth. Neuroimage
2012;60:623-32.
99. Power JD, Barnes KA, Snyder AZ, et al. Spurious but systematic
correlations in functional connectivity MRI networks arise from
subject motion. Neuroimage 2012;59:2142-54.
100. Yoo SS, Choi B, Juh R, et al. Head motion analysis during cognitive fMRI examination: application in patients with schizophrenia.
Neurosci Res 2005;53:84-90.
101. Jansen M, White T, Mullinger K, et al. Motion-related artefacts in
EEG predict neuronally plausible patterns of activation in fMRI
data. Neuroimage 2012;59:261-70.
102. Liu T, Liau J. Caffeine increases the linearity of the visual BOLD
response. Neuroimage 2010;49:2311-7.
103. Griffeth V, Perthen J, Buxton R. Prospects for quantitative fMRI:
investigating the effects of caffeine on baseline oxygen metabolism
and the response to a visual stimulus in humans. Neuroimage 2012;
57:809-16.
104. Liu TT, Behzadi Y, Restom K, et al. Caffeine alters the temporal
dynamics of the visual BOLD response. Neuroimage 2004;23:1402-13.
105. Rack-Gomer AL, Liu TT. Caffeine increases the temporal variability
of resting-state BOLD connectivity in the motor cortex. Neuroimage
2012;59:2994-3002.
106. Dome P, Lazary J, Kalapos MP, et al. Smoking, nicotine and neuropsychiatric disorders. Neurosci Biobehav Rev 2010;34:295-342.
107. Levin ED, McClernon FJ, Rezvani AH. Nicotinic effects on cognitive
function: behavioral characterization, pharmacological specification,
and anatomic localization. Psychopharmacology (Berl) 2006;184:523-39.
108. Hahn B, Ross TJ, Yang Y, et al. Nicotine enhances visuospatial attention by deactivating areas of the resting brain default network.
J Neurosci 2007;27:3477-89.
109. Kumari V, Gray JA, Mitterschiffthaler MT, et al. Cognitive effects
of nicotine in humans: an fMRI study. Neuroimage 2003;19:1002-13.
110. Tanabe J, Nyberg E, Martin L, et al. Nicotine effects on default
mode network during resting state. Psychopharmacology (Berl) 2011;
216:287-95.
111. Hong LE, Gu H, Yang Y, et al. Association of nicotine addiction
and nicotine’s actions with separate cingulate cortex functional circuits. Arch Gen Psychiatry 2009;66:431-41.
112. Fisher DJ, Daniels R, Jaworska N, et al. Effects of acute nicotine administration on resting EEG in nonsmokers. Exp Clin Psychopharmacol
2012;20:71-5.
113. Brody AL, Mandelkern MA, Olmstead RE, et al. Neural substrates
of resisting craving during cigarette cue exposure. Biol Psychiatry
2007;62:642-51.
114. Hartwell KJ, Johnson KA, Li X, et al. Neural correlates of craving
and resisting craving for tobacco in nicotine dependent smokers.
Addict Biol 2011;16:654-66.
115. Knott VJ, Naccache L, Cyr E, et al. Craving-induced EEG reactivity
in smokers: effects of mood induction, nicotine dependence and
gender. Neuropsychobiology 2008;58:187-99.
116. Wang Z, Faith M, Patterson F, et al. Neural substrates of abstinenceinduced cigarette cravings in chronic smokers. J Neurosci 2007;27:
14035-40.

J Psychiatry Neurosci 2013;38(2)

95

Duncan and Northoff

117. Domino EF, Minoshima S, Guthrie S, et al. Effects of nicotine on regional cerebral
glucose metabolism in awake resting tobacco smokers. Neuroscience 2000;101:277-82.
118. Stapleton JM, Gilson S, Wong D. Intravenous nicotine reduces cerebral glucose metabolism: a preliminary study. Neuropsychopharmacology 2003;28:765-72.
119. Yamashita K, Kobayashi S. Cerebral blood flow and cessation of cigarette smoking in
healthy volunteers. Intern Med 2000;39:891-3.
120. Brody AL. Functional brain imaging of tobacco use and dependence. J Psychiatr Res
2006;40:404-18.
121. Toda N, Toda H. Nitric oxide-mediated blood flow regulation as affected by smoking and nicotine. Eur J Pharmacol 2010;649:1-13.
122. Benowitz NL, Jacob P III, Jones RT, et al. Interindividual variability in the metabolism
and cardiovascular effects of nicotine in man. J Pharmacol Exp Ther 1982;221:368-72.
123. Hughes JR, Higgins ST, Bickel WK. Nicotine withdrawal versus other drug withdrawal syndromes: similarities and dissimilarities. Addiction 1994;89:1461-70.
124. Andreano JM, Cahill L. Menstrual cycle modulation of medial temporal activity
evoked by negative emotion. Neuroimage 2010;53:1286-93.
125. Goldstein JM, Jerram M, Abbs B, et al. Sex differences in stress response circuitry activation dependent on female hormonal cycle. J Neurosci 2010;30:431-8.
126. Alonso-Alonso M, Ziemke F, Magkos F, et al. Brain responses to food images during
the early and late follicular phase of the menstrual cycle in healthy young women: relation to fasting and feeding. Am J Clin Nutr 2011;94:377-84.
127. Frank TC, Kim G, Krzemien A, et al. Effect of menstrual cycle phase on corticolimbic
brain activation by visual food cues. Brain Res 2010;1363:81-92.
128. Epperson CN, Haga K, Mason G, et al. Cortical gamma-aminobutyric acid levels across
the menstrual cycle in healthy women and those with premenstrual dysphoric disorder:
a proton magnetic resonance spectroscopy study. Arch Gen Psychiatry 2002;59:851-8.
129. Harada M, Kubo H, Nose A, et al. Measurement of variation in the human cerebral
GABA level by in vivo MEGA-editing proton MR spectroscopy using a clinical 3 T instrument and its dependence on brain region and the female menstrual cycle. Hum
Brain Mapp 2011;32:828-33.
130. Czoty PW, Riddick N, Gage H, et al. Effect of menstrual cycle phase on dopamine D2
receptor availability in female cynomolgus monkeys. Neuropsychopharmacology
2009;34:548-54.
131. Jacobs E, D’Esposito M. Estrogen shapes dopamine-dependent cognitive processes:
implications for women’s health. J Neurosci 2011;31:5286-93.
132. Ouchi Y, Okada H, Yoshikawa E, et al. Absolute changes in regional cerebral blood
flow in association with upright posture in humans: an orthostatic PET study. J Nucl
Med 2001;42:707-12.
133. Ouchi Y, Okada H, Yoshikawa E, et al. Brain activation during maintenance of standing postures in humans. Brain 1999;122:329-38.
134. Harmon-Jones E, Peterson CK. Supine body position reduces neural response to
anger evocation. Psychol Sci 2009;20:1209-10.
135. Matsubayashi K, Okumiya K, Wada T, et al. Postural dysregulation in systolic blood
pressure is associated with worsened scoring on neurobehavioral function tests and
leukoaraiosis in the older elderly living in a community. Stroke 1997;28:2169-73.
136. Perlmuter LC, Greenberg JJ. Do you mind standing? Cognitive changes in orthostasis. Exp Aging Res 1996;22:325-41.
137. Ouchi Y, Yoshikawa E, Kanno T, et al. Orthostatic posture affects brain hemodynamics and metabolism in cerebrovascular disease patients with and without coronary
artery disease: a positron emission tomography study. Neuroimage 2005;24:70-81.
138. Poldrack RA. The future of fMRI in cognitive neuroscience. Neuroimage 2011 Aug. 11.
[Epub ahead of print]
139. Van Horn JD, Poldrack RA. Functional MRI at the crossroads. Int J Psychophysiol
2009;73:3-9.
140. Zhang H, Duan L, Zhang Y-J, et al. Test-retest assessment of independent component
analysis-derived resting-state functional connectivity based on functional near-infrared
spectroscopy. Neuroimage 2011;55:607-15.
141. Zuo X-N, Kelly C, Adelstein JS, et al. Reliable intrinsic connectivity networks: testretest evaluation using ICA and dual regression approach. Neuroimage 2010;49:2163-77.
142. Gopinath K, Ringe W, Goyal A, et al. Striatal functional connectivity networks are modulated by fMRI resting state conditions. Neuroimage 2011;54:380-8.
143. Esposito F, Bertolino A, Scarabino T, et al. Independent component model of the
default-mode brain function: assessing the impact of active thinking. Brain Res Bull
2006;70:263-9.

96

