










works are present after normalization but not before. While
this result does not itself mean that all forms of negative
correlation are artifacts of processing procedures, it does
indicate that whole-brain signal regression can induce shifts
in the sign of correlations that should be carefully consid-
ered before they are functionally interpreted.

Fourth, seed-based methods and ICA yield similar results,
indicating that these complementary methods extract common
signals (see also Beckmann et al. 2005; Long et al. 2008). Of
relevance, the properties and recommendations for optimiza-
tion will likely generalize to both forms of functional connec-
tivity data analysis.

FIG. 9. Functional connectivity networks are reliable across data sessions and between individual subjects. Reliability of functional connectivity maps for pC
is depicted in the overlap image for 8 runs per subject (A) and 1 run per subject (B). Data are the same as Fig. 7. Variability of pC seed correlation maps across
participants is depicted in the overlap image in the far right of both A and B. Maps of individual subjects were thresholded at z(r) �0.25. Note that the map
estimate and reliability improve with data averaging but also that a single functional run of �5 min is sufficient to produce results that are reliable across sessions
and reproducible between subjects.
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Fifth, functional connectivity strength and the topography of
correlation maps are reliable across subjects and sessions and
are replicable across independent subject groups. Our reliabil-
ity estimates fell within the moderate range. Thus fcMRI
measures may be appropriate phenotypes for exploring indi-
vidual and group differences. Nonetheless, power calculations
should be careful to consider that reliability estimates fell in the
moderate range for relatively strong network correlations;
reliability estimates will be less for weaker correlations.

Sixth, functional connectivity strength can be estimated
rapidly and, with the functional resolution explored here,
depends minimally on temporal and spatial resolution. Specif-
ically, estimates of the connectivity strength of commonly
studied networks (i.e., the default network and the dorsal
attention system) benefited minimally by extending the data
acquisition beyond 6 min. Thus while increasing acquisition
time does reduce noise, the signal strength of fcMRI is suffi-
cient to allow efficient, brief whole-brain imaging protocols.

Seventh, many forms of task condition yield highly robust
fcMRI estimates including rest and continuous task conditions.
Nonetheless, functional connectivity strength is influenced by

task such that fixation and eyes open rest yielded stronger
correlations in the networks examined than eyes closed rest or
a continuous semantic classification task. The surprising find-
ing that simply opening one’s eyes, even with unconstrained
eye movements, is sufficient to return the power and stability
of the fcMRI estimates to a level comparable to fixation
presents a practical option for studies where stimulus display is
not available.

Preprocessing, physiological noise, and anticorrelations

Correlations within the default network and the dorsal at-
tention system were readily observed with only minimal pre-
processing steps and remained after full preprocessing. Prepro-
cessing confers noticeable benefits to fcMRI data analysis.
Spurious correlations between reference regions from the vi-
sual, auditory, and motor corticies were present before prepro-
cessing but approached zero after preprocessing. Thus appro-
priate preprocessing appears to reduce nonspecific correlations
while leaving true correlations intact.

A specific concern regarding the validity of fcMRI measures
is the potential for confounding influences of physiological

FIG. 10. Functional connectivity networks are reliable across independent subject groups. Functional connectivity maps for motor, visual, default, and
attention networks were highly similar across 4 independent datasets. Far right: overlap across different datasets; voxels common across all 4 groups are colored
yellow. Each dataset combines 12 participants from dataset 1. Seed regions were the same as given in Fig. 2.
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noise, in particular slow fluctuations associated with respira-
tion (Birn et al. 2006, 2008b). We found that variations in
respiration had a significant effect on the BOLD signal when
minimal preprocessing was applied but that typical preprocess-
ing steps effectively minimized the influence of respiration on
network correlations. Specifically, after preprocessing, corre-
lation maps of the default network were almost identical before
and after additional removal of variations in respiration (Fig.
4). This result parallels findings from Birn and colleagues
(2006), who showed that default network maps were qualita-
tively similar before and after removal of variations in respi-
ration (compare their Fig. 7, C and D).

Moreover, it was recently shown that sophisticated statistical
correction of both respiratory and heart rate variation resulted
in only minor changes in correlations among default network
regions (z(r) from 0.57 to 0.53) (Van Buuren et al. 2009).
Others have shown that in addition to removal of noise, phys-
iological correction can increase signal correlations (Chang
and Glover 2009b). Measurement of physiological noise pro-
vides a unique opportunity for those who are interested in the
effect of respiration and/or heart rate on the BOLD signal and
allows the direct removal of physiological signal variation.
However, from a practical perspective, typical preprocessing
that removes signals associated with nonspecific signal

sources, such as whole-brain, ventricle, and white matter re-
gression, appears sufficient to minimize confounding influ-
ences of physiological noise.

Another controversial issue surrounds the interpretation of
negative correlations (anticorrelations) in fcMRI data that have
been processed using whole-brain signal normalization. Whole-
brain signal normalization shifts the correlation distribution to
have a mean near zero, thereby either producing negative
correlations (even if no such correlations are initially present in
the data) or artificially magnifying true negative correlations
(e.g., see Chang and Glover et al. 2009b; Fox et al. 2009;
Murphy et al. 2009; Vincent et al. 2006; for discussion). Our
results are consistent with the observation that robust anticor-
relations are present following regression of the whole-brain
signal but not before and therefore that such negative correla-
tions do not unambiguously imply that brain systems are in
functional competition with one another (Fox et al. 2005;
Fransson 2005). Thus the present results reinforce the notion
that negative correlations after whole-brain signal regression
should be interpreted with the utmost caution (Murphy et al.
2009; Weissenbacher et al. 2009). Future studies that use
alternatives to whole-brain signal regression (see e.g., Chang
and Glover 2009b; Fox et al. 2009) or other approaches to
measure large-scale neuronal interactions (such as available in
humans with surgically implanted subdural electrodes or ani-
mal models) may provide converging evidence on the question
of whether negative correlations warrant neurophysiological
interpretation.

Practical considerations for the robust application of fcMRI

The combined results offer a number of practical recommen-
dations for the application of fcMRI.

LENGTH OF ACQUISITION. A promising property of fcMRI data
is that individual-subject and group-level functional connec-
tivity strengths can be estimated with rapid data acquisitions.
As noted in the preceding text, estimates of correlation
strengths stabilize by 5–6 min of data acquisition for well-
studied brain systems. Figures 7–9 illustrate that individual-
subject maps are stable with 5-min data acquisitions. Increas-

FIG. 12. Functional connectivity strength is similar for early, middle, and
late positions within a run. Functional connectivity strength within and be-
tween default, attention, and reference networks are depicted for rest data of 4
min each from the early, middle, and late periods of a 12-min run. Position
within a run has minimal effect. Error bars represent SE.

FIG. 11. Functional connectivity networks can be assessed using brief
acquisition times. Functional connectivity analysis was performed for incre-
mental durations of scan times ranging from 2 to 12 min for 6 subjects.
A: correlation strengths within and between default, attention, and reference
networks. Estimates of correlation strengths stabilize rapidly. B: noise, defined
as spurious correlations in selected regions (the inserted image depicts the
mask of these regions), decreases with increasing acquisition time. C: the mean
within-subject significance probability is plotted for each network to show the
ability to detect significant correlations. P values are estimated using a model
that computes effective degrees of freedom taking into account the temporal
correlation of the time series (see text). Error bars represent SE.
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ing the data-acquisition duration from one 5-min run to eight
runs has only a marginal effect on reliability (Fig. 7). The
upshot of these analyses is that studies involving only a single
functional run are both feasible and efficient. Thus for situa-
tions where data loss is not expected, we suggest that for many
purposes, a single fcMRI run is sufficient. There is one caveat
to this recommendation. Noise decreased as a square root of
the run length and statistical significance of correlations in
individual subjects increased with increasing run length, indi-
cating that longer duration acquisitions will yield more power
for detecting smaller correlations and provide more precise
estimates of the size of correlations. However, one can expect
a substantial diminishing return with increasing run length or
run numbers: a doubling of power will require a quadrupling of
scan time.

BREAKS BETWEEN SCANS. Given that longer acquisition times
may sometimes be desirable, we showed that two concatenated
runs of 6 min provided virtually identical results when com-
pared with a continuous run of 12 min. This result indicates
that breaks between multiple, relatively short scans (e.g., 5
min) may be provided to participants, allowing greater feasi-
bility for obtaining data in potentially difficult populations
(e.g., children, older adults, patients). We did not find any
benefit of using a continuous approach to data acquisition (see
also Fair et al. 2007b for concatenation of even shorter duration
epochs).

TASK DURING ACQUISITION. Our results indicate that a constant
task (in this case, semantic classification) and resting with eyes
closed result in less robust estimates of functional connectivity
within the systems examined here. It remains possible that
other systems will respond differently to other task settings.
However, for applications requiring a robust estimate of the
major large-scale brain systems identified to date, having
participants simply rest with their eyes open is sufficient to
acquire robust data without any additional equipment setup
(see also C. Yan et al. 2009). Fully instructing participants on
the importance of keeping their eyes open and monitoring
compliance between scans are strongly recommended. Holding
all factors equal, visual fixation is preferable because eye
movements are better controlled; however, we could not detect
a difference between eyes open with free viewing and fixation.

ROBUSTNESS TO REPETITION TIME AND SPATIAL RESOLUTION. We
did not find substantial effects of varying temporal resolution
between 2.5 and 5 s or spatial resolution between 2 and 3 mm.
Researchers are therefore recommended to optimize these and
other acquisition parameters for their scanner model and for
study-specific purposes. In theory, poor temporal resolution
will make it more difficult to appropriately estimate the low-
frequency fluctuations that form the basis for fcMRI analysis
and, in particular, removal of confounding signals (e.g., respi-
ration). However, we could not detect a noticeable difference
between 2.5- and 5.0-s repetition times. This is unlike event-

FIG. 13. Functional connectivity strength depends minimally on run structure, temporal resolution, and spatial resolution. Functional connectivity strengths are shown within
and between default, attention, and reference networks for differences in the run structure (either 1 12-min run, or 2 6-min runs), temporal resolution (2.5 or 5.0 s TR), or spatial
resolution (2 or 3 mm isotropic voxels). Comparisons between conditions did not reveal any statistically significant differences. Because higher temporal resolution required
sampling only a portion of the brain (Dataset 3c), estimates of correlation strength among attention network regions were not available for temporal- and spatial resolution
comparisons (see text).

FIG. 14. Functional connectivity strength is
influenced by task. Functional connectivity
strengths are shown within default, attention, and
reference networks while subject performed dif-
ferent tasks during data acquisition. Functional
connectivity strength was significantly dimin-
ished for eyes closed rest (ECR) when compared
with the fixation (fix) condition (see text). Having
the subjects open their eyes (eyes open rest, EOR)
mitigated this effect. Having the participants en-
gage a continuous self-paced classification task
(class) resulted in the weakest correlations. Thus
having the subject rest with their eyes open or
fixating generates the strongest correlations in the
networks explored here. Error bars represent SE.
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related fMRI procedures that are sensitive to repetition time
changes in this time window (e.g., Miezin et al. 2000). There
are two practical consequences of this observation. First,
smaller voxel sizes can be used in whole-brain acquisition
protocols to increase signal to noise (Triantafyllou et al. 2006)
and reduce susceptibility artifacts. Smaller voxel sizes (e.g., 2
and 1 mm) are typically prohibitive for whole-brain imaging
because of the necessarily long acquisition time to acquire each
whole-brain volume. fcMRI is more robust to TR length than
prior event-related fMRI techniques. Long TRs should there-
fore be considered as options (e.g., 3–5 s). Second, true
whole-brain coverage including the full cerebellum can be
readily obtained as many slices can be acquired with minimal
loss of statistical power.

Relevance to human connectomics

As outlined in the INTRODUCTION, the field is entering a new
era of exploration into human brain connectivity. The ultimate
goal is to measure the complete connectional architecture of
the human brain, referred to as the “connectome” (Sporns et al.
2005; see also Kasthuri and Lichtman 2007). A major reason
for the surge in interest is the development of fcMRI and
diffusion-based methods that hold promise for efficient and
comprehensive analysis of the connectional architecture of the
human brain.

There are three points to consider with regard to the potential
role of fcMRI in these future efforts. First, fcMRI has strengths
and limitations that are complementary to diffusion-based
techniques. While fcMRI is highly sensitive, it is not specific to
monosynaptic connections and is influenced by task states.
This means fcMRI is primarily useful for identifying distinct
connectivity patterns and differentiating large-scale circuits; it
likely has limited utility for examining within-circuit details of
connectivity and resolving monosynaptic connections. In con-
trast, diffusion-based methods that rely on HARDI techniques,
such as DSI and Q-Ball methods, can contribute to resolving
the details of anatomic connections but are unable to track
pathways especially when they follow polysynaptic circuits
through small structures such as the thalamus. In a detailed
analysis of the statistical properties of fcMRI as contrasted
with DSI tractography, Honey et al. (2009) concluded that
fcMRI was more pervasive than structural connectivity, but
that its spatial statistics are nonetheless constrained by the
large-scale properties of anatomical connections. Based on
these observations, fcMRI can be expected to be most useful as
a tool to survey the broad topography of brain systems and
global properties of brain architecture. Diffusion-based meth-
ods, in contrast, provide tools to more specifically unravel the
details of anatomic projections.

Two recent papers that focus on cerebro-cerebellar circuitry
provide a good illustration of the complementary strengths of
fcMRI and diffusion-based methods. Granziera et al. (2009)
used DSI to examine the detailed cerebellar pathways includ-
ing the connections between the cerebellar cortex and the
inferior olivary nucleus, the cerebellar cortex and the dentate
nucleus, the deep cerebellar nuclei and the cerebellar pe-
duncles, and the crossing intersections between the superior
and inferior cerebellar peduncles. Each pathway was individ-
ually estimated by placing seeds in an initiating and target
region. Many (but not all) of the expected cerebellar connec-

tions could be detected. The reconstructions were also able to
visualize the tracts themselves including their complex 3D
geometry. However, they were unable to follow the pathways
across multiple synapses and map the full extent of the cerebro-
cerebellar pathways themselves. That is, it was not possible to
examine where a specific cerebellar region projects to in the
cerebral cortex. If the networks were not known in advance, it
would be difficult to determine their large-scale architecture
from the DSI data alone. In contrast, Krienen and Buckner
(2009), as discussed in the INTRODUCTION, applied fcMRI to
estimate the distinct polysynaptic pathways that connect re-
gions of the cerebellum to the neocortex (see also Habas et al.
2009; O’Reilly et al. 2009). Their fcMRI analysis was readily
able to map and dissociate multiple projection zones of the
cerebellum to the cerebral cortex (Fig. 15). However, the
fcMRI analysis was unable to visualize the individuated stages
of the pathways or resolve the details of the monosynaptic
connections.

The analysis of Honey et al. (2009) and the contrasting discov-
eries made in the human cerebellum by DSI (Granziera et al.
2009) and fcMRI (Habas et al. 2009; Krienen and Buckner 2009;
O’Reilly et al. 2009) illustrate that human connectomics will
likely advance most rapidly by combining the complementary
strengths of the two approaches. For this reason, it will be impor-
tant to develop analytical methods and acquisition procedures that
can align and maximize the mutual information provided by

FIG. 15. Functional connectivity reveals segregated fronto-cerebellar circuits.
Two distinct cerebro-cerebellar circuits are mapped using right- and left seed
regions (top) to illustrate the application of fcMRI and its sensitivity to detect
anatomic circuitry. The cerebellar maps (bottom) display the functional connec-
tivity differences between the lateralized seed regions. The maps reveal the
contralateral projections of the cerebral cortex to the cerebellum and show segre-
gated projections for motor (left) and prefrontal (right) circuits. The ability of
fcMRI to map segregated, contralateral cereballar projections from the cerebral
cortex demonstrates that fcMRI is constrained by anatomy and also that functional
correlations reflect polysynaptic connectivity. Adapted from Krienen and Buckner
(2009).
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diffusion-based and functional connectivity approaches (see Jb-
abdi et al. 2007 for relevant discussion).

The second point to consider about the role of fcMRI in
human connectomics is that it will likely be limited. Neural
circuits will ultimately be understood at the level of individual
neuronal connections and the complex architecture of dendritic
arbors. Mouse models have recently been developed that en-
able visualization of the details of local connectional architec-
ture in small regions of the brain using genetically engineered
fluorescence (Livet et al. 2007; see also Lichtman et al. 2008
for review). Electron microscopy approaches to serial recon-
structions of neural tissue also show promise for tracking large
numbers of individual axons (Briggman and Dank 2006; Hay-
worth et al. 2006).

Human fcMRI and diffusion-based methods will almost
certainly be unable to approach the level of resolution required
to track individual neuronal connections. For this reason, some
have made a distinction between “connectomics” as the study
of the individual neuronal connections and “projectomics” that
examines the more global properties of areal projections (Kas-
thuri and Lichtman 2007). Within this distinction, fcMRI will
likely play a role in elucidating the projectome but not in
exploring the details of the connectome. A future direction will
be to use animal models that are amenable to detailed analysis
based on confocal and electron microscopy techniques as well
as functional connectivity analysis via MRI to serve as bridges
that can link the two levels of description. Also on the horizon
is the possibility of using electron microscopic approaches on
human tissue although significant advances will be required for
sample and data handling.

The final point to consider about the use of fcMRI in
connectomics arises from its efficiency. As the present studies
demonstrate, acquisition times of as little as 5 or 6 min are
sufficient to estimate global connectional properties of an
individual person’s brain. That is both surprising and remark-
able. The efficiency of fcMRI may be a unique asset for the
emerging field of brain genomics that seeks to understand the
genetic determinants of brain structure and function. Until
recently, structural MRI was the main source of information
available about individual brain differences that could be
linked to genetics, at least insofar as large sample sizes are
required for genome-wide association studies and to explore
interactions across multiple genetic variations. The efficiency
of fcMRI, its reliability, and its robustness against small
variations in acquisition parameters position it as a powerful
tool for exploring genetic influences on brain architecture. We
expect that datasets of thousands or even tens of thousands of
subjects will become available over the next five years.

Conclusions

fcMRI detects correlations that are constrained by polysynaptic
connectional anatomy and thus can be used to provide insight into
the connectional architecture of the human brain. However, func-
tional connectivity patterns are also affected by task states and
fcMRI cannot resolve the direction of anatomic projections. fc-
MRI is particularly useful for characterizing large-scale brain
systems that span distributed areas and has complementary
strengths when contrasted with diffusion-based imaging tech-
niques. Our empirical results suggest that, when common prepro-
cessing procedures are applied, the measured correlation strengths

and the topography of correlation maps of well-known functional
systems are reliable across subjects and sessions. Typical prepro-
cessing procedures (including whole-brain signal regression) min-
imize physiological effects of respiration. In addition, fcMRI is
minimally affected by differences in many acquisition parameters
and can yield sufficient data for analysis in �6 min. The brevity
and robustness of the method positions fcMRI as a useful tool for
large-scale normative studies and studies of individual variation,
including those exploring genetic influences on brain architecture.
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