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Resting-State Networks

• Spatial patterns of correlated temporal dynamics, resembling 
activation maps 

• can be found in FMRI data (BOLD & ASL) obtained under 
stimulation and in resting data

• often described as having low frequency power spectra 
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Correlations in spontaneous temporal fluctuations

• Biswal  MRM 1995

Activation maps from a
 finger tapping experiment

Correlation maps from a
 resting state experiment

540 Biswal et al. 

FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GFIASS anatomic image. (Right) 

Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow 

is negative. 

Fig. 3b are negative rather than positive correlations. 

Details of this observation are not understood. Negative 

correlations are occasionally encountered in task-in- 

duced FMRI at the outer boundary of the brain because of 

head motion. No negative correlations of this type were 

observed in the present study from resting brain. 

Several observations can be made concerning Fig. 3. 

Table 1 shows that ii,,ln, is 65% for Subject 1, but areas 

of the colorized regions of right and left motor cortex 

(labeled a, b) are about the same in both Figs. 3a and 3b. 

This apparent discrepancy is because 5 or 6 pixels in 

region a of Fig. 3b lay outside the right motor cortex 

boundary as determined by FMRI (i.e., region a of Fig. 

3a), but were contiguous to it. There are no “holes” 

surrounded by colorized pixels in either the left or right 

motor cortex. A few pixels are seen in both images on 

midline in region c that can be assigned to Broadman’s 

area 6. This region, which is more pronounced in Fig. 3a 

than in Fig. 3b, can probably be assigned to the supple- 

mentary motor area (SMA) (11). Pixels posterior to region 

c, labeled d, were identified as belonging to the paracen- 

tral lobule. Region d may be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure. 

The activated area in Fig. 3b labeled e, which is also seen 

occasionally in motor-task FMRI data (13) although not 

in this case in Fig. 3a, may represent the premotor area. 

Many of the colorized pixels that were not coincident 

with the motor cortex areas as defined by FMRI seem 

nevertheless to be a manifestation of functional connec- 

tivity. 

CONCLUSION 

Similar fluctuations giving rise to functional connec- 

tivity have been observed by us in the auditory and 
visual cortex. We believe that the functional connectivi- 

ties demonstrated in the motor cortex are a general phe- 

nomena and not due to “imagined” motor tasks. Previous 

studies on imagined motor tasks (11, 13) reported activa- 
tion in the SMA but not in the primary motor cortex, in 
contrast to our results. Further, imagined activation 

would be expected to be random for each subject as well 

as between subjects. 
Bandettini et al. (10) discuss three methods for obtain- 

ing the reference vector in order to determine the corre- 

lation coefficient and cross correlation magnitude: a) use 

of a simple box-car waveform shifted by the hemody- 
namic response, as in the present study, b) use of the 
experimental time course in a selected activated pixel, 

and c) development of a time-averaged response vector. 
An immediate concern arises about the use of methods b) 

and c) because of the existence of correlation within and 
between functionally related regions during rest. The 

correlation coefficient cc can be written 

where a, is the reference vector and ufis the experimen- 
tal vector including response that is time locked to the 

task as well as physiological fluctuations and system 
noise. If physiological fluctuations contribute not only to 
up but also to a, as in method b) and c), and if these 



Spontaneous correlations = functional connectivity?
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FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GFIASS anatomic image. (Right) 

Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow 

is negative. 

Fig. 3b are negative rather than positive correlations. 

Details of this observation are not understood. Negative 

correlations are occasionally encountered in task-in- 

duced FMRI at the outer boundary of the brain because of 

head motion. No negative correlations of this type were 

observed in the present study from resting brain. 

Several observations can be made concerning Fig. 3. 

Table 1 shows that ii,,ln, is 65% for Subject 1, but areas 

of the colorized regions of right and left motor cortex 

(labeled a, b) are about the same in both Figs. 3a and 3b. 

This apparent discrepancy is because 5 or 6 pixels in 

region a of Fig. 3b lay outside the right motor cortex 

boundary as determined by FMRI (i.e., region a of Fig. 

3a), but were contiguous to it. There are no “holes” 

surrounded by colorized pixels in either the left or right 

motor cortex. A few pixels are seen in both images on 

midline in region c that can be assigned to Broadman’s 

area 6. This region, which is more pronounced in Fig. 3a 

than in Fig. 3b, can probably be assigned to the supple- 

mentary motor area (SMA) (11). Pixels posterior to region 

c, labeled d, were identified as belonging to the paracen- 

tral lobule. Region d may be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure. 

The activated area in Fig. 3b labeled e, which is also seen 

occasionally in motor-task FMRI data (13) although not 

in this case in Fig. 3a, may represent the premotor area. 

Many of the colorized pixels that were not coincident 

with the motor cortex areas as defined by FMRI seem 

nevertheless to be a manifestation of functional connec- 

tivity. 

CONCLUSION 

Similar fluctuations giving rise to functional connec- 

tivity have been observed by us in the auditory and 
visual cortex. We believe that the functional connectivi- 

ties demonstrated in the motor cortex are a general phe- 

nomena and not due to “imagined” motor tasks. Previous 

studies on imagined motor tasks (11, 13) reported activa- 
tion in the SMA but not in the primary motor cortex, in 
contrast to our results. Further, imagined activation 

would be expected to be random for each subject as well 

as between subjects. 
Bandettini et al. (10) discuss three methods for obtain- 

ing the reference vector in order to determine the corre- 

lation coefficient and cross correlation magnitude: a) use 

of a simple box-car waveform shifted by the hemody- 
namic response, as in the present study, b) use of the 
experimental time course in a selected activated pixel, 

and c) development of a time-averaged response vector. 
An immediate concern arises about the use of methods b) 

and c) because of the existence of correlation within and 
between functionally related regions during rest. The 

correlation coefficient cc can be written 

where a, is the reference vector and ufis the experimen- 
tal vector including response that is time locked to the 

task as well as physiological fluctuations and system 
noise. If physiological fluctuations contribute not only to 
up but also to a, as in method b) and c), and if these 

• Two areas correlate because they are functionally linked
• Not surprising that this is seen in “resting” data



Spontaneous correlations = functional connectivity?

• Friston  HBM 1994
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FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GFIASS anatomic image. (Right) 

Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow 

is negative. 

Fig. 3b are negative rather than positive correlations. 

Details of this observation are not understood. Negative 

correlations are occasionally encountered in task-in- 

duced FMRI at the outer boundary of the brain because of 

head motion. No negative correlations of this type were 

observed in the present study from resting brain. 

Several observations can be made concerning Fig. 3. 

Table 1 shows that ii,,ln, is 65% for Subject 1, but areas 

of the colorized regions of right and left motor cortex 

(labeled a, b) are about the same in both Figs. 3a and 3b. 

This apparent discrepancy is because 5 or 6 pixels in 

region a of Fig. 3b lay outside the right motor cortex 

boundary as determined by FMRI (i.e., region a of Fig. 

3a), but were contiguous to it. There are no “holes” 

surrounded by colorized pixels in either the left or right 

motor cortex. A few pixels are seen in both images on 

midline in region c that can be assigned to Broadman’s 

area 6. This region, which is more pronounced in Fig. 3a 

than in Fig. 3b, can probably be assigned to the supple- 

mentary motor area (SMA) (11). Pixels posterior to region 

c, labeled d, were identified as belonging to the paracen- 

tral lobule. Region d may be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure. 

The activated area in Fig. 3b labeled e, which is also seen 

occasionally in motor-task FMRI data (13) although not 

in this case in Fig. 3a, may represent the premotor area. 

Many of the colorized pixels that were not coincident 

with the motor cortex areas as defined by FMRI seem 

nevertheless to be a manifestation of functional connec- 

tivity. 

CONCLUSION 

Similar fluctuations giving rise to functional connec- 

tivity have been observed by us in the auditory and 
visual cortex. We believe that the functional connectivi- 

ties demonstrated in the motor cortex are a general phe- 

nomena and not due to “imagined” motor tasks. Previous 

studies on imagined motor tasks (11, 13) reported activa- 
tion in the SMA but not in the primary motor cortex, in 
contrast to our results. Further, imagined activation 

would be expected to be random for each subject as well 

as between subjects. 
Bandettini et al. (10) discuss three methods for obtain- 

ing the reference vector in order to determine the corre- 

lation coefficient and cross correlation magnitude: a) use 

of a simple box-car waveform shifted by the hemody- 
namic response, as in the present study, b) use of the 
experimental time course in a selected activated pixel, 

and c) development of a time-averaged response vector. 
An immediate concern arises about the use of methods b) 

and c) because of the existence of correlation within and 
between functionally related regions during rest. The 

correlation coefficient cc can be written 

where a, is the reference vector and ufis the experimen- 
tal vector including response that is time locked to the 

task as well as physiological fluctuations and system 
noise. If physiological fluctuations contribute not only to 
up but also to a, as in method b) and c), and if these 

• Two areas correlate because they are functionally linked
• Not surprising that this is seen in “resting” data

• “functional connectivity”  =  correlation
                                         =  direct or indirect connection

• “effective connectivity”    =  direct/causal connection



Spontaneous correlations = functional connectivity?

• Two areas correlate because they are functionally linked
• Not surprising that this is seen in “resting” data

• “functional connectivity”  =  correlation
                                         =  direct or indirect connection

• easy to estimate, less meaningful

• “effective connectivity”    =  direct/causal connection
• more meaningful, harder to estimate
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FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GFIASS anatomic image. (Right) 

Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow 

is negative. 

Fig. 3b are negative rather than positive correlations. 

Details of this observation are not understood. Negative 

correlations are occasionally encountered in task-in- 

duced FMRI at the outer boundary of the brain because of 

head motion. No negative correlations of this type were 

observed in the present study from resting brain. 

Several observations can be made concerning Fig. 3. 

Table 1 shows that ii,,ln, is 65% for Subject 1, but areas 

of the colorized regions of right and left motor cortex 

(labeled a, b) are about the same in both Figs. 3a and 3b. 

This apparent discrepancy is because 5 or 6 pixels in 

region a of Fig. 3b lay outside the right motor cortex 

boundary as determined by FMRI (i.e., region a of Fig. 

3a), but were contiguous to it. There are no “holes” 

surrounded by colorized pixels in either the left or right 

motor cortex. A few pixels are seen in both images on 

midline in region c that can be assigned to Broadman’s 

area 6. This region, which is more pronounced in Fig. 3a 

than in Fig. 3b, can probably be assigned to the supple- 

mentary motor area (SMA) (11). Pixels posterior to region 

c, labeled d, were identified as belonging to the paracen- 

tral lobule. Region d may be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure. 

The activated area in Fig. 3b labeled e, which is also seen 

occasionally in motor-task FMRI data (13) although not 

in this case in Fig. 3a, may represent the premotor area. 

Many of the colorized pixels that were not coincident 

with the motor cortex areas as defined by FMRI seem 

nevertheless to be a manifestation of functional connec- 

tivity. 

CONCLUSION 

Similar fluctuations giving rise to functional connec- 

tivity have been observed by us in the auditory and 
visual cortex. We believe that the functional connectivi- 

ties demonstrated in the motor cortex are a general phe- 

nomena and not due to “imagined” motor tasks. Previous 

studies on imagined motor tasks (11, 13) reported activa- 
tion in the SMA but not in the primary motor cortex, in 
contrast to our results. Further, imagined activation 

would be expected to be random for each subject as well 

as between subjects. 
Bandettini et al. (10) discuss three methods for obtain- 

ing the reference vector in order to determine the corre- 

lation coefficient and cross correlation magnitude: a) use 

of a simple box-car waveform shifted by the hemody- 
namic response, as in the present study, b) use of the 
experimental time course in a selected activated pixel, 

and c) development of a time-averaged response vector. 
An immediate concern arises about the use of methods b) 

and c) because of the existence of correlation within and 
between functionally related regions during rest. The 

correlation coefficient cc can be written 

where a, is the reference vector and ufis the experimen- 
tal vector including response that is time locked to the 

task as well as physiological fluctuations and system 
noise. If physiological fluctuations contribute not only to 
up but also to a, as in method b) and c), and if these 



Popular methods for analysing resting FMRI data

• Seed-based correlation
540 Biswal et al. 

FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GFIASS anatomic image. (Right) 

Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow 

is negative. 

Fig. 3b are negative rather than positive correlations. 

Details of this observation are not understood. Negative 

correlations are occasionally encountered in task-in- 

duced FMRI at the outer boundary of the brain because of 

head motion. No negative correlations of this type were 

observed in the present study from resting brain. 

Several observations can be made concerning Fig. 3. 

Table 1 shows that ii,,ln, is 65% for Subject 1, but areas 

of the colorized regions of right and left motor cortex 

(labeled a, b) are about the same in both Figs. 3a and 3b. 

This apparent discrepancy is because 5 or 6 pixels in 

region a of Fig. 3b lay outside the right motor cortex 

boundary as determined by FMRI (i.e., region a of Fig. 

3a), but were contiguous to it. There are no “holes” 

surrounded by colorized pixels in either the left or right 

motor cortex. A few pixels are seen in both images on 

midline in region c that can be assigned to Broadman’s 

area 6. This region, which is more pronounced in Fig. 3a 

than in Fig. 3b, can probably be assigned to the supple- 

mentary motor area (SMA) (11). Pixels posterior to region 

c, labeled d, were identified as belonging to the paracen- 

tral lobule. Region d may be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure. 

The activated area in Fig. 3b labeled e, which is also seen 

occasionally in motor-task FMRI data (13) although not 

in this case in Fig. 3a, may represent the premotor area. 

Many of the colorized pixels that were not coincident 

with the motor cortex areas as defined by FMRI seem 

nevertheless to be a manifestation of functional connec- 

tivity. 

CONCLUSION 

Similar fluctuations giving rise to functional connec- 

tivity have been observed by us in the auditory and 
visual cortex. We believe that the functional connectivi- 

ties demonstrated in the motor cortex are a general phe- 

nomena and not due to “imagined” motor tasks. Previous 

studies on imagined motor tasks (11, 13) reported activa- 
tion in the SMA but not in the primary motor cortex, in 
contrast to our results. Further, imagined activation 

would be expected to be random for each subject as well 

as between subjects. 
Bandettini et al. (10) discuss three methods for obtain- 

ing the reference vector in order to determine the corre- 

lation coefficient and cross correlation magnitude: a) use 

of a simple box-car waveform shifted by the hemody- 
namic response, as in the present study, b) use of the 
experimental time course in a selected activated pixel, 

and c) development of a time-averaged response vector. 
An immediate concern arises about the use of methods b) 

and c) because of the existence of correlation within and 
between functionally related regions during rest. The 

correlation coefficient cc can be written 

where a, is the reference vector and ufis the experimen- 
tal vector including response that is time locked to the 

task as well as physiological fluctuations and system 
noise. If physiological fluctuations contribute not only to 
up but also to a, as in method b) and c), and if these 
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• review papers
• Calhoun  NeuroImage 2008
• Cole  Frontiers Sys Neur 2010

• ICA(independent component analysis)



• Seed-based correlation

• Different seed locations generate different correlation maps

• Lowe  NeuroImage 1998
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FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GFIASS anatomic image. (Right) 

Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow 

is negative. 

Fig. 3b are negative rather than positive correlations. 

Details of this observation are not understood. Negative 

correlations are occasionally encountered in task-in- 

duced FMRI at the outer boundary of the brain because of 

head motion. No negative correlations of this type were 

observed in the present study from resting brain. 

Several observations can be made concerning Fig. 3. 

Table 1 shows that ii,,ln, is 65% for Subject 1, but areas 

of the colorized regions of right and left motor cortex 

(labeled a, b) are about the same in both Figs. 3a and 3b. 

This apparent discrepancy is because 5 or 6 pixels in 

region a of Fig. 3b lay outside the right motor cortex 

boundary as determined by FMRI (i.e., region a of Fig. 

3a), but were contiguous to it. There are no “holes” 

surrounded by colorized pixels in either the left or right 

motor cortex. A few pixels are seen in both images on 

midline in region c that can be assigned to Broadman’s 

area 6. This region, which is more pronounced in Fig. 3a 

than in Fig. 3b, can probably be assigned to the supple- 

mentary motor area (SMA) (11). Pixels posterior to region 

c, labeled d, were identified as belonging to the paracen- 

tral lobule. Region d may be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure. 

The activated area in Fig. 3b labeled e, which is also seen 

occasionally in motor-task FMRI data (13) although not 

in this case in Fig. 3a, may represent the premotor area. 

Many of the colorized pixels that were not coincident 

with the motor cortex areas as defined by FMRI seem 

nevertheless to be a manifestation of functional connec- 

tivity. 

CONCLUSION 

Similar fluctuations giving rise to functional connec- 

tivity have been observed by us in the auditory and 
visual cortex. We believe that the functional connectivi- 

ties demonstrated in the motor cortex are a general phe- 

nomena and not due to “imagined” motor tasks. Previous 

studies on imagined motor tasks (11, 13) reported activa- 
tion in the SMA but not in the primary motor cortex, in 
contrast to our results. Further, imagined activation 

would be expected to be random for each subject as well 

as between subjects. 
Bandettini et al. (10) discuss three methods for obtain- 

ing the reference vector in order to determine the corre- 

lation coefficient and cross correlation magnitude: a) use 

of a simple box-car waveform shifted by the hemody- 
namic response, as in the present study, b) use of the 
experimental time course in a selected activated pixel, 

and c) development of a time-averaged response vector. 
An immediate concern arises about the use of methods b) 

and c) because of the existence of correlation within and 
between functionally related regions during rest. The 

correlation coefficient cc can be written 

where a, is the reference vector and ufis the experimen- 
tal vector including response that is time locked to the 

task as well as physiological fluctuations and system 
noise. If physiological fluctuations contribute not only to 
up but also to a, as in method b) and c), and if these 



shows for each of these nine seed regions their functional
connections along the left and right hemispheres. For each
of these nine key regions, the seed location in the left
motor cortex is marked with a filled black colored circle.
The location of the region in the right hemisphere that
showed the highest level of functional connectivity with
the seed region is marked with a black colored arrow. To
test for possible functional correlation map outliers, it was
tested for each seed voxel, whether the average correlation
of an individual fcMap was different from the average cor-
relation over the group of subjects by more than three
standard deviations. As expected, the number of outlier
situations was very low, occurring at only 0.1% of all eval-
uated situations (over all seed voxels and all subjects). A
post-hoc analysis indicated that removing these small
number of outliers out of the group analysis had no effect
on the nature of the results.

To determine the statistical significance of the group
fcMaps, a nonparametric multiple comparisons Monte
Carlo procedure was used, determining the mean null dis-
tribution of the correlation coefficients over the group of
subjects, strongly controlling for type I. This nonparametric
multiple comparison Monte Carlo procedure determined a
robust significance correlation threshold of 0.66 (SD: 0.068)
with a P < 0.05 (Bonferroni corrected). Seed-specific fcMap
correlations above this threshold were significantly differ-
ent from the null-distribution and marked as statistically
significant at a a ¼ 0.05 (Bonferroni corrected).

DISCUSSION

The main finding from this study is the existence of
a specific somatotopic organization of the functional

Figure 5.
Group averaged functional connectivity maps of key regions
along the left primary motor cortex. Figure shows the group-
averaged fcMaps of nine seed regions located along key regions
of the primary motor cortex. For each of the seed voxels in the
left primary motor cortex and for each individual dataset, a
matching fcMap was computed by correlating the individual rest-
ing-state fMRI time-series of the seed voxel with all other corti-
cal voxels. For each seed voxel, the group-averaged fcMap was
computed by averaging the 46 individual seed-based fcMaps. This
resulted in a group fcMap for each of all seed voxels (>1,000) in
the left primary motor cortex. This figure shows the fcMaps of
nine key regions on an inflated 3D rendering of the group aver-

aged T1 image (the inflated rendering was created with the free-
surfer software package). For each of the nine maps, the
location of the seed region is marked with a filled black circle
and the location on the group-averaged fcMap that showed the
highest level of functional connectivity with the seed voxel is
marked with a black arrow. Using a nonparametric multiple
comparisons Monte Carlo simulation a a ¼ 0.05 (Bonferroni
corrected) statistical threshold of 0.66 was determined (see
Materials and Methods section). This figure demonstrates a high
level of specificity of the functional connections of the somato-
topic organized motor regions.

r Primary Motor Network During Resting State r

r 9 r

• van den Heuvel  HBM 2010

• Seed-based correlation

• Different seed locations generate different correlation maps

• Lowe  NeuroImage 1998
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FIG. 3. (Left) FMRI task-activation response to bilateral left and right finger movement, superimposed on a GFIASS anatomic image. (Right) 

Fluctuation response using the methods of this paper. See text for assignment of labeled regions. Red is positive correlation, and yellow 

is negative. 

Fig. 3b are negative rather than positive correlations. 

Details of this observation are not understood. Negative 

correlations are occasionally encountered in task-in- 

duced FMRI at the outer boundary of the brain because of 

head motion. No negative correlations of this type were 

observed in the present study from resting brain. 

Several observations can be made concerning Fig. 3. 

Table 1 shows that ii,,ln, is 65% for Subject 1, but areas 

of the colorized regions of right and left motor cortex 

(labeled a, b) are about the same in both Figs. 3a and 3b. 

This apparent discrepancy is because 5 or 6 pixels in 

region a of Fig. 3b lay outside the right motor cortex 

boundary as determined by FMRI (i.e., region a of Fig. 

3a), but were contiguous to it. There are no “holes” 

surrounded by colorized pixels in either the left or right 

motor cortex. A few pixels are seen in both images on 

midline in region c that can be assigned to Broadman’s 

area 6. This region, which is more pronounced in Fig. 3a 

than in Fig. 3b, can probably be assigned to the supple- 

mentary motor area (SMA) (11). Pixels posterior to region 

c, labeled d, were identified as belonging to the paracen- 

tral lobule. Region d may be an extension of the primary 

sensorimotor cortex into the inner hemispheric fissure. 

The activated area in Fig. 3b labeled e, which is also seen 

occasionally in motor-task FMRI data (13) although not 

in this case in Fig. 3a, may represent the premotor area. 

Many of the colorized pixels that were not coincident 

with the motor cortex areas as defined by FMRI seem 

nevertheless to be a manifestation of functional connec- 

tivity. 

CONCLUSION 

Similar fluctuations giving rise to functional connec- 

tivity have been observed by us in the auditory and 
visual cortex. We believe that the functional connectivi- 

ties demonstrated in the motor cortex are a general phe- 

nomena and not due to “imagined” motor tasks. Previous 

studies on imagined motor tasks (11, 13) reported activa- 
tion in the SMA but not in the primary motor cortex, in 
contrast to our results. Further, imagined activation 

would be expected to be random for each subject as well 

as between subjects. 
Bandettini et al. (10) discuss three methods for obtain- 

ing the reference vector in order to determine the corre- 

lation coefficient and cross correlation magnitude: a) use 

of a simple box-car waveform shifted by the hemody- 
namic response, as in the present study, b) use of the 
experimental time course in a selected activated pixel, 

and c) development of a time-averaged response vector. 
An immediate concern arises about the use of methods b) 

and c) because of the existence of correlation within and 
between functionally related regions during rest. The 

correlation coefficient cc can be written 

where a, is the reference vector and ufis the experimen- 
tal vector including response that is time locked to the 

task as well as physiological fluctuations and system 
noise. If physiological fluctuations contribute not only to 
up but also to a, as in method b) and c), and if these 
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Seed-based correlation vs. ICA
• Seed-based

• Good: allows you to ask a straightforward question and get 
an easily interpretable answer

• Bad: only tells you about the seeds you ask about (though 
see Cohen’s gradient-based parcellation)

• ICA

• Bad: some components can be hard to interpret, and you 
may not get a component that clearly relates to the brain-bit 
you cared about

• Bad: run-run variability in decomposition (but see ICASSO)

• Good: the entire dataset is decomposed into “all” the 
different networks present



Spatial characteristics

• RSNs - multiple grey-matter networks

• Human Connectome Project pilot data (7T, 1.5mm, 6mins)                                                                        
(U Minnesota, E Yacoub & K Ugurbil)



(a) x=17 y=-73 z=-12

R L

(b) x=-13 y=-61 z=6

R L

(c) x=3 y=-17 z=1.5

R L

(d) x=1 y=-21 z=51

R L

(e) x=-4 y=-29 z=33

R L

(f) x=5 y=6 z=27

R L

(g) x=45 y=-42 z=47

R L

(h) x=-45 y=-42 z=47

R L

(a) x=17 y=-73 z=-12

R L

(b) x=-13 y=-61 z=6

R L

(c) x=3 y=-17 z=1.5

R L

(d) x=1 y=-21 z=51

R L

(e) x=-4 y=-29 z=33

R L

(f) x=5 y=6 z=27

R L

(g) x=45 y=-42 z=47

R L

(h) x=-45 y=-42 z=47

R L

(a) x=17 y=-73 z=-12

R L

(b) x=-13 y=-61 z=6

R L

(c) x=3 y=-17 z=1.5

R L

(d) x=1 y=-21 z=51

R L

(e) x=-4 y=-29 z=33

R L

(f) x=5 y=6 z=27

R L

(g) x=45 y=-42 z=47

R L

(h) x=-45 y=-42 z=47

R L

(a) x=17 y=-73 z=-12

R L

(b) x=-13 y=-61 z=6

R L

(c) x=3 y=-17 z=1.5

R L

(d) x=1 y=-21 z=51

R L

(e) x=-4 y=-29 z=33

R L

(f) x=5 y=6 z=27

R L

(g) x=45 y=-42 z=47

R L

(h) x=-45 y=-42 z=47

R L

• Beckmann  Phil Trans Roy Soc B 2005

Low-dimensional (~20) ICA gives distinct “resting state networks”

Spatial characteristics
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Correspondence between resting FMRI and task-activation studies

• Smith  PNAS 2009



High-dimensional (~200) ICA gives a “parcellation”



• Kiviniemi  NeuroImage 2009
• Smith  PNAS 2009



Temporal characteristics
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Temporal characteristics

Frequency (Hz)

P
ow

er

• Niazy  Prog Brain Research 2011

• Split frequency spectrum into four bands and run ICA on each
• Suggests RSNs are broadband processes temporally

• Generally described as “low frequency” or “1/f”
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• Top:  Power spectra from 5 RSNS  (TR=0.35s).
• Middle:  Spectra suggest RSNs in BOLD are “low frequency” (or “1/f”)
• Bottom:  Deconvolve HRF in original data - now flat up to 0.2Hz

breathing cardiac

• Niazy  Prog Brain Research 2011



• Shulman  JCN 1997
• Raichle  PNAS 2001

“Default mode network”  -  a network that 
deactivates during many activation studies 

Anti-correlated networks



Anti-correlated networks

• Fox  PNAS 2005
• Fox  J Neurophys 2009

Preprocessing of Functional Data. fMRI preprocessing steps in-
cluded: first, compensation of systematic, slice-dependent time
shifts; second, elimination of systematic odd-even slice intensity
differences caused by interleaved acquisition; and, third, rigid
body correction for interframe head motion within and across
runs. Step three provided a record of head position within and
across all fMRI runs. Each fMRI run was intensity scaled (one
multiplicative constant over all voxels and frames) to yield a
whole brain mode value of 1,000 (not counting the first four
frames) (23). Atlas registration was achieved by computing
affine transforms connecting the fMRI run first frame (averaged
over all runs after cross-run realignment) with the T2-weighted
and average T1-weighted structural images (23). Our atlas
representative template includes magnetization-prepared rapid
gradient-echo data from 12 normal individuals and was made to
conform to the 1988 Talairach atlas (24). To prepare the BOLD
data for the present main analyses, each fMRI run was trans-
formed to atlas space and resampled to 3-mm cubic voxels.

Correlation Techniques. Several processing steps were used to
optimally condition the functional data for analysis of voxel-
based correlations. Data were temporally band-pass filtered
(0.009 ! f ! 0.08) and spatially smoothed (6-mm full width at
half maximum Gaussian blur). Several sources of spurious
variance along with their temporal derivatives were then re-
moved from the data through linear regression: (i) six parame-
ters obtained by rigid body correction of head motion, (ii) the
whole-brain signal averaged over a fixed region in atlas space,
(iii) signal from a ventricular region of interest, and (iv) signal
from a region centered in the white matter. This regression
procedure removes fluctuations unlikely to be involved in spe-
cific regional correlations. Correlation maps were produced by
extracting the BOLD time course from a seed region then
computing the correlation coefficient between that time course
and the time course from all other brain voxels. Seed regions
were 12-mm-diameter spheres centered on previously published
foci. For the current study we examined correlations associated
with six predefined seed regions: three regions, referred to as
task-positive regions, routinely exhibiting activity increases dur-
ing task performance, and three regions, referred to as task-
negative regions, routinely exhibiting activity decreases during
task performance (2, 5, 9). Task-positive regions were centered
in the intraparietal sulcus (IPS; "25, "57, "46), the frontal eye
field (FEF) region of the precentral sulcus (25, "13, 50), and the
middle temporal region (MT!, "45, "69, "2) by using the three
most significant foci exhibiting activity increases from a study of
externally cued attention and working memory (9). Although
these foci were defined on the basis of a single study, similar foci
have been reported in numerous studies of external attention
and!or working memory (1). Task-negative regions were cen-
tered in the MPF ("1, 47, "4), posterior cingulate!precuneus
(PCC, "5, "49, 40), and lateral parietal cortex (LP, "45, "67,
36) by using the three most significant foci from a metaanalysis
of decreases during task performance (5).

Correlation Statistics. To combine results across subjects and
compute statistical significance, correlation coefficients were
converted to a normal distribution by Fischer’s z transform (25).
These values were converted to z scores (i.e., zero mean, unit
variance, Gaussian distributions) by dividing by the square root
of the variance, computed as 1!#(n " 3), where n is the degrees
of freedom in the measurement. Because individual time points
in the BOLD signal are not statistically independent, the degrees
of freedom must be corrected according to Bartlett’s theory (25).
The correction factor for independent frames was calculated to
be 2.34, resulting in 318!2.34 $ 135.9 df. Z-score maps were
combined across subjects by using a fixed-effects analysis. Fi-
nally, population-based z-score maps were corrected for multiple

comparisons at a significance level of P ! 0.05 (z $ 3, cluster
size $ 17 voxels).

Conjunction Analysis. Population-based z-score maps for the six
seed regions were combined by using a conjunction analysis.
First, the correlation maps for the three task-negative seed
regions were multiplied by "1 then averaged with the correlation
maps from the task-positive seed regions. This average was then
masked by using a conservative conjunction procedure. Voxels
were included in the mask only if they were significantly corre-
lated or anticorrelated with five of the six seed regions. Peak foci
in this conjunction map were identified by using an automated
peak search algorithm with an absolute value threshold of 7.5.
Peak foci of the same sign closer than 25 mm were combined
through algebraic averaging (26).

Surface-Based Mapping. The volumetric statistical results were
projected onto the cortical surface of the PALS (population-
average landmark- and surface-based) atlas by using a multifi-
ducial mapping method that circumvents the biases of choosing
a hemisphere from a single individual as an atlas target (49). The
visualization threshold for the average activation pattern was set
at a level that yielded a surface area equaling the average surface
area for the mappings to each of the 12 individual target surfaces.

Results
We examined resting state correlations associated with six
predefined seed regions, three regions routinely exhibiting
activity increases (task-positive regions) and three regions
routinely exhibiting activity decreases (task-negative regions)
during attention-demanding cognitive tasks (2, 5, 9). Task-
positive regions included the IPS, FEF region of the precentral
sulcus, and MT!. Task-negative regions included the MPF,
PCC, and LP.

The correlation coefficients between time courses from each
of the six seed regions and all other voxels in the brain were then
computed for each individual. The results from a single indi-
vidual for a seed region in the PCC are shown in Fig. 1. Fig. 1
Upper shows the regional distribution of correlation coefficients,
and Fig. 1 Lower shows time courses for the PCC seed region
(yellow), a MPF region positively correlated with the seed

Fig. 1. Intrinsic correlations between a seed region in the PCC and all other
voxels in the brain for a single subject during resting fixation. The spatial
distribution of correlation coefficients shows both correlations (positive val-
ues) and anticorrelations (negative values), thresholded at R $ 0.3. The time
course for a single run is shown for the seed region (PCC, yellow), a region
positively correlated with this seed region in the MPF (orange), and a region
negatively correlated with the seed region in the IPS (blue).

9674 " www.pnas.org!cgi!doi!10.1073!pnas.0504136102 Fox et al.

direct interfaces with the external world, an observation relevant
to understanding the functionality of these widely distributed
networks of higher-order brain structures.

The reproducibility of the current findings across three dif-
ferent resting states (fixation, eyes closed, and eyes open)
demonstrates that our results cannot be attributed to the impo-
sition of a low-level task (fixation), eye movements, or the
presence or absence of visual input. Rather our results appear to
be robust with respect to variation in the resting state. This
stability across different conditions is consistent with the liter-
ature in which similar correlations in slow (!0.1 Hz) spontane-
ous fluctuations have been observed during task performance
(17, 21, 29), at rest in the absence of a task (16–18, 30), and even
under anesthesia (31).

The current results confirm and expand observations from
previous resting-state functional connectivity studies. Both cor-
relations and anticorrelations have been reported between some
subcomponents of our currently defined task-positive and task-

negative networks. Correlated fluctuations have been demon-
strated between frontal and parietal attentional areas (19, 20),
part of our task-positive network, and between the majority of
regions implicated in our task-negative network (16, 20, 21).
Anticorrelations have been previously noted between a seed
region in the premotor cortex (BA6), part of our task-positive
network, and the posterior cingulate and medial prefrontal
cortex, components of our task-negative network (17). Similarly,
anticorrelations have been observed between seed regions in the
lateral prefrontal cortex, part of our task-positive network, and
voxels in the posterior cingulate, part of our task-negative
network (16). Commenting on these results, Greicius and col-
leagues (16) suggested that intrinsic anticorrelated activity might
relate to the differential task-related responses in these regions,
a conclusion in line with our present interpretation. Our current
results expand these previous observations both spatially and
conceptually, defining widely distributed networks on the basis

Table 1. Peak foci for intrinsically defined anticorrelated networks

Brodmann’s areas Common names Talairach coordinates

The task-posit ive network
7 IPS ("23, "66, 46) (25, "58, 52)
7!40 Inferior parietal lobule ("42, "44, 49) (47, "37, 52)
19 Orbital gyrus (vIPS) ("26, "80, 26) (35, "81, 29)
6 FEF (SPrCeS) ("24, "12, 61) (28, "7, 54)
6 Inferior precentral sulcus ("54, 0, 35)
6!32 SMA!pre-SMA ("2, 1, 51)
46 DLPFC ("40, 39, 26) (38, 41, 22)
19!37 MT# ("47, "69, "3) (54, "63, "8)

Insula!f rontal operculum ("45, 5, 8) (45, 4, 14)
The task-negat ive network
31 PCC ("2, "36, 37)
30 Retro-splenial (3, "51, 8)
39 LP ("47, "67, 36) (53, "67, 36)
32!10 MPF ("3, 39, "2) (1, 54, 21)
8 Superior f rontal ("14, 38, 52) (17, 37, 52)
20!21 Inferior temporal ("61, "33, "15) (65, "17, "15)
35 Parahippocampal gyrus ("22, "26, "16) (25, "26, "14)

Cerebellar tonsils (7, "52, "44)

vIPS, vent ral int raparietal sulcus; SPreCes, superior precentral sulcus; DLPFC, dorsal lateral pref rontal cortex.

Fig. 3. Int rinsically defi ned ant icorrelated processing networks in the brain. Posit ive nodesare signifi cant ly correlated with seed regions involved in focused
at tent ion and working memory (task-posit ive seeds) and signifi cant ly ant icorrelated with seed regions rout inely deact ivated during at tent ion demanding
cognit ive tasks (task-negat ive seeds). Negat ive nodes are signifi cant ly correlated with task-negat ive seed regions and signifi cant ly ant icorrelated with
task-posit ive seed regions. (Left) Lateral and medial views of lef t hemisphere. (Center) Dorsal view. (Right) Lateral and medial views of right hemisphere.

9676 " www.pnas.org!cgi!doi!10.1073!pnas.0504136102 Fox et al.

default
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“Default mode network” and “task-positive 
network” are anticorrelated in resting data



rfMRI artefacts & cleanup

• Structured artefacts much more of a problem for rfMRI 
than task-fMRI    (because it’s based on correlating timeseries 
with each other rather than an “external” timeseries - that in 
general will not be correlated with these confounds)

• Head motion

• Cardiac & breathing cycles

• Scanner artefacts



rfMRI artefacts & cleanup

• Estimate “confound” timeseries; regress these out of the 
data:

• External physiology measurements (RETROICOR)

• rfMRI-data-derived measurements

• head motion parameters

• white-matter / CSF / whole-brain mean timeseries

• ICA artefact component timeseries

• Highpass / lowpass temporal filters

• “Scrubbing” (delete bad timepoints)



temporal filtering

• Highpass temporal filtering

• E.g., remove frequences < 0.001 Hz

• Reasonable to remove slowest data drifts

• Lowpass temporal filtering

• E.g., common to remove frequencies > 0.1Hz

• May remove useful signal

• Not guaranteed to remove much artefact

• Maybe a “last resort” if other options not available



To demean or Not to demean?

• What about “global signal removal” (mean timecourse over 
whole brain)?

• Another source of noise that’s good to remove ... ?

• But what if it contains some “neural” signals of interest?

• Makes it hard to interpret whether different networks are 
positively / negatively correlated

• Fox (J Neurophysiol, 2009), Murphy (NeuroImage 2009), etc.



• Preprocessing: head motion correction and drift removal
• FSL’s ICA with automatic dimensionality estimation
• FIX

• classify each ICA component (good v bad)
• Regress bad ICA timecourses & 24 motion 

parameters out of data
• FIX component classification accuracy: 

• On good multiband data (eg HCP):  99.5%
• On “standard” EPI:  > 95% TPR, 85% TNR

FIX   (FMRIB’s ICA-based X-noiseifier) 
Salimi-Khorshidi  NeuroImage 2014

Griffanti  NeuroImage 2014



FIX: example artefact component



FIX: example good component
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Group-level rfMRI analysis



Group Analysis  -  Seed-Based

• One seed map per subject

• Simple random-effects cross-subject / cross-group analyses 
using parametric maps from individual subject seedings.     
Just like task-FMRI GLM cross-subject modelling

• Easy to interpret, and no problems of “correspondence” (do 
the maps “mean” the same thing in all subjects?)  as long as 
no registration confounds



Group Analysis  -  ICA

• For any RSN of interest, take each subject’s map 
corresponding to that RSN, somehow

• Simple random-effects cross-subject / cross-group analyses 
using RSN maps from individual subject seedings.              
Just like with seed-based



ICA-based methodology 
for multi-subject RSN analysis



ICA-based methodology 
for multi-subject RSN analysis

• Why not just run ICA on each subject separately?

• Correspondence problem (of RSNs across subjects)

• Different splittings sometimes caused by small changes in 
the data (naughty ICA!)



ICA-based methodology 
for multi-subject RSN analysis

• Why not just run ICA on each subject separately?

• Correspondence problem (of RSNs across subjects)

• Different splittings sometimes caused by small changes in 
the data (naughty ICA!)

• Instead - start with a “group-average” ICA

• But then need to relate group maps back to the individual 
subjects

• (Although - this approach is less good than single-subject 
ICA at removing/ignoring session-specific noise)



Single-Session ICA

each ICA component comprises:

spatial map & timecourse

ICA models for RSN analysis



Single-Session ICA

each ICA component comprises:

spatial map & timecourse

ICA models for RSN analysis

Multi-Session or Multi-Subject ICA:
Concatenation approach

each ICA component comprises:

spatial map & timecourse
(that can be split up into subject-specific 

chunks)
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Altered functional connectivity in 
young, healthy carriers of APOE-ε4 

• Filippini  PNAS 2009

ε4-carriers > non-carriers



HCP



• Main SNR effect (when reducing TR) is signal loss due to 
reduced T1-relaxation period

• This loss almost balanced by the sqrt(N) increase in 
effective SNR

Signal & Noise Considerations
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• 4D rfMRI data from spatial (“minimal”) pre-processing, in both volumetric 
and grayordinate forms 

• Weak highpass temporal filtering (>2000s FWHM) applied to both, giving 
slow drift removal  

• MELODIC ICA is applied to volumetric data; artefact components are 
identified using FIX  

• Artefact and motion-related timecourses are regressed out of both 
volumetric and grayordinate data 

• Ongoing investigations into also possibly applying:
• further motion cleanup / scrubbing
• further removal of physiological confounds based on physiological 

monitoring data
• removal of globally-related signals. 

HCP rfMRI pre-processing summary
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