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Abstract

In resting-state functional MRI (R-fMRI) studies, the global signal (operationally defined as the
global average of R-fMRI time courses) is often considered a nuisance effect and commonly
removed in preprocessing. This global signal regression method can introduce artifacts, such as
false anticorrelated resting-state networks in functional connectivity analyses. Therefore, the
efficacy of this technique as a correction tool remains questionable. In this paper, we establish that
the accuracy of the estimated global signal is determined by the level of global noise (i.e. non-
neural noise that has a global effect on the R-fMRI signal). When the global noise level is low, the
global signal resembles the R-fMRI time courses of the largest cluster, but not those of the global
noise. Using real data, we demonstrate that the global signal is strongly correlated with the default
mode network components, and has biological significance. These results call into question
whether or not global signal regression should be applied. We introduce a method to quantify
global noise levels. We show that a criteria for global signal regression can be found based on the
method. By employing the criteria, one can determine whether to include or exclude the global
signal regression in minimizing errors in functional connectivity measures.
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Introduction

Recently, resting-state functional MRI (R-fMRI) has emerged as a powerful tool in
investigating brain functional network architecture (1,2) and brain functional network
changes in neurological and psychiatric disorders (3-9). R-fMRI data analysis involves the
assessment of temporal coherences in the data set. It is commonly found that the data sets
are contaminated by various fluctuations not related to neural activity: subject head motion,
physiological artifacts (caused by respiration, cardiac pulsation), as well as hardware
instabilities and magnetic field drifting. Signal fluctuations from the nonneural processes
may introduce false positive coherences and cause an overestimation of functional
connectivity strengths. Therefore, sophisticated preprocessing techniques are commonly
employed in order to remove such confounding effects prior to the connectivity assessment.
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Global signal regression (10), as a preprocessing technique, is intended to eliminate
undesired global noise, i.e. non-neural noise that has a global effect on the RFMRI signal. It
was hypothesized that R-fMRI signals may cancel each other out in the global average,
while the global noise may be additive and dominate the global-averaged signal. Practically,
the global signal is obtained by averaging all brain voxel time courses. The technique has
been employed in a number of early R-fMRI studies (11-18). However, it was found that
global signal regression forces a bell-shaped distribution of functional connectivity measures
centered on zero. Therefore, this technique allows for the introduction of spurious negative
measures (19,20) and the underestimation of true positive measures.

Techniques to monitor the sources that may induce non-neural noise in the R-fMRI signal
have been introduced (21-23). When no measurement was made of these sources, they can
be estimated by data-driven methods (24). It has been shown that the low-frequency
respiratory volume and cardiac rate regressors had significant shared variance with the
global signal (23). Therefore, these non-neural noise correction techniques may reduce the
global noise level and diminish the motivation for adopting global signal regression in data
preprocessing. However, it is not clear how much global noise level can be reduced, or if it
is truly necessary to use global signal regression in further reducing the global noise
following these non-neural noise corrections. If the global noise level is high, the global
signal may resemble global noise. Therefore, the global signal regression may be beneficial.
If the global noise level is low, the global signal may contain a higher portion of signal
(most probably from the dominant network component), rather than the global noise. Taking
into account that the default mode network has shown high glucose metabolism during rest
(25,26), it can be hypothesized that the global signal may be most strongly correlated with
the default mode network signal. For this reason, removing the global signal may generate
more errors in the functional connectivity measurement, as opposed to reducing them.

The present study aimed to determine the major contributors of the global signal. We
focused on whether or not the global signal was significantly correlated with the default
mode network signal. We further tested the hypothesis that with the decreased global noise
levels, errors in the measured voxelwise cross-correlations may increase, if the global signal
regression were performed. On the other hand, errors may decrease, if the global signal
regression were not performed. We then introduced a method to quantify global noise levels.
We show that a criteria for global signal regression can be found, based on the method. By
employing this criteria, one can include or exclude global signal regression to minimize
errors in functional connectivity measures.

Materials and Methods

Simulation

In determining whether or not to apply global signal regression in R-fMRI studies, we
conducted experiments, using simulated data and human R-fMRI data.

Ten predefined clusters were assigned sinusoidal time courses (180 time points, TR=2000
ms) with distinct frequencies ranging from 0.01 to 0.04 Hz with 0.0037 Hz intervals. The
first cluster of 150 voxels was assigned a frequency of 0.01 Hz (with 4% random variations),
and a zero-degree initial phase. The second cluster of 50 voxels also was assigned a
frequency of 0.01 Hz (with 4% random variations), however it had a 180-degree initial
phase (with 4% random variations), so the two clusters were anticorrelated. The rest of the
eight clusters, each containing 25 voxels, were assigned unique frequencies from 0.0137 to
0.04 Hz, with 0.0037 Hz intervals (with 4% random variations) and a zero-degree initial
phase. Therefore, they were uncorrelated to all other clusters. There are a total of 400 voxel
time courses.
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The global noise was assigned a sinusoidal time course (180 time points, TR=2000 ms) with
a frequency of 0.06 Hz and a zero-degree initial phase. The cross-correlation among the
signals of the 400 voxel time courses and the global noise was calculated. The global noise
was added to the signal of the 400 voxels with a signal-to global-noise ratio (SGNR, defined
as the standard deviation of the signal time course/standard deviation of the global noise
time course) of 1, 2 and 10 to generate the mixed time courses. The cross-correlation among
the mixed time courses, the global noise and the global average of the mixed time courses
(global signal) were calculated for each case.

To determine how the SGNR levels affect the errors of the measured voxelwise Pearson
product-moment correlation coefficient (), we define the rerror without using the global
regression as

100«(r' i — 1)
Zi Zj#('r‘j')/(nz -

where n is the total number of voxels, 7;;is the rvalue between the sinusoidal signals of
voxel 7and j. r/,-/-is the measured rvalue between the mixed time courses (with the added
global noise) of voxel 7and jwithout using the global signal regression. We also define the r
error using global regression as

r error without using global signal regression=

100% (v — ry)
=Ty % 2]
Zi Zj#i (|rif|)/ (n? —n)

where r”,-jis the measured rvalue between the time courses calculated after the global signal
regression procedure.

r error using the global signal regression=

The rerrors were measured with discrete SGNR values ranging from 1 to 100. The
simulation was repeated 20 times. The average rerror, which was established using the
global signal regression and not using global signal regression were plotted against the
SGNR.

To characterize how different levels of SGNR produce different numbers of voxels that
negatively correlate with the global signal, we define a global negative index as

# of voxels negatively correlated with global signal (P<0.05, uncorrected)

lobal tive index=
globat negattve index total # of voxels

The global negative index was measured with discrete SGNR values ranging from 1 to 100.
The simulation was repeated 20 times and the global negative indices were plotted against
the SGNR.

Human data

Subjects—Twenty cognitively normal (CN) subjects were recruited through the Memory
Disorders Clinic at the Medical College of Wisconsin (MCW). The study was conducted
with MCW Institutional Review Board approval and in compliance with HIPAA
regulations. Written informed consent was obtained from each participant or the caregiver of
the participant. The detailed inclusion and exclusion criteria for the CN subjects have been
described previously (8,27). The detailed demographic information of these subjects is listed
in Table 1.
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Image acquisition

Imaging was performed using a whole-body 3T Signa GE scanner with a standard transmit-
receive head coil. During the resting-state acquisitions, no specific cognitive tasks were
performed, and the study participants were instructed to close their eyes and relax inside the
scanner. Sagittal resting-state functional MRI (fMRI) datasets of the whole brain were
obtained in six minutes with a single-shot gradient echo-planar imaging (EPI) pulse
sequence. The fMRI imaging parameters were: TE of 25 ms, TR of 2 s, flip angle of 90°; 36
slices were obtained without gap; slice thickness was 4 mm with a matrix size of 64x64 and
field of view of 24x24 cm. High-resolution SPGR 3D axial images were acquired for
anatomical reference. The parameters were: TE/TR/TI of 4/10/450 ms, flip angle of 12°,
number of slices of 144, slice thickness of 1 mm, matrix size of 256x192. A pulse oxymeter
and a respiratory belt were employed to measure physiological noise sources to minimize
the potential artifacts in the low-frequency spectrum (22,28).

Data preprocessing

A series of preprocessing steps common to most fMRI analyses was conducted, using the
Analysis of Functional Neurolmages (AFNI) software (http://afni.nimh.nih.gov/afni/),
SPMS8 (Wellcome Trust, London) and Matlab (Mathworks, Natick, MA). The preprocessing
involves allowing for T1-equilibration effects (removal of the first five volumes of fMRI
data); removal of cardiac and respiratory artifacts (3dretroicor); slice-acquisition-dependent
time shift correction (3d7shiff); motion correction (3avolreg); detrending (3dDetrena);
despiking (3dDespike); segmentation (SPM8) of white matter and CSF components from
each subject’s SPGR image; creating the white matter and CSF mask (3dcalc and
3dfractionize); obtaining the averaged white matter and CSF signal (30dRO/stats); obtaining
the multiple time-shifted respiration volume per unit time (RVT) regressors (22); removing
the respiratory-variation-related fluctuations (using the RVT regressors), white matter, CSF
signal and motion effect (3dDeconvolve); and low-frequency band-pass filtering
(3dFourien. In addition, a whole-brain mask was created for each subject (3dAutomask) and
the global signal was extracted by averaging all preprocessed time series inside the whole-
brain mask (3dRO/stats).

Global signal connectivity pattern

It is conceivable that the global signal may have the strongest correlation with the signals of
the dominant resting-state network. Taking into account that the default mode network
showed high glucose metabolism during rest (25,26), we hypothesized that the global signal
may be most strongly correlated with the signal of the default mode network. To test this, a
method that is similar to the seed-based analysis method (8) was employed. In this case, the
seed region is the entire brain, and the average of the seed-time courses is the global signal.
The rvalues between the global signal and each brain voxel's time series were calculated.
The Fisher transformation (m=0.5Inf(1+r)/(1-r)]), which yielded variants of approximately
normal distribution (29), was applied to the individual rmaps to generate the 77 maps. The
mmaps were then transformed into Talairach space (adwarp), resampled to 2-mm isotropic
voxels and smoothed with a Gaussian kernel (6-mm full width at half maximum) using
AFNI (3dmerge). The results are the normalized /7 maps, which represent the connectivity
distribution of the global signal. One sample #test was performed on the normalized m maps
of the 20 CN subjects, to identify regions that significantly correlated to the global signal.

Criteria to perform global signal regression

The relationship between the SGNR, rerror and global negative index may be affected by
the cluster size, negative connectivity strength between clusters, etc., in the simulation using
synthetic data. To validate this relationship, artificial global noise (GN; was randomly
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selected from the preprocessed time series of a different subject to provide global noise in
the same frequency range while satisfying randomness) was added to each subject's
preprocessed time series S; ¢

, 1
S; =Si,e+GNj e SGNR [5]

Where S; ¢ denotes the preprocessed time series of the ~th voxel at time £ GN;  denotes the

artificial global noise added to the /~th voxel. GN; ; was normalized,; therefore, its standard
deviation is equal to the standard deviation of S; .

standard deviation(S; )

GN; =GN,
M o standard deviation(GNy)

Global signal (global average of the mixed time courses S;,t) was then regressed out from S;t,

the result is S1t

The rvalues were calculated using S;:t and S;,t and compared with the rvalue calculated from
Si+. The rerrors were calculated using Eq. 1 and 2. As a result, for each case, each voxel had
n-1 rerrors (n is the total number of voxels). These n-1 rerrors were averaged for each
voxel and saved as a distribution map in original space. The distribution map was then
transformed into Talairach space (adwarp) to display the averaged group pattern.

The whole-brain averaged rerrors determined by using the global signal regression

(calculated using S;:t and S; 1) was plotted against the SGNR. The rerror, which was
determined by not using the global signal regression (with added global noise, calculated

using S;,t and S; 1) , was also plotted against SGNR. The global negative index was
calculated using the mixed time courses S;,t and were plotted against the SGNR.

Characteristic relationship between the simulated signal, global noise and global signal

Figure 1A shows the signals in the first cluster (150 voxels) in red and the signals in the
second cluster (50 voxels) in blue. The global noise is shown in green. Figure 1B shows the
rvalue among the 400 signals and the global noise (replicated 50 times for better
illustration). The signals in the first two clusters are negatively correlated. The global noise
is not correlated with the signals. It was added to the signal with the SGNR of 1, 2 and 10 to
generate the mixed time courses, as shown in Figures 1C, 1F and 1l. The mixed time courses
in the first cluster are shown in red and the mixed time courses in the second cluster are
shown in blue. The global noise is shown in green and the global signal is shown in purple.
Figures 1D, 1G and 1J show the rvalue among the 400 mixed time courses, the global noise
(GN) and the global signal (GS) using (top right half) and without using global regression
(bottom left half), with the SGNR of 1, 2 and 10, respectively. Figures 1E, 1H and 1K show
the rerror among the 400 voxels calculated using (top right half) and without using global
regression (bottom left half), with an SGNR of 1, 2 and 10, respectively.

Several important characteristics were observed in the simulation results. First, it was found
that the global signal has the strongest correlation with the signals in the largest cluster.
With the increase of the SGNR, the correlation between the global signal and signals in the
largest cluster remains higher, although the correlation between the global signal and the
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signals of the other clusters becomes less. This suggests that the dominant intrinsic resting-
state network may be the major contributor of the global signal.

In addition, comparing the rvalues between global noise and the global signal (represented
by the small square near the bottom right corner in Figures 1D, 1F and 1H), it is found that
the rvalues between global noise and the global signal decrease with the SGNR increase. In
other words, the discrepancy between global noise and global signal becomes larger with the
SGNR increase. It is also found that the number of voxels that are negatively connected with
the global signal is increasing with the SGNR increase.

Also, in comparing Figures 1E, 1H and 1K, it is found that the rerrors are generally lower
using global regression (top right) than without using global regression (bottom left) at
lower SGNR (1E and 1H); and the rerrors are generally higher using global regression (top
right) than without using global regression (bottom left) at higher SGNR (1K, note the r
errors are near 0% without using global regression [bottom left]).

Global signal connectivity pattern and r error distribution pattern

It was observed in the simulation that the global signal has the strongest correlation with the
signals in the largest cluster. Taking into account that the default mode network showed high
glucose metabolism during rest (25,26), we hypothesize that the global signal may be most
strongly correlated with the signal of the default mode network when the SGNR level is
high. Indeed, the global signal was found to be strongly correlated with the default mode
network components PCC and precuneus, as shown in Figure 2A. The distribution of the
correlation is localized (rather than diffused and covering the entire brain). The results
suggest that the major contributors of the global signal are the dominant intrinsic networks
rather than globally distributed non-neural noise.

The averaged rerror pattern using global signal regression and without using global signal
regression are shown in Figures 2B and 2C. The result confirmed the findings obtained from
the synthetic data. The rerrors are generally lower using global regression than without
using global regression at lower SGNR (SGNR=1); the rerrors are generally higher using
global regression than without using global regression at higher SGNR (SNR=20, note the r
errors are near 0% without using global regression).

Criteria to perform global signal regression

It was found in the simulation that the increase of the SGNR global signal regression may
induce more errors, and not performing the global signal regression may generate less errors.
Figure 3 shows voxelwise rerrors with (dot-dashed line) and without (solid line) global
signal regression. In using global signal regression, the rerrors monotonically increase with
the increase of SGNR. Without using the global signal regression, the rerrors monotonically
decrease with the increase of SGNR.

An important fact evidenced by Figure 3 is that the dot-dashed line and solid line cross each
other at a certain SGNR value (i.e., 7.03 in Figure 3B). Below this SGNR, performing the
global signal regression induces less error as opposed to not performing it. Above this
SGNR, performing global signal regression induces more errors. This result suggests that
the SGNR value can be employed as a criteria in deciding whether or not to perform the
global signal regression. We define the crossover SGNR value as the criterial SGNR.

It was found that the number of voxels that negatively correlated with the global signal may
be used to estimate the SGNR in real subject data sets. Figure 4 shows that the global
negative index monotonically increases with the increase of SGNR in simulations using
synthetic and real subject data.
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The criteria SGNR used in Figure 3B was found to be 7.03. In Figure 4B, with preprocessed
data sets, it corresponds to the criterial global negative index of 3.0. Figure 5 shows the
global negative indices of all 20 subjects with mean and standard deviation of 13.8+2.8. The
global negative indices of all 20 subjects are all above the criterial value. The results suggest
that not performing the global signal regression will yield less of a voxelwise rerror than
performing the global signal regression for every subject.

Discussion

In the present study, we demonstrated that the accuracy of the global signal regression is
determined by the level of global noise by using simulation. When the global noise level is
high, the global signal resembles global noise. When the global noise level is low, the global
signal resembles the R-fMRI time courses of the largest cluster, but not global noise. We
then showed, using real data, that the global signal is strongly correlated with the default
mode network components PCC and precuneus. To answer the question as to whether or not
the global signal should be considered a nuisance effect to be removed, we introduced a
global negative index to quantify global noise levels. We demonstrated the monotonic
relationship between the signal-to-global noise ratio and the global negative index. Finally,
we discovered that there is a criterial global negative index associated with a criterial SGNR.
Below this criterial global negative index, performing global signal regression induced less
errors, therefore, it is highly suggested that the global regression be performed. Above this
criterial global negative index, performing global signal regression induced more errors.
Therefore, we suggest that the global signal regression not be performed. One can decide
whether or not to apply this technique for each individual data set by comparing the global
negative index of the data set to the criterial global negative index.

The findings of the monotonic relationship between SGNR and GNI is one of the most
important components of the study. However, their relationship was obtained empirically,
and it is important to understand the mechanisms. Theoretically, when SGNR is +00, the
global signal resembles the R-fMRI time courses of the largest cluster. Therefore, the GNI
will approximate the percentage of the number of voxels that are negatively correlated with
the largest cluster. When the SGNR is 0, the global signal will resemble the global noise,
which will be positively connected to every voxel. Therefore, the GNI will be 0. When the
SGNR is between 0 and +00, the global signal will resemble a mixture of R-fMRI time
courses of the largest cluster and global noise. Therefore, the GNI will depend on the ratio
of the two components in this mixture, which is determined by the SGNR. As a result, the
GNI may be used to estimate SGNR and gauge the rerror.

The complete knowledge of global non-neural noise sources remains unclear. However, it
has been demonstrated that the low-frequency respiratory volume, cardiac rate, white matter
ROI signal and CSF ROI signal regressors had significant shared variances with the global
signal (23). Therefore, these non-neural noise correction techniques that were employed may
generate the high SGNR observed here. It was observed that the SGNR varies from subject
to subject. As a result, it is recommended that one determine the global negative index on a
case-by-case basis, rather than simply excluding the global regression in data preprocessing.
It also is possible to monitor the SGNR in a realtime manner and repeat scans when the
abnormally low SGNR occurs.

This study has focused on the correlation-based analyses, one of the most popular methods
employed in investigating resting-state functional interactions. Independent component
analysis (ICA) is another technique that is frequently used to study functional interactions
(30-32). Often, the global signal is removed in preprocessing before the ICA is employed.
This may produce undesirable errors, as discussed in this study. To solve the problem, the
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effect of global signal regression in the ICA can be quantified using similar approaches
outlined in the present study.

R-fMRI is an expanding field of research that has great potential in investigating
neurological and psychiatric disorders. However, an essential consensus has not been
reached in regard to using the global signal regression in preprocessing. While some studies
emphasize the pitfalls of the correction technique (19,20), others (22,33) have shown the
benefit of global regression. Because different imaging and preprocessing techniques have
been used, direct comparison to the studies will be difficult. Nonetheless, the current study is
a timely report demonstrating that the effect of the global signal regression is determined by
the SGNR of the data. The SGNR can be estimated from the data based on the global
negative index. By comparing the global negative index of the data set and the criterial
global negative index, one can determine whether to include or exclude the global signal
regression in minimizing errors in functional connectivity measures.
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Figure 1.

Simulation results. (A) The signals in the first cluster (150 voxels) in red, the signals in the
second cluster (50 voxels) in blue. The signals of the rest of the 200 voxels are not shown.
The global noise is shown in green. (B) The rvalue among the 400 signals and the global
noise (GN) (replicated 50 times for better illustration). (C, F and I) The mixed time courses
in the first cluster in red, the mixed time courses in the second cluster in blue, the global
noise is shown in green and the global signal is shown in purple with SGNR of 1, 2 and 10
respectively. (D, G and J) The rvalue among the global noise (GN), global signal (GS), and
the 400 voxels' time courses using (top right half) and without using global regression
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(bottom left half), with SGNR of 1, 2 and 10 respectively. (E, H and K) The rerror among

the 400 voxels calculated using (top right half) and without using global regression (bottom
left half) with SGNR of 1, 2 and 10 respectively.
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Figure 2.

Global signal connectivity pattern and rerror map. (A) Regions that strongly correlated
global signal. (B) rerror map using global signal regression with SGNR of 1, 7 and 20
respectively. (C) rerror map without using global signal regression with SGNR of 1, 7 and
20 respectively.
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Relationship between SGNR and mean rerror simulated using synthetic data (A) and real
subject data (B). In Figure 3B, the dot-dashed line and solid line cross each other at SGNR
value of 7.03. Below this SGNR, performing global signal regression induces less errors as
opposed to not performing global signal regression. And above this SGNR, performing

global signal regression induces more errors.
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Figure4.

Relationship between SGNR and the mean global negative index simulated using synthetic
data (A) and real subject data (B). The global negative index measurement of the criteria in
doing and not doing global signal regression is 3.0 at the SGNR level of 7.03 determined in
Figure 3B.
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The global negative indices of the 20 subjects. Their GNI is well above the criterial value of
3.0.
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Table 1

Demographics and clinical characteristics of CN subjects.

CN(n=20)

Characteristic M

sD

Gender (female/male)  9/11

Age, years 75.0
Education, years 14.8
MMSE 29.5
RAVLT delayed recall  11.2
GDS 2.7

6.2
2.6
0.8
3.4
2.8

Note: CN, cognitively normal; M, mean; SD, Standard Deviation; MMSE, Mini-Mental State Examination; RAVLT, Rey Auditory Verbal
Learning Test; GDS, Geriatric Depression Scale; Unless otherwise indicated, data are presented as mean + SD.
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