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a
Local signals obtained from BOLD fMRI are gener-
ally confounded by global effects. In this paper, we
make an essential distinction between global effects
and the global signal. Global effects have a similar
influence on local signals from a large proportion of
cerebral voxels. They may reflect diffuse physiological
processes or variations in scanner sensitivity and are
difficult to measure directly. Global effects are often
estimated from the global signal, which is the spatial
average of local signals from all cerebral voxels. If the
global signal is strongly correlated with experimental
manipulations, meaningfully different results may be
obtained whether or not global effects are modeled
(G. K. Aguirre et al., 1998, NeuroImage, 8, 302–306). In

articular, if local BOLD signals make a significant
ontribution to the global signal, analyses using
NCOVA or proportional scaling models may yield ar-

ifactual deactivations. In this paper, we present a
odification to the proportional scaling model that

ccounts for the contribution of local BOLD signals to
he global signal. An event-related oddball stimulus
aradigm and a block design working memory task
ere used to illustrate the efficacy of our model. © 2001

cademic Press

INTRODUCTION

Functional magnetic resonance imaging (fMRI) is
used to identify local hemodynamic responses invoked
by experimentally controlled stimuli. Typically, in the
case of blood oxygen level-dependent (BOLD) fMRI, a
large cerebral volume is imaged, and statistical anal-
yses are performed on signals from subcomponents of
this volume to test hypotheses regarding changes in
neural activity. In this paper, we assume that analyses

1 The code for implementing adjusted proportional scaling in SPM
99 analyses is available on request from Peter F. Liddle, 2255 Wes-
brook Mall, Department of Psychiatry, University of British Colum-
bia, Vancouver, BC, Canada, V6T 2A1. Fax: (604) 822-7756. E-mail:
liddle@interchange.ubc.ca.
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are performed with the general linear model (Friston et
l., 1995b,c; Worsley and Friston, 1995).
A variety of global effects can interfere with the

detection of local BOLD signals. Their origins include
underlying physiological processes, gross body move-
ments, physiological movements (pulsations, swallow-
ing, abdominal movements, breathing), and long-term
instabilities of the scanner baseline (Friston, 1996;
Kruggel, 1999). In an ANCOVA model, global effects
are treated as additive effects that do not affect local
BOLD signals or error variances. In a proportional
scaling model, they are treated as gain effects that
equally affect all local BOLD signals and error vari-
ances. An assumption contained in both models is that
global effects are not correlated with the covariates of
interest. Global effects are often estimated from the
global signal, the spatial average of local signals from
all cerebral voxels. Note that the terms global effects
and global signal are sometimes used interchangeably
in the literature; the distinction is crucial for the pur-
poses of this paper.

If the global signal is strongly correlated with exper-
imental manipulations, meaningfully different results
may be obtained whether or not global effects are mod-
eled (Aguirre et al., 1998). Similar problems have been
encountered in analyses of positron emission tomogra-
phy (PET) activation images (Andersson, 1997). Strong
correlations between the global signal and experimen-
tal manipulations can reflect the contribution of local
BOLD signals to the global signal. If this contribution
is significant, it is likely that the global signal is also
strongly correlated with the covariates of interest. In
the context of PET, Andersson (1997) proposed using a
modified global signal calculated only from voxels that
are weakly correlated with the covariates of interest.
This method may not be appropriate for fMRI given the
greater sensitivity of fMRI compared with PET.

In this paper, we present a modification to the pro-
portional scaling model that accounts for the contribu-
tion of local BOLD signals to the global signal. In our
model, an adjusted global signal replaces the global
signal. The adjusted global signal is calculated by or-
1053-8119/01 $35.00
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thogonalizing the global signal with respect to noncon-
stant covariates of the experimental design matrix.
The use of the adjusted global signal is justified by the
following arguments. In the proportional scaling
model, the assumed form for the local signal from voxel
i, Ii(t), is

Ii~t! 5 G~t!@mi 1 ai z h~t! 1 bi z c~t! 1 ei~t!#, (1)

where t is a discrete time variable (e.g., scan number)
and G(t) is the multiplicative factor arising from
global effects. h(t) 5 [h1(t) . . . hP(t)]9 and c(t) 5
[c1(t) . . . cQ(t)]9 are vectors of covariates that represent
the BOLD signal invoked by experimental manipula-
tions (the covariates of interest) and the local nuisance
effects (the covariates of no interest), respectively. ei(t)
s a normally distributed error term, ei(t) ; N(0, si

2); mi

is the baseline intensity; and the parameter estimates
ai and bi are constant row vectors. Here we assume
that G(t) is uncorrelated with h(t) and c(t). By defini-
tion, the global signal is a spatial average of local
signals from all cerebral voxels,

g~t! 5
1

m O
i51

m

Ii~t!, (2)

where m is the number of cerebral voxels. Defining
Gv(t) as the variation of G(t) about its mean G# ,

G~t! 5 G# 1 Gv~t!, (3)

and combining (1) and (2) gives

g~t! 5
1

m O
i

$~G# 1 Gv~t!! z ~mi 1 ai z h~t!

1 bi z c~t! 1 ei~t!!% 5 F ~G# 1 Gv~t!!
1

m O
i

miG
1 FG#

1

m O
i

~ai z h~t! 1 bi z c~t!!G
(4)

1 F1

m O
i

~Gv~t!ai z h~t! 1 Gv~t!bi z c~t!!G
1 F~G# 1 Gv~t!!

1

m O
i

ei~t!G .

The first term in square brackets in Eq. (4) is the
average baseline intensity scaled by G(t). The second
term, a linear combination of nonconstant covariates of
the experimental design matrix, is removed by orthogo-
nalization. The third term is a spatial average of the

interactions between Gv(t) and the local BOLD and
nuisance effects. This term is a negligible second-order
effect if Gv(t) and the nuisance effects are both small
relative to G# or if the interactions are incoherent and
cancel out in the spatial average (note that the frac-
tional change in signal due to the BOLD effect is al-
ways small—typically less than 5%). We verified this
condition for both experiments. We assume that the
last term, the spatial average of the error terms scaled
by G(t), is negligible. Under the assumptions above, the
adjusted global signal, ga(t), is proportional to G(t),

ga~t! 5 ~G# 1 Gv~t!!
1

m O
i

mi 5 G~t!B, (5)

where B is the average baseline intensity. Scaling local
signals by the adjusted global signal prior to analysis
produces signals of the form assumed by the general
linear model (B is inconsequential in subsequent anal-
yses):

Ii~t!/ga~t! 5 @mi 1 ai z h~t! 1 bi z c~t! 1 ei~t!#/B. (6)

Data from two experiments were used to test this
model: (1) an event-related oddball stimulus paradigm
(Kiehl et al., 2001; Kiehl and Liddle, 2001) and (2) a
block-design working memory task (Mendrek et al., in
preparation). Three analyses were performed on the
data, in which (i) local signals were not scaled, (ii) local
signals were scaled by the global signal (proportional
scaling), and (iii) local signals were scaled by the ad-
justed global signal (adjusted proportional scaling).

MATERIALS AND METHODS

Experiment 1

Image volumes were collected from six male and four
female right-handed healthy participants (mean age
24.2 years). Two sets of 244 auditory stimuli were
presented to each participant by a computer-controlled
auditory sound system via insert earphones. Nontar-
get, target, and novel stimuli consisted of 1000-Hz
tones, 1500-Hz tones, and nonrepeating random
noises, respectively. The duration of each stimulus was
200 ms, the interstimulus interval (ISI), 2000 ms. Par-
ticipants were instructed to press a button with their
right index finger as soon as they heard a target stim-
ulus and not to respond to a nontarget or novel stim-
ulus. The stimulus paradigm and data acquisition
techniques are described more fully in Kiehl et al.
(2001) and Kiehl and Liddle (2001).

Imaging was performed with a clinical GE 1.5-T
scanner fitted with a Horizon Echo-Speed upgrade.
Functional image volumes were collected with a gradi-
ent-echo sequence (TR/TE 3000/40 ms, flip angle 90°,

FOV 24 3 24 cm, 64 3 64 matrix, 62.5-kHz bandwidth,
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753GLOBAL SIGNAL IN FMRI ANALYSIS
3.75 by 3.75-mm in-plane resolution, 5-mm slice thick-
ness, 29 slices) effectively covering the entire brain
(145 mm). During each stimulus run, 167 image vol-
umes were acquired. The first 4 were collected to allow
T1 effects to stabilize and were not included in subse-
uent analyses.
Sessional realignment (Friston et al., 1995a, 1996),

onlinear spatial normalization (Friston et al., 1995a),
nd spatial smoothing (Gaussian kernel, FWHM 5 8 3
3 8 mm) were performed with the software Statisti-

al Parametric Mapping 99 (Wellcome Department of
ognitive Neurology). In analyses without propor-

ional or adjusted proportional scaling, image volumes
rom each session were scaled by the corresponding
ean global signals to compensate for sessional inten-

ity variations. To remove low-frequency and high-
requency confounds, a high-pass frequency filter (cut-
ff frequency 0.0088 Hz for odd-numbered sessions,
.0093 Hz for even-numbered sessions) and a low-pass
requency filter (cutoff frequency 0.158 Hz) were ap-
lied. Hemodynamic responses to the target and novel
timuli were modeled using a synthetic response func-
ion composed of two gamma functions and a term

FIG. 1. SPM{t}’s for target responses obtained from analyses wit
caling. The data are presented as a maximum intensity projection
resented: sagittal, coronal, and transverse. The gray scale is arbitr

0.05. Note the similarities between SPM{t}’s from the analyses with
roportional scaling yielded considerably fewer activations. Z scores

and lowest overall in the analysis with proportional scaling.

FIG. 2. SPM{t}’s for novel activations obtained from analyses wi
scaling. The data are presented in the same manner as in Fig. 1. The s

between the global signal and the novel covariate. Z scores were simila
roportional to its derivative (for the mathematical
odel, see Josephs et al., 1997; for an illustration, see
riston et al., 1998). The latter term was included to
odel small latency variations. It was assumed that

esponses to the frequent nontarget stimuli formed a
onstant baseline, so they were not modeled explicitly.
he statistical significance of effects was tested using
he modified Bonferroni correction for multiple com-
arisons described by Friston et al. (1995c), as imple-
ented in SPM 99.

Experiment 2

Image volumes were collected from nine male and
hree female right-handed healthy participants (mean
ge 27.5 years). Two 7-min runs of visual stimuli were
resented to each participant by a computer-controlled
ideo projection system. The stimuli consisted of let-
ers presented for 250 ms, with an ISI of 2000 ms. Two
onditions, “0-back” and “2-back,” were presented sep-
rately in alternating 30-s periods separated by 20-s
eriods of rest. During the 0-back condition, partici-
ants were instructed to press the button with their

a) no scaling, (b) proportional scaling, and (c) adjusted proportional
IP) on a standard template brain. In the MIP, the three views are
and all SPM{t}’s are set at a corrected voxel-level threshold of P ,

t scaling and with adjusted proportional scaling. The analysis with
re highest overall in the analysis with adjusted proportional scaling

a) no scaling, (b) proportional scaling, and (c) adjusted proportional
ilarities in activation patterns are consistent with the low correlation
h (
(M
ary
ou
we
th (
im
r in all three analyses.
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754 DESJARDINS, KIEHL, AND LIDDLE
right index finger when they saw an “X” appearing in
the sequence of letters. In the 2-back condition, partic-
ipants were instructed to press the button when they
saw a letter that was identical to one presented two
trials back. Both conditions involved similar sensory
processing of information and a similar amount of mo-
tor activity. This task has been used in previous neu-
roimaging investigations of working memory (e.g.,
Awh et al., 1996; Cohen et al., 1997; Jonides et al.,
997). A high-pass frequency filter (cutoff frequency
.0033 Hz) and a low-pass frequency filter (cutoff fre-
uency 0.158 Hz) were applied to remove low-fre-
uency and high-frequency confounds, respectively.
dditional imaging parameters and image preprocess-

ng methods were the same as those employed in Ex-
eriment 1.

RESULTS AND DISCUSSION

In Figs. 1 and 2, we present thresholded SPM{t}’s
from analyses of hemodynamic responses due to target
and novel stimuli relative to baseline stimulus re-
sponses. In both cases, activations were more extensive
in analyses without scaling and with adjusted propor-
tional scaling than in the analyses with proportional

TAB

Representative Z Sco

Location [x y z]

Z s

No scaling

Right anterior temporal lobe [48 16 216] 10.98
Left anterior temporal lobe [256 12 216] 11.59
Supplementary motor area [24 212 52] 12.79
Right cerebellum [16 256 224] 12.60

FIG. 3. Global signal and adjusted global signal of a representa
signal is 0.157% of the mean. These graphs illustrate that the comp
respect to the nonconstant covariates of interest was small relative to

between the global signal and the adjusted global signal is only 0.0328
scaling. Very similar activation patterns were observed
from analyses without scaling and with adjusted pro-
portional scaling, but Z scores from the latter analyses
were higher overall. Z scores from analyses with pro-
portional scaling were lowest overall. Representative Z
scores from the three analyses are listed in Table 1.

The correlation between the global signal and the
target covariate was high (Z 5 7.88). Under the as-
sumption that this correlation reflects contributions
from local BOLD signals, it is consistent with the large
extent of activation obtained from the analysis without
scaling. In contrast, the correlation between the global
signal and the novel covariate was low (Z 5 1.84). The
activation extent and Z scores obtained from all three
nalyses of novel responses relative to baseline were
imilar (see Fig. 2). The global signal from a represen-
ative session in Experiment 1 is shown in Fig. 3. The
tandard deviation of the global signal was 0.157% of
he mean. In contrast, the standard deviation of the
ifference between the global signal and the adjusted
ignal was only 0.0328%. This indicates that the large
igh-frequency variations in the former signal are also
resent in the latter. The precise origin of these vari-
tions is unclear. Under the hypotheses of the propor-
ional scaling model, however, such knowledge is un-

1

from Experiment 1

s from analyses of target responses relative to baseline

Proportional scaling Adjusted proportional scaling

9.87 11.42
10.90 12.28
10.39 13.17
9.26 12.62

e session from Experiment 1. The standard deviation of the global
nt of the global signal that was removed by orthogonalization with

e variations about the mean: the standard deviation of the difference
LE

res

core
tiv
one
th
%. See text for details.
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necessary for accurate measurements of local BOLD
signals.

In Fig. 4, we present thresholded SPM{t}’s from anal-
yses of deactivations during processing of targets rel-
ative to baseline. As expected from the high correlation
between the global signal and the target covariate, the
analysis with proportional scaling yielded extensive
deactivations, primarily in white-matter voxels. These
deactivations may safely be considered artifactual, and
they are absent at a statistically significant level in the
analyses without scaling and with adjusted propor-
tional scaling. In this study, the large negative re-
sponses relative to baseline obtained from the analysis
with proportional scaling illustrate the dramatic result
of scaling a local signal that is uncorrelated with the
covariates of interest by a highly correlated global sig-
nal, an effect well described by Aguirre et al. (1998).

A similar effect was observed in analyses of novel
responses relative to target stimulus responses. The
corresponding SPM{t}’s are shown in Fig. 5. The anal-
ysis with proportional scaling yielded the highest Z
scores of the three analyses overall. In large part, the
differences between conditions in white-matter voxels
were artifactually induced by proportional scaling. We
hypothesize from this result that the differences be-
tween conditions in gray-matter voxels were errone-

FIG. 4. SPM{t}’s for target deactivations obtained from analyses w
scaling. The data are presented in the same manner as in Fig. 1. Th
of the high correlations between the global signal and the target cov

FIG. 5. SPM{t}’s for novel responses relative to target responses

(c) adjusted proportional scaling. The data are presented in the same m
ously enhanced by proportional scaling. The differ-
ences between conditions obtained from the analysis
with adjusted proportional scaling are consistent with
the distribution of neural sources associated with novel
stimuli from intracranial recordings and from data
from patients with brain damage (Halgren et al.,
1995a,b, 1998; Knight, 1984; Knight and Nakada,
1998), although an exact comparison is not possible.
While activations obtained from the analysis with ad-
justed proportional scaling were more extensive than
those obtained from the analysis without scaling, sim-
ilar patterns were obtained when slightly lower thresh-
olds were used. These results suggest that the analysis
with adjusted proportional scaling provided the most
realistic account of novel responses relative to target
stimulus responses.

The widespread activation in response to target
stimuli may be surprising in view of the relative sim-
plicity of the task. However, this observation is consis-
tent with numerous reports of widespread activation
during intracranial recordings of target stimuli from
oddball studies in patients (Halgren and Marinkovic,
1996; Halgren et al., 1998). This issue is discussed in
reater detail by Kiehl et al. (2001) and Kiehl and
iddle (2001); other relevant papers include Mesulam

1990, 1994) and Mesulam et al. (1999).

(a) no scaling, (b) proportional scaling, and (c) adjusted proportional
xtensive white-matter deactivations shown in (b) are a direct result
ate. They are absent in both (a) and (c).

ined from analyses with (a) no scaling, (b) proportional scaling, and
ith
e e
obta

anner as in Fig. 1. See text for details.
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756 DESJARDINS, KIEHL, AND LIDDLE
The results of Experiment 2 afford an independent
test of the three analysis methods. We observed very
different activation extents for the 2-back conditions
and the 0-back conditions in analyses without scaling.
For brevity, we present only SPM{t}’s corresponding to

ifferences between the two conditions.
In Fig. 6, we present thresholded SPM{t}’s from anal-

ses of 2-back responses relative to 0-back responses.
ctivations were more extensive in analyses without
caling and with adjusted proportional scaling than in
he analyses with proportional scaling. Very similar
ctivation patterns and Z scores were observed from
nalyses without scaling and analyses with adjusted
roportional scaling. Z scores from analyses with ad-
usted proportional scaling were highest overall. Rep-
esentative Z scores from the three analyses are listed
n Table 2. The correlations between the global signal
nd the covariates of interest were large (Z 5 5.31 for

2-back responses relative to 0-back responses). Under
the assumption that this correlation primarily reflects
contributions from local BOLD signals to the global
signal, it is consistent with the large activation extent
obtained from the analysis without scaling.

SPM{t}’s from analyses of 0-back responses relative
o 2-back responses are shown in Fig. 7. For analyses
ithout scaling, the extent of these deactivations is

maller than the extent of activations. This difference

FIG. 6. SPM{t}’s for 2-back responses relative to the 0-back re
scaling, and (c) adjusted proportional scaling. The data are prese
SPM{t}’s from the analyses without scaling and with adjusted pr
smaller activation extent. Z scores were highest overall in the an
analysis without scaling.

TAB

Representative Z Sco

Location [x y z]

Z scores fr

Analysis without
scaling

Right parietal lobe [20 276 52] 35.22
Left parietal lobe [240 252 40] 27.31
Right lateral frontal cortex [44 36 28] 22.52
Left lateral frontal cortex [252 24 28] 28.27
reflects the more demanding nature of the 2-back task.
Similar deactivation patterns were reported in PET
studies employing the N-back task (e.g., Awh et al.,
996; Schumacher, 1996; Jonides et al., 1997). The

analysis with proportional scaling yielded extensive
deactivations in white-matter voxels. These white-
matter deactivations are consistent with the high cor-
relation between the global signal and the covariates of
interest and may safely be considered artifactual. They
are absent in the analyses without scaling and ad-
justed proportional scaling.

In general, the correlation between the global sig-
nal and the experimental manipulations may be af-
fected not only by the sum of local BOLD signals, but
also by any mechanism or artifact that induces cor-
relations between local signals and experimental
manipulations. Movement-related artifacts are pos-
sible candidates. If the contribution of local BOLD
signals is not the dominant one, orthogonalization of
the global signal with respect to nonconstant covari-
ates of the experimental design matrix may not be
appropriate. To make this statement more precise,
we discuss two extensions of the proportional scaling
model for local signals (Eq. (1)) to include correla-
tions between the global signal and the covariates of
interest that are not due to local BOLD signals.
First, we assume that these correlations are ex-

nses obtained from analyses with (a) no scaling, (b) proportional
d in the same manner as in Fig. 1. Note the similarities between
rtional scaling. The analysis with proportional scaling yielded a
sis with adjusted proportional scaling and lowest overall in the

2

from Experiment 2

analyses of 2-back responses relative to 0-back responses

Analysis with proportional
scaling

Analysis with adjusted
proportional scaling

39.41 42.87
27.67 33.48
24.44 29.02
30.01 34.29
spo
nte
opo
aly
LE

res

om
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pressed locally, so that they can be modeled by the
inclusion of additive terms of the form ai(t), where
ai(t) is significantly correlated with the covariates of
interest:

Ii~t! 5 @G# 1 Gv~t!#@mi 1 ai z h~t!

1 bi z c~t! 1 ai~t! 1 ei~t!#.
(7)

Here we assume that Gv(t) is uncorrelated with the
covariates of interest. Orthogonalization is appropri-
te: scaling local signals by the adjusted global signal
alculated from Eq. (7) would remove variations due to

v(t) without introducing additional terms that are
correlated with the covariates of interest. To accurately
estimate local BOLD signals, however, methods for
distinguishing between ai(t) and ai z h(t) are required.
A discussion of such methods is given in Friston et al.
(1996). A second possibility is that correlations be-
tween the global signal and the covariates of interest
are induced by G(t). In this case, orthogonalization may
not be appropriate. We express the variation of G(t)
about its mean as the sum of terms Gv(t) and A(t) that
are uncorrelated and correlated with the covariates of
interest, respectively:

G~t! 5 G# 1 Gv~t! 1 A~t!. (8)

In this case, the local signals are given by

Ii~t! 5 @G# 1 Gv~t! 1 A~t!#

3 @mi 1 ai z h~t! 1 bi z c~t! 1 ei~t!#.
(9)

Under the assumptions that Gv(t) and A(t) are small
relative to G# and that products of the variations

FIG. 7. SPM{t}’s for 0-back responses relative to 2-back responses
(c) adjusted proportional scaling. The data are presented in the sam
extensive white-matter deactivations that are absent in both (a) and
Gv(t), A(t), a i z h(t), and b i z c(t) are negligible, the
adjusted global signal and the scaled local signals
are given by

ga~t! 5 ~G# 1 Gv~t!!
1

m O
i

mi 5 @G~t! 2 A~t!#B (10)

i~t!/ga~t! 5 @mi 1 ai z h~t! 1 ~mi/G# !A~t! (11)

1 bi z c~t! 1 ei~t!# /B,

where B is the average baseline intensity (the varia-
tion of the reciprocal term 1/ga(t) was calculated using
the approximation (1 1 h)21 ' 1 2 h, valid for h ! 1).
In subsequent analyses of Eq. (11), measurements of
local BOLD signals would be artifactually augmented
by additive terms of the form (mi/G# )A(t) ' A(t). In our
analyses of Experiments 1 and 2, we made the conven-
tional assumption that G(t) is uncorrelated with the
covariates of interest (Frackowiak et al., 1997; Aguirre,
1998). More accurate characterizations of global effects
are required to substantiate this assumption.

A proportional scaling model is appropriate for fMRI
analyses when global effects can be attributed to gain
effects that equally affect BOLD signals and error vari-
ance in local signals. In this context, orthogonalization
of the global signal with respect to nonconstant covari-
ates of the experimental design matrix is appropriate
when global effects are not correlated with experimen-
tal manipulations. The contributions of local BOLD
signals to the global signal may induce a strong corre-
lation between the global signal and experimental ma-
nipulations. In this case, it is likely that the adjusted
global signal is a better characterization of global ef-
fects than the global signal.
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