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Abstract

Most fMRI studies employ general-linear-model-based analyses (GLMBA) of BOLD signal
changes to identify regions that are active (or not) during specific cognitive processes. However,
alternate analytic approaches (like independent component analysis) may identify more complex
patterns of activation, including in regions not implicated in GLM-BA of the same data. In our
opinion, fMRI findings revealed by a GLM-BA cannot exclude any brain regions from
contributing to specific cognitive processes.
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Most studies use general-linear-model-based analysis (GLM-BA) to identify brain regions
whose activations during functional magnetic resonance imaging (fMRI) may contribute to
specific cognitive processes. However, GLMBA may, due to the complexity of brain
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functional organization, under-estimate the regional brain contributions relating to
performance of such processes. In this paper, we will discuss how two fundamental
properties of the brain (i.e., functional heterogeneity and balanced excitation and inhibition)
may limit the sensitivity and specificity of GLM-BA, and why combining GLM-BA with a
multivariate approach, i.e., spatial independent component analysis (sICA), will typically
reveal more brain functional activity than GLM-BA alone. We hope that this discussion will
provide a theoretical framework for future studies explicitly acknowledging the limitations
of GLM-BA findings, and that both GLM-BA and sICA will be used to interrogate fMRI
data for a more complete understanding of brain functional activity. To highlight these
points, we will focus on a recently published article (Donoso et al., 2014).

To investigate the architecture of reasoning processes in the prefrontal cortex (PFC), Donoso
et al (Donoso et al., 2014) used fMRI to measure blood-oxygenation-level-dependent
(BOLD) signal in the PFC while healthy participants performed a visual task. This task
required the participants to select a response strategy, evaluate the reliability of selected and
alternate strategies based on feedback, and create new response strategies if necessary. By
using a GLM-BA to interrogate acquired BOLD timeseries, they found that the reliability of
the selected and alternative strategies correlated differently with task-related BOLD signal
changes in the medial and lateral PFC, but did not correlate with BOLD signal in any other
PFC regions. They concluded that the medial PFC evaluated the selected strategy whereas
the lateral PFC concurrently evaluated alternative strategies. In our opinion, their fMRI
findings indicate that the medial and lateral PFC do contribute differently to the evaluations
of selected vs. alternate strategies. However, the approach employed cannot exclude
potential contributions of the medial PFC and other PFC regions to the evaluation of
alternate strategies, nor can they exclude the potential contribution of the lateral PFC and
other PFC regions to the evaluation of the selected strategy. These uncertainties may stem
from the complicated properties of the brain including functional heterogeneity and balanced
excitation and inhibition (E/I), in addition to the limited spatial and temporal resolutions of
fMRI, and the univariate nature of GLM-BA.

Functional heterogeneity refers to the findings that neurons within any cortical region
including the primary sensory cortex are highly heterogeneous in functional activities
(Horton and Adams, 2005; Isaacson and Scanziani, 2011; Swindale, 1998). For example, the
primary visual cortex is structurally and functionally organized to include overlapping maps,
each responsive to a unique visual property such as edge orientation, motion direction, and
spatial frequency. These overlapping maps form a so-called ‘polymap’ (Horton and Adams,
2005; Swindale, 1998). Likewise, it has been suggested that different functional networks
(FNs) overlap with each other in the PFC (Fuster, 2009). Intermixed neurons in the same
PFC regions show different timecourses including concurrent increases and decreases in
activity during the delay period of a working memory task (Fuster, 2009). Relevant to the
findings presented in the Donoso et al manuscript, fMRI studies have reported that the same
regions in the medial and lateral PFC show relatively increased BOLD signals during
multiple tasks of different cognitive demands, including working memory, task novelty, and
response conflict (Duncan and Owen, 2000). It has been suggested that these medial and
lateral PFC regions form a multiple-demand system (Duncan, 2010).
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Balanced E/I refers to the findings that excitatory and inhibitory activities are accompanied
with each other among adjacent cortical neurons during either resting condition or task
performance (Isaacson and Scanziani, 2011). Within any cortical region, about 20% of all
neurons are GABAergic inhibitory interneurons and 80% are excitatory pyramidal neurons
(Druga, 2009). These inhibitory and excitatory neurons form dense connections and
maintain a balance of E/I at levels of single neurons and microcircuits. Spontaneous or
stimulus-induced activation of cortical neurons is accompanied by deactivation of adjacent
neurons with different functional properties, although the ratio between activation and
deactivation may change dynamically (Isaacson and Scanziani, 2011). A typical fMRI voxel
in the cortex contains more than one million neurons (Logothetis, 2008). The property of
balanced E/I predicts that within each voxel at any instant, task-related neuronal activation is
accompanied by simultaneously deactivation of adjacent neurons. Therefore, concurrent
activation and deactivation of neurons should exist in both the medial and lateral PFC during
each condition of the task used in the Donoso et al manuscript.

Although the exact coupling between neural activity and BOLD signal is not yet clear, there
is consistent evidence from multiple studies indicating that activation increases BOLD
signal while deactivation reduces BOLD signal (Goense et al., 2012; Logothetis, 2008;
Mullinger et al., 2014). Therefore, BOLD signal changes from each voxel probably reflect
the changes in difference between activation and deactivation of all neurons in the voxel, not
activation or deactivation alone (Logothetis, 2008). Increases in BOLD signal probably
reflect a greater activation then deactivation, while decreases in BOLD signal reflect a
greater deactivation than activation, and no change in BOLD signal may reflect cancellation
of activation and deactivation among different neurons in the voxel, and does not necessarily
indicate no activation. Since GLM-BA is a univariate analysis, it treats BOLD signal from
each voxel independently and cannot reveal concurrent activation and deactivation of
different neurons underlying BOLD signal changes from each voxel. Therefore, either no
significant change or a significant decrease in BOLD signal at any cortical region as
revealed by GLMBA does not necessary prove there is no significant neuronal activation in
the region. Since the Donoso et al manuscript (Donoso et al., 2014) used a GLM-BA alone,
they cannot rule out task-related activation in any brain regions during evaluation of the
reliability of selected or alternate response strategies, regardless of whether these brain
regions show no change or significant decreases in BOLD signal during task performance.

The above views have received direct support from recent fMRI studies using sICA (Beldzik
etal., 2013; Geranmayeh et al., 2014; Xu et al., 2014; Xu et al., 2013b). In fMRI, SICA
assumes BOLD signal from each voxel represents a linear mixture of source signals and
separates this signal mixture into spatially independent components (i.e., source signals),
which represent temporally coherent functional networks (FNs) (Calhoun and Adali, 2012).
One study used both a GLM-BA and sICA to assess task-related changes in BOLD signal
while a group of healthy participants performed a visual task with parametric demands of
attention and working memory (Xu et al., 2013b). The GLM-BA revealed load-dependent
increases in BOLD signal in the intra-parietal sulcus, dorsolateral PFC, and insula,
bilaterally, and decreases in BOLD signal in the medial frontal and parietal cortex. In
contrast, sSICA found that FNs showing load-dependent positive and negative modulations in
timecourses occupied much more extensive brain regions than those that showed positive
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and negative changes in BOLD signal, respectively, as revealed by the GLM-BA.
Furthermore, positive and negative FNs overlapped extensively with each other. Some
positive FNs overlapped with brain regions showing decreases in BOLD signal as revealed
by the GLM-BA, while some negative FNs overlapped with brain regions showing increases
in BOLD signal. These findings from sICA indicate that each voxel within FN overlap
regions contains multiple source signals of different timecourses. These source signals may
show task-related concurrent increases and decreases. Therefore, these findings of SICA: are
highly consistent with the above-predicted concurrent activation and deactivation of
different neurons in a voxel based on balanced E/I; support our view that no change or
significant decreases in BOLD signal does not necessarily imply no activation; and indicate
that the sensitivity and specificity of GLM-BA are limited.

The limitation of GLM-BA has been discussed previously for reasons that GLM-BA is a
model-driven approach based on explicitly defined hypotheses and hemodynamic response
functions (HRFs) which may not capture variable features of HRFs in different brain regions
(Hu et al., 2005; McKeown, 2000; McKeown et al., 1998). Therefore, some investigators
have proposed to use both GLM-BA and ICA to reveal more task-related brain activity than
using GLM-BA alone (Calhoun et al., 2005; Hu et al., 2005; McKeown, 2000). Here, based
on the brain properties of functional heterogeneity and balanced E/I, we further emphasize
the importance of using sICA (or some other approach which can account for overlap
cancelation) in conjunction with GLM-BA in future fMRI studies for a more complete
understanding of brain functional organization (Xu et al., 2013a).
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