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fMRI is the foremost technique for noninvasive measurement of
human brain function. However, its utility is limited by an incom-
plete understanding of the relationship between neuronal activity
and the hemodynamic response. Though the primary peak of the
hemodynamic response is modulated by neuronal activity, the
origin of the typically negative poststimulus signal is poorly un-
derstood and its amplitude assumed to covary with the primary
response. We use simultaneous recordings of EEG with blood
oxygenation level-dependent (BOLD) and cerebral blood flow
(CBF) fMRI during unilateral median nerve stimulation to show
that the poststimulus fMRI signal is neuronally modulated. We
observe high spatial agreement between concurrent BOLD and
CBF responses to median nerve stimulation, with primary signal
increases in contralateral sensorimotor cortex and primary signal
decreases in ipsilateral sensorimotor cortex. During the poststim-
ulus period, the amplitude and directionality (positive/negative) of
the BOLD signal in both contralateral and ipsilateral sensorimotor
cortex depends on the poststimulus synchrony of 8-13 Hz EEG
neuronal activity, which is often considered to reflect cortical in-
hibition, along with concordant changes in CBF and metabolism.
Therefore we present conclusive evidence that the fMRI time
course represents a hemodynamic signature of at least two dis-
tinct temporal phases of neuronal activity, substantially improving
understanding of the origin of the BOLD response and increasing
the potential measurements of brain function provided by fMRI. We
suggest that the poststimulus EEG and fMRI responses may be re-
quired for the resetting of the entire sensory network to enable
a return to resting-state activity levels.

simultaneous EEG-fMRI | event-related synchronization | rebound |
alpha power | neurovascular-coupling

lood oxygenation level-dependent (BOLD) fMRI is the

foremost noninvasive technique for measuring the spatial
location and intensity of human brain function (1). BOLD con-
trast allows information about enhanced neuronal activity to be
inferred from fMRI signal increases and has been instrumental
in shaping current neuroscientific understanding of how macro-
scopic neuronal processes give rise to complex human behavior
(2). However, current interpretations of fMRI data are often
limited by the assumption that there is a canonical hemodynamic
response (HR) to external stimuli, which implies a fixed re-
lationship between the two main BOLD signal components: the
primary signal increase and the poststimulus undershoot. This
assumption implicitly imposes a model whereby the brain’s re-
sponse is consistent and standardized, neglecting widespread dem-
onstrations of the behavioral and neurobiological significance of
variability in evoked brain responses (3), as well as ignoring the
considerable variability in HR amplitude, morphology, and latency
both between and within individuals (4, 5). While use of the ca-
nonical HR has enabled functional localization studies, its over-
simplification of brain responses restricts the ability to extract the
most behaviorally relevant signal modulations from the BOLD
fMRI data; by definition, this requires accurate characterization of
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single-trial brain responses and a comprehensive understanding of
the entire BOLD response time-course and its variability.

One of the most fundamental requirements is to improve the
understanding of the neurophysiological origin of the post-
stimulus undershoot, which comprises at least half of the HR
time course but is inconsistently observed in the average HR,
possibly because of single-trial variability in the undershoot’s
shape and amplitude. The primary BOLD response indirectly
reflects increases in neuronal activity via concordant increases in
cerebral blood flow (CBF), blood volume (CBV), and metabolic
rate of oxygen consumption (CMRO,) (6, 7). The poststimulus
undershoot occurs after the primary BOLD signal increase, fol-
lowing stimulus cessation; it is classically characterized as an
average decrease in BOLD signal below prestimulus baseline,
followed by a subsequent recovery to baseline. The physiological
origins of the poststimulus undershoot remain unclear despite
numerous studies in animals (8, 9) and humans (10-14). A
number of putative mechanisms have been proposed: (i) post-
stimulus elevation of CBV, after CBF and CMRO, have
returned to baseline (the balloon model) (15), implying a purely
vascular origin; (if) CBF returning to baseline with CMRO,
remaining elevated after stimulus cessation (11, 16), possibly due
to a rebalancing of ionic gradients poststimulation (16, 17); and
(iii) a decrease in CBF below baseline accompanied by a lesser
reduction in CMRO; (10, 13, 18). This mechanism is the inverse
of the mechanism underlying the primary BOLD response and
therefore may be driven by a decrease in neuronal activity below
baseline levels.

Recent work presents strong evidence of an alteration in
CMRO; relative to baseline during the poststimulus period (11,
16), thus excluding mechanism i as the sole cause of the BOLD
poststimulus undershoot. However, it is currently not possible to
discriminate between mechanisms ii or iii due to contradictory
reports of either a reduction (10, 13) or no change (11) in CBF
during the BOLD poststimulus undershoot period. This ambi-
guity may be due to spatial variability in the poststimulus CBF
and CBV responses, as recently shown in animal studies (8, 9),
the low sensitivity of the arterial spin-labeling (ASL) sequences
used to measure CBF, or suboptimal sequential acquisition of
BOLD and CBF data. Simultaneous acquisition of BOLD, CBF,
and EEG integrates information from both neuroelectric and
hemodynamic signals, thus providing an important conceptual
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framework for elucidating the origins of the BOLD undershoot,
and in particular to determine whether poststimulus neuronal
modulations contribute to the undershoot (mechanism iif).

The hypothesis that a reduction in neuronal activity, often
conceptualized as neuronal inhibition, underlies the poststimulus
undershoot is supported by primate electrophysiological record-
ings. In brain regions exhibiting a positive primary BOLD re-
sponse to a visual stimulus (19), neuronal activity was shown to
decrease below prestimulus baseline levels for up to 10 s (19) after
cessation of the visual stimulus. Therefore, accounting for the
hemodynamic delay, this reduction in neuronal activity is a highly
plausible source of the BOLD poststimulus undershoot. Further-
more, in regions where the primary BOLD response to the stim-
ulus decreased compared with baseline levels (negative BOLD
response) (20, 21), the neuronal activity following stimulus cessa-
tion increased above baseline, causing a BOLD poststimulus over-
shoot (19). A poststimulus overshoot following a negative primary
BOLD response has also been reported in human visual (21) and
somatosensory (20) cortices. Shmuel et al. (19) proposed that
a decrease (increase) in neuronal activity triggering a decrease
(increase) in CBF may underlie the BOLD poststimulus un-
dershoot (overshoot), providing further support for mechanism .

Poststimulus changes in oscillatory neuronal activity relative to
prestimulus baseline levels have also been measured non-
invasively in humans using EEG and magnetoencephalography
(MEG) (22, 23). The widely reported poststimulus event-related
synchronization (PERS), or rebound, consists of an increase in
power lasting a few seconds in the alpha (8-13 Hz) and/or beta
(13-30 Hz) frequency bands following motor task performance,
sensorimotor, or visual stimulation (22-24). Alpha and beta
rhythm event-related synchronization (ERS) are believed to
underlie functional inhibition (24-26). The mu rhythm is a typical
example of the alpha rhythm found in the sensorimotor cortex.
The amplitude of both the PERS (24, 27) and poststimulus
BOLD response (10, 13) is modulated by stimulus intensity and
duration; we hypothesize that this reflects an underlying corre-
lation between hemodynamic and electrophysiological responses,
and that the neuronal activity that underlies the EEG/MEG re-
bound is also the source of the BOLD poststimulus undershoot
and perhaps suggests an inhibitory role of this fMRI response. A
close correspondence between the spatial location of the beta-
PERS and primary positive BOLD response to visual and motor
stimuli (24) suggests that these reflect activity from a common
neuronal population. However, the correlation between the am-
plitude of PERS (or any other neuronal activity) and the BOLD
poststimulus undershoot has not been investigated.

This study investigates the neuronal contribution to the post-
stimulus HR by analyzing simultaneously recorded EEG-BOLD-
CBF sensorimotor cortex responses to median nerve stimulation
(MNS). The unique and powerful combination of three non-
invasive neuroimaging measures enables the most detailed in-
vestigation to date of the neurovascular coupling underlying the
poststimulus response in humans. We use a trial-by-trial analysis
to demonstrate the contribution of neuronal (EEG), metabolic
(CMROy), and hemodynamic (CBF) response variability to the
poststimulus BOLD signal. We observe significant positive and
negative primary BOLD and CBF responses in contralateral and
ipsilateral sensorimotor cortex, respectively. In both regions,
BOLD and CBF poststimulus signal directionality varied from
trial-to-trial between an undershoot or overshoot, with an am-
plitude that correlated negatively with PERS mu power. This
work provides conclusive evidence that increases/decreases in
the poststimulus BOLD signal reflect commensurate changes in
neuronal activity, metabolism, and CBF.

Results

Correlations between poststimulus EEG mu power and BOLD
and CBF responses were assessed. For each subject, trials were
sorted into quartiles [lower (0-25%), median (37.5-62.5%), and

Mullinger et al.

upper (75-100%)] according to the average PERS mu power
during a 10.5- to 20-s time window (relative to the 0- to 10-s
period of MNS). Single-trial BOLD and CBF time courses were
then correspondingly sorted and averaged within quartiles and
across subjects to determine the poststimulus HR modulation.
Additionally, the HRs were sorted according to average mu
power calculated during stimulus response (0-9.5 s) and con-
trol (25-29.5 s) windows and compared with the PERS mu-
power sorting effects. Stimulus-related changes in beta power
were also investigated, but not consistently found across sub-
jects. We therefore focused on the robust mu power changes in
the remaining analysis.

Sorting EEG Mu Power. Fig. 1 shows the group average time-course
of mu power for each quartile when sorted according to stimulus
response, PERS, and control window. Distinct differences in the
mu power between quartiles specific to the time window of
sorting, and independent of the remainder of the time course,
are seen. No significant correlation between PERS mu power
and either stimulus response or control window mu power was
observed in any subject (minimum P value = 0.18). Fig. S1 shows
the significant difference in stimulus response, PERS, and con-
trol window mu power between quartiles, and the variability
across subjects.

Close Spatial Correspondence Between EEG-Mu, and BOLD and CBF
Responses to MNS. The primary BOLD/CBF signal response (peak
latency ~10 s) to MNS was positive in contralateral primary sen-
sorimotor cortex (Fig. 2, red) and negative in the ipsilateral primary
sensorimotor cortex (Fig. 2, blue). A close spatial correspondence
was observed between the group conjunction of the regions of
significant contralateral/ipsilateral BOLD and CBF response to
MNS and the beamformer group average T-stat map of changes in
oscillatory mu power during the stimulus response window.

Modulation of HRs by PERS Mu Power. Fig. 3 shows that during the
poststimulus period (20-30 s), both the contralateral and ipsi-
lateral BOLD amplitude, and contralateral CBF amplitude were
negatively correlated with PERS mu power. Upper quartile mu
power (shown in red) corresponded to an fMRI poststimulus
undershoot, whereas the lower quartile mu power (shown in
black) corresponded to an fMRI poststimulus overshoot. Two-way
repeated-measures ANOVA showed a significant interaction be-
tween time and sorting according to PERS quartile mu power
for contralateral [F(1.8, 18.2) = 3.47, P = 0.016] and ipsilateral
BOLD [F(1.5, 15.6) = 3.88, P = 0.009] and contralateral CBF
[F(2.3,23.0) = 3.29, P = 0.026] time course amplitudes, indicating
that the modulation of the HR amplitude by PERS mu quartile
was dependent on the time point within the response. Testing for
differences between quartiles at individual time points revealed
a significant (P < 0.05) effect of PERS mu power on poststimulus
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Fig. 1. Group average of the Hilbert envelope of virtual electrode mu time
course for each quartile according to sorting single trials by the average mu
power during stimulus response (0-9.5 s; A), PERS (10.5-20 s; B), and control
(24.5-29.5 s; C) time windows. Colored lines denote lower (black), median
(blue), and upper (red) quartiles. Gray shaded bars denote the duration of
the sorting window.
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Fig. 2. Conjunction of the group fixed-effects, contralateral positive (red)
and ipsilateral negative (blue) primary BOLD (P < 0.05, familywise error cor-
rected) and CBF (P < 0.001, uncorrected) responses superimposed upon the
group average T-stat of the EEG mu response (green) to MNS (active (0-9.5s),
passive (20-29.5 s) windows). Cross-hairs are centered on the peak BOLD voxel
in the contralateral and ipsilateral conjunction masks, respectively.

contralateral BOLD (23.5-29.5 s) and CBF (25-28.5 s) amplitudes
(Fig. 3 A and C). In addition, BOLD (upper quartile) and CBF
(upper and lower quartiles) contralateral poststimulus responses
measured from individual subjects were found to be significantly
(P < 0.05, Student ¢ test) different from zero across the group. A
significant difference in poststimulus amplitude between quartiles
was also observed for the ipsilateral BOLD time course (24.5-
29.5 s; Fig. 3B), but not for the ipsilateral CBF data (Fig. 3D).
We also found an increase in the primary peak amplitude and
a significantly greater lag of the falling edge of each of the
contralateral BOLD (~10.75-18.75 s), contralateral CBF
(~12.5-16.5 s), and the ipsilateral BOLD (8-14.25 s) responses
in trials with higher PERS mu power. The local minima/max-
ima in the lower quartile contralateral/upper quartile ipsilateral
BOLD responses at 19.2 s were not found to be significantly
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Fig. 3. BOLD and CBF HRs sorted according to quartiles of PERS (10.5-20 s)
mu power for contralateral (A and C) and ipsilateral (B and D) regions. Center
images show conjunction of contralateral (pink) and ipsilateral (green) group
BOLD and CBF T-stat maps. Gray bars show significant (P < 0.05, repeated-
measures ANOVA) differences in HR amplitude between lower (black), me-
dian (blue), and upper (red) quartiles. Error bars indicate SEM.
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(P < 0.05, Student ¢ test) different from zero, and therefore we
interpret this as a turning point, rather than early undershoot/
overshoot.

Modulation of HRs by Stimulus or Control Mu Power. Two-way re-
peated-measures ANOVA showed a significant interaction be-
tween time and sorting according to stimulus response mu power
for contralateral [F(1.89, 18.9) = 2.762, P = 0.036] and ipsilateral
[F(2.14, 21.4) = 3.38, P = 0.02] BOLD time course amplitudes.
Only the amplitude of the rising edge (3-7.5 s) of the primary
contralateral BOLD response was significantly different between
stimulus response mu power quartiles (Fig. 44). In addition, the
primary peak amplitude of the ipsilateral BOLD response
(~11.25-13.5 s; Fig. 4B) was significantly larger for the upper mu
quartile. No significant effects were found in the CBF responses
(Fig. 4 C and D). We found no significant differences in the
poststimulus BOLD or CBF signal amplitude across quartiles
when fMRI trials were sorted according to stimulus response
(Fig. 4) or control window (Fig. S2) mu power, providing further
evidence that our findings truly reflect a correlation between the
poststimulus neuronal and fMRI signals.

CMRO, Changes During the Poststimulus Period. CMRO, was cal-
culated during the poststimulus period from the amplitude of
BOLD and CBF undershoots and overshoots for each subject,
using the Davis model (28) so as to identify the change in met-
abolic demand associated with lower and upper quartiles of
PERS mu power. Table 1 shows that the observed BOLD post-
stimulus undershoot (Fig. 34, red line) is caused by a decrease in
CBF and CMRO,;, whereas the poststimulus overshoot (Fig. 34,
black line) is caused by increases in CBF and CMRO,. The
CMRO, change during the poststimulus period is less than half
of that measured during the primary response period (Table 1),
as expected due to the larger primary BOLD and CBF re-
sponses. The difference in calculated CMRO, for the upper and
lower quartiles of PERS mu power was significant (P < 0.05) for
M of 10.6 and higher, and showed a trend (P < 0.1) for the
lowest M value.

Discussion

Neuronal Origin of the BOLD Poststimulus Undershoot. This study
provides evidence that the amplitude of the poststimulus BOLD
signal is a hemodynamic signature of poststimulus changes in
neuronal mu-band oscillatory activity. The commonly reported
poststimulus undershoot is not consistently an undershoot.
Rather, single-trial analyses reveal the directionality of this signal
is dependent on the synchrony of 8- to 13-Hz poststimulus neu-
ronal activity. Following 10 s of sensorimotor stimulation, both
contralateral (positive) and ipsilateral (negative) fMRI response
regions exhibited BOLD and CBF poststimulus undershoots (20—
30 s) in trials with high PERS mu power (10-20 s), accompanied
by reduced levels of CMRO, (20-30 s) compared with baseline.
Trials with low PERS mu power exhibited BOLD and CBF post-
stimulus overshoots accompanied by increased levels of CMRO,
(Table 1).

Simultaneous BOLD-CBF recordings allow us to conclude
that poststimulus BOLD signals originate from proposed mech-
anism iii (decrease in neuronal activity and accompanying re-
duction in CBF) rather than mechanism i (ionic rebalancing and
no change in CBF). CMRO, changes cannot be measured di-
rectly; therefore, inferences based on calculations, such as the
Davis model (28), are necessary. In the circumstance of large
reductions in BOLD with small reductions in CBF, the Davis
model predicts an increase in CMRO, (29) and suggests mech-
anism i would pertain. However, it is difficult to develop a
credible biomechanical mechanism that would produce a re-
duction in CBF without a reduction in CMRO,. The magnitude
of the CBF change observed in our data strongly suggests that
a decrease in CMRO, occurs concurrently with a poststimulus
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Fig. 4. BOLD and CBF HRs sorted according to quartiles of stimulus response
(0-9.5 s) mu power for contralateral (A and C) and ipsilateral (B and D) regions.
Center images show conjunction of contralateral (pink) and ipsilateral (green)
group BOLD and CBF T-stat maps. Gray bars show significant (P < 0.05, re-
peated-measures ANOVA) differences in HR amplitude between lower (black),
median (blue), and upper (red) quartiles. Error bars indicate SEM.

BOLD undershoot, supporting the hypothesis that the post-
stimulus fMRI signal is neuronal in origin. These results extend
invasive work in primates (19) and indicate that the previously
proposed mechanism iii underlies the BOLD poststimulus re-
sponse. Our findings indicate that the poststimulus response
originates from a similar mechanism to that of the primary
BOLD response, and is neuronal in origin.

Are the Davis and Baseline Assumptions Correct for Poststimulus
Responses? Implications for CMRO, Estimation. The mechanism orig-
inally proposed for the BOLD poststimulus undershoot was based
on slow vascular compliance, with CBV remaining elevated after
CBF and CMRO,; returned to baseline (15, 30). Though our results
refute this possibility due to the concurrent poststimulus reduction
in CBF and BOLD, and hence CMRO,, we have not measured
CBV and cannot rule out slow poststimulus changes in CBV due to
vascular compliance effects. However, a slow recovery in CBV can
be associated only with the poststimulus undershoot. Our data show
that the occurrence of a poststimulus increase in BOLD signal (an
overshoot) is equally as likely as an undershoot (Fig. 3). A purely
hemodynamic explanation of such an overshoot would require
either a poststimulus reduction in CBV below the prestimulus
baseline level, for which no evidence exists, or a slower return to
baseline of CBF than CBV. These circumstances are highly un-
likely, and therefore we suggest that the changes in neuronal activity
drive the CMRO,; and CBF change and consequently the BOLD
time course (Fig. 3).

Table 1.

Alternative definitions of the baseline for CBF and BOLD
signals may also influence the CMRO, changes calculated. The
optimal definition of a baseline signal in BOLD data is not
straightforward because the brain is never truly at rest (31, 32).
Here we calculate the mean baseline value for each subject from
the average signal in the 24- to 30-s time period, and use this
value to convert all single trials to percent signal change. Using
a different temporal interval to define the baseline would affect the
measurement of fMRI response amplitude and calculated CMRO,
change in a manner that is systematic across trials. Therefore, the
correlation between the BOLD and CBF responses (and calcu-
lated CMRO,) in the poststimulus period with trial-by-trial vari-
ability in PERS mu power would be unaffected by changes in
baseline, and thus a neuronal origin of the poststimulus fMRI
response would still be implied if a different temporal window
were used for the baseline calculation.

Because the temporal dynamics of CBF and CBV may be al-
tered during the poststimulus period (e.g., CBV remains ele-
vated poststimulation, but CBF decreases below baseline) (10), it
is also possible that the value of the Grubb coefficient, o (used to
couple CBV and CBF), applied in the Davis model during the
primary response period (« = 0.2) (10), is not valid poststimulus.
Assuming that following the positive primary response CBV ei-
ther returns to baseline immediately (a ~ 0) or remains elevated
due to slow changes in vascular compliance (a < 0), then the
magnitude of the calculated poststimulus change in CMRO, will
exceed the values shown in Table 1. Table 1 also shows that the
calculated CMRO; changes are dependent on M. As a result, the
difference in ACMRO, between PERS mu quartiles was not
found to be significant at the lowest M value. However, for
higher values of M, a significant difference was observed, which
would be exacerbated by lower values of a. Therefore, our data
indicate that regardless of the coupling between CBF and CBYV,
there is a decrease in CMRO, when a poststimulus undershoot
occurs and an increase in CMRO, when a poststimulus over-
shoot is observed, further supporting the hypothesis that the
poststimulus fMRI signal is neuronal in origin.

Functional Interpretation of the Poststimulus fMRI Signal. This study
has wider implications in understanding the relationship between
localized, transient brain responses and the dynamics of ongoing
activity across functional networks. We demonstrate that trials
with high PERS mu power exhibit a poststimulus undershoot
(Fig. 3, red lines), and trials with low PERS mu power exhibit
a poststimulus overshoot (Fig. 3 black lines) in both hemi-
spheres. Therefore, the poststimulus fMRI response is modu-
lated bilaterally by the EEG mu oscillation and exhibits the same
directionality in both the contralateral and the ipsilateral so-
matosensory cortices, despite the opposite directionality of the
primary response in the two hemispheres. This finding that the
entire BOLD response time courses in positive and negative
primary BOLD regions are not simple mirror images of one
another for individual trials is contrary to, and advances, the
current theory that a positive/negative primary BOLD response

Mean percentage change in BOLD, CBF, and CMRO, responses relative to baseline in the contralateral (positive) regions

of interest during the poststimulus period (20-29.5 s) sorted according to the PERS mu power quartiles, and primary response period

(0-20 s) averaged across all trials

Hemodynamic

Upper PERS mu power

Lower PERS mu power Mean primary

parameter quartile (undershoot) quartile (overshoot) BOLD response
% ABOLD —-0.20 + 0.06 0.13 + 0.08** 0.7 +£0.2
% ACBF -7+3 6 + 3%* 22 +13
% ACMRO, M=6 -3+3 3+ 2% 6+7
M= 10.6 -4 +2 4 4 2%* 1149
M =149 -5+2 4 + 2%* 13+9

Values are averages over all subjects with the associated SE given. Significance of the difference between upper and lower quartiles (paired t test): **P <

0.05 and *P < 0.1.
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is associated with a poststimulus undershoot/overshoot (19, 20).
The demonstration that the poststimulus fMRI signal reflects a
dynamic neuronal response that is manifested bilaterally as a
positive or negative fMRI signal from trial-to-trial provides an en-
hanced conceptual understanding of the switching between the task-
active state and resting state.

This study shows that poststimulus neuronal activity has
functional significance across the entire network recruited by the
experimental task, and we hypothesize that this represents a
physiological index of the fundamental transition from active
stimulus processing to bilateral resetting of the network post-
stimulation, and facilitates the return of the network to its resting
state where fluctuations in neuronal activity are correlated be-
tween regions of functionally connected networks (33, 34). The
time scale (~10-s duration) and low frequency of the PERS mu is
indicative of functional integration across a widespread network
rather than localized cortical signaling (35), probably driven by
thalamocortical circuits (35). The importance of macroscale
network activity in supporting brain function is becoming in-
creasingly clear (36). However, little is known about the mech-
anisms controlling the fundamental transition between task
processing and the resting state. Our study postulates the dy-
namics of poststimulus responses as a method by which to study
these processes.

Fluctuations in the power of oscillatory EEG rhythms are
coordinated by balanced activity between inhibitory and excit-
atory neuronal populations. Decreases in alpha (8-13 Hz) power
reflect increases in cortical excitability with ERS of the alpha
rhythm (of which the mu rhythm is an example) believed to
underlie functional inhibition (26, 37). Mu and beta PERS follow
the termination of movement or tactile stimulation and have
been suggested to reflect the reduction of excitation (38) or in-
hibition of activity below resting baseline (39, 40). Similar trial-
to-trial modulations of mu are reported bilaterally, although
strongest in contralateral cortex (41); therefore, we propose that
mu PERS activity influences CMRO,, thus modulating post-
stimulus fMRI responses bilaterally.

We hypothesize that our findings can be generalized beyond
the somatosensory system and represent a common response
property of primary visual and motor sensory cortex where both
fMRI undershoots and EEG/MEG PERS have been observed
(13, 24, 38, 42-45). However, we do not suggest that alpha fre-
quency activity is the sole neuronal origin of the poststimulus
fMRI response. Across a number of studies, including this one, it
is clear that the ratio of alpha/beta PERS varies between stim-
ulus modalities (motor, somatosensory, and visual) and passive
vs. active task responses (22, 24). The poststimulus balance of
excitation/inhibition and the frequency of neuronal activity are
therefore likely to depend on the stimulus modality, and in dif-
ferent experimental paradigms beta PERS could contribute to
bilateral poststimulus fMRI signal modulations. This depen-
dence on stimulus properties and cortical region may explain why
the poststimulus undershoot is less consistently observed across
studies than the primary positive response.

Sources of Variability in the Primary BOLD Response. The increase in
lag and peak amplitude of the primary BOLD and CBF re-
sponses (8-20 s) with increasing PERS mu power (Fig. 3) is not
likely to originate from PERS mu activity (10-20 s), because in
the fMRI data this effect would appear later due to the inherent
hemodynamic delay. Upper quartile PERS mu is linked with
primary BOLD response amplitudes that are more positive bi-
laterally (Fig. 3 4 and B, red curves) than those occurring during
lower quartile PERS mu trials. We attribute this finding to the
occurrence of more energetically demanding neuronal processes
during stimulation that precedes upper quartile PERS mu. The
bilateral correlation between the primary response and PERS
mu is analogous to the modulation of the poststimulus fMRI
responses. We hypothesize that PERS mu indexes, and may be
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dependent upon, a subcomponent of the neuronal response
during stimulation that modulates the primary positive and
negative fMRI responses but does not determine their overall
directionality. The presence of additional neuronal signal com-
ponents during stimulation would explain the discrepancy be-
tween the correlation of primary and poststimulus BOLD
amplitudes and lack of correlation between stimulus and PERS
mu. The complexity of the neuronal processes underlying stim-
ulus responses is demonstrated by findings that activity across
multiple frequency bands contributes to the generation of the
primary BOLD response (46). Additionally, alpha (mu) fre-
quency EEG activity probably reflects a superposition of multi-
ple generators, which may be differentially modulated during
stimulation (47, 48), thus potentially explaining the lack of cor-
relation between stimulus mu and fMRI signals observed here.

We therefore suggest that PERS mu reflects the poststimulus
output of a bilateral sensorimotor neuronal network whose ac-
tivity is continuous throughout the entire trial duration and is
superimposed on the lateralized activity in other frequency bands
during stimulation (primarily gamma, which is closely related to
BOLD signal) (7) that determine the directionality of the pri-
mary BOLD response. The local sensorimotor neuronal pop-
ulation activity increases with stimulus intensity/duration, thus
increasing the magnitude of both the primary positive and neg-
ative BOLD responses (21, 49). However, the constant ampli-
tude stimuli delivered here results in an increase in the amplitude
of the positive primary BOLD response and a decrease in the
amplitude of the negative primary BOLD response in trials with
high PERS mu power (Fig. 3), which we propose is due to on-
going activity in the bilateral sensorimotor network. We suggest
that during the poststimulus period, bilateral synchrony of mu is
restored, regardless of stimulation intensity/duration, as the
stimulus driven neuronal populations become quiescent; this
results in a coherent EEG mu oscillation across the entire net-
work and the bilateral poststimulus fMRI response modulations
we observe.

Conclusion

We have used multimodal neuroimaging to show that the pri-
mary and poststimulus BOLD responses are generated by similar
underlying mechanisms and represent hemodynamic signatures
of distinct neuronal processes. The BOLD poststimulus response
can exhibit either an undershoot or an overshoot, which is as-
sociated with a concurrent decrease/increase in CBF, a decrease/
increase in CMRO,, high/low PERS mu, and cortical inhibition/
excitation, respectively. The same effect is observed in positive or
negative primary BOLD response regions. This finding chal-
lenges the current consensus that the poststimulus response is
simply a coupled subcomponent of the primary BOLD response.
We suggest that modeling fMRI data with the conventional ca-
nonical HR disregards important functional information con-
tained in trial-by-trial variability. Relating poststimulus changes
in BOLD signal to neuronal activity allows exploitation of the
undershoot/overshoot component of the BOLD response for
localizing brain activity; this increases the available temporal
information concerning stimulus responses, and extends the
neurobiological responses that can be studied, such as the re-
setting of the entire sensory network to enable a return to rest-
ing-state activity levels.

Materials and Methods

Acquisition. fMRI and EEG data were acquired simultaneously using a Philips
Achieva 3T MR scanner and a 64-channel EEG system (Brain Products). A flow-
sensitive alternating inversion recovery (FAIR) FAIR double-acquisition back-
ground suppression (50) sequence was used for simultaneous acquisition of
background-suppressed ASL and BOLD data. This study was conducted with
the approval of the University of Nottingham Medical School ethics com-
mittee, and all subjects gave informed consent. MNS was applied to the right
wrist of 18 right-handed subjects at each individual’s motor threshold. Data
were recorded over 40 blocks (10 s/20 s MNS/rest). The duration of the rest
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period was chosen to be long enough for identification of differences in the
poststimulus response between trials, while allowing a sufficient number of
trials to be presented in the study.

Analysis. EEG. After filtering into the mu (8-13 Hz) frequency band, an EEG
beamformer (51) was used to localize the mu response to MNS in the con-
tralateral sensorimotor cortex. Virtual electrode time courses of single-trial
mu activity were extracted, and the mean stimulus response (0-9.5 s), PERS
(10.5-20 s), and control window (25-29.5 s) mu power values were calcu-
lated. For each subject, trials were sorted into lower (0-25%), median (37.5-
62.5%), and upper (75-100%) quartiles based on PERS, stimulus response, or
control window mu power.

fMRI. Regions of interest were defined from significant general linear model-
identified responses to MNS in contralateral and ipsilateral sensorimotor
cortex for each subject, and BOLD and CBF single-trial HRs extracted. For each
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data acquisition and analysis.
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