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Introduction: The post-stimulus undershoot is a well recognised component of the BOLD 
response [1]. However, the BOLD response originates from a complex interaction between 
cerebral blood flow (CBF), cerebral blood volume (CBV) and the metabolic rate of oxygen 
consumption (CMRO2), making the physiological origin of the post-stimulus undershoot 
unclear. In a recent human EEG-fMRI study [2], we have provided evidence that the post-
stimulus BOLD undershoot is, at least in part, neuronal in origin. This work showed that 
post-stimulus event-related synchronisation (PERS) power of EEG activity in the 8-13Hz 
(alpha/mu) frequency band was correlated with the natural variability in the amplitude of 
the post-stimulus BOLD and CBF undershoots in the sensorimotor cortex. Here, we record 
EEG-fMRI responses to flickering and static checkerboard visual stimuli previously shown 
to drive differences in the post-stimulus BOLD undershoot (flicker = strong undershoot, 
static = no undershoot [3]), to further investigate the neuronal origin of the post-stimulus undershoot.  
 

Hypothesis: Previously observed post-stimulus EEG-fMRI correlations [2] can be elicited in other sensory 
modalities; a difference in the mean post-stimulus BOLD undershoot between flicker and static stimuli will be 
associated with a corresponding difference in PERS alpha power, whilst correlations between the natural trial-by-
trial variability of PERS alpha power and BOLD post-stimulus undershoot will also be observed. If proven this 
would provide new evidence that post-stimulus undershoots are neuronal in origin throughout the brain. 
 

Methods: fMRI and EEG data were acquired simultaneously using a Philips Achieva 3T MR scanner and a 64-
channel EEG system (Brain Products). A FAIR DABS [2] sequence was used to simultaneously acquire 
background suppressed ASL and BOLD data from primary visual cortex (V1) (TR=2.6s, TE=9.2/40.2ms 
[ASL/BOLD], label delay=1400ms, 3x3x5mm3 voxels, 12 slices, 212mm FOV, SENSE factor 2.3, background 
suppression at TIBGS1/TIBGS2=339ms/560ms). Data were acquired on 14 subjects (age=27±6yrs) who fixated on a 
centrally displayed cross throughout whilst passively viewing static (100% contrast) and flicker (3Hz, 33% 
contrast) left-hemifield checkerboard stimuli. Stimulus intensities were matched to induce comparable primary 
BOLD response amplitudes [3]. Data were recorded over 4 runs with 8 pseudo-randomised trials of each stimulus 
per run (10s/30s stimulation/rest) and a 98.8s rest period at the start of each run to measure fMRI baseline signal. 
 

Analysis: 1 subject was excluded from further analysis because they fell asleep. In the remaining 13 subjects 
EEG and fMRI data were pre-processed using conventional methods in BrainVision Analyzer2 and FSL [2].  
EEG: Pre-processed data were filtered 8-13Hz. A regularised, scalar beamformer was used to localise the alpha 
response to visual stimuli [2, 4]. Virtual electrode timecourses of electrical activity were extracted from the peak 
pseudo T-stat location in contralateral V1 (active/passive window: 0-9.5s/30-39.5s) derived using all stimulus 
presentations. Average responses for the static and flicker stimuli were found. For the average responses and 
individual trials in the two stimulus conditions, the mean stimulus response (0-9.5s), PERS (10.5-20s), and 
control (35-39.5s) window alpha power values were calculated. For each subject and stimulus condition, trials 
were sorted into lower (0-25%), median (37.5-62.5%) and upper (75-100%) quartiles based on: stimulus 
response, PERS, or control window alpha power [2]. 
fMRI: GLM analysis (FEAT 6.01) identified significant positive and negative responses of BOLD and CBF signals combined across both visual stimuli. The group-level 
conjunction of BOLD and CBF responses to both stimuli was used to define subject specific, cubic regions of interest (ROIs, 3x3x3 voxels). These were centred on the 
subject’s peak voxel in the positive (contralateral) and negative (ipsilateral) V1 BOLD regions [2]. BOLD and CBF single-trial haemodynamic responses (HRs) were 
extracted for each trial; allowing direct comparison between CBF and BOLD responses and stimulus conditions. HRs were converted to percentage change relative to 
the initial baseline per run. HRs were sorted into quartiles according to either the PERS, stimulus response or control window alpha power separately for the static and 
flicker stimuli and then averaged over subjects.  
 

Results: EEG: Figure 1A shows the average alpha power responses to both stimuli. Paired student t-tests revealed significantly higher alpha power in flicker (green) 
than static (purple) trials during the PERS (p<0.001) window but no significant difference in the stimulus or control windows. No significant correlation between PERS 
alpha power and either stimulus response or control window alpha power was observed. fMRI: The primary BOLD/CBF signal response (at ~ 10 s) to visual stimulation 
was positive in contralateral V1 (Fig. 2 pink) and negative in ipsilateral V1 (Fig. 2 green). The group average contralateral BOLD and CBF responses (Figure 1B&C) 
both showed significantly larger undershoots for flicker than static stimuli, agreeing with [3]. In both positive and negative BOLD/CBF regions, the post-stimulus 
undershoot amplitude was negatively correlated with PERS alpha power (Fig. 2). For each time point, a one-way RM ANOVA was used to test for significant difference 
in HR amplitude between PERS alpha power quartiles. In the undershoot period, a significant effect of PERS power was observed in contralateral V1 BOLD (18.5-25s 
flicker & 16.7-24.5s static) and CBF (17.9-22.5s flicker & 20-22.5s static) amplitudes (Fig 2 A, C, E & G). For ipsilateral V1 (Fig 2 B, D, F & H), a significant 
difference in undershoot between quartiles was only observed for the negative BOLD timecourse for the flickering stimulus (20.4-24.5s) (Fig 2B). No significant sorting 
effect on the primary fMRI responses was observed for either stimulus. No significant effects on BOLD or CBF responses were found when sorting according to either 
stimulus or control alpha power.  
 

Discussion: Here, we provide further evidence that the BOLD post-stimulus undershoot (>17s) is linked to post-stimulus changes in electrical oscillatory activity (10-
20s) in humans. We advance previous work in two ways. Firstly, by showing that correlations between natural variability in post-stimulus EEG and fMRI responses 
seen in sensorimotor cortex [2] extend to the visual system; trials with higher post-stimulus alpha power exhibited more negative BOLD/CBF undershoots in both 
positive and negative BOLD regions, agreeing with [2]. The lack of relationship between fMRI undershoot and either stimulus or control alpha power, provides further 
evidence that our findings specifically reflect correlation of the post-stimulus neuronal and fMRI signals. Secondly, by showing a concurrent significant difference in the 
mean post-stimulus alpha, BOLD and CBF responses in the contralateral hemisphere between flicker and static stimuli, with higher PERS alpha power and larger 
undershoots observed for the flicker stimulus, complementing [3]. Since alpha ERS is commonly believed to reflect inhibitory neuronal activity [5], we hypothesize that 
a change in the balance of excitatory/inhibitory activity occurs upon termination of stimulation causing a change in CMRO2. We suggest this long lasting change in 
neuronal activity may be a mechanism by which the brain returns to a resting state. Given the growing evidence that post-stimulus undershoots are neuronal in origin, 
and relatively slow responses, future work will further investigate the functional role of these brain responses.  
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Figure 1: Group EEG alpha power (A), BOLD (B) and CBF (C) responses from 
contralateral V1 to the flicker (green) and static (purple) visual stimuli.  Significant 

differences (paired T-tests) in the response amplitudes between flicker and static stimuli 
at certain time-points are denoted by ** = p<0.001, * = p<0.05.
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