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Timing of Cortical Activation:
A Latency-Resolved Event-Related

Functional MR Imaging Study

Mona A. Mohamed, David M. Yousem, Aylin Tekes, Nina M. Browner, and Vince D. Calhoun

BACKGROUND AND PURPOSE: The time course of cortical activations of different anatomic
areas has been demonstrated to reflect, to some degree, the temporal dynamics of the brain
network. The purpose of this study was to determine the temporal sequence of the hemodynamic
response in the visual, supplemental motor (SMA), and primary motor cortical areas by using
a visuomotor reaction time task.

METHODS: The reaction times (RTs) of 26 right-handed subjects were recorded in response
to a visual cue during an event-related functional MR imaging (fMRI) experiment. Statistical
parametric mapping (SPM99) was used, and activation maps were produced for each subject.
This was followed by a random-effects group analysis. Using a weighted least-squares approach,
we recorded the time at onset of the hemodynamic response of the fMRI activation in four
regions of interest: the right occipital (RO) and left occipital (LO) visual cortices, the SMA, and
the left sensorimotor area (LM1). Linear regression analysis was done between the RTs and the
mean latencies for the four areas.

RESULTS: Using the group analysis, the results showed that the first regions to activate were
the visual occipital cortices (RO and LO) with mean latency � standard error of mean (SEM) of
1.74 � 0.05 s and 1.85 � 0.08 s, respectively. The visual occipital areas were followed by the SMA
of 2.07 � 0.16 s and finally the LM1 with a mean latency of 2.1 � 0.15 s. There were significant
differences in the mean onset of latencies between RO and LO, RO and SMA, and RO and LM1
(P < .05). On performing regression analysis between the RTs and the mean latencies by using the
group analysis, there was no significant correlation with any of the four areas. By using an
individual subject analysis, the results again showed that the first regions to activate were the visual
occipital cortices (RO and LO) with mean latency � SEM of 1.75 � 0.06 s and 1.84 � 0.12 s,
respectively, followed by the SMA with a mean latency of 2.19 � 0.25 s and finally the LM1 of 2.26 �
0.38 s. There was no significant difference between the mean onset latencies.

CONCLUSION: The onset of the hemodynamic response started first in the visual cortex
(input) followed by the SMA and primary motor cortical area (output). The onset of activation
showed no direct correlation with the overall RTs of the subjects, leading one to suggest that the
peripheral motor unit may have a greater impact on RT than the central contribution.

Timing is crucial to many aspects of human perfor-
mance (1). The prolongation of the human’s reaction

time (RT) can account for the propensity of motor
vehicle accidents, slips, and falls among the elderly
and infirmed, because their RTs to emergency situa-
tions tend to be longer (2). Imaging studies are being
used more frequently to assess individual perfor-
mance. Functional MR imaging (fMRI) has become
an increasingly popular technique for studying brain
activation in response to sensory, motor, or cognitive
events. Although the time course of the fMRI signal
intensity is typically used to assist detection of valid
fMRI responses, the temporal delay of the response
may itself be an important focus of interest (3).

The delays that occur in visuomotor RTs may be
due to delays in detecting the stimulus (eg, visual
perception), transporting the information about the
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stimulus to the brain for central processing (eg, trans-
port of data from retina to occipital lobes), processing
the data within the brain (eg, visual cortex, association
areas, SMAs, motor cortices, etc), sending a message to
the peripheral “reactors” (eg, transport from the brain
to the spine and the neuromuscular unit), or performing
the peripheral function (eg, muscular function, electro-
myographic stimulation, motor times) (4).

Several brain regions are involved in the precise
timing of the response to a visuomotor stimulus. The
main regions of interest along the visuomotor path-
way are the right occipital (RO) and left occipital
(LO) visual cortices, which are responsible for the
perception of the visual stimulus, as well as the SMAs
and the sensorimotor cortex, which are responsible
for the motor movement function. Other areas con-
trolling movement timing in a visuomotor paced fin-
ger-tapping task include the cerebellum and the infe-
rior parietal lobule (5).

Examination of the amplitude of the activation
response had revealed that the regions do not activate
simultaneously. Instead, the individual activation
time courses reveal differential responses that corre-
spond to the theoretical processing role in the prob-
lem-solving task (6).

The present study was conducted by using event-
related fMRI, which allows differential assessment of
timing and latencies from different cortical regions.
We hypothesized that the sequence of latencies for
the neural activity would start in the visual cortex and
then proceed to the SMA and, finally, the motor
region. We sought to determine the relationship of
the hemodynamic latencies with RTs.

Methods
Twenty-six healthy, right-handed subjects (11 male and 15

female; age range, 25–85 years; mean age, 51 years) partici-
pated in this study. Written informed consent approved by the
Johns Hopkins Institutional Review Board was obtained from
all subjects. These subjects had no metallic implants and no
known neurologic or visual deficits.

MR imaging was performed on a 1.5-T system (Gyroscan
ACS-NT; Powertrak 6000, Philips Medical Systems, Best, the
Netherlands) equipped with 2.3 G/cm gradients and echo-
planar imaging. A standard head coil with foam padding to
limit head motion was used. All patients underwent a screening
T2-weighted study (TR 4000, TE 102) to assess for masses as
well as the presence and degree of white matter lesions. Only
subjects with no mass lesions or significant white matter
changes (less than a grade of 4 on the Cardiovascular Health
Study rating system) were included in the analysis. The fMRI
protocol employed a gradient echo blood oxygenation level–
dependent (BOLD) technique with a TR of 1000 ms, TE of 39
ms, 90° flip angle, 24-cm field of view, 360 images or time points
in a single 6-minute study. Twelve image sections angled par-
allel to the intercommissural line including both primary visual,
as well as sensorimotor cortices, were acquired with a 5-mm
thickness and an intersection spacing of 1 mm by using an
effective matrix of 128 � 128. At the TE of 39 ms, there is not
enough time to sample the 128 � 128 k-space data matrix fully,
so 128 � 128 matrix size requires partial acquisition of the
k-space data (60%), and hence the actual spatial resolution
exceeds the 1.875 � 1.875-mm pixel size within the section.

The event-related paradigm; written in the E-prime (Psy-
chology Software Tools, Pittsburgh, PA) programming environ-

ment, consisted of a round, circular, multicolored visual cue
appearing on the screen for 0.5 s at either 20-s or 30-s intervals
randomly throughout the study; otherwise, a white fixation
crosshair was constantly present in the center of a black back-
ground throughout the scan. The subjects were asked to tap a
finger press button with the second finger of their right hand as
soon as they saw the visual cue. RTs during the experiment
were measured in milliseconds from the button box and regis-
tered at the computer connected to the system.

The functional data processing for each subject was per-
formed on SUN Ultra workstations by using SPM99 (Wellcome
Department of Cognitive Neurology, London, UK) imple-
mented in Matlab (Mathworks, Sherbon, MA) (7). Realign-
ment for motion correction, normalization, and deformation
was performed by using the standard brain template from the
Montreal Neurologic Institute (MNI) and then converted to
the standard stereotaxic atlas of Talairach space (8) by using an
algorithm developed by Matthew Brett (http://www.mrc-cbu.
cam.ac.uk/Imaging/); smoothing at 5-mm thickness and data
analysis by using thresholds of P � .001 (uncorrected) were
performed by using the SPM99 software (http://www.fil.ion.ucl.
ac.uk/spm) for individual subjects. The response times were
used to create an idealized regressor, which was then convolved
with the SPM99 canonical hemodynamic response. This model
was fit to the data, and the amplitude was divided by the mean
signal intensity to calculate the percent signal intensity change
(contained in the SPM beta image). The individual amplitude
estimates were individually calculated and then averaged. Then
a random-effects group analysis was performed using the am-
plitude estimates (% signal intensity change) of the 26 subjects
with a threshold of P � .05 (corrected for multiple compari-
sons). The images from the fMRI data sets were displayed on
standardized templates derived from MNI and converted to
Talairach and Tournoux, after warping to the atlas was per-
formed. These templates were used to uniformly display the
individual fMRI maps as well as the group map for activation
localization (Fig 1).

By using a digital Talairach and Tournoux atlas template
labeled with Brodmann areas and gyrus names, the masks for
the four regions of interest were defined (9). The areas of
activation within Brodmann areas 17, 18, and 19 (for visual
cortex activation), Brodmann areas 1, 2, 3, and 4 (for sensori-
motor activation, the left sensorimotor area [LM1]), and Brod-
mann area 6 (for SMA activation) identified on the group maps
were designated when performing the latency analyses.

After determining the region of interest masks for the LO
and RO visual cortices, right and left combined SMA and LM1,
the following latency calculation was performed. The voxels
within the region of interest, surviving the random-effects
“group map” were used together with each subject’s amplitude
estimate to calculate a latency value for each region of interest
by using a weighted least squares (WLS) approach (10). This
approach provides a way to estimate the latency without having
the perfect model, because the rising edge is the most impor-
tant. Thus, the model was created by using a standard linear
approach, in which the events are convolved with the hemody-
namic function.

In this method, we preferentially weighted the rising edge of
the hemodynamic response to calculate the latency interval to
reflect the onset of the fMRI signal intensity change. This
technique was chosen because the variability of the rising edge
of the hemodynamic response function is less than that of the
portions following the upslope. A latency calculation was per-
formed for each voxel within the designated regions of interest.
We then calculated the average of the lowest quartile of laten-
cies for the RO, LO, SMA, and LM1 regions. The mean of
these “fastest” 25% of voxels were recorded because we sought
to determine the earliest onset of hemodynamic responses to
the stimulus within a region of interest. All 360 time points in
the scan are used in this approach. The height threshold for
latency calculation for this group analysis was fixed for all
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subjects at t � 5.9. Thus, this analysis (group analysis) exam-
ined the set of group-activated voxels for each subject and each
region. Results for the mean latencies � SEM in seconds were
calculated for the four regions of interest. Then paired single-
tailed t tests between the four mean latencies were performed
(Table). We used a single-tailed t test because we hypothesized
that occipital activation would occur before SMA, which would
occur before LM1 activation. Also the average RTs of the
participants were tabulated and a regression analysis between

the latencies of each area and the mean subject’s RTs was
performed.

For further analysis of the relationship between the RT and
the latencies, a second analysis for latencies was performed by
using the individually processed maps (rather than the group
map). The voxels within the region of interest surviving the
“individual map” for each data set were used together with
each subject’s amplitude estimate to calculate a latency value
for each region of interest by using the WLS approach. The
height threshold for the individual analysis was initially set at
t � 3.2; however, 12 areas in 10 subjects (from the 104 areas in
26 subjects) required lower thresholds to pick the first highest
surviving areas. Thus, for these 10 subjects we used an “adap-
tive” threshold that ranged from a threshold of t � 1.0–3.2
within a given region of interest that selected the voxels that
were maximally activated.

Results

The mean RT � SEM of the 26 participants was
423.0 � 17.9 ms, with a median of 445 ms. With the
random-effects group map at a corrected threshold of
P � .05 (t � 5.9), the absolute number of suprath-
reshold activated voxels were 1969 voxels for RO,
1422 for LO, 14 for SMA, and 807 voxels for LM1.

FIG 1. Statistical activation maps (top left), T1W sections (top
right), and render images (bottom left) for the random-effects
group analysis (n � 26) showing the visual and motor activations
P � .05 (corrected).

TABLE 1: Showing the p Value of the Single-Tailed Paired t Test
Between the Mean Lower Quartile Latencies of the Four Regions of
Interest Using the Group Map

t P

RO and SMA �2.2 0.02*
LO and SMA �1.64 0.055
SMA and LM1 0.25 0.4
RO and LM1 �2.3 0.01*
LO and LM1 �1.7 0.05
RO and LO �2.2 0.02*

Note—Right occipital visual area (RO), left occipital visual area
(LO), supplemental motor areas (SMA), left sensorimotor area (LM1).

* P � .05.
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These were the voxels that were subsequently used to
perform the latency analyses. Using the random-ef-
fects group map and the amplitude estimates for each
subject at the same corrected threshold, the hemody-
namic onset latencies and time course plots for each
region of interest were obtained (Fig 2). The grouped
mapped data showed that the RO and LO activated
first (mean latency � SEM of 1.74 � 0.05 s and
1.85 � 0.08 s, respectively), followed by the SMA with
a mean latency of 2.07 � 0.16 s followed by the LM1
of 2.1 � 0.15 s (Fig 3). For this analysis, one subject’s
SMA value was � 3 SD from the mean (a true
outlier) and was discarded.

When single-tailed paired t tests were performed
comparing the data sets, there was a significant dif-
ference in the mean onset latencies between RO and
LO, RO and SMA and RO and LM1, and LO and
LM1 (P � .05; Table). The P value for LO and SMA
was .055.

When we sought to correlate the RT with the ab-
solute latencies of each of the four regions of interest
by using the group map, there was no significant
correlation identified. Also there was no correlation

between the “latency differences” (differences be-
tween each region of interest and another region of
interest) of the four areas and the RTs.

After calculating the mean onset latencies by using
the individual processed maps, the results showed that
the first regions to activate were the RO and LO
visual occipital cortices with mean latency � SEM of
1.75 � 0.06 s and 1.84 � 0.12 s, respectively, followed
by the SMA with a mean latency of 2.19 � 0.25 s and,
finally, in the LM1 of 2.26 � 0.38 s (Fig 4).

On performing regression analysis between the age
and the RT, there was significant positive correlation
between the age and the RT (r � 0.46, P � .01; Fig 5).
There was also a significant positive correlation (P �
.05) between the age and the SMA latency in both the
group (Fig 6) and the individual analysis (Fig 7).

To verify whether the SPM analysis was biased
toward voxels that had delays closer to the default
hemodynamic response function, we also performed
an analysis incorporating the temporal derivatives (to
desensitize the analysis to differences in delays). Vi-
sual inspection of the SPM maps from this analysis
compared with the analysis performed without this
step showed no significant differences in sites or de-
grees of activation.

Discussion
Timing is essential to the execution of skilled move-

ments, yet our knowledge of the neural systems un-

FIG 2. A single subject’s averaged time course of the fMRI %
signal intensity change in the visual cortex (RO) by using his
amplitude estimate and the group map.

FIG 3. Mean lower quartile latencies (in seconds � SEM) by
using the group map for 26 subjects.

FIG 4. Mean lower quartile latencies (in seconds � SEM) by
using the individual maps for the 26 subjects.

FIG 5. Regression analysis between RT and age.
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derlying the timekeeping operations is limited (11).
Although psychophysical measurements yield consid-
erable information, they still do not directly reveal the
neural substrates or pathways involved in the process-
ing of stimuli (12). fMRI offers the opportunity to
graphically and explicitly interrogate the cortical
physiology under various stimulation paradigms.

Why Use a Visuomotor Task and an
Event-Related Design?

Numerous electrophysiologic, autoradiographic,
and blood-flow studies have shown that the brain has
specialized spatially segmented areas for functional
roles. fMRI is used to segregate and differentiate
these functional areas (13). Consequently, by using a
simple visuomotor task, we choose our regions of
interest to include the RO and LO visual cortices, the
SMA and the LM1 to test the time course and laten-
cies of this task. We chose the visuomotor RT task in
our experiment because of its simplicity and well-
described place in the literature to date. Also this task
is well understood, and the fMRI findings can be
compared with behavioral studies performed previ-
ously (14–18).

We used a single-event design with short-duration
stimuli for more consistent responses and fewer vas-
cular artifacts. The longer duration stimuli in a block
design paradigm may yield an undesirable macrovas-
cular response from contributions from draining
veins, whereas the single-event design physically sep-
arates these undesirable responses from the better
localizing microvascular response. The event-related
design also more readily provides temporally dynamic
information as compared with the block design (12).
It is also known that this design reduces the effect of
anticipation or accommodation that might produce
an increase or decrease in neural activity within the
motor cortex and SMA before the onset of stimulus
(19, 20).

Latency Estimation
The main aim of our study was to differentiate

between the latencies of the rising portion of the
BOLD hemodynamic response and to test the chro-
nometry and sequence of the neural activity in the
areas along the visuomotor pathway. When we per-
formed two-tailed t tests in the group analysis, the
differences in the latencies were significant between
RO and LO, RO, and SMA as well as RO and LM1
(P � .05). In both the group and the individual anal-
ysis for the 26 subjects, our results showed that the
timing of cortical activation began in the RO and LO
visual occipital cortices, followed by the SMA and,
finally, in the motor area. This makes sense empiri-
cally and teleologically.

There are currently differing opinions as to how
best to evaluate the timing of cortical activation. An
early study using a mental rotation fMRI task sug-
gested that the peak or the width of the hemodynamic
response should be used to correlate with the RT and
not the onset (21). Another study showed that the
variability of the onset latencies was small and thus
the rising edge would be the most precise indicator of
the hemodynamic response (22). Those authors con-
cluded that the width of the response is more a mea-
sure of stimulus processing time and that the falling
edge of the response seemed particularly variable
from trial to trial (22). In agreement, a recent study by
using a simple visuomotor task showed that there is
marked variability in the hemodynamic response oc-
curring following the peak of the curve, making it a less
reliable measure (10). Therefore the prevailing opin-
ion is that measuring the onset of the hemodynamic
response is the most reliable for estimating the la-
tency. We used a method of estimating the onset time
that uses the entire time course but preferentially
weights the rising edge (onset) of the hemodynamic
response (10). We then used the lower quartile la-
tency values within a region of interest to provide an
estimate of the earliest regional onset of the hemo-
dynamic response.

Researchers have shown that the fMRI signal in-
tensity does not start to change until more than 2 s
after the onset of a visual stimulus (23). Others have
shown that the typical motor response occurs 4.5 s

FIG 6. Regression analysis between age and the group anal-
ysis SMA latency.

FIG 7. Regression analysis between age and the individual
analysis SMA latency.
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after the trial onset and that it took 5 s for the
hemodynamic response to peak (1).

In our study, having the regions of interest in dif-
ferent vascular territories (middle cerebral artery for
the sensorimotor area, anterior cerebral artery for
SMA, and posterior cerebral artery for the occipital
areas) is one factor that may explain the vasoregula-
tory capabilities and the hemodynamic latency differ-
ences between these areas.

Correlating Latencies and RTs
The RT has often been used as a measure of cog-

nitive processing. Menon et al showed that the delay
between the visual area (V1) and SMA activation
scaled proportionally with RT across subjects, while
the delay between SMA and LM1 did not (12). Thus,
they concluded that the delay in response appears to
be between V1 and SMA. Our results failed to repro-
duce this finding, as there were no correlations be-
tween latency differences between any of our regions
of interest and the RTs of the subjects. We did not
find any significant correlation between RT with any
of the absolute latencies by using the group map at a
threshold t � 5.9. Thus, to further analyze this unex-
pected finding, we reevaluated this relationship by
using the latencies from the individual maps rather
than the group map. In the individual analysis, not all
the subjects had sufficiently robust activity in some
areas to allow calculating their latency individually
with the same fixed threshold. Thus our threshold was
set at t � 3.2 (a lower threshold than that used in the
group analysis) or even lower, to run our program to
determine activation latencies. We included the indi-
vidual analysis in our study to further test whether
there is any possible correlation between RT and the
latencies of region of interest, but we still did not find
any significant correlation. Thus, we must conclude that
factors other than cortical hemodynamic latencies ac-
count for differences in individual subjects’ RTs.

Factors Affecting RT
This unexpected finding is likely due to many fac-

tors, the first of which may be age differences. In our
study, our subjects’ ages ranged from 25 to 85 years,
with a mean of 51 years. The impact of age on the
onset of activation has not been directly studied to
date, although there are publications showing how
age may affect RT. D’Esposito et al have shown that
the number of suprathreshold voxels activated during
RT paradigms in older subjects was four times less
than that in young subjects (24). These researchers
also reported that the mean RT of the elderly subjects
who showed no suprathreshold activation had a trend
toward being slower than that of the elderly subjects
who showed suprathreshold activation.

Other studies have shown that advanced age may
be associated with decreased amplitude of activation
and have concluded that the amplitude is related to
the number of neurons involved in visuomotor task-
related processing (25). In our study, there was sig-
nificant positive correlation between the age and the

RT (P � .01). RT increases with age. We found,
however, no correlation between RT and the region
of interest latencies. Other factors that may influence
the RT are the type, intensity, and background of the
stimulus, sex, educational level/socioeconomic status,
affective state, attentional/arousal state, caffeine us-
age, exercise level, blood glucose level, cardiovascular
status, cardiovascular risk factors, blood alcohol level,
and general health of the subjects (2, 26–31). These
studies have not directly analyzed the impact of these
factors on the onset of the fMRI hemodynamic re-
sponse, and we could not control for these factors in
the small sample reported herein.

Role of SMA
Numerous functions have been suggested for the

SMA, including regulation of movement complexity,
movement sequencing, self-versus external triggered
movements, as well as movement imagination (32).
The internal self-generated movement rhythm may be
controlled by the SMA as suggested by findings em-
phasizing the SMA as a key structure for controlling
self-triggered movements (5). SMA is activated dur-
ing both the motor preparation and execution peri-
ods. An RT delay could originate in the planning of
the movement or in the execution of the movement;
thus, the processing duration is expected to vary
among subjects (12). The unpredictability of the cue-
ing stimulus during the triggered task may prevent the
preparation of the movement at a specific time re-
sulting in a significantly longer mean RT (33). Other
researchers have suggested that the SMA is involved
in the internal rather than the external guidance of
movements (34). The SMA appears to be just one
component of a system that appears essential for the
timing of internally generated movements (11). Oth-
ers have found that patients with SMA lesions had an
increase in the RT on a sequential digit time task
(35).

In our study, the SMA latency was variable in onset
in comparison to the LM1 latency in the individual
analysis. This may be due to several factors, including
1) this paradigm used an unpredictable cueing stim-
ulus that may have reduced the role of the SMA; 2)
the thresholding used in the individual latency analy-
sis was variable for each area studied; 3) in 20 of the
26 subjects no SMA activation was present on the
individual SPM activation maps, thereby increasing
the “noise” in the system; and 4) the volume of acti-
vated voxels in SMA was only 14 voxels in the group
map. Nonetheless, we found a significant correlation
between the SMA latency and the age of the patient.
This may suggest that, if there is an impact of cortical
activation timing on RTs in the elderly, it may be
based in the SMA rather than in occipital or senso-
rimotor regions. This may warrant further investiga-
tion in larger groups of older subjects with a wider
range of RTs.
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Disadvantages of fMRI in Temporal Resolution
The disadvantage of fMRI, as well as positron

emission tomography, is that the maps produced are
not created in real time. They are static representa-
tions of the dynamic activity of the brain averaged
over a long time period relative to the mental pro-
cessing scale (12).

There are many technical impediments to the spatial
and temporal resolution studies in fMRI, because the
cortical signal intensity changes are small (�3%) even
at very high magnetic field strengths (12). Even when
the patient’s head is restrained to minimize motion,
there are still signal intensity fluctuations that may be
attributed to cardiac and respiratory events (36).

The repetition rate of the stimulus is another factor
affecting the fMRI time response curve as it affects the
duration of the recovery and the return of the response
back to the baseline and thus may be a factor in differ-
ences in results among different studies. In our study,
the visual cue appeared on the screen for 0.5 s, at either
20- or 30-s random intervals; otherwise a white fixation
crosshair was constantly present in the center of a black
background throughout the 6-minute scan. Because in-
hibition and excitation are both energy-consuming pro-
cesses, it is not clear that they can be differentiated by
using the fMRI response in any single region.

In our study, we calculated an average time course
latency for each area for each subject. An averaging
approach as used in several studies is valid and more
reliable because alignment of the fMRI response can
be made to the presentation of the visual cue. Some
studies, however, revealed that averaging loses the
unique information associated with each individual
execution of the task and thus blurs the real timing
(12). Other researchers have studied the temporal
sequence of neural activity between different regions
from the averaged time courses (37). They found that
a latency difference is likely related to that of intrinsic
hemodynamic responses of different vascular beds and
not necessarily due to the order of activation of the
different neural substrates in this cognitive task (37).
Our study tested regions of interest in three different
arterial distributions, which further obfuscates the find-
ings. Also, the draining vasculature (venous side) dis-
torts the measurement of timing because the veins re-
spond several seconds later than the parenchyma as the
bolus of oxygenation-altered blood flows from capillar-
ies to the venous system (12).

Saad et al implemented a new method for measur-
ing the temporal delay of fMRI responses and esti-
mated the statistical distribution of the response de-
lays evoked by visual stimuli within and across voxels
in the human visual cortex (3). They suggested that
across voxels, 47% of the delay variance was the result
of fMRI noise, with the remaining variance reflecting
fixed differences in response delay among brain sites.
This relatively wide range of response delays has been
attributed to the delayed flow of oxygenated blood
through large veins draining the sites of neuronal
activation. The within-voxel delay variance reflects
moment-to-moment variations in the response to the

stimulus plus fMRI noise. It also reflects fixed differ-
ences in response from one brain location to another.
These authors found that response delay at a specific
voxel may also vary over time. They compared the
relative timing between the visual stimulus, the fMRI
response, and a reference time series, which repre-
sents an ideal fMRI response with no response delay.
They found that the fMRI response across activated
voxels is delayed by 6.6 s relative to the reference
waveform. Also, overall 81% of all responsible voxels
showed activation in phase with the stimulus, whereas
the remaining voxels showed antiphase, suppressive
responses. This phenomenon may contribute to the
absence of correlation between RTs and region of
interest latencies found in our study.

It is likely that the prime determinants of RT are
not central in location (transport of the signal inten-
sity through the brain) but are related to muscle mass,
arthritis, and peripheral conduction. Other research-
ers who have studied different reaction tasks and
their relation with electromyography, have shown that
increased excitability of the corticospinal output is
not required to speed up RTs and that the time taken
to discharge cortical output elements is relatively un-
important compared with the time needed to process
the sensory (eg, visual) input and link it to the motor
output (38). In our study, electromyography was not
performed; however, it should be considered in future
studies to exclude the peripheral motor output func-
tion as a factor that might affect the RT or speed of
performance. We suggest that, in an RT task, the
central hemodynamic response within the brain is
only one part (and possibly a less influential part) of
a much more complex input-output loop, which also
includes important peripheral components (visual
perception, motor output from brain to spinal cord to
peripheral nerves to the neuromuscular junction and
then the muscle itself) that have greater impact on an
individual’s RT.

Conclusion

In conclusion, we were able to determine the se-
quence of the hemodynamic response in a visuomotor
response time task. With both group and individual
analyses, we found activation beginning in the visual
cortices followed by the SMA and, finally, the primary
sensorimotor regions. We found, however, no corre-
lation between the RTs and the specific onset times of
the regions of interest or the latency differences be-
tween regions of interest. This is most likely due to
the lack of sensitivity of fMRI, which is a relatively
coarse method, lacking statistical power and measur-
ing hemodynamic delays in seconds and requiring
correlation with subjects’ RTs measured in millisec-
onds. We believe that the data, by showing an absence
of correlation between RT and latencies, demonstrate
that the impact of peripheral factors (visual percep-
tion, visual acuity, muscle mass, muscle strength, joint
flexibility, neuromuscular unit integrity, and periph-
eral transmission of the neuronal signal intensity)
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may play a larger role than cortical latencies in de-
termining RT.
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