Temporal Characteristics of Oxygenation-Sensitive MRI
Responses to Visual Activation in Humans
Peter Fransson, Gunnar Kriiger, Klaus-Dietmar Merboldt, Tens Frahm
Series of single-shot blipped echo-planar images with spindensity weighting and T,* sensitivity (2.0 T, TR = 400 ms, TE =
54 ms, flip angle = 30”) were used to study the temporal
response profiles to repetitive visual activation (5 Hz, reversing black and white checkerboard versus darkness) for protocols comprising multiple cycles of a 1.6-s stimulus in conjunction with a 8.4-s or 90-s recovery phase and a 10-s
stimulus with a 20-s or 90-s recovery phase. Analysis of the
real-time data from all activated pixels resulted in a strong
positive MRI response (mean values 3-6%) as well as a
marked poststimulus undershoot (mean values 1-2%, duration 60-90 s) for all paradigms. Repetitive protocols with insufficient recovery periods of 8.4 s or 20 s gave rise to a
wraparound effect when analyzingtime-locked averages from
multiple activation cycles. This problem may lead to an early
signal decrease that originates from the ongoing undershoot
of preceding activations folded back into the initial latency
phase of a subsequent activation. When ensuring complete
decoupling of responsesto successive stimuli by using a 90-s
recovery period, the wraparound effect vanished and an initial
dip was observed in one of seven subjects for a lO-s/90-s
protocol.
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INTRODUCTION

Functional activation of the human brain may be investigated with use of gradient-echo MRI signals that are
sensitized to differences in the intravascular concentration of paramagnetic deoxyhemoglobin (1-5). During
task performance, the MRI-detectable changes in cerebral
blood oxygenation represent a physiological response
coupled with a change in neuronal activity. Continuous
monitoring allows mapping of brain functions at high
spatiotemporal resolution.
Although early methodological developments have
paid little attention to the underlying interplay of hemodynamic and metabolic adjustments, such knowledge is
of utmost importance because any alteration of an oxygenation-dependent MR parameter emerges as the result
of a complex change in brain physiology. Apart from the
desired task-related adaptation in neuronal activity, contributions may arise from other cognitive or emotional
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processes (e.g., attention and anxiety) or even systemic
adjustments ( e g , heart rate and blood pressure). In addition, amplitude and temporal characteristics may be
subjected to changes in neurovascular responsiveness in
relation to age (e.g., in early infancy and in the elder
population), nutrition and medication (e.g., vasoactive
and psychotropic drugs), or neuropathology (e.g., cerebrovascular disease). Although pertinent sensitivities of
oxygenation-sensitive MR techniques may lead to new
clinical applications, they complicate the optimum design of brain-mapping protocols by masking or emphasizing stimulus-related MRI signal changes.
More recent interest in the understanding of functional
responses has focused on the temporal evolution of blood
oxygenation level dependent (BOLD) contrast during
both the early and late phases of brain activation. For
example, visual activation over several minutes has led
to controversies with regard to the persistence of the MRI
signal increase that were partially reconciled by the observation of a stimulus dependence of the sustained oxygenation-sensitive response (6-8). On the other hand, an
initial fast response yielding an MRI signal decrease
peaking approximately 2 s after stimulus onset was reported using echo-planar imaging (EPI) at high temporal
resolution (9-13), whereas potentially related effects
were seen at 0.5 s after stimulus onset using MR spectroscopy (14, 15). These findings resemble data from
optical imaging of exposed visual cortex in animals in
which intrinsic signals in the red and near-infrared part
of the optical spectrum reflect absorption from oxyhemoglobin and deoxyhemoglobin and cytochrome oxidase as
well as light scattering (16-18). Deconvolution of the
deoxyhemoglobin response suggests an early deoxygenation that may be understood as an immediate increase in
oxygen consumption at the site of neuronal activation.
Thus, if a corresponding MRI signal decrease or “dip”
due to initially elevated deoxyhemoglobin could be reliably detected, it might become a potent marker for very
focal changes of neuronal activity. However, it is not
entirely clear whether, or to which degree, optical data
from animals may be extrapolated for MRI studies of
humans. Apart from our limited knowledge about the
interplay of activation-induced adjustments of blood
flow, blood volume, and oxidative metabolism in humans, both methodologies focus on different tissue elements: whereas MRI detects intravoxel susceptibility
changes from all vascular components that contribute to
one image voxel, optical experiments commonly exclude
all signals from vessels within the used cranial window
that are identifiable by visual inspection.
In general, the temporal evolution of functional MRI
contrast based on changes in blood oxygenation will be
the result of multiple regulative processes with different
time constants. Such contributions may critically affect
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the interpretation of MRI responses, particularly when
these are acquired with use of repetitive stimuli. In fact,
previous investigations of the early response have used
various protocols with stimulus durations ranging from
1.6to 10 s and control periods of 8.4to 40 s.
The aim of this study was to specifically address the
influence of the paradigm timing on the temporal characteristics of human brain responses to visual activation
with special emphasis on the early phase. In all cases,
MRI studies were confined to "pure" BOLD contrast, i.e.
T,* sensitivity in the absence of any TI weighting, to
assess true changes i n cerebral blood oxygenation.
METHODS

Subjects and Functional Neuroimaging
A total of 14 healthy volunteers [age range 23-45 years,
mean 27 years) underwent MRI examinations at 2.0 T
(Siemens Vision, Erlangen, Germany) using the standard
imaging head coil. Dynamic oxygenation-sensitized images were obtained using single-shot, blipped gradientecho EPI (TR = 400 ms, TE = 54 ms, flip angle = 30")
with symmetrical coverage of k-space. Functional responses were acquired in a single oblique section along
the calcarine fissure at 128 x 128 matrix resolution
(FOV = 384 X 384 mm, section thickness = 4 mm)
yielding an echo train length of 102 ms for a receiver
bandwidth of 188 kHz.
Visual stimulation was accomplished by a projection
setup covering 40" X 30" of the subject's visual field
(Schafter & Kirchhoff, Hamburg, Germany). The stimulus
consisted of a checkerboard pattern representing a radial
arrangement of 16 wedges formed by seven to eight black
and white segments at equal radial distance. All black
and white segments reversed color 10 times per second,
i.e., repetition of a full cycle of black and white color was
at a frequency of 5 Hz. A central red cross was used as a
fixation point. The control state was darkness without a
fixation cross in all studies. Subjects were instructed to
keep their eyes open and maintain constant attention
throughout the experiments.
Activation Protocols
This study compared four different stimulation paradigms with identical stimuli but different timings. All
protocols contained an initial baseline period of 60 s to
allow for the establishment and determination of prestimulation control values for the BOLD MRI signal
strength. This phase was followed by repetitive cycles of
alternating periods of stimulation (reversing checkerboard) and recovery (darkness) with timings described
below. A final recovery phase of 100-s duration was
added to the end of all paradigms to ensure return to
prestimulation conditions. In general, data from the first
8 s of each protocol (20 images) were discarded to account for equilibration purposes.
The first protocol closely replicated the visual paradigm design of ref. 11, i.e., a stimulus duration of 1.6 s
followed by 8.4 s of control in a loop of 12 cycles. The
second protocol kept the stimulus duration of 1.6 s but
prolonged the control period to 90 s. The number of
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cycles was set to four to keep the total duration of the
experiment less than 10 min. The third protocol used a
10-sstimulus in combination with a 20-s control phase
comparable to a design used in ref. 10.This cycle was
repeated sixfold. Again, the fourth protocol kept the 10-s
stimulus duration of the third protocol while extending
the control period to 90 s in a loop of four cycles.
Data Analysis
Activated pixels were identified by a cross-correlation
analysis (19)of individual pixel intensity time courses
with a reference function representing the stimulus protocol with inclusion of an early signal decrease after
stimulus onset. The actual reference function was a rectangular waveform with amplitudes of -1 for the initial
dip (0.4-4.0 s after stimulus onset), 0 for baseline and
control periods, and 1 for stimulation phases (shifted by
4.0s with respect to stimulus onset). MRI signal intensities were normalized to prestimulation baseline, i.e., the
mean MRI signal intensity before the first stimulation
period, before averaging across subjects. Quantitative
maps of correlation coefficients were obtained by crosscorrelation with the reference function and a statistical
analysis that, based on the individual noise distribution,
uses a high threshold for identifying activated centers
(P5 0.0001 ) and integration of neighboring pixels for
area delineation (20).Normalized signal intensity time
courses from dynamic oxygenation-sensitized EPI were
obtained from all activated pixels admitted by the analysis. Unless otherwise stated, they represent mean curves
averaged across subjects.
RESULTS AND DISCUSSION

The contrast-to-noise ratio and spatial resolution of an
oxygenation-sensitized echo-planar image, as used here
for mapping BOLD MRI signals that are based on pure
T,* weighting, are shown in Fig. 1A. In general, activation maps for individual subjects revealed a spatial congruence of activated areas for all protocols. This is demonstrated in Figs. 1B through 1D for one subject and three
protocols. When averaged across subjects, the mean
numbers of activated pixels (area) were 128 pixels (1150
mm") for the 1.6-s/8.4-s
protocol, 99 pixels (893mm") for
the 1.6-s/90-s
protocol, 199 pixels (1792 mm") for the
10-sJ20-sprotocol, and 174 pixels (1563 mm,) for the
10-s/gO-s
protocol. Factors that might be responsible for
these differences comprise both physiological reasons
such as stimulus duration and aspects of statistical analysis, e.g., thresholding in relation to preset limits and
actual contrast-to-noise ratio.
The 1.6-sJ8.4-s Protocol

In Fig. 2, the mean signal intensity time course for the
1.6-sf8.4-s
visual activation protocol is shown i n real
time (Fig. 2A) as well as in the form of time-locked
averages of either all 12 [Fig. 2B) or only the first four
activation cycles (Fig. 2C),as in ref. 11. The qualitative
response behavior elicited by this protocol is identical to
what is commonly reported for studies involving repetitive visual activation. For example, the apparent de-
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FIG. 1. (A) Spin-density-weighted image with T2*sensitivity (single-shot blipped gradient-echo EPI, TR = 400 ms, TE = 54 ms, flip angle = 30",
3 x 3 x 4 rnm3 resolution) depicting the quality of oxygenation-sensitized acquisitions used for mapping functional responses to visual
activation. (8-D) Color-coded activation maps superimposed onto an anatomical reference image (RF-spoiled FLASH , TR = 70 ms, TE = 6
rns, flip angle = 60")demonstrating spatial congruence of brain regions activated by (B) a 1.6-s/8.4-s
protocol, (C) a 1 O-s/2O-s protocol, and
(D) a lO-s/90-s
protocol of visual activation (15 Hz, reversing black and white checkerboard versus darkness, same subject).

crease of the baseline MRI signal intensity during ongoing repetitive activation arises from the accumulation of
individual signal undershoot phases already described in
1992 for slightly different experimental conditions (5).
Here, the oxygenation-sensitive response reaches a new
equilibrium after four to five activation cycles with the
relative signal strength almost 2% below prestimulation
baseline. On the other hand, the relative peak-to-peak
signal difference or functional contrast, i.e., the signal
strength during stimulation versus that during a control
phase, remains almost unchanged throughout the exper-

iment at approximately 4%. The end of repetitive stimulation is characterized by a slow recovery of the BOLD
MRI signal decrease requiring approximately 90 s for
returning to prestimulation baseline.
It is common practice to visualize details of the temporal response profile with use of time-locked averages
of multiple activation cycles. It turns out that the mean
response for all 12 cycles (Fig. 2B) exhibits an apparent
interstimulus baseline during steady-state conditions,
i.e., after the first four cycles, much lower than the true
prestimulation baseline. To better link the mean re-
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ficial because almost arbitrary values may be obtained by
the number of averaged cycles. Under the chosen
conditions, the resulting profile reveals a relative signal
decrease of approximately 0.5% at 1.5-2.0 s after the
onset of stimulation and thus qualitatively reproduces
the finding of Moore et al. (11).In this form, it fulfills the
expectation of an MRI initial dip, representing a relative
deoxygenation.
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FIG. 2. Normalized time courses of BOLD MRI signal intensities
(0.4-s temporal resolution) for a protocol comprising 12 cycles of

1.6 s of visual activation (cross-hatched bar) and 8.4 s of darkness. The curves represent mean values of all pixels with statistically significant stimulus-related signal alterations averaged
across subjects (n = 8). (a) Real-time data set of the entire protocol, (b) time-locked average of all 12 repetitive cycles of 10-s
duration, and (c) time-locked average of only the first four repetitive cycles, as in ref. 11.

sponse to the initial condition, Moore et al. (11) used
only four cycles during the approach to steady state.
Although the signal now starts and ends close to baseline
values (Fig. 2C), this must be considered somewhat arti-

In close analogy to Fig. 2, the set of mean time courses
shown in Fig. 3 refers to the real-time data of a 1.6-s/90-s
protocol (Fig. 3A) and time-locked averages of all four
activation cycles covering either a 90-s period (Fig. 3B) or
only the first 10 s in a presentation comparable to that of
Fig. 2C (Fig. 3C). This protocol is identical to that of Fig.
2, except for the extension of the control period from 8.4
to 90 s. The purpose of the experiment is to ensure
complete recovery of the MRI signal response to prestimulation baseline before application of a successive
stimulus and thereby effectively decouple the individual
responses from each other.
In agreement with the preceding protocol, the initial
positive signal increase amounts to approximately 4%. In
addition, the data again demonstrate that a 1.6-s stimulus
provokes a marked and extended poststimulus undershoot with a maximum amplitude of -1%. These findings are in contrast to the study by Hu et al. (10) using
control periods of 25-30 s, in which no undershoot was
found for a 2.4-s stimulus but an undershoot was found
for a 4.8-s stimulus. Although the exact reason for this
discrepancy is difficult to assess, it may be caused by
MRI contrast (e.g., residual TI weighting when using
segmented EPI) and subtle differences in stimulus quality or presentation or may reflect the establishment of an
apparent interstimulus baseline in the steady state of a
repetitive protocol that nevertheless is well below the
true prestimulation baseline (compare Figs. 2A and 4A).
An enlarged view of the first 10 s of the 1.6-~190-s
protocol (Fig. 3C) underlines the absence of an initial
dip. The response profile is characterized by a 1.5- to
2.0-s hemodynamic latency, a positive 4% signal increase starting from prestimulation baseline and peaking
at 5-7 s after stimulus onset, and an undershoot with
signal intensities drifting below baseline at approximately 9 s after the end of the stimulus. Return to prestimulation baseline is accomplished 60-90 s after the
end of the stimulus.
In view of these findings, the observation of an initial
signal decrease for the 1 . 6 d 8 . 4 - s protocol must be ascribed to a wraparound effect in the temporal profiles
obtained by time-locked averaging of rapidly repeated
activation cycles. Thus, an MRI signal that has not yet
fully recovered at the end of an activation cycle will
overlap with the response to the next stimulus and even
dominate the resulting signal during the "silent" hemodynamic latency phase before the onset of the positive
oxygenation-sensitive response. Instead of indicating an
early deoxygenation due to a rapid increase of oxygen
consumption, this formation of a dip reflects contribu-
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FIG. 4. Normalized time courses of BOLD MRI signal intensities
(0.4-s temporal resolution) for a protocol comprising six cycles of
10 s of visual activation (cross-hatchedbar) and 20 s of darkness.
The curves represent mean values of all activated pixels averaged
across subjects (n = 7). (a) Real-time data set of the entire protocol, (b) time-locked average of all six repetitive cycles of 30-s
duration.
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FIG. 3. Normalized time courses of BOLD MRI signal intensities
(0.4-s temporal resolution)for a protocol comprising four cycles of
1.6 s of visual activation (cross-hatchedbar) and 90 s of darkness.
The curves represent mean values of all activated pixels averaged
across subjects (n = 5). (a) Real-time data set of the entire protocol, (b) time-locked average of all four repetitive cycles of 90-s
duration, and (c) time-locked average of only the first 10 s.

tions from a slow process of relative deoxygenation that
is folded back into the early phase by the specific choices
for data acquisition and analysis. Whether the evolution
of a signal undershoot, its cumulative effect in the form
of a baseline decrease, and its recovery indeed reflect the

regulation of oxidative metabolism cannot be determined
by the present study.
The 1O-s/2O-s Protocol

In Fig. 4, the mean time courses of a 10-s/20-s protocol
are shown in real time (Fig. 4A) and as a time-locked
average from all six cycles (Fig. 4B). This paradigm represents typical timings that are most frequently used for
qualitative mapping of human brain function. In fact,
pertinent combinations of stimulation and recovery
phases, i.e., of positive signal responses and subsequent
signal undershoot effects, often enhance the peak-to-peak
signal differences, here to approximately 6%. In the timelocked profile, where responses are dominated by the
steady-state behavior reached after two cycles, the initial
signal is significantly below prestimulation baseline because of the pronounced 2% undershoot elicited by the
10-s stimulus. This observation is in agreement with
corresponding findings for the 1.6d8.4-s protocol,
which also uses an inadequately short control period
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(Fig. 2B). The recovery time for the oxygenation-sensitive
response after the last stimulus is approximately 80 s.

10s / 90s

The 10-sI90-s Protocol

Analogous to the temporal profiles obtained for the first
and second protocol, a full decoupling of individual
responses to a repetitive protocol of 10-svisual activation
may be achieved by increasing the control period to 90 s.
In Fig. 5, the mean time courses are shown in real time
(Fig. 5A) and as time-locked averages of four activation
cycles covering either the full 100-sprotocol (Fig. 5B) or
only the first 10 s (Fig. 5C) comparable to Figs. ZC and 3C.
Here, the peak-to-peak signal difference is almost 8%
emerging from a 6% positive response and a YO undershoot that exhibits a duration of approximately 80 s. An
enlarged view at the first 10 s of the time-locked average
demonstrates that the MRI signal response starts at the
prestimulation baseline with no initial signal decrease.
The findings for a 10-s stimulus are in excellent agreement with those for the 1.6-sstimulus and further support the view that BOLD MRI responses to visual activation are the result of more than just one hemodynamic
adjustment with one time constant. Although both the
positive oxygenation-sensitive response and the undershoot phenomenon are amplified by the longer stimulus,
there are no qualitative differences in the temporal response profile for a 1.6-s stimulus and a 10-s stimulus.
The responses to successive stimuli become completely
independent from each other when the recovery phase is
extended to 90 s. Under such conditions, the MRI signal
strength of each activation cycle returns to prestimulation baseline with no detectable signal decrease during
the early phase.
Evidence for an Initial Dip?

Because mean responses averaged across subjects partially suppress intersubject variations and therefore may
obscure the detectability of an early signal decrease, all
signal time courses for the 1O-s/go-s protocol were also
analyzed on an individual basis. An initial dip was found
in one of seven subjects, as shown in Fig. 6. The time
courses represent time-locked averages of all four activation cycles for the whole protocol of 100 s (Fig. 6A) and
only the first 10 s (Fig. 6B).
To allow for spatial heterogeneity with a possibility of
further enhancing the initial signal decrease in this subject, Fig. 6C shows a time course of a subpopulation of
activated pixels selected for maximum correlation with
the reference function. It turns out that these pixels not
only yield an early signal decrease of approximately
0.5% peaking at 1.5 s after the onset of stimulation but
also give the strongest positive responses above the mean
level (Fig. 6s)as well as a pronounced undershoot effect.
Such pixels were mainly found in or around macroscopic
vessels, whereas “parenchymal” signals resulted in
weaker responses but no initial signal decrease i n any
chosen subpopulation of activated pixels. However, acquisitions at much higher spatial resolution and more
sophisticated spatial analyses are needed to clarify this
issue.
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FIG. 5. Normalized time courses of BOLD MRI signal intensities
(0.4-s temporal resolution)for a protocol comprising four cycles of
10 s of visual activation (cross-hatchedbar) and 90 s of darkness.

The curves represent mean values of all activated pixels averaged
across subjects (n = 7). (a) Real-time data set of the entire protocol, (b) time-locked average of all four repetitive cycles of 100-s
duration, and (c)time-locked average of only the first 10 s.
CONCLUSION

In summary, the temporal profiles of MRI-detected responses to visual activation depend on the history of
preceding activations. This finding applies to most experimental conditions currently in use for mapping hu-
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during the first few seconds after stimulus onset, such a
phenomenon may occur as the result of a wraparound
effect when using time-locked averages of signal time
courses derived from multiple activation cycles. In general, repetitive stimuli may lead to deceptive results and
interpretations if the recovery period between successive
stimuli is too short. The present results indicate that
repetitive visual activation with a reversing black and
white checkerboard for durations of 1.6-10 s requires a
control state with a duration of at least 90 s to ensure
complete decoupling of individual responses.
The physiological details of the hemodynamic andlor
metabolic phenomena that occur in association with a
change in focal neuronal activity are not yet entirely
clear. For example, it is still under debate whether the
processes that involve a slow response to visual activation, e.g., the poststimulus undershoot or the signal decrease reported during sustained activation, may be as'
'
'
'
'
cribed to adjustments in blood flow, blood volume, or
oxidative metabolism. Similarly, the question of whether
a fast response or initial dip may be consistently observed in signal intensity time courses of oxygenationsensitized MR images requires further experimental support. Although the latter issue was not the primary
subject of this work, the present findings indicate that
any physiological investigation of functional brain activation should be based on paradigms that avoid complications from protocol timings. Conversely, a mere qualitative utilization of BOLD contrast for mapping the
functional anatomy of the human brain may benefit from
the temporal response characteristics to successive stimuli by maximizing the physiologically driven MRI contrast between alternating states of neuronal activity.
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The 4thInternational Symposium
“Magnetic Resonance in Cardiovascular Research”
will be held from September 24 through September 26,1998, in Wurzburg, Germany.
This meeting provides a forum for basic and clinical scientists working in the fields of magnetic resonance spectroscopy and imaging. The two day scientific programme, Friday and
Saturday, will be preceded by a teaching course on Thursday. Both, state of the art lectures
by internationally recognized leaders in the field as well as original scientific presentations
from MR researchers active around the world will be featured.
For further information: fax: +49-93 1-2012664 or http://www.uni-wuerzburg.de/med-klinik/
mrcv.html

