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Functional Imaging of the Visual Cortex With
Bold-Contrast MRI: Hyperventilation Decreases

Signal Response

M. Weckesser,?" S, Posse,! U. Olthoff," L. Kemna,'? S. Dager,?

and H.-W. Muller-Gartner'2

Hypocapnia due to hyperventilation reduces cerebral blood flow
and volume. To investigate the effects of hyperventilation on the
regional signal response to visual activation using blood oxygen-
ation level-dependent (BOLD) magnetic resonance imaging
(MRI), six volunteers were investigated during visual stimula-
tion under normocapnia and hypocapnia conditions. Hyperven-
tilation significantly decreased in visual cortex the BOLD MRI
response to visual stimulation (3.97 = 0.5% [mean ( SD) in
normocapnia vs. 0.77 = 0.7% in hypocapnia, P < 0.01). In three
of six subjects, functional signal changes were reduced to noise
level. The reduced stimulus response during hyperventilation is
probably due to a decreased overshoot in the blood oxygen-
ation response. These results indicatethat BOLD-contrast func-
tional MRI is highly sensitive to pCO changes. Magn Reson
Med 41:213-216, 1999. o 1999 Wiley-Liss, Inc.
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Regional increases in oxygen demand and cerebral blood
flow occur during task-related neuronal activity. Increased
tissue perfusion, which enlarges the available oxygen
supply, exceeds the increase in regional oxygen consump-
tion. As a consequence, there is a greater proportion of
oxyhemoglobin in the capillary and venous beds of acti-
vated brain areas. Since regional blood volume changes
only a small amount, a net reduction in paramagnetic
deoxyhemoglobin occurs, which increases the signal inten-
sitles in susceptibility-sensitive functional magnetic reso-
nance imaging (fMRI1). This method, referred to as blood
oxygenation level-dependent (BOLD) MRI, is increasingly
used for mapping human brain function (1-3).

Global cerebral blood flow is primarily regulated by the
arterial pCO; (4). The interaction of regional and global
perfusion has been investigated by positron emission
tomography (PET) (5,6), but the effect of hypocapnia on
task-related functional signal changes by BOLD MRI has
not yet been addressed. Such studies are of interest as
previous investigations have demonstrated that hyperven-
tilation strongly reduces global cortical MR signal intensity
(7.8), which is thought to reflect increased oxygen extrac-
tion due to cerebral vasoconstriction and decreased cere-
bral blood flow. Additionally, hypocapnia reduces regional
cerebral blood volume (9). In baboons, Archer et al (10)
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described a 16% decrease in cerebral blood volume and a
30% decrease in blood flow when pCO? was reduced from
40 to 25 mmHg. The oxygen extraction increases and
during prolonged hypocapnia an increase in lactate can be
measured (11). The BOLD signal is not only dependent en
perfusion but is also modulated by cerebral blood volume
and by the oxygen extraction fraction. Differences of
functional PET and BOLD fMRI are thus likely. Due to the
partly antagonistic actions of neural activation and hyper-
ventilation, it is difficult to predict the effect of hyperventi-
lation on the functional BOLD signal.

The aim of the present study was to investigate the
specific effect of hyperventilation on the amplitude of
regional BOLD fMRI signal intensity change during visual
activation.

MATERIALS AND METHODS
MR Studies

A Siemens Vision 1.5 T whole body scanner (Siemens
Medical Systems, Erlangen, Germany) equipped with a
standard quadrature head coil was used to study six
healthy young volunteers (five male and one female; aged
31.2 = 3.3 years ). Written informed consent was obtained
from all subjects in a manner approved by the Ethics
Committee of the University of Diisseldorf.

The subjects were positioned supine in the magnet with
the head fixed using a vacuum cushion and tape to avoid
motion. All subjects had had previous experience with
fMRI, and hyperventilation was practiced prior to the
study to minimize head motion. A plastic tube was placed
in the left nostril to withdraw expiratory air for continuous
pCO; monitoring (Datex Capnomac monitor). A home-built
red LED array with a flicker rate of 8 Hz was positioned in
front of the subjects’ eyes. The flicker rate and timing to
turn on the LED array were computer controlled and
synchronized to the image acquisition of the MR scanner.
Sagittal, transaxial, and coronal scout images were used to
position the head in the center of the scanner. Four
adjacent 6 mm thick slices were positioned parallel to the
calcarine fissure as identified on the sagittal image. The
lowest slice was located superior to the cerebellar vermis.
BOLD images were acquired using echoplanar imaging (TR
1 sec, TE 66 msec, flip angle 30°) to measure 100-125 time
frames. Three different experiments were carried out se-
quentially during a single imaging session: 1. During
normocapnia, 30 sec of baseline measurements were fol-
lowed by three repetitions of a 10-sec visual stimulation
and a 20-sec rest period and finally by 5 sec of visual
activation. 2. Following 40 baseline measurements, sub-
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jects were asked to hyperventilate vigorously without
moving their heads while 60 image data sets were sequen-
tially acquired; 3. Immediately following experiment 2,
subjects were asked to maintain hyperventilation while the
visual activation paradigm, as described in experiment 1,
was applied.

For one of the subjects, an additional experiment was
performed using a longer repetition time (3 sec) and a
larger flip angle (90°) to combine the above-mentioned
three experiments into a single measurement. This permit-
ted continuous monitoring of the cortical baseline signal
and visually evoked signal changes during normo- and
hypocapnia. After a 30-sec baseline period, visual activa-
tion for 12 sec and rest periods of 21 sec were repeated
three times. After the third rest period, hyperventilation
was started and maintained during visual activation using
the same timing as applied during normocapnia.

Data Analysis

All images were transferred to a SPARC 20 workstation for
image analysis using an IDL (Boulder, Colorado) based
DPA-software package, developed by Goldberg and LeBi-
han (12). A cine loop visualization of the time series was
used to detect head motion. At this stage, data from one
additional volunteer were discarded from further analysis
due to head motion. Furthermore, the first six images of all
measurements, which were acquired during non-steady-
state conditions, were discarded.

Functional signal changes in the images of experiment 1
were detected using a correlation analysis with a reference
function, modeling the ideal signal response. Pixels with a
correlation coefficient above 0.6 were considered signifi-
cantly activated by the visual stimulation. The resulting
calculated images were carefully examined for motion
artifacts, which can show up as false activation around the
perimeter of the brain and in the ventricles. Regions of
interest (ROIs) were drawn for the visual cortex using the
normocapnic light-activated BOLD images from two adja-
cent slices. An additional ROI was created in the anterior
part of the lateral temporal cortex, which was not activated
by the visual paradigm. This region was employed to
determine the noise level. The ROIs identified during
normocapnia were used for the analysis of all protocols.
The amplitude of the signal changes in the ROIs was
calculated by subtracting the last three image intensity
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values of cach rest period from the last three image
intensity values of the corresponding activation period. All
signal change amplitudes were expressed as a percentage
of the initial baseline value. Mean signal changes during
normocapnia were compared with the mean signal changes
during hypocapnia in each individual. The. statistical
significance of differences between the two conditions was
tested with a paired t-test. An error probability P < 0.05
was considered to be statistically significant. Data are
presented as mean = standard deviation.

In addition, a standardized statistical analysis [SPM96
software (13)] was used to determine the extent of activa-
tion during normo- and hypocapnia. For this purpose, a
delayed box-car analysis was used. Significance thresholds
of P = 0.001 for a single voxel and P = 0.01 for the size of a
cluster were chosen. Statistical analysis was done both in
the original data sets and after applying the algorithm for
motion correction included in the SPM96 software. The
number of activated voxels in the visual cortex was deter-
mined for the two conditions.

The time course of experiment 2 was analyzed using a
curve fitting algorithm. This algorithm assumes a steady
signal during the rest condition and an exponential decay
during hyperventilation. The curve is expected to ap-
proach a steady state. As described in detail elsewhere (8),
the fitting algorithm calculates automatically the level of
the baseline signal, the time point of initial signal decrease,
a time constant of the exponential function, and the signal
level during the steady state of hyperventilation.

RESULTS

Hyperventilation reduced the baseline signal intensity in
the visual cortex by 5.4 = 1.6%. The BOLD responses to
visual stimulation during normo- and hypocapnia are
summarized in Table 1. End-tidal pCO; decreased from
40.4 = 1 mmHg during normocapniato 18.2 = 3.5 mmHg at
steady state during sustained hyperventilation. Visual
stimulation increased signal intensity by 3.97 * 0.5%
during normocapnia. For the same regions, hyperventila-
tion significantly decreased the effect of visual stimulation
(from 3.97 + 0.5% to 0.77 = 0.7%, n = 6, P < 0.01,
two-tailed paired t-test). For three of the six subjects, the
signal response to the visual stimulus was reduced to noise
level during hypocapnia. The noise level, determined as

Table 1
Summary of the Results of All Subjects®
Subject pCO; (mmHg) Activation amplitude (%) Noise level® (%) No. of activated voxels (SPM96)
no. Normocapnia Hypocapnia Normocapnia Hypocapnia Normocapnia Hypocapnia ~ Normocapnia Hypocapnia
i| 39.0 19.4 4.05 0.52 -0.13 -0.13 127 0
2 417 12.9 4.14 -0.08 ~0.45 -1.97 141 0
3 41.0 20.8 3.84 0.13 —-0.54 0.10 129 0
4 40.0 22,6 3.10 1.22 0.01 -0.12 135 0
5 41.0 16.0 4.58 1.24 0.25 —-0.31 184 0
6 40.0 17.7 4.09 1.58 —0.28 -0.17 194 0
Mean 404 18.2 3.97 0.77 -0.19 —0.43 152 0
SD ' 1 35 0.5 0.7 0.3 0.76 30 0

*The columns contain subject number, end-expiratory pCO; during normo- and hypocapnia, activation amplitude during normo- and
hypocapnia, noise level during narmo- and hypocapnia, and number of activated voxels as identified by an SPM96 analysis.
2Defined as "activation amplitude” in a temporal lobe region that is not activated by visual stimulation.




Effect of Hyperventilation on BOLD fMRI

FIG. 1. Results of the pixel-based analysis of
the effect of visual stimulation during normecap-
nia (left) and hypocapnia (right). All pixels shown
in white exhibit a positive correlation to the
reference function (correlation coefficient >0.6).
Four adjacent axial echoplanar images through
the occipital cortex are shown for each condi-
tion. An extensive activation of primary and
secondary visual areas is evident in normocap-
nia; no significant activation remains during
hypocapnia.

“activation amplitude” in the reference region changed
insignificantly from -0.19 £ 0.30% during normocapnia to
-0.43 = 0.7696 during hyperventilation (n.s., n=6, P= 0.5,
two-tailed paired t-test). The SPM96 analysis of the origi-
nal data sets depicted an average of 152 * 30 voxels
visually activated during normocapnia, while no voxels
were activated above threshold during hypocapnia. After
motion correction, the number of voxels activated during
normocapnia decreased slightly to 131 % 45, and again no
activated voxels were found during hypocapnia. In four of
the volunteers, motion correction of the normocapnia
condition resulted in frontal artifacts in the statistical
images.

An example of the results of the pixel based correlation
analysis is shown in Fig. 1. During normocapnia large parts
of primary and secondary visual cortex are activated by the
intense visual stimulus. During hyperventilation, no pixels
with a correlation coefficient above 0.6 are identified in
this case.

No studies included in this analysis showed artifacts due
to head motion, as described in the methods section.

For the additional experiment using longer repetition
times, these findings were replicated (Fig. 2). The baseline
decrease after initiation of hyperventilation is consistent
with the baseline reduction in experiment 2 and with our
previous observations (8). The complete loss of activation
response is representative of our findings in experiment 3
for three subjects.

DISCUSSION

Our findings demonstrate that hypocapnia reduces the
task-related regional BOLD-contrast response. The BOLD
signal is modulated by a number of physiological param-
eters, which are altered both by hyperventilation and
during neuronal activation. The interaction of the various
parameters may explain the loss of the BOLD MRI re-
sponse. As shown by PET studies, hyperventilation de-
creases the perfusion response to visual stimulation. In
these studies, relative perfusion changes remained con-
stant, since baseline perfusion was reduced to the same
extent as the activation amplitude (5,6). As described

above, BOLD MRI signal depends on an overshoot of
perfusion response and an increase in oxyhemoglobin
concentration during neuronal activation. During hypocap-
nia the perfusion response is decreased by the same
amount as baseline blood flow. Therefore the overshoot of
perfusion increase may be abolished, and the task-related
increase in oxyhemoglobin concentration may be reduced.
Furthermore, the activation-induced increase in cerebral
blood volume, which leads to an increase of paramagnetic
deoxyhemoglobin and thus to a signal decrease, may gain
additional weight by the increased overall concentration of
deoxyhemoglobin (7,8). During normocapnia, this increase
in blood volume is not sufficient to counterbalance the
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FIG. 2. Time course of signal intensity In the experiment with a long
repetition time (3 sec), displaying visual activation during normocap-
nia and the effect of hyperventilation and visual activation during
hypocapnia [visual stimulation indicated by the gray background;
hyperventilation (HV) indicated by the fat horizontal line].
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decrease of the venous deoxyhemoglobin fraction. It is
further possible that hyperventilation may alter neuronal
stimulus-evoked activity (14).

The above-mentioned physiological considerations ex-
plain the reduction of the regional stimulation-induced
BOLD response during hypocapnia. Furthermore, the ex-
periment with the longer repetition time indicates that the
results are reproducible. However, putative methodologi-
cal limitations need to be discussed. Additional loss of
sensitivity may arise from the decreased baseline signal
intensity, which corresponds to a reduced T;* value. For
example, a 10% reduction in baseline fMRI signal corre-
sponds to a 10% reduction in T;* (assuming a monoexpo-
nential decay) (15). Since optimum sensitivity with BOLD-
contrast fMRI is achleved when TE is equal to Tz*, it may
be necessary to reduce TE during hypocapnia to maintain
sensitivity. However, this effect is small and is not suffi-
clent to explain the nearly complete loss in functional
signal contrast observed in some subjects. Head motion
during hyperventilation could have obscured the signal
response to visual stimulation, However, careful prepara-
tion of the volunteers minimized head motion, which was
confirmed by inspection of the images. All image sets were
assessed for motion artifacts both in the raw images and in
the calculated images. As the regions chosen were rela-
tively large and averaged over two slices, any motion not
detected by visual inspection should have caused only
minor effects. Motion correction did not increase the
number of activated voxels, but due to the small number of
slices, the reliability of motion correction is limited.

The effects of lowered end-tidal CO; on BOLD MRI
contrast reported in this study are applicable to other
BOLD MRI functional imaging protocols. However, the
respiratory challenge applied was extremely strong and the
effects of smaller alterations in pCO; remain to be investi-
gated. Due to the complexity of the physiological changes
that may influence the BOLD signal, results may be differ-
ent when pCO; is modified only slightly. Furthermore, the
physiological responses during neuronal activity may be
dynamic and may change during sustained activation (16).

The differential effects of emotional stimulation on
respiration are not known at the present time. Besides the
potential stress of being placed inside a dark and narrow
scanner tunnel, some activating stimuli may provoke hyper-
ventilation. Thus, the magnet environment and activation
paradigms involving, for example, ecmotional material,
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may influence the respiration rate and consequently BOLD
contrast, particularly among anxious subjects.
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