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Regional Dynamic Signal Changes during Controlled Hyperventilation
Assessed with Blood Oxygen Level–Dependent Functional MR
Imaging

Stefan Posse, Uwe Olthoff, Matthias Weckesser, Lutz Jäncke, Hans-Wilhelm Müller-Gärtner, and Stephen R. Dager

PURPOSE: To quantitate the amplitude changes and temporal dynamics of regional functional MR
imaging signals during voluntary hyperventilation using blood oxygen level–dependent contrast
echo-planar imaging. METHODS: Seven male subjects were studied during voluntary hyperven-
tilation (PetCO2 5 20 mm Hg) regulated by capnometry. Measurements were made on multisection
echo-planar MR images obtained with parameters of 1000/66 (repetition time/echo time), flip
angle of 30°, and voxel size of 3 3 3 3 5 mm3. Sensitivity of the functional MR imaging signal to
changes in PetCO2, time delays in relation to PetCO2 changes, and time constants of functional MR
imaging signal changes were assessed on a region-by-region basis. RESULTS: Within 20 seconds
of starting hyperventilation, rapid and substantial decreases in the functional MR imaging signal (by
as much as 10%) were measured in areas of gray matter, which were significantly greater than the
modest changes observed in white matter. Regional-specific effects in areas of the frontal, occip-
ital, and parietooccipital cortex were stronger than in subcortical regions or in the cerebellum.
Signal decreases measured with functional MR imaging were significantly delayed with respect to
the reduction in PetCO2. Apparent differences between regional time constants did not reach
statistical significance. CONCLUSION: Regional and gray–white matter differences in functional
MR imaging signal changes during controlled hyperventilation may reflect differences in metabolic
activity, vascular regulation, and/or capillary density. When measuring brain activation with
functional MR imaging, arterial PCO2 differences due to unregulated respiration may confound
interpretation of activation-related functional MR imaging signal changes.
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Functional magnetic resonance (MR) imag-
ing is increasingly being used to assess cerebral
vasomotor reactivity to respiratory challenges
and their effect on signal changes in functional
MR imaging (1–5) (K. Ying, D. W. Chakeres, P.
Schmalbrock, “Functional MRI of Alternating
Hyperventilation and Apnea,” in: Abstracts of
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the Society of Magnetic Resonance, 1994;4(P):
60; J. V. Hajnal, A. Oatridge, N. Saeed, G. M.
Bydder, I. R. Young, “Detection of Changes Pro-
duced by Inhalation of Pure Oxygen and Carbo-
gen Using 3D T1-Weighted Brain Imaging,” in:
Abstracts of the Society of Magnetic Resonance,
1995:769; H. B. W. Larsson, E. Rostrup, P. Toft,
et al, “fMRI of CO2 Induced Increase in Cerebral
Perfusion,” in: Abstracts of the Society of Mag-
netic Resonance, 1993:8; K. K. Kwong, K. M.
Donahue, L. Ostergaard, et al, “Mechanism of
Brain Signal Increases in Hyperoxia,” in: Ab-
stracts of the Society of Magnetic Resonance
1995:768). Such studies are of interest because
they provide a potential means for characteriz-
ing the sensitivity of functional MR contrast to
changes in cerebral blood flow (CBF) that are
unrelated to changes in blood oxygenation or
neuronal activation.
3



Voluntary hyperventilation rapidly and
strongly reduces CBF, but (except for extreme
cases) does not decrease cerebral oxygen con-
sumption in healthy persons (6). As compared
with pharmacologic interventions to reduce
global CBF, use of voluntary hyperventilation as
a physiological challenge has several advan-
tages: it can be carefully monitored and regu-
lated; reduction of global CBF can be induced
very rapidly, enabling the time constants of the
vascular regulation to be measured; and it can
be repeated multiple times in a single experi-
ment to increase sensitivity or to assess repro-
ducibility. If the subject experiences adverse
physiological or psychological reactions, con-
trolled hyperventilation can be terminated im-
mediately. The reduction in CBF, which is most
pronounced in cortical areas, has been quanti-
tated with positron emission tomography (PET)
with oxygen 15 by several research groups (7,
8). In those studies, no specific regional differ-
ences in cortical CBF changes were investi-
gated. More recently, Stehling and colleagues
(1) have reported hyperventilation-induced cor-
tical signal decreases in blood oxygen level–
dependent (BOLD) contrast functional MR im-
aging. They hypothesized that the observed
signal decreases were due to a reduction in
cerebral blood volume. A subsequent study by
Ying and coworkers, using a strongly flow-sen-
sitized functional MR imaging technique, re-
vealed signal decreases in all cortical vessels
after hyperventilation (Ying et al, “Functional
MRI...”), consistent with results from Doppler
sonographic studies and from 15O PET experi-
ments (7, 8). Our interest in using functional MR
imaging to study hyperventilation was stimu-
lated by our previous work using proton echo-
planar spectroscopic imaging to measure re-
gional metabolic changes during controlled
hyperventilation (9). In that study, we observed
global increases in brain lactate in areas of both
gray and white matter. The combination of met-
abolic MR imaging with functional MR imaging
may allow the functional relationship between
regional metabolic and CBF regulation to be
assessed in healthy and diseased brain.

In this study, we specifically assessed the
amplitude changes and temporal dynamics of
regional functional MR imaging signal change
during voluntary hyperventilation using BOLD
contrast echo-planar imaging. Hyperventilation
was regulated using endtidal CO2 (PetCO2),
which closely parallels arterial CO2 (PaCO2), to
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ensure a comparable magnitude of hypocapnia
among subjects for measuring functional MR
imaging signal changes (10). The amplitudes of
the changes in functional MR imaging signals
were determined for anatomically defined re-
gions of interest (ROIs), the time delays for
these signal changes were determined in rela-
tion to PetCO2, and the time constants of the
signal changes were computed assuming an
exponential signal decay.

Materials and Methods
Seven healthy male subjects (with no known history of

vascular disease) were studied 21 times. Written informed
consent was obtained in accordance with institutionally
reviewed protocols. After baseline measurements were ob-
tained (PetCO2 5 38.1 mm Hg 6 3.5) (all measurements 6
standard deviation), subjects were instructed to hyperven-
tilate vigorously. During sustained hyperventilation, which
was maintained for up to 3 minutes, PetCO2 was monitored
continuously to adjust the respiratory rate to achieve con-
sistent PetCO2 levels of 17.5 6 2.0 mm Hg (hypocapnia).
Expired gas was sampled continuously via a nasal cannula
to monitor PetCO2 using a Datex Capnomac (Instrumenta-
rium Corp, Helsinki, Finland) capnometer. In an earlier
study, we demonstrated that the PetCO2 2 PaCO2 gradient
within subjects is consistent under normal and hypocapnic
conditions (10). Measurements were taken with a tempo-
ral resolution of between 3 and 5 seconds. There was a
PetCO2 measurement delay of approximately 5 seconds
after expiration due to dead space from the 7.5 m long
cannula.

MR imaging was performed on a clinical 1.5-T whole-
body scanner with a maximum gradient amplitude of 25
mT/m and a gradient rise time of 600 milliseconds. The
head was secured inside the standard quadrature head coil
using tight foam padding. Tapes were placed over the
forehead and attached to the head coil to minimize head
motion further and to provide a default head position in
case head movement occurred. Heart rate was monitored
using the pulse oximeter (or the electrocardiogram) unit
integrated in the MR scanner. T1-weighted spin-echo im-
aging was used for anatomic reference and rapid flow-
sensitized gradient-echo imaging was used to depict cere-
bral vasculature.

BOLD contrast functional MR imaging was performed
using gradient-echo echo-planar imaging with the follow-
ing pulse sequence parameters: 1000/66/1 (repetition
time [TR]/echo time [TE]/excitations), flip angle of 30°,
and voxel size of 3 3 3 3 5 mm3. The low flip angle was
chosen to minimize in-flow effects. Five nonadjacent axial
sections from a series of 15 adjacent high-resolution T1-
weighted spin-echo images were chosen best to match
anatomic structures of interest. The first section was
placed in the center of the cerebellum. The second and
third sections were placed through the basal ganglia and
thalamus (the second section was placed in the high-
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resolution imaging section with the largest extension of the
thalamus; the third section was placed in the center of the
striatum). The fourth section was placed in the centrum
semiovale (to exclude artifacts due to cerebrospinal fluid,
this section was placed approximately 6 mm above the
highest level of the side, or lateral, ventricles). The fifth
section was placed in the apex (this section was thought to
contain only small parts of white matter and predomi-
nantly cortical gray matter). The aim of this section selec-
tion was to obtain at least one section for each anatomic
structure investigated, where that structure was clearly
demarcated. The separation between sections was vari-
able, since each section was matched to individual brain
anatomy. Hyperventilation was initiated after 40 seconds
of baseline measurements and continued for 60 seconds.
The same measurement was repeated after 15 minutes of
rest. In addition, three of the seven subjects repeated the
protocol on a different day.

To assess whether residual in-flow effects confounded
the previous protocol, one of the subjects was retested with
a TR of 6000 and a flip angle of 90°. For this study,
electrocardiogram gating was used to minimize potentially
confounding effects from brain pulsations. Eighteen axial
sections covering the cerebrum and part of the cerebellum
were acquired. Hyperventilation was initiated after 120
seconds of baseline measurements and continued for 180
seconds. The same measurement was repeated after 15
minutes of rest.

Image registration using the AIR2.0 software developed
by Woods et al (11) proved to be difficult for data acquired
at a TR of 1000 owing to the large gaps between sections
that precluded correction of through-plane motion. Two-
dimensional image registration was used to reduce edge
artifacts. Data sets were discarded in instances in which
gross head displacement could be identified by displaying
the images in a cine loop, or in which more subtle head
displacement, which correlated with the onset of hyper-
ventilation, could be identified as artifactual signal
changes along the edge of the brain and along the ventri-
cles in z score images. Two-dimensional image registra-
tion was used to reduce edge artifacts in these data sets.
Data analysis of reconstructed echo-planar images was
performed on a Sun workstation using IDL (Interactive
Data Language, Boulder, Colo) and the DPA software
package developed by Goldberg and Le Bihan (12). To
assess the distribution and strength of regional signal
changes visually, we performed a z score analysis of the
images using a z score threshold of two standard devia-
tions.

Anatomically defined ROIs were drawn manually in
each hemisphere (Fig 1) in reference to the brain atlas of
Talairach and Tourneaux (13); these comprised the frontal
cortex, the parietooccipital cortex, the occipital cortex, the
cerebellum, the insular cortex, the thalamus, the striatum,
and the white matter in the centrum semiovale (averaged
over two sections). For data acquired with a TR of 6000,
the same ROIs were defined. The functional MR imaging
signal intensity data were averaged over the ROIs and then
transferred to a PC for further analysis using the Sigmaplot
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2.0 software (Jandel Corp, SPSS Inc, Chicago, Ill). The
initial seven time points acquired during non–steady-state
conditions were discarded.

Analyses using linear regression between the regional
functional MR imaging signal intensity values and PetCO2

values in each subject were performed to assess the re-
gional sensitivity of the functional MR imaging signal to
changes in PetCO2 (slope) and the correlation coefficients.
Results were averaged over all subjects. The time course of
the regional functional MR imaging signals was further
analyzed using a nonlinear least squares curve fit routine
to calculate four parameters (Fig 2): the signal intensity at
rest (S0), the starting point of the decrease in signal inten-
sity (t1), the time constant of the decrease in signal inten-
sity (t), and the signal intensity during maximum hyper-
ventilation (S1). The fit assumed a constant function
during baseline (t,t1):

1) S~t! 5 S0

and a delayed exponential signal decay during hyperven-
tilation (t$t1):

2) S~t! 5 ~S02S1)exp(2t[t2t1])1S1 .

The delay between the decrease in regional functional MR
imaging signal and the onset of decreases in global PetCO2

(corresponding to a PetCO2 decrease that exceeded one
standard deviation of baseline fluctuations) was calculated
on the basis of t1 and by taking into account the 5-second
PetCO2 measurement delay. Results were averaged over all
subjects.

Because of the small sample size, the calculated P values
were used as measures of the size of the effect (14). To detect
differences with respect to dependent variables measured in
the different brain regions (without relying on statistical arti-
facts), only effects associated with a P value of less than .05
are reported . To assess significance, nonparametric statis-
tical tests (Friedmann’s two-way analysis of variance, Wil-
coxon’s matched-pairs signed rank test) were applied. Cor-
relation coefficients were z transformed for comparison of
brain regions (15).

Results

Hyperventilation was generally well tolerated;
only one subject reported discomfort. To mini-
mize variance due to physiological arousal, data
from that subject were discarded from further
analysis. Significant out-of-plane head motion
precluded data analysis of three measurements
obtained in two subjects. The remaining data
obtained for 16 measurements in five subjects
showed a rapid signal decrease in gray matter
areas during the initial 20 seconds of hyperven-
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tilation, which was delayed with respect to the
reduction in PETCO2 (Figs 2–4). In some areas,
the change in functional MR imaging signal was
detectable within seconds from onset of hyper-
ventilation (Fig 5, Table). The relative signal
decreases in parts of the frontal cortex ex-
ceeded 10% of baseline. Statistically significant
differences (P 5 .007) in signal changes were
observed between anatomically defined ROIs
(Fig 5, Table). Subsequent analysis (Student-
Neuman Keuls method) revealed that white
matter had the least sensitivity to changes in
PetCO2, up to six times less than that in the
frontal cortex. In addition, we found that de-
creases in regional functional MR imaging sig-
nal in the insular cortex, the thalamus, the stri-
atum, and the cerebellum were smaller than
those in the frontal, parietooccipital, and occip-

Fig 1. A–E, Depiction of the anatomi-
cally defined ROIs in the five selected axial
sections (1, frontal cortex; 2, central white
matter; 3, parietooccipital cortex; 4, central
white matter; 5, insular cortex; 6, striatum; 7,
thalamus; 8, occipital cortex; 9, cerebel-
lum).

Fig 2. Typical functional MR imaging signal change (arbitrary
units) in the occipital cortex with superimposed curve fit. The
hyperventilation period is indicated by the horizontal bar.
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ital areas. Although there was a trend toward a
between-hemisphere difference in changes in
functional MR imaging signal in the frontal cor-
tex, no further statistically significant differ-
ences between left and right hemispheres were
observed. There were strong linear correlations
between PetCO2 and functional MR imaging sig-
nal (z values greater than 1.0), corresponding
to a Pearson correlation greater than 0.76 (Fig
5, Table), except for white matter (P , .002).
Pairwise comparisons using the Student Neu-
man-Keuls method revealed no significant in-
terregional differences except for white matter.

When assessing the regional temporal dy-
namics of signal changes (Fig 5, Table), we
measured a significant time delay between on-
set of changes in PetCO2 and onset of changes in
regional functional MR imaging signal for the
combined group of ROIs (P 5 .009). Using
Dunn’s method to investigate individual ROIs,
we measured a significant time delay in the
cerebellum, the frontal cortex, and white matter
(Fig 5). The time constants of the decreases in
functional MR imaging signal in areas of gray
matter were similar. White matter exhibited a
smaller signal decay time constant. Apparent
differences between regional time constants did
not reach statistical significance (P 5 .652). In
some of these data sets, the decreases in func-
tional MR imaging signal were preceded by a
slight signal increase during the initial seconds
of hyperventilation.

The signal decreases induced by hyperventi-
lation were qualitatively reproducible in all sub-
jects after 15 minutes of rest during the second
period of hyperventilation. In well-trained sub-
jects in whom head movement was minimal,
even the regional distribution and the magni-

Fig 3. Corresponding time course of the PCO2 change. The
hyperventilation period is indicated by the horizontal bar.
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tude of regional signal changes during repeated
hyperventilation were similar (Fig 6). A com-
parison of the data obtained in one volunteer at
TRs of 6000 and 1000 shows that the mean
amplitude of signal decreases averaged over all
regions at TR of 6000 differed by 1.1% (SD,
2.4%) from those obtained with TR of 1000,
suggesting that saturation effects did not signif-
icantly confound the observed signal changes
with TR of 1000.

Discussion

Hyperventilation results in a number of acute
physiological and psychological symptoms,
which can include light-headedness, dizziness,
visual disturbance, numbness and paresthesia,
palpitations, tachycardia, shakiness, tension or
anxiety, panic attacks, and weakness or ex-
haustion (16–18). The immediate physiological
effect of hyperventilation is to reduce arterial
PaCO2, which, in turn, increases perivascular
and intraneuronal pH. Increased intraneuronal
pH produces a shift in the oxidation/reduction
state of central nervous system (CNS) tissue
and increases neuronal discharge of both motor
and sensory fibers and increases glucose con-
sumption and lactate (and pyruvate) produc-
tion (9, 10, 19). Rises in perivascular pH induce
marked vasoconstriction, which leads to a rapid
reduction in CBF, which is observable by func-
tional MR imaging. Our functional MR imaging
observations in this preliminary study can be
interpreted within the context of currently pro-

Fig 4. Correlation between functional MR imaging signal
changes in the occipital cortex and PCO2.
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Fig 5. Summary of results (from Table). Error bars indicate standard error of the mean; asterisk, P , .05; for abbreviations, see Table.

TABLE 1: Regional quantitation of functional MR (fMR) signal dynamics based on 14 measurements in five subjects

Region of Interest

Sensitivity (Linear
Regression Slope of fMR

Signal vs PetCO2),
%/mm Hg (SD)

Z-Transformed
Correlations:

(fMR Signal vs
PetCO2), (SD)

Time Delay of fMR Signal Decrease with
Respect to Start of PetCO2 Decrease

(Corrected for 5 Second PetCO2

Measurement Delay), seconds (SD)

Time Constant of
fMR Signal

Decrease, s21

(SD)

Frontal cortex 20.38 (0.18) 1.32 (0.31) 9 (3) 0.17 (0.15)
Occipital cortex 20.34 (0.20) 1.19 (0.37) 9 (4) 0.15 (0.08)
Parietooccipital 20.32 (0.17) 1.48 (0.42) 5 (5) 0.13 (0.07)
Cerebellum 20.26 (0.19) 1.20 (0.33) 10 (4) 0.17 (0.11)
Thalamus 20.20 (0.14) 1.27 (1.20) 6 (3) 0.16 (0.15)
Striatum 20.20 (0.12) 1.04 (0.51) 7 (5) 0.11 (0.11)
Insular cortex 20.20 (0.07) 1.14 (0.43) 10 (6) 0.20 (0.19)
White matter 20.07 (0.03) 0.61 (0.18) 12 (5) 0.09 (0.07)

Note.—MR imaging performed at TR 5 1000.
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posed mechanisms thought to be responsible
for the BOLD contrast effect (20). To maintain
oxidative energy metabolism during blood flow
reduction due to hypocapnia, increased oxygen
extraction is necessary; this increases the de-
oxyhemoglobin concentration and reduces the
functional MR imaging signal. This interpreta-
tion is also consistent with the rise in brain lac-
tate, which we reported in a previous study (9).
The apparent regional differences in decreases
in functional MR imaging signal in the gray mat-
ter, and the much-reduced effect in white mat-
ter, may reflect differences in metabolic activity,
vascular regulation, and/or capillary density.
For example, it is known that the metabolic
activity of white matter is approximately three
times lower than that of the cortical areas (21).
The amplitudes of the functional MR imaging



Fig 6. Axial z maps of two consecutive
hyperventilation periods superimposed on
the original echo-planar images (zmin 5
2.5).
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signal changes in insular regions had to be in-
terpreted with caution, since the insular cortex
is quite thin and the inclusion of white matter
areas was difficult to avoid when drawing the
ROI. Temporal characteristics of CBF changes
for different brain regions in response to hypo-
capnia are of theoretical, and potentially of clin-
ical, interest, since they may help to assess
regional differences in vascular regulation of
clinical conditions, such as vascular disease
(22). With the use of high-time-resolution func-
tional MR imaging, it is possible to monitor very
rapid signal changes within a few seconds after
onset of hyperventilation.

This study underlines the importance of con-
trolling for respiratory changes during func-
tional MR imaging studies of brain activation. In
the frontal cortex, which appears to be most
sensitive to hypocapnia, as much as a 0.5%
change in functional MR imaging signal can be
induced by a 1 mm Hg decrease in PetCO2. Our
previous experience with functional MR imaging
indicates that factors such as subject arousal or
even slight discomfort may increase respiration,
leading to decreases in arterial PCO2. The con-
founding effects of arousal or anxiety have been
amply demonstrated with other functional im-
aging techniques, such as single-photon emis-
sion computed tomography and PET (23, 24).
While simple motor tasks may elicit functional
MR imaging signal changes on the order of a few
percentage points, higher cognitive functions
induce much smaller signal changes, which
may be more easily confounded by the effects
of unregulated changes in PetCO2. The most
commonly used analytic method in functional
MR imaging, correlational analysis, relies on
the temporal signature of the induced signal
changes to assess statistical significance. Func-
tional MR imaging signal changes in primary
motor and visual brain regions occur relatively
rapidly (with time constants on the order of a
few seconds) and thereby can be differentiated
from the slower signal changes induced by
changes in PetCO2. However, increasing task
complexity may induce a slower change in
functional MR imaging signal, which would be
difficult to differentiate from signal changes oc-
curring as a consequence of changes in PetCO2.

We were unable to use some of the data from
two subjects, owing to gross evidence of motion
contamination. For retained data sets, it is pos-
sible that more subtle head motion contributed
to the observed functional MR imaging signal
changes during hyperventilation. Although
some head motion was difficult to avoid in our
study, we would expect that substantial head
motion produces increases, as well as de-
creases, in functional MR imaging signal at the
periphery of the brain, along the ventricles, and
in other areas with strong image contrast inter-
faces. In the context of motion artifacts, positive
functional MR imaging signal changes should
be readily observable, as a large volume of
brain between the cerebellum and the centrum
semiovale was sampled. In this study, among
retained data sets, functional MR imaging signal
increases were only observed rarely, and the
predominant change was a decrease during hy-
perventilation. The effects were mostly localized



inside gray matter areas, and the fact that there
was a measurable response in white matter ar-
gues against predominant motion effects. Sig-
nal decreases had regional specificity, which
also argues against substantial motion artifacts.
However, more subtle head motion may have
contributed to individual variability in functional
MR imaging signal response. Finally, in contrast
to most functional MR imaging studies, we se-
lected rather large ROIs (Fig 1), which are in-
herently less sensitive to motion artifacts than
are small ROIs with focal signal changes.

In conclusion, the use of BOLD functional MR
imaging to assess CBF changes during hyper-
ventilation may help to elucidate mechanisms
involved in regional metabolic and vascular reg-
ulation and to broaden our understanding of
CNS disease processes that affect those regu-
latory mechanisms. Previous work has shown
that functional MR imaging signal changes in
the visual cortex are reduced when CBF is in-
creased (25). Decreases in CBF arising from
uncontrolled hypocapnia also may reduce the
sensitivity of functional MR imaging for detect-
ing brain activation.
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GmbH) and by Frank Sonnenberg (Institute of Medicine,
Research Center Jülich GmbH).
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