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Cerebral Blood Flow–Related Signal
Changes during Breath-Holding

Andreas Kastrup, Tie-Qiang Li, Gary H. Glover, and Michael E. Moseley

BACKGROUND AND PURPOSE: In the past, functional MR imaging techniques have been
used successfully to determine cerebrovascular reactivity (CVR) to various stimuli, comple-
menting the arsenal of functional brain investigations feasible with MR imaging. While previous
studies have focused on blood oxygenation changes under vasodilatory stress, the aim of this
study was to assess regional cerebral blood flow (rCBF) changes during breath-holding by
using a flow-sensitive alternating inversion recovery (FAIR) imaging technique.

METHODS: In six healthy volunteers, FAIR images were acquired during alternating pe-
riods of breath-holding and breathing at 40-second intervals after inspiration and at 30-second
intervals after expiration, for a total dynamic scanning time of 10 minutes. To quantify the
rCBF changes, we obtained 2.5-minute baseline samples during normal breathing.

RESULTS: Repeated challenges of breath-holding induced an overall rise in rCBF. In gen-
eral, rCBF changes were greatest in gray matter and were insignificant in white matter. Using
the mean values of the baseline images collected before breath-holding to calculate the rCBF
changes, we found that quantitative analysis yielded an rCBF increase of 47% to 87% after
breath-holding. The rCBF changes clearly depended on the breath-holding duration and tech-
nique; however, for one given breath-holding paradigm the results showed relatively small
interindividual variability.

CONCLUSION: rCBF changes during a simple vascular challenge can be detected and quan-
tified by means of functional MR imaging at 1.5 T. Noninvasive assessment of CVR could
become a useful clinical tool to identify persons with impaired CVR.

Functional MR imaging techniques are rapidly
moving away from the perceived role of solely
mapping human cognitive functions, such as vi-
sion, motor skills, or language. These techniques
are now capable of detecting and mapping regional
hemodynamic responses to various stress tests,
which involve the use of vasoactive substances,
such as acetazolamide (1, 2) or inhalation of carbon
dioxide (3). Besides inhalation of carbon dioxide
or injection of acetazolamide, measurement of ce-
rebrovascular reactivity (CVR) can be performed
simply and reliably by using a breath-holding test
(BHT) (4, 5). This test, which employs the increase
of arterial PCO2 induced by breath-holding as a
vasodilative stimulus, was introduced in 1990 by
Ratnatunga and Adiseshiah (5) and has also been
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used successfully in functional MR imaging studies
(6–8).

Most functional MR imaging studies are based
on blood oxygenation level–dependent (BOLD)
contrast (9–11), using deoxyhemoglobin as nature’s
own intravascular contrast agent. Although this
functional MR imaging technique is most com-
monly used because of its high functional contrast-
to-noise ratio, quantitative interpretation of the ac-
tivation-induced signal changes is a difficult matter.
Because BOLD effects are related to multiple phys-
iologic parameters, such as cerebral blood flow
(CBF), cerebral blood volume (CBV), and cerebral
metabolic rate of oxygen (CMRO2), it is difficult
to extract a single physiologic parameter from the
observed signal changes. This problem can be par-
tially overcome by using arterial spin-tagging tech-
niques, which rely on magnetically tagged endog-
enous water as a tracer and are essentially
CBF-based. A number of approaches based on this
idea have been proposed, such as signal targeting
with alternating radio frequency (12) and flow-sen-
sitive alternating inversion recovery (FAIR) tech-
niques (13–15). These are based on perturbing the
magnetization of in-flowing arterial blood and ac-
quiring pairs of flow-sensitive and flow-insensitive
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images. The CBF-based image is then obtained by
subtracting the flow-insensitive images from the
flow-sensitive images. Using the FAIR technique,
Kim et al (15) were able to determine absolute CBF
at steady-state conditions as well as relative and
absolute CBF changes during focal neuronal acti-
vation (13, 14).

While previous applications of the CBF-based
functional MR imaging techniques have focused
mainly on determining baseline CBF values and
CBF changes during brain activation, the aim of
this study was to assess regional cerebral blood
flow (rCBF) changes during repeated challenges of
breath-holding of various duration. The BHT has
the advantages of not requiring a source of CO2 or
acetazolamide injection and therefore can be easily
performed during a routine MR examination.

Methods
The study included six healthy volunteers (four men and two

women) with ages ranging from 27 to 33 years. All participants
gave informed consent, and the protocol was approved by the
Institutional Review Board of the Stanford University School
of Medicine. Images were obtained using a 1.5-T scanner
equipped with an ‘‘echo-speed’’ gradient system. The
maximum achievable gradient amplitude and slew rate were
22 mT/m and 120 T/s per meter, respectively. A small, receive-
only elliptical bird-cage head coil was used for all images, and
subjects were stabilized with foam padding packed tightly in
the coil.

The FAIR spiral sequence was implemented by applying an
adiabatic inversion pulse prior to the gradient-echo data ac-
quisition. After an inversion pulse and a subsequent tagging
delay, a gradient-echo image was acquired using a 15.6-mil-
lisecond spectral-spatial 900 RF pulse and single-shot spiral
readout gradients. The design of the spiral readout gradients
was based on the variable rate method proposed by Hardy and
Cline (16) using the Ridder search algorithm to improve exe-
cution time. For this study we used a matrix size of 128 3
128 over a field of view of 240 3 240 mm2, which corresponds
to a one-shot spiral readout window of 65 milliseconds using
a 100-kHz receiver bandwidth.

For each volunteer, three sections with a thickness of 8 mm
and intersection spacing of 2 mm were imaged. The first sec-
tion had an inversion time (TI) of 1200, whereas the TI for
the other sections was successively increased by about 50 mil-
liseconds. MR signal changes induced by functional activation
encompass signal originating from both brain microvasculature
and large vessels. Therefore, signal originating in the micro-
vasculature of the cerebral gray and white matter has to be
separated from signal in the macrovasculature. Using a TI of
1200 and a small bipolar gradient, which was employed prior
to the spiral readout, we successfully excluded large-vessel
contributions. For each FAIR sequence, two images with and
without section-selective gradients during an adiabatic inver-
sion pulse were acquired in an interleaved fashion. All param-
eters were kept the same, except the section-selective gradient.
In this manner the magnetization transfer effects of these two
inversions can be regarded as nearly identical. The slab thick-
ness of the selective inversion pulse was increased to extend
about 1 cm at each end beyond the region of the multiple
sections imaged.

Image reconstruction was performed off-line on a Sparc
workstation (Sun Microsystems, Mountain View, CA) using
the gridding algorithm described by Meyer et al (17). The im-
ages were visually inspected for motion with the use of a mov-
ie tool. The reconstruction routine also used an acquired B0

field map to correct for linear shim terms and carrier frequency
offset in each section.

The imaging procedure for each volunteer was as follows:
1) sagittal localizer images were obtained with a conventional
gradient-echo sequence; 2) a midsagittal image was used to
prescribe axial sections through the frontoparietal lobes of the
brain; 3) sections above ventricles were selected to avoid pos-
sible artifacts; and 4) fast spin-echo images were acquired at
the same locations to serve as anatomic images.

For CBF quantification, fast T1 mapping was also per-
formed by using a Look-locher technique combined with sin-
gle-shot spiral imaging. The entire inversion recovery curve
was recorded in a single TR. A single inversion was followed
by multiple low-flip-angle excitations and readouts.

In each subject, two studies were carried out: FAIR images
were acquired for a total dynamic scanning time of 10 minutes
during alternating periods of breath-holding and self-paced
breathing at 40-second intervals after inspiration and at
30-second intervals after expiration. The time to start and to
stop breathing was indicated by projecting the instruction into
the magnet bore in front of the subject. To exclude visual ac-
tivation from the projection set-up, the level of brightness was
the same during the periods of breath-holding and of self-paced
breathing, and all subjects were instructed to keep their eyes
open and to maintain constant attention during the experimen-
tal procedure.

To quantify the relative signal changes, 2.5-minute baseline
samples were acquired during normal breathing. After exclud-
ing the baseline images, 150 time frames suitable for signal
change analysis were collected for each sequence.

From the alternating selective and nonselective images, 75
frames of FAIR images were calculated by magnitude subtrac-
tion of the nonselective inverted image from the selective in-
verted images. The consecutive FAIR images generated during
the same paradigm were also used for functional map
calculations.

The block trial data were analyzed using cross-correlation
with a boxcar reference waveform with amplitudes of 1 for the
stimulation phases (shifted by 6 seconds to account for the
hemodynamic latencies and rise times) and 0 for baseline and
control periods (18). A minimal cluster size of 5 pixels was
adopted to diminish the occurrence of apparently significant
single pixels. Activated pixels were identified from the cohort
of surviving pixels having correlation coefficients exceeding
0.41 (P , .01), and the resulting maps were overlaid on the
T1-weighted images. Neither temporal nor spatial filters were
applied. Signal intensity time courses were derived as the mean
of all pixels admitted by the analysis. The data were not cor-
rected for baseline drifts.

Time-locked averaging was then employed to calculate the
breath-holding–induced FAIR signal changes from the mean
time signal courses (19, 20).

The mean baseline rCBF values of all pixels admitted by
the analysis were used as references to calculate the relative
and absolute rCBF changes. Absolute rCBF values were cal-
culated according to the formula

2TI/T1 2TR/T1S 5 ƒ / l • TI • M • (2 • e 2 e ),FAIR 0

where SFAIR is the signal intensity of the subtraction FAIR
image, ƒ is the CBF (mL/100 g per minute), l is the tissue-
to-blood partition coefficient (0.9 mL/g) (21), and M0 is the
fully relaxed magnetization of tissue-water proton (13).

Results
Repeated challenges of breath-holding for 40

seconds after inspiration and for 30 seconds after
expiration induced an overall rise in rCBF. Figure
1 shows the topographical pattern of the breath-
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FIG 1. FAIR maps of blood flow–related signal changes for a typical subject during repeated challenges of breath-holding for 40 seconds
after inspiration (top) and for 30 seconds after expiration (bottom). The maps were generated by cross-correlation analysis with a boxcar
reference waveform (correlation coefficients exceeding 0.41; P , .01) and a minimal cluster size of 5 pixels superimposed onto T1-
weighted images. Areas of significant CBF-related signal changes during breath-holding are found mainly in gray matter.

holding effect in a typical subject for the two dif-
ferent breath-holding paradigms. In general, blood
flow–related signal changes during breath-holding
were greatest in gray matter and insignificant in
white matter. While the number of pixels admitted
by analysis did not differ significantly between the
two breath-holding paradigms (P 5 .7), areas with
significantly increased CBF during these two re-
spiratory challenges were not completely
congruent.

The corresponding time course of the mean
rCBF changes is presented in Figure 2. Breath-
holding after expiration yielded an immediate rCBF
increase (Fig 2D), whereas rCBF declined initially
during breath-holding after inspiration (Fig 2B).
Owing to transient periods of hyperventilation,
blood flow–related signal changes typically went
below baseline after breathing resumed.

Using the mean baseline rCBF values of areas
with significantly increased CBF during breath-
holding as a reference to calculate the rCBF
changes, quantitative analysis yielded an rCBF in-
crease of 47% to 87% after breath-holding. The
Table summarizes the mean baseline rCBF values
(mL/100 g per minute) and the mean percentage of
rCBF changes of all sections for repeated challeng-
es of breath-holding for each volunteer. Baseline
rCBF values of all pixels admitted by analysis var-
ied from 59 to 85 mL/100 g per minute (73 6 13
mL/100 g per minute). The rCBF changes clearly
depended on the breath-holding duration and tech-
nique; however, for one given breath-holding par-
adigm, the results showed relatively small interin-
dividual variability. Despite a 10-second shorter
observation period, the results of the 30-second and
40-second groups were comparable owing to the
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FIG 2. Time courses of the signal intensity changes of the subtraction FAIR images as well as the calculated relative rCBF changes
in the same subject as in Figure 1 during repeated challenges of breath-holding for 40 seconds after inspiration (A and B) and for 30
seconds after expiration (C and D). Notably, breath-holding after expiration yielded an immediate rCBF increase (arrow, D), whereas
rCBF declined initially during breath-holding after inspiration (arrow, B). Owing to transient periods of hyperventilation, blood flow–related
signal changes typically went below baseline after breathing resumed.

Mean baseline rCBF values (of areas with significantly increased
CBF during breath-holding) and mean rCBF changes for six sub-
jects during periodic breath-holding challenges

Subject

Baseline
rCBF (mL/
100 g per
minute)

Mean rCBF changes
(% of Baseline Signal)

30 Seconds
after

Expiration

40 Seconds
after

Inspiration

1 59 6 24 68 6 7 56 6 6
2 75 6 30 64 6 6 87 6 7
3 77 6 24 65 6 5 43 6 4
4 54 6 19 57 6 7 47 6 5
5 85 6 25 59 6 4 66 6 8
6 85 6 26 63 6 4 69 6 5

Mean 6 SD 73 6 13 63 6 4 61 6 14

initial decrease of CBF during breath-holding for
40 seconds after inhalation.

Discussion
With the advent of functional MR imaging, it has

become possible to visualize human brain function

noninvasively. Because of its high spatial and tem-
poral resolution, these techniques are also increas-
ingly used to study cerebral hemodynamics and ce-
rebrovascular reserve (1–3), complementing the
arsenal of functional brain investigations feasible
with MR imaging.

While previous applications of the CBF-based
functional MR imaging techniques have focused
mainly on determining baseline CBF values and
CBF changes during brain activation (13–15), in
the present study we assessed rCBF changes during
repeated challenges of breath-holding of various
duration.

The absolute baseline rCBF values in cortical
gray matter regions with significantly increased
blood flow during breath-holding, 73 6 13 mL/100
g per minute (range, 59 to 85 mL/100 g per min-
ute), measured with the FAIR technique in this
study agree well with those reported by Kim and
colleagues (13, 14): in gray matter areas within the
motor cortex, 71 6 15 mL/100 g per minute (n 5
6); and in gray matter areas within the visual cor-
tex, 75 6 18 mL/100 g per minute (n 5 12). More-
over, these values are comparable to global gray
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matter CBF values measured by positron emission
tomography (PET): 72 6 9 mL/100 g per minute
(n 5 130) (22).

During breath-holding, the increase in PaCO2
gives rise to increased CBF because of vasomotor
reactivity. Numerous studies in humans and ani-
mals involving the use of many different tech-
niques have shown consistent results of cerebral
vasodilatation to hypercapnia and vasoconstriction
to hypocapnia (23–25). In good accordance with
previous MR studies (6–8, 26), areas that showed
an increase in rCBF during breath-holding were
predominantly in the gray matter. It remains to be
elucidated whether this observation reflects region-
al variations in the sensitivity of the arterioles to
CO2 stimulation or whether it is because the FAIR
technique has a different sensitivity to changes in
tissue perfusion in different regions.

Similar to our recent BOLD and FAIR data (26,
27), the time course and the magnitude of the in-
crease in CBF clearly depended on the breath-hold-
ing technique. Breath-holding after expiration leads
to an instantaneous increase in PaCO2 (28). In
breath-holding after inspiration, however, PaCO2
shows a biphasic change; it is reduced at the onset,
followed by a marked increase with an accompa-
nying decrease of arterial pH. Therefore, breath-
holding after expiration will lead to a rapid increase
in CBF, allowing shorter breath-holding observa-
tion periods. Despite a 10-second shorter observa-
tion period, 30-second breath-holding after expi-
ration yielded results comparable to those obtained
with 40-second breath-holding after inspiration.

Since functional MR imaging is still in its infan-
cy, some precautions should be exercised when in-
terpreting the present data. In contrast to recent
BOLD functional MR imaging studies (6, 7, 26),
regions of significant rCBF changes during breath-
holding were unevenly distributed throughout the
cortex in this study. However, detection of the en-
tire area with increased rCBF during breath-holding
may be hampered by a decreased signal-to-noise
ratio.The uneven distribution of regions with sig-
nificant rCBF changes during breath-holding may
also be attributable in part to differences in CO2
reactivity among various brain regions (29). Future
studies will have to clarify these discrepancies be-
tween areas of BOLD- and FAIR-related signal
changes during breath-holding maneuvers. Addi-
tionally, comparative studies of PET, single-photon
emission CT, transcranial Doppler sonography, and
functional MR imaging appear warranted.

The physiologic response of vasomotor tone to
vasodilatory stress from either functional activation
or pharmacologic manipulation is one of the prime
features of intact cerebral perfusion. CBF in
healthy persons ensures that a fall in perfusion
pressure is counterbalanced by vasodilatation of ce-
rebral arteries, which, under normal conditions,
maintain adequate CBF. This cerebrovascular re-
serve can be estimated by measuring the response
to a vasodilatory stimulus. The response of cerebral

perfusion to vasodilatory stress is not merely of
scientific interest but also of potential clinical in-
terest for patients with hemodynamically relevant
atherosclerotic disease (30, 31). Recent studies
have documented a significantly increased risk of
stroke or transient ischemic attack ipsilateral to a
stenosis or occluded internal carotid artery in pa-
tients with impaired CVR (32). Assessment of
CVR is thus recognized as an important parameter
in the management of cerebrovascular diseases, and
a less invasive and more readily available method
to investigate CVR would be useful for clinical ap-
plication. While PET is considered the standard of
reference for assessing cerebral perfusion because
of its potential to quantify CBF, CBV, and fraction-
al oxygen extraction separately, functional MR im-
aging is noninvasive, does not involve exposure to
radiation, and therefore has the advantage of
repeatability.

Recently, we found that regional cerebral blood
oxygenation changes during breath-holding could
be detected by means of functional MR imaging at
1.5 T (26). The BHT has the advantage of not re-
quiring a source of CO2 and acetazolamide and
therefore can be performed easily during a routine
MR examination. Potential shortcomings of this
method should be noted. The BHT may be limited
for quantitative purposes. Since PaCO2 may rise at
different rates during breath-holding in different
subjects, estimation of the PaCO2 are not possible.
Moreover, its use may be limited in patients who
have an impaired respiratory function.

The present study illustrates that the FAIR tech-
nique is capable of mapping hemodynamic re-
sponses to apnea, thus making it possible to deter-
mine absolute rCBF changes during a respiratory
challenge. Since FAIR imaging requires subtraction
of selectively and nonselectively inverted images,
the temporal resolution of FAIR data is reduced by
a factor of two, compared with that of T2*-weight-
ed imaging. Consequently, compared with the
BOLD technique, the FAIR technique can provide
quantitative CBF data at the price of a decreased
SNR and temporal resolution. In terms of SNR, the
FAIR technique could profit from higher field
strengths. In contrast to the FAIR technique, it is
even possible to detect BOLD signal intensity
changes as short as 18 seconds during repeated
challenges of breath-holding (26). Yet, for quanti-
tative and clinical purposes, the BOLD method
may be limited because of its dependence on mul-
tiple parameters, such as CBF, CBV, and CMRO2.
The minimum time required to generate detectable
blood flow–related signal changes during breath-
holding is a subject for further study and would
have an impact on the applicability to future patient
studies.

Conclusion
The FAIR technique can be used to determine

absolute rCBF values at steady-state conditions as
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well as relative and absolute rCBF changes during
a vascular challenge. In the present study, the FAIR
technique was successfully used to map and quan-
tify rCBF changes during breath-holding. Although
the absolute baseline rCBF values of all cortical
regions with significantly increased blood flow–re-
lated signal changes during breath-holding are
comparable to previously obtained PET data in oth-
er cortical areas, further validation of the CBF val-
ues obtained with the FAIR technique is required.
In the future, mapping and quantification of CBF-
related signal changes during respiratory challenges
may be exploited to study global hemodynamic
changes and CVR in research studies and, poten-
tially, in the clinical setting.

Acknowledgments
This study was supported by a research grant from Deutsche

Forschungsgemeinschaft (Ka 1419/1-1). T-Q Li was supported
by NIH NCRR P-41 09784. We thank the volunteers for their
participation in the study. We are greatly indebted to Dr. H. E.
D’Arceuil for reviewing this manuscript.

References
1. Bruhn H, Kleinschmidt A, Boecker H, Merboldt KD, Haenicke

W, Frahm J. The effect of acetazolamide on regional cerebral
blood oxygenation at rest and under stimulation as assessed
by MRI. J Cereb Blood Flow Metab 1994;14:742–748

2. Hedera P, Lai S, Lewin JS, et al. Assessment of cerebral blood
flow reserve using functional magnetic resonance imaging. J
Magn Reson Imaging 1996;6:718–725

3. Rostrup E, Larrson HB, Toft PB, et al. Susceptibility contrast
imaging of CO2-induced changes in the blood volume of the
human brain. Acta Radiol 1996;37:813–822

4. Markus HS, Harrison MJG. Estimation of cerebrovascular reac-
tivity using transcranial Doppler, including the use of breath
holding as the vasodilatory stimulus. Stroke 1992;23:668–673

5. Ratnatunga C, Adiseshiah M. Increase in middle cerebral artery
velocity on breath holding: a simplified test of cerebral per-
fusion reserve. Eur J Vasc Surg 1990;4:519–523

6. Stillman AE, Hu X, Jerosch-Herold M. Functional MRI of the
brain during breath holding at 4 T. Magn Reson Imaging 1995;
13:893–897

7. Kwong KK, Wanke I, Donahue KM, Davis TL, Rosen BR. EPI
imaging of global increase of brain MR signal with breath-
hold preceded by breathing O2. Magn Reson Med 1995;33:
448–454

8. Stehling MK, Schmitt F, Ladebeck R. Echo-planar imaging of
human brain oxygenation changes. J Magn Reson Imaging
1993;3:471–474

9. Bandettini PA, Wong EC, Hinks RS, Tikovsky RS, Hyde JS. Time
course EPI of human brain function during task activation.
Magn Reson Med 1992;25:390–398

10. Ogawa S, Tank D, Menon R, et al. Intrinsic signal changes ac-
companying sensory stimulation: functional brain mapping us-
ing MRI. Proc Natl Acad Sci U S A 1992;89:5951–5955

11. Kwong KK, Belliveau JW, Chesler DA, et al. Dynamic magnetic
resonance imaging of human brain activity during primary

sensory stimulation. Proc Natl Acad Sci U S A 1992;89:5675–
5679

12. Edelmann RE, Siewer B, Darby DG, et al. Qualitative mapping
of cerebral blood flow and functional localization with echo-
planar MR imaging and signal targeting with alternating radio
frequency. Radiology 1994;192:513–520

13. Kim SG, Tsekos NV. Perfusion imaging by a flow-sensitive al-
ternating inversion recovery (FAIR) technique: application to
functional brain imaging. Magn Reson Med 1997;37:425–435

14. Kim SG, Ugurbil K. Comparison of blood oxygenation and ce-
rebral blood flow effects in fMRI: estimation of relative oxy-
gen consumption change. Magn Reson Med 1997;38:59–65

15. Kim SG. Quantification of relative blood flow change by flow-
sensitive alternating inversion recovery (FAIR) technique:
application to functional mapping. Magn Reson Med 1995;34:
293–301

16. Hardy CJ, Cline HE. Broadband nuclear magnetic resonance
pulses with two-dimensional spatial selectivity. J Appl Phys
1989;66:1513–1516

17. Meyer CH, Hu BS, Nishimura DG, Macovski A. Fast spiral cor-
onary artery imaging. Magn Reson Med 1992;28:202–213

18. Bandettini PA, Jesmanowicz A, Wong EC, Hyde JS. Processing
strategies for time-course data sets in functional MRI. Magn
Reson Med 1993;30:161–173

19. Glover GH. Deconvolution of impulse response in event-related
BOLD fMRI. NeuroImage 1999;9:416–429

20. Fransson P, Kruger G, Merboldt KD, Frahm J. Temporal char-
acteristics of oxygenation-sensitive MRI responses to visual ac-
tivation in humans. Magn Reson Med 1998;39:912–919

21. Herscovitch P, Raichle ME. What is the correct value for the
brain-blood partition coefficient for water? J Cereb Blood Flow
Metab 1985;5:65–69

22. Shaw TG, Mortel KF, Meyer JS, Rogers RL, Hardenberg J, Cutaia
MM. Cerebral blood flow changes in benign aging and cere-
brovascular disease. Neurology 1984;34:855–862

23. Kety SS, Schmidt CF. The effects of altered arterial tensions of
carbon dioxide and oxygen on cerebral blood flow and cere-
bral oxygen consumption of normal young men. J Clin Invest
1948;27:484–492

24. Kastrup A, Thomas C, Hartmann C, Schabet M. Sex dependency
of cerebrovascular CO2 reactivity in normal subjects. Stroke
1997;28:2353–2356

25. Kastrup A, Dichgans J, Niemeier M, Schabet M. Changes of ce-
rebrovascular CO2 reactivity during normal aging. Stroke
1998;29:1311–1314

26. Kastrup A, Li TQ, Takahashi A, Glover GH, Moseley ME. Func-
tional magnetic resonance imaging of regional cerebral blood
oxygenation changes during breath holding. Stroke 1998;29:
2641–2645

27. Li TQ, Kastrup A, Takahashi A, Moseley ME Functional MRI
of human brain during breath holding by BOLD and FAIR
techniques. NeuroImage 1999;9:243–249

28. Meyer JS, Gotoh F, Takagi Y, Kakimi R. Cerebral hemodynam-
ics, blood gases, and electrolytes during breath holding and
the Valsalva maneuver. Circulation 1966;33:1135–1148

29. Madden JA. The effect of carbon dioxide on cerebral arteries.
Pharmacol Ther 1993;59:229–250

30. European Carotid Surgery Trialists Collaborative Group. MRC
European carotid surgery trial: interim results for sympto-
matic patients with severe (70–99%) or with mild (0–29%)
carotid stenosis. Lancet 1991;337:1235–1243

31. North American Symptomatic Carotid Endarterectomy Trial
(NASCET) Investigators. Clinical alert: benefit of carotid end-
arterectomy for patients with high-grade stenosis of the in-
ternal carotid artery. National Institute of Neurological Dis-
orders and Stroke, Stroke and Trauma Division. Stroke 1992;
22:816–817

32. Kleiser B, Widder B. Course of carotid artery occlusions with
impaired cerebrovascular reactivity. Stroke 1992;23:171–174


	Main Menu
	Help
	Volumes 18-20 Table Contents
	August 1999, Vol. 20, No. 7 Table of Contents

