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QUANTITATIVE ASPECTS OF BRAIN PERFUSION 
DYNAMIC INDUCED BY BOLD fMRI
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ABSTRACT - The increase of relative cerebral blood flow (rCBF) may contribute for a change in blood oxy-
genation level dependent signal (BOLD). The main purpose of this study is to investigate some aspects of
perfusional alterations in the human brain in response to a uniform stimulation: hypercapnia induced by
breath holding. It was observed that the BOLD signal increased globally during hypercapnia and that it is
c o rrelated with the time of breath holding. This signal increase shows a clear distinction between gray and
white matter, being greater in the grey matter.
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Aspectos quantitativos da dinâmica perfusional do cérebro induzida pelo BOLD fMRI

RESUMO - O aumento relativo do fluxo cerebral sangüíneo ( relative Cerebral Blood Flow - rCBF) pode con-
tribuir para uma mudança no sinal dependente da oxigenação do sangue (Blood Oxygenation Level
Dependent - BOLD). O objetivo principal deste trabalho foi estudar alguns aspectos da alteração perf u-
sional no cére b ro humano em resposta a um estímulo uniforme: hipercapnia, causada por um estado de
apnéia induzida. Foi observado um aumento global no sinal BOLD durante a hipercapnia. Este aumento
é correlacionado com a duração da apnéia e mostra uma clara distinção entre a substância branca e cinzen-
ta, sendo maior na substância cinzenta.

PALAVRAS-CHAVE: ressonância magnética funcional, fMRI, BOLD, perfusão.

An important discovery of magnetic re s o n a n c e
imaging (MRI) is the recognition that changes in the
metabolic state of the brain affect the local MR sig-
nal and provide an intrinsic mechanism for detect-
ing brain activation. This mechanism is based on the
blood oxygenation level dependent (BOLD) contrast,
using the paramagnetic characteristics of deoxyhe-
moglobin, as an endogenous contrast agent. During
brain activation, the regional cerebral blood flow
(rCBF) surpasses the cerebral metabolic rate of oxy-
gen (CMRO2). There f o re, the diff e rence between
p roduction and consumption of oxygen causes a re-
duction of deoxyhemoglobin concentration, incre a s-
ing the signal, and consequently changes the local
contrast, of T2* weighted images. This mechanism is
the basis of the so called functional MRI (fMRI). fMRI
has been increasingly used as a non invasive tool to
understand normal and pathological brain function.
Beyond mapping cognitive brain function, an incre a s-
ing number of studies indicate that fMRI techniques

could become useful in the clinical set, as a pre-sur-
gical mapping tool1,2.

The BOLD signal indirectly measures neuro n a l
a c t i v i t y. It actually responds to CBF changes and can
be, in principle, used to map brain perfusion. There-
f o re, recently these techniques have been used to
detect rCBF by means of BOLD signal changes, dur-
ing inhalation of CO2 gas mixture or injection of ace-
t a z o l a m i d e3 , 4. During CO2 inhalation, the increase in
p C O2 leads to vasodilatation and consequently an
i n c rease in rCBF. Nevertheless, little or no CMRO2
changes occur, and metabolic activity remains at base-
line level of the resting brain state. Hence, this con-
dition decreases the local concentration of deoxyhe-
moglobin, leading to a decrease in magnetic field
d i s t o rtions and a slightly increase in the local MR sig-
nal. In a diff e rent set of studies, vasodilatation is in-
duced by the use of acetazolamide, a carbonic anhy-
drase inhibitor5. Carbonic anhydrase catalyzes the
conversion of CO2 to bicarbonate ions, increasing the
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c a rrying capacity of the blood for removing CO2. In-
hibiting the enzyme, CO2 concentration may incre a s e
in the brain, indicating that the mechanism of action
of carbonic anhydrase inhibitors for increase rCBF
may be the same for CO2 itself.

On the other hand, Kastrup et al.6 have demon-
strated that cerebral blood flow and oxygenation
changes during breath holding can be detected re l i-
ably by means of fMRI at 1.5T. Breath holding has
the advantage of being a simpler paradigm for eval-
uating hemodynamic response, since it re q u i resnei-
ther an exogenous source of CO2 nor an acetazo-
lamide injection, making it a good non-invasive alter-
native test. Many aspects of such paradigm have nor
yet been addressed. There f o re, the main purpose of
this study is to investigate quantitatively some aspects
of perfusional alterations in the human brain, such
as dependency on breath holding duration and brain
lateralization of the effect. These changes were map-
ped by changes in BOLD signal as a result of a glob-
al and uniform stimulation: hypercapnia induced by
two breath holding paradigms.

METHOD
The methods perf o rmed in this study were appro v e d

by Ethics Committee in Research. The subjects gave in-

f o rmed consent after having carefully been informed about
the study.

This study comprised nineteen asymptomatic volunteers
(9 male, 8 female), who were instructed to hold their bre a t h
in variable intervals of time, 14 and 27 seconds, after inspi-
ration. The protocol was constituted by eleven altern a t i n g
periods of hypercapnia and rest for the first protocol, and
five periods of hypercapnia versus six normal breaths, for
the second. Six exams from the first protocol and five exams
f rom the second were eliminated due to m otion art i f a c t .
Volunteers were instructed to breath holding after inspi-
ration. There f o re, to obtain maximum response amplitude,
the hemodynamic response was delayed 22.5s. To assure
the quality of the exams, data was also visually inspected
throughout the entire time series.

MRI was acquired in a Siemens 1.5T scanner (Magneton,
Vision). High resolution T1-weighted structural images (TR=
9.7 ms; TE=4 ms; flip angle=12°; matrix size=256x256; FOV=
256 mm), using a Gradient Recalled Echo (GRE), MPR se-
quence, was acquired for anatomical re f e rence. Fast EPI-
BOLD fMRI sequences was used for functional imaging
(TR=4600ms; TE=60 ms; flip angle=90°; matrix size=128x128).
Trial timing was cued by auditory stimulus.

Statistical maps were obtained by Brain Voyager QXTM

1.4 (Brain Innovation Inc, The Netherlands), using the Gen-
eral Linear Model (GLM). Pre p rocessing of the data includ-
ed several steps as motion correction, time series image
realignment of all images to the first time frame, spatial
smoothing (through a Gaussian Filter with FWHM=4 mm)
and temporal filtering using a high pass filter of 3 cycle/s.

Fig 1. Delay map of the BOLD signal change during 27s of breath holding. The response delay depends

on the cerebral region. The color map corresponds to the specific delay of the hemodynamic response

function, as reddish brain areas correspond to the ones that responded earlier whereas greenish spots

responded later.
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Images were also processed using a cross corre l a t i o n
function map, for diff e rent phase shifts in time, in ord e r
to obtain the hemodynamic delay for diff e rent brain re-
gions. The statistical maps were normalized to Ta l a i r a c h
space.

RESULTS
Six subjects had to be excluded due to motion

a rtifact, which exceeded 2 mm in translation or 2 de-
g rees in rotation. BOLD signals were obtained using
27s and 14s breath holding protocols (Fig 1). It shows
that, in spite of a global increase of the signal BOLD
i n t e n s i t y, the response delay depends on the cere-
bral region. Phase lag correlation maps indicate an
a p p a rent temporal evolution between diff e rent cere-
bral stru c t u res (Fig 1). The colors map corresponds to
the specific delay of the hemodynamic response func-
tion, the reddish brain areas correspond to the ones
that responded earlier to the paradigm where a s
greenish spots responded later.

Based on the delay, the re f e rring statistical map
to the maximum response amplitude was determ i n e d
(Fig 2). During the period of perfusion peak a glob-
al increase in rCBF is observed. More o v e r, there is no
evidence of cerebral lateralization in response to the
paradigm and a clear distinction between gray and
white matter can be noticed (Fig 2).

F i g u re 3 shows the averaged BOLD signal time
course in diff e rent breath-holding conditions, with
duration of 14s and 27s, for the same region of the

parietal lobe, selected randomly (Brodmann area 31).
The increased signal, induced by breath holding, is
correlated with the time of breath holding, i.e., the
l a rger the time, the larger the amplitude of the BOLD
signal (Figs 2 and 3).

Fig 3. Averaged BOLD signal time course with breath-holding

of 14s (grey) and 27s (wine) for (20, -74, 24) on Brodmann are a

31. The longer the period of breath holding the greater is the

delay amplitude of the hemodynamic response.

Fig 2. Statistical map of BOLD signal change induced by breath holding. (a) 14s and (b) 27s. The peak

of activity demonstrates a global increase in brain perfusion throughout the both hemispheres.
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DISCUSSION

H e re we observed diff e rent delays of the BOLD
signal depending on the brain region inspected, and
may re p resent diff e rences in the coupling mecha-
nism re q u i red in the generation of the BOLD signal.

The amplitude of the BOLD response was depend-
ent on the length of breath holding period, pro b a-
bly since the CBF is regulated to keep a constant ratio
of CO2 and O2 at the mitochondria, to preserve the
t h e rmodynamic free energy available from oxidative
metabolism of glucose7. Consequently, to incre a s i n g
the breath holding period implies in a higher CO2

concentration in the blood, causing cause a more
p rominent increase of CBF to maintain the re l a t i o n-
ship between the CO2 and O2. Furt h e rm o re, the cere-
bral oxygen extraction fraction will reduce and, in
this way, the deoxyhemoglobin concentration will
also reduce. As a result, it will lead to a more con-
spicuous BOLD signal.

K a s t rup et al. re p o rted that the longer the bre a t h
holding duration, the greater the BOLD signal chan-
ges within the voxels8. However, such behavior re a c h-
es a plateau, as observed by Ho-Ling Liu et al., who
found that the number of detected voxel are posi-
tively regulated by breath holding periods when the
durations are between 10s and 20s9.

Tie-Qiang Li et al. demonstrated that CBF and
changes on BOLD signal intensity also depend on the
b reath-holding technique employed. BOLD signal
and cerebral blood flow decrease initially after deep
inspiration, whereas prolonged breath-holding peri-
ods lead to increased BOLD signal and blood flow1 0.
In contrast, breath holding after expiration leads to
an immediate increase of BOLD signal and blood flow
after the onset of breath holding. For healthy volun-
teers, the perfusional pattern is distributed symmet-
rically, showing no lateralization9.

In conclusion, the perfusional pattern of healthy
volunteers, as measured by the BOLD signal induced

by breath holding, is distributed symmetrically, show-
ing no lateralization. Also, there is a relatively clear
distinction between gray and white matter, as visu-
alized by the resultants statistical maps. More o v e r,
t h e reis an apparent linear correlation between peri-
od of breath holding and the increase in BOLD sig-
nal, up to a certain level. Using relatively simple stim-
ulation like breath holding we demonstrate that the
response delay depends on the cerebral region, open-
ing perspectives of a possible non-invasive contrast
f ree mechanism to infer specific patterns of hemo-
dynamic response in a variety of clinical studies. We
believe it is possible to apply breath holding para-
digms during a routine MR examination to study sub-
jects who have perfusional disorders.
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