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Relationship between Caffeine-Induced Changes
in Resting Cerebral Perfusion and Blood
Oxygenation Level-Dependent Signal

Paul J. Laurienti, Aaron S. Field, Jonathan H. Burdette, Joseph A. Maldjian,
Yi-Fen Yen, and Dixon M. Moody

BACKGROUND AND PURPOSE: Recent interest has emerged in the use of pharmacologic
methods to maximize blood oxygenation level-dependent (BOLD) signal intensity changes in
functional MR imaging (fMRI). Adenosine antagonists, such as caffeine and theophylline, have
been identified as potential agents for this purpose. The present study was designed to
determine whether caffeine-induced decreases in cerebral perfusion result in enhanced BOLD

responses to visual and auditory stimuli.

METHODS: MR imaging was used to measure resting cerebral perfusion and stimulus-
induced BOLD signal intensity changes in 19 patients. We evaluated the relationship between
resting cerebral perfusion and the magnitude of BOLD signal intensity induced by visual and
auditory stimulation under caffeine and placebo conditions.

RESULTS: The data showed that changes in resting cerebral perfusion produced by caffeine
are not a consistent predictor of BOLD signal intensity magnitude. Although all cerebral
perfusion was reduced in all study participants in response to caffeine, only 47% of the
participants experienced BOLD signal intensity increase. This finding was independent of the

participants’ usual caffeine consumption.

CONCLUSION: The data presented herein show that the relationship between resting cere-
bral perfusion and the magnitude of BOLD signal intensity is complex. It is not possible to
consistently enhance BOLD signal intensity magnitude by decreasing resting perfusion with
caffeine. Future studies aimed at evaluating the relationship between perfusion and BOLD
signal intensity changes should seek a means to selectively modulate known components of the
neural and vascular responses independently.

Functional MR imaging (fMRI) is a technique with
which to measure neural activity based on changes in
blood oxygenation (1, 2). In an area of brain activity,
vasoactive substances are released and produce an
increase in regional blood flow. However, functional
MR imaging is not directly sensitive to this change in
blood flow but rather to changes in the level of oxy-
genation that accompany the increased blood flow.
The exact mechanisms involved in the coupling of
neural activity to regional changes in blood flow and
the subsequent change in the blood oxygenation level-
dependent (BOLD) signal intensity are just beginning
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to be elucidated (3, 4). However, strong evidence exists
to suggest that at least adenosine and nitric oxide are
major contributors to the regional vasodilation respon-
sible for this phenomenon (5, 6). Several studies have
clearly shown that agonists and antagonists of the aden-
osine and nitric oxide receptor systems can modulate
resting perfusion as well as functional MR imaging
and positron emission tomography can measure ac-
tivity-induced changes in blood flow (7-10).
Historically, the signal intensity change in a typical
fMRI study is approximately 1% to 5%, but recent
studies of complex cognitive processes have observed
more subtle BOLD signal intensity changes, often
<1%. Attempts have been made to find tools that can
be used to enhance BOLD signal intensity (11). Many
investigators have studied the effects of methylxan-
thines, adenosine receptor antagonists, because these
drugs are readily available, are safe, and have been
studied extensively (7-10, 12-15). However, the
methylxanthines, such as caffeine, are nonselective
adenosine receptor antagonists and block neurovas-
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cular receptors (predominantly A2) with a slightly
higher affinity than that of neural receptors (predom-
inantly A1) (13, 16). Blockade of vascular adenosine
receptors produces vasoconstriction and decreases
resting cerebral perfusion (13, 17-20). It has been
suggested that this decrease in baseline cerebral per-
fusion can produce an enhanced BOLD signal inten-
sity (9, 10, 21, 22).

As previously noted, the CNS effects of the meth-
ylxanthines are not limited to changes in the neuro-
vasculature. Adenosine receptors are also located on
neurons and are inhibitory in nature. Thus, an antag-
onist of these receptors has stimulant properties
through disinhibitory mechanisms (13, 23, 24). One
can then see the complicated nature of the system and
the problems that may occur when trying to use aden-
osine antagonists to boost BOLD signal intensity. A
nonselective adenosine antagonist can have both neu-
ral and vascular effects depending on the ratio of Al
to A2 receptors in any given brain region, study pop-
ulation, or individual person (5). The role of adeno-
sine receptors in BOLD signal intensity change re-
mains unresolved, as does modulation of the resting
perfusion to influence the magnitude of BOLD signal
intensity (5, 7, 9, 11, 21, 22, 25-27). The present study
was designed to evaluate the correlation between
resting cerebral perfusion and the magnitude of visual
and auditory induced BOLD signal intensity changes
associated with caffeine and placebo administration.

Methods

The methods used for the collection and analysis of data for
the individual perfusion and fMRI studies have been reported
previously (8, 12). The data presented herein represent the
results of further analysis of the data from those two studies.
Pertinent methods are reviewed below.

Study Participants and Study Design

Twenty healthy adult volunteers (16 men, four women; age
range, 24—64 years) participated in the study after meeting the
following inclusion criteria: no history of migraine, stroke,
hypertension, diabetes, or any neurologic or vascular disease;
no history of alcohol or drug abuse; and no use of tobacco
products or oral contraceptives. Study participants were cate-
gorized as low (<120 mg/day, 10 participants) or moderate to
high (>300 mg/day, 10 participants) caffeine users based on
their responses to a dietary questionnaire and published data
on the caffeine content of common beverages (28). After re-
ceiving an explanation of the study procedure, participants
provided written informed consent approved by the Institu-
tional Review Board for Human Subjects at our institution.

A perfusion imaging sequence (8) and two fMRI scans (12)
were obtained for each participant; repeat images were ob-
tained on two different days. Participants were randomized to
receive caffeine (250 mg orally, equivalent to approximately
two cups of coffee) or placebo (250 mg lactose capsule) on each
of the 2 days in a single blind, counterbalanced design. For the
fMRI experiments, participants were presented with a passive
visual (flashing checkerboard) and a passive auditory (bursts of
white noise) epoch-based paradigm.

Image Acquisition
All experiments were conducted on a 1.5-T GE Echo-speed
Horizon LX imaging unit with a birdcage head coil (GE Med-
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ical Systems, Milwaukee, WI). A relative cerebral blow flow
image and a T1 map were obtained by using a flow-sensitive
alternating inversion recovery sequence on a single axial sec-
tion parallel and 10 mm cephalad to the anteroposterior com-
missural line. The sequence consisted of alternating section-
selective and nonselective RF inversion pulses, a diffusion
gradient (equivalent b value, 5.25 mm?s) for suppression of
intra-arterial spins, and a single shot spiral readout gradient. A
hyperbolic secant pulse was used for the RF inversion. The
width of the section-selective inversion pulse was 20 mm wider
than the imaging section (10 mm on either side). A quantitative
cerebral blow flow image was then calculated from the relative
cerebral blow flow and T1 images by using a published perfu-
sion model (29).

Whole brain activation was assessed by examining BOLD
changes in T2* relaxation rate that accompanied cortical acti-
vation (2, 30). Functional imaging was performed in the axial
plane by using multisection gradient-echo echo-planar imaging
with a field of view of 24 cm (frequency) X 15 cm (phase) and
an acquisition matrix of 64 X 40 (28 sections, 5-mm thickness,
no skip, 2500/40 [TR/TE]). High resolution structural images
were obtained by using a 3D spoiled gradient-echo sequence
with the following parameters: matrix, 256 X 256; field of view,
24 cm; section thickness, 3 mm with no gap between sections;
number of sections, 60; in-plane resolution, 0.94 mm.

Image Processing

Cerebral blow flow data were first segmented into gray and
white matter regions by using SPM99. Mean cerebral blow flow
values were then calculated separately for the white and gray
matter regions. Whole brain gray matter perfusion values are
presented herein.

The fMRI data were processed by using SPM99 (31, 32)
from the Wellcome Department of Cognitive Neurology, Lon-
don, England, implemented in Matlab (The Mathworks Inc.,
Sherborn, MA) with an IDL (Research Systems Inc., Boulder,
CO) interface. Before generating statistical parametric maps,
data were motion corrected within SPM99 (33), normalized to
Montreal Neurologic Institute space by using image header
information (34) in combination with the SPM99 normalization
(33), and resampled to 4 X 4 X 5 mm by using sinc interpola-
tion. The data sets were smoothed by using an 8 X 8 X 10 mm
full-width—half-maximum gaussian kernel. The data were mod-
eled with a boxcar design convolved with a standardized hemo-
dynamic response function. Global normalization, temporal
smoothing, detrending, and high pass filtering were performed
as part of the statistical parametric map analysis. One low user
was excluded from the final analyses because of excessive head
motion that was correlated with the stimulus paradigm (35).

Perfusion/fMRI Combined Analysis

Total fMRI response magnitude was calculated for each
participant for each condition by multiplying the mean percent
signal intensity change in each significantly activated cluster
(P = .05 extent corrected) by the cluster volume. In the event
that no clusters survived correction for multiple comparisons,
the total fMRI response of zero was used. This situation was
encountered for only four of the total 76 runs. The difference
values for the fMRI and perfusion measures were calculated by
subtracting the placebo condition from the caffeine condition.
The difference measures for response magnitude and resting
perfusion were analyzed by using linear regression.

Results

It has been proposed that decreasing resting cere-
bral perfusion could result in increased BOLD signal
intensity. To evaluate this possibility, we compared
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Total blood oxygen level-dependent signal changes, cerebral perfusion changes, and difference values for placebo and caffeine conditions*

Visual BOLD Change (mean %
change X cluster volume)

Auditory BOLD Change (mean %
change X cluster volume)

Gray Matter Perfusion (mL/100 g of
tissue/min)

Participant
No. Caffeine Placebo Difference Caffeine Placebo Difference Caffeine Placebo Difference
1 460.48 473.76 —13.28 398.8 492.19 —93.39 45.6 49.0 —34
2 445.67 465.18 -19.51 213.13 250.47 —37.34 45.0 57.2 -12.3
3 572.42 632.36 —59.94 321.08 216.46 104.62 48.8 56.9 —8.1
4 308.05 33.6 274.45 185.04 90.13 94.91 42.3 61.4 -19.1
5 380.64 574.3 —193.66 0 323.81 —323.81 553 70.5 -15.2
6 347.7 243.24 104.46 264.02 396.66 —132.64 36.7 40.1 -34
7 433.04 655.2 —222.16 26.64 89.86 —63.22 61.5 68.5 -7.0
8 304.92 785.24 —480.32 561.84 255.04 306.8 38.5 51.5 -13.1
9 272.4 357.7 —85.3 38.48 278.88 —2404 435 70.6 -27.1
10 697.74 583.27 114.47 313.02 115.78 197.24 60.5 80.7 —20.2
11 815.28 446.76 368.52 91.54 84.24 7.3 48.6 66.3 -17.7
12 621.16 680.56 —594 311.75 416.22 —104.47 53.1 64.6 -11.5
13 566.62 936.39 —369.77 158.44 0 158.44 54.5 72.6 —18.1
14 803.08 521.64 281.44 452.15 100.62 351.53 53.9 64.6 -10.7
15 242.08 519.68 —277.6 110.55 374.44 —263.89 40.1 63.0 -22.9
16 813.77 391.14 422.63 280.28 247.24 33.04 56.1 68.6 -12.5
17 792.57 590.72 201.85 127.38 156.22 —28.84 68.5 92.4 -23.9
18 666.3 624.26 42.04 132.48 84.76 47.72 56.9 82.5 —25.6
19 373.23 0 373.23 258.78 0 258.78 60.0 88.3 —28.3

Note.—BOLD indicates blood oxygen level-dependent.

* The blood oxygen level-dependent change was calculated by multiplying the mean percent change by the number of voxels in the cluster. This
calculation was used to account for signal change magnitude and activation volume. The zeros in the blood oxygen level-dependent columns represent
cases in which, although activation was present, the activation clusters did not survive correction for multiple comparisons.

the perfusion difference between the caffeine and
placebo conditions to the visual and auditory BOLD
signal intensity changes under the same drug condi-
tions. Because all participants experienced a decrease
in cerebral perfusion in response to caffeine (Table 1)
(8), we could determine whether the caffeine-induced
decrease in resting perfusion was correlated with an
increase in BOLD signal intensity. No significant cor-
relation was found between the magnitude of the
caffeine-induced decrease in cerebral perfusion and
the BOLD signal intensity difference between the
caffeine and placebo conditions in either visual or
auditory cortex (Fig 1). Only 47% of the participants
experienced an increase in BOLD signal intensity in
the lower resting perfusion state. The other 53%
experienced a decrease in the magnitude of BOLD
signal intensity with lower resting perfusion rates.
Linear regression revealed no significant correlation
between changes in cerebral perfusion and BOLD
signal intensity. In addition, when evaluated indepen-
dently, neither high nor low caffeine users exhibited
significant correlation between change in perfusion
and BOLD signal intensity change. These observa-
tions were consistent for responses to both auditory
and visual stimulation.

Discussion

Much debate has recently been presented regard-
ing the effects of resting cerebral perfusion on the
magnitude of BOLD signal intensity (7, 9, 11, 21, 26,
36). Studies of both humans and animal models have
suggested that decreases in resting cerebral perfusion,
typically achieved by using adenosine antagonists, can

produce increases in the magnitude of evoked BOLD
signal intensity changes. It has been proposed that the
increased BOLD signal intensity is due to an increase
in the difference between the resting and the active
cerebral perfusion (9, 11). With the present study, we
evaluated the relationship between resting cerebral
perfusion and BOLD signal intensity change under
caffeine and placebo conditions.

The results presented herein show that caffeine-
induced decreases in resting cerebral perfusion in
each participant resulted in no predictable changes in
BOLD signal intensity magnitude, with approxi-
mately half of our study population showing de-
creases and half showing increases. These findings
show that the relationship between resting cerebral
perfusion and BOLD signal intensity changes is com-
plex. Because BOLD signal intensity is dependent on
both neural and vascular responses, any physiological
condition or drug that influences both of these com-
ponents is destined to produce complex changes in
the neurovascular coupling underlying BOLD signal
intensity. For example, any drug that increases stim-
ulus-induced neural activity independent of the base-
line neural activity has the potential to increase
BOLD signal intensity. Similarly, any drug that re-
duces resting neuronal activity but has no effect on
stimulus-induced neuronal firing will increase the
BOLD signal intensity difference between baseline
and active conditions. However, a drug that increases
baseline neural activity or decreases stimulus-induced
activity would be expected to decrease the BOLD
signal intensity difference between resting and active
states.

Similar complexities arise when considering com-
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Fic 1. Difference correlation plots for visual and auditory con-
ditions. These graphs were generated by subtracting CBF and
BOLD measurements made in the placebo condition from those
made in the caffeine condition. All values on the perfusion dif-
ference axes (A CBF) are negative because resting cerebral
perfusion decreased for all study participants when the caffeine
condition was compared with the placebo condition. The values
on the BOLD signal difference axes (A BOLD) are positive if
BOLD signal increased when perfusion decreased and are neg-
ative if BOLD signal decreased when perfusion decreased. It is
evident that half of the population experienced an increase and
the other half a decrease in BOLD signal when resting perfusion
decreased. Data are shown separately for the high (squares) and
low (triangles) caffeine users. The regression lines were calcu-
lated for the population as a whole and show the poor correlation
between the magnitude of the perfusion decrease and the BOLD
signal change in visual and auditory cortex. The units are mL/100
g of brain tissue/min for A CBF and total percent change (mean
percent change X cluster volume) for A BOLD.

pounds with vascular reactivity. A drug that decreases
resting perfusion could increase BOLD signal inten-
sity if the compound does not also block the receptors
that are responsible for the vascular component of
BOLD signal intensity. It has been reported that
indomethacin reduces resting perfusion and increases
stimulus-induced BOLD signal intensity changes
(21). If the drug of interest reduces resting perfusion
through a blockade of receptors important in gener-
ating BOLD signal intensity (ie, caffeine blockade of
adenosine receptors), these receptors will not be
available to produce vasodilation during regional
neural activity and BOLD signal intensity will be
attenuated. Interestingly, it is also likely that drugs
that increase resting cerebral perfusion will decrease
BOLD signal intensity. By producing vasodilation, the
net vascular reserve available for regional increases in
cerebral perfusion diminishes, producing a decrease in
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the maximal BOLD signal intensity attainable. Thus,
drugs such as acetazolamide increase resting cerebral
perfusion and decrease the BOLD response (36).

It should be noted that for the current study, we
used single slice perfusion measures because of tech-
nical limitations. We were, therefore, unable to eval-
uate the relationship between resting perfusion and
BOLD signal intensity in the exact same voxels. To
compensate for this, we compared global changes in
cerebral perfusion to regional BOLD changes in two
separate cortical areas. The results in visual and au-
ditory cortices were nearly identical. Future studies
using whole brain perfusion techniques may be able
to further elucidate the relationship between cerebral
blow flow and BOLD signal intensity by comparing
regional resting perfusion to regional BOLD signal
intensity changes.

Conclusion

The data presented herein show that the relation-
ship between resting cerebral perfusion and the mag-
nitude of BOLD signal intensity is complex. It is not
possible to consistently enhance BOLD signal inten-
sity magnitude by simply decreasing resting perfusion.
We propose that any drug or condition that has both
vascular and neural effects will result in a complex
relationship between resting cerebral perfusion and
BOLD signal intensity changes. For example, the vas-
cular effects of the methylxanthines result in a de-
crease in resting cerebral perfusion and likely atten-
uate BOLD signal intensity. However, the neural
effects of these compounds may result in an increase
in BOLD signal intensity through their neurostimu-
lant effects. Thus, the net effects of the methylxan-
thines are due to a combination of the neural and
vascular responses, which are dependent on many
factors, including receptor number and affinity. Fu-
ture studies aimed at evaluating the relationship be-
tween perfusion and BOLD signal intensity changes
should seek a means to selectively modulate known
components of the neural and vascular responses in-
dependently.
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