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This study aimed to investigate the pharmacological effect of caffeine on functional connectivity measured by
resting-state blood oxygenation level-dependent (BOLD) MRI in the motor cortex, visual cortex and default mode
network (DMN). The protocols and procedures of the study were reviewed and approved by the Institutional Review
Board of our institution. On a 3-T clinical MR system, 20 healthy volunteers underwent imaging before and after oral
ingestion of a 200-mg over-the-counter caffeine pill (data from three individuals were excluded from further analysis
because of excessive motion). The demographics of the remaining participants were as follows: female/male, 8/9; age,
21–35years; non-habitual caffeine consumers over the past 6 months. Functional connectivity was calculated using the
general linear model, assessed in terms of connected area (voxels) and statistical significance (Student t-values), and
correlated with changes in regional cerebral blood flow as measured by arterial spin labeling MRI. Per-subject data
analysis showed that caffeine decreased functional connectivity in the motor/visual cortices, but its effects on DMN
varied among subjects. Correlation analysis of the changes in functional connectivity and regional blood flow suggested
that the effect of caffeine on BOLD functional connectivity was predominantly neural (motor/visual cortices) and partly
vascular (DMN). Group analysis showed that, after caffeine ingestion, DMN involved more attentional networks, and
more extrastriate areas were integrated into the functional connectivity of the visual cortex, which may be associated
with the known pharmacological effect of caffeine in elevating alertness. Caffeine consumption should thus be
considered in the experimental design and data interpretation of functional connectivity studies using resting-state
BOLD MRI. © 2014 The Authors. NMR in Biomedicine published by John Wiley & Sons, Ltd.
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INTRODUCTION

Blood oxygenation level-dependent (BOLD) MRI is arguably one
of the most popular tools in current neuroscience research.
BOLD MRI measures the hemodynamic responses that accom-
pany the neuronal activities associated with predefined tasks
(1,2). BOLD signals are believed to arise because of neurovascular
coupling mediated by astrocytes (3), and are believed to reflect
the local concentrations of deoxygenated hemoglobin, which is
a composite product of the blood flow, blood volume and
oxygen consumption rate (4,5). Interestingly, even in the absence
of explicit sensory stimulation and task performance, BOLD signals
have also been found to exhibit temporal correlation among
cerebral areas that are anatomically separate, but functionally
related (6,7). Such correlated signal fluctuations, predominantly
revealed at frequencies between 0.01 and 0.1Hz, have been
viewed as a manifestation of cerebral functional connectivity.
Several studies (8–10) have conducted experiments to demon-
strate that the connectivity measured by task-free or resting-state
BOLDMRI is neural (i.e. secondary and related to neuronal activity),
whereas Biswal et al. (11) and others (12,13) have reported a non-
neural vascular component in measurements.

Caffeine is a methylxanthine drug widely used as a psycho-
stimulant, and is present in various foods and drinks. Caffeine has
been suggested to affect the central nervous system by being an
adenosine antagonist, resulting in neuronal hyperexcitability
(increased firing) and vasoconstriction via the adenosine A1 and

A2A receptors, respectively (14). Mulderink et al. (15) proposed
the use of caffeine to boost task-induced BOLD signals by demon-
strating that the BOLD response increased by 37% in the motor
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area and 26% in the visual area after ingestion of a 200-mg caffeine
pill. These changes are presumably because the decline in blood
flow decreases the BOLD baseline, thus yielding a larger capacity
of the BOLD response to activation. The complex relationship be-
tween dose and neuronal activity/metabolism, however, makes
data interpretation difficult, and has led to a debate on the role
played by caffeine in measurement variability (16,17). More
recently, diminished BOLD functional connectivity was found
in the motor cortex (18) and other template-defined anatomical
regions (19) after caffeine ingestion. Wong et al. (20) further
reported that the resting-state BOLD global signal correlated with
vigilance measures recorded using simultaneous electroencepha-
lography. From the signal processing perspective, these studies
suggest that caffeine-induced reduction in the measured BOLD
connectivity is neural. However, a notable difference still exists
between the connectivity measured by electrophysiology and that
measured by resting-state BOLD MRI (19). In addition, the link
between the influence of caffeine on the resting-state BOLD signal
and increased alertness/attention remains unclear.
We hypothesized that caffeine-induced changes in BOLD

connectivity, except those accountable with signal processing
and regression, might be anatomically heterogeneous. We mea-
sured BOLD connectivity in the motor cortex, visual cortex and
default mode network (DMN) (21), both before and after the oral
ingestion of a 200-mg caffeine pill. The motor/visual cortices and
DMN were selected because they are well-known task-positive
and task-negative networks, respectively. These networks have
been commonly studied targets in the literature on BOLD MRI.
The caffeine-induced connectivity change was then correlated
with regional cerebral blood flow (CBF), as measured by a non-
invasive MRI technique called arterial spin labeling (ASL) (22,23).
We demonstrated that caffeine decreased functional connectivity
in the motor/visual cortices, whereas the changes in DMN varied
across individuals. Group analysis revealed that, after caffeine
ingestion, DMN involvedmore areas concerning externally directed
attention. ASL data further suggested that the functional connec-
tivity measured by resting-state BOLD MRI was predominantly
associated with neuronal activity in the motor and visual areas,
and was partly contributed to by regional blood flow in the medial
prefrontal cortex, which is a part of DMN.

MATERIALS AND METHODS

MRI

The Research Ethics Committee at the National Taiwan University
Hospital approved this study. All study procedures conformedwith
The Code of Ethics of theWorldMedical Association (Declaration of
Helsinki) (24). MRI was performed on a 3-T whole-body scanner
(Tim Trio, Siemens, Erlangen, Germany) using the body coil to
transmit radiofrequency pulses and a 12-channel phased-array
head coil to receive signals. The experiment comprised two
identical sessions (pre-dose and post-dose), each including a scout,
T1-weighted, three-dimensional, magnetization-prepared rapid
gradient-echo anatomical imaging sequence [TR/TE/TI, 2530/3/
1100ms; flip angle, 7°; voxel size, 1 × 1×1mm3; generalized
autocalibrating partially parallel acquisition (GRAPPA) acceleration
factor, 2], task-based BOLD imaging sequence, resting-state ASL
and BOLD imaging. For ASL and BOLD imaging, 19 axial slices were
prescribed, with the center slice at the level of the corpus callosum
(slice thickness, 5mm; interslice gap, 1mm; in-plane matrix, 64×64;
field of view, 20 cm; single-shot, gradient-echo, echo-planar

readout). In particular, the following settings were used for task-
based and resting-state BOLD imaging: TR=2 s; TE=30ms;
measurements, 170 and 240, respectively. For ASL imaging: TR=4 s;
TE=18ms; measurements, 60 (i.e. 30 pairs of tag and control im-
ages). A pseudocontinuous version of ASL (25,26) was adopted with
a tagging duration of 1 s and post-labeling delay of 1.2 s. Calibra-
tion and reference scans were obtained for the correction of the
tagging efficiency and coil sensitivity (27), as well as for flow
quantification (23).

Subjects

Twenty healthy volunteers (10 women and 10 men; age,
21–35 years) were recruited. All subjects provided written informed
consent, before which they were informed of their participation in a
single-blind caffeine/placebo experiment. Three were excluded
from data analysis because of excessive motion (a man aged 28
years and two women aged 22 and 30 years). The subjects were
instructed to abstain from caffeine intake 24h before the experi-
ment. All participants self-reported to be right-handed, and none
had been habitual caffeine consumers within the last 6 months
(<300mg per week). The subjects were given a headphone to
attenuate the acoustic noise from the scanner. Foam pads were
wedged between the subject’s head and the coil for stabilization.
During the resting-state BOLD and ASL imaging, the subjects were
asked to keep their eyes open and to avoid cognitive activities. After
the pre-dose session, the subjects were brought out of the scanner,
requested to take a 200-mg over-the-counter caffeine pill and
allowed to rest outside the scanner for 30min. They were then
repositioned for the post-dose session. The post-dose functional
imaging started approximately 45min after oral ingestion to permit
appropriate absorption and distribution of caffeine (28,29). No
adverse effects were reported during and after the experiment.

As a control arm, 10 subjects were asked to repeat the above
experiment with the same procedure (on a different day), except
that they were all given placebo.

Task paradigm and physiological signal recording

The subjects were instructed via the intercom to use their right
hand to tap the thumb against the fingers in a sequential order
at a self-paced speed. For visual stimulation, an 8-Hz, whole-field,
black/white flashing checkerboard was projected onto a screen
and viewed by the subject via a mirror attached to the head coil.
A block design was adopted to include five 20-s ‘on’ epochs
interleaved with ‘off’ epochs of varied durations (20–60 s), such
that the motor and visual tasks were semi-random to each other.
For the prospective recording of the physiological signals, a
pulse oximeter was clipped to the subjects’ left index finger,
and a pneumatic respiratory belt was placed on their upper
abdomen. Transistor–transistor logic pulse data from the scanner
were also recorded for subsequent identification of the cardiac
and respiratory phases at which the images were acquired.

Data analysis

Complex data were reconstructed online into magnitude images
and then exported to a laptop computer for offline processing. All
echo-planar images underwent realignment series by series for
motion correction. Physiological noise, including cardiac pulsations
and respiratory motion, was removed from the resting-state BOLD
images following the RETROICOR algorithm (30). For the ASL series,
the tag and control images were separately realigned and averaged,
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followed by co-registration to the series mean. Perfusion-weighted
images were generated by subtraction and then converted to
quantitative perfusion maps in units of mL/100mL/min after
tagging efficiency calibration and coil sensitivity correction.

Gray matter masks were created to include the voxels classified
as gray matter at a probability level of 0.90 in both the high-
resolution anatomical images and the reference images for flow
calculation. For per-subject analysis, all images (including the
masks) were co-registered to the mean echo-planar images of
the two sessions. To detect activated areas, a boxcar function of
the experimental paradigm convolved with a hemodynamic
response function was fed to the general linear model, with the
criteria of family-wise corrected p of ≤0.05 and cluster size of ≥3
voxels. Seeds were determined for the motor and visual cortices
as the voxels detected in both sessions and contained in the gray
matter mask. For DMN, the posterior cingulate cortex (PCC) was
manually defined on the gray matter mask in reference to the
anatomical landmarks and used as the seed. Functional connectiv-
ity was calculated using the general linear model with regressors of
the seed, global signal and signal fluctuations estimated in the
lateral ventricles. Voxels were deemed to be connected if all the
following criteria were met: family-wise corrected p of ≤0.05,
cluster size of ≥3 voxels and contained in the gray matter mask.
To avoid bias in the selection of regions of interest, the intersession
comparison of functional connectivity was performed on three
contiguous slices that included the greatest number of connected
voxels identified by both sessions. For group analysis, the above
results were normalized to the Montreal Neurological Institute
templates. The threshold of cluster size was set to 20 to account
for the change in voxel dimension after spatial normalization
(3.1× 3.1× 5mm3 versus 2×2×2mm3).

All data analyses were performed using Statistical Parametric
Mapping software (http://www.fil.ion.ucl.ac.uk/spm/) and home-
made programs under the environment of MATLAB (http://
www.mathworks.com).

Computer simulation of signal-to-noise ratio (SNR) effect

We used the deoxyhemoglobin dilution model (31), which was
initially proposed for task-induced BOLD signals, to relate the
resting-state signal fluctuations (ΔBOLD) to CBF and the cerebral
metabolic rate of oxygen (CMRO2) as follows:

ΔBOLD
BOLD0

¼ M 1� CBF
CBF0

� �α�β CMRO2

CMRO2;0

� �β
 !

[1]

where subscript ‘0’ denotes the baseline value, α is a constant re-
lated to the passive dependence of the blood volume on blood

flow, with an approximate value of 0.38, β is a constant with a
value between 1 and 2 depending on the average blood volume
in tissue, and M is a constant determined by the field strength,
echo time, baseline cerebral blood volume and baseline concen-
tration of deoxyhemoglobin in venous blood.
According to previous studies in human visual cortex, the

baseline concentration of oxyhemoglobin ([HbO2]) is 26μM (32)
and fluctuates with an amplitude of 1μM (33), which leads to
~4% fluctuations in CMRO2. If [HbO2] is partly related to perfu-
sion, the fluctuation amplitude of CBF should be at the same or-
der as that of CMRO2. Alternatively, CBF fluctuation can be
estimated from ASL-based functional MRI studies. In Yang et al.
(34), the ASL signal fluctuation is ~10% in the baseline and
task-off periods. With no further information, one can assume
that physiological fluctuation and non-physiological fluctuation
have equal contributions. That is, the fluctuation of baseline
CBF is no larger than 10%. Therefore, by assuming that the base-
line fluctuations are small (e.g. <10%) for CBF and CMRO2,
Equation [1] can be modified to approximately account for the
pharmacological effect of caffeine by including a constant k1
for the neural effect and a constant k2 for the vascular effect:

ΔBOLD∝k1 neural source of fluctuationsð Þ
þ k2 vascular source of fluctuationsð Þ [2]

Presumably, the functional connectivity measured by the
resting-state BOLD MRI is neural [i.e. CBF =CBF0 at all times in
Equation [1]; vascular source of fluctuation is time independent
and equal to zero in Equation [2]]. When noise is absent, the
derived connectivity will be independent of the caffeine inges-
tion, as BOLD signals are associated with neural fluctuations
through linear transformation. The correlation between two time
series, on the basis of which functional connectivity is computed,
does not change after these time series undergo separate linear
transformations.
To estimate the effect of SNR on the computed functional con-

nectivity, numerical simulation was performed on the basis of
Equation [1], with β assumed to be 1.5. Resting-state fluctuation
was presumed to be Gaussian and of 1% amplitude, whereas caf-
feine was assumed to double the fluctuation (240 time points, in
accordance with 240 measurements in our resting-state BOLD
imaging). Background noise was assumed to be Gaussian, with
the SNR varying from 0.1 to 10 in steps of 0.1. Noise was added
to the fluctuation to create two time series, from which the corre-
lation coefficient was calculated. One hundred random samples
were generated for each degree of SNR, and the correlation coef-
ficient was calculated for each sample.

Figure 1. Intersession comparison of functional connectivity by area (voxels) for each subject. Left to right: motor cortex (blue squares), visual cortex
(red diamonds) and default mode network (green triangles). Each subplot has 17 data points that represent the 17 subjects included in this study.
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RESULTS

Per-subject analysis of the effect of caffeine on functional
connectivity

Figure 1 shows the Bland–Altman plots (pre-dose values minus
post-dose values versus average, n= 17). As aforementioned, all
subjects self-reported to be right-handed and had performed
finger-tapping only with their right hand to extract the seed
for the calculation of functional connectivity in the motor area.
After caffeine ingestion, the connected area diminished in the
motor and visual cortices (p< 0.01 in both areas, Wilcoxon
signed rank test) in most subjects (15 and 16 of 17 cases,
respectively), whereas the area change in DMN was variable
across subjects (10 of 17 exhibited a decrease). Chi-squared test
further indicated the proportion differences between the
motor/visual cortices and DMN (likelihood ratio, 7.53; asymp-
totic p = 0.02; Fisher’s exact p = 0.05). Among the voxels
revealed to be connected in both sessions, the decrease in con-
nectivity in the motor and visual cortices also manifested in
terms of statistical significance (i.e. Student t-values), as shown
in Fig. 2 (Bland–Altman plots, pre-dose values minus post-dose
values versus average, n= 17). Again, no consistent change in
t values in DMN was observed between sessions. Interestingly,
in DMN, we noted that the intersession change in the t value
was correlated with the intersession change in regional CBF
(Pearson’s correlation coefficient, 0.25; p< 10�6). In contrast,
no correlation was observed between connectivity and regional
blood flow in the motor and visual areas (see Table 1). Overall,
200mg of caffeine decreased the gray matter perfusion by
24%± 7%, which is in reasonable agreement with previous
reports (35,36). Meanwhile, in the placebo data, no significant
intersession changes were noted in the blood flow and the
number of connected voxels.

Group analysis of the effect of caffeine on functional
connectivity

Figures 3–5 display the group functional connectivity of the
motor cortex, visual cortex and DMN, respectively. Caffeine
seemed to cause slight decreases to the connection between
the visual cortex and the lateral geniculate nucleus (LGN),
whilst increasing the integration of extrastriate visual areas
(uncorrected p< 10�5). In the post-dose session, DMN decreased

in the anterior medial prefrontal cortex, but increased slightly in
the lateral parietal cortex (uncorrected p< 10�5). Figure 6 shows
maps of the intersession blood flow difference (pre-dose values
minus post-dose values) and the average blood flow (only the
slices displayed in Figs 3–5 are shown). A significant decline in
blood flow was also detected in the medial prefrontal cortex. Of
note, because blood flow decreased globally after caffeine inges-
tion, the significance level in Fig. 6 was increased to highlight the
areas of most significant changes.

SNR effect on the calculation of functional connectivity

Figure 7 shows the result of the computer simulation of the effect
of SNR on the correlation coefficient on the basis of which the
BOLD connectivity was determined. The correlation coefficient
was more sensitive to SNR when SNR was low. According to the
range of t values obtained in our experiment (see dotted lines),
200mg of caffeine decreased SNR by approximately 1.

DISCUSSION

Pharmacological effect of caffeine on functional connectivity
is area dependent

Caffeine decreased the measured connectivity in themotor and vi-
sual cortices (left and middle panels, respectively, in Figs 1 and 2),
whereas, in DMN, the caffeine-induced change in connectivity var-
ied across subjects (right panel in Figs 1 and 2). One possible cause
of this difference may be the spatial distribution of adenosine
receptors. Caffeine has been documented to increase neurotrans-
mission and decrease CBF by antagonizing adenosine A1 and A2A

receptors, respectively (14). The A2A receptors exhibit a higher

Figure 2. Intersession comparison of functional connectivity by statistical significance (t values) for each subject. Left to right: motor cortex (blue
squares), visual cortex (red diamonds) and the default mode network (green triangles). Each subplot has 17 data points that represent the 17
subjects included in this study. For each subject and for each of the three anatomical areas investigated, the t value difference between sessions
was inspected within the voxels revealed to be connected both before and after caffeine ingestion using the paired Student’s t-test (significance
level = 0.05 after Bonferroni correction for multiple comparisons). The subjects in whom a significant difference was not found are denoted with
open symbols.

Table 1. Results of correlation analysis of caffeine-induced
changes in functional connectivity and regional blood flow

Motor
area

Visual
area

DMN

Pearson correlation
coefficient

0.05 0.01 0.25*

DMN, default mode network.
*p< 0.05.
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distribution in the striatum and PCC, a cortical hub (37) that served
as the seed to extract DMN in our study, than in the occipital cortex
(where the visual cortex is located) and the frontal/parietal cortices
(where the motor cortex is located) (38). In contrast, the distribu-
tion of A1 receptors is greater in the occipital cortex than in PCC
and the sensorimotor cortex (39,40). The high expression of A2A
receptors in PCC may result in an enhanced vascular effect on
the BOLD MRI measurement of DMN. Aside from the more promi-
nent myogenic fluctuations in the presence of vasoconstriction,
decreased baseline blood flow is known to increase the range of
fluctuations in the BOLD signal andmay also influence the connec-
tivity measurement. Our data reveal that caffeine decreased the
connectivity of DMN in the medial prefrontal cortex (Fig. 5), where
blood flow decreased after caffeine ingestion at a higher signifi-
cance level than in the motor and visual cortices (Fig. 6). In addi-
tion, caffeine-induced changes in functional connectivity and
blood flow were correlated in DMN (Table 1). In contrast, no corre-
lation was observed between functional connectivity and blood
flow in the motor and visual cortices after caffeine intake,
suggesting that vascular fluctuations in these two regions have a
minor effect compared with the neural effect. A recent study (41)
has shown that caffeine has an anatomically differential effect on
brain responses to tasks. Although the studywas based on external
tasks, it provided evidence that caffeine’s effect on BOLD MRI is
area dependent. It is worth mentioning that, in accordance with
previous studies (41,42), the neural effect in our context means
that the observed signal fluctuations are related to, or driven by,

neuronal activity, as opposed to the vascular effect that includes
vasomotor fluctuations unrelated to neuronal activity.

Caffeine recruits more areas responsible for externally
directed attention in DMN

Recently, Leech et al. (43) have demonstrated the functional
dissociation between the ventral and dorsal parts of PCC, echoing
the previously reported heterogeneous cytoarchitectonics (44).
Briefly, the ventral PCC showed decreased integration within DMN
and less anticorrelation with the cognitive control network as the
difficulty of a working memory task increased. The opposite pattern
was observed in the dorsal PCC, where resting-state functional
connectivity was found with both DMN and attentional networks.
Thus, the authors proposed that the ventral PCC was involved in in-
ternally directed thought, whereas the dorsal PCC was involved in
the management of externally directed attention. By comparing
the functional connectivity measured before and after caffeine in-
take, our study presents experimental data that indirectly support
the work of Leech et al. In the post-dose session, DMNwas observed
to have greater connectivity with the lateral parietal cortex (a part of
the attentional network), whereas the connected PCC shifted slightly
to the dorsal part after caffeine ingestion (Fig. 5). The post-dose DMN
involvedmore areas concerning externally directed attention, which
might be associated with the known pharmacological effect of
caffeine in elevating alertness and the ability to respond to events
occurring at unexpected times or in unknown places.

Figure 3. Functional connectivity of the motor cortex among all subjects (n=17). All subjects self-reported to be right-handed and had performed
finger-tapping only with their right hand to extract the seed for the calculation of the functional connectivity. Top panel: projection viewed from right
(sagittal), behind (coronal, right side on the right) and above (axial, right side at bottom). Bottom panel: sectional axial view in neurological convention.
Slice location is marked in units of millimeters.
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Caffeine alters the integration of relay and attention-associated
areas in the functional connectivity of the visual cortex

In the human visual system, the primary visual cortex (V1)
receives most visual inputs relayed by LGN, whereas
extrastriate areas, such as V2, V4 and V5 (also known as the
middle temporal visual area), have been shown to be modu-
lated by attention (45,46). Our data reveal that caffeine
decreased the integration of LGN, whilst recruiting more
extrastriate visual areas in the functional connectivity of the
visual cortex. Given that the subjects were instructed to keep
their eyes open during resting-state BOLD imaging, such a
change in functional connectivity suggests increased associa-
tion of visual attention and adjusted configuration for faster
and higher order processing of visual signals. Meanwhile, LGN
was less connected presumably to avoid competition for
computational resources, as the signal transmission from LGN
to V1 can largely rely on the optical radiation (anatomical
connectivity supported by fiber tracts).

Functional connectivity measured by BOLD MRI is mainly
neural, but has a measurable vascular component in DMN

In the motor and visual cortices, diminished functional connectiv-
ity was observed (in terms of voxel number as well as statistical
significance) in most subjects after caffeine ingestion in the
absence of significant blood flow decrease and correlation, which
suggests that neuronal activity was the dominant, if not the only,
source of the connectivity measured by resting-state BOLD MRI.

Meanwhile, in DMN, caffeine caused connectivity changes corre-
lated with regional blood flow change (Pearson’s correlation coef-
ficient, 0.25; p< 10�6), which indicates the vascular constituent in
the measured functional connectivity. Notably, blood flow
change could be secondary to the neuronal activity change
caused by caffeine. Although previous task-based BOLD MRI
studies have shown that caffeine induces uncoupling between
CBF and CMRO2 (16,17), whether neurovascular coupling is
established at rest or maintained to the same extent as in the
presence of explicit task performance remains unclear.

SNR may play a role in BOLD MRI measurement of
functional connectivity

As shown in Fig. 7, the correlation coefficient was more sensitive
to SNR when SNR was low. According to the range of t values
obtained in our experiment, 200mg of caffeine decreases SNR
by approximately 1. Such a drop in SNR is critical in resting-state
BOLD MRI, but minor for task-based BOLD MRI, in which SNR is
usually well above 2. Given that caffeine increases neuronal
activities, the elevated ‘background noise’ from neighboring
neurons that are not connected with the seed of interest may
bring down the computed correlation and its statistical signifi-
cance. It should be noted that Equation [2] cannot interpret
coupled neural/vascular effects, but can serve as a first approxi-
mation, as long as neural and vascular fluctuations are not en-
tirely coupled.

Figure 4. Functional connectivity of the visual cortex among all subjects (n=17). Top panel: projection viewed from right (sagittal), behind (coronal,
right side on the right) and above (axial, right side at bottom). Bottom panel: sectional axial view in neurological convention. Slice location is marked in
units of millimeters. Asterisks and arrows indicate the lateral geniculate nuclei and the extrastriate visual areas, respectively.
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Figure 5. Functional connectivity of the default mode network among all subjects (n=17). Top panel: projection viewed from right (sagittal), behind
(coronal, right side on the right) and above (axial, right side at bottom). Bottom panel: sectional axial view in neurological convention. Slice location is
marked in units of millimeters. The asterisk and arrows indicate the medial prefrontal cortex and lateral parietal cortex, respectively.

Figure 6. Difference in cerebral blood flow (CBF) between sessions (pre-dose values minus post-dose values), overlaid on anatomical images (top
panel). The slices displayed in Figs 3–5 are shown here, except for those corresponding to 52, 56 and 60mm, where no significant flow difference
was found. The bottom panel shows the group average CBF (n=17).
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Comparison with related studies

Several studies have previously investigated the effect of caffeine
on the resting-state BOLD signal and functional connectivity. By
comparing with the connectivity derived from source-localized
magnetoencephalography, Tal et al. (19) showed a global
reduction in BOLD connectivity in support of the neural basis.
Differences remained between the magnetoencephalographic
connectivity and the BOLD connectivity, suggesting the effect of
other factors in BOLD connectivity (e.g. vascular effect). In this
sense, our finding is in agreement with the hypothesis that the
neural effect serves a major function in the motor/visual areas
(no measurable vascular effect), whereas, in DMN, the vascular
effect is modestly measurable. Another study from the same group
(47) reported that caffeine-induced connectivity change is present
in the eyes-closed condition, but not in the eyes-open condition,
mainly because of global signal regression. Our study was
performed in the eyes-open condition, and decreased connectivity
was still observed in the motor/visual areas, together with varied
connectivity change in DMN across subjects. We currently have
no explanation for this discrepancy. However, caffeine has been
documented to decrease resting-state electroencephalography ac-
tivities in both alpha and beta bands (48,49), and this phenomenon
does not seem to be particularly related to the status of the eyes.
We also used global signal regression which, according to Wong
et al. (47), tends to shift positive correlation towards the negative
direction. This condition might mean that we lost some statistical
power, but we could not explain why the changes were located
at attention-associated areas (e.g. middle temporal visual area, lat-
eral parietal cortex). The studies cited for comparison have investi-
gated the effect of caffeine from the perspective of signal

processing and regression. Although these findings help in the
identification of the global source and characteristics of the
resting-state BOLD signal, caffeine has a known effect on human
behavior and is mostly consumed as a psychostimulant for the
eyes-open condition. Thus, the effect of caffeine on BOLD connec-
tivity, if measurable, should have anatomical heterogeneity to
some extent. Our data suggest that the detection of the differential
effect with resting-state BOLD MRI is possible.

Notably, several BOLD connectivity studies (19,47) have reported
results using the connectivity matrix, which is the normalized co-
variance matrix of the regions of interest (usually on a region-wise,
not voxel-wise, basis). The method provides a compact display of
the correlation between a large number of regions, although
caution should be used to deal with the inflated type 1 error rate.

Technical limitations

A few technical limitations should be noted in our study. First, we
used a fixed caffeine dose (200mg) and the same time period
(about 45min) for the absorption/distribution in all the subjects.
Dose dependence has been reported for task-based BOLD MRI
(50), thus requiring further investigation for resting-state BOLD
MRI. Second, the plasma caffeine level was not obtained in our
study. We recruited subjects who had not been habitual caffeine
consumers over the past 6 months and asked them to abstain
from caffeine intake 24 h before the experiment. Nonetheless,
the effective dose and caffeine tolerance are known to vary from
person to person, and these factors may have introduced variance
in our measurement. Third, the effect of global signal regression
was not assessed. Global signal regression has been employed in
many studies to reduce spurious correlation between voxels
(51,52), but at the same time has the tendency to globally decrease
positive correlation (47) and thus measurement sensitivity. As we
used global signal regression for both sessions, the intersession
difference observed in our study is still valid. The potential issue
is that, with the decreased sensitivity, there could be other areas
that are affected by caffeine intake, but were not detected.
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