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Abstract

Caffeine, as the most commonly used stimulant drug, improves vigilance and, in some cases,
cognition. However, the exact effect of caffeine on brain activity has not been fully elucidated.
Because caffeine has a pronounced vascular effect which is independent of any neural effects,
many hemodynamics-based methods such as fMRI cannot be readily applied without a proper
calibration. The scope of the present work is two-fold. In Study 1, we used a recently developed
MRI technique to examine the time-dependent changes in whole-brain cerebral metabolic rate of
oxygen (CMRO,) following the ingestion of 200mg caffeine. It was found that, despite a
pronounced decrease in CBF (p<0.001), global CMRO,, did not change significantly. Instead, the
oxygen extraction fraction (OEF) was significantly elevated (p=0.002) to fully compensate for the
reduced blood supply. Using the whole-brain finding as a reference, we aim to investigate whether
there are any regional differences in the brain’s response to caffeine. Therefore, in Study 2, we
examined regional heterogeneities in CBF changes following the same amount of caffeine
ingestion. We found that posterior brain regions such as posterior cingulate cortex and superior
temporal regions manifested a slower CBF reduction, whereas anterior brain regions including
dorsolateral prefrontal cortex and medial frontal cortex showed a faster rate of decline. These
findings have a few possible explanations. One is that caffeine may result in a region-dependent
increase or decrease in brain activity, resulting in an unaltered average brain metabolic rate. The
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other is that caffeine’s effect on vasculature may be region-specific. Plausibility of these
explanations is discussed in the context of spatial distribution of the adenosine receptors.
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Introduction

Caffeine is the most widely used stimulant drug in the western countries. The primary
psychological effects of caffeine are mitigation of drowsiness and improvement in vigilance
(Magill et al., 2003). However, the impact of caffeine ingestion on brain physiology is not
fully characterized, especially in humans (Chen and Parrish, 2009; Griffeth et al., 2011;
Laurienti et al., 2002; Liu et al., 2004; Wong et al., 2012). Caffeine acts through its complex
effects on a number of neurotransmission systems such as dopamine, acetylcholine,
serotonin, and, in high doses, norepinephrine (Berkowitz and Spector, 1971; Berkowitz et
al., 1970; Ferre, 2010; Nehlig et al., 1992). However, the most prominent and widely studied
effect of caffeine in the brain is its role as an antagonist of the inhibitory neurotransmitter,
adenosine. Adenosine and some subtypes of its receptors, e.g. A1 adenosine receptor, are
found throughout the brain, and they reduce synaptic vesicle release in the presynaptic
terminal among other functions (Fredholm et al., 1999; Goodman and Synder, 1982;
Premont et al., 1979). Therefore, it is reasonable to hypothesize that blocking of the
adenosine neurotransmission by caffeine may increase neural activity and whole-brain
metabolic rate.

While conceptually simple, this question has not been thoroughly examined, mainly due to a
scarcity of measurement techniques applicable in humans. Paositron emission tomography
(PET) has been used for the measurement of brain metabolism in clinical studies. However,
there have been few reports on its use in studies of caffeine effect on the brain, possibly
because of several factors such as concerns associated with repeated radiation exposure, the
complexity in dynamic sampling of arterial blood, and the need of an onsite cyclotron in the
case of oxygen metabolism measurement (Chen et al., 2009; Di et al., 2013; Park et al.,
2014). Recently, we have developed a novel method that can provide a non-invasive (no
exogenous tracer nor agent), rapid (<5 min), and reliable (coefficient of variation less than
4%) measurement of global cerebral metabolic rate of oxygen (CMRO,) on a standard 3T
MRI (Liu et al., 2013; Xu et al., 2009; Xu et al., 2011). The present study applies this new
method to examine the effect of caffeine ingestion on whole-brain oxygen metabolism in
healthy humans.

Given that certain subtypes of the adenosine receptor, e.g. Aya, are heterogeneously
distributed in the brain (Fredholm et al., 1999; Mishina et al., 2007; Pelligrino et al., 2010),
we further investigate regional differences in the brain’s physiological response to caffeine.
We measured cerebral blood flow (CBF) which reflects a combined contribution of a direct
effect of caffeine on cerebrovasculature and an indirect effect through potential modulations
on neural activity and brain metabolism (Alsop et al., 2014; Donahue et al., 2006; Kety and
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Schmidt, 1948). We reason that, if a regional heterogeneity can be identified, it would
indicate that either the direct vasoconstriction effect is region-dependent or that neural
response to caffeine is different across brain regions.

The present work therefore contains two sets of studies. In Study 1, we used a global
CMRO, technique to examine dynamic changes in brain oxygen metabolism. Ten healthy
human subjects took a 200 mg caffeine tablet and underwent a continuous MRI scan of 40
minutes, during which whole-brain CMRO, was measured every 4.5 minutes. Another ten
subjects served as controls and underwent the same MRI session but did not take the
caffeine tablet. In Study 2, ten healthy human subjects took a 200 mg caffeine tablet and
underwent a continuous MRI scan of 40 minutes, during which voxel-by-voxel CBF maps
were collected using Arterial-Spin-Labeling (ASL) MRI.

Materials and Methods

General

MRI scans were performed on a 3 Tesla MRI system (Philips Healthcare, Best, The
Netherlands). A body coil was used for radiofrequency transmission and a 32-channel head
coil was used for receiving. Foam padding was used to stabilize the subject’s head and to
minimize motion. The study protocol was approved by the Institutional Review Board of the
University of Texas Southwestern Medical Center. Each subject gave informed written
consent before participating in the study. A total of thirty healthy subjects (27+4 years old,
15 males, 15 females, 20 for Study 1 and 10 for Study 2) were recruited from the university
campus through flyers. The participants were carefully screened and did not report
neurological, psychiatric, endocrine disorders or diabetes according to self-completed
questionnaires. The participants did not have MR contraindications such as metal implants,
pacemaker, neurostimulator, body piercings, or claustrophobia. The participants were not
regular coffee drinkers and were asked to avoid any type of caffeine beverages for a week
before the experiment.

Study 1: The effect of caffeine ingestion on whole-brain CMRO,

Experimental procedures—Ten subjects (28+5 years old, range from 22 to 35, 5 males
and 5 females) participated in the caffeine experiment. Figure 1 illustrates the procedures at
the research facility. The first time point of CMRO, measurement was obtained by 7.4+0.3
(mean % standard error) minutes after taking the tablet, which is considered baseline values
given the relatively small change in blood caffeine level at this early time point (Kamimori
et al., 2002). We employed this procedure instead of the repositioning scheme (i.e. remove
from and enter the scanner again) so that data fluctuation due to repositioning inconsistency
is minimized and this allows us to perform continuous measurements without time gap.
Avrterial oxygen saturation (Y,) was measured at finger with pulse oximetry (Invivo,
Gainesville, FL).

Another ten subjects (27+4 years old, range from 23 to 30, 6 males and 4 females)
participated in the control experiment. The purpose of the control experiment was to test the
possibility that the physiologic changes observed in the caffeine study was due to non-
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caffeine related effects such as drowsiness or fatigue caused by lying inside scanner for 40
minutes. The procedures for the control experiment were identical to the caffeine ingestion
experiment except that the participant did not take the caffeine tablet (Figure 1).

Theory for the measurement of Global CMRO,—Our approach to estimate CMRO,
was based on the Fick principle (Jain et al., 2010; Kety and Schmidt, 1948; Rodgers et al.,
2013; Xu et al., 2009), by which CMRO,, can be calculated using:

CMRO,=CBF - (Y,—Y,)-C}, 1]

where CMROs is in units of umol/100g/min, CBF is in units of mI/100g/min, Y, and Y, (in
percentage, %) are oxygenation in arterial and venous blood, respectively, and Cy, represents
the oxygen carrying capability of hemoglobin and is 8.97 pmol O,/ml blood at typical Hct of
0.44 (Guyton and Hall, 2005). The actual value of Cy, used in our calculation was subject-
specific based on the individually determined Hct.

Among the parameters needed to compute CMRO», the most challenging task has been the
measurement of Y,,. We have recently developed and validated a technique, To-Relaxation-
Under-Spin-Tagging (TRUST) MRI, to estimate Y\, in the sagittal sinus (Lu and Ge, 2008;
Lu et al., 2012). This technique was found to be highly reproducible and can be conducted
within 1.2 minutes (Liu et al., 2013; Xu et al., 2011). TRUST MRI is based on the principle
that blood oxygenation has a known relationship with blood T, (Golay et al., 2001; Oja et
al., 1999; Silvennoinen et al., 2003). This technique uses spin tagging method to isolate pure
venous blood signal from surrounding tissue and measures T, value of the blood, which can
be converted to Y, via a calibration plot (Lu et al., 2012). By assuming that Y\, measured in
the sagittal sinus is a close approximation of the whole-brain Y, we can obtain the global
Y with this method. The term of (Y,;—Y,)/Y, is further defined as oxygen extraction
fraction (OEF).

Global CBF is measured by a phase-contrast (PC) quantitative flow technique applied at the
feeding arteries at the base of the brain (Haccke et al., 1999). Phase-contrast MRI utilizes
the phase of an image to encode the velocity of moving spins and has been validated for
angiogram and quantitative flow measurements (Bakker et al., 1999; Evans et al., 1993;
Zananiri et al., 1991). Y, in Eq. [1] is measured with pulse oximetry.

MRI protocol—The pulse sequences and planning schemes for the CMRO, measurement
were detailed previously (Liu et al., 2013). Briefly, we first performed an axial 3D time-of-
flight (TOF) angiogram to visualize the brain’s feeding arteries, internal carotid arteries
(ICA) and vertebral arteries (VA). During the angiogram scan, the TRUST imaging slice
was planned to be parallel to anterior-commissure posterior-commissure line with a distance
of 20mm from the sinus confluence where the superior sagittal sinus (SSS), straight sinus
and transverse sinus join (Figure 2A). This positioning scheme was previously shown to
provide robust estimation of Y, (Liu et al., 2013). While the TRUST scan was performed,
four PC MRI scans were planned with the slices placed perpendicular to each of the left/
right ICA and left/right VA arteries, providing an estimation of CBF (Figure 2C). The (one)
TRUST and (four) PC scans provide a complete data set for CMRO, estimation. The
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TRUST and PC MRI were repeated another eight times to obtain a time course of CMRO».
An additional TRUST scan was performed at the end of the session. This allowed us to
average between two consecutive TRUST scans to obtain an Y,, estimation that matches the
acquisition time of PC MRI, which is important for accurate determination of CMRO.

Imaging parameters of the TRUST MRI were: TR = 3000ms, Tl = 1022ms, voxel size =
3.44 x 3.44 x 5mm3, four different To-weightings with effective TE (eTE) of 1ms (gap
between RF pulses < 0.6ms, as short as attainable), 40ms, 80ms and 160ms, with a tcpmg =
10ms, scan duration = 1.2min. PC MRI used: single slice, voxel size = 0.45 x 0.45 x 5mm3,
FOV =230 x 230 x 5mm3, maximum velocity encoding = 80cm/s, 4 averages, scan duration
of one PC MRI scan was 0.5 minutes. Including scan preparation time, the time to collect
each CMRO>, data set is approximately 4.5 minutes.

A T1-weighted magnetization-prepared rapid gradient-echo (MPRAGE) scan was also
performed at the end of the MRI session to provide an estimation of brain volume.

Data analysis—Data processing of TRUST and PC MRI followed methods used
previously (Lu and Ge, 2008; Lu et al., 2012; Xu et al., 2009). Briefly, for TRUST MRI data
(Figure 2B), after motion correction and pair-wise subtraction between control and labeled
images, a preliminary region-of-interest (ROI) was manually drawn to include the superior
sagittal sinus. To further define the venous voxels, four voxels with the highest signals in the
difference images in the ROI were chosen as the final mask for spatial averaging. The
venous blood signals were then fitted to a monoexponential function to obtain T,. The T,
was in turn converted to Y\, via a calibration plot obtained by in vitro blood experiments
under controlled oxygenation, temperature, and Hct conditions (Lu et al., 2012).

For each PC MRI data (Figure 2D), a ROl was manually drawn on the targeted artery based
on the complex difference image. The operator was instructed to trace the boundary of the
targeted artery without including adjacent vessels. The phase signals, i.e. velocity values,
within the mask were summed to yield the blood flow of each artery. The sum of flow in all
four arteries then yielded the total CBF to the brain (in ml/min) without accounting for brain
volume. To obtain unit volume CBF values, the total flow was normalized to the
parenchyma volume (i.e. gray matter + white matter), which was obtained from tissue
segmentation (FSL software, FMRIB Software Library, Oxford University, UK) of the high-
resolution T1 image. Finally, the CBF value was divided by the tissue density of 1.06 g/ml
(Herscovitch and Raichle, 1985), resulting in CBF in units of ml/100 g/min. CMRO, was
calculated from Y, Y,, CBF, and Hct using Eq. [1].

For statistical analysis, the physiological parameters (i.e. CMRO,, CBF, Y, and OEF)
measured under baseline (first time point) were compared to those at last time point using a
mixed-effect model that utilizes both caffeine and control group data. This model
investigates parametric changes over time within each group as well as the differences of the
rate of changes between groups. By assuming that the caffeine-induced changes are linear
with time, the analyses were repeated using all time points. Difference between caffeine and
control groups was tested using two-sample t test. A Bonferroni corrected p < 0.05 is
considered a significant effect.
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Study 2: Regional heterogeneity of the caffeine effect on CBF

Results
Study 1

Experimental procedures—Ten healthy subjects (27+3 years old, range from 23 to 30,
4 males and 6 females) participated in this Study. The procedures were identical to the
caffeine ingestion experiment in Study 1 except that the MRI pulse sequence used was a
pseudo-continuous ASL (PCASL) sequence (Figure 1).

The PCASL pulse sequence used 3D GRASE acquisition with voxel size = 4 x 4 x 5mm3,
shot TR = 3803ms, SENSE factor = 1.5/1.1 (RL/AP), four shots, volume TR=15 sec.
Labeling parameters were: label duration (t) = 1650ms, label delay = 1525ms, with
background suppression. PCASL was continuously performed for 80 pairs of labeled and
control images, resulting in a total PCASL scan duration of ~40 min.

Data analysis—The PCASL data were processed using in-house MATLAB (Mathworks,
Natick, MA) scripts and the software SPM8 (University College London, UK). The
processing steps included realignment, subtraction between each pair of control and labeled
scans to obtain CBF weighted images, normalization of the images into MNI standard space,
and quantification of CBF using a single compartment kinetic model (Alsop et al., 2014). By
averaging two consecutive CBF maps to improve reliability, this dataset results in 40
dynamic CBF maps at 1 min temporal resolution.

Region-of-interest (ROI) analysis was conducted to compare the slower or faster CBF
reduction (with time) between grey and white matter. A T;-weighted high-resolution image
was segmented using FSL (FSL software, FMRIB Software Library, Oxford, UK) to
generate grey and white tissue masks for each individual, which were applied to the
corresponding CBF maps to obtain CBF of each tissue type. Regression analysis was
performed between CBF and time to compute a rate of reduction in % per minute. A paired
Student t test was performed to compare the rate between grey and white matter.

Voxel-wise analysis was conducted to examine whether certain parts of the brain show
faster or slower rate of CBF reduction than others. Only grey matter voxels were studied in
this analysis because voxel-wise CBF value in the white matter is deemed unreliable. For
each voxel inside the grey matter mask, we normalized its CBF value by the global grey
matter CBF of the same time point, thereby factoring out the global CBF effect and
providing a relative CBF (rCBF) map at each time point. We then conducted a voxel-by-
voxel mixed-effect analysis, in which rCBF was the dependent variable while time was the
fixed-effect independent variable and subject was the random-effect independent variable.
Voxels with a positive (i.e. rCBF increases with time) or negative (i.e. rCBF decreases with
time) time dependence were identified using a family-wise error (FWE) controlled p value
less than 0.005 and cluster size larger than 100 voxels.

Figures 2B and D show representative images from the TRUST and PC MRI scans,
respectively. No difference was found between the caffeine and control groups for CMRO,,
CBF or OEF at baseline (at the first time point, Table 1) using two-sample t test (p>0.05 for
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all variables). Other baseline parameters such as Y, and Hct were also comparable between
the two groups. Y, were 98.6+0.4 % and 98.5+0.3 % (p=0.88) for the caffeine and control
groups, respectively. Hct were 42.2+1.0% and 39.9+1.5% (p=0.23), respectively.

Ingestion of caffeine tablet increased blood caffeine concentration. The blood test showed
that caffeine concentration was 2.0+1.3mg/L at 1-hour after ingestion, consistent with
expected values at this dosage (Kamimori et al., 2002). Table 1 shows the values of
CMRO,, CBF, Y,, and OEF at the first (7 min after taking caffeine tablet) and last (~40 min
after taking caffeine tablet) time points of the MRI session. The control group data are also
shown. Mixed-effect analysis using both caffeine and control data revealed a significant
time x group interaction for CBF (p<0.001), Y, (p=0.002), and OEF (p=0.002), but not for
CMRO; (p=0.99). For the caffeine group, global CBF decreased by 16.4% while OEF
increased by 18.6%. Therefore, collectively, global CMRO, was found to be unchanged.

Time courses of all nine points are shown in Figure 3. All parameters have been normalized
to their respective first time point. It can be seen that global CBF, Y, and OEF were
significantly altered by caffeine ingestion (Figure 3, red curves) while no changes were
present in the control group (Figure 3, black curves). Under the assumption that the changes
are linear with time, mixed-effect analysis was performed. The results revealed a significant
time x group interaction for CBF (p<0.001), Y, (p<0.001), and OEF (p<0.001), but not for
CMRO; (p=0.94), similar to the two-point analysis results.

Figures 4A and B show absolute CBF maps (averaged over 10 subjects) during the first and
last minute of the ASL scan, respectively. It can be seen that CBF manifested a reduction
across the entire brain. The rate of CBF decrease (in ml/min/100g per minute) is shown in
Figure 4C. ROI analysis revealed that, in the grey matter, the rate of CBF reduction was
0.29+0.03 ml/min/100g per minute in absolute units and 0.50£0.05% per minute when using
percentage units. In the white matter, the rate was 0.23+£0.03 ml/min/100g per minute in
absolute units and 0.58+0.07% per minute in percentage units. The white matter had a
slightly faster rate of decline (in percentage units) compared to the gray matter, but this
difference did not reach a significant level (p=0.09, two-tailed paired t test).

Voxel-wise analysis of the relationship between rCBF (normalized to the whole-brain grey
matter CBF) and time revealed that some brain regions showed a significant time-dependent
increase in rCBF (Figure 5A) while other regions showed a decrease (Figure 5B). As
mentioned, a positive rCBF slope means that absolute CBF in these regions decreased
slower than the whole-brain value. A negative rCBF slope means that absolute CBF
decreased faster than the whole-brain value. Table 2 lists the anatomical locations of these
clusters. It can be seen that the positive clusters (Figure 5A) are largely distributed in the
posterior regions including nodes of the default-mode-network (DMN) such as posterior
cingulate cortex and superior temporal region. In contrast, the negative clusters (Figure 5B)
are mainly located in the anterior regions such as the dorsolateral prefrontal cortex and
medial frontal cortex.
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Discussion

The present study investigated the effect of acute caffeine ingestion on several physiological
parameters including CBF, Y,, OEF, and CMRO>. Our data suggest that, following 200mg
caffeine ingestion, whole-brain CBF decreased substantially while CMRO, did not show a
change. As a result, the brain had to increase its OEF to obtain the same amount of total
oxygen. The control group showed no effect of time on any of the four parameters,
suggesting that the changes observed in the caffeine ingestion data were not due to subject
becoming drowsy after being inside the MRI for a while. A further investigation using
regional CBF measurement revealed that there exists some regional heterogeneity in the rate
of decline. Specifically, posterior brain regions including posterior cingulate cortex and
superior temporal region showed a slower CBF decline compared to anterior brain regions
such as the dorsolateral prefrontal cortex and medial frontal cortex. Collectively, these data
suggest that acute caffeine ingestion does not alter total brain oxygen consumption, but there
could be regional heterogeneity in neural and/or vascular responses.

Physiological considerations

Pharmacologic effects of caffeine on the brain are numerous. Aside from the most well-
known role of adenosine antagonist, this drug also has profound effects on several other
neurotransmission systems including dopamine, acetylcholine, serotonin, norepinephrine,
and GABA (Ferre, 2010; Fredholm et al., 1999; Nehlig et al., 1992). Its action on the
adenosine system can be further divided based on subtypes of adenosine receptors and their
distributions in the brain. An additional component of the complexity is that caffeine also
has a strong constriction effect on vasculature itself (Chen and Parrish, 2009; Griffeth et al.,
2011; Laurienti et al., 2002; Liu et al., 2004), thereby complicating the interpretation of
vascular-based functional brain imaging results. Therefore, the exact effect of caffeine
ingestion on the human brain is not fully elucidated to date and existing reports in the
literature are discrepant with respect to one another. Based on the notion that adenosine is an
inhibitory neuromodulator, the blockage of this effect by caffeine should therefore enhance
neural activity. However, studies using electroencephalogram (EEG),
magnetoencephalogram (MEG), and functional connectivity MRI have revealed a decrease
in neural activity (Dimpfel et al., 1993; Siepmann and Kirch, 2002; Tal et al., 2013; Wong et
al., 2012). Since neural activity is tightly coupled to energy consumption, brain metabolic
rate would provide a useful surrogate marker of brain activity. Unfortunately, the vast
majority of PET studies of caffeine only measured relative but not absolute values of
metabolic rate of glucose, due to the absence of arterial sampling data (Di et al., 2013; Park
et al., 2014; Specterman et al., 2005). Thus, the effect of caffeine ingestion on absolute
metabolic rate could not be addressed in those studies.

The present study provided important evidence that whole-brain CMRO, did not change
after caffeine, despite pronounced alterations in CBF and OEF. This is not congruent with
the previous findings using EEG and MEG techniques (Dimpfel et al., 1993; Siepmann and
Kirch, 2002; Tal et al., 2013). One possibility is that EEG and MEG reflect the synchrony of
synaptic neural potentials, which could be different from the total energy expenditure of the
brain that includes not only synaptic potentials but also action potentials and basal cellular
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processes (Attwell and Laughlin, 2001). Another possibility is that there may be regional
heterogeneities in caffeine response and that enhancement in some regions or suppression in
others may result in an unchanged whole-brain metabolic rate.

Our second study examined regional changes in CBF, in reference to whole-brain CBF
changes. We found that different brain regions manifested different rates of CBF reduction.
Most notably, posterior brain regions such as posterior cingulate cortex and superior
temporal region showed an increase in rCBF, i.e. absolute CBF value declines at a rate
slower than the whole-brain grey matter (Figure 5). In contrast, anterior regions showed a
decrease in rCBF.

There could be a few possible explanations for these observations. One is that caffeine may
cause a neural enhancement in certain brain regions but suppression in others. Posterior
cingulate cortex and superior temporal region are nodes of the DMN, which have been
postulated to be related to consciousness and self-awareness (Raichle et al., 2001; Vago and
Silbersweig, 2012) that may be associated with the effect of caffeine on vigilance. Other
studies have also suggested that posterior regions may have elevated neural activity due to
caffeine use. For example, a study of chronic caffeine overuse on brain migraine patients
reported increased glucose metabolism in middle temporal gyrus (Di et al., 2013). Griffeth
et al. used calibrated fMRI methods and showed a 20% increase in CMRO; in the visual
cortex (Griffeth et al., 2011). Reduced regional activity has been noted in the literature (Park
et al., 2014). A second possible explanation is that caffeine may have a region-dependent
vascular effect and that the rCBF patterns observed reflect the spatial distribution of the
corresponding adenosine receptors. Vascular effects of caffeine are primarily mediated by
A, adenosine receptors (Pelligrino et al., 2010). Although the distribution of A, receptors
in the brain has recently been examined using PET tracer methods (Mishina et al., 2007), the
signal is expected to originate from both vascular and neuronal receptors. It was found that
posterior regions had a slightly higher PET signal compared to frontal regions (Mishina et
al., 2007). If vascular A, receptors were the primary source for this difference, one would
expect that posterior regions should have a decrease in rCBF and anterior regions should
have an increase. This is not congruent with the regional CBF results observed in the present
study. Nonetheless, heterogeneity in direct vascular effects remains to be a potential
explanation for our CBF findings. A third possibility is that the differences in ASL signal
may reflect heterogeneity in vascular arrival time and their response to caffeine. A multi-
delay ASL sequence can be used to separate the effects of CBF and arrival time changes
(Gallichan and Jezzard, 2009).

The vasoconstriction effect of caffeine is well documented in the literature using PET, MR,
transcranial Doppler, and near infrared spectroscopy techniques (Addicott et al., 2009;
Cameron et al., 1990; Kennedy and Haskell, 2011; Lunt et al., 2000; Lunt et al., 2004;
Mathew and Wilson, 1985). Our findings of a CBF reduction using PC MRI and PCASL
MRI are consistent with these prior reports and the amount of reduction is also within the
expected range (15-25%).
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Technical considerations

The present study used two MRI techniques to examine the effect of acute caffeine ingestion
on brain activity. We first studied the effect of caffeine on whole-brain CMRO,. The
TRUST technique is a relatively new method developed in our laboratory (Lu and Ge, 2008;
Luetal., 2012; Xu et al., 2009) and we have previously shown that it has excellent test-
retest reproducibility (Liu et al., 2013). The fact that it does not require any exogenous
contrast agent allowed this technique to be applied dynamically in the same session, as was
performed in the present study. However, it is important to point out that, in our calculation
of global CMRO,, we used blood flow measured at the global level but blood oxygenation
level measured from the superior sagittal sinus. Superior sagittal sinus is a major vein of the
brain but it drains only the cortical areas. Thus, our calculation is based on the assumption
that Y\, measured in the superior sagittal sinus is a close approximation of the global Y. Our
previous study has shown that Y\, in the sagittal sinus and jugular vein were comparable (Xu
et al., 2009). Thus our assumption is likely valid in young, healthy controls as were
examined in the present study. Nonetheless, it would have been ideal to measure Y, directly
in the jugular veins.

We found that caffeine ingestion did not alter global CMRO,. An unchanged whole-brain
CMRO, does not rule out any regional changes. Unfortunately, regional CMRO, techniques
that can be used dynamically are not yet available. We therefore carried out another study in
which CBF was used as a surrogate marker for metabolism. However, it should be noted that
it is generally difficult to use vascular parameters as a marker to assess metabolic and neural
activity in maneuvers that have a direct vasoactive effect, for example caffeine and

breathing challenges. Therefore, further investigations with more direct measurement of
regional neural/metabolic signal are needed to corroborate our findings.

Conclusion

The present study revealed that, despite a pronounced vascular effect of CBF reduction and
OEF increase, whole-brain CMRO, did not alter significantly following the ingestion of a
200 mg caffeine tablet. However, assessment of regional CBF showed that the rate of its
change was heterogeneous across brain areas, with the posterior regions showing a slower
reduction compared to the anterior regions. These findings suggest that neural and/or
vascular effects of caffeine are region-dependent.
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Study 2: regional CBF
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Figure 1.

Diagram of experimental procedures used in Study 1 and Study 2. Study 1 (left) contained a
group of caffeine ingestion and a group of control participants. Study 2 (right) was
performed on a caffeine ingestion group only as Study 1 already demonstrated that CBF
does not change under the control condition.
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Figure 2.
Slice positioning and representative image data of MRI scans performed for the whole brain

CMRO,, estimation. (A) Imaging planning of T,-Relaxation-Under-Spin-Tagging (TRUST)
MRI for the measurement of global venous oxygenation. Red area: imaging slice. Green
area: labeling slab. (B) Representative control and labeled images from TRUST MRI as well
as their difference. The area containing the superior sagittal sinus is amplified in the red box.
Control and labeled images were acquired at four effective TEs. The plot on the right shows
the difference signal in the superior sagittal sinus as a function of effective TE. (C) Imaging
planning of Phase-Contrast (PC) MRI. The background images are sagittal and coronal
views of the time-of-flight angiogram showing the internal carotid and vertebral arteries.
Four PC MRI scans were performed, each placed perpendicular to a targeted artery. Red
bars: slices intersecting left/right internal carotid arteries at level of foreman magnum where
arteries enter the skull. Green bars: slices intersecting vertebral arteries. They are placed
slightly outside the skull, in order to achieve a perpendicular angle. (D) Representative
complex difference images from PC MRI. For convenience, only the portion that contains
the targeted vessel is shown.
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they are shown in fractions and the first time point does not have an error bar. Red dots are
the data from the caffeine ingestion group (mean+SE), while black dots are data from the
control group. Time point “0” indicates the time of caffeine ingestion for the caffeine group
and the time of the subject entering the scanner for the control group.
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Absolute CBF maps (averaged over 10 subjects, in ml/min2100g) at (A) the first time point
and (B) the last time point of the ASL scan. (C) Rate of absolute CBF change with time (in
ml/100g/min per minute. The rate was calculated with a voxel-wise mixed linear model

using data from all 10 subjects.
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Voxels with a time-dependent change in relative CBF (rCBF). rCBF was calculated by
dividing the individual voxel’s absolute CBF value by the whole-brain averaged value of the
same time point. (A) Regions in which rCBF increases with time, suggesting a slower rate of
CBF reduction compared to the global CBF. (B) Regions in which rCBF decreases with
time, suggesting a faster rate of CBF reduction compared to the global CBF. Thresholds:
p<0.005 and cluster size>100. The maps are shown in axial glass (left), rendered (middle)

and sectional (right) views.
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Table 1

Physiological parameters at the first time point (i.e. ~7 min after caffeine ingestion) and the last time point (i.e.
~40 min after caffeine ingestion) of the MRI session. Values are listed in mean + standard error.

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Condition CMRO; (umol/100g/min) | CBF (ml/100g/min) | Y, (%) | OEF (%)
Caffeine ingestion group
The first time point 164.0+7.4 57.8+2.0 62.8+1.7 | 36.3+1.8
The last (91) time point 162.6+5.4 48.4+1.5 56.1+1.6 | 42.8+1.8
Control group
The first time point 167.6+6.5 58.1+2.7 59.8+1.3 | 39.3+x14
The last (9t) time point 166.7+6.2 58.0+2.8 59.642.1 | 39.5+2.1
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