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ABSTRACT 

THE EFFECTS OF CAFFEINE AND CAFFEINE WITHDRAWAL ON MEASURES 
OF MOOD, COGNITION, AND FUNCTIONAL MAGNETIC RESONANCE 
IMAGING 
 
Dissertation under the direction of Paul J. Laurienti, M.D., Ph.D., Associate Professor of 
Radiology 
 
 Caffeine is a widely used neurostimulant that exerts its effects by antagonizing 

adenosine receptors in a competitive fashion. Caffeine has been considered to have net 

benefits on mood, reaction time, and cognitive performance. However, chronic caffeine 

use can result in tolerance to some of its stimulant effects and symptoms of withdrawal, 

such as headache and fatigue, which can appear after 12 hours of abstinence. The reversal 

of the negative withdrawal effects in chronic caffeine users has been proposed to 

outweigh any net benefits of caffeine. The acute effects of caffeine were investigated 

among moderate habitual caffeine consumers in an abstained state following 30 hours of 

caffeine abstinence, and in a normal caffeinated state following normal caffeine use. It 

was hypothesized that the effects of caffeine on measures of mood, cognition, and 

functional imaging would be greater in an abstained state than in a normal caffeinated 

state. 

 Caffeine research frequently relies on self-report measures of caffeine 

consumption in order to quantify levels of chronic exposure. However, the accuracy 

between different self-report methods has not been compared. The first experiment 

compared a retrospective interview and a prospective diary of caffeine use against 

salivary caffeine concentrations obtained during normal caffeine use. It was determined 

that  both  the interview  and the diary  are  valid  methods  of  estimating  actual  caffeine  
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concentrations among individuals who report consuming less than 600 mg/day.  

 Moderate daily caffeine consumers who experienced withdrawal symptoms were 

included in the second experiment. Measures of self-reported mood, choice reaction time, 

selective attention, and memory were obtained on 4 separate days: after the 

administration of caffeine or placebo in an abstained and a normal caffeinated state. 

Withdrawal symptoms were reported in the abstained state, and caffeine had a greater 

positive effect on mood and choice reaction time in the abstained, than in the normal 

state, as hypothesized. However, measures of selective attention and memory were not 

negatively affected by abstention and caffeine improved these measures in both states. 

These results show limited support for the withdrawal reversal hypothesis. 

 Lastly, the effects of caffeine and withdrawal on the blood oxygen level 

dependent (BOLD) signal were investigated using functional imaging.  Since the effects 

of caffeine on the traditional measure of the BOLD response have been inconsistent, time 

course parameters were extracted in an attempt to separate neural and vascular 

influences. Changes in cerebral blood flow, salivary caffeine concentrations, and 

response time to a visual-motor task predicted different parameters of the BOLD 

response using a multivariate regression analysis. Differences between the abstained and 

normal state were not apparent in the time course parameters. However, the results of this 

experiment suggest that these parameters are a sensitive and useful measure for the study 

of psychoactive drugs that have concomitant neural and vascular effects, such as caffeine. 
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CHAPTER I 

 

INTRODUCTION 

 

Merideth A. Addicott and Paul J. Laurienti 
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Caffeine is considered to be the most widely used psychoactive drug. It is found in many 

foods and beverages, such as coffee, tea, soft drinks, energy drinks, chocolate, as well as 

in many analgesics. A recent survey estimated that 87% of Americans consume caffeine 

with an average intake of 193 mg/day, which ranges between 166 mg and 336 mg among 

adults ages 18 to 65 (Frary et al. 2005). Using standardized caffeine content values of 135 

mg/8 oz coffee, 50 mg/8 oz black tea, and 35-55mg/12 oz soft drink (Center for Science 

in the Public Interest web site; www.cspinet.org, published online July 1997), the average 

intake approximately corresponds to either 12 oz of coffee, 1 ½ liters of soft drinks, or 4 

cups of tea. The high incidence of caffeine use is significant because caffeine has both 

acute and chronic effects on a wide range of health concerns, such as blood pressure 

(Lane and Manus 1989; Lovallo et al. 2004), bone loss (Rapuri et al. 2001), pregnancy 

(Devoe et al. 1993; Vik et al. 2003), cerebral blood flow (Jones et al. 2000; Field et al. 

2003), sleep (Drapeau et al. 2006), vigilance (Fine et al. 1994), cognitive performance, 

reaction time, and mood (Loke et al. 1985; Smit and Rogers 2000; Attwood et al. 2007). 

With such a diversity of topics, there are methodological inconsistencies and 

conceptual discrepancies in the literature that warrant further investigation on caffeine. 

The goal of this thesis is to extend our understanding of not only caffeine, but also the 

methods employed in its research. Importantly, is the issue of whether the normal 

caffeinated state, consisting of subjects’ dietary caffeine use, is an appropriate method for 

the study of tolerance and withdrawal. This normal state is a naturalistic observation of 

real-world caffeine use, but can caffeine use be accurately quantified and validated when 

the caffeine content of beverages and individuals’ consumption varies from day to day? 

Secondly, in contrast to the widespread belief that caffeine is a stimulant that improves 
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alertness, some investigators believe that daily habitual caffeine use is maintained by the 

reversal of withdrawal symptoms. Hypothetically, caffeine primarily has a stimulant 

effect following overnight withdrawal, but this has not been directly compared to its 

effects following normal caffeine use. For daily caffeine users, can caffeine stimulate 

mood and performance beyond the normal baseline or does greater consumption merely 

lead to greater physical dependence and more severe withdrawal symptoms? Lastly, 

functional magnetic resonance imaging can provide insights on the effects of caffeine on 

neural activity, independently from self-reported mood and behavioral performance. 

However, this imaging measure is confounded by large global changes in cerebral blood 

flow caused by acute caffeine administration. Despite its well-known neurostimulant 

actions, the effects of caffeine on functional imaging measures may be overwhelmed by 

its vascular actions. But can the neural effects of caffeine be detected after controlling for 

changes in cerebral blood flow? This thesis addresses these questions with a series of 

studies on the validation of normal caffeine use, followed by the effects of caffeine and 

caffeine withdrawal on measures of mood, behavior, and functional magnetic resonance 

imaging. First, a general background on the effects of caffeine is provided, including the 

receptor system with which it interacts and an explanation of basic concepts in functional 

imaging. 

 

1.1 The role of adenosine in the central nervous system 

Caffeine interacts with the adenosine receptor system. Adenosine is an essential 

component of cellular metabolism and is constantly being formed intra- and 

extracellularly (Fredholm et al. 2001). The concentration of free adenosine increases with 
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cellular energy usage. Unlike typical neurotransmitters, adenosine is not contained in 

synaptic vesicles nor released by vesicular exocytosis (Hack and Christie 2003). Instead, 

adenosine flows in and out of the cell via equilibrative transporters (Lloyd et al. 1993) 

and is therefore known as a neuromodulator.  

Adenosine receptors are G-protein coupled receptors and there are four known 

receptors (A1, A2A, A2B, and A3) found throughout the body. In the central nervous 

system, the A1 receptors are widely distributed in the cortex, cerebellum, thalamus, and 

hippocampus both pre- and postsynaptically. At A1 receptors, adenosine inhibits adenylyl 

cyclase, activates K+ and inactivates Ca+ channels, thereby hyperpolarizing the neuron 

and reducing its firing rate (Greene and Haas 1991). Conversely, the neural A2 receptors 

are found primarily in the striatum and adenosine binding produces a stimulant effect by 

increasing adenosine 3’, 5’-cyclic monophosphate (cAMP). The striatum, consisting of 

the caudate nucleus, putamen, nucleus accumbens, and olfactory tubercle, plays an 

integral role in motor planning, reward seeking, and learning. Here, the A1 and the A2A 

receptors are co-localized with dopamine D1 and D2 receptors, respectively, on 

GABAergic neurons where adenosine antagonizes, or blocks, dopamine binding (Ferre et 

al. 1997; Okada et al. 1997; Ferre 2008). This decreases locomotor activity (Heffner et al. 

1989). Adenosine may also be an endogenous sleep factor and mediate sleepiness 

following sleep deprivation; concentrations of adenosine are greater during the wake 

cycle than the sleep cycle, and concentrations increase with prolonged wakefulness. The 

sleep-promoting effects of adenosine in the cholinergic basal forebrain are believed to be 

mediated by A1 receptors, although A2A receptors have also been implicated in the 

ventrolateral preoptic area (for review, see Basheer et al. 2004). In addition, A2 receptors 
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are also located on cerebrovascular smooth muscle where adenosine causes vasodilation 

primarily via A2A receptors (Phillis 2004). The A2B receptor is found in low levels 

throughout the brain and on blood vessels, but is thought to only be activated by 

pathologically high concentrations of adenosine (Fredholm et al. 2001). The role and 

location of A3 receptors are not well understood. A hypothetical role for adenosine in the 

central nervous system is to decrease neuronal firing during an ischemic event to prevent 

excitotoxicity, as well as to increase local cerebral blood flow (CBF) to improve oxygen 

delivery and help eliminate toxic by-products (Rudolphi et al. 1992; Ralevic and 

Burnstock 1998).  

 

1.2 The effects of caffeine in the central nervous system 

Caffeine (1,3,7-trimethylxanthine) is a naturally occurring plant alkaloid in a 

family of xanthines that also includes theobromine and theophylline; all three are present 

in coffee, tea, and cocoa (Blauch and Tarka 1983). In addition, paraxanthine, 

theobromine, and theophylline are metabolites of caffeine and have similar effects in the 

central nervous system (Daly et al. 1983), but do not cross the blood brain barrier as 

easily as caffeine (Liu et al. 2005). Caffeine is the principal drug of interest, but potential 

effects of its metabolites during in vivo experiments cannot be excluded. Caffeine reaches 

peak absorption though the gastrointestinal tract between 40 and 70 minutes after 

ingestion (Liguori et al. 1997); its main mechanism of action is the competitive 

antagonism of adenosine receptors, primarily the A1 and A2A receptors. The binding 

affinity for caffeine is 12 µM to A1 receptors and 2.4 µM to A2A receptors (Hack and 

Christie 2003). Caffeine is a neurostimulant, and indirectly facilitates neural activity by 
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increasing energy metabolism (Nehlig et al. 1984), increasing excitatory postsynaptic 

potentials, and by decreasing resting membrane potentials (Greene et al. 1985). Both 

acute and chronic caffeine administration increase plasma adenosine concentrations, and 

adenosine concentrations are lower than normal following withdrawal from chronic 

caffeine administration (Conley et al. 1997). This could affect caffeine binding 

differently in a withdrawn state compared to a normal caffeinated state. For instance, 

during withdrawal, caffeine concentrations could outweigh adenosine concentrations 

resulting in more caffeine binding and a large stimulant effect. Whereas in the normal 

caffeinated state, the increased adenosine concentrations produce more competition with 

caffeine for receptor binding, therefore the stimulant effects of caffeine could be 

diminished by repeated dosing. Caffeine also modulates D2 receptor-mediated GABA 

release in the globus pallidus (Schwarzschild et al. 2006) and increases levels of 

dopamine in the striatum (Okada et al. 1997). This mechanism of action has been 

implicated in the locomotor stimulating effects of caffeine (Garrett and Holtzman 1994). 

Although it increases extracellular dopamine, caffeine is a modest reinforcer and is not 

considered to have addiction liability (Griffiths and Woodson 1988). Other neural effects 

of caffeine include the release of intracellular Ca++ via ryanodine receptors and the 

inhibition of cyclic nucleotide phosphodiesterases, although these effects occur at 

millimolar concentrations, which are much greater than concentrations reached by human 

caffeine consumption (Fredholm 1995). In addition to its neural effects, caffeine is a 

potent vasoconstrictor; by antagonizing the A2A receptors located on the vascular smooth 

muscle, caffeine reduces CBF. A 250 mg dose can reduce global CBF by 20-30% 

(Cameron et al. 1990; Addicott et al. 2009). 
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1.3 The development of tolerance to caffeine 

Tolerance is a decreased initial effect of a drug with a dose that has been 

chronically administered, or the same initial effect at a higher dose. Tolerance to the 

effects of caffeine on blood pressure, heart rate, and subjective reports of stimulation has 

been demonstrated within a week of chronic caffeine use (Robertson et al. 1981; Denaro 

et al. 1991; James 1998). The mechanism believed to underlie the development of 

tolerance to caffeine in the central nervous system is adenosine receptor upregulation 

(e.g. increase in receptor number) (Fredholm 1982; Ramkumar et al. 1988; Shi et al. 

1993; Johansson et al. 1997), although sensitization (e.g. conversion to high affinity state) 

has also been reported (Ramkumar et al. 1988). Other studies have shown no change in 

adenosine receptor number or affinity, despite the development of tolerance to the 

locomotor stimulant effects of caffeine (Holtzman et al. 1991), suggesting downstream 

adaptations, like changes in dopamine receptors (Powell et al. 2001). Studies on caffeine 

tolerance have debated whether partial or complete tolerance develops (Robertson et al. 

1981; Watson et al. 2002; Lovallo et al. 2004). Partial tolerance can be overcome with 

larger doses of caffeine, while complete tolerance cannot be overcome. The outcomes of 

these studies have implications for behavior and health. For example, caffeine raises 

blood pressure by increasing peripheral vascular resistance (Farag et al. 2005). There is 

concern that these pressor effects of caffeine could be a risk factor for cardiovascular 

health (especially if there is pre-existing hypertension) unless the development of 

tolerance diminishes these effects (James 2004). 
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1.3.1 Methodologies used to study tolerance to caffeine 

Appropriate methodologies to invoke and study tolerance are vital, but there have 

been methodological inconsistencies in caffeine research. One method has been 

controlled-dose studies, in which participants abstain from dietary caffeine use and 

instead ingest study-prescribed capsules of controlled caffeine doses. For instance, one 

study conducted a crossover trial in which subjects were maintained on placebo for one 

week, then 300 mg/day for a week, then 600 mg/day for another week (Lovallo et al. 

2004). The advantages of this method are that investigators know the exact amount and 

duration of caffeine use, and can compare the effects of different doses within the same 

subject sample. The primary drawback of this method is there may be unique 

physiological features of an individual's normal caffeine use that are not preserved by a 

controlled-dose trial. Caffeine use is not one size fits all. The subject sample in the above 

example consumed a wide range of caffeine on their own, between 50 and 700 mg/day 

(Lovallo et al. 2004). People self-select their own use level, for a variety of reasons. The 

naturally low consumers (50 mg/day) may never elect to drink as much as 600 mg/day, 

and high consumers may never elect to forgo caffeine entirely. Different levels of 

habitual caffeine use have been associated with genetic polymorphisms of the A2A 

receptor (Cornelis et al. 2007), and this may be related to an individual’s sensitivity to the 

negative side effects of caffeine, such as anxiety (Alsene et al. 2003). Hypothetically, 

individuals will self-select an amount of caffeine that will maximize its positive effects 

(i.e. alertness) and minimize its negative effects (i.e. anxiety). In addition, personality 

traits may also influence caffeine use; evening type personalities have been shown to 

consume more caffeine than morning types (Adan 1994), and extroversion and sensation-
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seeking traits have also been positively associated with daily caffeine use (Landrum 

1992; Jones and Lejuez 2005). Clearly, a controlled-dose study without regard for normal 

habits could overlook traits that predispose an individual towards caffeine use and 

dependence. Another disadvantage of controlled-dose studies is that caffeine must be 

administered long enough for tolerance to develop, usually for a period of several days to 

a week, and compliance must be monitored. This increases the length of time participants 

must remain in the study, which could compromise feasibility and increase attrition. 

Alternatively, tolerance and habitual caffeine use can be studied while 

participants consume their normal daily amounts of caffeine. The advantage of this 

method is that it is a more naturalistic and accurate representation of real-world caffeine 

use, and could help differentiate individuals with high and low sensitivities to caffeine 

and their respective risks for developing dependence. Additionally, acute stimulant 

effects of caffeine can be characterized among non-users. Quantification of normal 

caffeine use may also provide a more robust retrospective model of the effects of long-

term chronic caffeine exposure on health, as there may be ethical reservations about 

maintaining individuals on high daily doses of caffeine longer than necessary to study 

tolerance (Nawrot et al. 2003). The disadvantages of this method include limitations of 

self-report reliability. The most economical and efficient characterization of normal 

caffeine use consists of an individual’s self-reported behavior. Self-reports may be 

retrospective interviews, which can suffer from memory or estimation errors, or 

prospective diaries that could inadvertently record atypical use. Another problem is that 

people do not consume the same caffeinated foods and beverages, or the same amount of 

those items, every day. Even if they did, caffeine concentrations of coffee and tea can 
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vary considerably depending on brewing strength and duration (Bracken et al. 2002). 

While there is standardized caffeine content information available (Bunker and 

McWilliams 1979; Barone and Roberts 1996), manufacturers and cultural trends may 

sway caffeine contents of popular foods, making some standardized content information 

outdated (Bracken et al. 2002). However, self-reported caffeine use can be validated with 

physiological caffeine concentrations (Lelo et al. 1986; James et al. 1989), and if there 

are individual characteristics that interact with caffeine use levels, then those caffeine use 

categories need rigorous and accurate estimation based on natural caffeine consumption 

behavior. Even for controlled-dose studies, there is an advantage to quantifying normal 

caffeine use in order to investigate, or control for, individual differences.  

 

1.4 Caffeine reinforcement 

Given its popularity, caffeine may be expected to have reinforcing properties that 

contribute to its frequent and widespread use. One measure of reinforcing efficacy is the 

amount of drug that animals will freely self-administer or consume. Self-administration 

studies using rodents and primates have shown little support for the reinforcing efficacy 

of caffeine (for review, see Griffiths and Woodson 1988a). In drug-naïve rats, the rate of 

caffeine administration has been shown to be much lower than the rate of administration 

for other drugs of abuse, such as cocaine and methylphenidate (Dworkin et al. 1993). 

Other measures of reinforcement are conditioned place or taste preference, in which 

subjects choose a location or flavored vehicle that has been paired with a drug over an 

alternative location or flavor. Low doses of caffeine (1.5 – 3.0 mg/kg) have been shown 

to produce conditioned place and taste preference (Brockwell et al. 1991; Patkina and 
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Zvartau 1998), while high doses (30 mg/kg) produce place and taste aversion (Brockwell 

et al. 1991). In humans, the reinforcing properties of drugs may be inferred by subjective 

ratings of drug liking, but a more direct measure includes the forced exposure/free choice 

procedure in which subjects experience the effects of 2 unknown drugs, then choose to 

self-administer one or the other. In an early study, 5 out of 12 subjects chose a capsule 

containing caffeine significantly more than placebo (Griffiths and Woodson 1988b). This, 

taken with the results of animal studies, provides little evidence for the reinforcing 

efficacy of caffeine and does not account for why an estimated 87% of the American 

population consumes caffeine (Frary et al. 2005). The flavor of caffeinated beverages 

could play a role, since decaffeinated coffee will not extinguish coffee drinking (Griffiths 

et al. 1986), or perhaps there are situations in which caffeine has stronger reinforcement 

efficacy. For example, in another free choice study, 6 out of 6 subjects always chose the 

capsule containing caffeine on days in which a vigilance task was later scheduled 

(Silverman et al. 1994). Other studies have investigated the reinforcing properties of 

caffeine during a state of caffeine withdrawal. One study showed that moderate daily 

consumers chose caffeine capsules on 80% of choice occasions following overnight 

abstinence (Evans et al. 1994). Similarly, others have reported a flavor preference for a 

caffeinated drink (Yeomans et al. 1998) and a greater intake of a beverage previously 

paired with caffeine (Rogers et al. 2003) among overnight withdrawn consumers. Taken 

together, these studies suggest that perhaps caffeine is initially consumed to improve or 

maintain alertness and vigilance, maybe to combat drowsiness or fatigue, but once daily 

habitual caffeine use has been established caffeine has greater reinforcement efficacy in a 

situation where subjects are experiencing caffeine withdrawal. 
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1.5 Caffeine dependence and withdrawal 

Substance dependence can be characterized by tolerance, withdrawal symptoms, 

using more drug than intended or unsuccessful attempts to limit use, a considerable 

amount of time spent on the drug and its interference with other obligations, and the 

continuation of drug use despite problems associated with its use (DSM-IV-TR, 

American Psychiatric Association). Many caffeine consumers self-endorse dependence-

like symptoms and behaviors regarding their caffeine use (Hughes et al. 1998) and some 

meet the criteria for substance dependence (Strain et al. 1994). Withdrawal symptoms are 

an indication that physical dependence has developed to caffeine. Withdrawal from 

caffeine begins 12-24 hours after cessation of use, peaks between 20-51 hours, and can 

last between 2 and 9 days (Juliano and Griffiths 2004). Symptoms include headache, 

fatigue, sleepiness, and decreases in alertness, energy, and the ability to concentrate 

(Juliano and Griffiths 2004). There is a growing belief among caffeine researchers that 

relief of withdrawal symptoms motivates and maintains daily caffeine use. 

 

1.5.1 Withdrawal reversal versus net benefits 

A conceptual discrepancy regarding the effects of caffeine is the idea of 

“withdrawal reversal” versus “net benefits”.  Briefly, “net benefits” suggests that caffeine 

has mild psychostimulant effects that improve mood, alertness, reaction time and 

vigilance; while “withdrawal reversal” advocates that these effects are mostly due to the 

reversal of withdrawal symptoms; among habitual consumers, caffeine primarily restores 

mood and performance that have been degraded by withdrawal to a normal baseline. The 

more traditional view is that caffeine has net benefits, stemming from early studies 
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showing that caffeine maintained mood by delaying boredom and fatigue; however, only 

small, inconsistent effects were shown on reaction time (Weiss and Laties 1962). 

Increasingly, evidence suggested that caffeine benefited mood and performance, although 

many studies had conflicting results possibly due to differing methodologies and subject 

samples. As noted by Lieberman et al., not all studies employed a pre-test caffeine 

washout period, typical of placebo-controlled studies (Lieberman et al. 1987). This 

washout period became a common practice in many studies, to avoid confounding due to 

pre-existing drug concentrations (e.g. Lieberman et al. 1987; Foreman et al. 1989; Fine et 

al. 1994).  

The withdrawal reversal hypothesis has stemmed from an increasing awareness 

and understanding of the role of dependence and withdrawal. Forty years ago, it was 

believed that “caffeine does not produce physical dependence,” and “withdrawal in 

habitual coffee drinkers seems mainly to lead to an increased incidence of headaches for 

a day or two” (Weiss and Laties 1962). But in the same review article, the question was 

raised of whether caffeine can improve performance beyond an individual’s capacity in a 

drug-free state, or if it merely alleviates fatigue and reinstates optimal performance 

(Weiss and Laties 1962). This is similar to a hypothesis describing an inverted “U” 

shaped relationship between arousal and cognitive performance; both under-arousal and 

over-arousal are associated with suboptimal performance (Duffy 1957), and caffeine 

could increase arousal and improve performance when individuals are fatigued or bored 

(or under-aroused for reasons other than withdrawal) (Revelle et al. 1980). While these 

psychological concepts foreshadowed withdrawal reversal, research continued on the 

pharmacology of caffeine use. By the 1980’s, caffeine dependence had been documented, 
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and fatigue and anxiety had also been identified as withdrawal symptoms (Wells 1984; 

Griffiths and Woodson 1988a). Moreover, the belief that relief from withdrawal could 

motivate caffeine use (Benowitz 1990) or that caffeine dependence could potentiate the 

reinforcing effects of caffeine, was established (Goldstein et al. 1969; Griffiths and 

Woodson 1988a), based on studies showing that heavy caffeine consumers displayed 

subjective preference to caffeinated coffee (as opposed to de-caffeineated coffee) 

following overnight abstinence (Goldstein et al. 1969; Griffiths et al. 1986). Since the 

1990’s, the physical and subjective symptoms, incidence, time course, and severity of 

caffeine withdrawal have been thoroughly delineated (Juliano and Griffiths 2004). Given 

this new emphasis, James and Rogers (2005) proposed that the net benefits of caffeine 

shown on measures of mood and performance were a fallacy of study designs that did not 

control for withdrawal. They argue that in the majority of previous studies, subjects were 

probably daily caffeine consumers, and measures were obtained before and after caffeine 

administration following overnight abstinence, when many daily consumers will begin 

experiencing withdrawal. In many cases, the stimulant effects are better explained by 

withdrawal reversal (James and Rogers 2005). The proponents of withdrawal reversal 

accede that caffeine may act as a stimulant in non-users (Rogers 2007), but argue that 

“withdrawal effects have been consistently observed for amounts of 70 mg and less;” 

therefore, even a stimulant effect shown in light users could be due to withdrawal 

reversal (James 2005). 

The withdrawal reversal proposal has provoked a controversy among researchers, 

many of whom have found contradictory results. For example, several studies have 

shown no decrements in mood or cognitive performance during withdrawal (Lieberman 
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et al. 1987; Richardson et al. 1995; Phillips-Bute and Lane 1997; Haskell et al. 2005). 

Others have reported positive, stimulant effects in low caffeine users (Alsene et al. 2003; 

Lyvers et al. 2004; Childs and de Wit 2006), and in habitual users in a non-withdrawn 

state (Frewer and Lader 1991; Warburton 1995; Christopher et al. 2005; van Duinen et al. 

2005; Hewlett and Smith 2007), suggesting that the stimulant effects of caffeine can go 

beyond withdrawal reversal. James and Rogers insist that these studies have 

methodological flaws and their own studies have shown an initial, but not an 

accumulative effect of caffeine (Robelin and Rogers 1998; Yeomans et al. 2002; 

Heatherley et al. 2005). But if that is the case, is there any benefit to drinking more than 

our normal amount of caffeine? This question has not yet been answered. 

 In summary, caffeine is a mild neurostimulant that can increase arousal. However, 

tolerance may develop to its stimulant effects during daily use. Many habitual caffeine 

consumers experience withdrawal symptoms, such as fatigue and sleepiness, which can 

begin following overnight abstinence. These symptoms are evidence that physiological 

dependence has occurred, and consuming caffeine maintains for normal function. An 

important question is that, if tolerance has developed to the normal daily dose of caffeine, 

can an acute dose of caffeine still produce a stimulant effect in the normal caffeinated 

state, or only during a period of abstinence when consumers are experiencing withdrawal 

symptoms?  

 

1.6 Functional magnetic resonance imaging 

Recently, the effects of caffeine have been investigated with functional brain 

imaging. Functional imaging is a valuable pharmacological tool to investigate the neural 
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correlates of mood and behavior and could potentially provide an objective measure of 

the effects of caffeine on the brain. Functional magnetic resonance imaging (fMRI) 

indirectly measures neural activity by utilizing intrinsic hemodynamic properties that 

give rise to the blood oxygenation level dependent (BOLD) signal. The BOLD signal is a 

measure of the content of oxygenated hemoglobin in the capillaries that is coupled to a 

local increase in neural activity (Ogawa et al. 1990; Logothetis et al. 2001). The coupling 

was traditionally believed to be driven by the energy demands of the tissue; however, 

recent evidence suggests it is mediated by signaling mechanisms, such as the release of 

adenosine, nitric oxide, K+, and glutamate from active neurons, which then interact with 

the local vasculature and increase regional cerebral blood flow (CBF) (Dirnagl et al. 

1994; Attwell and Iadecola 2002). The increase in CBF is larger than the cerebral 

metabolic rate of oxygen consumption (CMRO2) of the active neurons, resulting in a 

change in the ratio of oxygenated (diamagnetic) to de-oxygenated (paramagnetic) 

hemoglobin, and this response can be detected by the magnetic resonance (MR) scanner. 

Under normal circumstances, the BOLD signal correlates well with dendritic input-driven 

local field potentials in a given brain region (Logothetis et al. 2001). However, the BOLD 

response depends on a complex interaction between CBF, CMRO2, and cerebral blood 

volume, and any neuroactive drug that also affects the CBF has the potential to interfere 

with the coupling between neural activity and the hemodynamic response. This is 

especially true for caffeine, given the role of adenosine in this coupling mechanism 

(Dirnagl et al. 1994; Meno et al. 2005). 

The BOLD-weighted image is traditionally analyzed with a statistical parametric 

map (SPM). During fMRI acquisition, the whole brain image is divided into individual 
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units called voxels, which are usually 3 to 5 mm3 in dimension. The BOLD signal 

acquired in each voxel is then compared with the predicted hemodynamic response 

function (HRF), which is time-locked to a stimulus. The strength of the correlation 

between the HRF and the real data is represented by a t-score. The outcome of this 

analysis is a SPM that is overlaid onto a template brain. Regionally specific events that 

are statistically significant represent a sensory, motor, or cognitive process that occurred 

in the brain as the result of experimental manipulation. The t-score typically signifies the 

amplitude of the BOLD response, and is considered representative of the magnitude of 

neural activity.  

 Another approach to investigating changes in the BOLD signal is to extract its 

time course. When measured as a function of time, the BOLD signal is a waveform 

representing the hemodynamic response to neural activity. This time course can provide 

more detailed information about the BOLD response than traditional SPMs, such as the 

time to peak amplitude, the width at 50% of the peak amplitude, the onset time, and the 

onset slope. These parameters can be interpreted from a neural perspective. There have 

been numerous studies correlating response time with time course parameters from 

regions of the brain integral to task performance, such as the supplementary and primary 

motor areas during a reaction time task (Richter et al. 2000; Formisano et al. 2002). In 

general, the amplitude of the BOLD signal represents cognitive effort, the onset 

represents the start of cognitive processing, and the width represents the duration of 

processing (Yarkoni et al. 2009). Importantly, the correlation with response time does not 

exist in primary sensory cortices, like the visual cortex, where the BOLD response would 

be controlled by the stimulus onset, intensity, and duration.  
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The time course parameters can also be affected by changes in resting CBF. 

Reducing resting CBF by increasing the oxygen content of inspired air will increase the 

amplitude, and decrease the time to peak and width of the BOLD response (and vice 

versa when resting CBF is elevated by increasing the carbon dioxide content of inspired 

air), although the changes in the ratio of oxygen and carbon dioxide are not thought to 

affect neural activity (Cohen et al. 2002). Figure 1.1 illustrates the neural and vascular 

interpretations of changes in the BOLD response. The two waveforms could represent a 

strong, fast response to a simple reaction time task (solid line) compared with a slow, 

weak response to a cognitively challenging task (dashed line). Alternatively, the 

waveforms may represent the response to a stimulus when global CBF is below normal 

(solid line) and above normal (dashed line).  

 

1.6.1 Caffeine and functional magnetic resonance imaging 

  fMRI is an excellent tool for the study of the neural correlates of perception, 

cognition, and behavior in humans because it is accessible, repeatable, and poses minimal 

harm to subjects. However, the sensitivity of the BOLD signal to neural activity is 

relatively low, and researchers are actively trying to develop techniques that will enhance 

this sensitivity. One strategy has been the manipulation of resting CBF and the baseline 

BOLD signal with methylxanthines (Li and Mathews 2002). This has been shown to 

enhance BOLD amplitude and extent of activation in some studies (Morton et al. 2002; 

Mulderink et al. 2002), and the proposed mechanism for this effect is that reducing 

resting CBF also lowers the resting BOLD signal, but the maximal BOLD response to a 

stimulus remains the same, thus producing a greater change (Friston et al. 1990). Another  
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FIGURE 1.1 Hypothetical time courses of the BOLD signal. 

 

 

 

The two hypothetical waveforms, or time courses, of the BOLD response could represent 

either a cognitively fast (solid line) or slow (dashed line) response to a stimulus. 

Alternatively, the time courses may represent the response to a stimulus when global 

CBF is below normal (solid line) and above normal (dashed line). 
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explanation for changes in the BOLD response when resting CBF is below baseline is the 

arteriolar compliance model (Behzadi and Liu 2005).  Basically, this hypothesizes that 

when arterioles are constricted at rest they react faster to neural activity and with a 

greater change in radius, compared to when they are vasodilated at rest. Both of these 

explanations agree with the model shown in Figure 1.1.  

These various vascular explanations encompass changes in CBF and the BOLD 

response caused by hyper- and hypocapnia studies; but do not account for the additional 

neural effects following the administration of caffeine. A study by Laurienti and 

colleagues (2002) investigated the neural and vascular effects of caffeine on the BOLD 

response by dividing their subject sample into low and high daily caffeine consumers. 

After 30 hours of abstinence, caffeine reduced the BOLD response among the low users, 

but slightly increased the BOLD response among the high users (Laurienti et al. 2002). 

The interpretation was that the global vasoconstrictive effects of caffeine outweighed the 

neurostimulant effects in the low users and prevented a maximal BOLD response. 

However, evidence suggests that adenosine A1 receptors upregulate more than A2A 

receptors following chronic caffeine use (Shi and Daly 1999). Therefore, high users have 

potentially more A1 receptors than the low users, yet have a similar concentration of A2A 

receptors. Following 30 hours of abstinence, caffeine acts on the increased number of 

unbound A1 receptors in the high users and this neurostimulation prompts regional 

vasodilation, which overcomes the global vasoconstriction to produce an enhanced 

BOLD response (Laurienti et al. 2002).   

Clearly, there is a lack of consensus regarding caffeine and the BOLD response, 

and some studies have reported no effect at all (Bendlin et al. 2007). The problem is that 
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the relationship between the BOLD signal, CBF, and neural activity is still poorly 

understood, and the relationship between the BOLD signal and CBF is difficult to 

determine using SPMs (Laurienti et al. 2003), which is the method used in the majority of 

the articles reviewed above. Again, it is possible that the BOLD signal time course could 

provide more specific information than SPMs. When Liu and colleagues (2004) analyzed 

the effects of caffeine on the BOLD time course, they attributed their results to a vascular 

effect, without actually investigating the relationship between the BOLD time course and 

CBF, or between the BOLD signal and another indirect measure of neural activity. 

Hypothetically, some parameters, such as time to peak and width, may be preferentially 

influenced by CBF, while other parameters, such as onset, may be indicative of response 

time regardless of changes in CBF.  

 

The following chapters will focus on three issues that are integral to caffeine 

research. First is the utility and validity of self-reported caffeine use. Caffeinated foods 

and beverages are so common in America that identifying and controlling for the amount 

of daily caffeine intake among participants is essential for any study on the chronic or 

acute effects of caffeine. The following chapter will compare different methods of self-

reported caffeine consumption estimates with salivary caffeine concentrations because 

accurate and consistent estimates of daily caffeine use are important for establishing a 

normal caffeinated state. Second is the issue of whether caffeine has net benefits on mood 

and cognitive performance, or if improvements in these measures only occur after the 

first dose of caffeine in the morning and are best explained by withdrawal reversal. This 

chapter compares the effects of caffeine in a normal caffeinated state and in an abstained 
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state (following 30 hours of caffeine withdrawal) to investigate how tolerance and 

withdrawal affect the stimulant actions of caffeine on mood and behavior. Third is the 

issue of determining neural correlates of the behavioral effects of caffeine. fMRI is a 

useful pharmacological tool in human subjects research, however, concurrent neural and 

vascular effects can interfere with the BOLD signal. It is crucial for this line of research 

to be able to separate and identify neural and vascular contributions to the BOLD signal 

in order to accurately interpret the effects of a psychoactive drug on the brain.  



  - 23 - 

 

REFERENCE LIST 

Adan A (1994) Chronotype and personality factors in the daily consumption of alcohol 

and psychostimulants. Addiction 89:455-462. 

Addicott MA, Yang LL, Peiffer AM, Burnett LR, Burdette JH, Chen MY, Hayasaka S, 

Kraft RA, Marldjian JA and Laurienti PJ (2009) The effect of daily caffeine use 

on cerebral blood flow: How much caffeine can we tolerate? Hum Brain Mapp In 

press. 

Alsene K, Deckert J, Sand P and de Wit H (2003) Association between A(2a) receptor 

gene polymorphisms and caffeine-induced anxiety. Neuropsychopharmacology 

28:1694-1702. 

Attwell D and Iadecola C (2002) The neural basis of functional brain imaging signals. 

Trends Neurosci 25:621-625. 

Attwood AS, Higgs S and Terry P (2007) Differential responsiveness to caffeine and 

perceived effects of caffeine in moderate and high regular caffeine consumers. 

Psychopharmacology 190:469-477. 

Barone JJ and Roberts HR (1996) Caffeine consumption. Food Chem Toxicol 34:119-

129. 

Basheer R, Strecker RE, Thakkar MM and McCarley RW (2004) Adenosine and sleep-

wake regulation. Prog Neurobiol 73:379-396. 

Behzadi Y and Liu TT (2005) An arteriolar compliance model of the cerebral blood flow 

response to neural stimulus. Neuroimage 25:1100-1111. 



  - 24 - 

 

Bendlin BB, Trouard TR and Ryan L (2007) Caffeine attenuates practice effects in word 

stem completion as measured by fMRI BOLD signal. Hum Brain Mapp 28:654-

662. 

Benowitz NL (1990) Clinical pharmacology of caffeine. Annu Rev Med 41:277-288. 

Blauch JL and Tarka SM (1983) HPLC determination of caffeine and theobromine in 

coffee, tea, and instant hot cocoa mixes. J Food Sci 48:745-747. 

Bracken MB, Triche E, Grosso L, Hellenbrand K, Belanger K and Leaderer BP (2002) 

Heterogeneity in assessing self-reports of caffeine exposure: Implications for 

studies of health effects. Epidemiology 13:165-171. 

Brockwell NT, Eikelboom R and Beninger RJ (1991) Caffeine-induced place and taste 

conditioning: Production of dose-dependent preference and aversion. Pharm 

Biochem Behav 38:513-517. 

Bunker ML and McWilliams M (1979) Caffeine content of common beverages. J Am 

Diet Assoc 74:28-32. 

Cameron OG, Modell JG and Hariharan M (1990) Caffeine and human cerebral blood 

flow: a positron emission tomography study. Life Sci 47:1141-1146. 

Childs E and de Wit H (2006) Subjective, behavioral, and physiological effects of acute 

caffeine in light, nondependent caffeine users. Psychopharmacology 185:514-523. 

Christopher G, Sutherland D and Smith A (2005) Effects of caffeine in non-withdrawn 

volunteers. Hum Psychopharmacol Clin Exp 20:47-53. 

Cohen ER, Ugurbil K and Kim SG (2002) Effect of basal conditions on the magnitude 

and dynamics of the blood oxygenation level-dependent fMRI response. J Cereb 

Blood Flow Metab 22:1042-1053. 



  - 25 - 

 

Conley LA, Conant JA, deBros F and Wurtman R (1997) Caffeine alters plasma 

adenosine levels. Nature 389:136. 

Cornelis MC, El-Sohemy A and Campos H (2007) Genetic polymorphism of the 

adenosine A(2A) receptor is associated with habitual caffeine consumption. Am J 

Clin Nutr 86:240-244. 

Daly JW, Buttslamb P and Padgett W (1983) Subclasses of adenosine receptors in the 

central nervous-system - Interaction with caffeine and related methylxanthines. 

Cell Mol Neurobiol 3:69-80. 

Denaro CP, Brown CR, Jacob P, 3rd and Benowitz NL (1991) Effects of caffeine with 

repeated dosing. Eur J Clin Pharmacol 40:273-278. 

Devoe LD, Murray C, Youssif A and Arnaud M (1993) Maternal caffeine consumption 

and fetal behavior in normal 3Rd-trimester pregnancy. Am J Obstet Gynecol 

168:1105-1112. 

Dirnagl U, Niwa K, Lindauer U and Villringer A (1994) Coupling of cerebral blood flow 

to neuronal activation: role of adenosine and nitric oxide. Am J Physiol 

267:H296-301. 

Drapeau C, Hamel-Hebert I, Robillard R, Selmaoui B, Filipini D and Carrier J (2006) 

Challenging sleep in aging: the effects of 200 mg of caffeine during the evening 

in young and middle-aged moderate caffeine consumers. J Sleep Res 15:133-141. 

Duffy E (1957) The psychological significance of the concept of arousal or activation. 

Psychol Rev 64:265-275. 



  - 26 - 

 

Dworkin SI, Vrana SL, Broadbent J, and Robinson JH (1993) Comparing the reinforcing 

effects of nicotine, caffeine, methylphenidate and cocaine. Med Chem Res 2:593-

602. 

Evans SM, Critchfield TS and Griffiths RR (1994) Caffeine reinforcement demonstrated 

in a majority of moderate caffeine users. Behav Pharmacol 5:231-238. 

Farag NH, Vincent AS, McKey BS, Whitsett TL and Lovallo WR (2005) Hemodynamic 

mechanisms underlying the incomplete tolerance to caffeine's pressor effects. Am 

J Cardiol 95:1389-1392. 

Ferre S (2008) An update on the mechanisms of the psychostimulant effects of caffeine. J 

Neurochem 105:1067-1079. 

Ferre S, Fredholm BB, Morelli M, Popoli P and Fuxe K (1997) Adenosine-dopamine 

receptor-receptor interactions as an integrative mechanism in the basal ganglia. 

Trends Neurosci 20:482-487. 

Field AS, Laurienti PJ, Yen YF, Burdette JH and Moody DM (2003) Dietary caffeine 

consumption and withdrawal: confounding variables in quantitative cerebral 

perfusion studies? Radiology 227:129-135. 

Fine BJ, Kobrick JL, Lieberman HR, Marlowe B, Riley RH and Tharion WJ (1994) 

Effects of caffeine or diphenhydramine on visual vigilance. Psychopharmacology 

114:233-238. 

Foreman N, Barraclough S, Moore C, Mehta A and Madon M (1989) High doses of 

caffeine impair performance of a numerical version of the Stroop task in men. 

Pharmacol Biochem Behav 32:399-403. 



  - 27 - 

 

Formisano E, Linden DE, Di Salle F, Trojano L, Esposito F, Sack AT, Grossi D, Zanella 

FE and Goebel R (2002) Tracking the mind's image in the brain I: time-resolved 

fMRI during visuospatial mental imagery. Neuron 35:185-194. 

Frary CD, Johnson RK and Wang MQ (2005) Food sources and intakes of caffeine in the 

diets of persons in the United States. J Am Diet Assoc 105:110-113. 

Fredholm BB (1982) Adenosine actions and adenosine receptors after 1 week treatment 

with caffeine. Acta Physiol Scand 115:283-286. 

Fredholm BB (1995) Adenosine receptors in the central nervous system. News Physiol 

Sci 10:122-128. 

Fredholm BB, AP IJ, Jacobson KA, Klotz KN and Linden J (2001) International Union 

of Pharmacology. XXV. Nomenclature and classification of adenosine receptors. 

Pharmacol Rev 53:527-552. 

Frewer LJ and Lader M (1991) The effects of caffeine on two computerized tests of 

attention and vigilance. Hum Psychopharmacol 6:119-128. 

Friston KJ, Frith CD, Liddle PF, Dolan RJ, Lammertsma AA and Frackowiak RSJ (1990) 

The relationship between global and local changes in pet scans. J Cereb Blood 

Flow Metab 10:458-466. 

Garrett BE and Holtzman SG (1994) D1 and D2 dopamine receptor antagonists block 

caffeine-induced stimulation of locomotor activity in rats. Pharmacol Biochem 

Behav 47:89-94. 

Goldstein A, Kaizer S and Whitby O (1969) Psychotropic effects of caffeine in man. IV. 

Quantitative and qualitative differences associated with habituation to coffee. Clin 

Pharmacol Ther 10:489-497. 



  - 28 - 

 

Greene RW and Haas HL (1991) The electrophysiology of adenosine in the mammalian 

central-nervous-system. Prog Neurobiol 36:329-341. 

Greene RW, Haas HL and Hermann A (1985) Effects of caffeine on hippocampal 

pyramidal cells in vitro. Br J Pharmacol 85:163-169. 

Griffiths RR, Bigelow GE and Liebson IA (1986) Human coffee drinking: reinforcing 

and physical dependence producing effects of caffeine. J Pharmacol Exp Ther 

239:416-425. 

Griffiths RR and Woodson PP (1988a) Reinforcing properties of caffeine - Studies in 

humans and laboratory-animals. Pharmacol Biochem Behav 29:419-427. 

Griffiths RR and Woodson PP (1988b) Reinforcing effects of caffeine in humans. J 

Pharmacol Exp Ther 246:21-29. 

Hack SP and Christie MJ (2003) Adaptations in adenosine signaling in drug dependence: 

therapeutic implications. Crit Rev Neurobiol 15:235-274. 

Haskell CF, Kennedy DO, Wesnes KA and Scholey AB (2005) Cognitive and mood 

improvements of caffeine in habitual consumers and habitual non-consumers of 

caffeine. Psychopharmacology 179:813-825. 

Heatherley SV, Hayward RC, Seers HE and Rogers PJ (2005) Cognitive and 

psychomotor performance, mood, and pressor effects of caffeine after 4, 6 and 8 h 

caffeine abstinence. Psychopharmacology (Berl) 178:461-470. 

Heffner TG, Wiley JN, Williams AE, Bruns RF, Coughenour LL and Downs DA (1989) 

Comparison of the behavioral effects of adenosine agonists and dopamine 

antagonists in mice. Psychopharmacology 98:31-37. 



  - 29 - 

 

Hewlett P and Smith A (2007) Effects of repeated doses of caffeine on performance and 

alertness: new data and secondary analyses. Hum Psychopharmacol 22:339-350. 

Holtzman SG, Mante S and Minneman KP (1991) Role of adenosine receptors in caffeine 

tolerance. J Pharmacol Exp Ther 256:62-68. 

Hughes JR, Oliveto AH, Liguori A, Carpenter J and Howard T (1998) Endorsement of 

DSM-IV dependence criteria among caffeine users. Drug Alcohol Depend 52:99-

107. 

James JE (1998) Acute and chronic effects of caffeine on performance, mood, headache, 

and sleep. Neuropsychobiology 38:32-41. 

James JE (2004) Critical review of dietary caffeine and blood pressure: A relationship 

that should be taken more seriously. Psychosom Med 66:63-71. 

James JE (2005) Caffeine-induced enhancement of cognitive performance: Counfounding 

due to reversal of withdrawal effects. Aust J Psychol 57:197-200. 

James JE, Bruce MS, Lader MH and Scott NR (1989) Self-report reliability and 

symptomatology of habitual caffeine consumption. Br J Clin Pharmacol 27:507-

514. 

James JE and Rogers PJ (2005) Effects of caffeine on performance and mood: 

withdrawal reversal is the most plausible explanation. Psychopharmacology 

(Berl) 182:1-8. 

Johansson B, Georgiev V, Lindstrom K and Fredholm BB (1997) A1 and A2A adenosine 

receptors and A1 mRNA in mouse brain: effect of long-term caffeine treatment. 

Brain Res 762:153-164. 



  - 30 - 

 

Jones HA and Lejuez CW (2005) Personality correlates of caffeine dependence: the role 

of sensation seeking, impulsivity, and risk taking. Exp Clin Psychopharmacol 

13:259-266. 

Jones HE, Herning RI, Cadet JL and Griffiths RR (2000) Caffeine withdrawal increases 

cerebral blood flow velocity and alters quantitative electroencephalography 

(EEG) activity. Psychopharmacology 147:371-377. 

Juliano LM and Griffiths RR (2004) A critical review of caffeine withdrawal: empirical 

validation of symptoms and signs, incidence, severity, and associated features. 

Psychopharmacology (Berl) 176:1-29. 

Landrum RE (1992) College students' use of caffeine and its relationship to personality. 

Coll Stud J 26:151-155. 

Lane JD and Manus DC (1989) Persistent cardiovascular effects with repeated caffeine 

administration. Psychosom Med 51:373-380. 

Laurienti PJ, Field AS, Burdette JH, Maldjian JA, Yen YF and Moody DM (2002) 

Dietary caffeine consumption modulates fMRI measures. Neuroimage 17:751-

757. 

Laurienti PJ, Field AS, Burdette JH, Maldjian JA, Yen YF and Moody DM (2003) 

Relationship between caffeine-induced changes in resting cerebral perfusion and 

blood oxygenation level-dependent signal. AJNR Am J Neuroradiol 24:1607-

1611. 

Lelo A, Miners JO, Robson R and Birkett DJ (1986) Assessment of caffeine exposure - 

caffeine content of beverages, caffeine intake, and plasma-concentrations of 

methylxanthines. Clin Pharmacol Ther 39:54-59. 



  - 31 - 

 

Li TQ and Mathews VP (2002) How can we make BOLD contrast bolder? Am J 

Neuroradiol 23:507-508. 

Lieberman HR, Wurtman RJ, Emde GG, Roberts C and Coviella IL (1987) The effects of 

low doses of caffeine on human performance and mood. Psychopharmacology 

(Berl) 92:308-312. 

Liguori A, Hughes JR and Grass JA (1997) Absorption and subjective effects of caffeine 

from coffee, cola and capsules. Pharmacol Biochem Behav 58:721-726. 

Liu XR, Smith BJ, Chen CP, Callegari E, Becker SL, Chen X, Cianfrogna J, Doran AC, 

Doran SD, Gibbs JP, Hosea N, Liu JH, Nelson FR, Szewc MA and Van Deusen J 

(2005) Use of a physiologically based pharmacokinetic model to study the time to 

reach brain equilibrium: An experimental analysis of the role of blood-brain 

barrier permeability, plasma protein binding, and brain tissue binding. J 

Pharmacol and Exp Ther 313:1254-1262. 

Lloyd HGE, Lindstrom K and Fredholm BB (1993) Intracellular formation and release of 

adenosine from rat hippocampal slices evoked by electrical-stimulation or energy 

depletion. Neurochem Int 23:173-185. 

Logothetis NK, Pauls J, Augath M, Trinath T and Oeltermann A (2001) 

Neurophysiological investigation of the basis of the fMRI signal. Nature 412:150-

157. 

Loke WH, Hinrichs JV and Ghoneim MM (1985) Caffeine and diazepam: separate and 

combined effects on mood, memory, and psychomotor performance. 

Psychopharmacology 87:344-350. 



  - 32 - 

 

Lovallo WR, Wilson MF, Vincent AS, Sung BH, McKey BS and Whitsett TL (2004) 

Blood pressure response to caffeine shows incomplete tolerance after short-term 

regular consumption. Hypertension 43:760-765. 

Lyvers M, Brooks J and Matica D (2004) Effects of caffeine on cognitive and autonomic 

measures in heavy and light caffeine consumers. Aust J Psychol 56:33-41. 

Meno JR, Nguyen TS, Jensen EM, Alexander West G, Groysman L, Kung DK, Ngai AC, 

Britz GW and Winn HR (2005) Effect of caffeine on cerebral blood flow response 

to somatosensory stimulation. J Cereb Blood Flow Metab 25:775-784. 

Morton DW, Maravilla KR, Meno JR and Winn HR (2002) Systemic theophylline 

augments the blood oxygen level-dependent response to forepaw stimulation in 

rats. Am J Neuroradiol 23:588-593. 

Mulderink TA, Gitelman DR, Mesulam MM and Parrish TB (2002) On the use of 

caffeine as a contrast booster for BOLD fMRI studies. Neuroimage 15:37-44. 

Nawrot P, Jordan S, Eastwood J, Rotstein J, Hugenholtz A and Feeley M (2003) Effects 

of caffeine on human health. Food Addit Contam 20:1-30. 

Nehlig A, Lucignani G, Kadekaro M, Porrino LJ and Sokoloff L (1984) Effects of acute 

administration of caffeine on local cerebral glucose utilization in the rat. Eur J 

Pharmacol 101:91-100. 

Ogawa S, Lee TM, Kay AR and Tank DW (1990) Brain magnetic resonance imaging 

with contrast dependent on blood oxygenation. Proc Natl Acad Sci U S A 

87:9868-9872. 



  - 33 - 

 

Okada M, Kiryu K, Kawata Y, Mizuno K, Wada K, Tasaki H and Kaneko S (1997) 

Determination of the effects of caffeine and carbamazepine on striatal dopamine 

release by in vivo microdialysis. Eur J Pharmacol 321:181-188. 

Patkina NA and Zvartau EE (1998) Caffeine place conditioning in rats: comparison with 

cocaine and ethanol. Eur Neuropsychopharmacol 8:287-291. 

Phillips-Bute BG and Lane JD (1997) Caffeine withdrawal symptoms following brief 

caffeine deprivation. Physiol Behav 63:35-39. 

Phillis JW (2004) Adenosine and adenine nucleotides as regulators of cerebral blood 

flow: roles of acidosis, cell swelling, and KATP channels. Crit Rev Neurobiol 

16:237-270. 

Powell KR, Iuvone PM and Holtzman SG (2001) The role of dopamine in the locomotor 

stimulant effects and tolerance to these effects of caffeine. Pharmacol Biochem 

Behav 69:59-70. 

Ralevic V and Burnstock G (1998) Receptors for purines and pyrimidines. Pharmacol 

Rev 50:413-492. 

Ramkumar V, Bumgarner JR, Jacobson KA and Stiles GL (1988) Multiple components 

of the A1 adenosine receptor-adenylate cyclase system are regulated in rat 

cerebral cortex by chronic caffeine ingestion. J Clin Invest 82:242-247. 

Rapuri PB, Gallagher JC, Kinyamu HK and Ryschon KL (2001) Caffeine intake 

increases the rate of bone loss in elderly women and interacts with vitamin D 

receptor genotypes. Am J Clin Nutr 74:694-700. 



  - 34 - 

 

Revelle W, Humphreys MS, Simon L and Gilliland K (1980) The interactive effect of 

personality, time of day, and caffeine: a test of the arousal model. J Exp Psychol 

Gen 109:1-31. 

Richardson NJ, Rogers PJ, Elliman NA and O'Dell RJ (1995) Mood and performance 

effects of caffeine in relation to acute and chronic caffeine deprivation. Pharmacol 

Biochem Behav 52:313-320. 

Richter W, Somorjai R, Summers R, Jarmasz M, Menon RS, Gati JS, Georgopoulos AP, 

Tegeler C, Ugurbil K and Kim SG (2000) Motor area activity during mental 

rotation studied by time-resolved single-trial fMRI. J Cogn Neurosci 12:310-320. 

Robelin M and Rogers PJ (1998) Mood and psychomotor performance effects of the first, 

but not of subsequent, cup-of-coffee equivalent doses of caffeine consumed after 

overnight caffeine abstinence. Behav Pharmacol 9:611-618. 

Robertson D, Wade D, Workman R, Woosley RL and Oates JA (1981) Tolerance to the 

humoral and hemodynamic effects of caffeine in man. J Clin Invest 67:1111-

1117. 

Rogers PJ, Martin J, Smith C, Heatherley SV and Smit HJ (2003) Absence of reinforcing, 

mood and psychomotor performance effects of caffeine in habitual non-

consumers of caffeine. Psychopharmacology 167:54-62. 

Rogers PJ (2007) Caffeine, mood and mental performance in everyday life. Nutr Bull 

32:84-89. 

Rudolphi KA, Schubert P, Parkinson FE and Fredholm BB (1992) Neuroprotective role 

of adenosine in cerebral-ischemia. Trends Pharmacol Sci 13:439-445. 



  - 35 - 

 

Schwarzschild MA, Agnati L, Fuxe K, Chen JF and Morelli M (2006) Targeting 

adenosine A2A receptors in Parkinson's disease. Trends Neurosci 29:647-654. 

Shi D and Daly JW (1999) Chronic effects of xanthines on levels of central receptors in 

mice. Cell Mol Neurobiol 19:719-732. 

Shi D, Nikodijevic O, Jacobson KA and Daly JW (1993) Chronic caffeine alters the 

density of adenosine, adrenergic, cholinergic, GABA, and serotonin receptors and 

calcium channels in mouse brain. Cell Mol Neurobiol 13:247-261. 

Silverman K, Mumford GK and Griffiths RR (1994) Enhancing caffeine reinforcement 

by behavioral requirements following drug ingestion. Psychopharmacology 

114:424-432. 

Smit HJ and Rogers PJ (2000) Effects of low doses of caffeine on cognitive performance, 

mood and thirst in low and higher caffeine consumers. Psychopharmacology 

152:167-173. 

Strain EC, Mumford GK, Silverman K and Griffiths RR (1994) Caffeine dependence 

syndrome. Evidence from case histories and experimental evaluations. Jama 

272:1043-1048. 

van Duinen H, Lorist MM and Zijdewind I (2005) The effect of caffeine on cognitive 

task performance and motor fatigue. Psychopharmacology 180:539-547. 

Vik T, Bakketeig LS, Trygg KU, Lund-Larsen K and Jacobsen G (2003) High caffeine 

consumption in the third trimester of pregnancy: gender-specific effects on fetal 

growth. Paediatr Perinat Epidemiol 17:324-331. 

Warburton DM (1995) Effects of caffeine on cognition and mood without caffeine 

abstinence. Psychopharmacology (Berl) 119:66-70. 



  - 36 - 

 

Watson J, Deary I and Kerr D (2002) Central and peripheral effects of sustained caffeine 

use: tolerance is incomplete. Br J of Clin Pharmacol 54:400-406. 

Weiss B and Laties VG (1962) Enhancement of human performance by caffeine and the 

amphetamines. Pharmacol Rev 14:1-36. 

Wells SJ (1984) Caffeine -implications of recent research for clinical-practice. Am J 

Orthopsychiatry 54:375-389. 

Yarkoni T, Barch DM, Gray JR, Conturo TE and Braver TS (2009) BOLD correlates of 

trial-by-trial reaction time variability in gray and white matter: a multi-study 

fMRI analysis. PLoS ONE 4:e4257. 

Yeomans MR, Spetch H and Rogers PJ (1998) Conditioned flavor preference negatively 

reinforced by caffeine in human volunteers. Psychopharmacology 137:401-409. 

Yeomans MR, Ripley T, Davies LH, Rusted JM and Rogers PJ (2002) Effects of caffeine 

on performance and mood depend on the level of caffeine abstinence. 

Psychopharmacology (Berl) 164:241-249. 



  - 37 - 

 

CHAPTER II 

 

METHODOLOGICAL CONSIDERATIONS FOR THE QUANTIFICATION OF 

SELF-REPORTED CAFFEINE USE 

 

Merideth A. Addicott, Lucie L. Yang, Ann M. Peiffer, and Paul J. Laurienti 

 

 

 

 

 

 

 

 

 

 

 

The following manuscript has been published by Psychopharmacology, 2009 and is 

printed here with permission. Stylistic variations are due to the requirements of the 

journal. Merideth A. Addicott performed the experiments and prepared the manuscript. 

Dr. Lucie L. Yang performed the experiments. Dr. Ann M. Peiffer performed the 

experiments and acted in an editorial capacity. Dr. Paul J. Laurienti acted in an advisory 

and editorial capacity.  



  - 38 - 

 

Abstract 

Rationale: The field of research regarding the effects of habitual caffeine use is immense 

and frequently utilizes self-report measures of caffeine use. However, various self-report 

measures have different methodologies, and the accuracy of these different methods has 

not been compared. Methods: Self-reported caffeine use was estimated from two methods 

(a retrospective interview of weekly caffeine use and a 7-day prospective diary; n = 79). 

These estimates were then tested against salivary caffeine concentrations in a subset of 

participants (n = 55). Results: The estimates of caffeine use (mg/day) from the interview- 

and diary-based methods correlated with one another (r = 0.77) and with salivary caffeine 

concentrations (r = 0.61 and 0.68, respectively). However, almost half of the subjects 

who reported more than 600 mg/day in the interview reported significantly less caffeine 

use in the diary. Conclusions: Self-report measures of caffeine use are a valid method of 

predicting actual caffeine levels. Estimates of high caffeine use levels may need to be 

corroborated by more than one method. 

 

Keywords: Habitual caffeine use, self-report, methodology, saliva assay 
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2.1 Introduction 

 The field of research regarding the effects of caffeine is immense, both in 

diversity and volume. The systematic study of caffeine depends on efficient and accurate 

assessments of dietary caffeine use to study the effects of both habitual and acute caffeine 

intake. The presence of caffeine in many foods and beverages makes the quantification of 

daily caffeine use difficult, because within every source of caffeine variability exists in 

the amount of caffeine per volume, the total volume in each serving (i.e. cup size), as 

well as the frequency of servings within one day and across multiple days. The brewing 

preparation and duration of coffee and tea will affect caffeine content, but even when 

these conditions are held constant there may be substantial variations in caffeine 

concentration between servings; the actual concentration may differ greatly from 

standardized caffeine contents (Bracken et al., 2002). These factors and others can limit 

the accuracy of caffeine intake estimates. Despite these challenges, daily caffeine use is 

routinely estimated with self-report measures. These measures are either retrospective 

interviews (or pencil-and-paper questionnaires) of past or "typical" caffeine use, or 

prospective diaries in which caffeine use is recorded as it occurs. These two methods of 

self-reported caffeine use have been shown to agree with one another (Lelo et al., 1986; 

Kennedy et al., 1991), and both methods have been shown to correlate with caffeine 

concentrations (James et al., 1988; James et al., 1989). However, the accuracy of 

retrospective reports may be reduced by memory or estimation errors, whereas 

prospective reports may be inadvertently recorded during a period of atypical caffeine 

use. Which method is a better predictor of caffeine concentrations is not known.  

 Another source of variability among investigations of habitual caffeine use is the 
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division of subjects into low, moderate, and high habitual caffeine use groups. Some 

studies have defined high caffeine use as >100 mg/day (Fine et al., 1994), while others 

have defined high caffeine use as >750 mg/day (Winston et al., 2005). Inconsistency in 

these caffeine use boundaries makes interpretation and cross-comparison between studies 

difficult. This lack of consistency in caffeine use levels has been noted before (Wells, 

1984), and yet, to our knowledge, no one has proposed standard categories for caffeine 

use. 

 The aim of this study was to examine the relationship between self-reported 

measures of caffeine use and salivary caffeine concentrations during normal caffeine use, 

in order to identify which self-report method provides the best estimate of caffeine 

concentrations. With accurate estimates of caffeine use we can be more rigorous in our 

categorization of low, moderate, and high caffeine use.   

 

2.2 Methods 

 

2.2.1 Participants  

Caffeine and non-caffeine consumers (ages 18-50) were recruited from the 

Winston-Salem, North Carolina community between 2005 and 2007 as part of a larger 

study on the effects of habitual caffeine use on cerebral blood flow and functional 

imaging measures of brain activity. Recruitment was conducted with flyers, newspaper 

advertisements, and by word of mouth. Recruitment materials asked for volunteers who 

drink or do not drink coffee for a study on caffeine. Potential volunteers were initially 

screened for eligibility during a phone interview, and those that reported to be in good 
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health were invited for an in-depth screening visit. Exclusion criteria included current 

symptoms of an anxiety disorder or depression, and current abuse of alcohol or other 

illicit drugs. The Institutional Review Board of Wake Forest University School of 

Medicine approved this study. Participants gave written informed consent before entering 

this study and were financially compensated for their time.  

 

2.2.2 Measures  

A retrospective interview of participants' usual caffeine use (Interview) was 

conducted using a modified version of the caffeine consumption questionnaire (CCQ) 

(Landrum, 1992). The CCQ consists of 4 time-period columns, for night (2am-6am), 

morning (6am-12noon), afternoon (12noon-6pm), and evening (6pm-2am), and separate 

rows for each different type of caffeine source. Participants were asked to describe the 

number and volume of caffeinated beverages, foods, medications, and supplements, as 

well as the brewing method of coffee (e.g. drip brewed versus percolated), across a 

typical week. Caffeine content of common foods and beverages was taken from the 

Center for Science in the Public Interest web site (www.cspinet.org; accessed July 1997). 

This source listed 135 mg of caffeine in 8 oz of drip brewed coffee and 50 mg of caffeine 

in 8 oz of black tea. Soft drinks vary depending on brand and caffeine content ranges 

between 35 and 50 mg per 12 oz. Milk chocolate contains 10 mg caffeine per 1.5 oz, and 

dark chocolate has 31 mg per 1.5 oz. When specific restaurants or brand names of 

caffeine sources were provided by the participants, caffeine content was estimated from 

manufacturer's information or other sources  of  nutritional  information available  on  the 

internet.  
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 Participants' logged their caffeine use across one week with a prospective 7-day 

caffeine consumption diary (Diary). This diary consisted of 7 copies of a modified CCQ 

(see above). Diaries were collected at the end of the week. Participants were instructed to 

record caffeine use as it occurred, although exact time of caffeine use was not recorded. 

At the screening visit, participants were given clear plastic coffee mugs with 4, 6, 8, and 

10 oz increments marked along the side, in order to encourage accurate reporting of 

beverage volume during completion of the diary. Participants were also instructed to 

record their caffeine use during the study days, prior to the laboratory visit (Same-day 

Diary).  

 Participants were instructed to refrain from all food and beverages other than 

water for 15 minutes before arriving to the laboratory in order to obtain a clean saliva 

sample. After rinsing out their mouths with water, a saliva sample was obtained by 

chewing on a Salivette® cotton swab for 45 seconds (Sarstedt, Inc. Newton, NC). 

Samples were frozen at -70°C until caffeine concentrations ([CAF]) were assayed using 

high performance liquid chromatography (Deroche et al., 1990; Holland et al., 1998; 

Global Lifescience Solutions, LLC, Ann Arbor, MI). The minimum detection threshold 

was 0.02 μg/ml. Concentrations below this threshold were recorded as zero. The half-life 

of 250 mg of caffeine is approximately 6 hours, with half-lives up to 11 hours among 

women taking oral contraceptives (Patwardhan et al., 1980). Therefore, saliva likely 

reflects caffeine intake over the past 30 - 55 hours (5 half-lives).  

 

2.2.3 Procedure  

Participants  completed  the CCQ as a  1-week  caffeine  use interview during  the  
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initial telephone screen (Interview) then completed a 7-day caffeine use diary (Diary) 

following the screening visit. Based on the average daily caffeine use calculated from the 

7-day diary, a sub-set of these participants were included in the second part of the study 

in equal proportions of low (<200 mg/day, n = 18), moderate (200-600 mg/day, n = 19), 

and high (>600 mg/day, n = 18) caffeine users. These assignments into caffeine use 

groups were part of the design of the larger study. Participants then reported to the 

laboratory on 2 occasions (between 6:30 am - 1:30 pm) during different weeks and were 

instructed to consume caffeine "as they normally would" prior to the visit and to record 

their caffeine use in the Same-day Diary. Upon arrival to the laboratory, a saliva sample 

was collected for a caffeine concentration assay. 

 

2.2.4 Data analysis  

The relationships between the self-report measures and [CAF] were compared 

with Pearson product moment correlations and paired samples t-tests. Statistical analyses 

were conducted with SPSS® version 15.0 (SPSS Inc., Chicago, IL) with alpha set to 

0.05. Caffeine use in mg/day was calculated from the Interview and Diary, and this value 

was converted into mg/kg/day by using participants' weight recorded at the screening 

visit.  

 

2.3 Results 

 

2.3.1 Interview versus Diary method 

 Seventy-nine  participants  completed  the Interview and Diary,  and  of  these,  55 
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participants completed the two [CAF] study days. Participant characteristics are shown in 

Table 2.1. The estimates of daily caffeine use (mg/day) from the Interview and the Diary 

were correlated (r = 0.77, p < 0.001; see Figure 2.1a). However, the average caffeine use 

from the Interview (657 ± 555 mg/day) was greater than the average caffeine use from 

the Diary (487 ± 393 mg/day) The difference between these two measures was significant 

(t(78) = 4.21, p < 0.001), and this difference was driven by the high users. When 

classified as low, moderate, and high caffeine users based on the Interview estimates, the 

low (n = 22) and the moderate users (n = 15) reported almost identical caffeine use 

averages in the Diary. Only 6 (16%) of these subjects were classified differently by the 

Diary results. In contrast, the high users (n = 42) reported significantly higher levels of 

caffeine use in the Interview than in the Diary (1037 ± 486 versus 725 ± 341; t(41) = 

4.96, p < 0.001), and 19 (45%) of these subjects were classified differently by the Diary. 

 

2.3.2 Self-report method versus salivary caffeine concentrations 

The results of the Same-day Diaries (mg/day) from the two study days were 

highly correlated (r = 0.94, p < 0.001) and were not significantly different. Similarly, the 

[CAF] (μg/ml) from the two study days were also correlated (r = 0.83, p < 0.001) and 

were not significantly different; the mean [CAF] was 2.0 ± 2.4 μg/ml. The average of 

these two Same-day Diaries and the two [CAF] were used in the analyses. As a post-hoc 

analysis, we compared this average [CAF] with the [CAF] of a saliva sample collected 

following 90 minutes of abstention from caffeinated beverages on one of the study days. 

These measures were strongly correlated (r = 0.91, p < 0.001) and not significantly 

different.  This indicates  that  the  estimates  of  caffeine  concentration  from  the  earlier 
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TABLE 2.1 Participant characteristics (mean ± standard deviation). 

 

 Interview vs Diary 

(n = 79) 

Self-reports vs [CAF] 

(n = 55) 

Men/Women 41/38 26/29 

Age (years) 33 ± 9 32 ± 9 

Weight (kg) 77 ± 18 74 ± 17 

Education (years) 16 ± 3 16 ± 3 

Race C/AA/H/A/other 57/13/4/3/2 38/11/4/2/0 

Cigarette use 15 8 

Oral birth control use 13 11 

 

C: Caucasion, AA: African American, H: Hispanic, A: Asian  
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saliva samples are not artificially high due to recent consumption of caffeinated 

beverages. 

 The average [CAF] correlated with self-reported caffeine use from the Interview, 

Diary, and the average Same-day Diary in mg/day (r = 0.61, 0.68, and 0.83, respectively) 

and in mg/kg/day (r = 0.67, 0.72, 0.86, respectively; see Figure 2.1b-d). All of the 

correlations were significant (p < 0.001).  

 The [CAF] from the saliva sample obtained 90 minutes post-caffeine produced 

similar correlations with the Interview, Diary, and the Same-day diary. In addition, 

removing participants (n = 18) who reported cigarette or oral birth control use from the 

data set did not affect the significance of the correlations.   

 

2.3.3 Literature search 

We conducted a literature search for articles that used mg/day to quantitatively 

define caffeine use and divided their subjects into low/light, moderate/habitual, or 

high/heavy caffeine use groups. The search was conducted in PubMed, Web of Science®, 

and GoogleTM Scholar. The terms used in the search were "low, moderate, or high" in 

conjunction with "caffeine use, habitual caffeine use, caffeine intake, or caffeine 

consumption."  Thirty-three articles were found that met our search criteria and these 

articles were published between 1980 and 2007; see Table 2.2. The median caffeine use 

is described as ≤ 100 mg/day for low users, between 170 and 400 mg/day for moderate 

users, and ≥ 300 mg/day for high users. 
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FIGURE 2.1 Correlations between self-reported caffeine use and salivary caffeine 

concentrations. 

 

Correlations between a) self-reported caffeine use from the retrospective Interview and 

the prospective Diary (mg/day); b) Interview (mg/kg/day) and the average saliva [CAF] 

from the 2 study days; c) Diary (mg/kg/day) and the average saliva [CAF] from the 2 

study days; d) average caffeine use from the Same-day Diaries (mg/kg/day) and the 

average saliva [CAF] from the 2 study days. Participants were instructed to consume 

caffeine as they normally would the prior to the saliva collection. All correlations are 

significant at the p < 0.001 level. 
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2.4 Discussion 

 

The data demonstrate that while the estimates of caffeine use reported in the 

Interview and Diary were well correlated (r = 0.77), the high users reported greater 

caffeine use in the Interview than in the Diary. Of the subjects initially identified as high 

users by the interview, 45% were classified differently by the Diary. The average daily 

caffeine use from both the Interview and Diary correlated well with actual salivary 

caffeine concentrations ([CAF]). These results suggest that both self-report methods are 

good predictors of actual caffeine concentrations, but if daily caffeine use is used to 

classify subjects into caffeine use groups, high users may need to be verified by more 

than one measure.  

Previously, daily caffeine use estimated from a retrospective questionnaire 

correlated (r = 0.31) with salivary [CAF] obtained after 5 pm (James et al., 1989). 

Similarly, Lelo et al. (1986) reported that the average caffeine use estimated from a 

questionnaire and 1-day diary produced similar results and the calculated caffeine dose 

correlated with plasma [CAF] obtained during the diary day (r = 0.64). In comparison, a 

correlation between self-reported number of drinks per day and hemoglobin-acetaldehyde 

was reported as r = 0.30 (Hazelett et al., 1998), and a correlation between self-reported 

number of cigarettes per day and salivary cotinine levels was reported as r = 0.60 (Etter 

et al., 2000). Direct measures of drug concentrations are generally considered more 

reliable than self-reports, since many drugs in question are illicit and individuals may feel 

social or legal pressure to conceal their use. However, caffeine concentrations only reflect 

use  over  the past one or two days; self-reports are  still  necessary  to gather  a  complete 
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Table 2.2 Low, moderate, and high caffeine use groups (in mg/day) as defined by 

previous studies. 

Author 
Low 

/light 

Moderate 

/habitual 

High 

/heavy 

Ammon et al. (1983) Br J Clin Pharmacol   504 

Arya et al. (2000) Obstet Gynecol <100 100-400 >400 

Attwood et al. (2007) Psychopharmacology  <200 >200 

Benito-Garcia et al. (2006) J Rheumatol 0-105 106-260 260-1058 

Childs and de Wit (2006) Psychopharmacology <43   

Devoe et al. (1993) Am J Obstet Gynecol <200  >500 

Drapeau et al. (2006) J Sleep Res  100-300  

Field et al. (2003) Radiology <125  >300 

Fine et al. (1994) Psychopharmacology <100  >100 

Ford et al. (1998) Arch Dis Child 100-199 200-399 >400 

Harrison and Horne (2000) Q J Exp Psychol A  100-400  

Haskell et al. (2005) Psychopharmacology 20 217  

James and Crosbie (1987) Br J Addict   >600 

Jones et al. (2000) Psychopharmacology  187-477  

Kennedy et al. (1991) J Clin Pharmacol <150 150-300 >300 

Lane and Manus (1989) Psychosom Med  200-600  

Lane et al. (1990) Psychosom Med 54 568  

Loke et al. (1985) Psychopharmacology  136  
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Lovallo et al. (2004) Hypertension 300  600 

Lyvers et al. (2004) Aust J Psychol <71  >400 

Rapuri et al. (2001) Am J Clin Nutr ≤300  >300 

Rogers et al. (2003) Psychopharmacology ≤40 >200  

Savoca et al. (2005) Am J Hypertens 0-50 50-100 >100 

Schuh and Griffiths (1997) Psychopharmacology  200-500  

Smit and Rogers (2000) Psychopharmacology <100  >200 

Tinley et al. (2003) Psychopharmacology  170-550  

Vik et al. (2003) Paediatr Perinat Epidemiol <223  ≥223 

Webb et al. (1996) Lancet <100 100-400 >400 

Westerterp-Plantenga et al. (2005) Obes Res  <300 >300 

White et al. (1980) Science <190  >190 

Winston et al. (2005) Adv Psychiatr Treat <250 250-750 >750 

Yeomans et al. (1998) Psychopharmacology  195-550  

Yeomans et al. (2005) Psychopharmacology  100-250 >350 
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drug use history. Our study and others have shown that self-reported caffeine use is 

consistent across measures (Lelo et al., 1986; Kennedy et al., 1991; Rapoport et al., 1984) 

and does predict caffeine concentrations (James et al., 1988; James et al., 1989). 

 There are several reasons for discrepancies between self-reported caffeine use and 

salivary concentrations. Notably, the estimation of caffeine use may be inaccurate due to 

standardized caffeine content information, since the actual caffeine content of common 

beverages can vary considerably (Bracken et al., 2002), and due to poor approximation of 

the volume of the consumed beverage and failure to account for dilution by milk or 

melted ice. The rate of caffeine metabolism also significantly contributes to this 

discrepancy. A previous study did not find a relationship between self-reported caffeine 

use from a questionnaire and [CAF] in plasma drawn following overnight caffeine 

abstinence (Kennedy et al., 1991) probably due to the short half-life of caffeine. The half-

life of caffeine varies between individuals and is also affected by the use of cigarettes and 

hormonal birth control (Patwardhan et al., 1980; Benowitz et al., 2003). James et al. 

(1989) reported that at 5 pm, self-reported caffeine use correlated more strongly with the 

caffeine metabolite, paraxanthine, than with caffeine itself. In the present study, saliva 

samples were obtained during the first half of the day, possibly before participants 

consumed their entire caffeine intake. However, the advantage of early sampling is that 

caffeine has not yet metabolized, and we report a stronger correlation between the 

Interview and [CAF] (r = 0.61) than the previous study (r = 0.31; James et al., 1989). 

 There are potential sources of error in self-reported drug use. The reporting of 

some drugs may be biased by social desirability concerns (Johnson and Fendrich, 2005), 

but this is not likely to occur with caffeine since it is an accepted part of American 
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culture. However, self-reports rely on subjective recollection, which can be a source of 

bias (Johnson and Fendrich, 2005). In this study, the high users reported more caffeine 

use in the Interview than in the Diary. Given the large number and frequent use of 

caffeinated beverages, it is likely that they overestimated their caffeine consumption in 

the Interview due to memory error. It is also possible that the Diary was recorded during 

an atypical week or high users have more variable caffeine use from week to week. 

Another explanation for the difference between the Interview and Diary is that the 

monitoring of one's own behavior may alter the observed behavior, but this is more likely 

to occur if there is a positive or negative value associated with the behavior (Kazdin, 

1974). For instance, cigarette use has been shown to increase during self-monitoring 

(McFall, 1970), but the self-monitored number of cigarettes used per week did not vary 

among subjects unmotivated to quit smoking (Lipinski et al., 1975). We did not enquire 

about participants' motivation to reduce their caffeine intake, but it is unlikely that the 

diary was biased by a general reactivity to self-monitoring since there was no difference 

between the Interview and Diary results for the low and moderate users. In future studies, 

we could determine whether self-monitoring affected caffeine use by obtaining a salivary 

[CAF] sample prior to the diary to compare with salivary [CAF] samples obtained during 

the week of the diary. 

 Of the articles reviewed here that provided information on how subjects were 

classified into caffeine use groups, 28% used a diary method while 72% used a 

questionnaire or interview method. Of these, four studies used both a questionnaire and a 

diary, and no differences were reported between the two measures (Childs and de Wit, 

2006; Lane et al., 1990; Rogers et al., 2003; White et al., 1980). The more often used 
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interview or questionnaire method is undoubtedly faster, and a structured interview may 

be more systematic than a diary. However, these methods rely on participants' memory or 

their own perception of average caffeine use. We elected to base our estimates of average 

daily caffeine use on the 7-day Diary; most importantly because the accuracy of the self-

reported diary is less prone to errors of recall or by over-generalization of normal caffeine 

use. Seven days were monitored because it is likely that caffeine use is greater during the 

work week, when individuals feel more pressure to have enhanced concentration and 

cognitive performance, than during the weekend when there may be fewer cognitive 

demands. In addition, the average intake over a week is less likely to be biased by an 

abnormal amount of consumption from a single day than a 1-day Diary.  

 Many studies categorize participants based on the participants' level of habitual 

caffeine use. Hypothetically, the utility of a low/light caffeine use group is to identify 

individuals that are unlikely to experience outcomes associated with habitual caffeine 

use. Moderate/habitual and high/heavy caffeine users, then, are habitual consumers with a 

low and high likelihood of outcomes, respectively. While this is a useful strategy for 

statistical comparison, a consistent definition of these categories is warranted. There are 

several ways to define these groups; one way is to base definitions on perceived health 

risks. A comprehensive review on the effects of caffeine on health recommended that up 

to 400 mg/day is not associated with adverse health effects (Nawrot et al., 2003). For 

Americans of average adult weight (86 kg for men and 74 kg for women; Ogden et al., 

2004), 400 mg/day would be 4.7 - 5.4 mg/kg/day. A second method would be to define 

caffeine use groups based on surveys of actual caffeine consumption. According to two 

recent national surveys, the average caffeine use is 106 -170 mg/day, with 227 - 382 
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mg/day in the 90th percentile (1.5 - 2.3 and 3.2 - 5.2 mg/kg, respectively) for adults aged 

20 - 49 (Knight et al., 2004), and between 166 - 336 mg/day (1.1 - 1.8 mg/kg) for adults 

aged 18 - 54 (Frary et al., 2005). Hughes and Oliveto (1997) reported an average of 222 ± 

190 mg/day among a sample of adult Vermont residents, and from this study we can 

estimate caffeine use at the 33rd and 66th percentiles to be 138 and 306 mg/day. Thirdly, 

caffeine use groups could be based on previously published studies, as shown in Table 2. 

Although unrelated, there is a fair amount of agreement between these three methods. 

Overall, low caffeine users consume up to 120 mg/day or 1.5 mg/kg/day, moderate users 

between 120 - 400 mg/day or 1.5 - 5.0 mg/kg/day, and High users above 400 mg/day or 

5.0 mg/kg/day. Reporting caffeine use in mg/kg/day would also improve the consistency 

in these categories across studies. A recent survey suggests that the average adult weight 

is around 80 kg (Ogden et al., 2004), instead of the conventional estimate of 70 kg. This 

change is most likely accompanied by increased body weight variability within and 

between study samples, possibly making caffeine use in mg/day disproportionate 

between individuals and studies.  

 A limitation of our study is the measurement of caffeine from saliva, instead of 

blood. We elected to use saliva samples to minimize participants' discomfort. Saliva is an 

adequate measure of caffeine concentrations, the correlation between salivary and serum 

caffeine concentrations has been reported to be 0.989, and salivary concentrations are 

approximately 70% of serum concentrations (Biederbick et al., 1997). Biederbick et al. 

(1997) reported higher caffeine concentrations in saliva than in serum in the first 90 

minutes after caffeine intake from a liquid solution, probably due to gingival 

contamination. We only requested that the participants abstain from normal caffeine use 
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for 15 minutes before the saliva sample, so our estimates of [CAF] could have been 

artificially high. Because of this possibility, we analyzed data from a second saliva 

sample that was obtained during a single study day following 90 minutes of caffeine 

abstinence and found no difference between this and the earlier [CAF]. Another 

limitation is that we did not record the actual amount of time that passed between the last 

use of caffeine and the saliva sample. A drawback of the caffeine diary is the 6-hour 

time-bins. If subjects had recorded the exact time of caffeine ingestion instead, we could 

have included that information to reduce variability in the analyses. Furthermore, we only 

assayed the saliva sample for caffeine, not other xanthine metabolites (e.g. James et al. 

1988 found a stronger correlation between reported caffeine use and paraxanthine). 

Lastly, the average caffeine use within our sample is much greater than the national 

average. A more representative sample may produce smaller correlations with [CAF].   
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Abstract 

Rationale: Caffeine typically produces positive effects on mood and performance. 

However, tolerance may develop following habitual use and abrupt cessation can result in 

withdrawal symptoms, such as fatigue. Recently, a debate has emerged on whether 

caffeine has stimulant effects in non-withdrawn habitual consumers, or if it primarily 

improves mood and performance when habitual consumers are experiencing withdrawal. 

Methods: Using a within-subjects design, 17 daily caffeine consumers (mean ± s.d. = 375 

± 101 mg/day) ingested placebo or caffeine (250 mg) following 30-hours of caffeine 

abstention or normal dietary caffeine use on 4 separate days. Self-reported mood and 

performance on choice reaction time, selective attention, and memory tasks were 

measured. Results: Caffeine had a greater effect on mood and choice reaction time in the 

abstained state than in the normal caffeinated state, but caffeine improved selective 

attention and memory in both states. Conclusions: Although improvements in mood and 

reaction time may be primarily due to relief from withdrawal symptoms, other 

performance measures showed no evidence of withdrawal and remained sensitive to an 

acute dose of caffeine in the normal caffeinated state. 

 

Keywords: Caffeine, withdrawal, tolerance, cognitive performance, mood, stimulant 
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3.1 Introduction 

At normal dietary concentrations, caffeine produces a neurostimulant effect by 

antagonizing adenosine, thus disinhibiting neuronal firing throughout the brain (for 

review see: Nehlig 1999; Ferré 2008). Acute caffeine administration typically improves 

mood (e.g., self-reported alertness and energy) and visual-motor performance (i.e., simple 

reaction time) (Fine et al. 1994; Warburton 1995; Robelin and Rogers 1998; Haskell et al. 

2005; Childs and de Wit 2006). However, the effect of caffeine on more cognitively 

demanding tasks varies; some studies have shown improvements in vigilance, selective 

attention, and memory (Lieberman et al. 1987; James 1998; Heatherley et al. 2005), 

while other studies have found no effect (Loke and Meliska 1984; Lorist and Snel 1997; 

Rogers and Dernoncourt 1998).  

Daily caffeine use has been shown to diminish the stimulant effects of an acute 

dose of caffeine; for instance, in rodents the development of tolerance has been 

demonstrated to the locomotor stimulant effects of caffeine following chronic 

administration of doses ranging between 5 mg/kg/day to 65 mg/kg/day (Chou et al. 1985; 

Finn and Holtzman 1986). Analogously, tolerance has also been shown to the subjective 

stimulant and anxiogenic side effects (e.g. jitteriness) of caffeine after subjects were 

maintained on 900 mg/day (Evans and Griffiths 1992).  Upregulation of adenosine 

receptors after chronic caffeine exposure may be the mechanism of tolerance (Johansson 

et al. 1997; Shi and Daly 1999; Varani et al. 1999), although sensitization and other 

changes have been identified as well (Green and Stiles 1986; Powell et al. 2001). 

Conversely, there is also evidence against the development of tolerance to increased brain 

energy metabolism following an acute dose of caffeine in rats chronically treated with 10 
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mg/kg/day of caffeine (Nehlig et al. 1986).  

Caffeine has a half-life of approximately 4 to 8 hours (Patwardhan et al. 1980). 

Withdrawal symptoms typically begin following overnight abstinence, and peak between 

20 to 51 hours (Juliano and Griffiths 2004). Symptoms may occur after only 3 days of 

use (Evans and Griffiths 1999) and from doses as low as 100 mg/day (Griffiths et al. 

1990). Headaches are the most commonly reported symptom of caffeine withdrawal, 

followed by decreased alertness and increased fatigue (Juliano and Griffiths 2004). 

Contrary to the widely held belief that caffeine improves mood and performance, 

James and Rogers proposed that, among daily users, tolerance develops to the stimulant 

effects of caffeine and caffeine primarily restores mood and performance that have been 

degraded by withdrawal (James 1994; James and Rogers 2005). They argue that many 

previous studies were conducted following overnight caffeine abstinence when many 

habitual users may have been experiencing withdrawal, and the positive effects attributed 

to caffeine are better explained by withdrawal reversal. In support of their proposal, 

several studies have shown an initial, but not an accumulative, effect of multiple doses of 

caffeine on mood and performance following overnight abstinence (Robelin and Rogers 

1998; Yeomans et al. 2002; Heatherley et al. 2005). Hypothetically, physiological 

caffeine concentrations must fall below a certain threshold before mood and performance 

can be affected by caffeine again (James and Rogers 2005). Alternatively, there is 

evidence that an acute dose of caffeine can improve mood and performance in caffeine 

users who were allowed caffeine ad libitum prior to the study (Frewer and Lader 1991; 

Warburton et al. 2001; Christopher et al. 2005; Smith et al. 2005), and some have 

reported a dose-dependent relationship (Frewer and Lader 1991; Smith et al. 2005). This 
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suggests that caffeine can produce a significant amount of stimulation beyond the 

alleviation of withdrawal symptoms.  

Among the studies that administered an acute dose of caffeine in a normal 

caffeinated state, a withdrawn state was not included for comparison (Frewer and Lader 

1991; Warburton et al. 2001; Christopher et al. 2005; Smith et al. 2005). Among the 

studies that reported a flat dose-response relationship, the acute doses of caffeine they 

administered were less than the average daily caffeine consumption of their study 

samples (Robelin and Rogers 1998; Yeomans et al. 2002; Heatherley et al. 2005). 

Perhaps the initial dose had a stimulant effect due to withdrawal reversal, but if tolerance 

had developed, then a diminished stimulant effect may be expected from doses below the 

average caffeine use level. The present study investigated whether caffeine could enhance 

cognition and mood when administered to subjects in their normal caffeinated state, in 

contrast to the administration of caffeine after 30 hours of caffeine abstinence. This study 

design addresses the question that is pertinent to the majority of daily caffeine 

consumers: are there benefits to drinking more than one’s average daily dose of caffeine, 

or does caffeine simply alleviate withdrawal? We hypothesized that a dose of caffeine 

given on top of normal caffeine consumption would have less of an effect than when 

given following a period of abstinence. In addition, we hypothesized that caffeine would 

be most effective on measures of mood and reaction time, than on measures of selective 

attention and memory. 
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3.2 Methods 

 

3.2.1 Participants  

Habitual caffeine consumers (ages 18-50) who drink between 2-5 cups of coffee 

per day were recruited from the Winston-Salem, North Carolina community by flyers and 

word of mouth. Potential volunteers were initially screened over the phone. Participants 

were pre-screened to ensure they would experience symptoms of withdrawal (Hughes et 

al. 1993). They were asked if they would feel more tired than usual or have a headache if 

they went a day or two without caffeine, and had to answer affirmatively to be eligible. 

Potential volunteers also completed a screening visit which consisted of vital signs, a 

medical history, a depression and alcohol-use questionnaire, and a urinalysis of illicit 

drug use by enzyme multiplied immunoassay testing (Rubenstein et al. 1972). Following 

the screening visit, daily caffeine use was recorded prospectively across 7 consecutive 

days using a modified caffeine consumption diary (Landrum 1992; Addicott et al. 2009). 

In this diary, participants documented the quantity and number of items consumed from a 

list of caffeinated beverages, foods, and medications into 6-hour time bins. Caffeine use 

was quantified using standard caffeine content values (Center for Science in the Public 

Interest; www.cspinet.org). Healthy individuals who consumed between 200-600 mg/day 

and had a negative drug screen were included in the study. Exclusion criteria included 

abuse of alcohol or other drugs, a history of neurological disorders, visual acuity that 

could not be corrected to 20/40, and symptoms of depression or anxiety. The Institutional 

Review Board of Wake Forest University School of Medicine approved this study. 

Participants  gave  written   informed   consent  prior   to  entering   the  study   and   were 
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financially compensated for their time.  

 Seventeen participants completed the study (8 men); there were 14 Caucasians, 1 

Asian, 1 African American, and 1 Hispanic. The average (± standard deviation) age was 

30 ± 8 years, weight was 74 ± 15 kg, and education level was 17 ± 3 years. The estimated 

caffeine intake from the 7-day diary was 375 ± 101 mg/day (5.5 ± 2.5 mg/kg/day). Three 

women reported using oral birth control, and 2 participants reported using cigarettes. 

 

3.2.2 Measures  

Salivary caffeine concentrations were monitored to verify compliance with the 

study requirements. Samples were collected with Salivette® cotton swabs (Sarstedt, 

Newton, NC, USA). Participants were instructed to not eat, drink, or brush their teeth for 

15 min before the saliva sample was obtained. After rinsing their mouths with water, 

participants chewed on the cotton swab for 45 sec. Samples were centrifuged and frozen 

at -70˚C until assayed using high-performance liquid chromatography (Deroche et al. 

1990; Holland et al. 1998) (Global Lifescience Solutions, LLC, Ann Arbor, MI, USA). 

The minimum detection threshold was 0.02 µg/ml and concentrations below this 

threshold were recorded as zero. 

 Mood was assessed using a self-report form. The symptoms selected for the self-

report form were drawn from Juliano and Griffiths’ (2004) review of caffeine withdrawal 

symptoms as well as from empirical studies (Warburton 1995; Rogers et al. 2003). The 

self-report form consisted of six positive mood symptoms (alert, able to concentrate, 

energetic, talkative, cheerful/happy, and friendly), six negative symptoms (tired, 

drowsy/sleepy, depressed, headache, lazy/sluggish, and light-headed), and four symptoms 



  - 70 - 

 

classified as side effects (jittery, anxious/nervous, tense, pounding heartbeat). The side 

effects have previously been reported to be associated with the ingestion of high doses of 

caffeine (Richardson et al. 1995; Childs and de Wit 2006). Participants rated the extent to 

which they were currently experiencing each mood symptom on a scale from 1 (“not at 

all”) to 5 (“extremely”). The main dependent variables were the average mood score 

consisting of both the positive and negative symptoms, and the average side effects score. 

Negative mood scores were inverted (scores of 1 and 2 were changed to scores of 5 and 

4, and vice versa) so that increases in the average mood score indicate improvements in 

mood. In addition, changes in individual mood items were analyzed using the original 

scores. 

 The stimulus for the choice reaction time task consisted of a black and white 

checkerboard with a single red square appearing randomly in one of the four quadrants. 

This task was presented using visual display goggles (Resonance Technology, Inc. Los 

Angeles, CA) and participants responded using a response box with their right hand. 

Participants were instructed to make a response indicating whether the red square was on 

the right or left half of the checkerboard (i.e. press the left button if the red square is on 

the left side, and the right button if it is on the right side). The checkerboard was 

presented 156 times with durations of 250 ms. The inter-stimulus interval averaged 3.7 ± 

2.7 sec and ranged 1.5 – 11.9 sec. The dependent variables were average reaction time 

and accuracy (number correct / number possible). 

 A modified version of the Eriksen Flanker task (Eriksen and Eriksen 1974; 

Posthuma et al. 2002) was used to assess selective attention. Five arrows were presented 

in each trial. In congruent trials all arrows faced the same direction (i.e. < < < < <), and in 
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incongruent trials the center arrow faced the opposite direction of the flanking arrows 

(i.e. < < > < <). Participants were instructed to make a response indicating the direction 

of the center arrow (i.e. press the left button if the center arrow faces left, and the right 

button if it faces right) and to ignore the flanking arrows. There were 80 trials total, with 

an equal number of congruent and incongruent trials presented randomly. Each 

presentation had a duration of 500 msec, and the inter-stimulus interval averaged 2.3 ± 

0.7 sec and ranged 1.0 – 3.9 sec. The dependent variables were average reaction time, 

accuracy, and the interference effect (average incongruent trial reaction time – average 

congruent trial reaction time). This task was also presented using visual display goggles. 

 Memory was measured with an n-back letter task. In separate tasks, capital letters 

appeared on a screen one at a time and participants indicated whether the letter displayed 

was identical or different than the letter 1-letter or 2-letters preceding it. Completion of 

the 1-back task always preceded the 2-back task. Participants performed the memory 

tasks alone in a quiet room using a laptop computer. Each task consisted of 51 trials. 

Letters remained displayed for 250 msec, and the average inter-stimulus interval was a 

maximum of 2.4 sec and ranged 0.6 – 2.4 sec. The dependent variables were accuracy, 

the difference in accuracy (1-back task – 2-back task), and average reaction time. 

 

3.2.3 Procedure  

This study utilized a within-subject design; caffeine administration was double-

blind and placebo-controlled. Each participant had 4 study visits, separated by at least 1 

week. For two of the visits, participants were told to “use caffeine like they normally do” 

prior to arrival at the laboratory; these visits constituted the “normal” state. For the other 
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two visits, participants were instructed to abstain from caffeine for 30 hours prior to 

arrival at the laboratory; these visits constituted the “abstained” state. Participants were 

asked to abstain from caffeine for 30 hours to capture potential withdrawal symptoms in 

their peak range (Juliano and Griffiths 2004). In each state, participants were 

administered a caffeine capsule (250 mg, anhydrous) and a matching placebo capsule 

(lactose) on separate visits; participants were not informed of the order that caffeine and 

placebo would be administered (abbreviations for the state by drug conditions: abstained 

caffeine AC, abstained placebo AP, normal caffeine NC, and normal placebo NP). 

Capsules were prepared by the Wake Forest University Baptist Hospital pharmacy. 

Seventeen state by drug condition sequences were chosen randomly from 24 possible 

sequences. 

 Study visits were conducted between 7 am and 4 pm. Participants kept a 3-day 

caffeine consumption diary which was inclusive of the study day. Upon arrival to the 

laboratory, a saliva sample was obtained to measure caffeine concentrations and the 3-

day caffeine diary was collected. Participants were asked if they had experienced a 

headache either that day or the day before. The first mood report was filled out, and then 

the capsule was administered. Participants were allowed to relax for the next forty-five 

minutes, and were instructed to not consume food or beverages other than water for the 

duration of the experiment. Then a second saliva sample was obtained and a second 

mood report was completed. Participants were familiarized with the computer tasks and 

had a brief practice session for each task at every study visit. The choice reaction time 

and selective attention tasks were conducted in a magnetic resonance scanner as part of a 

functional imaging study. Computer tasks were programmed with E-Prime 1.0 
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(Psychology Software Tools, Pittsburgh, PA) and were completed within 1 hour after the 

second saliva sample. Participants had all four visits either in the morning or in the 

afternoon, with four random exceptions due to scheduling conflicts. 

 

3.2.4 Data Analysis  

The average score and individual items of self-reported mood and salivary 

caffeine concentrations were analyzed with separate 2 (State) x 2 (Drug) x 2 (Time) 

repeated-measures analysis of variance (ANOVA). One mood symptom item was not 

reported by one subject, and the average mood was calculated without that item. Choice 

reaction time was analyzed with a 2 (State) x 2 (Drug) repeated-measures ANOVA. The 

flanker and memory tasks were analyzed separately with 2 (State) x 2 (Drug) x 2 (Task 

type) repeated-measures ANOVAs. Significant main effects were further analyzed with 

paired-samples t-tests. Caffeine use diaries and salivary caffeine concentrations were 

correlated using Pearson product-moment correlations. Results were significant if p < 

0.05. Data were analyzed with SPSS 16.0 (Chicago, IL). Computer task results were 

cleaned of responses ± 3 standard deviations from each individual’s mean reaction time, 

and reaction times less than 50 msec were recorded as non-responses. Incorrect responses 

were included in the mean reaction time. 

 

3.3 Results 

 

3.3.1 Caffeine use diaries and salivary caffeine concentrations 

The 3-day caffeine use diaries and salivary caffeine concentrations confirmed  the 
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participants’ compliance with the study procedure. None of the participants reported 

using caffeine in the 30 hours prior to the abstained state visits. Participants reported 

consuming an average of 229 ± 123 mg the day of the normal state visits. The average 

pre-capsule salivary caffeine concentration was 0.2 ± 0.2 µg/ml in the abstained state, 

and was 2.7 ± 2.6 µg/ml in the normal state. Caffeine administration increased 

concentrations by an average of 3.2 ± 1.3 µg/ml (Drug x Time interaction: F(1,16) = 

97.6; p < 0.001); this resulted in higher caffeine concentrations in the NC condition (6.1 ± 

2.7 µg/ml) than in the AC condition (2.9 ± 2.0 µg/ml; t-test: t(16) = 5.2; p < 0.001). 

Concentrations were similar between the AC condition (2.9 ± 2.0 µg/ml) and the NP 

condition (2.5 ± 2.7 µg/ml). In the normal state, the average reported caffeine 

consumption from the study days correlated with the average pre-capsule salivary 

caffeine concentrations (r = 0.64; p < 0.01) and also correlated with the average caffeine 

use reported in the 7-day diary (r = 0.75; p < 0.005). 

 

3.3.2 Headache 

Participants reported headaches on 26 occasions (76% of the time) during the two 

abstained state days, and on 3 occasions (9% of the time) during the normal state days 

(State: F(1,16) = 63.2; p < 0.001). Only 1 participant denied experiencing a headache on 

either day in the abstained state. 

 

3.3.3 Self-reported mood 

Individual mood items that produced significant State, Drug x Time, and State x 

Drug x Time interaction effects are shown in Table 3.1. Average values for each mood 
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item in each State, Drug, and Time condition are shown in Table 3.2. In summary, the 

average mood score was greater in the normal state than in the abstained state (State: 

F(1,16) = 44.8; p < 0.001); see Figure 3.1a. All of the individual positive and negative 

mood symptoms exhibited this state effect except for talkative and depressed. Average 

mood decreased from the pre- to the post-measure in the placebo conditions (Drug x 

Time: F(1,16) = 11.2; p < 0.005; AP pre- to post-measure: t(16) = 2.0; p = 0.058; NP pre- 

to post-measure: t(16) = 3.5; p < 0.005); this Drug x Time effect was significant for 

energetic, talkative, headache, drowsy, and tired. Lastly, caffeine increased average mood 

only in the AC condition (State x Drug x Time: F(1,16) = 5.1; p < 0.05;  AC pre- to post-

measure: t(16) = 3.1; p < 0.01); this effect was significant for tiredness although there 

were trends for talkative and headache. Caffeine increased the average side effect score in 

both the normal and abstained states (Drug x Time: F(1,16) = 6.1; p < 0.05), this effect 

was significant for pounding heartbeat and jittery. Follow-up comparisons between 

average pre- and post-capsule side effects were marginally significant (AC: t(16) = 1.9; p 

= 0.08; NC: t(16) = 1.9; p = 0.07); see Figure 3.1b.   

 

3.3.4 Choice reaction time 

Caffeine reduced choice reaction time in the abstained state, but not in the normal state 

(State x Drug: F(1,16) = 7.7; p < 0.05; t-test AP to AC: t(16) = 3.2; p < 0.01); see Figure 

3.2. However, reaction time in the AP condition was not significantly slower than in the 

NP condition. Accuracy of task performance was over 98% in all 4 conditions and was 

not affected by the state or drug conditions. 
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TABLE 3.1 State, Drug x Time, and State x Drug x Time effects for individual mood items. 

 

 State 
Drug x Time State x Drug x 

Time 

Mood Item F-value p-value F-value p-value F-value p-value 

Positive mood       

Alert 32.9 < .001     

Cheerful 29.3 < .001     

Energetic 22.4 < .001 6.5 < .05   

Able to Concentrate 17.2 < .005    

Friendly 10.5 < .01    

Talkative  5.8 < .05 4.3 = .05 

Negative mood     

Headache 27.8 < .001 5.3 < .05 3.8 = .07 

Drowsy/Sleepy 22.5 < .001 12.9 < .005   

Lazy/Sluggish 18.9 < .005    

Tired 16.0 < .005 6.2 < .05 5.3 < .05 

Light-headed 4.1 = .06    

Side Effects     

Pounding heartbeat 6.4 < .05 6.3 < .05   

Jittery 3.8 = .07 6.8 < .05   
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TABLE 3.2 Average (standard deviation) mood scores for each State, Drug, and 

Time condition (abstained placebo AP, abstained caffeine AC, normal placebo NP, and 

normal caffeine NC).  

  AP Pre AP Post AC Pre AC Post NP Pre NP Post NC Pre NC Post

Alert 2.8 (0.8) 2.7 (0.9) 3.0 (0.8) 3.1 (1.0) 3.7 (0.8) 3.5 (0.9) 3.8 (0.7) 3.8 (0.8)

Tired 2.7 (1.0) 2.6 (0.9) 2.8 (1.1) 1.8 (0.6) 1.5 (0.6) 1.6 (0.8) 1.6 (0.9) 1.6 (1.1)

Jittery 1.1 (0.3) 1.1 (0.3) 1.1 (0.3) 1.6 (1.1) 1.3 (0.6) 1.4 (0.5) 1.4 (0.6) 1.9 (1.3)

Able to 

Concentrate 
2.9 (0.6) 2.6 (0.8) 2.9 (0.8) 3.2 (0.8) 3.6 (0.8) 3.1 (0.6) 3.8 (0.9) 3.3 (0.9)

Energetic 2.5 (0.9) 2.2 (0.7) 2.5 (1.0) 3.0 (0.9) 3.4 (0.7) 3.1 (0.9) 3.4 (0.9) 3.2 (1.1)

Headache 2.3 (1.2) 2.5 (1.2) 2.0 (1.3) 1.5 (0.8) 1.0 (0.0) 1.1 (0.2) 1.1 (0.5) 1.1 (0.2)

Drowsy 

/Sleepy 
2.3 (1.0) 2.4 (1.1) 2.8 (1.0) 1.9 (0.9) 1.5 (0.7) 1.6 (0.9) 1.4 (0.6) 1.2 (0.5)

Depressed 1.0 (0.0) 1.0 (0.0) 1.1 (0.2) 1.1 (0.2) 1.1 (0.3) 1.1 (0.2) 1.1 (0.2) 1.1 (0.2)

Talkative 2.4 (0.9) 2.1 (0.9) 2.5 (0.8) 2.9 (1.0) 2.7 (1.0) 2.7 (1.0) 2.9 (1.1) 2.8 (1.2)

Cheerful 2.7 (0.7) 2.4 (0.8) 2.8 (0.9) 2.8 (0.8) 3.4 (0.9) 3.2 (0.8) 3.5 (0.9) 3.3 (0.8)

Pounding 

Heartbeat 
1.1 (0.2) 1.1 (0.2) 1.1 (0.2) 1.3 (0.5) 1.2 (0.5) 1.3 (0.6) 1.3 (0.5) 1.9 (1.1)

Light-Headed 1.4 (0.6) 1.4 (0.7) 1.2 (0.6) 1.2 (0.4) 1.1 (0.3) 1.2 (0.4) 1.0 (0.0) 1.2 (0.6)

Anxious 1.1 (0.2) 1.2 (0.6) 1.1 (0.2) 1.3 (0.8) 1.4 (0.6) 1.4 (0.6) 1.2 (0.4) 1.5 (0.9)

Friendly 2.9 (0.9) 2.8 (1.0) 3.1 (1.0) 3.3 (1.0) 3.6 (0.8) 3.3 (1.2) 3.7 (0.8) 3.5 (0.8)

Tense 1.2 (0.6) 1.2 (0.4) 1.2 (0.4) 1.5 (0.8) 1.2 (0.6) 1.3 (0.6) 1.1 (0.3) 1.4 (0.9)

Lazy 

/Sluggish 
2.4 (1.1) 2.4 (1.1) 2.4 (1.1) 1.7 (0.8) 1.4 (0.6) 1.4 (0.7) 1.2 (0.6) 1.2 (0.4)
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FIGURE 3.1 Average self-reported A) mood and B) side effects. 

 

 

Average self-reported mood scores pre- and post-capsule administration. A) Mood scores 

were higher in the normal state than in the abstained state, and caffeine increased mood in 

the abstained state only. Mood decreased following placebo in the normal state (paired t-

test pre- to post-capsule: *p < 0.01). B) Side effects were similar between the two states, 

and increased following caffeine overall. Bars are SEM. 

A 

B 
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3.3.5 Selective attention 

Congruent trials of the flanker selective attention task were performed faster than 

the incongruent trials (Task: F(1,16) = 92.7; p < 0.001); see Figure 3.3. Caffeine reduced 

reaction times during the incongruent trials, but not in the congruent trials (Drug x Task: 

F(1,16) = 9.8; p < 0.01; t-test incongruent trials AP to AC: t(16) = 2.2; p < 0.05; NP to 

NC: t(16) = 3.1; p < 0.01). Caffeine decreased the interference effect overall (Drug: 

F(1,16) = 9.8; p < 0.01) and this decrease from NP to NC was significant (t(16) = 4.2; p < 

0.005). Performance accuracy for congruent trials (100%) was higher than for 

incongruent trials (93.2%) (Task: F(1,16) = 33.4; p < 0.001), although accuracy was not 

affected by the state or drug conditions. 

 

3.3.6 Memory 

Performance accuracy for the 2-back memory task (96.6%) was lower than for the 

1-back task (97.8%) (Task: F(1,16) = 6.0; p < 0.05); see Figure 3.4. Despite a pattern of 

increased accuracy after caffeine, there was only a trend towards a Drug effect (F(1,16) = 

2.9; p = 0.11); this increase was significant for the 1-back task from AP to AC (t(16) = 

2.4; p < 0.05). There were no main effects or interactions for the difference in accuracy 

between the two tasks (1-back – 2-back). Reaction times for the 1-back task were faster 

than for the 2-back task (Task: F(1,16) = 20.7; p < 0.001). Caffeine reduced reaction 

times for both trial types (Drug: F(1,16) = 4.7; p < 0.05). This reduction was significant 

for the 1-back task from NP to NC (t(16) = 3.6; p < 0.005). Reaction times were slower in 

the normal state than in the abstained state for the 2-back task, but there was no 

difference between states for the 1-back task (State x Task: F(1,16) = 14.9; p < 0.005). 
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FIGURE 3.2 Choice reaction time. 

 

 

 

Average reaction times for the choice reaction time task after caffeine and placebo in the 

abstained and normal state. Caffeine decreased reaction times in the abstained state 

(paired t-test placebo to caffeine: *p < 0.01), but not in the normal state. Bars are SEM. 
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FIGURE 3.3 Selective attention. 

 

 

 

Average reaction times for the congruent and incongruent task conditions in the flanker 

selective attention task following placebo and caffeine in the abstained (AP and AC, 

respectively) and normal state (NP and NC, respectively). Caffeine decreased reaction 

time in the incongruent task (paired t-test AP to AC and NP to NC: *p < 0.05), but not in 

the congruent task. Bars are SEM. 
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Reaction times for the 2-back task decreased across sessions, and the state effect may be 

attributable to an imbalance in the state by drug conditions. There were no session effects 

for 2-back accuracy, 1-back accuracy, or 1-back reaction time.  

 

3.4 Discussion 

 

 We evaluated the effects of caffeine following normal caffeine use among 

habitual consumers, and compared the results to the administration of caffeine following 

30 hours of abstinence among the same subjects. As we hypothesized, caffeine had less 

of an effect on mood and choice reaction time in the normal state than in the abstained 

state. Abstention had a negative effect on mood and choice reaction time, but not on 

selective attention and memory. Caffeine improved selective attention and memory in 

both the abstained and normal caffeine states. These results suggest that among moderate 

daily caffeine users there may be some benefits to consuming more than one’s typical 

daily intake. 

 Patterns of caffeine consumption reflect the belief that caffeine has stimulant 

effects above and beyond relief from withdrawal symptoms. For example, students who 

drink a cup of coffee every morning may drink 2 or 3 cups the morning of an exam, 

believing that caffeine will enhance their alertness and performance above average. But if 

the withdrawal reversal hypothesis were true, then the extra doses of caffeine would be of 

no use. The literature on mood symptoms overwhelmingly attributes caffeine with 

improving alertness and alleviating fatigue (for reviews, see Smith 2002; Ruxton 2008). 

However, some argue that these effects occur in low or non-habitual caffeine consumers 
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FIGURE 3.4 Memory. 

 

 

 

Average accuracy (percent correct responses) for the 1-back and 2-back task conditions 

in the memory task following placebo and caffeine in the abstained (AP and AC, 

respectively) and normal state (NP and NC, respectively). Caffeine increased accuracy in 

the 1-back task (paired t-test AP to AC: *p < 0.05), but did not significantly affect 

accuracy in the 2-back task. Bars are SEM. 
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but tolerance develops during habitual use, so consuming more than the maintenance 

dose ought to have little or no beneficial effect (James and Rogers 2005; Rogers 2007). 

While this has frequently been shown for mood (Richardson et al. 1995; Phillips-Bute 

and Lane 1997; James 1998; Robelin and Rogers 1998; Yeomans et al. 2002), several 

studies have also shown positive effects in a non-withdrawn state (Frewer and Lader 

1991; Warburton 1995; Christopher et al. 2005). In our study, caffeine improved mood in 

the abstained state only. In the normal state, caffeine had no effect (Figure 3.1). 

Interestingly, mood worsened after placebo in both the abstained and normal states. It is 

possible that the interval between mood reports resulted in boredom or fatigue, or 

exaggerated existing withdrawal symptoms in the placebo conditions. Alternatively, 

caffeine may have maintained positive mood that otherwise would have been lessened by 

this waiting period.  

 While some studies have suggested that caffeine withdrawal can impair 

behavioral performance by slowing reaction time or decreasing accuracy (Streufert et al. 

1995; James 1998; Robelin and Rogers 1998; Yeomans et al. 2002), other studies have 

reported no impairments during withdrawal (Richardson et al. 1995; Phillips-Bute and 

Lane 1997; Haskell et al. 2005; Hewlett and Smith 2006). In this study, performance was 

not significantly adversely affected by withdrawal, although choice reaction time 

exhibited a trend to be slower in the AP than in the NP condition (Figure 3.2). Caffeine 

significantly decreased reaction time in the abstained state but had no effect in the normal 

state, possibly because participants were already responding at an optimal speed.  

In the selective attention task, caffeine decreased incongruent reaction times and 

the interference effect, suggesting that caffeine enhances selective attention regardless of 
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state (Figure 3.3). Caffeine had a smaller effect on accuracy in the memory task; only the 

1-back task in the abstained state was significantly improved in follow-up comparisons, 

although there is a pattern of improvement after caffeine across the two tasks and states 

(Figure 3.4). The absence of a significant effect was expected, since many studies report 

little or no effect of caffeine on memory (Foreman et al. 1989; Warburton 1995; Phillips-

Bute and Lane 1997; Koppelstaetter et al. 2008). Unexpectedly, reaction times were 

slower in the 2-back task during the normal state than during the abstained state. We 

hypothesize that this finding is due to a practice effect combined with an imbalance in the 

state by drug condition orders and could have been eliminated by increasing our sample 

size to include all possible state by drug combinations. Alternatively, caffeine has been 

reported to impair memory (Mednick et al. 2008). Another consideration is that our 

subjects could have been exerting more effort during the abstained state to compensate 

for withdrawal-related fatigue. Future studies are needed to resolve this issue.  

In the normal caffeinated state, caffeine did not improve mood, choice reaction 

time, or memory accuracy. It is possible that this is a result of tolerance, but the increased 

side-effect ratings after caffeine administration argue against the development of 

tolerance. However, there may be other explanations for the lack of an effect. First, 

tolerance may have partially developed and was not overcome on these measures by the 

amount of caffeine administered. Second, there may be ceiling effects of the measures 

used; for example, if a subject rated alertness as a 5 out of 5 prior to caffeine, then his 

alertness level could not be shown to increase after caffeine. Third, there may be 

physiological boundaries; if a subject is already responding at a maximum speed then his 

reaction time cannot be reduced further by caffeine. None of these explanations preclude 
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caffeine’s ability to act as a stimulant in the normal caffeinated state among moderate 

consumers. Perhaps studies utilizing brain imaging techniques could provide more 

insights on the underlying neurobiology of the acute and chronic effects of caffeine 

without relying on subjective reports or behavioral limitations (e.g., Dager et al. 1999; 

Laurienti et al. 2002; Sigmon et al. 2009). 

The methods used here are unique from the majority of caffeine studies in several 

ways. Most notable is the use of the normal caffeinated state as a baseline. Some studies 

have administered caffeine in a normal caffeinated state, but did not include a withdrawn 

state for comparison (Frewer and Lader 1991; Warburton et al. 2001; Christopher et al. 

2005; Smith et al. 2005). Others have controlled for withdrawal by administering a pre-

treatment dose of caffeine (Warburton 1995; Yeomans et al. 2002), by comparing 

habitual consumers to non- or low consumers (Rogers et al. 2003; Haskell et al. 2005; 

Hewlett and Smith 2007), or by comparing overnight withdrawn to long-term abstinent 

consumers (James 1998; Rogers et al. 2005). Several studies have controlled for both 

tolerance and withdrawal among habitual users in a caffeinated state by including a long-

term abstinent condition (≥ 1 week) for comparison; these results suggest that once 

tolerance has developed, the daily maintenance dose of caffeine does not improve mood 

and performance above the long-term abstinent baseline (Evans and Griffiths 1992; 

James et al. 2005; Judelson et al. 2005; Sigmon et al. 2009). Inclusion of a long-term 

abstinent condition could have strengthened our methods, especially by ensuring that our 

subjects and measures were sensitive to an acute dose of caffeine prior to habitual use. 

Also, without this condition for comparison, the positive effects on performance seen in 

the normal caffeinated state could be attributed to withdrawal reversal, although 
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withdrawal typically begins after 12 hours of abstinence (Griffiths and Woodson 1988; 

Juliano and Griffiths 2004). However, the aim of this study was to compare whether an 

extra dose of caffeine could improve mood and performance above the normal 

caffeinated state baseline. Arguably the effects of caffeine in long-term abstinent subjects 

are not necessarily equivalent to the effects in habitual users’ normal caffeinated state, 

since caffeine has induced adaptive physiological changes following daily caffeine use. 

This question would be best addressed with a study comparing the stimulant effects of 

caffeine to placebo in all three normal caffeinated, overnight withdrawn, and long-term 

abstinent states. 

We also pre-screened potential participants for withdrawal symptoms. A review 

of caffeine self-administration reported that withdrawal symptoms occur in less than half 

of daily caffeine users (Hughes et al. 1993), and including subjects who do not 

experience withdrawal symptoms could confound or reduce the effect of withdrawal. A 

drawback is that pre-screening may bias the results based on those who may expect to 

experience withdrawal symptoms. Whether the presence or absence of these symptoms 

interacts with the effects of withdrawal on cognitive performance or caffeine 

consumption would be an interesting future direction. In addition, we requested 30 hours 

of caffeine abstinence, since withdrawal symptoms reportedly peak between 20-51 hours 

(Juliano and Griffiths 2004), although the majority of withdrawal studies only request 

overnight abstinence. Determining how the intensity of these symptoms, or the duration 

of abstinence, affects withdrawal-related behaviors would also be an important issue to 

resolve in the future.  

A  potential  limitation  of  our  study  is  that  participants  were  not  blind  to the 
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caffeine state they were experiencing (normal or abstained), and expectancy effects may 

have contributed to the mood results. Expectations can predict the perceived effects of 

caffeine on mood after the ingestion of a placebo believed to be caffeine (Fillmore and 

Vogelsprott 1992; Lotshaw et al. 1996). Other studies have blinded participants to the 

state they were experiencing by replacing dietary caffeine with study-supplied capsules 

or beverages (James 1998; Rogers et al. 2005). The drug ingested during our study 

session was administered double-blind to prevent expectancy effects from influencing the 

change in mood scores, although we did not administer a follow-up questionnaire to 

confirm whether or not the blinding was effective. A second limitation is that our 250 mg 

dose increased side effects, which could have informed some participants that they had 

ingested caffeine instead of placebo. This dose was selected because it has been shown to 

be effective in changing mood and reaction time while producing few side effects 

(Lieberman et al. 1987; Frewer and Lader 1991; Kaplan et al. 1997). Alternatively, 

smaller doses (e.g., 50% of total daily intake) have been shown to prevent withdrawal 

symptoms (Mitchell et al. 1995) and produce positive changes in mood and performance 

(Lieberman et al. 1987). Other measures, such as vigilance or rapid visual information 

processing performance, have been shown to be sensitive to caffeine (Fine et al. 1994; 

Yeomans et al. 2002; Childs and de Wit 2006) and including those measures in our study 

could have informed our results. Lastly, participants were asked to abstain from caffeine 

for 30 hours prior to capsule administration, but the actual duration of caffeine abstinence 

depended on their normal pattern of caffeine use. Different abstinence durations could 

have increased variability in withdrawal symptom intensity between subjects. Similarly, 

the exact time of caffeine use in the normal state was not recorded in the participants’ 
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diaries. No attempt was made to control the timing of caffeine use outside the study to 

preserve the naturalistic design, but variability in the interval between last caffeine use 

and the onset of the study across participants may have affected the results and could 

have been controlled for in the analyses.  

In summary, we compared the effects of caffeine in an abstained and a normal 

caffeinated state to determine whether the stimulant effects of caffeine can mostly be 

attributed to alleviating withdrawal, or whether caffeine can produce stimulant effects 

beyond the normal baseline. Our results suggest that caffeine was more effective at 

improving mood and simple reaction time following 30 hours of abstention. However, 

caffeine also provided some performance gains on more cognitively demanding tasks 

when administered following normal daily caffeine consumption. This corroborates the 

common habit among daily caffeine users of caffeine loading before a particularly 

challenging mental activity. 
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Abstract 

Rationale: Caffeine has both neurostimulant and vasoconstrictive effects in the central 

nervous system, but whether changes in the blood oxygen level dependent (BOLD) signal 

following caffeine administration are primarily neural or vascular in origin is unknown. 

Here, the neural and vascular influences on BOLD signal time course parameters were 

investigated using behavioral performance and cerebral blood flow (CBF). Methods: 

Using a within-subjects design, 17 subjects underwent functional magnetic resonance 

imaging of a reaction time task after caffeine and placebo in an abstained and normal 

caffeinated state on four separate occasions. Time courses of the BOLD response were 

extracted from the primary visual, primary motor, and supplementary motor area. 

Resting-state CBF, response times, and salivary caffeine concentrations were also 

measured. Results: Caffeine reduced reaction time in the abstained state, and reduced 

CBF, time to peak, and the full-width at half-maximum of the time course in both states. 

Multivariate regression analyses revealed that CBF predicted time to peak and the full-

width at half-maximum, reaction time predicted onset time in the primary motor cortex, 

and caffeine concentration predicted peak amplitude and slope of the BOLD response. 

There were no state or drug effects on the extent or magnitude of activation of the BOLD 

response in a voxel-wise analysis. Conclusions: Our results suggest that time course 

parameters of the BOLD response have different neural and vascular influences, and 

these relationships are not evident with traditional voxel-wise analyses. BOLD time 

course dynamics may be useful for the investigation of other psychoactive drugs that also 

have concurrent cerebrovascular effects.  
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4.1 Introduction 

Caffeine is a widely used stimulant known for its positive effects on mood, 

alertness, and psychomotor performance (Smith 2002). Caffeine produces stimulant 

effects by competitively antagonizing adenosine A1 receptors located on neurons 

throughout the cortex and A2A receptors found primarily on neurons in the striatum 

(Fredholm 1995). In addition, A2A receptors are found on smooth muscle of the cerebral 

vasculature (Ngai et al. 2001). Therefore, caffeine is also a potent vasoconstrictor and 

reduces cerebral blood flow (Cameron et al. 1990; Addicott et al. 2009b).  

 The vascular effects of caffeine may be problematic for blood oxygen level 

dependent (BOLD) imaging. The BOLD signal is used as an indirect measure of neural 

activity; but, in fact, it is a complex interaction between cerebral vasculature dynamics, 

blood volume, and neuronal metabolism and can be directly affected by changes in 

resting cerebral blood flow (CBF) (Buxton et al. 2004). These changes can occur 

independently from changes in neural metabolic activity (Hoffman et al. 1982; Cohen et 

al. 2002). For instance, reducing resting CBF by increasing the amount of inhaled O2  

will reduce the time to peak (TTP) and increase the peak amplitude (Amp) of the BOLD 

response without affecting the cerebral metabolic rate of oxygen consumption (CMRO2) 

(Kety and Schmidt 1948; Cohen et al. 2002). Similarly, caffeine has also been shown to 

decrease TTP and the full-width at half-maximum (FWHM) of the BOLD time course 

and this has been interpreted as a primarily vascular effect (Liu et al. 2004). However, a 

neural contribution cannot be excluded, since as a neurostimulant, caffeine may be 

hypothesized to reduce the TTP and increase the Amp by inducing a faster and stronger 

neural response to stimuli. 
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Neural contributions to time course parameters of the BOLD response have been 

inferred from correlations between these parameters and subjects’ response time during 

cognitive tasks. In a region of the brain considered integral to the performance of the 

task, the onset of the BOLD response is associated with the initiation of cognitive 

processing, the FWHM is correlated with the duration of cognitive processing, and the 

Amp is associated with cognitive effort (Yarkoni et al. 2009). For example, the onset of 

the BOLD response in the primary motor cortex (M1) and the full-width at half-

maximum (FWHM) of the supplementary motor area (SMA) have been correlated with 

reaction time (Richter et al. 2000; Formisano et al. 2002). Importantly, reaction times are 

not correlated with time course parameters in regions of the brain not primarily involved 

in task performance, such as the primary visual (V1) (Vannini et al. 2004; Ecker et al. 

2006) or auditory cortices (Formisano et al. 2002).  

Previous studies on the effects of caffeine on BOLD activation using voxel-wise 

analyses have produced conflicting results. One study showed an enhanced response 

(Mulderink et al. 2002); another showed an enhanced or diminished response depending 

on the level of daily caffeine use (Laurienti et al. 2002); and a third study reported no 

change (Bendlin et al. 2007). None of these studies associated changes in behavior with 

changes in the BOLD response; so currently, we cannot differentiate between the neural 

and vascular contributions to the BOLD signal using traditional voxel-wise statistics. 

Alternatively, an investigation of the effects of caffeine on BOLD response time course 

parameters could be more insightful; perhaps some parameters are more readily 

influenced by the vascular effects of caffeine, while others are more influenced by its 

neural effects. It is possible that the vasoconstrictive effects of caffeine dominate the 
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neurostimulant influence on the time course, but perhaps the neural influence may be 

identified after mathematically controlling for changes in CBF. Other psychoactive drugs, 

such as cocaine and alcohol, also have concurrent effects on CBF (Volkow et al. 1988; 

Wallace et al. 1996), and so this issue has applicability for other pharmacological fMRI 

research as well. The purpose of the study was to investigate the vascular and neural 

contributions to the BOLD signal time course during a visuomotor reaction time task 

following caffeine administration. We hypothesized that after controlling for the 

influence of other variables, RT would correlate with FWHM and onset in the areas of 

the brain related to the motor response (the SMA and M1) and CBF would correlate with 

TTP and FWHM in all areas of the brain.  

 

4.2 Methods 

 

4.2.1 Subjects  

 Seventeen healthy adults (9 women, mean age ± standard deviation: 30 ± 8 years) 

who drink between 200 and 600 mg caffeine per day were recruited from the Winston-

Salem community near Wake Forest University. Potential participants received a medical 

screening prior to inclusion in the study, and were excluded if they 1) had a history of 

diabetes, stroke, hypertension, migraines, or any neurologic or vascular disease, 2) had a 

history of CNS trauma, 3) used vasoactive medication, 4) tested positive for illicit drugs 

in a urinalysis, 5) had current symptoms of depression or an anxiety disorder, 6) had an 

MR incompatible implanted device, or 7) had vision that could not be corrected to an 

acuity  of  20/40.  Participants  gave  written   informed  consent  and   the  protocol   was 
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 approved by the Wake Forest Institutional Review Board. 

 Daily caffeine use was estimated from a 7-day caffeine consumption 

questionnaire (Landrum 1992; Addicott et al. 2009c) completed following the screening 

session. Drip-brewed coffee was estimated at 135 mg/8 oz, black tea was 50 mg/8 oz, soft 

drinks ranged between 35 and 55 mg/12 oz. The mean caffeine use among the 

participants was 375 ± 101 mg/day (5.5 ± 2.5 mg/kg/day). 

 

4.2.2 Study design 

This study utilized a within-subjects design. Each participant had 4 study visits at 

least 1 week apart. For two visits participants were instructed to continue normal daily 

caffeine use until their study visit (normal state), and for the other two visits participants 

were to abstain from caffeine use for 30 hours prior to the visit (abstained state). In each 

state, participants were administered caffeine (250 mg anhydrous) on one day and a 

matching placebo capsule on the other day in a double-blind manner. The four state by 

drug conditions are abbreviated as: abstained placebo AP, abstained caffeine AC, normal 

placebo NP, and normal caffeine NC. State by drug condition orders were pseudo-

randomized. Caffeine consumption was recorded on the study days and salivary caffeine 

concentrations [CAF] were obtained to verify participant compliance with the study 

procedures (Global Lifescience Solutions, LLC, Ann Arbor, MI, USA). [CAF] and other 

physiological measures (respiration rate, end-tidal CO2, O2 saturation, heart rate, and 

blood pressure) were obtained before and 45 minutes after capsule administration.  

Approximately 1 hour after the capsule administration (15 minutes after the 

second saliva sample and physiological measures were obtained), participants began the 
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imaging session. During this session, there were two functional scans of a choice reaction 

time task each lasting 5 min 51 sec. These two scans were identical except for the 

sequence of inter-stimulus intervals. A black and white checkerboard was presented on 

the screen for 250 ms per trial. A single red square appeared randomly in one of the four 

quadrants during each presentation. Participants were to respond by pressing a button on 

a response box with their right hand. Participants were to press a left or right button to 

indicate whether the red square was on the left or the right side of the checkerboard. The 

checkerboard was presented 156 times total. The inter-stimulus interval varied and 

averaged 3.7 ± 2.7 sec. Average reaction time (RT) was calculated for each session. The 

effects of caffeine and caffeine withdrawal on performance and mood were collected as a 

separate aspect of this study and are, therefore, reported elsewhere (Addicott and 

Laurienti 2009a). Computer tasks were programmed with E-Prime 1.0 (Psychology 

Software Tools, Pittsburgh, PA). Visual stimulation was presented using visual display 

goggles (Resonance Technology, Inc. Los Angeles, CA). 

 

4.2.3 Image acquisition 

 MRI data were obtained on a 3-Tesla General Electric Sigma Excite scanner with 

twin-speed gradients and a neurovascular headcoil. Participants’ heads were immobilized 

with foam padding. Laser alignment was used to position each participant in the scanner. 

A high-resolution T1-weighted structural scan was acquired at the beginning of each 

session using a 3D Spoiled Gradient Echo (TI = 450 ms, TE = 3.4 - 13.0 ms, bandwidth = 

15.63 kHz, flip angle = 25˚, FOV = 240x240 mm, acquisition matrix = 256x256 mm, 

slice thickness 1.5 mm, zero slice gap, 128 slices). 
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BOLD-weighted images were acquired with an echo-planar imaging sequence 

(TR = 1500 ms, TE = 28 ms, flip angle = 68˚, FOV = 240x240 mm, acquisition matrix = 

640x480 mm, slice thickness = 5 mm, zero slice gap). Twenty-eight slices were acquired 

sequentially and parallel to the AC-PC line. Original voxel size was 3.75 x 3.75 x 5 mm3. 

The first 13 volumes of each run were used to achieve a steady state of contrast and were 

discarded prior to data analysis. Two runs consisted of 222 and 221 volumes. 

 Perfusion data was acquired using pulsed arterial spin-labeling with Quantitative 

Imaging of Perfusion with Thin Slice TI1 Periodic Saturation (Q2TIPS) (Luh et al. 1999) 

and Flow-sensitive Alternative Inversion Recovery (FAIR) encoding (Kim and Tsekos 

1997). Images were obtained with a single shot gradient echo Echo Planar Imaging (EPI) 

sequence (Mansfield 1977). Fifteen slices were acquired parallel to the AC-PC line (TR = 

3000 ms, TE = 15.4 – 176.0 ms, TI = 2000 ms, FOV = 240x240 mm, acquisition matrix 

640x640 mm, slice thickness = 8.0 mm, zero slice gap). The first 10 volumes were used 

to establish steady state and to collect a proton density (M0) image for the calculation of 

absolute CBF quantity. One hundred and twenty images were collected (60 pairs) for 

analysis during a 6 min 30 sec scan. During the perfusion scan, participants were 

instructed to maintain their gaze on a fixation cross in the visual display goggles. 

Alertness was monitored with an infrared camera inside the visual display goggles.  

 

4.2.4 Data preprocessing 

 Data was preprocessed with SPM5 (The Wellcome Department of Imaging 

Neuroscience, Institute of Neurology, University College London). fMRI images were 

motion corrected, spatially normalized to an EPI template (Montreal Neurological 
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Institute),  re-sampled to 4 x 4 x 5 mm, and smoothed with an isotropic Gaussian filter 

with an 8 mm full-width at half-maximum. Perfusion scans were motion corrected and 

cleaned of paired images that were poorly aligned (e.g., > 2.5 standard deviations from 

the mean) due to motion artifact (Tan et al. 2009). Control/label perfusion images were 

pair-wise subtracted after motion correction and the difference images were averaged. 

The T1-image was segmented and co-registered to the M0 image using an automated 

sequence in SPM5, in order to create a gray matter mask (51% probability) and a white 

matter mask (81% probability). The average signal intensity of white matter was applied 

along with global scaling factors to convert the perfusion-weighted image to a 

quantitative CBF map. This map represents the magnitude of perfusion (ml/100 g 

tissue/min) for each voxel. The average gray matter CBF value was calculated by 

averaging the voxels in the gray matter mask. Images were normalized within SPM5 by 

warping the M0 to the SPM EPI template. This transformation was then applied to the 

perfusion maps. Both perfusion and fMRI data were visually inspected for quality. 

 Event-related fMRI data was modeled with the hemodynamic response function 

including the time and dispersion derivatives. The 8 runs from the 4 scan sessions were 

combined for each subject using a fixed effects regression model. Three regions of 

interest (ROIs) were generated from which the time course of the BOLD response was 

evaluated. To create the ROIs, a conjunction analysis of the 8 scans (2 runs on each of 4 

days) was performed. Significantly active voxels (FWE p < 0.001) were identified in 1) 

bilateral calcarine cortex (V1), 2) left pre-central gyrus (M1), and 3) bilateral 

supplementary motor area (SMA) using WFU Pickatlas (Maldjian et al. 2003) with the 

anatomical automatic labeling atlas (Tzourio-Mazoyer et al. 2002) to identify the 
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anatomical regions. These voxels were then used to create the three masks for time 

course extractions. Time courses of the hemodynamic response were extracted using a 

Tikhonov regularization method (Casanova et al. 2008) and interpolated to 0.25 sec. 

Time courses were averaged across all trials per session. The following parameters were 

calculated: time to peak (TTP), peak amplitude (Amp), Slope (difference between 75% 

and 25% Amp, divided by the difference between time to 75% and 25% Amp), and full-

width at half-maximum (FWHM: difference between the time to 50% Amp on the up-

slope and 50% Amp on the down-slope). Onset time (Onset) was based on the pre-

stimulus baseline. Time courses were extracted 2 TRs before the stimulus onset and the 

mean and standard deviation were calculated for 1 TR prior to the stimulus presentation. 

The onset was calculated as the time after stimulus presentation that the hemodynamic 

response positively deflected 6 standard deviations from the mean baseline. This 

amplitude value of 6 standard deviations did not vary according to state or drug 

conditions, but on average, it was greater in the motor (2.22) and visual (2.17) cortices 

than in the SMA (1.65). 

  

4.2.5 Data analysis 

 Salivary caffeine concentrations and physiological measures were analyzed using 

2 (State) x 2 (Drug) x 2 (Time) repeated measures analysis of variance (ANOVA). 

Perfusion and BOLD-weighted images were investigated for regional differences related 

to state, drug, and state x drug interaction effects using SPM5. Global changes in average 

gray matter CBF values were analyzed using a 2 (State) x 2 (Drug) ANOVA. Time 

course parameters were also analyzed using a 2 (State) x 2 (Drug) ANOVA. Follow-up 
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comparisons consisted of paired-samples t-tests. Reaction time data from Addicott and 

Laurienti (2009a) were used in the analyses as a metric of the neural effects of caffeine. 

For the multivariate regression analysis, the independent variables CBF, RT, and [CAF] 

were centered around each subject’s mean to remove inter-individual variability. An 

initial regression analysis was conducted using all brain regions combined, then 

significant relationships were investigated by brain region (V1, M1, and SMA). Inter-

relationships between variables were analyzed with Pearson product moment 

correlations. Data was analyzed using SPSS 16.0 (Chicago, IL), and results were 

considered significant if p < 0.05. 

One subject was unable to maintain alertness during the abstained placebo 

session, and the time course parameters from this session were not interpretable. The data 

from this session was removed from the correlations. The mean group values for the time 

course parameters were used to replace the missing values from this subject for the 

repeated-measures ANOVAs only. Perfusion scans from two different subjects contained 

artifacts and were removed from the data analysis; regression analyses were performed 

on 195 data points for all brain regions combined and 65 data points for each brain region 

separately. One subject’s O2 saturation could not be read due to acrylic nails. 

. 

4.3 Results 

 

4.3.1 Salivary caffeine concentrations and diary of caffeine use 

 The self-reported caffeine use and [CAF] confirmed the participants’ compliance 

with the study protocol. Participants reported consuming no caffeine in the 30 hours prior 
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to the scan time in the abstained state and reported consuming an average of 229 ± 123 

mg in the normal state. The average pre-capsule [CAF] was 0.2 ± 0.2 µg/ml in the 

abstained state and 2.7 ± 2.6 µg/ml in the normal state. Average post-capsule [CAF] are 

shown in Figure 4.1. Caffeine administration resulted in greater [CAF] in the normal state 

than in the abstained state (State x Drug x Time: F(1,16) = 4.9; p < 0.05).  

 

4.3.2 Reaction time  

Caffeine reduced RT only in the abstained state (State x Drug: F(1,16) = 5.2; p < 

0.05; paired t-test: AP > AC t(16) = 2.9; p < 0.05); see Figure 4.2. RTs ranged between 

121 and 388 msec. Correct responses were over 98% in all four sessions and were not 

affected by the state or drug conditions.  

 

4.3.3 Physiological measures 

The average measures were: systolic blood pressure pre-capsule: 119 ± 13, post-

capsule: 118 ± 11 mm Hg; diastolic blood pressure pre: 69 ± 10, post: 69 ± 8 mm Hg; 

heart rate pre: 73 ± 14, post: 68 ± 12 beats/min; respiration rate pre: 16 ± 2, post: 15 ± 3 

breaths/min; end-tidal CO2 pre: 39 ± 4, post: 37 ± 4%; O2 saturation pre: 97 ± 1, post: 97 

± 1%. Heart rate and end-tidal CO2 significantly decreased from pre- to post- capsule 

administration (heart rate Time effect: F(1,16) = 19.3; p < 0.001. End-tidal CO2 Time 

effect: F(1,16) = 31.5; p < 0.001). Systolic blood pressure was higher in the normal state 

(121 ± 13 mm Hg) than in the abstained state (116 ± 12 mm Hg; State effect: F(1,16) = 

7.6; p < 0.05) and diastolic blood pressure was higher in the caffeine condition (70 ± 7 

mm Hg) than in the placebo condition (67 ± 10 mm Hg; Drug effect: F(1,16) = 4.6; p <  
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0.05).  

 

4.3.4 Cerebral blood flow 

No regional CBF changes were detected between states or drug conditions using 

whole brain imaging analyses in SPM5 after controlling for global changes. Average 

global gray matter CBF analyzed with a repeated-measures ANOVA revealed that 

caffeine decreased CBF by 28% in both states, but caffeine decreased CBF more in the 

abstained state (-34.2%) than in the normal state (-20%) (State x Drug: F(1,16) = 18.0; p 

< 0.005; paired t-tests: AP > AC t(16) = 10.9; p < 0.001; NP > NC t(16) = 4.7; p < 

0.001). There was also greater CBF in the AP condition than in the NP condition (t(16) = 

6.1; p < 0.001), see Figure 4.3.  

 

4.3.5 BOLD signal time course parameters 

The choice reaction time task activated the visual cortex (V1), left motor cortex 

(M1), and the supplementary motor area (SMA), see Figure 4.4. In the group average 

activation maps there were more significant voxels in the AP condition (3626) than the 

AC condition (949), and more significant voxels in the NP condition (1705) than the NC 

condition (1149) (FDR, p < 0.05). However, the analyses conducted with BOLD- 

weighted statistical parametric maps for main effects of state, drug, or interaction effects 

showed no voxels that survived correction (FDR, p < 0.05). Figure 4.5a and 4.5b show 

BOLD signal time course data for the four state by drug conditions from a representative 

subject. Average time course parameters across subjects from each of the three regions of 

interest are shown in Figures 4.6a through 4.6e. TTP was reduced by caffeine in all three 
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FIGURE 4.1 Post-capsule administration salivary caffeine concentrations. 

 

 

 

Average post-capsule salivary caffeine concentrations for each state by drug condition. 

Following caffeine administration, caffeine concentrations were greater in the normal 

state than in the abstained state (*p < 0.05). Bars are SEM. 

*

*
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FIGURE 4.2 Reaction time. 

 

 

 

Average reaction time for each state by drug condition. Caffeine decreased reaction time 

in the abstained state, but not in the normal state (*p < 0.05). Bars are SEM. 

*



  - 114 - 

 

FIGURE 4.3 Gray matter cerebral blood flow. 

 

 

 

Gray matter cerebral blood flow (CBF) values (ml/100g of tissue/min) in each state by 

drug condition. Caffeine decreased CBF in both states, but produced a greater decrease in 

the abstained state than in the normal state (*p < 0.005). CBF was greater in the abstained 

placebo condition than in the normal placebo condition (p < 0.001). Bars are SEM. 

*

*
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regions (SMA: F(1,16) = 20.4; p < 0.001; M1: F(1,16) = 10.5; p < 0.01; V1: F(1,16) = 

16.2; p < 0.005). FWHM was also reduced by caffeine in all three regions (SMA: F(1,16) 

= 5.3; p < 0.05;  M1: F(1,16) = 9.0; p < 0.01; V1: F(1,16) = 5.7; p < 0.05). Onset was not 

affected by the state or drug conditions, but Onset times were later in the normal state 

than in the abstained state in the M1 region (State: F(1,16) = 5.0; p < 0.05). Amp and 

Slope were not affected by the state or drug conditions nor were there any interaction 

effects. 

 

4.3.6 Multivariate Regression 

The predictor variables CBF and RT were significantly correlated (r = 0.43; p < 

0.001), as were CBF and [CAF] (r = -0.68, p < 0.001). [CAF] and RT were also 

correlated (r = -0.24, p < 0.05). The dependent variables TTP and FWHM were strongly 

correlated (r = 0.83, p < 0.001). Amp correlated with Slope (r = 0.89, p < 0.001), TTP (r 

= 0.22, p < 0.005), and FWHM (r = 0.20, p < 0.005). Onset correlated with FWHM (r = -

0.15, p < 0.05) and Slope (r = -0.18, p < 0.01). 

Multivariate linear regression was used to quantify the relationship between two 

variables, while controlling for the influence of other variables on that relationship. The 

variables CBF, RT, and [CAF] were modeled to predict changes in each time course 

parameter (TTP, FWHM, Amp, Slope, and Onset). In the initial analysis using all brain 

regions combined, CBF significantly predicted TTP and FWHM, [CAF] predicted Amp 

and Slope, and RT predicted Onset, see Table 4.1a. Post-hoc analyses of each brain 

region revealed that the association between CBF and TTP was significant in V1, 

whereas  the  association  between  CBF  and  FWHM  had a similar strength across the 3 
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FIGURE 4.4 BOLD response to reaction time task. 

 

 

 

BOLD activation during choice reaction time task in regions of interest (primary visual 

cortex z = -3, primary left motor cortex, and supplementary motor area z = 59). Pictured 

is the average activation across all sessions and subjects. There were no main effects of 

state, drug, or interaction effects on the extent or magnitude of BOLD activation. Image 

is FDR-corrected p < 0.05. 
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FIGURE 4.5 BOLD signal time course data from a representative subject. 

 

 

 

BOLD time courses from a single subject, extracted from the primary visual cortex in (a) 

the abstained state and (b) the normal state.  
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FIGURE 4.6 BOLD time course parameters. 

 

 

BOLD time course parameters for each state by drug condition in the supplementary 

motor area (SMA), the left primary motor area (M1), and the primary visual cortex (V1). 

Caffeine decreased (a) TTP and (b) FWHM in all three regions in both the abstained and 

normal states (p < 0.05). (c) Onset, (d) Amp, and (e) Slope were not consistently affected 

by the state and drug conditions. Bars are SEM. 
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regions and did not reach significance in any region. The relationship between [CAF] and 

Amp was significant in V1 and SMA, while [CAF] and Slope were significantly related 

in the SMA. The association between RT and Onset was only significant in M1, see 

Table 4.1b.  

 

4.4 Discussion 

 

The main findings of this study are that, by analyzing time course parameters and 

including a measure of CBF, the neural and vascular influences on the BOLD signal are 

more easily identified than with traditional voxel-wise statistical parametric maps. 

Caffeine, like other psychoactive drugs has both neural and cerebrovascular effects. 

Changes in the BOLD signal produced by these drugs cannot be interpreted as being 

purely neural in origin since the BOLD-signal may be influenced by resting CBF. Using 

a linear regression analysis, a positive relationship was found between CBF and the 

BOLD time course parameters TTP and FWHM, suggesting these parameters are 

primarily representative of vascular changes. Alternatively, RT correlated with Onset in 

M1, indicating a neural influence. Unexpectedly, [CAF] was associated with Amp and 

Slope and this relationship may be mediated by neural or metabolic changes, but more 

research is needed. Importantly, these relationships were not evident in the whole-brain 

voxel-wise analysis of the BOLD response, nor in the ANOVA of average values in each 

state by drug condition.  

We had originally hypothesized that RT would correlate with FWHM in the SMA 

and  that  CBF  would  correlate with  TTP and FWHM in all areas of the  brain.  Instead, 
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TABLE 4.1a Multiple regression analyses for the independent variables CBF, RT, 

and [CAF]. *p < 0.05, #p = .050. 

 

  

 

 

 

 

 

 

TABLE 4.1b Multiple regression analyses by brain region. *p < 0.05. 

 

 

 

 

 

 

 

 

 

 

  Standardized coefficients (B)  

 adj. R2 CBF RT [CAF] F(3,194) 

TTP .034 .250* -.066 .018 3.30* 

FWHM .038 .241* -.131 -.007 3.58* 

Amp .026 .158 -.053 .265* 2.71* 

Slope .030 .066 -.008 .250* 3.02* 

Onset .025 .019 .187* .103 2.65# 

 Standardized coefficients (B) 

 Whole Brain V1 M1 SMA 

CBF & TTP .250* .421* .257 .173 

CBF & FWHM .241* .273 .274 .223 

[Caf] & Amp .265* .377* .269 .333* 

[Caf] & Slope .250* .259 .242 .399* 

RT & Onset .187* .073 .287* .217 
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there was no association between RT and FWHM and CBF correlated with TTP 

primarily in the visual cortex, unlike CBF and FWHM which were associated more 

evenly across the three brain regions. The fact that CBF correlated with TTP more in the 

visual cortex than other areas may be due to vascular differences between the anterior and 

posterior circulation (Field et al. 2003), or differences in neurovascular coupling 

(Chiarelli et al. 2007). The lack of a correlation between RT and FWHM in the SMA may 

be because the relationship was overcome by the changes in CBF, or because the range of 

response times was too small to detect the correlation. Previous studies have used 

cognitively challenging tasks, such as a mental rotation task, that resulted in a greater 

spread of reaction time values (Richter et al. 2000; Vannini et al. 2004; Ecker et al. 

2006). However, the effects of caffeine are most reliable on simple psychomotor tasks, 

where reaction times are reduced by less than 100 msec (Lieberman et al. 1987; Rogers 

and Dernoncourt 1998; Yeomans et al. 2002).  

The CBF results reported here replicate the pattern of results from an earlier study 

(Addicott et al. 2009b). In both studies, caffeine reduced CBF more in an abstained state 

than in a normal state, and CBF was greater in the AP condition than in the NP condition 

among moderate caffeine consumers (200-600 mg/day). Previously, we concluded that 

moderate caffeine users had developed tolerance to their daily caffeine use and the 

increased CBF in the AP condition suggested the upregulation or sensitization of the 

vascular adenosine receptors (Addicott et al. 2009b). The effects of CBF changes on the 

BOLD signal time course are well-known from hyper- and hypocapnia studies (Kemna 

and Posse 2001; Cohen et al. 2002). Behzadi and Liu (2005) proposed a model of 

arteriolar compliance to explain these effects. Essentially, arterioles dilate more quickly 
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in response to neural activity at a vasoconstricted baseline because there is no resistance 

to the vascular smooth muscle from the connective tissue. Whereas at a vasodilated 

baseline, the connective tissue is exerting more resistance and the relaxed vascular 

smooth muscle exerts less force, therefore compliance to neural activity is slower. 

Behzadi and Liu (2006) applied this model to interpret the effects of caffeine on the time 

course parameters of the BOLD signal. The findings of the current study support the 

results of Behzadi and Liu (2006) in that caffeine-associated decreases in the TTP and 

FWHM are best predicted by changes in baseline CBF.  

 Unexpectedly, we found a positive correlation between [CAF] and Amp, 

although this subtle increase was not evident in the extent or magnitude of activation in 

the voxel-wise analysis. There are discrepancies in the literature on the effects of caffeine 

on the BOLD response amplitude. Based on its vasoconstrictive and stimulant effects, 

caffeine may be expected to increase Amp. However, adenosine is one of the signaling 

molecules that couples CBF to neural activity (Dirnagl et al. 1994); by preventing 

adenosine from binding to the local cerebrovasculature, caffeine may blunt the BOLD 

response amplitude. Some studies have reported that both the activation extent and the 

time course Amp increase after caffeine, possibly due to decreased baseline BOLD signal 

or CBF (Mulderink et al. 2002; Chen and Parrish 2009), while other studies report no 

changes in these measures (Liu et al. 2004; Bendlin et al. 2007; Liau et al. 2008). These 

differences may be related to the amount of daily caffeine consumed by the subjects, 

resulting in a differential weighting of the neural and vascular effects of caffeine due to 

tolerance and withdrawal (Laurienti et al. 2002). There is also disagreement on whether 

caffeine-induced changes in BOLD activation are primarily vascular (Mulderink et al. 
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2002) or neural in origin (Koppelstaetter et al. 2008). We report an increase in Amp that 

is not directly related to changes in CBF and may be driven by increased neural activity 

and/or a greater uncoupling with CMRO2. However, the change in CBF appears to be 

masking this effect since, on average, there is a pattern of decreased Amp in V1 after 

caffeine administration, similar to the pattern for TTP and FWHM (Figure 4.6d). The 

correlation between RT and Onset of activation in M1 may be evidence of a faster neural 

response after caffeine. A relationship between changes in psychomotor performance and 

the BOLD signal has not been previously reported in caffeine studies but this relationship 

may not evident using traditional statistical parametric maps in which the influence of 

neural activity versus changes in CBF cannot be separated. Future methods in imaging 

analyses, such as the mapping of specific parameters of the BOLD signal time course, 

may be more useful.  

 Certain parameters of the BOLD signal time course have been considered 

representative of neural activity. The FWHM and Amp of time courses in the primary 

sensory cortices may be associated with the stimulus duration and intensity, but other 

regions of the brain related to the task performance, such as the SMA, pre-motor, and 

primary motor cortices, may be more strongly associated with the motor response to the 

task, and therefore correlate with reaction time. The FWHM of the BOLD time course 

parameter has also been correlated with reaction time in regions of the brain that are 

considered integral for the performance of a task, such as the superior parietal lobule for 

spatial rotation (Richter et al. 2000; Vannini et al. 2004; Ecker et al. 2006), Broca’s area 

for naming pseudohomophones (Cummine et al. 2008), and in the left inferior frontal 

region for lexical decision making (Liu et al. 2004). In our choice reaction time task, the 
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correlation between RT and Onset in M1 is similar to previous studies (Richter et al. 

2000; Formisano et al. 2002); however, the FWHM correlated with CBF throughout the 3 

brain regions. It appears that the vascular influence overwhelms the neural influence on 

this parameter.  

 Limitations of our study include the re-positioning of subjects in the scanner for 

each session. Given our design, it was not possible to collect this data during one day. 

The differences in slice prescriptions could have reduced the overlap in the voxels chosen 

for the time course extraction and diminished our effect. Secondly, despite an identical 

pattern of change in CBF, the absolute values of CBF are lower in the current study than 

in a previous study (Addicott et al. 2009b), possibly due to scanner differences or an 

underestimation of the gray matter due to T1-image inhomogeneities from the 3T scanner. 

Thirdly, instead of a 250-mg dose, we could have adjusted the dose by body weight or by 

daily caffeine use. However, inter-individual variability in caffeine concentrations was 

measured and controlled for by centering [CAF] around each individual’s mean. Lastly, 

our correlations could have been strengthened by improving the temporal resolution of 

the time courses, perhaps by reducing the TR and the number of acquired brain slices.  

Ultimately, the goal of pharmacological fMRI is to identify drug-related effects 

on brain function. Passive measures of drug effects have included resting-state scans, 

which investigate regionally-specific increases in neural activity or energy metabolism; 

these changes can be associated with subjective ratings of euphoria or craving (Breiter et 

al. 1997; Stein et al. 1998). A stronger approach is an active measure of drug effects by 

correlating changes in the BOLD response with changes in behavior during a task 

(Tracey 2001). Using a rapid, event-related design, we acquired behaviorally relevant 
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effects of a drug along with well-resolved BOLD signal estimates and were able to 

correlate the underlying brain activity with task performance. Task performance was 

predictive of the onset of the BOLD response in the primary motor cortex; likewise, 

[CAF] predicted the Amp and Slope of the BOLD response, and we interpret these 

measures as being indicative of the neural or metabolic effects of caffeine. The 

vasoactive effects of psychoactive drugs may be problematic in pharmacological fMRI if 

the changes in BOLD-signal parameters are interpreted as being related to changes in 

neural activity without controlling for the influence of CBF. This study demonstrates the 

utility of measuring CBF and incorporating it into the analysis and interpretation of the 

BOLD signal. In the best scenario, there would be a method to model changes throughout 

the entire brain, instead of using a priori selected regions of interest as in this study, in 

order to discover unanticipated effects of a drug (Leslie and James 2000). Future studies 

are needed to determine whether the correlations reported here are somehow caffeine-

mediated, or if they would generalize to other drugs.  
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5.1 Summary of findings 

Caffeine is a popular stimulant drug that produces both acute and chronic effects 

on mood, behavior, and physiology. The current trend in caffeine research is to explore 

the impact of tolerance and withdrawal on the acute effects of caffeine, and the methods 

for studying the development of tolerance and the experience of withdrawal have come 

under scrutiny. In addition, and probably related to the differing methodologies, is the 

emergence of competing hypotheses to account for the effects of caffeine. This thesis has 

characterized several caffeine research methods and has challenged some conceptions 

regarding caffeine’s effects. In chapter 2, an argument was presented in support of the 

validity of self-reported caffeine use, and demonstrated the accuracy of self-report 

measures and their consistency with salivary caffeine concentrations ([CAF]) in low and 

moderate consumers. The accurate estimation of daily caffeine use facilitates using the 

normal caffeinated state for the investigation of chronic effects of caffeine. This normal 

state signifies natural and realistic caffeine use that is appropriate to each individual’s 

unique sensitivity to caffeine, which may not be represented by controlled-dose studies.  

In chapter 3, the controversy of whether caffeine has net benefits or primarily 

reverses withdrawal symptoms in moderate daily caffeine users was examined. The 

results revealed positive effects of caffeine on mood and choice reaction time only after 

30 hours of abstinence, when subjects were experiencing withdrawal symptoms. 

However, selective attention and memory were improved both in the abstained and 

normal caffeinated state, and did not appear to be adversely affected by withdrawal. 

Many people go out of their way to purchase and consume caffeinated foods and 

beverages because they believe that caffeine improves alertness and performance. If the 
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withdrawal reversal hypothesis were entirely true, then daily caffeine consumers would 

be essentially wasting money and suffering undesirable withdrawal symptoms every 

morning. This study selected individuals who may be physically dependent on caffeine 

based on their self-reported withdrawal symptoms and could be, in part, motivated to 

continue caffeine use to prevent withdrawal. The results suggest that while the normal 

daily dose of caffeine provides relief from withdrawal symptoms, consuming more than 

one’s normal daily dose of caffeine can benefit cognitive performance as well. Caffeine 

did not produce stimulant effects in a dose-dependent fashion, which leaves the 

possibility that caffeine has diminished stimulant effects with repeated dosing. 

Alternatively, the flat dose-response may have been related to physical limitations on 

reaction time. A thorough investigation on the effects of caffeine and withdrawal using a 

more direct measure of neural activity is warranted. 

Lastly, in chapter 4 the neural and vascular influences on the BOLD response 

time course were investigated using fMRI. The vascular effects of caffeine can obscure 

its neural effects on the BOLD response because caffeine antagonizes a signaling 

molecule (i.e., adenosine) that couples neural activity to the hemodynamic response and 

because the global vasoconstrictive action of caffeine affects the vascular reaction to 

neural activity. These combined effects shift the BOLD response time course and affect 

the response amplitude in a manner that is unrelated to the neurostimulant effects of 

caffeine. These neurostimulant effects have not been previously identified using fMRI 

since the changes in the BOLD signal are typically attributed to caffeine’s vascular 

effects. This is the first caffeine study to infer a neural relationship between RT and the 

Onset of the BOLD response independently of the changes in cerebral blood flow (CBF). 
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Pharmacological imaging studies need to separate the neural and vascular influences on 

the BOLD signal for the accurate interpretation of their data, and this can be 

accomplished by collecting an independent measure of whole brain CBF and analyzing 

time course changes in addition to the traditional BOLD statistical parametric maps.  

Relief from withdrawal may play an important role in the reinforcing effects of 

caffeine and the maintenance of daily use, as well as providing insight into the 

development of tolerance and dependence. It appears from chapters 3 and 4 that the 

measures of mood, choice reaction time, and CBF were sensitive to withdrawal since 

there were differences in these measures between the abstained placebo and normal 

placebo conditions. Furthermore, there were greater changes in these measures following 

caffeine in the abstained state than in the normal state. However, there was no such 

difference for any of the BOLD response time course measures as originally 

hypothesized. The absence of this effect is unexpected, especially since TTP, FWHM, 

and Onset were significantly predicted by variables that had a State x Drug interaction 

effect (i.e., CBF and RT). It is possible that the time course parameters were not sensitive 

enough to detect the influence of withdrawal, and increasing the temporal resolution may 

improve the sensitivity. It is vital to the future study of caffeine to have an objective 

measure of tolerance and withdrawal on neurostimulation, and a valuable future direction 

would be to identify an imaging technique, or a combination of techniques, that could 

identify changes in neural activity due to both the acute and chronic effects of caffeine. 

This would lead the way to exploring and understanding differences between individuals 

who do, and do not report experiencing tolerance and withdrawal. This chapter will 

discuss current topics and issues in caffeine research regarding habitual use, tolerance 
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and withdrawal, and methods that can be used to image functional changes in the human 

brain due to caffeine.  

 

5.2 Why do we consume caffeine? 

Caffeine consumption is a central part of our social and industrial culture. Since 

the beginning of the Hershey’s, Mars, and Nestle chocolate empires to the rivalry 

between Coca-Cola and Pepsi-Cola, from the ancient tradition of hot tea to the southern 

tradition of sweet tea, with the recent dieting fads consisting of energy drinks and weight 

loss supplements, and from the coffee bar explosion of the 1990’s shadowing the rise of 

the internet and the personal computer, caffeine has worked its way into our diets. Many 

people seek out foods and beverages that contain caffeine, but even if it is undesirable, 

caffeine is difficult to avoid. There is a social perception of “needing” caffeine to stay 

alert and focused while studying, driving long distances, or working at a computer all 

day. All three tasks are cognitively, but not physically, demanding, which can result in 

boredom and mental fatigue. Caffeine is commonly used to wake up in the morning, stay 

awake late at night, provide energy, and improve concentration and cognitive 

performance. Frequent administration of low doses of caffeine has been shown to prevent 

performance decrements related to prolonged wakefulness (Wyatt et al. 2004). Despite its 

putative cognitive enhancing effects, there is little actual evidence that caffeine improves 

cognitive performance, such as memory. Perhaps the primary neural actions of caffeine 

are to delay sleep onset and promote wakefulness. Caffeine may directly improve 

vigilance performance by antagonizing A1 receptors, especially during sleep deprivation 

when adenosine levels are high. Enhanced vigilance could then have indirect 
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improvements on cognitive performance by preventing fatigue and lapses in attention. 

The expectation that caffeine is a cognitive enhancer has some basis in scientific 

research, but at the same time there are numerous businesses that are eager to promote 

and profit from this belief. The mainstream media also reinforces positive perceptions 

with articles that describe caffeine as a memory booster (12/30/2002 cbsnews.com), as 

well as reporting on other benefits, such as the reduction of muscle pain during exercise 

(5/4/09 abcactionnews.com), and protection against Parkinson’s and Alzheimer’s disease 

(11/6/06 usatoday.com).  

 There has also been backlash against the popularity of caffeine, with an increasing 

number of mainstream articles warning readers about problems associated with 

consuming too much caffeine. The Caffeine Awareness Association 

(caffeineawareness.org) educates people on the health risks of caffeine consumption. This 

website claims that habitual use is linked to most major health problems, such as 

diabetes, heart disease, indigestion, and allergies (the Alliance was founded by Marina 

Kushner, who markets and promotes Soyfee, the safe, soybean alternative to coffee).  In 

the general population, caffeine is considered “addictive,” not because it makes people 

feel good to drink it, but because of how bad they feel when they stop. This is illustrated 

by the article titled “Yes, people are right. Caffeine is addictive” (10/5/94 nytimes.com) 

regarding an academic article on caffeine dependence (Strain et al. 1994).  

 

5.3 Is caffeine addictive? 

 The World Health Organization and the American Psychiatric Association use the 

term “substance dependence” rather than “addiction,” although the latter term is often 
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used casually and connotes craving and compulsive drug use. Classically addictive drugs, 

such as cocaine and heroin, stimulate dopamine transmission from the ventral tegmental 

area to the nucleus accumbens, caudate-putamen, and frontal cortex; these dopamine 

projections converge in the medial forebrain bundle (Koob 1992). Caffeine increases 

glucose utilization in these, and other brain regions, and increases dopamine levels in the 

ventral striatum (Solinas et al. 2002) to a similar extent as other drugs of abuse like 

morphine and alcohol (Dichiara and Imperato 1988). This is most likely related to its 

stimulant effects; caffeine increases locomotor activity in rats at low doses (30-50 mg/kg) 

(Finn and Holtzman 1986). Analogously, caffeine increases self-reported energy and 

arousal in humans. In addition to its effects on dopamine transmission, some of the 

positive effects of caffeine on mood may be related to enhanced serotonin transmission in 

the raphe nuclei and norepinephrine transmission in the locus ceruleous (Nehlig 1999). 

However, caffeine is not considered to be a potent reinforcer like classically addictive 

drugs including cocaine or heroin, since it does not consistently maintain self-

administration by animals (Griffiths and Woodson 1988). Furthermore, caffeine does not 

typically produce subjective feelings of “high” and “euphoria” unlike morphine and 

alcohol (Cami and Farre 2003), and large doses of caffeine can actually cause anxiety 

(Childs and de Wit 2006), which could deter the consumption of large doses. What makes 

caffeine different? For one reason, caffeine has a relatively slow absorption and half-life. 

Usually drugs with a rapid onset and short duration, like cocaine which is absorbed into 

the blood stream within minutes, are associated with greater abuse liability (Farre and 

Cami 1991). Secondly, caffeine has very indirect effects on dopamine transmission, and 

more diffuse actions throughout the brain than cocaine and amphetamine, which 



  - 139 - 

 

specifically target the dopamine transporter. Another possible reason is that dopamine is 

not the only neurotransmitter involved in drug dependence; glutamate, acetylcholine, 

opioid, and γ-aminobutyric acid (GABA) are also involved, and we understand less about 

caffeine’s interaction with these systems.  

Based on studies in low caffeine consuming humans, there are small positive 

effects on mood and behavior (Lieberman et al. 1987; Fine et al. 1994; Lyvers et al. 

2004), but are these effects enough to explain the widespread use and popularity of 

caffeine from a purely pharmacological perspective? Of course, many consumers may 

choose to drink certain caffeinated beverages because they enjoy the flavor, but there is 

also evidence that avoidance of aversive withdrawal symptoms is a stronger incentive to 

use caffeine than its positive stimulant effects. In a study by Schuh and Griffiths (1997), 

moderate caffeine consumers were administered a capsule in the morning, and later in the 

day they were given a list of monetary values between -$10 and +$10 to indicate the 

amount of money they would prefer to receive instead of the drug (positive values), or the 

amount of money they would prefer to forfeit instead of receiving the drug (negative 

values). Without knowing the drug conditions, subjects chose to receive caffeine rather 

than an average of $0.38, but were willing to forfeit $2.51 to avoid receiving placebo 

(and to experience withdrawal symptoms) (Schuh and Griffiths 1997). Another study 

suggested that the intensity of withdrawal symptoms may also contribute to an ability to 

discriminate between caffeine and placebo (Evans and Griffiths 1992). Avoidance of 

withdrawal symptoms may contribute to other drug use as well, such as alcohol (Little et 

al. 2005) or heroin use (Hutcheson et al. 2001). Hutcheson et al. (2001) showed that 

rodents given heroin during heroin withdrawal subsequently had greater drug seeking-
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behavior when in withdrawal again. Cues associated with withdrawal can also influence 

voluntary drug taking (Little et al. 2005). It is generally accepted that the avoidance of 

withdrawal symptoms can help maintain daily caffeine use (Fredholm et al. 1999; Juliano 

and Griffiths 2004). However, not every habitual caffeine user experiences withdrawal; 

one study found that less than half of subjects reported withdrawal symptoms (Hughes et 

al. 1993). Reviews of withdrawal studies describe the number of subjects complaining of 

symptoms as typically below 60% (Dews et al. 2002; Juliano and Griffiths 2004). This 

raises some interesting questions: could there be genetic, physiological, or personality 

differences between people who report withdrawal symptoms compared to those that do 

not? Is it possible the underlying biological adaptations to caffeine differ between these 

two groups of people? In chapter 4, a single subject did not report experiencing a 

headache within the 30 hours of caffeine abstinence, yet this individual’s CBF was much 

greater in the AP condition (64 ml/100g/min) than in the NP condition (39 ml/100g/min) 

similar to the other subjects (all of whom complained of headache). This suggests this 

individual has a different perceptual experience of changes in cerebral blood flow, 

possibly an increased pain threshold, but not a different physiological adaptation to 

habitual caffeine use. Determining whether or not all individuals develop tolerance and 

dependence equally, and the underlying neurobiological mechanisms that are responsible, 

is an avenue that needs more exploration.  

 In summary, the development of physical dependence to caffeine, as evidenced by 

withdrawal symptoms upon abstinence, appears to be common among daily consumers. 

But there is little evidence that caffeine’s positive stimulant effects are rewarding enough 

to reinforce consumption in the absence of withdrawal.  
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5.4 The normal caffeinated state 

In the data analysis of chapter 2, the consistency of caffeine use in the 7-day diary 

was not reported, only the two normal state study days were compared; both of which 

occurred on weekdays and were at least 1 week apart. A concern of using a normal 

caffeine state in research is that caffeine use may not be consistent across the week, and 

intake may decrease on the weekend when the individual is not at work or at school. 

Therefore, the average daily caffeine use from the 7-day diary collected from the 

participants in chapters 3 and 4 was analyzed. There was no effect of day on overall 

caffeine consumption (multivariate ANOVA: F(2,11) = 2.22, p > 0.1). The average 

values appear lower Friday through Saturday, but this is not a significant decrease, see 

Figure 5.1a. On a subject by subject basis, there was more variability. Out of 17 subjects, 

6 (35%) had standard deviations ≥ 135 mg, which is equal to 1 cup of coffee, see Figure 

5.1b. The majority of these moderate caffeine consumers (200-600 mg/day) appear to be 

fairly consistent with their daily use across a week. Of course, all of these subjects 

professed that they would experience withdrawal symptoms if they abstained from 

caffeine for a day or two and avoidance of withdrawal symptoms could motivate daily 

use. Therefore, there could be more variability within a sample of subjects who do not 

experience withdrawal. Potentially, more variability in daily caffeine consumption (i.e., 

caffeine is only consumed 1-2 days per week) could prevent dependence and tolerance 

from developing, which would make the normal state a poor study design for this aspect 

of caffeine research. As described in the introduction, the strength of the normal state is 

that it can identify individuals that may have genetic, physiological, or personality 

predispositions for a certain level of caffeine use. Is a direct comparison between normal  
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FIGURE 5.1a Average caffeine use per day from the 7-day caffeine consumption 

diary. 

 

 

Subjects (n = 17), described in chapters 3 and 4, were initially screened to consume 

between 200-600 mg/day then completed a 7-day caffeine consumption diary, in which 

quantity and frequency of foods and beverages containing caffeine were recorded. 

Average caffeine use did not vary significantly across the 7 days. Bars are SEM. 
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FIGURE 5.1b Caffeine use per subject. 

 

 Daily caffeine consumption for subjects described in chapters 3 and 4, showing the 

variability in caffeine use between subjects. Average caffeine use (gray diamonds) for 

each day of the 7-day caffeine consumption diary. Black bars represent the average 

caffeine consumption of each subject for the week. Bars are standard deviation. 
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state and controlled-dose warranted? Maybe a good compromise is to screen participants 

based on a self-report survey of caffeine use, then provide beverages or capsules with the 

same amount of caffeine participants’ use on their own (Streufert et al. 1995). With this 

method, the investigators can ensure consistency without maintaining subjects on a dose 

that is too high and causes anxiogenic side effects, or too low to produce appreciable 

stimulant effects. Future studies could investigate whether some people are more 

sensitive to the stimulant effects of caffeine and are likely to develop dependence or 

tolerance at a low daily dose; or whether some people are less sensitive to caffeine and 

must drink high daily doses to appreciate its stimulant effects, and due to their high 

consumption level are therefore more likely to develop dependence and tolerance. 

 

5.5 Does tolerance to caffeine always occur? 

Tolerance to caffeine suggests that, for someone who drinks 100 mg of caffeine 

every day for over a week, that dose alone should no longer produce a stimulant effect. 

This person would need to drink perhaps 200 mg of caffeine to get the same initial effect 

as the 100 mg dose. According to self-report information, the percentage of individuals 

who report tolerance to caffeine vary from as little as 8% in a general population survey 

(Hughes et al. 1998), to as many as 75% of individuals who believed they were 

dependent on caffeine (Strain et al. 1994). In addition to memory errors, survey 

information can also be compromised by a subject’s physical awareness and self-selected 

caffeine use. It is possible that tolerance to caffeine has developed but the subject is not 

aware of it; the daily dose could be alleviating withdrawal, thus encouraging the 

perception of stimulation even though it returns functioning to a normal baseline. In 
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empirical studies, the escalation of drug use, or an increased rate of self-administration, is 

typically the hallmark of drug dependence and reflects the development of physical 

tolerance (but escalation of use may also represent increased reinforcement strength of 

the drug) (Ben-Shahar et al. 2005; Zernig et al. 2007). Other evidence of tolerance is an 

increased toxic dose, for example, the hypnotic effects of high doses of alcohol are 

diminished in rats that have been chronically exposed (Rimondini et al. 2008). 

Analogously, diminished self-reported anxiogenic effects have been shown following 

high daily doses (900 mg) of caffeine (Evans and Griffiths 1992). In addition, clearly 

different drug effects related to the history of drug use is evidence for tolerance. For 

example, an acute dose of cocaine increased heart rate, blood pressure, and subjective 

reports of “high” and “euphoria” more in occasional cocaine users than in chronic 

cocaine users, following 9 days of drug abstinence (Mendelson et al. 1998). These 

characteristics of tolerance are evident in some, but not all, measures following habitual 

caffeine use.  

Behavioral studies comparing low users (< 200 mg/day) to moderate users (200-

600 mg/day) have had inconsistent results. If tolerance had developed, an acute dose of 

caffeine would be expected to have a greater effect in low users than in moderate users. 

Instead, two studies reported stimulant effects in both groups (Lieberman et al. 1987; 

Haskell et al. 2005). One reported poorer performance in moderate users after placebo 

(possibly withdrawal related) but no group differences after caffeine (Fine et al. 1994). 

Others showed only stimulant effects in moderate users, consistent with withdrawal 

reversal (Rogers et al. 2003; Attwood et al. 2007); and only a single study reported 

stimulant effects in low, but not moderate users (Lyvers et al. 2004), which is consistent 
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with tolerance. Overall, these behavioral studies provide poor evidence for tolerance. 

Conversely, sensitization could have developed among some of the moderate users 

instead of tolerance. In addition, behavioral measures could be affected by arousal levels 

unrelated to caffeine or withdrawal. Other physiological adaptations to chronic caffeine 

use could offer more insights into the development of tolerance. 

 

5.5.1 Physiological evidence for tolerance 

Cerebral blood flow and blood pressure were measured after caffeine (250 mg) 

and placebo administration in an abstained and normal caffeinated state among the low, 

moderate, and high caffeine consumers described in chapter 2. The pattern of cerebral 

blood flow strongly suggested that tolerance had occurred to the vasoconstrictive effects 

of caffeine (Addicott et al. 2009). In the NP condition, all three groups had similar levels 

of CBF despite an increase in [CAF] across groups, see Figures 5.2 and 5.3. In the AP 

condition, there was a positive correlation between daily self-reported caffeine use and 

CBF, suggesting that there was an upregulation or sensitization of vascular A2A receptors 

roughly proportional to habitual caffeine intake. Previous studies on CBF also support 

this conclusion (Mathew and Wilson 1985; Field et al. 2003). Conversely, mean arterial 

pressure (MAP) was higher in the NP than in the AP condition (paired samples t-test, p < 

0.05), see Figure 5.4, but there was no relationship to daily caffeine use (State x Drug x 

Caffeine use: F(2,41) = 2.14, p < 0.10) (unpublished data).  

However, tolerance would predict a smaller response to an acute dose among high 

consumers compared to low consumers, which was not apparent in CBF and MAP. 

Instead, CBF and MAP in low, moderate, and high consumers were similarly affected by  
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FIGURE 5.2 Average cerebral blood flow. 

 

 

 

 Whole brain gray matter cerebral blood flow (CBF) was measured in low (n = 18), 

moderate (n = 9) and high (n = 18) caffeine consumers described in chapter 2. Subjects 

received caffeine or placebo following 30 hours of caffeine abstinence and in a normal 

caffeinated state. Caffeine reduced CBF in both the abstained and normal states for all 

subjects (repeated-measures ANOVA, Drug effect: F(1,41) = 190.73, p < 0.001). In the 

abstained placebo condition, average daily caffeine use (mg) correlated with CBF (r = 

0.42, p < 0.005). In the normal placebo condition, CBF was not significantly different 

across the three caffeine use groups. Bars are SEM. 
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FIGURE 5.3 Salivary caffeine concentrations. 

 

  

 

Salivary caffeine concentrations were measured in low (n = 18), moderate (n = 9) and 

high (n = 18) caffeine consumers described in chapter 2. Subjects received caffeine or 

placebo following 30 hours of caffeine abstinence and in a normal caffeinated state. 

Samples were obtained 1 hour after capsule administration. Caffeine increased salivary 

concentrations (repeated measures ANOVA, Drug effect: F(1,42) = 189.08, p < 0.001). 

In the normal placebo condition low users < moderate users < high users (independent 

samples t-test: p < 0.05), and in the normal caffeine condition low users < high users (p < 

0.01). Bars are SEM. 
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FIGURE 5.4 Mean arterial pressure.  

 

 

 

Mean arterial pressure was measured in low (n = 18), moderate (n = 9) and high (n = 18) 

caffeine consumers described in chapter 2. Subjects received caffeine or placebo 

following 30 hours of caffeine abstinence and in a normal caffeinated state. Caffeine 

increased MAP more in the abstained state than in the normal state (repeated measures 

ANOVA, State x Drug effect: F(1,41) = 8.35, p < 0.01). There are no significant 

differences between caffeine use groups in the normal state. High users were slightly 

older than low users, and age correlated with MAP in the abstained placebo (r = 0.43, p < 

0.005) and the abstained caffeine condition (r = 0.50, p < 0.001). The apparent trend of 

increasing MAP across the three groups in the abstain placebo and abstain caffeine 

conditions is not significant when age is used as a covariate. Bars are SEM. 
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a dose of caffeine. CBF was reduced in both the abstained and normal states to a similar 

level, despite a greater [CAF] in the NC condition, see Figures 5.2 and 5.3. This was 

interpreted as maximum binding to adenosine receptors or maximum vasoconstriction 

produced via adenosine receptor antagonism (Addicott et al. 2009). A bolus dose 

introduces 250 mg immediately, whereas that same dose would equal almost 16 oz of 

coffee that may be drank over the course of an hour or more. Thus, a bolus dose might be 

testing the limits of the physiological effects of caffeine, as in the AC condition, that may 

not occur with a slower paced administration, as in the NP condition. Alternatively, the 

effects of the acute bolus dose are possibly being measured during the absorption phase 

of caffeine, while the effects of regular consumption are measured during the elimination 

phase. Whether there are mood, behavioral, or physiological differences between these 

two phases is unknown. 

Unlike CBF, MAP was only increased in the AC condition, to the approximate 

same level as MAP in the NP and NC conditions. The blood pressure results agree with 

previous studies which have shown that that caffeine primarily has a pressor effect 

following a period of caffeine abstinence (Watson et al. 2002; Lovallo et al. 2004) or 

when pre-existing caffeine concentrations are low (Robertson et al. 1981; Smits et al. 

1985; Watson et al. 2002) regardless of previous caffeine use. Evidently, caffeine may 

produce an initial, but not an accumulative effect, and later doses will not produce an 

effect until the first dose has been substantially metabolized. This could be because the 

effects of caffeine on blood pressure have reached a physical boundary that may not be 

overcome with physiologically safe doses of caffeine. This argues against the 

development of tolerance. Conversely, one study performed a median split of subjects 
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based on their diastolic blood pressure response to an acute dose of caffeine. After being 

maintained on 600 mg/day for one week, half of the subjects had a pressor response to 

caffeine following overnight abstinence, and half did not. There was no difference in 

average normal caffeine use (prior to the study) or salivary caffeine concentrations the 

morning of the study between these two groups (Lovallo et al. 2004). This is evidence 

that  some  people  develop  tolerance  to  an  acute  dose   of  caffeine  following  chronic 

exposure.  

In summary, of all the physiological and behavioral measures described here, 

comparisons between placebo and an acute dose of caffeine generally do not support the 

development of tolerance. The comparison between the abstained and normal state for 

CBF provides the best argument for tolerance, since a proportional relationship between 

CBF and daily caffeine use was shown in the AP, but not the NP condition. Tolerance to 

the stimulant effects of caffeine is difficult to determine without a direct measure of 

neural activity.  

 

5.6 Criticism against withdrawal reversal 

The withdrawal reversal hypothesis states that “acute (e.g. overnight) caffeine 

withdrawal lowers alertness and degrades performance, and caffeine consumption 

restores alertness to, but not above, ‘normal’ levels” (Rogers 2007). Within and by 

extension of this hypothesis are several assertions. First, caffeine withdrawal degrades 

performance; second, there are no additional stimulant effects of caffeine in habitual 

users beyond withdrawal reversal; third, habitual users could be experiencing withdrawal 

following dietary caffeine use; and fourth, even low caffeine users can experience 
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withdrawal, and the only way to absolutely control for withdrawal reversal is with a long-

term abstinent state. However, these assertions are not fully substantiated by empirical 

evidence. A review of caffeine studies found a discrepancy between James’ claims and 

the references he used to support them (Smith 2002). James (1994) wrote that “there is an 

extensive literature showing that caffeine withdrawal has significant adverse effects on 

human performance (Griffiths et al. 1990; van Dusseldorp and Katan 1990; Hughes et al. 

1991; Hughes et al. 1992; Silverman et al. 1992).” Smith reviewed James’ citations and 

wrote “one finds that some of them do not even examine performance and that where 

they do, any effects are selective, not very pronounced, and largely unrelated to the 

beneficial effects of caffeine reported in the literature” (Smith 2002). While several 

studies show impaired performance during withdrawal (Fine et al. 1994; James 1998; 

Robelin and Rogers 1998; Yeomans et al. 2002), slightly more studies (including the 

results of chapter 3) have found no deleterious effects of withdrawal on performance 

(Lieberman et al. 1987; Richardson et al. 1995; Phillips-Bute and Lane 1997; Haskell et 

al. 2005; Hewlett and Smith 2006; Attwood et al. 2007; Hewlett and Smith 2007), and 

another study reported that some, but not all, performance measures were impaired by 

withdrawal (Streufert et al. 1995). Taken together, the argument that caffeine withdrawal 

actually degrades cognitive performance is not well substantiated. 

In their review supporting withdrawal reversal, James and Rogers (2005) assert 

that tolerance develops to caffeine during habitual use. While they do not describe this as 

“complete” tolerance, they do attest that there are no caffeine effects in a non-withdrawn 

state, implying that there are no measurable stimulant effects other than withdrawal 

reversal in habitual users. James and Rogers (2005) reviewed studies that showed 



  - 153 - 

 

improved performance or mood after subsequent doses of caffeine (Warburton 1995; 

Warburton et al. 2001; Christopher et al. 2005; van Duinen et al. 2005), and concluded 

that these studies were methodologically or statistically flawed. Specifically, these studies 

were criticized for allowing unsupervised caffeine use prior to the study. In contrast, 

Rogers’ own studies show an initial, but not accumulative effect of caffeine on mood and 

performance when caffeine administration was supervised (Robelin and Rogers 1998; 

Yeomans et al. 2002; Heatherley et al. 2005). Other studies not reviewed (including the 

results of chapter 3) have also found positive effects in a non-withdrawn state (Frewer 

and Lader 1991; Hewlett and Smith 2007). It appears their argument is based on the 

belief that the majority of studies showing stimulant effects of caffeine in a non-

withdrawn state are flawed, not because the majority of studies show no stimulant effects 

of caffeine in a non-withdrawn state. Again, this argument is not well substantiated by the 

literature.  

An extension of the argument that tolerance precludes stimulant effects of 

caffeine in a non-withdrawn state, and a potential criticism of chapter 3, is that stimulant 

effects shown in the normal caffeinated state could still be attributed to withdrawal 

reversal. Potentially, enough time had elapsed between the participants’ last caffeine use 

and the study measures for withdrawal symptoms to begin. In truth, a participant could 

have drank their morning coffee at 6 am and arrived for the study at 2 pm, to be scanned 

between 3:30 and 4:30. The difference between 6 am and 3:30 pm is 9 ½ hours, which is 

as much as two half-lives of caffeine. Although actual time of caffeine consumption was 

not recorded, this is an extreme example and it is unlikely that this occurred frequently 

enough to have biased the results of chapter 3. In the normal state, participants used 
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caffeine ad libitum. Since they were aware (as demonstrated in the pre-screening) that 

abstaining from caffeine resulted in withdrawal symptoms, had they experienced fatigue 

or tiredness they could have drank more caffeine prior to the study visit. This criticism 

also implies that an individual will be experiencing withdrawal simply because 

physiological caffeine levels have dropped, and secondly, that behavioral improvements 

following caffeine administration in a non-withdrawn state are evidence that withdrawal 

was occurring; perhaps because the pre-dose was not enough to completely reverse 

withdrawal. If a single 200 mg serving of coffee is all the caffeine someone drinks in a 

day, are they experiencing withdrawal in the afternoon simply because the majority of 

this dose could be metabolized by that time? Evans and Griffiths (1999) reported the 

same range and magnitude of withdrawal symptoms between a single 300 mg dose 

administered in the morning and three 100 mg doses administered throughout the day. 

Certainly, the rate of metabolism can vary across subjects, the half-life can vary as much 

as 2 to 13 hours (Callahan et al. 1983) and some individuals could be cleared of caffeine 

9 hours after their last dose. But studies have shown that 1/2 or 1/3 of the maintenance 

dose will prevent withdrawal symptoms (Mitchell et al. 1995; Evans and Griffiths 1999), 

so even small concentrations of caffeine can prevent withdrawal, and that may be why 

withdrawal symptoms usually do not appear until after 12-24 hours of abstinence (Juliano 

and Griffiths 2004). It is unlikely that moderate consumers are experiencing withdrawal 

within 12 hours of normal caffeine use, and interpreting improvements in performance as 

evidence of withdrawal reversal is a circular argument. 

James and Rogers assert that any daily caffeine use confounds the detection of 

stimulant effects (James and Rogers 2005). In an instance of confounding, James refutes 
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the interpretation of a previous study showing acute effects in light caffeine consumers 

who drink less than 500 mg/week, which equals about 70 mg/day (Lyvers et al. 2004; 

James 2005). Here, James argues that “withdrawal effects have been consistently 

observed for amounts of 70 mg and less (e.g., (Griffiths et al. 1990; Evans and Griffiths 

1991; Silverman et al. 1992; Mumford et al. 1994),” therefore the acute effects in light 

users could be due to withdrawal reversal. One may assume that the articles referenced 

were from studies that maintained participants on low amounts of caffeine (≤ 70 mg/day), 

and demonstrated withdrawal symptoms following overnight abstinence. Upon 

examination, only a single study investigated physical dependence and withdrawal from 

100 mg/day (Griffiths et al. 1990). The others were drug discrimination trials that were 

not designed to study, nor reported, withdrawal from low daily doses (Evans and 

Griffiths 1991; Silverman et al. 1992; Mumford et al. 1994). These are only appropriate 

references if you follow James’ logic that subjects can solely experience the stimulant 

effects of caffeine, and therefore be able to discriminate whether they received caffeine, 

if they are currently in a state of withdrawal following overnight abstinence. But this 

argument, and the evidence necessary to make this argument, was not presented by the 

original authors. Furthermore, in defense of Lyvers 2004, their light caffeine consumers 

were described as consuming less than 500 mg/week, without any information on daily 

intake. Possibly, individuals could have used that amount in 1-2 days, not spread it 

evenly across the week as James suggested. It is difficult to argue that dependence or 

tolerance has developed when use is so sporadic. 

Lastly, James insists that the only way to control for withdrawal reversal in 

habitual users is to have subjects abstain for more than 1 week, in order to “washout” the 
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effects of dependence and tolerance (James and Rogers 2005). A number of studies have 

maintained subjects on placebo or caffeine using a controlled-dose design. The prescribed 

caffeine doses ranged from 225 mg/day to 900 mg/day and the duration of the 

maintenance phase lasted from 5 to 14 days. Overall, little or no differences were 

reported for subjective mood ratings or behavioral performance between the caffeine and 

placebo chronic dosing conditions (Evans and Griffiths 1992; James 1998; James et al. 

2005; Judelson et al. 2005; Sigmon et al. 2009). These results suggest that tolerance 

develops to habitual caffeine use and there are no net gains in mood or performance due 

to normal daily use compared with abstinence. However, a single study also collected 

objective measures of electroencephalography (EEG) and cerebral blood velocity, and 

did not observe the development of tolerance with these measures (Sigmon et al. 2009). 

Here, EEG relative power, which is associated with arousal level, was the same after a 

dose of caffeine in the caffeine maintenance condition as after an acute dose of caffeine 

following placebo maintenance, although self-reported arousal level was higher in the 

latter condition. Despite contradicting the majority of evidence in support of tolerance, 

these results illustrate the benefit of incorporating objective measures of neural activity. 

Perhaps subjects become less perceptive of the effects of caffeine even though different 

physiological systems adapt more slowly or not at all. Truly, a long-term abstinent 

condition does control for withdrawal, and would strengthen a study design by ensuring 

that the subject sample and the measures are sensitive to the stimulant effects of caffeine 

initially, as discussed in chapter 3. As far as mood and performance are concerned, the 

consensus of five studies is that tolerance develops to daily caffeine use, but the results of 

an EEG suggest that the question of tolerance is not yet resolved.  
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5.7 Argument for withdrawal reversal 

While there are many limitations to the withdrawal reversal hypothesis, some 

level of withdrawal reversal is most likely occurring in moderate and high caffeine 

consumers. The studies reporting that subjects’ mood and performance are similar 

between a habitual caffeinated state and a long-term abstinent state provide support for 

tolerance (Evans and Griffiths 1992; James 2005; Judelson et al. 2005; Sigmon et al. 

2009). The initial hypothesis for chapters 3 and 4 was that caffeine would produce a 

greater stimulant effect during withdrawal, in line with the withdrawal reversal 

hypothesis. This was based on the reasoning that caffeine can have a greater stimulant 

effect among habitual consumers in a withdrawn state because, if tolerance results in an 

upregulated number of adenosine receptors, then there are more available receptor sites 

for caffeine to antagonize in a withdrawn state compared with a normal caffeinated state 

(Laurienti et al. 2002). Tolerance would suggest that in a habitual consumer’s normal 

state, there are as many receptors bound with adenosine as in that individual’s long-term 

abstinent state, thus the overall effects of adenosine are conserved. However, a larger 

than normal dose of caffeine would displace adenosine from its receptors and still 

produce a stimulant effect in the normal caffeinated state, albeit a smaller effect than in a 

withdrawn state. The decrease in CBF in the normal state following a bolus dose of 

caffeine is evidence of unbound adenosine receptors in the normal state, see Figure 4.3. 

The fact that a bolus dose of caffeine reduced CBF to a similar level in the abstained and 

normal states, despite a much greater concentration of caffeine in the normal state, 

suggests that a physiological boundary has been reached. Possibly, this bolus dose of 

caffeine has either saturated the adenosine receptors, or, has produced maximal 
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vasoconstriction via the adenosine system (Addicott et al. 2009). Cognitive behavioral 

measures have been used to study tolerance and withdrawal because of their 

susceptibility to arousal levels, the obvious problem with this is that arousal may be 

below baseline in a habitual user for reasons other than withdrawal, and arousal may be 

optimal   prior   to   caffeine   administration   and  so  there  can  be   no   more   gains  in 

performance.  

The greatest problem for studying tolerance and withdrawal from caffeine is the 

lack of a direct measure of the neural effects of caffeine. The majority of studies 

participating in the debate between net benefits and withdrawal reversal rely on cognitive 

performance and self-reported mood. The self-report mood symptom checklist is 

currently the only validated measure of withdrawal. Researchers also rely on a period of 

abstinence to induce withdrawal, but this time course of symptoms was also established 

based on self-report measures. The results of many studies do provide strong evidence of 

caffeine withdrawal on mood, and an improvement of mood during abstinence. The 

problem is, can subjects be in a state of withdrawal and not be subjectively aware of it? 

Absolutely; the individual subject described from chapter 4 showed evidence of vascular 

withdrawal from caffeine although a headache was never reported. But this inconsistency 

brings to question the validity and usefulness of self-report measures. Ultimately, the 

sensitivity of the self-report method depends on the salience of the physiological cues. 

Self-report has been used to demonstrate tolerance to an acute dose (300 mg) of caffeine, 

which increases feelings of tension-anxiety, jittery/nervous/shaky, and degree of feeling 

different from normal among abstainers (Evans and Griffiths 1992). These and other 

symptoms of caffeine toxicity, including nausea and lightheadedness are easy to 
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recognize, as is a withdrawal-induced headache. But the subtle stimulant effects of low 

doses of caffeine (< 100 mg) are not always apparent (Lieberman et al. 1987; Evans and 

Griffiths 1991; Childs and de Wit 2006). The self-report measures have been insightful, 

and after extensively reviewing the literature and analyzing our data, withdrawal reversal 

does explain changes in mood, but not necessarily cognitive performance. It is plausible 

that withdrawal symptoms of tiredness, fatigue and headache could indirectly affect 

cognitive performance, by lowing motivation for instance, but simple, standardized tests 

of vigilance, reaction time, and memory are not always impaired by withdrawal. An 

objective measure of neural activity during tolerance and withdrawal is vital for future 

research, and is essential in order to move forward in the debate between net benefits and 

withdrawal reversal. Non-invasive imaging methods that could be useful in this respect 

are discussed below, in section 5.9. 

 

5.8 Caffeine and the BOLD response time course 

 In chapter 4, the caffeine state and acute administration were primarily used to 

manipulate CBF and RT, but if the changes in the BOLD response were indicative of 

neural changes associated with chronic and acute drug use, this would make an excellent 

pharmacological tool for caffeine research. Unexpectedly, there were no consistent 

differences in time course parameters between the AP and NP conditions, unlike CBF, 

[CAF], and RT see Figures 4.1-4.3, and 4.6. The initial hypothesis was that there would 

be a greater change from placebo to caffeine in the abstained state than in the normal 

state, but instead, there were no overt signs of withdrawal in the BOLD response. 

Caffeine affected TTP and FWHM similarly in both states, and the changes in Onset, 
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Amp, and Slope varied by region. Based on the multiple regression analysis, TTP and 

FWHM reflect changes in CBF, and CBF showed a pattern that is consistent with 

tolerance and withdrawal (Addicott et al. 2009). However, the changes in Onset are more 

interesting because they correlated with changes in RT (after controlling for the influence 

of CBF) suggesting the changes in Onset are neural in origin. In addition, the relationship 

between [CAF] and Amp is promising because it could be mediated by changes in neural 

activity due to the stimulant effects of caffeine or withdrawal. However, this relationship 

may also be reproduced with a similar pattern of increasing [CAF] in non-consumers that 

have not developed tolerance and dependence. In all, these results do not provide 

evidence of tolerance and withdrawal; a between-subject study comparing low, moderate, 

and high users may shed more light on this topic.  

 The relationship between self-reported mood and the imaging results were 

investigated for this discussion, to explore whether these relationships are indicative of 

tolerance or withdrawal when used in combination. Headache ratings across the four 

post-capsule measures (AP, AC, NP, and NC) correlated with both CBF (r = 0.44; p < 

0.001) and with [CAF] (r = -0.39; p < 0.005), but only the association with CBF survived 

a multiple regression analysis with both CBF and [CAF] as predictor variables 

(standardized B coefficient = 0.34, t = 2.23; p < 0.05). This replicates previous studies 

showing a link between increased CBF velocity and headaches following caffeine 

withdrawal (Couturier et al. 1997; Jones et al. 2000). The average post-capsule average 

mood rating (which includes the rating for headache) also initially correlated with both 

CBF (r = -0.51; p < 0.001) and [CAF] (r = 0.43; p < 0.001). Again, only the relationship 

with CBF survived the multiple regression analysis (B = -0.35; t = 2.44; p < 0.05). 
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However, this relationship with CBF was similar when the combined mood rating was 

divided into positive mood (no headache rating; B = -0.30, t = 1.96; p = 0.054) and 

negative mood (including headache rating; B = 0.29, t = 1.90; p = 0.062). Therefore, the 

relationship between CBF and mood is not entirely due to the headache ratings, but the 

increased CBF is probably what causes the headache. The nature of the relationship 

between CBF and other mood items is less obvious. Could the increased CBF have 

directly decreased alertness and increased tiredness? Unlikely, but perhaps the intensity 

of the headache lowered other mood ratings. More likely, the increased CBF was also 

associated with neural withdrawal effects, which could have a causal relationship with 

mood ratings. In other analyses, mood ratings did not correlate with RT, and the side 

effect mood ratings did not correlate with CBF or [CAF]. 

  

5.9 Alternative pharmacological imaging methods 

 Functional MRI has become a popular tool in pharmacological research because it 

is accessible, repeatable, and poses minimal harm to subjects. To reiterate, the BOLD 

response is an indirect measure of neural activity, based on a complex relationship 

between neural activity and a regional vascular response. fMRI has excellent spatial 

resolution and good temporal resolution. However, by directly binding to adenosine 

receptors on the cerebrovasculature, caffeine confounds the relationship between neural 

activity and BOLD response. By measuring resting CBF, some of the effects of CBF on 

the BOLD response can be controlled mathematically, but this extra analysis and 

speculation are not ideal. There are other methods available that circumvent this issue 

that could be used to investigate the neural effects of caffeine. 
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Electroencephalography (EEG) and magnetoencephalography (MEG) are two 

methods of functional imaging which detect neural activity based on electrical signals 

and the magnetic fields they generate, respectively. They both have excellent temporal 

resolution and can be used to measure resting and stimulus-driven neural activity. For 

example, quantitative EEG measured in a resting state has shown a reduction in alpha 

band power after caffeine administration, similar to other stimulants, and the stimulus-

induced event-related potentials has shown a reduction in P300 latency after caffeine, 

which is associated with faster information processing and improved cognitive 

performance (Kenemans and Lorist 1995; Lorist and Tops 2003; Deslandes et al. 2005; 

Dixit et al. 2006). Quantitative EEG has also been shown to be sensitive to caffeine 

withdrawal (Jones et al. 2000). Another study has also shown acute, chronic, and 

withdrawal effects of caffeine on EEG power (Sigmon et al. 2009). Currently, only a 

single published study has investigated the effects of caffeine using MEG and no effects 

of caffeine on behavioral or neuromagnetic measures were reported, although a relatively 

low dose was administered (100 mg) (Rosburg et al. 2004). In the future, EEG and MEG 

could be used to investigate the neural correlates of the changes in reaction time 

associated with caffeine and caffeine withdrawal. The disadvantages of EEG and MEG 

are poor spatial resolution, especially of subcortical signals; data from these measures 

cannot readily be localized into brain space. The EEG signal is also distorted by the skull 

and scalp; this is not a problem for MEG, however, MEG is very susceptible to 

environmental artifacts and the signal to noise ratio can be easily compromised.  

Magnetic resonance spectroscopy (MRS) quantifies the concentration of non-

aqueous molecules in the brain by identifying their chemical shift away from the water 
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signal used in MRI. This method has been used to compare caffeine-induced increases in 

lactate, a marker of brain metabolism, in high caffeine users and non-users. Caffeine 

increased lactate in non-users and in high users only after 1-2 months of abstinence, 

suggesting the loss of tolerance to caffeine (Dager et al. 1999). Another method, positron 

emission tomography (PET), detects emissions from radioactively tagged molecules, 

usually receptor ligands, but can also trace glucose metabolism and CBF. This method 

has shown an increase in thalamic dopamine binding potential after a dose of caffeine 

(Kaasinen et al. 2004) and age-related decreases in adenosine A1 receptor binding 

potential (Meyer et al. 2007). These may be important techniques to study receptor 

upregulation or changes in binding affinity. The drawback of these types of scans is that 

they do not capture time-resolved functional activity. Each scan provides a single 2- or 3-

dimensional image, although a baseline “resting” scan could be compared with an 

“active” scan collected while the participant is engaged in a task. Unlike MRS, PET scans 

have limited intra-subject repeatability given the risks of receiving a radioactive bolus. 

The cerebral metabolic rate of oxygen consumption (CMRO2) can be calculated 

with the simultaneous acquisition of BOLD- and perfusion-weighted images using fMRI. 

An acute dose of caffeine (200 mg) has been shown to non-significantly increase CMRO2 

(Perthen et al. 2008), and an intravenous dose of 2.5 mg/kg was shown to produce a 

greater change in CMRO2 than in CBF (Chen and Parrish 2009). This technique is 

technically and computationally challenging, and has not been used to study tolerance 

and withdrawal as of yet. 

Ideally, the best pharmacological imaging method would be a direct measure of 

functional changes in neuronal activity or receptor binding during a simultaneous 
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behavioral task so that neuronal and behavioral results can be compared. Importantly, this 

method would pose little or no health risks and be repeatable within subjects. In the 

examples listed above, each method has its advantages and limitations, but by combining 

different techniques a comprehensive picture of neuropharmacological outcomes in 

human subjects can be constructed.  

 

5.10 Conclusion and future directions 

This thesis has reviewed several aspects of caffeine research as they pertain to 

reinforcing value, tolerance, withdrawal, and consumptive behavior. A theoretical 

consensus regarding habitual caffeine use has not yet been reached among investigators, 

in part because of methodological inconsistencies. Various methods have unique 

advantages and limitations, however, inconsistencies may contribute to conflicting results 

or results that are difficult to translate across methods. Between-subject designs 

comparing low/non-users to habitual users have been used to investigate tolerance and 

withdrawal. This design is efficient since subjects have already adapted to their normal 

caffeine use, but baseline differences are problematic and self-selected low users may 

experience caffeine differently than high users. Alternatively, within-subject designs 

where subjects refrain from dietary caffeine use and undergo a placebo-controlled 

abstinence and caffeine-controlled maintenance periods avoids the problem of baseline 

differences. This method can reduce error variance related to individual differences, but 

task repetition could affect performance, and individual differences in normal 

consumption patterns that are indicative of underlying physiological differences could be 

overlooked. Furthermore, controlled-dose studies require that participants remain in the 
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study until they have adjusted to caffeine or placebo, usually about a week for each. In 

contrast, a normal caffeinated state is more comfortable for the participants and reduces 

the duration of their study participation. However, normal caffeine use can vary across a 

week which can interfere with the development of tolerance. Lastly, there is no consensus 

regarding when to test for the stimulant effects of caffeine: in a long-term abstinent state, 

an overnight withdrawn state, or a normal caffeinated state. Some investigators 

hypothesize a diminished effect of an acute dose of caffeine in a non-withdrawn state as 

evidence for tolerance, and a larger stimulant effect in an overnight withdrawn state than 

in a long-term abstinent state as evidence for withdrawal reversal. However, this thesis 

argues that an acute bolus dose of caffeine will act as a stimulant in all three states among 

moderate users. Despite these methodological differences, most studies on habitual 

caffeine use rely on self-reported mood and behavioral performance measures. Even 

though these subjective and objective measures are sensitive to arousal level, they have 

only provided indirect evidence for tolerance and withdrawal. This field of caffeine 

research is lacking an objective, direct measure of neurostimulation and neuroinhibition, 

in order to characterize caffeine’s stimulant effects, as well as the development of 

tolerance and withdrawal. 

Future directions that would complement and extend the research described this 

thesis have both methodological and clinical relevance. In addition to investigating the 

effects of caffeine on the BOLD signal, the CBF response to stimulation can also be used 

to study neurostimulation. In comparison to the BOLD response, the CBF response has a 

less complex relationship with neural activity and is localized closer to the source of 

neural activity. A recent study suggested a dose-dependent relationship between caffeine 
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concentration and peak amplitude of the CBF response to stimulation, but not with the 

peak amplitude of the BOLD response (Chen and Parrish 2009). More studies are needed 

to determine whether the relationship between caffeine concentration and active CBF is 

primarily vascular or neural, but if this were mediated by neural activity, this would be an 

advantageous new metric for tolerance and withdrawal research. However, technological 

advances  are  needed  to  improve  the  temporal  resolution  of  CBF  imaging.   Another 

important direction is binding studies using selective adenosine A1 and A2A receptor 

antagonists. While there are many selective adenosine agonists and antagonists available 

for animal studies, none are approved for human use; although an A1 receptor ligand has 

been used for research (Meyer et al. 2007). A selective A2A antagonist, istradefylline 

(KW-6002), was developed as a treatment for Parkinson’s disease but did not receive 

FDA approval in 2008. Based on the CBF results (Figure 4.3) it appears that vascular A2A 

receptors are saturated at moderate doses, but there is a greater density of A1 receptors in 

the brain and these may be upregulated to a different extent. More ligand binding studies 

using PET would be useful, as well as chronic dosing studies of selective antagonists to 

determine the etiology of tolerance and withdrawal. Lastly, understanding individual 

differences that pertain to high or low habitual caffeine use and the development of 

tolerance could facilitate research on other drugs of abuse, specifically why some casual 

users of drugs with abuse liability develop addiction and dependence while others do not. 
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