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Abstract

Introduction Theory of visual attention (TVA; Bundesen
1990) whole report tasks allow the independent measure-
ment of visual perceptual processing speed and visual
short-term memory (vVSTM) storage capacity, unconfound-
ed by motor speed. This study investigates how cognitive
enhancing effects of psychostimulants depend on baseline
performance and individual plasma levels.

Materials and methods Eighteen healthy volunteers (aged
20-35 years) received single oral doses of either 40 mg
methylphenidate, 400 mg modafinil or placebo in a
counterbalanced, double-blind crossover design. A whole
report of visually presented letter arrays was performed
2.5-3.5 h after drug administration, and blood samples for
plasma level analysis were taken.
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Results Methylphenidate and modafinil both enhanced per-
ceptual processing speed in participants with low baseline
(placebo) performance. These improvements correlated with
subjective alertness. Furthermore, we observed differential
plasma level-dependent effects of methylphenidate in lower
and higher performing participants: higher plasma levels led
to a greater improvement in low-performing participants and
to decreasing improvement in high-performing participants.
Modafinil enhanced visual short-term memory storage capac-
ity in low-performing participants.

Conclusions This is the first pharmacological investigation
demonstrating the usefulness of a TVA task for high-
resolution and repeated cognitive parameter estimation after
cognitive-enhancing medication. Our results confirm previ-
ous findings of attentional capacity improvements in low
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performers and extend the baseline dependency model to
methylphenidate. Plasma level-dependent effects of psy-
chostimulants can be modelled on an inverted U-shaped
dose-response relationship, which is highly relevant to
predict cognitive enhancing and detrimental effects of
psychostimulants in patients with cognitive deficits (e.g.,
attention deficit hyperactivity disorder) and healthy volun-
teers (e.g., self-medicating academics).

Keywords Dopamine - ADHD - Arousal - Attention -
Behaviour- Cognitive - Human - Perception

Introduction

Psychostimulants have relatively small effects on cognitive
functions in healthy volunteers without sleep deprivation
(Koelega 1993; Miiller et al. 2004; Randall et al. 2005b),
and their measurement has to rely on sensitive and cognitively
specific tasks. Previous studies investigating the effects of
psychostimulants on cognitive performance in healthy volun-
teers have generally employed neuropsychological tests
designed primarily for the assessment of cognitive deficits in
brain-injured or psychiatric populations. Whilst these tests
provide useful ways to categorise and measure debilitating
cognitive deficits, they are not necessarily the optimum tools
for teasing apart the more subtle effects of drugs on different
component processes of cognition.

Methylphenidate and modafinil are two widely used
psychostimulants that both exert their effects by enhancing
the synaptic availability of the two catecholamines dopa-
mine and noradrenaline (Berridge et al. 2006; Minzenberg
and Carter 2008; Robbins and Arnsten 2009; Volkow et al.
2009). Thus, cognitive-enhancing effects on attentional and
working memory performance can be expected even in
healthy subjects.

Methylphenidate enhances dopamine levels by blocking
the dopamine transporter and is an effective first-line
treatment for attention deficit hyperactivity disorder
(ADHD) in children, adolescents and adults (NICE 2008).
On the other hand, studies have reported mixed effects of
methylphenidate on normal participants' attentional perfor-
mance, with improvements in serial reaction time, vigi-
lance, spatial working memory span or self-ordered spatial
working memory tasks revealed in some studies (Camp-
Bruno and Herting 1994; Clatworthy et al. 2009; Elliott
et al. 1997; Halliday et al. 1986; Koelega 1993; Mehta et al.
2000; Strauss et al. 1984), but not in others (Turner et al.
2003b; Rogers et al. 1999). Likewise, modafinil, a non-
amphetamine stimulant commonly prescribed for the
treatment of narcolepsy and daytime sleepiness (Ballon
and Feifel 2006; Becker et al. 2004; McClellan and Spencer
1998; Thorpy et al. 2003), has positive effects on ADHD
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symptoms (Rugino and Copley 2001; Taylor and Russo
2000; Turner et al. 2004) and can enhance attentional
and working memory performance in healthy participants
(Baranski et al. 2004; Dodds et al. 2009; Miiller et al. 2004;
Thomas and Kwong 2006; Turner et al. 2003a; Wesensten
2006; Winder-Rhodes et al. 2009; see Minzenberg and
Carter 2008, for a review). Animal studies have also revealed
improvement in depression-like attention deficits (Regenthal
et al. 2009). However, several studies found no effects on
sustained attention, spatial span and higher-order executive
functions (Miiller et al. 2004; Randall et al. 2003, 2005a;
Turner et al. 2003b), whilst beneficial effects might be
restricted to low-performing participants (Miiller et al. 2004;
Randall et al. 2005b). Both methylphenidate and modafinil
are frequently mentioned in the context of cognitive or
neuroenhancement (Larriviere et al. 2009).

Thus, specific patterns of attentional improvement evoked
by methylphenidate and modafinil are difficult to classify
(e.g., Randall et al. 2005b), and it remains unclear which
neuro-cognitive processes are modulated by the two sub-
stances. For example, Naylor et al. (1986) demonstrated that
speeding of response times after methylphenidate interacted
with the complexity of required responses rather than with
that of the stimulus material. Response time accelerations
could thus be related to non-specific psychomotor arousal
effects. Such results demonstrate the necessity of using more
specifically tailored tasks in order to disentangle the
influence of stimulants on (attentional) stimulus evaluation
from that on (psychomotor) response selection processes.

Here, we use Bundesen's ‘theory of visual attention’ (TVA;
Bundesen 1990, 1998; Bundesen et al. 2005) to address the
effects of two widely used psychostimulants, methylpheni-
date and modafinil, on separate components of visual
attention. TVA proposes two general capacity parameters of
attention: visual perceptual processing speed C (number of
elements processed/s) and visual short-term memory (vSTM)
storage capacity K (number of elements maintained con-
sciously in parallel). These represent ‘latent’ variables
underlying observable performance and are estimated quan-
titatively by modelling performance in a psychophysical
‘whole report’ task with briefly presented letters.

These parameters have reasonable correlations with
clinical measures of attentional response speed and vSTM
storage capacity (Finke et al. 2005). However, unlike
conventional neuropsychological tasks, TVA allows the
exact quantification of these estimates, independently from
each other and from motor side effects, within the same
paradigm. Moreover, the method has been shown to be very
sensitive even to small changes in attentional capacity
(Habekost and Bundesen 2003). In an empirical confirma-
tion of the independence of the parameters, visual percep-
tual processing speed, but not vSTM storage capacity, has
been shown to temporarily increase after phasic-alerting
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cues (Matthias et al. 2010). Therefore, this task seems
especially suitable to investigate the mechanisms of
attentional performance enhancement after psychostimulant
medication in healthy volunteers.

The aim of this study was to investigate whether and to
what degree single doses of methylphenidate and modafinil
enhance the TVA visual speed (C) and vSTM storage
capacity (K) parameters in young, healthy participants and
whether objectively measured changes in visual perceptual
speed are associated with changes in subjective alertness.
Participants were classified as high or low performers based
on prior evidence that the effectiveness of psychostimulants
depends on baseline performance (Eagle et al. 2007; Miiller
et al. 2004; Randall et al. 2005b). We predicted that
participants with lower baseline performance would show
greater cognitive enhancement from single doses of
methylphenidate and modafinil.

Materials and methods
Participants

Eighteen healthy participants, nine male and nine female,
aged between 20 and 35 years, were recruited from the
Cambridge local community and were included after
medical screening. Participants had no history of psychiat-
ric, neurological or cardiovascular illness, no history of
drug addiction and no recreational use of psychostimulants
in the last 3 months and had no major vision or motor
impairments. They were asked to abstain from caffeine for
at least 3 h before the testing sessions. Participants received
financial compensation for their participation (£150 in
total). The study protocol was given a favourable opinion
by the Cambridge Research Ethics Committee (Ref:05/
Q0108/482) and was exempted from EU Clinical Trial
Directive regulations by the Medicines and Healthcare
products Regulatory Agency (MHRA; London, UK). All
participants gave written informed consent to participate in
this study.

Experimental drugs

A double-blind, randomised and counterbalanced crossover
design was used. Single oral doses of modafinil 400 mg or
methylphenidate 40 mg or a placebo tablet, all hidden in
identical opaque gelatine capsules, were administered on
each testing day. Each participant was tested on 3 days
separated by at least 1 week. The order of drug adminis-
tration was completely balanced across participants, such
that each of the six possible sequences was used in three
participants. Cognitive testing was carried out between
150 min and 210 min after drug intake, i.e., around

expected maximum plasma concentrations (¢pax) of mod-
afinil (McClellan and Spencer 1998; Wong et al. 1999) and
methylphenidate, where c¢,ax is reached ca. 60 min earlier
(from 90 to 150 min in different studies) and has a higher
inter-subject variability (e.g., Gualtieri et al. 1982; Midha
et al. 2001; Miller et al. 2005; Wong et al. 1998).
Nevertheless, in both drug conditions, it can be assumed
that participants were tested near c,,x and, thus, at
biologically effective plasma levels. One blood sample per
testing session was taken about 180 min after dosing.
Plasma levels of methylphenidate or modafinil were
analysed in order to control the randomisation, to measure
representative drug concentrations around c;, and to
assess the impact of individual plasma levels on changes
of TVA parameters.

Plasma level analyses

Modafinil in all samples was analysed using a modified
high performance liquid chromatographic method with
diode array detection (Schwertner and Kong 2005). Separa-
tion of modafinil and difluoro-modafinil (internal standard)
was performed on a Symmetry C18 reversed phase column
after sample preparation by liquid/liquid extraction. Detec-
tion wavelength was 225 nm; the limit of quantitation was
0.05 mg/L.

Determination of methylphenidate in plasma samples
was performed by liquid chromatography/electrospray
ionisation mass spectrometry according to Doerge et al.
(2000). After solid-phase extraction of plasma samples on
Waters Oasis HLB cartridges, chromatographic separation
was achieved by use of an Ultrasep RP18E column and
deuterated methylphenidate as internal standard. The limit
of quantitation was 2 pg/L.

Subjective alertness ratings

For each participant three subjective alertness ratings were
obtained. A single visual analogue scale (VAS), measuring
subjective alertness, was administered once at baseline
(‘t0”), once at 150 min after drug intake (directly before
testing with whole report—*pre-testing’), and once at
210 min after drug intake (after testing—post-testing”).

Apparatus

Stimuli were presented on a 17-in. monitor with a black
background colour, a refresh rate of 70 Hz and a resolution
of 1024x768 pixel. The centre of the monitor was kept at
eye height. The whole report was conducted in a dimly-lit
room. The only luminance source was a small lamp
positioned behind the monitor. The viewing distance was
50 cm.
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Framework of the TVA approach

TVA (Bundesen 1990) is a mathematical model with strong
relations to the biassed competition view of visual attention
(e.g., Desimone and Duncan 1995). A detailed formal
description and the equations of TVA can be found in
Kyllingsbaek (2006). On this view, visual objects are
processed in parallel and compete for selection. Competition
for selection is decided according to a speed criterion, i.e.,
those objects processed the fastest are encoded first, until the
vSTM store is filled. Objects receiving higher attentional
weighting gain a speed advantage compared to other
competitors and are therefore selected with a higher
probability. In TVA, selection of an object is synonymous
with its encoding into a vSTM store with limited capacity.
Once encoded, an object is consciously represented and can
be reported by the participant. But, only those objects are
selected that are encoded before the sensory representation of
the display vanishes and before the vSTM store is already
filled. All other objects do not reach awareness. The
selection probability of an object therefore is determined
(a) by its processing rate v, and (b) by the capacity of the
vSTM store of K objects.

The processing rate depends on the dynamics of the
processing system. This is expressed as an exponentially
rising probability for an object to be selected with
increasing exposure duration. Mathematically, TVA mod-
els the dynamics of the processing systems by two
parameters. The first is the processing capacity C, a speed
parameter which refers to the participant’s overall rate of
information uptake in objects per second. It is defined as
the summed processing rate v values across all objects in
the field. The second and mathematically independent
parameter is the vSTM storage capacity K, which is the
number of objects a participant can maintain in parallel.
Objects compete for complete processing according to
their v values. The first K objects identified enter the
vSTM store. The remaining objects are lost and are, thus,
not available for report.

Within the computational framework of TVA the two basic
attentional parameters can be derived from a participant's
performance in a whole-report task. In this paradigm,
participants are briefly presented with letter arrays, and their
ability to report multiple letter stimuli is assessed as a
function of the array exposure duration. The probability of
identification is modelled by an exponential growth function,
in which the growth parameter reflects the rate at which the
stimuli can be processed (processing speed C), and the
asymptote indicates the maximum number of objects that can
be represented in parallel (storage capacity K). An extension
as well as an interpretation of TVA at the level of neurons or
neuronal assemblies, a ‘Neural TVA’ (NTVA) has been
proposed (Bundesen et al. 2005).
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TVA whole report task

The whole-report task, in which participants are required to
report as many letters as possible from a briefly presented
array, was applied as described in previous studies (Bublak
et al. 2005; Duncan et al. 1999; Finke et al. 2005, 2006)
(Fig. 1).

The letters could be named in any, arbitrary order.
Participants were instructed to name only those letters they
had recognised ‘with certainty’, in order to avoid guessing.
There was no emphasis on reporting speed, i.e., the time
window allowed for report was determined by the number
of letters reported and by the participant's output speed.
Note that, due to the non-speeded report and the fact that
processing speed was measured as a function of accuracy at
rising exposure durations (rather than as a function of report
speed), no speed accuracy can occur in such a paradigm.
The experimenter entered the letters into the keyboard and,
then, started the next trial. In the first session, the whole-
report experiment comprised two phases: In phase 1, three
exposure durations were determined individually for each
participant; in phase 2, the stimuli were presented to the
participants for these exposure durations and the data were
collected. In more detail, in phase 1 (consisting of 24 trials),
it was tested whether a particular participant could report on
average one letter correctly at an exposure duration of
43 ms. In our study, this was the case in each of the
participants. Thus, 43 ms was then used in phase 2 as the
‘intermediate’ exposure duration, along with a shorter
(22 ms) and longer (86 ms) exposure duration. In phase 2,
letter displays were presented for the three exposure
durations, in either masked or unmasked conditions. This
resulted in six ‘effective’ exposure durations due to the fact

+
—4TNT>
XXKXXX

300ms 100ms short/middle/long 500ms

>
> masked
unmasked

Fig. 1 Schematic representation of the whole report procedure and
the possible display conditions. First, a cross is presented centrally
that has to be fixated by the participant. After a short ISI, the letter
display is briefly presented with one of three different exposure
durations (22, 43 or 86 ms). In masked trials, square masks are
presented immediately at each previous letter position, constraining
letter processing to their presentation time. In unmasked trials, due to
visual persistence, letter processing is prolonged beyond their
presentation time, by several hundred milliseconds. In this way, by
using three exposure durations in either masked or unmasked trials,
six effective exposure durations result. The participant's task is to
report as many letters as possible
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that masks terminate iconic stimulus representation which
adds to presentation time in conditions without masking.
(see Sperling 1960). Therefore, it was possible to sample
the time-accuracy-function across a broad performance
spectrum including near-threshold as well as near-ceiling
performance. Overall, there were six different trial con-
ditions (3 exposure durationsx2 masking conditions), with
16 trials for each of the six conditions, presented in
randomised order. From the whole-report functions, the
TVA parameters for visual vSTM storage capacity and
processing speed were then derived individually for each
participant (see Kyllingsbaek 2006).

Analysis of TVA whole report parameters

Each participant's qualitative performance was quantitative-
ly described by TVA model fitting, which produced
estimates for processing speed C and vSTM storage
capacity K, separately for the different drug conditions. In
addition, two parameters were estimated: #y, the minimal
effective exposure duration or perception threshold and p,
the estimated duration of iconic memory buffering in
unmasked displays. These serve the estimation of the
relevant parameters C and K. However, they are of no
further relevance for our study. Parameter C was estimated
as the summed v values for the objects presented and
reflects the total rate of information uptake (number of
elements per second). Parameter K reflects, in effect, the
maximum number of letters reported on any single trial.

Definition of low- and high-performing participants

Feola et al. (2000) and Eagle et al. (2007) divided groups of
relatively fast and relatively slow responders according to
their baseline stop signal reaction time performance. The
TVA attentional processing capacity parameters visual
perceptual processing speed C and working vSTM storage
capacity K are assumed to be independent from each other
and therefore we used two different baselines for speed and
storage capacity. These were defined by individual param-
eter estimates in the placebo condition.

Results
Plasma level analysis

Plasma analyses confirmed randomisation. No study drug
concentrations were found in the placebo condition sam-
ples, and typical plasma levels were detected in all samples
from modafinil and methylphenidate days. Single dose
administrations of modafinil resulted in t1 plasma concen-
trations of mean, 8.16 pg/L (SD, 1.97) and median,

7.62 ng/L (range, 4.95-13.37). These values are in good
agreement with published c,,,x data (Burnat et al. 1998;
Miiller et al. 2004) and reflect the known linear dose—
concentration relationship (Robertson and Hellriegel 2003).
Measured methylphenidate plasma concentrations ranged
between 3.9 and 34.1 pg/L (mean, 14.8; SD, 8.66; median,
12.55 pg/L) and matched the therapeutic relevant drug
concentration range (5-60 pg/L), with one exception.

Subjective alertness ratings

The deviation in millimetres of the bisection mark on the
visual analogue scale from the extreme left end of the scale
(alert) was measured, converted to a proportion of the
overall length of the line (1 = very drowsy, 100 = alert), and
arcsine transformed (Fig. 2). The first ratings at t0 were
performed before dosing to measure baseline alertness at
the start of a testing session. The ratings at pre- and post-
testing are used as indicators for the actual, drug-modulated
alertness state during the TVA task.

First, we tested whether any difference occurred between
the two psychostimulant drug conditions. Arcsine trans-
formed values of the visual analogue scale were subjected
to a 3x2 repeated measures ANOVA with the factors Time
(t0, pre-testing and post-testing) and condition (methylphe-
nidate, modafinil). The main effect of time was nonsignif-
icant [F(2,32)=1.68; p>0.20], as, more importantly, was
that of condition [F(1,16)=0.0; p>0.95] and the interaction
[F(2,32)=0.81; p>0.45]. Thus, we used the average
alertness across the two psychostimulant conditions at each
time point as indicators of the general effect of stimulant
medication on subjective alertness.

90

0 N
30 Y

*
*
*

Subjective Alertness Score (%)

20 ——Mph ]
10 —— Mod ||
—e—Plc
t0 pre post

Fig. 2 Subjective alertness scores as a percentage of the length of the
VAS line (1 = drowsy, 100 = alert) in the psychostimulant (drug: mean
of both stimulant conditions) and the placebo (Plc) conditions, at time-
points t0 (before dosing), pre (before whole report application), and post
(after end of testing). Asterisks indicate significant differences between
alertness ratings under drug and placebo (*: p<0.05; **: p<0.01)
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In order to test whether the drugs induced differences in
the subjective alertness compared to the placebo condition,
a 3 x2 repeated measures ANOVA was conducted, again with
the factors time and condition (stimulant drug, placebo). The
main effects of time [F(2,16)=11.45; p<0.01] and condition
[F(1,17)=14.30; p<0.01] were significant, as was the time X
condition interaction [F(2,16)=3.75; p<0.05].

Separate ANOVAs for the factor time revealed a significant
decrease of subjective alertness only in the placebo [F(2,16)=
12.54; p<0.01] and not in the stimulant drug condition [F
(2,16)=2.81; p=0.10]. Post-hoc ¢ tests revealed that, as
expected, baseline participants' alertness ratings did not differ
at t0 before dosing [#(17)=1.46, p>0.15], whereas later,
significantly lower ratings were obtained after placebo
compared to psychostimulant drug intake [pre-testing:
#(17)=4.11, p<0.01; post-testing: #(17)=2.60, p<0.05].

In order to test whether higher intracerebral drug
availability was related to higher alertness, we correlated
individual plasma levels with subjective alertness ratings at
pre-testing. Significant correlations were found for both
modafinil (»=0.54; p<0.05) and methylphenidate concen-
trations (r=0.52; p<0.05). Participants with higher plasma
levels around #,,, felt more alert than participants with
lower concentrations of the same medication.

TVA whole report parameters

For each dataset, the best fits to the data based on TVA
parameter estimates were derived using the maximum
likelihood method (e.g., Ross 2000). There was a high
correspondence between the observed values and those
predicted by the TVA. Across all participants, in the
methylphenidate condition, best fits accounted for 61—
95% of the variance of the mean scores across the different
exposure duration and masking conditions (mean, 85%), in
the modafinil condition for 55-97% (mean, 84%) and in the
placebo condition for 62-97% (mean, 84%).

Visual perceptual processing speed

Drug effects on speed in participants with low and high
baseline speed

Low-performing participants with respect to speed were
defined as those whose placebo baseline visual perceptual
processing speed was below the group's median of 45.6
objects/s (n=9). These participants were able to process
significantly more objects/s in the methylphenidate [M=
46.83, SD=8.42; #(8)=4.18, p<0.01] as well as in the
modafinil condition [M=42.91, SD=12.98; #8)=2.60,
p<0.05] compared to the placebo condition (M=34.29,
SD=9.62) (Fig. 3). No significant speed difference was
found between the methylphenidate and the modafinil
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Fig. 3 Visual perceptual processing speed C in the methylphenidate,
modafinil and placebo condition. Mean TVA parameter estimates,
separately for participants with slow (leff) and high (right) baseline
speed (under placebo). The error bars indicate the standard errors.
Abbreviations: Mph, methylphenidate; Mod, modafinil; Plac, placebo.
Asterisk: p<0.05

condition [#8) 1.37, p>0.20]. In contrast, in the group
with relatively high baseline speed (n=9), there were no
significant differences in speed between the different
treatment conditions (all p>0.60).

In order to consider the possibility of regression to the
mean effects, correlations were calculated between the
placebo baseline measures of processing speed and the change
between the placebo and the drug conditions. A significant
correlation of =—0.59 (p<0.01) was revealed for methyl-
phenidate, while the correlation for modafinil was not
significant (r=—0.40; p>0.10). Regression to the mean
effects can only occur when change and initial status are
significantly correlated (Bamett et al. 2004; Rocconi and
Ethington 2009); this means it may have affected the
difference between the placebo and methylphenidate condi-
tion but does not explain baseline performance-dependent
effects of modafinil. In order to reduce a possible bias
induced by regression to the mean, we made an adjustment
to the baseline score according to the procedure introduced
by Roberts (1980). The adjustment is equal to the initial
score plus the product of one minus the test-retest reliability
by the mean for the total sample minus initial score. After
applying this adjustment, we obtained the following results:
In the low-baseline group, we replicated a significantly
higher speed in the methylphenidate [#8)=3.74, p<0.01,
one-tailed] as well as in the modafinil [#8)=1.94, p<0.05,
one-tailed] treatment compared to the placebo condition.
Again, no significant differences between treatment condi-
tions were found in high baseline speed subjects (all p>0.30).
Thus, the results cannot be simply explained by a tendency
for participants who scored below average to do better on
another occasion and for those who performed above average
to do worse.

To assess whether the same participants gained from
methylphenidate and modafinil, we correlated the differ-
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ences in processing speed (i.e., the speed increases). A
significant correlation of both drug conditions of »=0.78
(»<0.01) was observed. Participants who benefited rela-
tively more from a single dose of modafinil also benefited
more from the stimulating effect of methylphenidate.

Relationship between processing speed acceleration
and plasma level

In order to examine whether the individual plasma level
concentration influenced the effect of the drug on percep-
tual processing speed C, correlations were computed
between the relative gain in the methylphenidate and the
modafinil conditions compared to the placebo condition
(in %) and the plasma levels of methylphenidate and
modafinil (Fig. 4).

For methylphenidate, we found distinct results for low
and high baseline-performing participants. Low baseline
performers showed higher processing speed improvements
with higher plasma level concentration (#=0.62, p<0.05,
one-sided), although it has to be taken into account that the
correlation was driven by an outlier value. In contrast,
participants with high baseline performance showed a
trend for the opposite effect, i.e., higher processing
speed improvements with lower plasma levels (»=-0.51;
p<0.08, one-sided). For modafinil, no significant correla-
tions were found in any of the two participant groups
(both p>0.15).

Relationship between processing speed and subjective alertness

To test for an association between visual perceptual
processing speed C and subjective alertness in faster and
slower performing participants, correlations were computed
between the TVA parameter C estimates, and the VAS
values averaged across the pre-testing (150 min after drug
intake and before whole report administering) and the post-

Fig. 4 Relationship between vi-
sual perceptual processing speed

low baseline

testing (210 min after substance intake and after whole
report administering) assessment. This was done to obtain
the relationship between attentional performance and
subjective alertness at these two time points which were
closest to the attention performance task. Absolute alertness
ratings (not difference scores) were used for this analysis.
Separate analyses were computed for the processing speed
estimates in the three treatment (drugs or placebo)
conditions and the respective alertness ratings. In slower
participants (i.e., those participants who gained from
psychostimulant medication) subjective alertness scores
and the visual perceptual processing speed estimates
correlated significantly (»=0.73; p<0.05) in the methylphe-
nidate condition. There was a similar correlation on trend
level (r=0.55; p<0.07) in the modafinil condition. Such
positive correlations indicate that those participants who
felt relatively alert following psychostimulants also showed
relatively fast processing speed in these conditions (Fig. 5).
No comparable correlations were found for participants
with fast baseline speed (both p>0.80). No significant
correlations between speed and alertness were observed in
the placebo condition (both subgroups >0.70).

Visual short-term memory storage capacity
Drug effects on short-term memory storage capacity

Low-performing participants with respect to vSTM storage
capacity were defined as those whose vSTM storage capacity
values were below the group’s median of K=3.90 (n=8).
Within this subgroup there was a significant vSTM storage
capacity increase after modafinil (M=4.0, SD=0.8) as
compared to placebo [M=3.5, SD=0.2; #(7)=1.91; p<0.05;
one-tailed] (Fig. 6). However, within the same group, there
was no effect of methylphenidate (M/=3.7, SD=0.7) com-
pared to placebo [#7)=0.58; p>0.25; one-tailed]. Further-
more, within the group with high baseline performance, there

high baseline

and plasma level. Scatter plots
relating the difference in the
TVA parameter processing
speed after methylphenidate
compared to the placebo
condition to the plasma level of
methylphenidate, separately for
participants with low baseline
(left) and high baseline
performance (right). Abbrevia-
tion: Mph, methylphenidate
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Fig. 5 Relationship between visual perceptual processing speed and
alertness in participants with low baseline (placebo condition) speed.
Scatter plots relating the TVA parameter processing speed in the
methylphenidate (leff) and in the modafinil (right) condition to the

were no significant differences between the different drug
conditions (all p>0.2).

Analogous to the procedure for processing speed, we
correlated the baseline (placebo) estimation of vSTM storage
capacity to the change in this TVA parameter, to test for
possible influences of regression to the mean in our results.
Far-from-significant correlations were obtained for both
methylphenidate (r=-0.25; p>0.30) and for modafinil
(r=-0.12; p>0.60). Therefore, it appears quite unlikely, that
our results can be explained by regression to the mean effects.

Discussion
Enhancing effects as a function of baseline performance

In low baseline performers, both substances had significant
cognitive-enhancing effects, whereas in high performers, no

vSTM storage capacity K

5
* -
4 b
o

23
o
2
g2

1

0

low high

Baseline (placebo) capacity

B Mph OMod BPIc

Fig. 6 Visual short-term memory storage capacity K in the methyl-
phenidate, modafinil and placebo condition. Mean TVA parameter
estimates, separately for participants with relatively low (leff) and
relatively high (right) baseline storage capacity (under placebo). Error
bars indicate standard error. Abbreviations: Mph, methylphenidate;
Mod, modafinil; Plac, placebo. (*p<0.05)
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Subjective alertness score (%)

20 4I0 6I0 8IO
Processing speed C (Mod)

subjectively experienced level of alertness (average score across pre-
and post-testing ratings). Abbreviations: Mph, methylphenidate; Mod,
modafinil

effects were observed. These effects persisted after correc-
tion for potential biases induced by regression to the mean
effects (Roberts 1980). Both methylphenidate and modafi-
nil exert their effects by enhancing the availability of
dopamine and noradrenaline. Methylphenidate has been
shown to increase both dopamine and noradrenaline in the
prefrontal cortex in rats (Berridge et al. 2006; Robbins and
Arnsten 2009). For modafinil (Volkow et al. 2009), but not
for methylphenidate (Volkow et al. 2001), it has been
shown that plasma level concentration correlates positively
with [11C]raclopride displacement, an indirect measure of
dopamine release. Furthermore, modafinil enhances task-
related phasic activity in the locus coeruleus noradrenaline
system (Minzenberg et al. 2008). Comparable single doses
of methylphenidate and modafinil may have differential
effects on dopamine versus noradrenaline release, however,
there are no studies with head-to-head comparisons of the
two drugs using microdialysis in animals or PET tracer
displacement in humans so that neurotransmitter-specific
interpretations of differential cognitive enhancing effects
would be speculative.

It has been repeatedly suggested that the relationship
between performance and psychostimulant medication is
complex and follows an inverted U-shaped curve (Arnsten
and Goldman-Rakic 1998; Barch 2004; Castner et al.
2000), whereby an optimal level of performance is reached
at a medium dopamine and noradrenaline level and hypo-
as well as hyperdopaminergic states can lead to a decrease
in attentional performance. Thus, baseline levels of dopa-
mine might play an important role in determining whether a
psychostimulant drug enhances performance. Specifically,
participants with low dopamine levels may benefit more
from psychostimulant treatment than those with medium or
higher dopamine levels. Thus, our data seem to confirm an
inverted U-shaped relationship between cognitive baseline
performance, i.e., in this case processing speed and vSTM



Psychopharmacology (2010) 210:317-329

325

capacity, and the subsequent response to a drug (see, e.g.,
Farah et al. 2009; Kimberg et al. 1997; Robbins and
Sahakian 1979, for a similar discussion).

Drug effects on visual perceptual processing speed

With respect to visual perceptual processing speed we
found cognitive enhancing effects of both psychostimu-
lants, which the parameter-based approach allowed us to
quantify: Low-performing participants were able to process
approximately 12 more objects per second in the methyl-
phenidate condition and approximately eight more objects
per second in the modafinil condition compared to the
placebo condition. Thus, methylphenidate accelerated pro-
cessing speed by about 37% and modafinil by about 23% in
this group, whereas high performers showed no such
improvement. Effects of drug plasma levels also showed
differential effects on drug-induced enhancements in
processing speed in the two groups. In low performing
participants, higher methylphenidate plasma levels led to a
greater improvement in speed, whilst in high performing
participants, higher methylphenidate plasma levels led to a
smaller improvement in speed. These correlations have to
be interpreted cautiously due to the fact that the number of
participants was rather small and, in the case of low
performing participants, was also influenced by an outlier.
Nevertheless, there seems to be at least a tendency for an
inverted U-shaped function in plasma-level effects. Future
studies should aim at confirming this effect with greater
reliability as well as unbound free drug fraction. These
plasma level-dependent effects were specific to the meth-
ylphenidate condition. As previously reported (Miiller et al.
2005; Schlosser et al. 2009), interindividual variation in
plasma levels of methylphenidate was considerably high
1.5 h after identical dosing. The variation in plasma levels
of modafinil was smaller than that of methylphenidate
plasma levels and the lack of plasma-dependent effects of
modafinil can be explained by its relative homogeneous
concentration across subjects.

Since assessment was not dependent on response-times,
psychostimulant effects on processing speed reflect ‘pure’
attentional rather than non-specific global psychomotor or
arousal responses to the drugs. In contrast to those of
Naylor et al. (1985), these results indicate that early
stimulus-related processing is affected and that the effect
of the drugs is not limited to response-selection.

In the neuro-computational model of the NTVA (Bundesen
et al. 2005), perceptual categorizations of objects are
assumed to be based on activations (v values) in the set of
neurons that represent an object. The speed at which a visual
object x is categorised is determined by the number of
cortical neurons representing object x on the one hand and by
the level of activation of the individual neurons representing

object x on the other. In these terms, an NTVA-based
interpretation of our finding of acceleration of processing
speed after both psychostimulants would be that both
methylphenidate and modafinil influence the processing
system by a mechanism that either results in a larger set of
neurons to be allocated to the five target letters presented
and/or that stimulates the activation of these neurons to a
higher level. Participants whose processing speed improved
as a result of substance intake in our study showed a positive
correlation between subjective alertness and visual perceptu-
al processing speed. Persistent, tonic changes of alertness are
assumed to be mediated by noradrenergic activation of a
thalamo-cortical network, involving frontal and parietal
regions predominantly of the right hemisphere (Coull et al.
1998; Sturm and Willmes 2001). Matthias et al. (2010) have
demonstrated an enhancement of visual perceptual process-
ing speed under both tonic and phasic alertness conditions.
Therefore, it can be assumed that speed effects of methyl-
phenidate and modafinil result from the impact of these
drugs on the (tonic) alertness system of the brain (Posner and
Petersen 1990).

Drug effects on vSTM storage capacity

Differential effects of the two drugs on vSTM storage capacity
were observed in this study. Only modafinil enhanced vSTM
storage capacity, and this effect was again limited to
participants with relatively low baseline storage capacity.
These participants were able to maintain, on average, 4 instead
of 3.5 objects consciously in the short-term memory; i.e., an
enhancement of storage capacity of 14%. Methylphenidate,
on the other hand, did not significantly enhance vSTM storage
capacity, even in the subgroup of participants with relatively
low capacity values after placebo.

The baseline-dependent benefit of modafinil found in our
study in participants performing relatively poorly closely
resembles the prior finding of Miiller et al. (2004) who found
an enhancing effect of modafinil on working memory
performance especially in lower performing young healthy
participants. Comparably, in a study of Randall et al.
(2005b), modafinil-induced improvements in vigilance and
speed of performance have been found only in participants
with lower 1Q. And even effects on task-dependent
activation of the locus coeruleus system after modafinil were
mainly seen in lower performing participants (Minzenberg
et al. 2008).

The lack of methylphenidate effects on vSTM storage
capacity contrasts with some previous studies showing
cognitive enhancing effects of methylphenidate on self-
ordered spatial working memory (Clatworthy et al. 2009;
Elliott et al. 1997; Evans et al. 2001; Mehta et al. 2000) and
dose-dependent effects on accuracy and speed of perfor-
mance in a one-back task (Cooper et al. 2005). In all those
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studies, target items were accompanied by visual distrac-
tors. Mehta et al. (2000) argued that the mechanisms by
which methylphenidate improves performance in this task
might be improved signal-to-noise ratio in the neuronal
working memory network due to more effective processes
of target selection and distractor inhibition. Such an effect
is indeed known for catecholamines (Foote and Morrison
1975) and is in accordance with the activation alterations in
prefrontal areas that are involved in executive short-term
maintenance functions (e.g., Goldman-Rakic 1995).

While methylphenidate, via top-down controlled execu-
tive functions, may improve working memory performance
in a task that requires planning, updating and manipulation
of actively maintained short-term store information in the
presence of distracting information, it may, however, not
affect the more basic storage capacity component of vSTM,
i.e., the number of objects that can be maintained in
parallel.

We used a single-dose 40 mg of methylphenidate, which
was comparable or below those in more recent studies
showing cognitive effects (Clatworthy et al. 2009; Elliott
et al. 1997; Mehta et al. 2000; Turner et al. 2003b; Rogers
et al. 1999), whereas we used a relatively high 400 mg dose
of modafinil which was above those in most other studies
(Randall et al. 2003, 2004, 2005a, b; Turner et al. 2003a;
Miiller et al. 2005; Minzenberg et al. 2008; Winder-Rhodes
et al. 2009;). Thus, an alternative explanation for the
differences in the effects on working memory storage
capacity would be a dose difference, i.c., a relatively low
and inefficient dose of methylphenidate as compared to a
sufficiently high dose of modafinil.

In NTVA, it is postulated that when an object enters
vSTM, the activation of those neurons representing the
object's features in different high-level visual processing
streams (Milner and Goodale 1995; Ungerleider and
Mishkin 1982) is sustained by incorporating the object into
a feedback loop gated by the vSTM system (Hebb 1949). A
central role in the conscious maintenance of objects in
vSTM is attributed to the thalamus. More precisely, it is
assumed that the vSTM map of objects might be located in
the thalamic reticular nucleus (TRN). The TRN has a
topographical visual representation so that it might be able
to focus on a specific area of the visual field. Furthermore,
all fibres connecting the thalamus with the cortex pass
through TRN. Therefore, the TRN might gate thalamocort-
ical feedback loops sustaining the activity in high-level
visual areas representing the objects in vSTM. Interestingly,
Urbano et al. (2007) have found that modafinil might play a
decisive role in the enhancement of thalamocortical activity
in that it increases the neuronal electrotonic coupling.

Based on the evidence of the role of the prefrontal cortex
in short-term memory performance (Courtney et al. 1998),
Bundesen et al. (2005) additionally suggest that the
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prefrontal cortex might play a decisive role in vSTM
storage capacity. In accordance with this view, Minzenberg
et al. (2008) found that modafinil enhances task-related
phasic activity in the locus coeruleus and the prefrontal
cortex and increases functional connectivity between these
structures, while inhibiting tonic non-task related activity in
the locus coeruleus. The modulatory role of the locus
coeruleus on prefrontal cortex activity is assumed to consist
of a flexible “gating” mechanism that ensures the mainte-
nance of goal representations (e.g., Miller and Cohen 2001;
Robbins and Roberts 2007). Thus, an enhancement of the
number of objects that can be maintained in vSTM in
parallel after administration of modafinil might be related to
an optimised signal-to-noise ratio in active, task-related
vSTM ensembles.

Limitations of this study are the relatively small sample
size and the fact that only one plasma sample was taken.
Most of the observed drug effects in the overall sample and
subgroups were, however, significant and not confounded
by order or practice. More time points for plasma samples
would have allowed the calculation of more sophisticated
pharmacokinetic and/or pharmacodynamic (PK/PD) param-
eters; this was, however, not the aim of our study. The
number of plasma samples was minimised so that partici-
pation was not compromised or biased by a too invasive
protocol.

Conclusions

Psychostimulant effects on processing speed as observed
here are consistent with methylphenidate and modafinil
operating along an inverted U-shaped function. Both drugs
improve processing speed, but only in low-performing
participants, presumably due to relatively lower baseline
levels of dopamine and noradrenaline in this group.
Furthermore, the effects of methylphenidate plasma levels
depend on baseline performance; in low-performing partic-
ipants, higher methylphenidate plasma levels were associ-
ated with greater improvements in performance, while in
high-performing participants, higher levels of methylpheni-
date plasma were associated with relatively smaller
improvements in performance. This, to our knowledge, is
the first demonstration of a differential plasma level-
dependent effect of a psychostimulant on behavioural
performance in low- and high-performing participants and
suggests a complex relationship between baseline perfor-
mance, active methylphenidate dose and cognitive effects.
The clinical implication is that higher doses of methylphe-
nidate may be more effective in relatively low-performing
individuals (e.g., patients with attentional deficits), while
lower doses of methylphenidate may be more effective in
relatively high-performing individuals.
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