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Abstract. Background: Previously, we found that transcranial direct current
stimulation (tDCS) preserved vigilance performance approximately twice as
well and three times as long as caffeine during a period of extended wakefulness.
Vigilance performance often declines linearly over the period of watch, but in
our previous study the performance trends over the period of watch were not
analyzed. Hence, it was not known whether the intervention applied reduced the
vigilance decrement, or simply shifted the performance to a higher mean value
while maintaining a similar slope.
Objective: Our objective was to evaluate the time-dependent effects (within

each period of watch) of anodal transcranial direct current stimulation (tDCS)
applied to the pre-frontal cortex at 2 mA for 30 min. We then compared
these results to those of caffeine as well as the effects of both interventions
on arousal.
Methods: The period of watch was segregated into equal time segments

and target identification accuracy was averaged across subjects in each
group. These values were used in an analysis of covariance (separately for each
session) as the dependent variable. Factors were group and subject nested
in group.
Results: The results indicated there is not a significant difference in slope

(i.e. vigilance decrement) between the treatment conditions (tDCS, caffeine, and
sham) within each period of watch. However, as reported previously, there was
a significant difference in mean change from baseline between the treatment
conditions.
Conclusion: Our data suggests that tDCS does not prevent the vigilance

decrement within the period of watch. Rather, it shifts performance to higher
mean values by a scalar multiple while maintaining a similar slope.
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1 Introduction

As work demands and pressures continue to increase, sleep deprivation induced fatigue
has continued to plague many occupations. Notably, sleep deprived individuals suffer
from cognitive performance declines analogous to being legally intoxicated [1] as well
as undesired mood states such as increased hostility and anger [2]. In particular, vig-
ilance and psychomotor reaction times are highly susceptible to performance losses
during periods of sleep-deprivation or extended wakefulness [3, 4]. Caffeine is perhaps
the most readily available and commonly used stimulates to assuage the effects of sleep
deprivation. However, caffeine has many limitations. As the period of sleep deprivation
increases, individuals often require greater doses to have the desired effects in sub-
jective feeling of drowsiness and fatigue. However, in high doses (above 400 mg)
caffeine can cause caffeine intoxication, an undesirable condition with symptoms such
as declines in mood, insomnia, nervousness, hallucinations, and intestinal complaints
[5–7]. Likewise, the effect is reduced as the level of sleep deprivation increases [8]
while the effects are short-lived (i.e. less than 2 h) [3]. Chronic use further reduces its
beneficial effects [9]. As a result, we have begun to investigate other means of pre-
serving performance when sleep deprived, such as non-invasive brain stimulation.

Recently, we have discovered that observed linear declines in vigilance perfor-
mance over time, known as the vigilance decrement [10], can be reduced or eliminated
with a form of non-invasive brain stimulation known as transcranial direct current
stimulation (tDCS) [11]. This technique applies weak currents between two electrodes
placed on the scalp, although the reference electrode is sometimes placed in an ex-
tracephalic location [12–14]. The stimulation is believed to modulate activity in a
polarity dependent manner, which can have beneficial effects on performance [12, 13].
In a previous study, we found just 30 min of tDCS applied to the dorsal-lateral pre-
frontal cortex (DLPFC) prevented vigilance performance declines for up to 6 h in
participants who were kept awake for 30 h [3]. However, the exact mechanism causing
this effect remains somewhat ambiguous. To examine this further, it is necessary to first
understand existing theories regarding the vigilance decrement.

Currently, arousal theory and resource theory are the two primary competing theories
that attempt to explain the vigilance decrement [15]. Arousal theory attributes the
increased rate of missed critical signals to a reduction in overall arousal (i.e. the par-
ticipant becomes uninterested) while resource theory contends the performance drop is
driven by depletion of some critical cognitive resource [15, 16]. Previously, we con-
cluded that tDCS supported the resource theory due in part to the fact that we did not
observe a significant change in response bias. Modulating arousal generates a significant
increase in response bias (i.e. increases in target detections and false alarms). However,
we only found significant increases in signal (i.e. target) detection that was not
accompanied by increases in false alarms [3]. Of note, vigilance performance was
assessed by taking the cumulative signal detection percentage over the entire session
essentially making each session a signal data point. Hence, we did not examine the trends
within a session which is more commonly the case in the vigilance literature. To further
assess how tDCS is creating the previously observed performance improvements, we
decided to decompose the data within each session and examine possible trends.
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The first possibility was that tDCS produces its beneficial effect by reducing or
eliminating the negative slope of the vigilance decrement curve. In fact, Nelson found
this to be the case in fully rested participants [11]. The other possibility is that tDCS
simply shifts the vigilance curve to higher values by a scalar factor without impacting
the overall slope. Hence, by starting at a higher level of performance at beginning of
the vigil, the participant could achieve a higher level of number of signal detections
while also having a performance decrement within the individual session. To answer
this question, we reanalyzed the data to examine the effects within each session.

2 Methods and Materials

2.1 Procedures

The original data set from our previous publication was further analyzed and reported
herein. For details on the original methods and procedures used to collect the data set,
please see McIntire et al. [3].

2.2 Analysis

The Mackworth clock test data collected in McIntire et al. [3] were further decomposed
into temporal segments within each session and analyzed. Only sessions occurring
during or after the intervention was applied were included (i.e. sessions occurring at
4 am, 6 am, and 8 am). The 10 am session was not included due to the fact circadian
rhythms had shifted in a positive direction creating improvements in performance not
influenced by the intervention applied. Each 30 min session contained a total of twelve
targets. The signal (i.e. critical target) detection accuracies were segregated into three
time segments with 4 targets in each segment. These accuracies were then averaged
within each segment for each subject. Slopes were calculated with a simply linear fit.
To quantify the effect of the intervention (i.e. tDCS or caffeine) on the slope of the
vigilance decrement, these accuracy values were used in an analysis of covariance
(separately for each session) as the dependent variable. Factors were group and subject
nested in group. Time segment (coded as 1, 2, 3) was used as a covariate. The p-values
reported are from an F-test for the group*segment interaction.

A second analysis was used to examine effects on accuracy levels (i.e. shifts in
performance). Each subject had an accuracy mean (n = 12) for each session (2 am,
4 am, 6 am, 8 am). For each subject, the change in mean accuracy from 2 am to each
subsequent session was used as the dependent variable in a one-way analysis of var-
iance (separately for each session) with group as the factor. The p-value is from an
F-test for the main effect of group.

3 Results

3.1 Mackworth Clock Test

There were no significant differences in slope between the three treatment groups for
any of the sessions tested as denoted by the F-test. Figure 1 displays the linear fit slopes
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for each session along with the p-values for the group*segment interaction. However,
similar to the results presented the original study, we did find significant main effect of
group in the mean percentage change from baseline (i.e. 2 am session) in both the 4 am
(p = .001) and 8 am (p = .003) sessions. The post hoc t-tests showed that the tDCS
group performed significantly better than both the sham and caffeine groups in both
4 am and 8 am sessions. The sham and caffeine groups were not statistically different
from one another in either session (Fig. 2).

4 Discussion

We previously discovered large effects of anodal tDCS applied to the DLPFC on
vigilance performance that remained over a period of hours. However, we did not
examine the effects within sessions as such analyses are not common in the

Fig. 1. Mackworth clock test accuracy slopes for the 4 am, 6 am, and 8 am sessions. The 4 am
session denotes the time point at which the intervention was applied. Slopes were the result of a
linear fit to the accuracy percentages in each of the three time segments.

Fig. 2. Mackworth clock test accuracy mean change from 2 am (Baseline). Caffeine was given
at 3:15 am (requires 1 h to be fully effective); tDCS was applied at 4 am. Changes in performance
were measured for each subject and averaged across groups (n = 10).
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fatigue/sleep deprivation literature. Still, the vigilance decrement is typically found
within the vigil itself begging the question of whether the effects of tDCS manifested in
a reduction of the vigilance decrement (i.e. performance slope), or whether it improved
performance overall (i.e. shifting the performance values to higher levels at each time
point) without influencing the slope.

The results reported herein seem to suggest the latter as there were no significant
differences in the slope of the vigilance decrement between groups. As reported in our
original publication [3], there was a significant difference between groups in mean
performance the during the 4 am and 8 am sessions with tDCS seemingly eliminating
the effects of sleep-deprivation induced fatigue on vigilance completely. For reference,
the intervention (caffeine or tDCS) was applied in a manner that its greatest effect
would be present during the 4 am session.

Previously, we found that tDCS applied in a bilateral DLPFC electrode configu-
ration for only 10 min removed the vigilance decrement in fully rested individuals for
at least 20 additional minutes [11]. The results also suggested the anodal tDCS applied
to the left hemisphere produced better performance during the period of stimulation
however the differences were slight. This, in part, influenced the electrode scalp
location used in this study.

The difference was that the cathode was placed on the contralateral bicep in an
effort to maximize the delivered intensity. Physics dictates that electricity will follow
the path of least resistance; hence it will flow more easily through lower resistance
tissues such as the skin and cerebral spinal fluid before entering brain tissue. Theo-
retically, by placing the electrodes close together, the current will remain superficial,
reducing the intensity of the electric field delivered to the cortical tissue. Conversely,
by placing the electrodes far apart, the current is forced to take a longer pathway
through the brain, thereby increasing electric field intensity. This extracephalic con-
figuration style has produced rather large effects in previous studies [3, 17, 18].

The results of the analyses from the current study suggest a different effect within
the vigil than reported in Nelson et al. [11]. These differences may have been a result of
a difference in vigilance tasks indicating the effects are task specific. The differences
may also have been caused by the difference in electrode montage (i.e. extracephalic vs.
bilateral). It may instead be induced by the addition of the fatigue stressor. Hence,
rather than preventing the vigilance decline, individuals are actually benefiting from a
much larger recuperation during breaks creating a higher level of performance at the
start of the next vigil.

Interestingly enough, all three groups maintained a very similar vigilance decre-
ment slope in each of the sessions considered in this study. In this way, both caffeine
and tDCS produced the same type of benefit where performance was increased at the
start of the vigil, but suffered from a linear decline over time. This consistency between
the treatments may suggest similar mechanisms of action, as reported in our previous
manuscript [3]. It does appear that when sleep deprived, neither intervention is capable
of preventing the vigilance decrement. Even with these similarities, the results still
show a differential effect on mean performance over longer timelines (i.e. multiple
sessions). This difference is better explained by resource theory given that there was no
change in response bias and a separate test of arousal showed no difference in per-
formance between the caffeine and tDCS groups [3]. If the effect were due to arousal
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alone, the effects on vigilance should have been the same in the tDCS and caffeine
groups.

This study has potentially raised more questions than it has answered. The
robustness of the effects of tDCS on vigilance should be examined across tasks to test
for sensitivity to the task itself. Likewise, the extracephalic electrode configuration
should be replicated in a study of rested individuals to look for consistency in the
findings reported in Nelson et al. [11]. However, the current results may have signif-
icant implications for scheduling and duty cycle for many occupations, if the effects of
tDCS are actually derived from improved recuperative value of the breaks. Regardless,
these results warrant further investigation of tDCS as an intervention for fatigue.
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