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Abstract

Background—A 2006 trial in healthy medical students found that anodal slow oscillating tDCS
delivered bi-frontally during slow wave sleep had an enhancing effect in declarative, but not
procedural memory. Although there have been supporting animal studies, and similar findings in
pathological groups, this study has not been replicated, or refuted, in the intervening years. We
therefore tested these earlier results for replication using similar methods with the exception of
current wave form (square in our study, nearly sinusoidal in the original).

Objective/Hypothesis—Our objective was to test the findings of a 2006 trial suggesting bi-
frontal anodal tDCS during slow wave sleep enhances declarative memory.

Methods—Twelve students (mean age 25, 9 women) free of medical problems underwent two
testing conditions (active, sham) in a randomized counterbalanced fashion. Active stimulation
consisted of oscillating square wave tDCS delivered during early Non-Rapid Eye Movement
(NREM) sleep. The sham condition consisted of setting-up the tDCS device and electrodes, but
not turning it on during sleep. tDCS was delivered bi-frontally with anodes placed at F3/F4, and
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cathodes placed at mastoids. Current density was 0.517mA/CM2, and oscillated between zero and
maximal current at a frequency of 0.75Hz. Stimulation occurred during five-five minute blocks
with one-minute inter-block intervals (25 minutes total stimulation). The primary outcomes were
both declarative memory consolidation measured by a paired word association test (PWA), and
non-declarative memory, measured by a non-dominant finger-tapping test (FTT). We also
recorded and analyzed sleep EEG.

Results—There was no difference in the number of paired word associations remembered before
compared to after sleep [(active = 3.1+3.0SD more associations) (sham = 3.8+3.1S.D more
associations)]. Finger tapping improved, (non-significantly) following active stimulation [(3.6x2.7
S.D. correctly typed sequences) compared to sham stimulation (2.3+ 2.2 S.D. correctly typed
sequences)].

Conclusion—In this study, we failed to find improvements in declarative or performance
memory and could not replicate an earlier study using nearly identical settings. Specifically we
failed to find a beneficial effect on either overnight declarative or non-declarative memory
consolidation via square-wave oscillating tDCS intervention applied bi-frontally during early
NREM sleep. It is unclear if the morphology of the tDCS pulse is critical in any memory related
improvements.

Keywords

transcranial direct current stimulation; sleep; slow wave sleep; memory consolidation; cognitive
enhancement

Introduction

Previous trials have found that the application of both transcranial direct current stimulation
(tDCS) and slow oscillating transcranial direct current stimulation (SOtDCS) during early
Non-Rapid Eye Movement (NREM) sleep selectively increases the consolidation of
declarative memory. This technique has been applied successfully in healthy adult students
during a night of sleep [1,2], healthy adult students during a nap opportunity [3],
schizophrenic patients during a night of sleep [4], and in children with Attention Deficit
Hyperactive Disorder (ADHD) [5]. However, one other trial utilizing the technique in
healthy older adults did not find an improvement in declarative memory using the same
overnight stimulation protocol [6]. In addition to human studies, there have also been several
rodent studies with a demonstrated improvement in a surrogate for declarative memory
[7,8].

This area of research has been limited by a number of factors including, limited study
outside of the original stimulation paradigm (sine wave, or sine wave like wave forms),
studies using small sample sizes, and one published negative study. Additionally there has
yet to be a published successful replication of the first declarative memory enhancement
paper (Marshall et al., 2006) which reported a large effect. We therefore tested whether we
could replicate the 2006 manuscript findings using nearly identical methods, with only a few
differences. Specific differences included a different stimulator, delivering a divergent
current wave-form, and a slightly dissimilar participant population.
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Materials and Methods

Overall Study Design and Procedure

This was a randomized, single-blind, counterbalanced, crossover study that was closely
adapted to the protocol described by [1]. This protocol was approved by the institutional
review board of the Medical University of South Carolina (MUSC), and was conducted
under the principles of the declaration of Helsinki.

Participants

We recruited healthy adult students over the age of 18 utilizing email advertisements from
the MUSC community. We excluded anyone who was pregnant, had active neurologic,
psychiatric, medical, or sleep disorders, or anyone taking any medication. We additionally
excluded anyone with a history of seizures, closed head injuries with loss of consciousness,
any known brain tumors/lesions, any metal implants/implanted devices above the neck, a
history of eczema, or other sensitive skin conditions, an allergy to latex, those who used
tobacco, those who used illicit drugs, those who consumed greater than 500mg of caffeine
daily, or those who met criteria for alcohol abuse or dependence in their lifetime.

We screened a total of 29 interested individuals, 18 of whom passed the initial phone screen.
Of those meeting all inclusion criteria, and failing to meet any exclusion criteria, 17 signed
written informed consent, three of which were lost to follow-up, or were unable to find dates
that worked with their schedule, and one participant was found to have obstructive sleep
apnea on the screening polysomnogram. The remaining sample of 14 enrolled (Figure 1).
Two of those participants were excluded from data analysis prior to any data analysis due to
technical difficulties. One received active stimulation during both nights, and the other had
data that was not usable (There was a computer failure during the morning declarative
memory testing session so the participant had already seen the word list, but was unable to
have memory testing). The mean age of the 12 remaining participants was 25+2.3, three of
whom were men (Table 1). After signing written informed consent approved by the MUSC
IRB, subjects received a general medical history and physical exam, as well as a Structured
Clinical Interview of the Diagnostic and Statistical Manual (SCID I) for Axis one
conditions.

Following their screening visit, participants underwent an adaptation night in the sleep lab
where they were connected to a standard polysomnogram (PSG), but no other intervention
was performed. After their adaptation night, participants underwent two additional nights in
the sleep lab. One night they received active tDCS stimulation as described below, and the
other night they received sham tDCS stimulation. The order of the nights was determined by
randomization. There were at least 7 nights in between experimental visits.

Each night in the sleep lab consisted of the following: Participants arrived in the lab between
7 and 8pm. We then applied standard PSG leads including electroencephalogram (EEG)
leads at F3/, F4’ (1cm anterior to standard F3 and F4), C3, C4, 01, 02, A1, A2, right and
left outer canthi, and sub-mental EMG leads. Following the application of PSG leads, we
administered the learning phase of both a paired word association test and a non-dominant
hand finger tap test. They were then allowed to go to sleep, and either underwent active or
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sham tDCS stimulation during early non-REM sleep. After being awakened between 6:30am
and 7:00am by the overnight technologist, and given approximately 30 minutes of wake
time, we administered the retrieval portion of both the paired word association test and the
non-dominant finger tap test. Memory testing was performed as described by Marshal et al.

[1].

tDCS was delivered via a battery driven Chattanooga lonto™ lontophoresis System —
Phoresor. The output of the lontophoresis device was then modulated via a logic gate
controlled by a Windows operating system custom program that alternately oscillated the
current between 0 and 0.6 milliamps, at a frequency of 0.75Hz (0.66 s-on/0.66 s-off). The
resulting waveform was by definition a squarewave that oscillated between a current density
of 0, and 0.517mA/cm? of maximum current density. Current was delivered through 8mm
diameter Ag/AgCl ring electrodes in 1.2cm diameter of 10-20 paste (Weaver). The current
was split and delivered bilaterally with anodes at F3, and F4, and cathodes at mastoids (AL,
AZ2), using the international 10-20 system of electrode placement. Current output was
verified using both a multimeter, as well as an oscilloscope. When receiving active
stimulation, current was delivered in five, five-minute blocks with one-minute inter-
stimulation intervals, occurring after four consecutive minutes (8 standard PSG epochs) of
unequivocal stage N2, or N3 sleep. Stage of sleep was scored online by GLS who has
extensive experience with polysomnography and is a registered polysomnographic
technologist (RPSGT). Stimulation delivery and frequency was confirmed by a strong
stimulation artifact observed in the sleep EEG. When receiving sham stimulation, electrodes
were fastened to the subject but were not connected to a device. Participants were blinded to
condition, however neither the technical staff, nor the administrators of the memory testing
were blinded to condition. Participants were asked to guess their condition following each
night of the procedure.

EEG data analysis

EEG was recorded using a Compumedics Profusion PSG3 system. We recorded eight
channels with a sampling rate of 256 Hz. EEG analysis was performed in two different
fashions and is similar to the analysis performed in the original 2006 manuscript. First we
removed epochs of sleep obtained during stimulation, and the corresponding epochs during
the sham night (due to artifact during stimulation). Next we visually scored both active and
sham night polysomnograms using standard scoring criteria [9]. Following visual scoring
Fast Fourier Transformation (FFT) of the one minute prior to stimulation as well as the 5
interstimulation intervals (50 seconds each) of EEG were performed for the signal obtained
from the EEG lead F3’ (1cm anterior to the EEG coordinate F3). For analysis we included
the longest block of artifact free EEG (Ranging from 35-60 seconds, average 55.7 seconds
each). The FFT window used for analysis was 1000 data points (approximately 4 seconds).
Power spectra were separated into bands consistent with the 2006 manuscript (0.5-1Hz, 1-
4Hz, 4-8Hz, 8-12Hz, 12-15Hz, 15-25Hz). For statistical reasons mean power for the 1 min
prior to stimulation was subtracted from each 1-minute interstimulation interval.
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Statistical analysis

Results

We report means and standard deviations to describe the sample. Due to the small sample
size, we used a non-parametric Wilcoxon signed rank test to examine behavioral outcomes
as well as visually scored sleep variables. For EEG spectral analysis data a within subject
repeated measures ANOVA was applied.

Memory testing

EEG data

Blinding

Please see table 1 for memory testing data.

Paired word association test: In the active stimulation condition, the number of paired words
recalled in the morning increased 3.1+3.0 words from the baseline-learning phase of the
experiment, whereas the sham condition increased 3.8+3.1 words (Figure 2a). Non-
dominant finger tapping test: The number of correctly typed sequences increased an average
of 3.4+2.7 in the active stimulation condition, and 2.0£2.2 in the sham condition (Figure
2h).

Please see table 2 for sleep EEG data. There was a small significant difference (p=.04) in
stage 3 NREM in the sleep EEG 1 hour following stimulation as compared to sham
stimulation (active=6.1+4.3 minutes, 10.1+7.1% vs sham=3.8+£2.8 minutes, 6.3+4.7%).
Mathematical but not statistically significant differences were seen in the power spectra bins
of 0.5-1Hz (slow delta), as well as in 8-12Hz (slow frontal spindle range) in the F3’
recording electrode (see figures 3a,3b), with an apparent increase in each of these bins in the
inter-stimulation intervals of the active stimulation night compared to the sham night (See
table 3).

5 out of 12 (With a confidence of 0.8/4 + 1.0SD on a Likert scale) participants were able to
correctly guess both conditions on the morning following stimulation.

Discussion

It is a provocative notion to externally synchronize direct current stimulation with ongoing
brain activity in order to boost brain activity. There have been several examples of this in the
human and animal literature. An initial study in this field was a 2006 manuscript which
found that healthy medical students who received active synchronized slow oscillating tDCS
during slow wave sleep (when declarative memory consolidation occurs) were able to
retrieve more word pairs the following morning compared to when they received sham
stimulation. We sought to test whether these results were able to replicate given the lack of
follow-up studies in the literature. With similar but not identical methods we failed to find a
beneficial effect of active greater than sham stimulation, and in fact found a small negative
effect of stimulation despite finding similar EEG differences. Although our sample was
small, it was nearly as large as the original study. Even with this small of a sample, we can
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reasonably conclude that a large effect does not exist with these methods and in healthy
students. Given the consistently found improvements in pathological groups as well as two
trials in animal models [4,5,7,8] it is becoming increasingly more likely that an effect of
stimulation exists on declarative memory consolidation. It is however particularly interesting
that now two trials experimenting with healthy participants failed to find en effect [6]. In our
current trial we were able to demonstrate that externally delivered oscillating current is able
to reach the brain and induce similar EEG changes (mathematical but not statistically
significant increases in frontal slow delta activity, and slow frontal spindle frequencies in
active but not sham stimulation). Despite these changes in brain activity thought to correlate
with improved declarative memory consolidation, we did not observe the expected
behavioral effect. We discuss briefly the few ways in which this trial differs from the 2006
manuscript, and how the differences might affect the outcome (See table 4). It is not
uncommon for brain stimulation methods to be able to reverse or treat a pathological state,
while failing to improve peak performance in health. Perhaps that is the case with slow wave
tDCS during sleep and memory consolidation.

In our experiment we stimulated using a direct current device that was controlled by a logic
gate resulting in a square wave, rather than the near-sine wave used in the original 2006
manuscript. At this time it is unclear whether there is a difference in the physiologic effect
of square wave stimulation as opposed to near-sine wave stimulation. Even if there is a
physiological difference due to wave form, it is unlikely that square wave stimulation would
result in a true square wave reaching neural tissue, as any direct electrical current is likely
smoothed out while passing through the scalp, skull, and cerebral spinal fluid. Unless square
wave stimulation is in some way disruptive to memory consolidation we would have still
expected to find a positive effect on memory consolidation (though less) as even in earlier
work performed by the same group using continuous direct current stimulation cycled on
and off at 30 second intervals resulted in a positive effect in declarative memory
consolidation [2]. This notion is supported by basic science work that implies that
continuous direct stimulation results in increased power spectra of neuronal networks, and
alternating current stimulation at or near the endogenous frequency results in a larger
increase in power spectra [10,11]. Other recent work demonstrated that total charge
delivered may be more important than wave form when comparing the effect of tDCS to
slow oscillating tDCS on motor evoked potentials[12]. We delivered nearly the same total
charge with our square wave stimulation as compared to near-sine wave stimulation,
subsequently if total charge is the critical component to effect, we would have expected the
same result. If wave form is a critical component and there is a medium effect with
intermittent direct stimulation, and a large effect of slow oscillating direct stimulation, we
would certainly not expect a small negative effect of square wave stimulation. This is
particularly likely in light of our findings that stimulation resulted in a mathematical
difference in frontal EEG activity as described above. It still remains unclear however
whether this altered the results of our experiment.

In addition to wave-form there are also additional differences in our stimulation methods
compared to theirs. We used a different device (Chattanooga lonto™ lontophoresis System —
Phoresor device with a logic gate as a current regulator) as opposed to the device used in the
original 2006 study, and the neuroConn device used in the other cited studies. Furthermore
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the other studies discussed used two drivers that were externally synched whereas we used a
single driver that delivered the current in parallel. We believe neither of these differences
were critical differences in the stimulation paradigm. First, we were able to verify current
output and waveform using an oscilloscope, which demonstrated we were able to deliver the
correct current output bilaterally with the same waveform. Additionally we are confident
that the device was able to consistently produce constant current during sleep. This was
determined by the observable artifact on the sleep EEG that was of the expected frequency.
Finally as described above we were able to produce mathematical increases in EEG power
spectra during inter stimulation intervals in the previously described frequency bins of 0.5—
1.0Hz (Slow oscillations) and 8-12Hz (Slow Frontal Spindles) during active but not sham
stimulation. We subsequently believe this to be sufficient evidence to conclude that the
current penetrated the skull and stimulated the cortex, resulting in a similar, although
smaller, effect on cortical activity than the findings of the earlier manuscript. One possible
explanation for the observed EEG effects without corresponding behavioral effects would be
that there is a non-linear response to stimulation where there requires a certain threshold of
stimulation to exert an effect (rather than a dose response effect). Subsequently if our
stimulation parameters produced a less robust effect on cortical networks we may not have
produced enough of a change to result in the expected behavioral effect.

Another difference in our protocol compared to the original manuscript is the subject
population. In their study they recruited exclusively German medical students, whereas we
recruited American medical students as well as American students from other graduate
programs including doctoral and masters level students. Our patient population had slightly
more women than theirs (They had 7 women out of 13, and we had 9 women out of 12). We
would not expect either of these variables to alter the effects of stimulation, as it is unlikely
that there would be significant differences in baseline declarative memory, or
socioeconomic status. As the population is much the same in other respects, we generally
would not expect this to explain the differential response we found. It is however possible
that either the students tested in the initial experiment were more sleep deprived, or they had
a higher baseline level of declarative based learning throughout the day (medical students
are known to sleep less than the normal population, and medical school is particularly
rigorous and includes a great deal of declarative learning).

The main other variable that differed between our experiment and the original experiment in
2006 was blinding. In their experiment they were able to have a true double blind, whereas
in our experiment the participant was blinded, but the memory-testing administrator was not.
An unblinded investigator could certainly have an influence on the performance of a
participant, however the testing was strictly objective. Subsequently we would not expect
our unblinded administrator to negatively influence the results of this experiment.

Although far from definitive, our trial demonstrates the need for further study in this area.
Optimally a future trial would include a group that was randomized to receive either square
wave oscillating tDCS, or near-sine wave tDCS delivered according to this protocol, and
sham. Such a trial would have the dual advantage of both testing the initial study for
replication with an identical device, and to determine if the waveform is a critical
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component. Additionally an experiment with a homogenous group of medical students, as
well as healthy young adults, would tease out the impact of healthy participant population.

Conclusions

In our small trial we failed to find an effect of 0.75Hz square wave oscillating transcranial
Direct Stimulation (tDCS) delivered during early Non Rapid Eye Movement Sleep (NREM)
on declarative memory consolidation. It is unclear if the waveform is critical for an effect, or
if the effect observed in a previous trial is smaller than initially thought in a young healthy
population.
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Screening and Enrollment Flowchart
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Figure 1.
Consort Flow Chart
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[ Analysis ]
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Did not receive allocated intervention
(n=3)
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(n=1) was found to have OSA
(n=2) were not possible to schedule

Analyzed (n=5)

Excluded from analysis (n= 0)
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Table 4

Experimental Procedure Differences
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Experimental Difference

Marshal et al 2006

Current Experiment

Device

neuroConn DC Stimulator (neuroConn GmbH,
Germany)

Chattanooga lonto™ device (DJO Global, USA) with custom
built logic gate driven by a Windows laptop

Number of Drivers

Two synchronized drivers

One driver split into two parallel circuits

Stimulation waveform

Sine wave

Square wave

Conduction paste

Not reported

Ten20 Paste (Weaver, USA)

Student Population

Medical students

Medical and other graduate students

Language

German

English

Nationality

German

American

Behavioral Tests

Paired word, Finger Tap Test, PANAS, EWL,
Digit Span, Word Fluency Task.

Paired word, Finger Tap Test, PANAS, Word Fluency Task.

Blinding

Double blind

Single blind

QEEG data recording site

Fz

One cm anterior to F3
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