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Safety

Main Question: How does one accurately calculate risk/benefit ratio when the 
alternative is normalcy?

▪  Although TMS and tDCS are thought to be minimal risk,18 not much is known 
about the long term effects of NIBS.

▪  Possible that stimulation parameters for enhancement of a particular ability will 
be deleterious to others.

Character
Main Question: What hardships are important for forming a human identity?
▪   Are there human qualities so fundamental that modulating them would change 

identity?
▪  Would long term mood modulation with NIBS be beneficial or detrimental to 

character? Are there certain hardships that humans need to face?

Autonomy
Main Question: Could soomeone be implicitly or explicitly coerced to undergo 

brain stimulation?
▪  Explicit coercion: punitive (criminals), investigative (lie detection)
▪  Implicit coercion: to remain competitive (workforce, education, etc.). Evidence 

suggests individuals already do this with pharmacalogic enhancements.17

Justice
Main Question: How do we ensure equitable distribution of cognitive 

enhancements?
▪  Cognitive enhancements are not likely to be covered by insurance.
▪  Could this lead to the creation of a cognitive underclass?

Transcranial Magnetic Stimulation (TMS)
Blue lines, Electrical current lines; Red lines, 

Magnetic Field Lines

Electricity passes through a copper coil,

generates a magnetic field,

which induces electric currents in cortex,

which in turn leads to action potentials.13
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Transcranial Direct Current Stimulation (tDCS)
Blue electrode, Cathode; Red electrode, anode; 

Yellow lines, direction of electric current.

Small electric currents (1-2mV) pass 
through an electrode (anode),

about one half this current reaches cortex, 
modulating the resting membrane 

potentials of neurons,

and passes out through a different 
electrode (cathode).15

▪ Evidence largely from use of NIBS to treat patients with depression2,7,8,9

▪ NIBS also a possible treatment for OCD,1 PTSD,14 and Schizophrenia12

▪ Preliminary studies show efficacy in normals.10

▪ Stimulation paradigms differ between normals and clinical populations.

about time-dependent changes in working memory in
healthy and diseased participants. In this study, we limited
tDCS application to 30min for safety reasons [6,9,17]. tDCS
stimulation, nevertheless, increased working memory in a
time-dependent manner, and this effect was maintained at
30min after stimulation. The residual effects of single and
repetitive tDCS remain to be explored in further studies.
The excitability shifts induced by tDCS are comparable

with those achieved by repetitive transcranial magnetic

stimulation. Repetitive transcranial magnetic stimulation
studies have also demonstrated cognitive improvements
and modulation of left DLPFC in healthy participants and in
patients with clinical depression [18,19] or Parkinson’s
disease [20]. These two noninvasive brain stimulation
methods are, however, dissimilar in terms of their strengths
and weaknesses [21,22]. The tDCS device is simple,
wearable, battery-powered, and allows participants to per-
form their daily activities. Although the large electrode
limits the focality of the stimulation, it operates at low
current densities. Moreover, the large electrode and low
current density allow protracted tDCS stimulation to be
performed safely over a large area. Therefore, tDCS can
present benefits for stimulating the prefrontal cortex for an
extended period of time [5]. These unique advantages of
tDCS also make it more useful for promoting working
memory.

In this study, only the accuracy of the working-memory
task was improved, but not error rates or response times.
The accuracy of working memory can be mediated by
cognitive processes such as encoding, maintenance, selec-
tion, and decision-making, which are considered to be
crucial functions of the DLPFC. In contrast, error detection
might be mediated through coordinated function with other
brain areas like the cingulate or temporoparietal cortices
[23–25]. Therefore, it might not have been obviously
improved by tDCS administration to the DLPFC. Reaction
times were also unchanged in this study after tDCS
application. Before the experiment, participants attended
familiarization sessions until their performances touched a
plateau. We were thus able to eliminate the ‘learning effect’
of the working-memory task. In addition, to exclude the
possible influence of the excited motor cortex in the
stimulated hemisphere, we instructed participants to per-
form the tasks with their left hands while the left hemi-
sphere was being stimulated. This might have prevented
unwanted effects on reaction time owing to a spread of
cortical excitability. Moreover, concentration and fatigue
could have confounded the observed cognitive perfor-
mances. These parameters were, however, no different after
anodal and sham stimulation, and were unchanged by
tDCS. These findings suggest that concentration and fatigue
were not influenced by tDCS, and that they did not affect
the results of our study.

Conclusion
In conclusion, we found that anodal tDCS administered to
the left DLPFC at 1mA has a time-dependent, positive
impact on working memory, without any noticeable side
effects, in healthy participants. Future studies should
address the durability of this effect after repeated tDCS
sessions.
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Fig. 2 Changes in accuracy (a), error rate (b), and reaction time (c),
induced by transcranial direct current stimulation (tDCS). (a) Accuracy
was improved by anodal tDCS. Repeated-measures analysis of variance
(ANOVA) showed a signi¢cant group! time factor interaction (F"5.37,
Po0.01). *Signi¢cant at Po0.05 versus baseline. wSigni¢cant at Po0.05
versus the previous test. zSigni¢cant at Po0.05 versus sham. (b) Error
rates were not changedby anodal or sham tDCS. (c) Reaction timeswere
not changed by anodal or sham tDCS.
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Figure from Ohn et al., 2008.16

Changes in accuracy induced by anodal tDCS. T1, after 10 min of 
tDCS; T2, after 20 min of tDCS; T3, after 30 min of tDCS; T4, 30 min 
after completing tDCS. *P < 0.05 versus baseline; †P < 0.05 versus 

previous test; ‡P < 0.05 versus sham.

Ohn et al, 2008: 

▪ 3-back verbal working-memory task 
(Korean)

▪ Stimulation over L DLPFC (Anodal, Sham)
▪ Reference electrode: right supraorbital 

sinus
▪ 1mA for 30 minutes

Results: significant improvement in accuracy 
for anodal vs. sham condition after 30 
minutes of stimulation.

Suggests: NIBS can be used to increase 
WM accuracy.

Enhancing Processing Abilities: improving memory, linguistic 
processing, learning abilities, information processing, etc.

Spatial Resolution: 
~25cm2

Spatial Resolution: 
~1cm2
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Laboratory for
Cognition and
Neural
Stimulation

Cathodal stimulation: associated with hyperpolarization (less activity)
Anodal stimulation: associated with sub-threshold depolarization 

(more activity)15

Unilateral Stimulation: only one electrode on cortex
Bilateral Stimulation: both electrodes over cortex

Variations:

Repetitive TMS (rTMS): repeated administration of magnetic 
pulses (usually >0.3Hz), capable of inducing lasting 
changes in cognitive and behavioral function.13 

Single Pulse TMS: administration of a single pulse, causing 
interruption of function lasting only 40-60 ms.

Variations:

VF scores were calculated as the difference between
pretest and posttest in total words produced on both
letters combined. The primary RAT dependent variable
measured the number correct out of 16 per condition.
We also used repeated measures ANOVA with mean re-
action time [RT] (of correctly answered problems only)
and number of false alarm errors (spoken responses that
were incorrect solutions) as dependent variables. We ex-
cluded from this analysis mechanical errors, for exam-
ple, when subjects coughed and triggered microphone
recording. Only four subjects made a single mechanical
error each. RT data on the RAT task for one subject was
not recorded due to mechanical error.

EXPERIMENT 1

Methods

Stimuli and Procedure

We placed the active electrode on F3 and the reference
electrode over the right supraorbital region.

In this experiment, the order in which tasks were per-
formed was not counterbalanced. After 16 min of stim-
ulation, subjects were given a posttest of VF (while still
undergoing the last 4 min of stimulation). At 20 min, the
electrodes were removed and subjects began the RAT.
The order of these tasks was not counterbalanced be-
cause of the different and varying length of time the RAT
takes and because the primary interest of the study was
the effect of polarity of stimulation on performance of
tasks that draw on brain regions underlying F3 and not
a direct comparison between the tasks. The VF task
was completed in 3.5 min for each subject; completion
of the RAT is much more variable (explained above),
thus making it more feasible to commence the task after
stimulation had ceased. The intent of putting one task
just before and one just after stimulation offset was to
allow us to run several behavioral tests assessing the ef-
fects of stimulation within the time period that has been
shown by us and others to exhibit behavioral effects of
the stimulation. The total duration of the tasks together
was approximately 10 min and we chose not to allow
that much time to elapse after stimulation offset and
while subjects were still performing experimental tasks.
In addition, conducting behavioral testing during (and
not after) stimulation has been shown to be effective
by Kincses et al. (2003), who found an effect on task
performance as early as the ninth minute during anodal
stimulation.

Subjects

This study involved 18 subjects (mean age = 25.5 years,
SD = 2.6, 5 men), all right-handed as determined by the
Edinburgh Handedness Inventory (Oldfield, 1971). Sub-
jects gave written informed consent of a protocol ap-
proved by the local Institutional Review Board.

Results and Discussion

All subjects completed all sections of the test and no
subject reported significant discomfort. On the RAT, re-
peated measures ANOVA showed a significant difference
in scores across the three conditions [F(2, 16) = 3.88,
p = .042]. Two post-hoc paired-samples t tests com-
pared anodal to the other conditions using a Bonferroni-
adjusted p value of .025. These tests revealed that anodal
stimulation of F3 significantly improved performance
(M = 9.04, SD = 1.9) compared to sham stimulation
[M = 7.46, SD = 2.7, t(17) = 2.46, p = .025]. Compared
to cathodal stimulation (M = 7.30, SD = 2.7), the anodal
enhancement was just above the stringent Bonferroni-
corrected significance level [t(17) = 2.26, p = .038]. Fig-
ure 2 shows these RAT scores by condition. Mean RTs
on correct RAT solutions were virtually identical and did
not differ significantly [F(2, 16) = 0.004, p = .99]. Mean
RTs were 10.79 sec (SD = 4.1) for anodal, 10.74 sec
(SD = 2.9) for cathodal, and 10.76 sec (SD = 3.4) for
sham stimulation.

Two error analyses showed no significant order effects
or carryover effects from one condition to the subsequent
condition. Figure 3 shows that, across the 18 subjects,
scores between the first, second, and third testing ses-
sions (regardless of stimulation condition) did not differ
significantly [F(2, 16) = 0.91, p = .42]. An exploratory
error analysis was conducted to examine whether one
stimulation condition appeared to affect the subsequent
condition. This analysis is important given that a wash-
out interval between conditions was 30 min. Table 1 shows
that no clear pattern of stimulation carryover emerged.
We compared the expected difference between stimula-
tion conditions (defined as the mean difference of over-
all RAT scores in the experiment) to the actual difference
in mean scores when, for example, anodal was followed
by cathodal stimulation. This could occur when anodal
and cathodal were first and second, or second and third,
respectively. When cathodal and sham followed anodal,
there was virtually no deviation from the expected mean
difference. At first glance, cathodal stimulation appeared

Figure 2. Mean number and standard deviation of remote associates
problems solved correctly in each of the stimulation conditions.

Cerruti and Schlaug 1983
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Figure adapted from Cerruti et al., 2009.3
Mean number and standard deviation of RAT 

problems solved in the three stimulation conditions.

Cerruti et al, 2009: 

12

▪ RAT (Remote Association Task)
▪ Stimulation over L DLPFC (F3)
▪ Reference electrode: right supraorbital sinus
▪ 1mA for 20 minutes

Results: Significant increase in performance 
due to anodal tDCS stimulation compared to 
cathodal and sham.

Suggests: NIBS can be used to enhance 
connections in semantic networks.

[e.g., belief by TMS site interaction: F(1,7) = 0.3, P = 0.6]. The
only signi!cant effect on reaction times was a belief by outcome
interaction [F(1,7) = 9.6, P = 0.02, partial h2 = 0.56], which
re"ected the shorter reaction times for intentional harms than
for the other conditions (intentional harm, 1.2 s; attempted harm,
1.6 s; accidental harm, 1.8 s; nonharm, 1.6 s). There was also no
effect of TMS site on the variability of participants’ judgments, as
measured by the SD of judgments within a condition across par-
ticipants [e.g., belief by TMS site interaction:F(1,7)= 0.1,P=0.8].

In sum, (i) moral judgments following TMS to the control site
were no different from a no-TMS control and (ii) there was no
evidence that TMS site affected the reaction time or variability
of judgments in any condition. We therefore conclude that the
selective bias in moral judgments induced by TMS to the RTPJ
cannot be explained by differences in dif!culty between con-
ditions or by the effects of TMS on attention or task perform-
ance more generally.
The results of experiment 1 demonstrate that of"ine TMS to

the RTPJ, in comparison to TMS to a nearby control brain
region, disrupts participants’ use of belief information in moral
judgments. As a result, moral judgments appear to be more
outcome-based rather than belief-based. Pairwise comparisons in
the item analysis showed a pronounced effect for the case of
attempted harms, in which the agent believes he or she will harm
another but fails to do so. Disrupting RTPJ activity has the
selective effect of causing participants to judge attempted harms
as more morally permissible than they would normally.
There are twomethodological issues that pose a challenge to the

interpretation offered thus far. First, information about the
potential outcome of the action was available to participants both
implicitly before the belief (e.g., the white substance is poison)
and explicitly after the belief (e.g., she puts the substance in her
friend’s coffee, and her friend dies). Of"ine TMS to theRTPJmay
therefore have caused participants to attend to the information
presented either most often or most recently, leading to a relative
focus on outcomes. Second, of"ine TMS may have caused the
suppression of neural function to spread to distant regions, pos-
sibly with some delay (11, 12), from the RTPJ to brain regions
closely connected to it (13). Experiment 2 directly addressed these
concerns by (i) modifying the stimuli to remove the repetition of
the outcome information and (ii) using brief pulse trains of TMS
concurrent with the onset of each moral scenario’s question.
Speci!cally, we shortened the train of stimulation (10 Hz for
500 ms) and reduced the time between stimulation and task
(application of TMSonline during participants’moral judgments),
relying on the logic that the shorter the train of TMS and the

Fig. 1. Experimental stimuli and design. (Upper) Combination of belief
(neutral vs. negative) and outcome (neutral vs. negative) factors yielded a 2 ! 2
design with four conditions. (Lower) Text of a sample “attempted harm” sce-
nario. Bold italicized sections indicate words that differed across conditions.

Fig. 2. Design for experiment 1 (Upper) and experiment 2 (Lower). Experi-
ment 1 used an of!ine TMS paradigm in which participants received TMS at
1Hz for 25minand then readand responded to a series ofmoral scenarios. The
order of TMS sessions, RTPJ "rst vs. control "rst, was counterbalanced across
participants. Experiment 2 used an online TMS paradigm inwhich participants
received TMS at 10 Hz for 500ms. TMS onset was concurrent with onset of the
moral judgment question for each story.

Fig. 3. Results for experiment 1 (Upper) and experiment 2 (Lower). Moral
judgments were made on a seven-point scale. Light bars correspond to
control TMS, and dark bars correspond to RTPJ TMS. Bars represent SEM.
Moral judgments of attempted harm (negative belief, neutral outcome) are
signi"cantly different by TMS site (RTPJ vs. control; *P < 0.05).
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Figure adapted from Young et al. 2010.20 
Changes in moral permissibility ratings of actions due to 

TMS. *P < 0.05.

Young et al, 2010: 
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▪ Moral judgement task (is this action morally 
permissible?)

▪ Stimulation site: Right TPJ
▪ Control site: Right parietal cortex
▪ Offline rTMS, 1Hz (inhibitory) for 25 min

Results: When stimulated over RTPJ, 
subjects were less likely to consider the 
intention of the agent in determining the 
moral permissibility of his or her action.

Suggests: NIBS can modulate how 
individuals make moral judgments.

Enhancing Mood: Broadly affect an individual's subjective evaluation of 
personal experience

Enhancing Social Cognition: Modulate an individual's understanding and 
relationship to others, especially related to concepts of social norms and rules.

tDCS

tDCS

TMS

Introduction
▪ Cognitive enhancement: enhancing the cognition of healthy individuals using methodologies 

originally developed for helping patients.

▪ Increasingly widespread use of cognitive enhancement has led to the emergence of a new and 
controversial field, Cosmetic Neurology.4,5,6

▪ Below, we consider the ethical dilemmas surrounding noninvasive brain stimulation (NIBS), a set 
of methodologies that have shown promise for cognitive enhancement.

NIBS Methodologies

Roy H. Hamilton, MD, MS; Samuel B. Messing, BA; Anjan Chaterjee, MD

The ethics of noninvasive brain stimulation for cognitive enhancement
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