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Abstract
Transcranial direct-current stimulation (tDCS) is a form of non-invasive brain stimulation
applied in both healthy and clinical populations. Application of weak current induces electric
fields at the neuronal level, and may lead to behavioral effects such as enhanced motor learning
when paired with training. Nearly all investigations to date have been completed in the adult
brain, and fundamental studies are lacking in pediatrics, yet are required to advance and optimize
tDCS application in this population. Additionally, given the ability of tDCS to enhance motor
learning, translation to complex motor skill acquisition is necessary to define the full potential of
tDCS. Here we investigated the effects of tDCS on motor learning in healthy children, with
subsequent probing of neurophysiological changes underlying these behavioral changes using
transcranial magnetic stimulation. Next, we compared tDCS-induced electric fields in the child,
adolescent, and adult brain, using computational current modeling. Given the therapeutic
potential of tDCS in pediatrics, we examined the safety and feasibility of tDCS application in
childhood stroke. Finally, we examined the effects of tDCS on complex motor skill acquisition,
including laparoscopic surgical and neurosurgical skills in medical trainees. Our findings suggest
that tDCS can safely enhance motor learning in healthy children and young adults.
Neurophysiological mechanisms underlying these changes appear to be variable. Current
modeling suggests that children are exposed to substantially stronger electric fields compared to
adults, possibly contributing to the complex neurophysiological changes seen with tDCS
application in children. Despite inducing stronger electric fields, application of tDCS appears to
be safe in children and adolescents. tDCS-enhanced motor learning may not be restricted to basic
motor skills, but complex laparoscopic surgical skills, and neurosurgical tumor resection skills
may be sensitive to enhancement as well. In summary, our findings suggest that tDCS
application is safe in the developing brain, and capable of producing robust behavioral changes.
These findings support the translation of tDCS to pediatric therapeutic investigations.
Neurophysiological mechanisms of these changes require further investigation. Establishing the
ability of tDCS to enhance surgical skill acquisition may counteract the current short-comings of
surgical training, revolutionizing the field of medical education.
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List of Figures
Figure 2.1. Overview of the study design. (A) Four-day timeline of the study. Days 1 and 3
included baseline and post-training hand function measures, respectively, including the Purdue
Pegboard Test (PPT), Jebsen–Taylor Test of Hand Function (JTT), and Serial Reaction Time
Task (SRTT). These 3 tasks were performed again at a 6-week post-training retention test (RT).
Striped bars depict left-hand PPT (PPTL) training blocks, either with (light stripe) or without
(dark stripe) tDCS. Each block consists of 3 PPTL repetitions, which are then averaged. (B)
tDCS montages used, including 1 mA anodal (1A-tDCS), 1 mA cathodal (1C-tDCS), 2 mA
cathodal (2C-tDCS), and sham tDCS. The black box indicates the location of the anode, and the
light gray box indicates the location of the cathode. Arrows depict the ﬂow of current through the
cortex, which is always from the anode to the cathode. Lower electrode locations are centered on
the primary motor cortex (M1), and higher electrode locations are over the supraorbital area. The
target, trained, hand is the left hand in all conditions.
Figure 2.2. Left-hand Purdue Pegboard Test (PPTL) learning curves for the sham (white
triangles), 1A-tDCS (light gray circles), 1C-tDCS (light gray squares), and 2C-tDCS (dark gray
squares) groups. Each point represents the mean change in score from baseline, based on 3
repetitions of the PPTL. The dotted lines represent breaks between days. RT represents a
retention-test time point 6 weeks following training. Active stimulation groups demonstrate
enhanced motor learning compared with sham tDCS controls. There was no evidence of skill
decay at RT. Data show group mean (± standard error).
Figure 2.3. Online (white bars) and ofﬂine (gray bars) effects for left-hand Purdue Pegboard Test
(PPTL) learning. Online effects depict the difference in PPTL score from the last to ﬁrst training
point in each day. Ofﬂine effects depict the difference in PPTL score from the ﬁrst training point
of a day to the last training point of the preceding day. Daily online and between day ofﬂine
effects were summed. Improvements in PPTL scores were predominantly in the form of online
effects; however, only 1A-tDCS and 1C-tDCS showed a signiﬁcant difference between online
and ofﬂine effects. Data show group mean (± standard error). *P<0.05, **P<0.01.
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Figure 2.4. Sum learning effects. (A) Daily sum learning effects for left-hand Purdue Pegboard
Test (PPTL) for the sham (white triangles), 1A-tDCS (light gray circles), 1C-tDCS (light gray
squares), and 2C-tDCS (dark gray squares) groups. Effects depict the difference in PPTL score at
each point in a day, compared with that day’s baseline. Differences are summed to give a daily
sum measure. Lower scores (or 0) suggest no improvement or inconsistently better and poorer
performance than daily baseline. Data show group mean (± standard error). фP<0.05 for 1AtDCS group, ΨΨP<0.01 for 1C-tDCS group. (B) Total sum learning effects for PPTL for sham
(white bar), 1A-tDCS (dotted light gray bar), 1C-tDCS (solid light gray bar), and 2C-tDCS
groups (solid dark gray bar). Total sum learning was calculated through addition of daily sum
learning effects. Data show group mean (± standard error). *P<0.05, **P<0.01.
Figure 2.5. Change in Purdue Pegboard Test (PPT) scores at post-training (white bars) and 6week retention test (RT), compared with baseline for sham (white triangles), 1A-tDCS (light
gray circles), 1C-tDCS (light gray squares), and 2C-tDCS (dark gray squares) groups. Each point
represents the mean change in score from baseline, based on 3 repetitions of the subtest.
Subscripts L, R, LR, S, and A refer to the PPT subtests left hand (A), right hand (B), both left
and right hands (C), sum of scores (D), and assembly (E), respectively. Active stimulation
groups demonstrate immediate improvements in untrained unimanual and bimanual tasks. No
differences were seen in complex bimanual tasks. There was no evidence of skill decay at RT.
Data show group mean (± standard error). *P<0.05, **P<0.01, ***P<0.001.
Figure 2.6. Change in left- and right-hand Jebsen–Taylor Test of Hand Function (JTTL, JTTR)
scores at post-training (white squares) and RT (white triangles) from baseline (white circles) for
sham (white bars), 1A-tDCS (lightest gray bars), 1C-tDCS (gray bars), and 2C-tDCS (dark gray
bars). Active stimulation groups, but not sham, display improved performance at post-training,
with no evidence of skill decay at RT. Data show group mean (± standard error). *P<0.05,
**P<0.01.
Figure 2.7. Serial Reaction Time Task (SRTT). (A) Group baseline SRTT responses. Reaction
time is given as a value standardized to the ﬁrst block. Each block consists of 96 keystrokes,
where prime symbol (′) blocks have a random pattern, and all other blocks consist of a repeating
xi

12-character sequence. The SRTT paradigm employed generates a stereotypical implicit motor
learning response marked by decreased reaction time from Block 1′ to Block 5, which is
abolished (increased reaction time) upon addition of a random sequence (Block 6′), and reinstated. Data show group mean (± standard error). ***P<0.001. (B) Stimulation group SRTT
responses at baseline (white circles), post-training (gray circles), and RT (black circles). Dotted
lines separate stimulation condition groups. Each trace follows the same pattern as in Fig. 6A,
with downward shifts dependent on stimulation type and test point. Data show group mean (±
standard error.
Figure 2.8. Left-hand Purdue Pegboard Test (PPTL) learning curves for the sham (white
triangles), 1A-tDCS (light gray circles), 1C-tDCS (light gray squares), and 2C-tDCS (dark gray
squares) groups. Each point represents the raw score, based on 3 repetitions of the PPTL. The
dotted lines represent breaks between days. RT represents a retention-test time point 6 weeks
following training. Active stimulation groups demonstrate enhanced motor learning compared
with sham tDCS controls. There was no evidence of skill decay at RT. Data show group mean (±
standard error).
Figure 3.1. Transcranial magnetic stimulation (TMS) paradigms. A) Ipsilateral silent period (iSP)
paradigm. A figure-of-eight TMS coil is centered over the first dorsal interosseous (FDI) motor
hotspot and stimulation is delivered while the ipsilateral FDI is contracted. Example given
depicts right hemisphere evoked iSP. B) Rectified electromyography (EMG) of an iSP trace.
Background EMG is averaged from pre-stimulus artifact EMG. Latency refers to the time from
the stimulus artifact to the start of the iSP. Duration of the iSP refers to the time from the iSP
start to end. Suppression strength of the iSP refers to the average amount of suppression from
25% background EMG. C) Paired-pulse interhemispheric inhibition (IHI) paradigm. A figure-ofeight TMS coil is centered over each FDI motor hotspot. Two stimuli, a conditioning stimulus
followed by a test stimulus, are applied with an interstimulus interval (ISI) of 8, 10, 40 or 50ms.
Both FDI remain at rest. Example given shows right-to-left IHI. D) EMG of an IHI trace. The
amplitude of a conditioned motor-evoked potential (40ms ISI; grey) is compared to that of an
unconditioned test stimulus (test stimulus alone; black).
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Figure 3.2. Transcranial magnetic stimulation (TMS) neurophysiology outcomes of the left (grey
bars and circles) and right (white bars and black circles) primary motor cortex (M1) from 19
children and adolescents. A) Resting motor threshold (RMT). B) Ipsilateral silent period (iSP)
duration. C) iSP latency. D) iSP suppression strength. Data show group mean (± standard error).
E) Correlation of iSP latency evoked from the left or right hemisphere (LH- or RH-iSP) with
age. F) Correlation of iSP suppression strength evoked from the left or right hemisphere (LH- or
RH-iSP) with age. *p<0.05.
Figure 3.3 Paired-pulse interhemispheric inhibition (IHI) measures from 18 children and
adolescents. Bidirectional IHI measured when the conditioning stimulus was applied to the left
hemisphere and the test stimulus to the right hemisphere (left-to-right IHI; grey bars), and the
conditioning stimulus applied to the right hemisphere and the test stimulus to the left hemisphere
(right-to-left IHI; white bars). The amplitude of the conditioned motor-evoked potential is
compared to that of an unconditioned test stimulus (1mV test stimulus). Stimuli are separated by
various interstimulus intervals (ISI). *p<0.05.
Figure 3.4. Correlation of ipsilateral silent period (iSP) suppression strength with paired-pulse
interhemispheric inhibition (IHI) from 18 children and adolescents. Grey circles display
correlations between iSP suppression strength evoked from the left hemisphere (LH-iSP) with
IHI measured when the conditioned stimulus was applied to the left hemisphere and the test
stimulus to the right hemisphere (left-to-right IHI) separated by a 50ms ISI. Black circles
demonstrate correlations between iSP suppression strength evoked from the right hemisphere
(RH-iSP) with IHI measured when the conditioned stimulus was applied to the left hemisphere
and the test stimulus to the right hemisphere (right-to-left IHI) separated by a 50ms ISI.
Figure 3.5. Correlation of ipsilateral silent period (iSP) duration with Purdue Pegboard Test
(PPT) scores from 19 children and adolescents. Grey circles display correlations between iSP
duration evoked from the right hemisphere (RH-iSP) with left hand PPT scores (PPTL). Black
circles demonstrate correlations between iSP duration evoked from the left hemisphere (LH-iSP)
with right hand PPT scores (PPTR).
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Figure 4.1. Study design overview. A) Participants trained the left-hand Purdue Pegboard Test
(PPTL) over three consecutive days with concurrent application of active or sham tDCS.
Transcranial magnetic stimulation (TMS) neurophysiology and a battery of motor measures
(PPT, JTT, SRTT) were performed at baseline and following the final PPTL training session. B)
Primary motor cortex (M1) targeting montages used. The black square signifies the anode, and
the grey the cathode. Arrows represent the direction of current flow.
Figure 4.2. Correlation of cortical silent period (cSP) duration with Purdue Pegboard Test score
(PPT). Left hand PPT score (PPTL) was correlated with right primary motor cortex (M1) cSP
duration (grey dots, solid line). Right hand PPT score (PPTR) was correlated with left M1 cSP
duration (white dots, dashed line).
Figure 4.3. Change in motor-evoked potential (MEP) amplitude in the left and right primary
motor cortex (M1) between baseline and post-training measurements, for sham (white circles),
1mA anodal (1A-tDCS, light grey triangles), 1mA cathodal (1C-tDCS, light grey squares) and
2mA cathodal tDCS (2C-tDCS, dark grey squares).
Figure 4.4. Change in motor-evoked potential amplitude ratios with paired-pulse stimulation
with A) 2ms (SICI, short interval intracortical inhibition) or, B) 10ms interstimulus intervals
(ICF, intracortical facilitation) in the left and right primary motor cortex (M1) between baseline
and post-training measurements, for sham (white circles), 1mA anodal (1A-tDCS, light grey
triangles), 1mA cathodal (1C-tDCS, light grey squares) and 2mA cathodal tDCS (2C-tDCS, dark
grey squares).
Figure 4.5. Change in cortical silent period (cSP) duration in the left and right primary motor
cortex (M1) between baseline and post-training measurements, for sham (white circles), 1mA
anodal (1A-tDCS, light grey triangles), 1mA cathodal (1C-tDCS, light grey squares) and 2mA
cathodal tDCS (2C-tDCS, dark grey squares).
Figure 4.6. Change in interhemispheric inhibition (IHI) motor-evoked potential ratios in the left
to right (LR IHI) and right to left primary motor cortex (RL IHI) direction, between baseline to
xiv

post-training measurements, for sham (white circles), 1mA anodal (1A-tDCS, light grey
triangles), 1mA cathodal (1C-tDCS, light grey squares) and 2mA cathodal tDCS (2C-tDCS, dark
grey squares). Short (white bar) and long (grey bar) phases of IHI were averaged.
Figure 4.7. Change in ipsilateral silent period (iSP) A) duration, B) latency, and C) suppression
strength in the left and right primary motor cortex (M1) between baseline and post-training
measurements, for sham (white circles), 1mA anodal (1A-tDCS, light grey triangles), 1mA
cathodal (1C-tDCS, light grey squares) and 2mA cathodal tDCS (2C-tDCS, dark grey squares).
Figure 5.1. Image processing flow diagram. (A.) Acquisition of T1, T2 anatomical and diffusion
scans. (B.) Segmentation of T1 anatomical image into five tissue types. (C.) Calculation of head
volume meshes composed of tetrahedral elements. (D.) Modeling of 5x5cm virtual tDCS
electrodes. (E.) Simulation of three typical tDCS montages aimed at motor learning (anodal,
cathodal, bihemispheric). (F.) Modeling of electric field strength across the brain. PeakEF was
extracted for each montage, tissue type and age group. (G.) Conversion of EFMaps into NIfTI
format by interpolating tetrahedral elements. (H.) Normalization of NIfTI files into MNI
template space using deformations calculated on T1 anatomy. (I.) Voxel-based statistical
analyses were performed using SPM12.
Figure 5.2. Electrode placement for three montages typically used in motor learning paradigms
to enhance skill acquisition of the left hand. The red electrode depicts the anode, and the blue the
cathode. (A.) Anodal (B.) Cathodal (C.) Bihemispheric montages. (D.) Electrode dimensions.
Figure 5.3. Peak electric fields (PeakEF) induced by anodal, cathodal, and bihemispheric tDCS
montages in children (white), adolescents (light grey) and (dark grey) by tissue type as follows:
(A.) white matter, (B.) grey matter, (C.) cerebrospinal fluid, (D.) skull and (E.) scalp. *p<0.05,
**p<0.01, ***p<0.001.
Figure 5.4. An illustration of electric field maps induced by (A.) anodal tDCS (right M1), (B.)
cathodal tDCS (left M1) and (C.) bihemispheric tDCS montages. Shown are group mean electric
field maps for children (red) and adults (blue), in the range of 0.20 to 0.45 V/m, overlaid on three
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orientations (axial, coronal, sagittal) of an MNI template brain. (D.) Example of electric fields
induced by anodal tDCS of right primary cortex in a 6.5 (child, top) and 43.0 year old (adult,
bottom).
Figure 5.5. An illustration of areas of higher estimated electric field strength in children
compared to adults using (A.) isotropic WM maps for anodal tDCS, (B.) anisotropic WM tensors
for cathodal, and anisotropic WM tensors for (C.) bihemispheric tDCS montages. Shown are
statistical T-score heat maps overlaid on three orientations (axial, coronal, sagittal) of an MNI
template brain [significance threshold: T(33)>3.3, p<0.001]. These maps display statistical Tscore heat maps [significance threshold T(27)>3.42, p<0.001] overlaid on an MNI template
brain. The inset for panel B on the midline sagittal slice illustrates higher estimated EF in the
transcallosal motor fibres of the corpus callosum for children compared to adults.
Figure 5.6. A selection of axial slices from normalized group mean T1-weighted anatomical
images for (A.) Child, (B.) Adolescents, and (C.) Adult sample groups. Each participants’
normalized T1-weighted anatomical image was overlaid on the MNI152 template and visually
inspected to ensure accurate normalization.
Figure 5.7. Spherical regions of interest were placed in (A.) bilateral primary motor, (B.)
bilateral ventromedial prefrontal and (C.) primary visual cortices. Spheres are shown overlaid on
the MNI152 template, were constrained to white and grey matter (i.e., do not include skull or
CSF) and were 30 mm in diameter.
Figure 5.8. Areas of significantly higher estimated electric field (EF) strength when using
individualized, anisotropic WM tensors in the current model compared to using a single isotropic
conductivity value for all participants (paired t-test). Shown are statistical T-score heat maps for
the cathodal (left panels A-C) and bihemispheric (right panels D-F) montages in three age groups
A&D. Children, B&E. Adolescents, C&F. Adults. Insets for sagittal slices illustrate estimated EF
strength differences in the corpus callosum at midline. T-score significance thresholds change
slightly in each panel due to differences in group sample sizes.
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Figure 6.1. Lesion location and corticospinal tract reconstruction. A. T1-weighted MRI
displaying axial slices. Minimal sparing of the left primary motor cortex remains near midline.
B. Probabilistic white matter reconstruction of corticospinal tracts. No intact corticospinal tracts
are seen in the lesioned hemisphere.
Figure 6.2. Jebsen-Taylor Hand Function Test (JTT). Scores of individual subtests are displayed
as shaded-bars, with the total score (sum of subtest scores) reported as a black line. Minor
improvements were noted between days 1 and 5, with large improvements were evident in the
second week of treatment.
Figure 6.3. Transcranial magnetic stimulation (TMS) cortical excitability measures. Average
amplitude of motor-evoked potentials (MEP) from the FDI muscle when the contralesional
primary motor cortex was stimulated using TMS either: A. at rest, or B. with 20% maximum
voluntary contraction of the FDI. C. Area under the curve measurements, displaying a reduction
in contralateral MEP amplitude and suppression of ipsilateral MEP. Ipsilateral motor-evoked
potentials were not seen with stimulation during active contraction of the FDI.
Figure 6.4. fMRI activation maps for a simple finger tapping task. A. Baseline activation patterns
observed during a left finger-tapping task. Typical activations are seen in the right hemisphere,
including the motor (BA4) and sensory (BA3) primary cortices, as well as activation of the
premotor cortex (PMC), primary visual cortex (V1) and supplementary motor area (SMA). B.
Baseline activation patterns observed during a right finger-tapping task. Activation is seen in
both the lesioned and contralesional hemisphere. C. Pre-minus-post fMRI analysis displaying
areas of reduced activation following cathodal tDCS intervention. Reduced activation is seen in
the right motor and sensory cortices, as well as the PMC and SMA. D. Post-minus-pre fMRI
analysis displaying areas of increased activation following cathodal tDCS intervention. Increased
activation is seen in the perilesional motor and sensory cortices.
Figure 6.5. Resting-state region of interest (ROI) to ROI analysis. A. Regions of interest are
displayed on a template brain, demarked as the left primary motor cortex (LM1), perilesional M1
(LM1’) and right primary motor cortex (RM1). B. Baseline analysis suggests no significant
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correlations between either LM1 or LM1’ and RM1. C. Following cathodal tDCS intervention
there was a strong negative correlation between LM1’ and RM1.
Figure 7.1. A) Trial design. Participants performed the Purdue Pegboard Test (PPT), and both the
one peg transfer (black bars) and one pattern cutting (striped bars) Fundamental of Laparoscopic
Surgery tasks at baseline. Training consisted of eight repetitions of each task in an interleaved
design. Participants were randomized to 20 minutes of 1mA tDCS or sham concurrent to
training. All three tasks were repeated following training. Participants returned six weeks later to
assess retention of FLS skills. B) Stimulation montage. The anode (red) was positioned over the
dominant primary motor cortex (M1), and the cathode (blue) over the contralateral supraorbital
area.
Figure 7.2. A) Learning curve of Fundamentals of Laparoscopic Surgery pattern cutting
concurrent to sham (white circles) or anodal tDCS (red circles). Error bars display standard error
of the mean. B) Proportion of participants achieving various levels of pattern cutting proficiency
at post-training evaluation with the application of sham (white circles) or anodal tDCS (red
circles).
Figure 7.3. A) Learning curve of Fundamentals of Laparoscopic Surgery peg transfer concurrent
to sham (white circles) or anodal tDCS (red circles). Error bars display standard error of the
mean. B) Proportion of participants achieving various levels of peg transfer proficiency at posttraining evaluation with the application of sham (white circles) or anodal tDCS (red circles).
Figure 8.1. Screenshot of the NeuroTouch instrument handling tasks. Colored spheres simulate
tumours embedded in healthy white (white). The ultrasonic aspirator (black wand) is held in the
right hand. An on-screen force (F) meter provides real-time visual feedback on the amount of
force being applied on tumour or tissue by the aspirator. A threshold marker (black line, above F)
indicates when excessive forces are being applied.
Figure 8.2. A) Trial design. Participants performed one baseline tumour resection (grey striped
box). Training consisted of eight repetitions of this task, with short break separating each
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repetition. Participants were randomized to 20 minutes of 1mA anodal tDCS or sham concurrent
to training. Following training one post-training repetition was performed. Participants returned
six weeks later to assess retention of skill. B) Stimulation montage. The anode (white) was
positioned over the dominant primary motor cortex (M1), and the cathode (grey) over the
contralateral supraorbital area.
Figure 8.3. A) Changes in the amount of tumour resected with training, concurrent to sham
(white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill groups
(triangles) based on baseline performance metrics, compared to residents. B) Change in the
amount of tumour resected between baseline and post-training. Error bars display standard error
of the mean. *p<0.05, ***p<0.001 Abbreviations: RT, Retention Testing.
Figure 8.4. A) Changes in the amount of brain resected with training, concurrent to sham (white)
or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill groups
(triangles) based on baseline performance metrics, compared to residents. B) Change in the
amount of brain resected between baseline and post-training. Error bars display standard error of
the mean. *p<0.05, ***p<0.001. Abbreviations: RT, Retention Testing.
Figure 8.5. A) Changes in the ratio of brain to tumour resected with training, concurrent to sham
(white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill groups
(triangles) based on baseline performance metrics, compared to residents. B) Change in the ratio
of brain to tumour resected between baseline and post-training. Error bars display standard error
of the mean. *p<0.05, **p<0.01. Abbreviations: RT, Retention Testing
Figure 8.6. A) Changes in the duration of excessive force on tumour with training, concurrent to
sham (white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill
groups (triangles) based on baseline performance metrics, compared to residents. B) Change in
the duration of excessive force on tumour between baseline and post-training. Error bars display
standard error of the mean. *p<0.05, **p<0.01, ***p<0.001. Abbreviations: EFTumour,
Excessive force applied on tumour; RT, Retention Testing.
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Figure 8.7. A) Changes in the duration of excessive force on brain with training, concurrent to
sham (white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill
groups (triangles) based on baseline performance metrics, compared to residents. B) Change in
the duration of excessive force on brain between baseline and post-training. Error bars display
standard error of the mean. *p<0.05, **p<0.01, ***p<0.001.
Figure 8.8. A) Changes in the ratio of duration of excessive force on tumour to tumour resected
with training, concurrent to sham (white) or anodal tDCS (grey). Trainees were stratified into
low- (circles) and high-skill groups (triangles) based on baseline performance metrics, compared
to residents. B) Change in the ratio of duration of excessive force on tumour to tumour resected
between baseline and post-training. Error bars display standard error of the mean. * p<0.05, **
p<0.01, *** p<0.001 Abbreviations: EFTumour:Tumour Resected, Excessive force applied on
tumour to tumour resected; RT, Retention Testing
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Chapter 1: Introduction
1.1 Thesis Goals
Transcranial direct-current stimulation (tDCS) is an established form of non-invasive brain
stimulation that delivers electric current to regions of the brain, altering cortical excitability.
When stimulation is paired with a behavioral task such as motor skill training, enhanced
acquisition may be observed. Nearly all studies to date have examined the effects of tDCS in
adults. Defining the effects of tDCS in the developing child and adolescent brain is required for
optimized translation of tDCS to pediatric clinical trials, for conditions such as cerebral palsy
(CP). Additionally, demonstrating meaningful translational applications of tDCS in complex
motor skill learning is required to determine the full potential of tDCS. Therefore, the goals of
this thesis are to examine: 1) the safety and tolerability of tDCS in healthy children, 2) the effects
of tDCS on motor learning in healthy children, 3) the neurophysiological mechanisms underlying
tDCS-enhanced motor learning in healthy children, and 4) differences in electric field properties
induced by tDCS in healthy children, adolescents, and adults. Furthermore, to characterize
translational and innovative uses of tDCS we examined the effects of tDCS on: 1) motor
rehabilitation following perinatal and childhood stroke, 2) acquisition of simulation-based
laparoscopic surgical skill acquisition in medical trainees, and 3) acquisition of simulation-based
neurosurgical skill acquisition in medical trainees.
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1.2 Background
1.2.1 History of Direct-Current Stimulation and Early Studies
Electricity has been used to alter neuronal firing patterns since the times of Galen. Using torpedo
electric fish, Galen and others, delivered strong transient currents to relieve conditions such as
epilepsy and severe headaches. These primitive forms of brain stimulation were applied for
hundreds of years, until Luigi Galvani and Alessandro Volta progressed the development and
application of galvanic or voltaic cells, early batteries. Using this relatively modern technology,
Giovanni Aldini became the first to treat mental disorders with electric stimulation, pioneering
the field of electrotherapy. Electrotherapy was originally thought to hold the potential of
eradicating all mental illness, however due to inconsistency of stimulation techniques, findings
were often inconsistent. With the introduction of electroconvulsive therapy in 1934, the
application of direct current to alter brain activity faded.
In the 1960s direct-current stimulation saw a short-lived rebound. Using refined and rigorous
scientific methodology, neurophysiologists moved to studying polarizing currents using animal
models. In a series of papers published by Bindman and other[1,2], subthreshold polarizing
currents were directly applied to the primary motor cortex (M1) of mature rats, while measuring
spontaneous neuronal activity. Concurrent investigations were performed by Purpura and
McMurtry[3]. The seminal findings of these two groups have shaped our fundamental
understanding of direct-current stimulation. First, when the anode was placed over the M1 both
groups noted an increase in the frequency of spontaneous neuronal discharges. Conversely, when
the cathode was placed over the M1 there was a decrease in the frequency of spontaneous
activity. These results demonstrated that the application of subthreshold currents could modulate
the activity of pyramidal neurons. Interesting observations made by Purpura and McMurtry
examined the effects of current on deeper neurons. In these non-pyramidal neurons, nearer to the
anode there was a decrease in spontaneous firing, and with cathodal paradigms there was
increased spontaneous firing. These important findings demonstrated that the orientation of
neurons contributed to the directional response of a cell to polarization by an external source[3].
Comparison of neuronal cell types revealed that pyramidal tract neurons were activated at higher
stimulation intensities compared to non-pyramidal neuron, such as interneurons. Finally, these
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two groups demonstrated that direct-current stimulation of the rat M1 produced robust effects,
lasting even after stimulation had ended. Application of 25 microamp anodal current through the
cortex for eight minutes resulted in increased spontaneous firing, lasting up to 50 minutes
following stimulation[1]. Similarly, a cathodal current applied over a period of at least five
minutes could result in sustained depression of spontaneous firing. These after-effects were
dependent on the duration and charge density of the current applied.
Controlled current was applied in a series of studies between the years 1964 and 1989, where a
series of investigations applied current-controlled stimulation in psychiatric conditions, including
depression and schizophrenia, however also included trials in healthy adults[4]. Overall, the
stimulation parameters used in these studies widely varied, and typically were not consistent with
those used in modern tDCS applications, and therefore will not be discussed in detail.
Nearly 35 years following the fundamental studies of direct-current stimulation in animals, tDCS
applications saw a resurgence, spawned by investigation by Priori and colleagues[5]. Placing the
electrodes over M1 and the chin, the group pulsed weak direct-current through the cortex over a
period of seven seconds. Of their stimulation paradigms, only an alternating anodal-cathodal
current led to any changes in neuronal excitability. These experiments provided preliminary
evidence that it was feasible to pass weak direct-current through cortical parenchyma. No effects
were seen when only anodal or cathodal stimulation was performed (as opposed to alternating
the two). This lack of effect has been hypothesized to be due to a combination of short
stimulation periods, and sub-optimal electrode placement[6]. Two years following Priori’s
original experiments, Michael Nitsche and Walter Paulus published their seminal tDCS paper
that established much of the modern and standard approach to tDCS application[7].
1.2.2 Modern Studies of Direct-Current Stimulation
1.2.2.1 Fundamentals
Modern conventional tDCS, as established by Nitsche and Paulus, consists of applying 1 to 2
milliamp (mA) direct-current for a period of 10 to 20 minutes through a set of conductive rubber
electrodes, encased in a saline-soaked sponge. Sponges are typically 25 to 35cm2 in area. In the
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case of anodal stimulation of M1, the anode is placed over the hand-knob area (described later),
and the cathode positioned at a distant inert location, such as over the contralateral supraorbital
region. In cathodal stimulation, the electrode positions are reversed. These electrode montages
result in cortical excitability changes that can last for several minutes following stimulation[7,8].
A sub-threshold current travels from the anode to the cathode, inducing weak electric fields in
neuronal populations, which in turn change neuronal excitability. These changes in neuronal
properties are dependent on polarity (direction of the current)[7,9] and intensity (strength)[10,11]
of the current. As the stimulation begins, changes primarily occur in the membrane potential of
layer V/VI pyramidal neurons, leading to depolarization or hyperpolarization of neurons at the
target regions[12]. Anodal tDCS depolarizes target neurons whereas cathodal tDCS
hyperpolarize those same neurons. The underlying principle for these effects stems from
neuronal-electric field interactions, which suggest that electric fields polarized from the dendrites
towards the axon will depolarize the axon and soma, but hyperpolarize the dendritic tree[13,14];
the axon and soma will be hyperpolarized if the electric fields point from the axon to the
dendrites. These changes in cortical excitability can be measured using transcranial magnetic
stimulation (TMS), whereby a powerful, focused magnetic field depolarizes neurons, while
responses are measured from respective muscles in the form of a motor-evoked potential (MEP;
described later in section 1.2.8).
1.2.2.2 Pharmacological Investigations
Pharmacological studies have advanced our understanding of the immediate influences of tDCS
on neurons in M1, informing of mechanisms underlying the effects of tDCS. Application of the
calcium-channel blocker flunarizine reduces the increases in cortical excitability seen with
anodal tDCS[15,16]. Likewise, blockage of sodium-channels with the application of
carbamazepine completely abolishes these effects[15,16]. Neither application of
dextromethorphan, a N-methyl-D-aspartate (NMDA) receptor antagonist, nor application of the
γ-Aminobutyric acid (GABA)A receptor agonist lorazepam alters these changes in cortical
excitability, suggesting that glutamatergic and GABAergic interneurons are less affected by the
immediate effects of anodal tDCS[15,16]. In contrast, the hyperpolarizing effects of cathodal
stimulation remain unaffected by the application of flunarizine or carbamazepine, which follows
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evidence that cathodal stimulation inactivates calcium and sodium voltage-gated channels[9].
These changes also appear to be independent of NMDA activity.
The effects of both anodal and cathodal tDCS have been shown to outlast the duration of the
stimulation. Nitsche and Paulus demonstrated that as little as five minutes of tDCS produces
persistent changes in cortical excitability, often lasting up to 90 minutes after termination of the
stimulation[7,8]. These lasting changes may be dependent on synaptic modulation of
interneurons. Application of D-cycloserine, a partial NMDA agonist, extends the length of time
that increased cortical excitability is present following anodal tDCS[17], whereas the application
of an NMDA antagonist abolished this increase[16]. Additionally, a reduction in GABAergic
tone is associated with anodal tDCS, as demonstrated through TMS[18] and magnetic resonance
spectroscopy (MRS) studies[19]. The after-effects of cathodal tDCS are less clear. Although
cathodal stimulation produces a lasting decrease in cortical excitability, the role of glutamatergic
interneurons in this decrease remains unclear due to the observation that NMDA antagonists[9],
but not agonists[17], alter the after-effects. Recent animal investigations have begun to define the
fundamental mechanisms underlying cathodal tDCS effects. Slice models suggest that cathodal
tDCS induces long-term depression (LTD) via modulation of glutamate receptors, and the
actions of the mTOR-pathway[20]. Further exploration of mechanisms is required to elucidate
the molecular effects of tDCS.
A variety of neurotransmitters have also been implicated in cortical excitability changes induced
by tDCS. Amphetamines, catecholamine reuptake blockers, for example enhance and prolong
hyper-excitability following anodal tDCS, producing changes that may last 24 hours after
stimulation[21]. Similarly, dopamine appears to consolidate cortical excitability increases,
particularly via the D2 receptor, and to a lesser extent through the D1 receptor[22]. Inhibitory
neurotransmitters such as GABA will strengthens and prolong increases in cortical excitability
following anodal tDCS, however this enhancement is delayed[23]. In contrast, increasing
synaptic acetylcholine appears to hinder hyper-excitability[24]. Nicotinic receptor agonists
influence the effects of anodal and cathodal tDCS, however effects are dose-dependent[25].
Serotonin exhibits strong faciliatory effects on both anodal and cathodal tDCS[26]; application
of citalopram, a serotonin reuptake blocker, enhances cortical hyper-excitability following
5

anodal tDCS, and shifts the inhibitory effects of cathodal tDCS towards excitation. The
application of tDCS in clinical population undergoing pharmacological management of
symptoms, which alter neurotransmitter concentrations in the central nervous system, requires a
thorough understanding of the influence of these neurotransmitters on induced effects.
1.2.2.3 Advanced Neuroimaging Investigations
Advances in magnetic resonance (MR) imaging have established tools to non-invasively quantify
changes in brain morphology and functional activation. Such techniques include MRS and
resting state fMRI. For example, MRS can quantify changes in neurotransmitter and metabolite
concentrations within the brain follow tDCS application. These investigations suggest that tDCS
changes in cortical neurochemistry occur under the target electrodes, primarily affecting GABA,
glutamine, and glutamate. Decreases in GABA have been observed following anodal
stimulation[19,27,28], with increases in combined glutamine and glutamate
concentrations[29,30], and myoinositol[31]. Cathodal tDCS has been studied less extensively in
regard to neurochemical changes, however early studies suggest that cathodal tDCS may
decrease the concentration of combined glutamate and glutamine, and, due to its location in the
metabolic pathway, GABA[19]. Additional advanced neuroimaging studies utilizing resting-state
imaging studies suggest that both anodal and cathodal tDCS may influence default mode
networks, however further study is required[30,32–35]. Simpler neuroimaging techniques such
as anatomical imaging also facilitate tDCS investigations, namely computational current
modeling (described in Section 1.2.2.5).
1.2.2.4 Transcranial Magnetic Stimulation Investigations
TMS provides direct, in vivo assessment of motor neurophysiology (described in detail in
Section 1.2.8) and can quantify the effects of tDCS. Changes in the amplitude of MEP are
suggestive of altered cortical excitability. Simple TMS measures can assess gross cortical
excitability changes, whereas pairing stimuli can investigate discrete intracortical circuits.
Specifically, pairing two pulses allows for investigation of inhibitory and excitatory circuits that
mediate phenomenon referred to as short-interval intracortical inhibition (SICI) and intracortical
facilitation (ICF). These TMS measures will be described in detail later. SICI involves activation
of inhibitory circuits that are dependent on GABAA-mediated circuits[36–38]. The phenomenon
6

of ICF may be related to activation of NMDA-mediated circuits. Therefore, changes in SICI and
ICF can also be used to explore changes in GABAergic and glutamatergic systems. Anodal tDCS
generally shifts SICI and ICF towards a state of excitation, such that the SICI response is less
pronounced, and ICF is larger[11,39]. The effects of cathodal tDCS on SICI and ICF remain
unclear. Early research suggested that 1mA cathodal tDCS reduces ICF after stimulation[9],
however subsequent studies demonstrated no changes in SICI or ICF[40].
Importantly, the effects of cathodal tDCS are non-linear, with 1mA and 2mA stimulation
producing different, and possibly opposite effects in adults. This seminal finding, elucidated by
Batsikadze et al.[11], applied either 2mA anodal, 2mA cathodal, or 1mA cathodal tDCS to a
group of young adults. 2mA cathodal stimulation appeared to mimic the effects of 2mA anodal
tDCS, where cortical excitability was increased, as evident through larger MEP amplitudes, less
pronounced SICI, and larger ICF responses. In contrast, 1mA cathodal tDCS decreased MEP
amplitudes, increased SICI, and decreased ICF. Anodal tDCS may also demonstrate opposing
effects, however this appears to be a time-dependent, rather than intensity-dependent
phenomenon; application of 26 minutes of anodal tDCS appears to reduce MEP amplitude[41],
contrary to the typically described increases in cortical excitability following shorter application
durations. These findings suggest that the traditional anodal-excitatory/cathodal-inhibitory model
may be more complex than previously described, and requires additional study to elucidate the
mechanisms underlying these cortical excitability changes, particularly in the developing brain.
1.2.2.5 Current Modeling Investigations
The development of computational current models has further influenced our understanding of
tDCS, particularly how individual anatomy influences the strength of induced electric fields.
Basic spherical models were originally used to predict current distribution patterns[42], however
these models were overly-simplistic. More recent advances have developed finite element
method (FEM) models. FEM models are realistic head models that are often based on individual
anatomy[43–45]. FEM models require the use of high-resolution anatomical neuroimaging.
T1/T2-weighted magnetic resonance (MR) images can be segmented into various tissues, based
on contrast between different tissues types. Each tissue segment is then parcellated into
thousands or millions of geometric elements (i.e. tetrahedrons and other polyhedrons). Based on
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the type of tissue, a unique conductivity value is assigned to each element. Direct current is then
simulated, and based on the conductivity/impedance values, the resulting electric fields are
calculated across the elements.
Current models have made many important predictions regarding the distribution and strength of
electric fields induced by tDCS. First, current models suggest that application of conventional
tDCS paradigms lead to diffuse stimulation of large cortical and subcortical regions[46–48].
Second, tDCS-induced electric fields show a high-degree of interindividual variability, even
across similar demographics[47–49]. Next, minor anatomical differences can account for these
large variations in electric field magnitude, however despite these anatomical differences certain
cortical areas demonstrate less variability[50,51]. Notably, Opitz et al.[50] demonstrated that
gyral depth, skull and cerebrospinal fluid (CSF) thickness, and the distance between the anode
and cathode could account for more than 50% of the variability in electric fields. Lastly, current
models may have value in predicting current distribution patterns in clinical populations, such as
stroke patients (who have large CSF-filled lesions)[52] and those with cranial defects[43],
ensuring safety thresholds are not breached.
Recently, the validity of these current models has been established[53]. A cohort of epilepsy
patients with implanted intracranial electrodes were stimulated with 2mA transcranial electric
stimulation. FEM computational modeling was also performed using individual anatomical
neuroimaging. The predicted electric field strengths demonstrated a high correlation with the
recorded in vivo values, with a stronger correlation evident at cortical compared to subcortical
levels.
Recent findings have also established a novel method of predicting current distribution and
strength, where tDCS-induced magnetic fields are measured using MRI[54]. This in vivo
imaging technique demonstrates high spatial resolution, and may prove to be valuable in future
modeling studies. At this time, reports utilizing this technique are limited.
Over the past 15 years, the basic mechanisms of tDCS have been increasingly elucidated, largely
by the pharmacological, neurophysiological, and neuroimaging investigations described above.
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These fundamental investigations however were all performed in the developed, mature adult,
which is unlike the actively developing, immature brain. The mechanisms and behavioral effects
of tDCS have not been investigated in detail in the developing brain, and may differ[55], largely
due to anatomical differences that influence the electric field patterns across M1 and the motor
system.
1.2.3 Motor Systems Anatomy
M1 is located in the precentral gyrus, a section of the frontal lobe. Divided from the postcentral
gyrus by the prominent central sulcus, the precentral gyrus contains the upper motor neurons that
are involved in producing voluntary motor activity. Structurally, M1 demonstrates a somatotopic
organization, where different regions along the precentral gyrus correspond to activation of
different muscle groups. This map of somatotopic organization is often depicted as the
homunculus, with its fundamental structure elucidate by the work of Wilder Penfield. Penfield
and others demonstrated that stimulation of different cortical regions evoked activity in different
muscles[56]. The homunculus illustrates that moving from top (medial) to bottom (lateral)
regions, the cortical regions contain representations of the lower limb, hip, trunk, upper limb,
neck, face, and tongue. The size of each muscle representation is not equal, as areas that require
more discrete control, and possibly more functional importance, are represented by greater
surface areas on the cortex. For example, the hand occupies a substantially larger portion of the
homunculus because the dexterous tasks performed by the fingers require distinct cortical input,
compared to the gross movements of the lower limb.
Individual muscles are not controlled by discrete regions of M1. Contrarily, individual neurons
may actually be involved in the control of multiple muscles, as activation of single neurons in
arm areas of M1 can evoke activity in multiple muscles of the arm[57]. This overlapping
neuronal function is also seen in hand areas, where the distribution of neurons within this region,
controlling various fingers, appears to be random[58]. The unique organization of M1 allows for
great flexibility in the ability to redistribute the motor network. Redistribution of the motor
network by neuroplastic mechanisms will be described later.
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At a microarchitectural level the neocortex is organized into columns and layers. Cortical
columns are small areas of vertically-oriented neurons. Neurons within a column will typically
have overlapping properties and function. Generally, it is regarded that neurons that are
separated by a distance of 500 micrometers no longer have overlapping functions, although
estimates vary from 200 to 800 micrometers[59,60]. Based on this notion of overlapping
functions of cortical columns arises the columnar organization hypothesis, which suggests that
columns form the local processing units of the brain.
In addition to columns, cortical layers are evident in the neocortex. Superficially the cortex is
surrounded by the pial surface, and on the deep aspect surrounded by white matter. Layer I is the
molecular layer. This layer is most superficial and contains dendrites of cells that are in deeper
layers, primarily apical dendrites from the deeper layers V and VI, with smaller contributions
from layers II and III. Deep to layer I is layer II, the external granular cell layer. Layer II
contains small spherical neurons, with axons travelling to other neurons in the same cortical area,
as well as other cortical areas. Pyramidal cells in this layer project to other cortical areas within
the same hemisphere. Next comes layer III, the external pyramidal layer. This layer typically
contains larger pyramidal cells, compared to the more superficial layers. Additionally, this layer
contains apical dendrites, typically from layer V and VI. Pyramidal cells in the external
pyramidal layer also project to the contralateral cortex. Layer III, in addition to layer II, contains
long horizontal projections that connect the primary motor and sensory cortex. Deep to layer III
is layer IV, the internal granular cell layer. This region is populated by small spherical neurons
that are primarily recipients of sensory input from the thalamus. Therefore, this layer is most
prominent in cortical areas responsible for sensation, such at the primary somatosensory cortex
(S1), and is essentially non-existent in the precentral gyrus, which does not play a direct role in
interpreting sensory input. This lack of a discernable internal granular cell layer is why M1 is
referred to as “agranular cortex”. In contrast to the scant layer IV of M1, there is a very large and
prominent layer V, the internal pyramidal layer. This layer contains giant pyramidal cells,
named Betz cells, which give rise to major output pathways of the cortex, projecting to other
cortical areas and subcortical layers. Typically, basal dendrites from neurons with cells bodies in
layers III and IV can be found here. Finally, the deepest layer is the multiform layer, layer VI.
This layer is fairly heterogeneous, and blends into the white matter, carrying axons to and from
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areas of the cortex. The thickness, packing density, and types of cells in each layer varies
throughout the cortex.
More than 40 types of neurons have been identified in the cortex. The neurons can be broadly
defined as either projection (also referred to as ‘principal’) or interneurons. Projection neurons
typically have pyramidal-shaped cell bodies and are located primarily in layers III, V, and VI.
These cells utilize glutamate as their primary synaptic neurotransmitter, driving excitation. Local
interneurons, in contrast, typically utilize GABA at their synaptic junction, functioning as
inhibitory cells. There are subsets of excitatory interneurons however, which are found in layer
IV and are recipients of sensory information from the thalamus. Interneurons comprise
approximately 20 to 25% of neurons in the neocortex, with the remainder being projection
neurons. It is based on the unique composition of each layer that Brodmann divided the cerebral
cortex into 47 distinct regions, termed Brodmann areas (BA). BA4 corresponds to M1, and its
major cortical output pathway is the corticospinal tract.
The motor system plays an important role in generating voluntary motor activity and involuntary
movements related to posture control. Five major descending motor pathways exist in humans:
the corticospinal, corticobulbar, reticulospinal, vestibulospinal, and tectospinal tracts. The
corticospinal tracts (CST) are involved in generating voluntary motor activity.
The CST is a two-neuron tract originating in the cortex, and ultimately terminating at the
neuromuscular junction of skeletal muscles. The two neurons are referred to as upper and lower
motor neurons. Upper motor neurons originate from M1, premotor cortex (PMC), supplementary
motor areas (SMA), cingulate motor areas, and the primary sensory cortex (S1). Apart from
neurons originating from the S1, neurons from these projection sites all contain motor
components. The M1 contributes the greatest portion of descending fibers, estimated at
approximately 30%. Fibers from these regions converge in the corona radiata and then pass
through the posterior limb of the internal capsule. This tract will go on to pass through the
cerebral peduncle and will shift to the ventral section of the midbrain referred to as the basis
pedunculi. At this point, a portion of the CST fibers will branch off as an afferent connection of
the red nucleus. The remaining CST fibers continue to the pons. In the rostral section of the pons,
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another set of corticospinal fibers branch off and target the reticular formation. The remainder of
the fibers converge, forming the medullary pyramids. As the CST continues to project caudally,
approximately 85% will cross over to the opposite half of the medulla. This crossover region is
termed the pyramidal decussation, as is primarily seen in caudal sections of the medulla. The
crossed-over tract enters the lateral funiculus of the spinal cord, forming the lateral CST, and
descends to the spinal segments of the muscles it will innervate. The uncrossed fibers enter the
ventral funiculus, forming the ventral CST. The ventral CST will largely innervate axial muscles;
however, a portion will decussate at the spinal segment of the muscles they innervate. The lateral
and ventral CST then terminate in the ventral horn, primarily on interneurons, although in some
cases directly on the dendrite of a lower motor neuron. Monosynaptic connections with motor
neurons are made primarily for individuated finger movements, whereas indirect connections via
interneurons are important for coordinating larger groups of muscles in behaviors such as
reaching and walking. These monosynaptic connections of the CST are evident in humans, likely
related to the extraordinary dexterity humans possess. The lower motor neuron emerges from the
ventral aspects of the spinal cord through the anterior horn cell. The lower motor neuron can
either be an alpha or gamma motor neuron, which will innervate extrafusal or intrafusal muscle
fibers, respectively.
Three systems modulate the activity of the CST: other neocortical areas, the basal ganglia, and
the cerebellum (indirectly via the thalamus). The latter two relay signals through thalamic nuclei.
The cortex is widely involved in regulation of CST activity. Important structures include the
posterior parietal cortex, S1, PMC, SMA, and cingulate motor areas. The posterior parietal area
does not directly project to the M1, but will rather project to the anterior frontal lobe, SMA,
PMC, and cingulate motor area. The PMC, SMA, cingulate motor areas, and S1 (which all form
their own CST) directly project to M1. In addition to receiving connections from distant
structures, M1 is also connected via intrinsic horizontal connections, as described in the cortical
layers section.
The basal ganglia is composed of the caudate and putamen (collectively referred to as the
striatum), subthalamic nuclei, pallidum, and substantia nigra. The striatum receives afferent
projections from the cortex and the substantia nigra. The striatum projects to the globus pallidus
12

internus (direct pathways) or externus (indirect pathway), which both ultimately project to the
anterior and ventrolateral anterior thalamic nuclei. The indirect pathway will reduce input to the
cortex, whereas the direct pathways will increase input from overlapping thalamic inputs. The
effects of the thalamic nuclei project to the PMC, SMA, and cingulate motor areas, which in turn
will influence M1 activity.
The cerebellum also indirectly influences descending motor pathway activity. The cerebellum
receives inputs from the contralateral cortex via corticopontine fibers, and ipsilaterally from
proprioceptive fibers of muscles, joints, and tendons (via spinocerebellar and cuneocerebellar
tracts). The inferior olivary complex and vestibular apparati will also project to the cerebellum.
Efferent fibers from the cerebellar nuclei will project to the posterior aspect of the ventral lateral
nucleus of the thalamus, the red nucleus, reticular formation, and vestibular nuclei, which will
influence lower motor neuron activity. Efferents from the thalamic nuclei will project to M1 and
the SMA. The cerebellum is thought play a role in error-correcting mechanisms for movements,
doing so by comparing movement commands from the cortex with somatic sensory information
about what is actually taking place. In summary, the motor system play a crucial role in planning
and performing motor tasks, however beyond this the circuits of the motor system are engaged in
motor skill learning.
1.2.4 Motor Learning Processes
Motor learning is the process of changing the ability to perform a motor skill. Improving motor
performance is often a combination of increasing the speed and accuracy of movements, as well
as reducing the attentional demands and dependence on feedback require to perform a task[61].
With deliberate training these motor skill components can be altered. Motor skill learning is
classically defined by three phases: an initial, intermediate, and advanced stage[62]. The initial
phase is a period of trial-and-error learning. During this initial phase learning is slow, and novel
associations are formed between sensory and motor information. Attention and feedback
processing is key in this period as it forms the basis of learning consequences of movements. The
intermediate stage is characterized by more rapid improvements in performance, largely by
increasing the speed and accuracy of movements. Finally, during the advanced stage of motor
learning there are rapid improvements in skills, less variable performance, and automisation of
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movements, where the task can be performed skillfully even when focus is diverted. Overall, as
motor learning processes take place performance shifts from explicit to implicit control.
Motor skill learning is often divided into two categories: online and offline. Online learning
refers to skill learning that occurs during a given training period (within a session), whereas
offline learning happens after a training period has ended, without practice (between sessions).
Online learning is a fast-type of learning accompanied by large improvements that, depending on
the difficulty of the task, happen in a short period of time. The nature of within session learning
involves top-down processes that engages motor, attentional, and executive circuits[63]. This
process involves recruitment of multiple fronto-striatal-cerebellar circuits, including the striatum,
cerebellum, M1, SMA, and PMC[64]. Neuroimaging studies have elucidated that frontal regions
including the dorsolateral prefrontal cortex (DLPFC), pre-SMA, and M1 show increased activity
during fast online learning[65–67], suggestive of recruitment of these areas for rapid skill
learning. Alterations in regional cerebral blood flow, particularly in M1[65], may accommodate
changes in synaptic efficacy via LTP-like plasticity. Plasticity of M1 is described in greater
detail later, however it is important to note that motor learning modulates LTP-like plasticity.
MRS studies have demonstrated that online motor sequence learning is associated with a
decrease in GABA in the sensorimotor cortex contralateral to the trained hand[68]. A reduction
of synaptic GABA is necessary for LTP-like plasticity to occur[69], supporting the notion that
motor learning is sub-served by LTP-like mechanisms. Conversely, other cortical regions such as
the PMC, SMA, and cerebellum show decreased blood-oxygen level-dependent signals as
learning fast online learning occurs[65,70]. These decreases in activation patterns may reflect
improved network efficiency, as network activation can be down-regulated without
compromising overall skill.
Offline learning is a unique form of motor skill learning that involves the stabilization of newly
learned or improved motor skills, after the training session has ended (i.e. without any additional
training). This process is commonly referred to as consolidation, and is thought to involve
changes at the neuronal and synaptic level. While the process of consolidation was originally
proposed as a mechanism for stabilizing cognitive memories, evidence suggests that
consolidation also plays an important role in motor learning and is dependent on M1 activity. For
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example, when a previously learned motor sequence was performed, introduction of a novel
motor sequence worsens performance of the consolidated motor sequence, suggesting
interference from the novel sequence[71]. The M1 appeared to play a key role in the retrieval of
these consolidated motor memories, and learning new motor sequences, which also involves
overlapping M1 regions, may lead to interference. TMS studies have temporarily disrupted
motor regions by creating virtual lesions in M1 during reactivation of a previously learned motor
task, which results in modification of the motor memory[72]. Likewise, inhibitory repetitive
TMS (rTMS) reducing excitability of M1 impairs consolidation of motor skills[73], whereas
increasing M1 excitability enhances consolidation, as demonstrated by the seminal findings by
Reis et al.[74].
The process of consolidation appears to be sleep-dependent, and it has been hypothesized that
changes in cholinergic signaling occurring during rapid eye movement sleep[75] may underlie
these processes[76]. Likewise, slow-wave sleep is important for the process of consolidation; the
synaptic homeostatic hypothesis suggests that synaptic strength is substantially weakened during
slow-wave sleep to reduce energy demands, which are typically high during wakefulness, and
this process allows for recovery of circuits[77]. Indeed, it has been demonstrated that the
proportion of slow-wave sleep and rapid-eye movement sleep in a night can account for up to
80% of the variance of offline learning[78,79], and even a nap is sufficient for partial
consolidation of motor memories, given that slow-wave and rapid eye movement sleep
occur[80].
Many areas of the central nervous system are also involved in this slower process of offline
learning. Overall, functional neuroimaging studies suggest that activation patterns shift from
more frontal executive areas to posterior somatosensory regions. This includes changes such as a
reduction in M1 activation[81], and increased activation in S1, hippocampus, and striatum[81–
83].
The process of slow consolidation-based learning not only accommodates functional changes,
but may also underlie lengthier structural changes of neurons. First, individuals possessing
extraordinary motor ability have differences in grey matter volumes in various regions of the
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brain, compared to non-expert performers[84,85]. While these observations do not provide
precise information on the direction of the relationship between performance and grey matter
volume (i.e. if the high grey matter volume is a result of extensive motor skill training, or if
individuals already with high grey matter are simply more likely to achieve expertise of a skill),
a relationship is evident. A limited number of studies have performed longitudinal investigations,
and suggest that the relationship between motor training leads to increases in grey matter
volume[86]. These changes in grey matter have been hypothesized to be linked to remodeling of
dendrites and axons, as well glial hypertrophy[87], although the precise mechanisms have not
been identified to date. Rodent studies corroborate this hypothesis, and have demonstrated
increased synaptic remodeling, synaptogenesis, and dendritic spine formation after motor
learning however the extent of motor training required to induce these structural changes remains
controversial[88–90].
White matter remodeling may also occur with long-term consolidation based motor learning, but
has not been examined in great detail. Utilizing advanced neuroimaging such as diffusion tensor
imaging (DTI), the integrity of white matter can be examined in vivo by measuring fractional
anisotropy (FA; diffusion of water molecules within a tissue). Similarly to increased grey matter
volumes, increased FA of the CST is evident as well in expert musicians compared to their
amateur counterparts[91,92]. The changes in white and grey matter may be independent
processes however, as they do not follow the same time course[93]. While musicians train skill
over the course of years, many of which occur during childhood where extensive white matter
maturation is already occurring, FA can increase with training in as little as six weeks[93].
Variations in FA have also been associated with variations in the amount of motor learning[94],
suggestive of the importance of white matter integrity in motor learning. The hypothesis behind
this relationship is that increased conduction velocity (associated with increased white matter
integrity) may allow for efficient and synchronized information flow between areas involved in
motor control[95].
The neurophysiological and neuroanatomical changes of motor learning have been increasingly
defined. These changes may reflect or accommodate alterations in the efficacy of the motor
system, namely the planning of how a motor skill is performed.
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1.2.5 Motor Planning
Performing a motor task is a step-wise process. First, necessary information needs to be extracted
from the environment. Sensory information that is relevant to the motor task being performed is
gathered by the sensory system. For example, one mode of acquiring sensory is by directing gaze
to certain areas. This process of guiding vision to focus on certain areas distinguishes expert and
amateur performers of skills[96]. How gaze patterns change throughout motor learning has not
been examined in detail. While performing a task, multiple modalities of sensory information
(primarily proprioception, touch, and vision, for motor tasks) are utilized to extract a maximal
amount of information from the environment. This vast amount of information must be
effectively filtered to ensure that only task-relevant information is extracted, as sensory and
attentional resources cannot process all information in parallel. The amount of sensory
information that is processed can also be modulated by training; for example, compared to
amateurs expert video game players are able to focus on a greater number of spatial frames
without any meaningful decrease in the attention devoted to each spatial frame[97].
After the necessary sensory information is extracted, a decision-making process occurs that
determines what movement will be performed, and when it will be performed. The process by
which a single decision is selected from a variety of choices is hypothesized through the
“bounded drift-diffusion model”[98–100]. In summary, this model suggests that decisions are
placed on a scale with negative and positive bounds. As more sensory information is processed,
each movement decision will move along this scale, until one of these reaches the positive
bound. At this point the decision-making process is terminated. It is important to note however
that there is a time-lag between arriving at a movement decision, and the processing of
continuous sensory input; therefore, at the time of movement initiation there is unprocessed
information that may guide the decision to perform an error-free movement, resulting in
changing a movement, mid-movement.
Three classes of motor control by the motor system have been identified: predictive control,
reactive control, and biomechanical control. Because of the previously described time-lag in
sensory processing, control relies on making predictions of the consequences of an action. These
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predictions are made within an internal system in which a copy of our body and environment are
made (termed the efference copy), and actions and consequences are processed[100]. The nature
of the relationship between an action and consequences is through previously experienced
correlations. These correlations can also be established through observation, and may be
facilitated through activation of mirror neurons[101]. If the predicted and actual sensory
information used to drive this model are not coherent, corrective actions are taken, and the new
correlation is learned. Unlike predictive control, reactive control utilizes monosynaptic reflex
arcs. These reflexive actions are not easily modified, however supra-spinal input can influence
the strength of these responses. Reactive control mechanisms are outside of the context of this
project however. Biomechanical control involves modulating the muscle properties of the limb,
primarily muscle stiffness. Performance of a motor task or skill is often accompanied by external
perturbations, which may prevent movements from being performed accurately. By increasing
the stiffness of a muscle group, the actions of those muscles can resist a perturbation, however
this is at the expense of reduced flexibility and increased energy exertion. As the ability to
perform a skill or task improves, stiffness often will decrease[102], as the internal model is less
susceptible to influences of the perturbation.
Motor planning and motor learning mediate how well a task is performed. Given that these
models are all accommodated by the motor system, they may be susceptible to modulation by
physiological processes including neuroplasticity, and to external influences by tDCS.
1.2.6 Motor Systems Plasticity
By modulating connections between neurons, it is possible to produce long-lasting functional
changes. This is often referred to as neuroplasticity. The prevailing theory underlying the
mechanisms of neuroplasticity is the Hebbian Theory, which states that “when an axon of cell A
is near enough to excite cell B and repeatedly or persistently takes part in firing it, some growth
process or metabolic change takes place in one or both cells such that A’s efficiency, as one of
the cells firing B, is increased”[103]. The discovery of LTP[104] by Terje Lømo, Per Andersen
and Tim Bliss established a mechanism by which synaptic strength could be increased,
facilitating plasticity.
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Originally, LTP had been studied in hippocampal neurons, with LTP referring to a specific
process thought to be involved in memory formation, however more recent work has uncovered
a similar form of synaptic plasticity in M1[105,106] referred to as LTP-like plasticity. These
LTP-Hebbian processes rely on changes in both glutamatergic and GABAergic interneurons.
Using rat M1 slice preparations, Hess et al.[69] showed that NMDA receptor antagonists blocked
the induction of LTP-like plasticity, demonstrating the necessity of glutamate in neuroplasticity.
Additionally, LTP-like plasticity in the neocortex can be induced with a reduction in synaptic
GABA, or by application of a GABAA receptor antagonist[107]. Therefore, the balance of
excitation and inhibition appears to be important in producing conditions that are conducive to
inducing LTP-like plasticity. Neuroplasticity is also evident in intact brain. Investigations by
Sanes and Donoghue[108,109] demonstrated M1 plasticity when the facial motor nerve was
transected, and also when novel forelimb movements were learned. In both cases, forelimb motor
representations expanded to areas typically involved in driving activation of muscles supplying
the facial whiskers. These seminal investigations demonstrated that M1-plasticity is evident in
the intact cortex, and occurs rapidly.
The horizontal connections spanning layers II and III of M1 are thought to play a key role in
facilitating M1 neuroplasticity. This extensive system of collateral branches can extend up to one
centimeter[110], allowing for large expansion of motor representations to surrounding territories.
As discussed above, reduction in GABAergic influence may promote LTP-like plasticity, and
this has been thought to be linked to the finding that local reductions in GABA unmask latent or
suppressed horizontal connections[111]. These horizontal connections may form new synapses,
allowing for novel motor associations. As described earlier, imaging studies have demonstrated a
reduction in GABA during motor skill training, which may facilitate the formation of new
synaptic connections.
Fundamental investigations by Rioult-Pedotti et al.[112] revealed a close link between efficacy
of these horizontal connections spanning layers II and III, and motor learning. Rats were trained
to perform a skilled forelimb reaching movement over the course of five days. Field potentials
were then examined in a slice preparation, which revealed increased synaptic strength in M1
contralateral to the trained limb, with no changes in ipsilateral M1 synaptic strength. When LTP
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was induced, the trained M1 displayed less potentiation than the untrained M1, suggesting that
LTP-like mechanisms were involved in increasing synaptic strength, and at the time of testing
were already saturated. Later investigations by Monfils and Teskey[113] reproduced these
findings in an awake, freely behaving rat model. In addition to revealing less potentiation, more
pronounced LTD could be evoked. Importantly, these findings also demonstrated that these LTPlike mechanisms are primarily activated when task proficiency is approached, rather than during
early acquisition or late maintenance phases.
These changes in cortical excitability and circuitry that are modulated by LTP/LTD-like
mechanisms and can be potentially modulated by tDCS (described below).
1.2.7 Effects of tDCS on Motor Learning
The general principle behind learning and improving performance of a novel motor skill is
seeded in long-term potential (LTP)-like mechanisms in the cortical motor network. TDCS is
thought to work in parallel with the processes to facilitate increased synaptic efficacy[114].
Functional-MRI (fMRI) studies have shown that motor learning is associated with changes in
cortical network activation, suggestive of neuroplastic changes taking place during skill
training[64]. Recent studies have also implied a role for GABA in motor learning[27,115]. The
effects of tDCS on motor learning have been studied extensively in adults, where tDCS is
efficacious in improving skill acquisition among a wide range of motor tasks[116]. Three distinct
tDCS montages have been applied to modulate cortical excitability to enhance motor learning:
anodal, cathodal, and bihemispheric tDCS.
Anodal tDCS targeting the M1 contralateral to the trained hand is the most commonly applied
form of stimulation. Application of anodal tDCS over multiple consecutive days may facilitate
skill improvements. Using a novel motor learning task that possessed a high speed-accuracy
trade-off function, Reis et al.[74] demonstrated large improvements with anodal tDCS compared
to sham stimulation over five days of stimulation in adults, with skill remaining higher up to
three months following stimulation. Interestingly these improvements came predominantly in the
form of consolidation (so-called “offline learning”) rather than daily practice (“online learning”)
effects. Enhanced motor learning on this task appeared to be dependent on brain-derived
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neurotrophic factor (BDNF) secretion, where individuals with a polymorphism of this protein
displayed altered patterns of skill acquisition[117].
Possibly by modulating NMDA receptor activity, which may increase postsynaptic calcium ion
levels, the effects of motor learning are thought to be additive with anodal tDCS, which opens
voltage-gated calcium channels that allow for increased synaptic modification to occur[6].
Recent findings by Kronberg et al. demonstrated that when applied concurrently to LTP or LTD
induction protocols, anodal tDCS enhanced potentiation and reduced depression effects[118].
This was particularly evident in basal dendrites, and was found to be NMDA-dependent. These
important findings affirm that tDCS can modulate synaptic plasticity mechanisms. In accordance
with Hebbian plasticity models, synaptic plasticity may occur in M1 when a motor task is
repeatedly performed, leading to a lasting increase of that skill.
Motor learning can even be enhanced in the short course of a single training session. Most often,
these motor training studies have examined skill acquisition of the non-dominant hand; training
the dominant hand may lead to a “skill ceiling”, where participants already likely have high
motor function in that hand, and therefore they may be less able to improve function much more.
Indeed, when examining the effects of anodal tDCS on simple daily tasks, such as activities of
daily living, assessed using the Jebsen Taylor Hand Function Test (JTT), improvements were
noted in the non-dominant hand but not the dominant hand[119]. Furthermore, fine motor tasks,
which require greater dexterity, may be more sensitive to change than gross motor tasks[120].
Using the Purdue Pegboard Test (PPT), a commonly utilized dexterous motor task, Kidgell et
al.[121] showed improvements in function with anodal tDCS. Stimulating the ipsilateral
(dominant) M1 with anodal tDCS is insufficient to improve motor skill however[122],
suggesting that stimulating certain cortical or sub-cortical targets is necessary to enhance motor
learning. More recently, bihemispheric anodal tDCS targeting both M1 have been examined in
bimanual motor skill, with findings that suggest enhanced skill acquisition with tDCS[123].
The timing of tDCS application relative to motor task execution has also been investigated.
Concurrent application of anodal tDCS during training or immediately following training leads
to improved motor performance, whereas application prior to training may not be effective[114].
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This suggests that certain phases of motor skill learning may be susceptible to enhancement by
tDCS.
Neurophysiological correlates of tDCS-facilitated motor learning are increasingly defined.
Advances in TMS and MR imaging techniques have improved our understanding of the role of
interhemispheric inhibition (IHI) and GABA on motor learning modulation. Improvements in
motor function, assessed on the non-dominant hand using the JTT, suggest that decreases in
inhibition from the dominant to non-dominant hemisphere (allowing for greater activation of the
trained, non-dominant hemisphere) are correlated with improvements in motor function[124].
Additionally, changes in GABA have been implicated in motor learning modulation, where the
extent of decrease in GABA following anodal tDCS and skill training correlates with the degree
of motor learning in sequence learning tasks[125].
The effects of cathodal or bihemispheric tDCS on motor learning have been studied less
extensively, and have produced varying results. The principle behind these stimulation
paradigms stems from modulating IHI; application of cathodal tDCS targets the M1 ipsilateral to
the trained hand, and aims to decrease transcallosal inhibition of the untrained M1 on the trained
M1. Bihemispheric approaches may have the added effects of simultaneously increasing
excitability in the contralateral M1 while reducing excitability in the ipsilateral M1. The effects
of cathodal tDCS on sequence learning or finger-tapping tasks have producing varying results,
where cathodal tDCS either disrupts or does not affect performance[126–128]. Bihemispheric
tDCS however can improve task performance[129]. The effects of cathodal tDCS are difficult to
interpret regarding mechanisms, as excitability increases associated with training may overcome
the decreases in cortical excitability induced by stimulation.
Important investigations of the effects of tDCS on motor learning suggest that montage, location,
and timing of stimulation all influence motor learning. Furthermore, nearly all investigations
have examined simple motor tasks. While these tasks are validated, well-studied, and may
provide mechanistic insight underlying skill acquisition, improved performance on these tasks
may not reflect on performance of complex motor function. The effects of tDCS have not been
examined on complex motor skill acquisition, which the advanced human performs. Likewise,
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all investigations examining the effects of tDCS on skill acquisition have been limited to mature
adults, with no investigations in healthy children or adolescents, who may display unique
patterns of synaptic plasticity, which can alter skill acquisition[130].
The mechanisms underlying these changes in enhanced motor learning are complex, but may
include LTP-like mechanisms in M1 (described above). The neurophysiological changes induced
by these mechanisms can potentially be investigated in vivo in human using TMS.
1.2.8 Assessing Motor Systems Using Transcranial Magnetic Stimulation
TMS is form of non-invasive brain stimulation routinely used to assess and modulate cortical
neurophysiology. TMS was developed in the early 1980s by Barker, Jalinous and Freeston, and
in 1985 was demonstrated to safely induce current in human neuronal tissue, effectively
depolarizing cortical regions[131]. The motivation behind developing this form of magnetic
stimulation was to provide more tolerable methods to measure cortical neurophysiology; prior to
TMS, transcranial electrical stimulation (TES) was used to depolarize cortical regions for
examination, however among a multitude of shortcomings was also often painful. TMS-induced
neuronal depolarization is governed by Faraday’s Law of Electromagnetic Induction, which
states that “The induced electromotive force in any closed circuit is equal to the negative of the
time rate of change of the magnetic flux enclosed by the circuit”. Effectively, this means that a
changing magnetic field can induce electric current flow, and the opposite holds true as well. The
process of TMS therefore involves applying a strong, short-lasting electric current through a wire
encased in an inductor coil, which produces a rapidly changing magnetic field. This powerful (15 tesla) magnetic field pass through the scalp and skull unimpeded, and induces electric fields in
the underlying cerebral cortex.
The shape and penetration depth of the generated magnetic field is dependent on the shape,
material, and size of the inductor coil[132]. Likewise, altering the waveform produced by the
TMS capacitor will change the time course of the magnetic flux, which can dictate which
neurons will be preferentially stimulated[133]. This specificity of stimulation is because different
neuronal populations have differing capacitance values, and therefore depolarize at different
rates. In addition to the physical properties of the coil influencing the effects of TMS, the
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orientation of the coil can vary the resulting effects. TMS-induced current flows in a direction
parallel to the magnetic field, but perpendicular to the field created by the coil, as governed by
Lenz’s law. When the induced current and axons are aligned, effective stimulation is observed;
by this convention, when a standard figure-of-eight coil is placed tangential to the scalp, and 45
degrees from midline, with the handle oriented backwards, dendrites and axons oriented in the
horizontal [rather than radial] plane are most effectively stimulated. This orientation will produce
magnetic fields as deep as 11.5 millimeters from the inner section of the skull[134]. Although
horizontally-oriented axons and dendrites are often located deep in the cortex, the magnetic field
fields cannot penetrate these deep cortical layers. Therefore, horizontally-oriented axons of
interneurons located in layers II and III tend to be preferentially stimulated by TMS[135,136].
The electric fields induced by a TMS pulse will stimulate multiple interneurons, which may
synapse on other interneurons, or Betz cells in layer V, the large pyramidal cells that form CST
fibers. A sufficiently strong stimulus may directly activate Betz cells. When sufficient
summation of activation of multiple interneurons occurs, the upper motor neuron of the CST is
activated, ultimately evoking a response in the corresponding muscle.
This summation of interneuron activation induced by TMS differs from TES, which shows less
specificity and has both parallel and perpendicular components, resulting in direct activation of
the axons of the upper motor neuron on the CST, and of interneurons[137,138]. With transcranial
electric stimulation, two components of corticospinal volleys can be observed, direct-waves (Dwaves) and indirect (I-waves). D-waves are produced by activation of the axons of the CST, as
suggested by their shorter latency, whereas I-waves appear to be a result of interneuron
activation. I-waves are often observed in multiple volleys, suggestive of their interneuron
summation to activate the CST fibers. The induced response is termed an MEP.
Assessing the MEP is a simple, non-invasive method to quantify changes in cortical excitability.
The MEP can be quantified using electromyography (EMG), where two electrodes are placed on
a muscle to measure the potential difference as muscle action potentials are produced. Changes
in cortical excitability are evident through parallel changes in MEP amplitude, where increased
cortical excitability is inferred through larger MEP amplitudes. In addition to quantifying MEP
amplitude, the latency of the MEP is suggestive of axonal integrity. For example, patients with
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demyelinating disorders, such as multiple sclerosis, may display prolonging of MEP
latency[139].
Mapping the motor cortex can be performed by stimulating various regions of M1 while
recording MEP from muscles. Typically muscles controlling the hand, such as the first dorsal
interosseous (FDI), are used to map a cortical region. As suggested by the homunculus, the fine
motor control performed by the hand requires large, discrete sections of M1, which allows for
discernable stimulation, as opposed to stimulating an area and evoking responses from multiple
muscles. Although there is considerable overlap of neuronal populations controlling a specific
muscle, typically a single location will consistently produce the largest MEP responses, with
smaller responses seen when stimulating outside of this region. For hand muscles, this area is
found in a region referred to as the “hand-knob”. The hand-knob is localized in the precentral
gyrus, and has been described as a region “shaped like an omega or epsilon in the axial plane and
like a hook in the sagittal plane”[140]. Because regions such as the PMC and SMA also contain
CST fibers, responses to hand muscles can be evoked from these secondary motor areas,
however they require stronger stimulation than those evoked from M1. Once the optimal cortical
location to evoke a muscle response is determined, cortical neurophysiology can be probed using
a series of investigations.
The first step in probing cortical neurophysiology, after determining the appropriate stimulation
location, is to optimize the strength of the TMS to the individual. Changing the intensity of the
stimulus alters the strength of the magnetic field that is produced. The minimum TMS intensity
required to elicit a particular response is termed the motor threshold. While the motor threshold
is fairly consistent within an individual subject, there is a wide range displayed across
individuals. Multiple factors have been identified as contributors to this interindividual
variability, including: age, skull-cortex distance, diffusion direction of CST fibers,
neuropharmacological modification, and level of alertness. Typically, responses from a relaxed
muscle are recorded while stimulator output is reduced until a small MEP response (50uV) is
evoked in approximately five of ten consecutive trials[141]. This value is termed the resting
motor threshold (RMT) and is expressed as a percentage of the maximum stimulator output
(%MSO). Likewise, the motor threshold of an active muscle can also be determined (active
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motor threshold, AMT), by having an individual contract a muscle, while reducing stimulation
intensity until 200uV MEP responses are seen in approximately five of ten trials. The AMT is
nearly always lower than the RMT because voluntary contractions increase the excitability of
neurons, leading to larger recruitment of descending corticospinal volleys. Standardizing
stimulation parameters to an individual’s unique RMT and AMT allows for standardized
comparison across individuals.
Neurophysiological measures of TMS are typically grouped into two categories: single-pulse,
and paired-pulse paradigms. Other TMS paradigms include rTMS, theta burst, and quadripulse
stimulation, however these not used in the context of neurophysiological investigation, but rather
for neuromodulation.
Single-pulse TMS is typically applied either at rest or in an active state, with different singlepulse paradigms informing of different intracortical circuits. A commonly used single-pulse
paradigm is the stimulus response curve (SRC). The SRC effectively is a dose-response curve of
TMS, investigating the relationship between strength of stimuli and the size of the evoked
response. Stimuli of various strength (typically between 100 and 150% RMT, in increments of
10%) are applied, and the responses recorded. In healthy individuals, this will produce a
sigmoidal curve. Changes in the shape of the SRC, often evident through horizontal shifts of the
curve, are suggestive of changes in cortical excitability or recruitment patterns[142]; a leftward
shift may be indicative of increased cortical excitability, whereas rightward shifts suggest
decreased cortical excitability. The SRC can also be altered vertically, where increases or
reductions of the ‘ceiling’ or ‘plateau’ of the curve also are indicative of changes in cortical
excitability. The SRC of the active state can also be determined by repeating the same paradigm
while an individual contracts the stimulated muscle.
When a contracted muscle is stimulated by TMS, suppression of EMG activity is observed after
the MEP. This period of EMG suppression, in the muscle contralateral to the stimuli, is termed
the cortical silent period (cSP)[143,144]. Originally, the cSP was determined by measuring the
time from the end of the MEP to the return of voluntary motor activity, however, because it is
difficult to define the end of the MEP (particularly in clinical populations with cortical
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dysfunction), the duration is often from the beginning of the MEP to return of voluntary motor
activity[145]. The silent period itself is thought to reflect activity of intracortical inhibitory
circuits. Pharmacological studies demonstrated that administration of tiagabine, a GABA
reuptake inhibitor (via blockade of GABA transporter 1), resulted in prolonging of cSP duration,
suggesting that the cSP may be mediated by the activity of GABAB receptors[146]. Furthermore,
the cSP is primarily mediated through cortical mechanisms, rather than spinal inhibitory
mechanisms[147,148].
Paired-pulses can also be applied over the same cortical regions. When two stimuli are separated
by an ISI of one to five milliseconds, with the preceding conditioning stimulus being
subthreshold and the following test stimulus being suprathreshold, suppression of the test
stimulus is observed[149]. This phenomenon is referred to as short-interval intracortical
inhibition (SICI). SICI is thought to reflect activity of GABAA-receptor mediated interneurons,
as GABAA-receptor agonists such as diazepam increase the strength of SICI responses[150].
When the ISI is increased to 6 to 25 milliseconds, facilitation of the amplitude of test stimulus
MEP is observed. This phenomenon is referred to as intracortical facilitation (ICF). This
facilitation is thought to be mediated through NMDA-dependent mechanisms, as inhibition of
NMDA-receptors by riluzole will reduce the observed facilitation[151].
1.2.8.1 Assessing Motor Transcallosal Inhibition Using Transcranial Magnetic Stimulation
As discussed earlier, tDCS-enhanced motor learning may by mediated through altered
interhemispheric inhibition[124]. Transcallosal inhibition can be assessed using single pulse
TMS. By delivering a single stimulus to M1 while the ipsilateral hand is contracted, a short
period of suppression in EMG activity of the ipsilateral hand is seen. This suppression is termed
the ipsilateral silent period (iSP) and is thought to be mediated through transcallosal
fibers[152,153]. These transcallosal fibers synapse onto inhibitory interneurons in the
contralateral M1, and the activity at the synapse is thought to be mediated through the interaction
of GABA with GABAB receptors. These neurons will ultimately activate the CST, resulting in
suppression of the contracted hand. Similarly to cSP, the duration of suppression can be
measured, from the start to end of suppression of EMG activity. Likewise, the strength of
suppression can be measured and expressed as a percentage of suppression from pre-stimulus
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EMG amplitude. The duration and suppression of iSP may reflect the strength of transcallosal
inhibitory circuits. Latency of onset of the iSP may also provide information on these circuits,
however rather than reflecting strength of the circuit, may reflect integrity of the transcallosal
fibers; fibers that are more myelinated will conduct faster, may be evident through a shorter
latency iSP.
In addition to single-pulse measures, two or more stimuli can be paired to investigation various
cortical circuits. As discussed, iSP is thought to reflect the strength of transcallosal inhibition,
and is mediated through transcallosal fibers. Rather than applying a single stimulus, one stimulus
can be applied to one M1, and a second stimulus applied to the contralateral M1. When these two
pulses are separated by a precise interstimulus interval (ISI), inhibition of one hemisphere on the
other can be measured, termed interhemispheric inhibition[154]. Typically, the two pulses are
separated by anywhere from 8 to 50 milliseconds, and will suppress the amplitude of an MEP.
This inhibition is thought to occur via a transcallosal route, as individuals with agenesis of the
corpus callosum exhibit impaired transcallosal inhibition[155]. While both iSP and
interhemispheric inhibition reflect measures of transcallosal inhibition, they are not equivalent,
but rather complementary phenomenon[156].
These various TMS measures can be used to safely examine neurophysiological changes induced
by tDCS and motor learning in the healthy brain, and in clinical populations.
1.2.9 Neuromodulation in the Healthy Pediatric Brain
Application of tDCS in the pediatric brain has been limited to date. The majority of these studies
have been performed in a clinical context, with few studies characterizing the effects of tDCS in
healthy children.
Three important studies have suggested that additional considerations are necessary when
applying tDCS in healthy children. Two small studies have employed current modeling to
rationalize tDCS dosing in children[48,157]. Current modeling studies demonstrate that even in
adults of similar age, peak electric fields reaching the cortex can vary by as much as 1.5
times[47], therefore this variation is likely amplified in developing children where skull
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thickness[48], myelination[158], CSF volume[159], and brain-scalp distance vary greatly with
age. When comparing current distributions between an 8-year old, a 12-year old and three adults,
Kessler et al.[48] concluded that with an identical tDCS montage peak electric fields are higher
and more variable in children compared to adults. These observations may be attributed to
multiple neurodevelopmental factors. First, bone is a poor conductor and therefore the skull
largely blocks the transmission of current from the scalp to cortex. Adult modeling studies
suggest that the skull may decrease current transmission by up to 50%[42]; the thinner skull of a
developing child allows for greater current transmission, compared to adults. Furthermore,
children have lower CSF volumes compared to adults. CSF is highly conductive and fluid,
therefore current is likely to be shunted (reducing current density) to a larger extent in adults. In
addition, head circumference is age- and, to a lesser extent, sex-dependent[160]. As in adult
studies, tDCS studies in children typically apply 25 to 35cm2 electrodes. Given the smaller head
circumference and similar electrode sizes, the electrodes occupy a larger proportion of the scalp,
leading to less focal stimulation in children[48]. While current modeling only represents an
estimation of electric field strength and distribution, a recent study suggests a very strong
correlation between current modeling predictions and the actual strength of induced electric
fields[53]. Therefore, more detailed studies including larger samples are required to better
understand the effects of young age and development on tDCS electric fields.
To date only a single study has been published examining the effects of tDCS on cortical
excitability in healthy children[161]. This study indirectly suggested that electric fields induced
in children are higher than those in adults. Application of 1mA cathodal tDCS over M1 of
children shifted cortical excitability to a state of excitation as measured by change in MEP
amplitude. The magnitude of effect appeared comparable to that of the previously discussed
Batsikadze et al. study[11] examining effects of 2mA cathodal tDCS in adults. Adjusting this
cathodal current stimulation in children to 0.5mA produced the expected shift towards reduced
excitability. Observing these opposing effects of cathodal tDCS at lower current densities in
children than in adults suggests that the bioeffective dose (i.e. amount of current reaching the
cortex) is higher in children. These findings are complex however, as Moliadze et al.[161] found
that 0.5mA anodal tDCS was not sufficient to increase MEP amplitude in children, whereas in
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adult studies, current strengths greater than 0.4mA (with comparable electrode sizes) typically
produce such changes in excitability.
Despite these findings that electric fields in children may be higher than adults and may lead to
neurophysiological consequences, preliminary investigations suggest that application of tDCS in
healthy children is safe. In a cohort of 11 to 16 year old children and adolescents, 1mA anodal
and cathodal tDCS was tolerable and did not produce any adverse events[162]. In addition to this
finding, electroencephalography (EEG) was performed to monitor epileptiform discharges. No
pathological changes were observed in association with tDCS. These investigations suggest that
at least in the age range examined, 1mA tDCS appears safe and tolerable. Whether stronger 2mA
tDCS, which is routinely used clinically in pediatrics, is safe and tolerable has yet to be
examined in the healthy developing brain.
Despite the limited number of investigations of tDCS in the healthy developing brain, tDCS is
increasingly applied in pediatric clinical contexts, such as CP, emphasizing the need for an
improved understanding of effects and mechanisms of motor learning and behaviour.
1.2.10 Therapeutic Application of tDCS in Children
1.2.10.1 Cerebral Palsy
CP is a movement disorder characterized by central motor deficits since early life[163].
Affecting 17 million people worldwide, CP is the leading cause of lifelong neurological
disability that is often severe[164]. Accordingly, CP has been the most commonly investigated
condition in which tDCS has been therapeutically applied in children. CP has classically been
regarded as a permanent and non-modifiable condition[165]. Perinatal stroke is the leading cause
of hemiparetic CP[166] and as a focal injury of defined timing in an otherwise healthy brain
represents an ideal human model for non-invasive neuromodulation studies in children[167].
Survivors of perinatal stroke will be afflicted by their disability for decades. Therefore, there is
an increasing need to investigate technologies such as tDCS that might help restore motor
function or enhance rehabilitation strategies.
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Combining animal and human evidence, models of motor system reorganization following such
early focal brain injury have identified cortical targets for neuromodulation including the nonlesioned M1[167,168]. Another example of such altered neurophysiology in childhood and adult
stroke is an imbalance of IHI, where the unaffected hemisphere exerts a relative excess of
inhibition over the lesioned hemisphere[169,170]. While the post-stroke reorganization models
differ based on age at injury, a general concept of enhancing lesioned M1 or inhibiting
contralesional M1 are shared targets for non-invasive neuromodulation. As with applying tDCS
to facilitate motor learning, three strategies have been proposed in the application of tDCS across
these stroke populations: A) increasing the excitability of the lesioned cortex using anodal tDCS,
B) decreasing the excitability of the contralesional hemisphere with cathodal tDCS, or C) a
combination of A and B, using bihemispheric tDCS.
Early investigations by Gillick et al.[171] have demonstrated the feasibility and safety of tDCS
application in perinatal stroke. Recently, we published a single-center, randomized, shamcontrolled trial of tDCS in 24 children with hemiparetic CP[170; Appendix A]. Application of 10
days of 1mA cathodal tDCS over the contralesional M1 appeared to be well-tolerated in children
as young as six years of age. Stimulation was paired with goal-directed personalized
occupational therapy. Significant improvements were seen with tDCS intervention, compared to
sham, regarding subjective but not objective motor measures. This lack of objective motor
improvements may have been due to “under-dosing” of motor therapy. This study suggested
tDCS is feasible, safe, and tolerable in children and adolescents with early brain injury. Possible
efficacy has led to a phase three clinical trial currently underway.
Multiple controlled tDCS trials have been completed in adult hemiparesis secondary to stroke. A
recent meta-analysis by The Cochrane Collaboration revealed that active tDCS produces
favourable outcomes compared to sham stimulation[173]. Outcomes for these studies included
measures of activities of daily living and upper extremity function. When assessed at the end of
the intervention, tDCS had no effect on activities of daily living measures, however at follow-up,
months later, outcomes with tDCS were more favourable as compared to sham. Furthermore,
application of cathodal tDCS over the non-lesioned hemisphere has been suggested to be more
effective as compared to anodal tDCS of the lesioned hemisphere. Application of tDCS over the
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lesioned hemisphere was also less desirable with less defined targets and possible shunting of the
current by the large volume of CSF that may occupy the lesioned area. These findings of the
positive effects of tDCS on motor rehabilitation following stroke in adults are promising for
translation to the pediatric clinical domain. However, there is an increasing need for fundamental
studies that would determine the effects of tDCS in children, to optimize stimulation parameters
and create effective therapeutic options.
Related application of tDCS in the rehabilitation of both stroke and CP are emerging. Impaired
gait is common in CP where multiple small pediatric trials have examined the effects of tDCS on
balance and gait[174–180]. When combined with virtual reality balance training, tDCS appears
to improve both static and functional balance, with factors such as sparing of M1, and the
presence of MEP possibly predicting positive responses[175]. In most trials, anodal tDCS is
applied to the M1, however cerebellar stimulation has also been applied. In addition to motor
disabilities, approximately 20-30% of stroke survivors suffer from aphasia[181,182]. The most
common approach to combating aphasia is speech-language therapy. Although evidence for
speech-language therapy is modest, early studies are promising[183]. Pairing tDCS with speech
may improve the efficacy of therapy, although ideal stimulation locations and montages have not
been defined. A recent Cochrane meta-analysis evaluated the effects of tDCS-paired with
speech-language therapy in adults suffering from aphasia following stroke[184]. Moderate
quality evidence suggests that tDCS does not improve aphasia symptoms in adults. Due to the
limited number of studies and some evidence of success with other forms of neuromodulation,
further investigation is needed. The effects of pairing tDCS with speech-language therapy in
perinatal and childhood stroke has not been investigated to date.
1.2.10.2 Other Potential Therapeutic-Uses of tDCS in Children
Multiple studies have examined the effects of tDCS on children with autism spectrum disorder.
In these experiments 1-2mA stimulation was typically applied over the dorsolateral prefrontal
cortex (DLPFC), showing benefits in terms of improving behavioral deficits, which may have
been related to changes in cortical activity, as evaluated through EEG[185–187].
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Both anodal and cathodal tDCS have been investigated in attention-deficit hyperactivity disorder.
Three studies have examined effects changes in inhibitory control, with suggestive therapeutic
benefits[188–190]. One group found that cathodal tDCS led to greater improvements than anodal
tDCS[188], however given the non-linear nature of cathodal tDCS, as described earlier, it cannot
be ruled out that cathodal effects mimicked anodal effects to some extent.
Given that tDCS alters the electric properties of the brain, it has been investigated in disorders
characterized by abnormal neuronal activity, such as epilepsy. A series of small studies and case
reports have examined the effects of tDCS on pediatric epileptic disorders[191–193]. Oftentimes
electrodes were placed on the scalp overlying regions that displayed epileptogenic activity. In
summary, the number of epileptiform discharges, and seizure frequency were reduced. The
application of cathodal tDCS in Lennox-Gastaut syndrome, a severe drug-resistant form of
epilepsy, appears to be effective as well[194]. While the number of investigations of tDCS in
childhood epilepsy syndromes is limited, it appears to be a safe treatment option, however
requires larger investigations to confirm previous findings.
A single investigation has also examined the effects of tDCS on a rare form of schizophrenia,
childhood-onset schizophrenia, showing no change in symptomatology, however favourable
tolerability with 2mA stimulation was demonstrated[195].
Three investigations have examined the effects of both anodal and cathodal tDCS on dystonia.
There have been two studies by Young et al., one being open-label, that suggested that cathodal
tDCS could possibly decrease involuntary muscle overflow in a subset of patients[196,197].
More recent multiday investigations confirmed that only some children demonstrate a reduction
of symptoms severity with application of cathodal tDCS, however anodal tDCS appeared to
worsen symptoms[198]. Overall tDCS appears to be ineffective for childhood dystonia, however
protocol optimization is required, especially to ensure safe application.
Common to nearly all of these trials are potentially fatal flaws in clinical trial design, the most
common being under-powered samples. These issues have recently been summarized using the
perinatal stroke trials as an example[199]. Adherence to clinical trial best practices and
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guidelines, including those specific to children, will be essential to advance tDCS applications in
children. As these pediatrics applications expand, safety monitoring should be among primary
outcomes due to limited investigation in children.
1.2.11 Safety of tDCS
tDCS is widely regarded as a safe form of non-invasive brain stimulation. A recent review by
Bikson et al.[200] demonstrated the safety of tDCS, taking into consideration over 33,000 tDCS
sessions in over 7,500 human subjects. This analysis concluded that tDCS is not associated with
any tissue damage, irreversible behavioral changes, or serious adverse events. Medwatch, the
FDA-based adverse event reporting system, lists no cases of serious adverse events, and likewise
the FDA acknowledges that tDCS trials pose no significant risks to health and safety.
Animal studies have quantified the upper limits of non-destructive stimulation strength. Rodent
studies demonstrated that cathodal current densities of 142.9 to 285.7A/m2 applied for 10
minutes resulted in parenchymal lesions[201]. Lesion size was correlated with charge density,
with the minimal charge necessary to generate a lesion being 52kC/m2. Recently, the safety of
anodal tDCS was also examined using an epicranial DCS rat model[202]. Brain lesions occurred
at a current density of 20.0A/m2, which was substantially lower than observed with cathodal
stimulation. Standard tDCS procedures in human involve the application of up to 0.480kC/m2,
which is approximately 15 to 100 times lower than the lesion-producing charge density. The
epicranial DCS is a hypersensitive model, therefore these safety limits represent conservative
thresholds. Moreover, charge density experienced by the parenchyma is further reduced due to
current shunting by the scalp, skull, and CSF. To prevent tissue damage, current densities
exceeding 14.29mA/cm2 are not recommended[203]. Substantially lower current density limits in
children should be considered as peak electric fields may be higher in children, as discussed
earlier.
Evidence from human experiments demonstrates that tDCS application is associated with
minimal side-effects. A review of the safety of tDCS in children and adolescents by Krishnan et
al.[204] reported the adverse events from 16 studies, including 191 participants (3-18 years of
age). The most commonly reported events were tingling (22/191), itching (9/191), and redness
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[under the site of the anode] (9/191). Tingling and itching sensations were transient, whereas
redness would persist as much as two hours following stimulation. Of these 191 participants,
only a single drop-out was reported, suggesting favourable tolerability. Adverse effects appear to
occur at a lower frequency in children and adolescents as compared to adults. A systematic
review of 117 adult tDCS trials[205] reporting adverse effects revealed adverse events including
itching (39.3% of studies), tingling (22.2% of studies), headache (14.8% of studies), a burning
sensation (8.7% of studies), and discomfort (10.4% of studies). Trials that included sham
stimulation reported adverse events at a similar frequency. Recently Kessler et al.[206] pooled
adverse effects data from eight trials consisting of 131 adults receiving 227 sessions of sham or
active tDCS. As tDCS was applied, adverse events noted included: tingling, itching, burning,
difficulty concentrating, pain, fatigue, changes in visual perception, headache, nervousness, and
acute mood changes. The frequency of these adverse events ranged from 7 to 77%. Apart from
mood changes, all adverse events were reported at a lower frequency after the stimulation was
terminated. It is important to note that the adult and child adverse effect data was pooled from
multiple studies that employed varying electrode placement, current intensities, current ramping,
and saline strengths. Reporting of adverse events is variable and incomplete in many tDCS trials,
especially in pediatrics.
tDCS is well-tolerated in adults and children. Evidence from adult studies suggests that the 50%
detection threshold of tDCS is at approximately 0.4mA[207]. Current intensities lower than 3mA
have been described as being tolerable[208], however sensations involved with application of a
3mA current in children have not been explored. Detection thresholds of children have not been
explored to date. tDCS tolerability and comfort may be increased by adjusting the sponge-saline
concentration; high concentration saline (220mM) is associated with less comfortable sensation,
whereas lower concentrations (15mM) is favourable[209]. These lower ionic strengths may
result in higher voltage outputs, therefore should be used cautiously.
Recently, a current escalation study was performed to investigate the safety of up to 4mA tDCS,
in adults with stroke[210]. Current strengths were escalated from 1mA to 4mA in a step-wise
manner with strict monitoring of adverse events. The serious adverse events that would incur
study stoppage were: second-degree scalp burns, clinical seizure, or the formation of a new
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lesion. No adverse events were reported across 18 individuals. Approximately half the subjects
showed skin redness, without damage to the skin barrier.
Overall, tDCS appears to be safe and tolerable. Applying tDCS in a standardized fashion, by an
experienced investigator using units with appropriate safety mechanisms poses little harm to
subjects and patients. Safety and tolerability is primarily based on adult findings, warranting
caution for application in children. Defining the safety and tolerability of tDCS in children is
necessary to advance applications in pediatrics.
1.2.12 Medical Education
Another potential but unexplored translational application of tDCS-enhanced motor learning is
found in medical education. Over 300 million surgical procedures are required to address the
global burden of disease[211]. To meet this surgical demand, it is necessary to have a welltrained and competent workforce that can perform these procedures safety and effectively.
Radical changes in surgery have been recognized throughout the past two decades. Rapid
technologic and procedural advances have impacted the training of surgical residents[212]. For
example, advances in abdominal vascular surgery have led to the development of procedures that
effectively reduce morbidity associated with aortoiliac diseases, however due to the complexity
of these procedures residents (and often general surgeons without appropriate fellowship
training) are unable to gain experience performing these surgeries. Training programs may fail to
integrate effective learning modules of these novel technologies and procedures into residency
curricula. Furthermore, duty-hour restrictions (DHR) have reduced the in-hospital time of
residents throughout their training. The implication of the 80-hour workweek in the United States
has reduced the in-hospital time by approximately six months for a five-year residency program.
Additionally, ethical considerations and safeguards, enforced by regulatory committees, limit the
autonomy of residents performing surgery.
Compared to residents undergoing their training in prior decades, current residents receive much
less hands-on training and experience[213]. As a result, resident may be left feeling unprepared
for future training, such as pursing fellowships, where greater degrees of autonomy may be
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required. When asked “Do you think a five-year general surgery residency fully prepares you to
practice general surgery?” 38% of residents, spanning five years of post-graduate training,
responded with “no” or “unsure”, unconfident in their skill[214]. These limitations are also
reflected in global assessment surveys of general surgery fellows. When surveys were completed
by program directors, 21% felt that new fellows were unprepared for the operating room, and
66% were unable to operate unsupervised for 30 minutes in a major procedure[215]. When asked
about technical surgical abilities, in particular laparoscopic skill, nearly one third of program
directors reported that their fellows could not manipulate tissue, and over 50% could not suture
laparoscopically[215].
These shortcomings are not only evident through these gross assessment and surveys, but may
also be evident when examining patient outcomes since the implementation of DHR. Certain
specialties such as emergency and internal medicine may have benefited from the
implementation of these restrictions, owing to reduced fatigue and improved educational
opportunities[216,217]. Surgical specialities may have suffered however, because of reduced
operating room time, and less opportunities to master skill sets. Large systematic review and
meta-analyses have demonstrated no benefit of DHR towards improving patient safety[216,218].
A review of over 2.5 million patients annually revealed an increase in accidental punctures and
lacerations, in addition to increased incidence of pulmonary emboli and deep vein thromboses
following general surgical procedures, since the implementation of DHR[219]. Likewise, high
acuity patients requiring neurosurgery have actually shown increased complication rates since
the introduction of DHR[220]. Increased patient morbidity has been reported as well[221]. It is
important to recognize that these increased complication and morbidity rates may not be
exclusively a result of DHR, as other factors (such as more complex surgeries being performed
as technologies and methodologies advance) may play a substantial role. Overall, there is a
concern that fatigue-related errors have been traded off for technical errors, yet little has been
done to mitigate these changes in terms of surgical training.
Various approaches have been suggested to improve and develop the skills of the resident
surgeon, such as improving the efficiency of learning and utilizing simulation-based task training
(SBTT). SBTT is increasingly utilized in medical education curricula, particularly in
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laparoscopic surgical training. As a minimally invasive technique with less traumatic recovery,
and shorter post-operative hospitalization, laparoscopic surgery is becoming a standard of care
for common surgical procedures. Given the lack of proficiency in laparoscopic skills in fellows,
approaches to improve these skills are necessary. Laparoscopic surgery is regarded as a difficult
skill to acquire. The loss of depth perception, tactile sensation, and modification of hand-eye
coordination contribute to the steep learning curve of the procedures[222]. The introduction of
laparoscopic simulators, known as “black boxes” or “box trainers”, into training programs is
intended to assist in improving laparoscopic skill, and to translate these skills towards operating
room procedures[223,224]. A recent systematic review by Vanderbilt et al.[225] found that by
integrating laparoscopic simulation training into surgical curricula there is a reduction in
laparoscopic error rate, and residents were less likely to injure tissue. Residents receiving
simulation training also outperformed residents not receiving the surgical training in knot-tying
and suturing (for both error rate and speed). The enhanced skill using surgical simulators
translated into improved surgical skill when performed on animals or human. Compared to
senior surgery residents receiving standard training, those receiving simulation-based
laparoscopic training performed intracorporeal sutures and knot-tying faster, with less errors, and
more efficiently in the operating room[226].
Other surgical fields have adopted the concept of SBTT. For example, neurosurgery is a field in
which trainees learn intricate procedures that require high levels of dexterity and precision.
Various neurosurgical simulators have emerged as a novel, effective method of procedural
training that does not put patient safety at risk[227,228]. For example, the NeuroTouch
simulator, developed by the National Research Council of Canada is a high-end simulator that
mimics a realistic operating room setting, including components such as: stereoscopic vision,
bimanual tool manipulators, haptic feedback instruments, and software that runs training tasks,
such as tumor resections, recording a series of performance metrics[229]. Junior and senior
neurosurgery residents performing meningioma resections using the NeuroTouch reported that
the system is realistic and appropriate, stating their desire to implement the system in training
programs[230]. Furthermore, systems such as NeuroTouch are sensitive enough to record
differences in surgical ability. When performing tumour resections using the NeuroTouch
system, differences in skill were reported between neurosurgeons, junior residents and senior
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residents[231]. Therefore, neurosurgical simulators provide a method for monitoring skill
progression, allowing one to determine when proficiency benchmarks are achieved.
Despite advances in SBTT that have created an effective, risk-free method of skill acquisition,
limitations are apparent. Notably, SBTT is time consuming and associated with modest effect
sizes and variable long-term retention of skills[232,233]. Defining methods to enhance SBTT
holds the potential to accelerate training and optimize achievement of surgical skill competency.
1.3 Rationale and Aims
Despite being extensively studied in the adult brain, investigations of the effects of tDCS on the
developing motor system are limited. tDCS is already applied therapeutically in pediatric clinical
populations, however the fundamental investigations defining the effects of tDCS in healthy
children have not been performed. These investigations are necessary to optimize stimulation
parameters for translation to clinical populations.
Therefore, the aims of this thesis are:
Aim 1: To determine the effects of tDCS on motor learning in healthy children.
Aim 2: To determine the safety and tolerability of tDCS in healthy children.
Aim 3: To determine the neurophysiological changes associated with tDCS-paired motor
learning.
Aim 4: To compare the electric fields induced by tDCS in children and adults.
Aim 5: To explore the safety, tolerability, and feasibility of tDCS application in pediatric stroke.
Clinical translational of tDCS is increasingly demonstrated in neurology and psychiatry, however
translational applications to complex motor skill in the young, healthy brain are lacking.
Complex motor tasks such as surgical skill require years of training. Recent changes in medical
training environments may prevent trainees from achieving skill proficiency and mastery, with
consequences for patient safety. Methods to enhance surgical skill acquisition are required.
Given the ability of tDCS to enhance simple motor skill acquisition, we aimed:
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Aim 6: To determine the effects of tDCS on acquisition of complex laparoscopic surgical skill
acquisition.
Aim 7: To determine the effects of tDCS on acquisition of complex neurosurgical skill
acquisition.
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Chapter 2: Transcranial Direct-Current Stimulation Can Enhance Motor Learning in
Children
The following work was previously published in Cerebral Cortex (Ciechanski P & Kirton A,
2016)[234]; used with permission.
Author PC’s contributions to this study include: study design, participant recruitment, data
collection, data analysis, statistical analysis, and drafting and revising the manuscript. Author
AK’s contributions to this study include: obtaining funding, study design, and revising the
manuscript.
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2.1 Abstract
This study aims to determine the effects of transcranial direct-current stimulation (tDCS) on
motor learning in healthy school-aged children. Safety, tolerability, and translation of effects to
untrained tasks were also explored. We recruited 24 right-handed children for a randomized,
sham-controlled, double-blinded trial to receive right primary motor cortex (M1) 1mA anodal
(1A-tDCS), left M1 1mA cathodal (1C-tDCS), left M1 2mA cathodal tDCS (2C-tDCS), or sham
tDCS over 3 consecutive days of motor task practice. Participants trained their left hand to
perform the Purdue Pegboard Test (PPT) during tDCS application. Right hand and bimanual
PPT, the Jebsen-Taylor Test (JTT), and the Serial Reaction Time Task (SRTT) were tested at
baseline and post-training. All measures were retested 6 weeks later. Active tDCS montages
enhanced motor learning compared with sham (all P < 0.002). Effects were sustained at 6 weeks.
Effect sizes were large and comparable across montages: contralateral 1A-tDCS (Cohen’s d =
2.58) and ipsilateral 1C-tDCS (3.44) and 2C-tDCS (2.76). Performance in the untrained hand
PTT, bilateral JTT, and SRTT often improved with tDCS. tDCS was well-tolerated and safe with
no adverse events. These first principles will advance the pairing of tDCS with therapy to
enhance rehabilitation for disabled children such as those with cerebral palsy.
2.2 Introduction
Transcranial direct-current stimulation (tDCS) is a form of non-invasive brain stimulation with
potential for therapeutic neuromodulation. Adult studies have demonstrated the ability of tDCS
to alter cortical excitability[7] and corresponding behavioral effects such as the enhancement of
motor learning[114]. Application of “excitatory” anodal tDCS to the contralateral motor cortex
enhances motor learning across single or multiple day training sessions[74,235]. Cathodal
(“inhibitory”) tDCS applied to the motor cortex ipsilateral to the trained hand may also enhance
learning, presumably by influencing interhemispheric motor network connectivity[236]. Whether
these primary principles of tDCS modulation of motor learning apply in the developing brain of
children is unknown.
With relatively simple application and low cost, tDCS has permeated into many clinical fields,
including stroke rehabilitation. Application of tDCS in post-stroke hemiparesis uses
reorganization models to define cortical targets for modulation such as imbalanced motor cortex
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interhemispheric inhibition (IHI)[167,168], a marker of poor motor outcome[170]. Application
of perilesional motor cortex anodal or contralesional cathodal tDCS has been shown to improve
motor function in chronic stroke patients[237,238]. Such clinical applications are desperately
needed in the developing brain. Despite evidence of efficacy and safety in adults, tDCS
experience in children has been limited. Cerebral palsy (CP) is the leading cause of lifelong
neurological disability[164]. Accordingly, much of the pediatric tDCS experience to date has
focused on CP populations. Recent trials suggest favorable tolerability and possible efficacy in
gait training[178] and spasticity[193] in children with CP. Perinatal stroke causes most
hemiparetic CP[166] and emerging models have defined therapeutic targets within the motor
cortex that might be modulated to facilitate motor function[167]. Two recent controlled trials
have shown that repetitive transcranial magnetic stimulation can enhance motor learning therapy
in hemiparetic children with perinatal stroke[239,240].
Excitement from these early results is tempered by acknowledgement that the primary principles
of tDCS effects on motor learning in the developing brain have not been defined. The preclinical, neuroimaging, pharmacological, and neurophysiological studies beginning to elucidate
the mechanisms of brain stimulation[241] have not been completed in children. Current
modeling studies of tDCS suggest that electric fields may be 2-fold stronger in children
compared with adults[48]. Exceptions to the accepted “rules” of tDCS such as often described
dichotomy of increased or decreased excitability with anodal and cathodal montages,
respectively, are increasingly described in adults[11,41] but unstudied in children.
Neurophysiological studies suggest 1mA cathodal currents in children may mimic adult anodal
effects[161]. Non-invasive brain stimulation approaches are further complicated by a large
number of variables (including dose, duration, location, and type) resulting in innumerable
permutations. These and other issues must be considered before the widespread application of
tDCS to children with CP[242].
For all these reasons, it is essential that the first principles of tDCS effects on motor learning in
children be carefully defined to efficiently, safely, and effectively advance applications in both
experimental research and clinical therapeutics. We conducted a double-blinded, randomized,
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controlled application of 4 commonly described tDCS montages to determine safety, tolerability,
and effects on motor learning in typically developing school-aged children.
2.3 Materials and Methods
2.3.1 Participants
Subjects were recruited through our population-based Healthy Infants and Children Clinical
Research Program. Inclusion criteria were 1) typical neurodevelopment, 2) healthy (the absence
of major medical condition), and 3) right handed (as considered by self and parent; the
Edinburgh Handedness Inventory was applied at enrollment to ensure a laterality index ≥ 0).
Those with any neuropsychological or developmental diagnoses or taking neuropsychiatric
medications were excluded. All participants were screened and required to meet published safety
criteria for non-invasive brain stimulation[243]. Methods were approved by the Research Ethics
Board of the University of Calgary. All participants gave written consent and, when applicable,
assent.
2.3.2 Study Design
Participants were randomly assigned to one of 4 tDCS conditions by selecting an envelope with
treatment group on Day 1. Treatment groups were 1) sham, 2) right (contralateral) hemisphere
1mA anodal (1A-tDCS), 3) left (ipsilateral) hemisphere 1mA cathodal (1C-tDCS), or 4) left
hemisphere 2mA cathodal tDCS (2C-tDCS). Each participant underwent the same testing,
training, and stimulation procedures over 3 consecutive days (Figure 2.1A).
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Figure 2.1. Overview of the study design. (A) Four-day timeline of the study. Days 1 and 3
included baseline and post-training hand function measures, respectively, including the Purdue
Pegboard Test (PPT), Jebsen–Taylor Test of Hand Function (JTT), and Serial Reaction Time
Task (SRTT). These 3 tasks were performed again at a 6-week post-training retention test (RT).
Striped bars depict left-hand PPT (PPTL) training blocks, either with (light stripe) or without
(dark stripe) tDCS. Each block consists of 3 PPTL repetitions, which are then averaged. (B)
tDCS montages used, including 1 mA anodal (1A-tDCS), 1 mA cathodal (1C-tDCS), 2 mA
cathodal (2C-tDCS), and sham tDCS. The black box indicates the location of the anode, and the
light gray box indicates the location of the cathode. Arrows depict the ﬂow of current through
the cortex, which is always from the anode to the cathode. Lower electrode locations are
centered on the primary motor cortex (M1), and higher electrode locations are over the
supraorbital area. The target, trained, hand is the left hand in all conditions.
2.3.3 Transcranial Direct-Current Stimulation
Direct current was delivered according to generally accepted practices in adults using a DC
Stimulator (Neuroconn GmbH; Ilmenau, Germany). Two 25 cm2 saline-soaked sponge
electrodes were applied to the scalp and held in place by a commercially available light plastic
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“headband” system (Soterix Medical Inc.; New York, USA). The active electrode was practiced
over the respective primary motor cortex while the reference electrode was placed over the
contralateral forehead. Primary motor cortex location was determined using single-pulse
transcranial magnetic stimulation (Magstim 2002; The Magstim Company Ltd; Whiteland, UK)
to localize the “hot spot” of the first dorsal interosseous muscle according to the standard criteria.
If the hot spot could not be localized due to high resting motor thresholds in young children, the
international 10-20 electroencephalography electrode system was used to localize the M1 (C3
and C4). In anodal and sham tDCS conditions, the anode was centered over the right M1 with the
cathode over the contralateral supraorbital area (Figure 2.1B). For cathodal tDCS conditions, the
cathode was centred over the left M1 with the anode over the contralateral supraorbital area.
These electrode montages target the trained (left) hand using contralateral anodal or ipsilateral
cathodal M1 stimulation approaches as described in adult tDCS motor learning
studies[74,114,236].
With active stimulation conditions, the current was ramped up to the desired level (1 or 2mA)
over 25 s, held for 20 min, and then ramped down to 0 mA over 45 s. Sham conditions
performed the same ramping of the current to 1 mA over 45 s but held it only for 60 s after
which it was ramped down to 0 mA over 45 s. This procedure produces the same transient scalp
sensations for all subjects and has been validated as an effective sham technique where subjects
naïve to tDCS cannot predict their treatment group assignment[244]. Resulting current densities
were calculated and ranged from 0.04 to 0.08 mA/cm2. Resistance was kept below 40 kΩ
throughout the stimulation.
2.3.4 Motor Learning Measures
The primary outcome was the Purdue Pegboard Test (PPT). This validated and reliable measure
of hand dexterity is described in detail elsewhere[245]. In summary, the test consists of 4
subtests: 1) left hand peg placement [PPTL], 2) right hand peg placement [PPTR]. 3) bimanual
peg placement [PPTLR], and 4) bimanual assembly [PPTA]. The PPTL, PPTR, and PPTLR are
simple tasks in which participants have 30 s to place pegs into a pegboard using their left, right,
or both hands, respectively. The total number of pegs (or pairs of pegs for the PPTLR) is scored.
The PPTL (non-dominant hand) was used to monitor motor learning to increase task difficult,
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producing a steeper learning curve, ensuring a skill “ceiling” was not reached. The PPTR served
as both a safety outcome (i.e., no decrease in function) and a measure of possible “spill-over”
effects of training of the left hand. The PPTA is a bimanual assembly task where participants
build structures by placing a peg, washer, pin, and washer. The score corresponds to the number
of pieces placed. Each subtest was repeated 3 times, and an average score was calculated. A
composite sum of scores (PPTS) was also calculated for average PPTL + PPTR + PPTLR.
PPTL learning curves were generated by comparing the score difference at each training point to
Day 1 baseline score. Skill decay was quantified by comparing the 6-week RT score to the posttraining (Day 3) score. Online and offline learning effects were explored. Online (within-day
training) effects were determined by comparing Day 1 baseline to Day 1 post-training
performance, Day 2 baseline to Day 2 post-training performance, etc. Offline (consolidation)
effects were quantified by comparing Day 2 baseline with Day 1 post-training performance, and
Day 3 baseline with Day 2 post-training performance. Day 1, 2, and 3 online effects were
combined to generate a score change, and like-wise Day 2-1 and Day 3-2 changes were
combined. To quantify total learning within a day, we used a “sum total learning” analysis,
where each training point on Day 1 is compared with Day 1 baseline performance; each training
point on Day 2 is compared with Day 2 baseline performance, etc. This method of quantification
accommodates both physical and mental fatigue associated with repetitive performance of task.
Secondary motor outcomes were the Jebsen-Taylor Test of Hand Function (JTT) and the Serial
Reaction Time Task (SRTT). The JTT is a unimanual test that examines performance in
activities of daily living and is described in detail elsewhere[246]. A score for each hand is
obtained by recording the time to complete each JTT task, then taking the sum. Each subtest was
performed with the trained left hand first (JTTL), followed by the right hand (JTTR). The writing
and simulated feeding subtests were not included due to poor reproducibility in children[247].
The SRTT is commonly used to assess implicit motor learning[67]. Participants are seated in
front of a computer monitor and keyboard. Participants naturally place their left hand on the keys
“A-S-D-F” (with the fifth digit on “A” and second digit of “F”) and are presented with an onscreen target (green box), indicating which key should be pressed; target locations follow key
location, where a target on the far left requires the key “A” to be pressed, a middle-left side
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target requires the key “S” to be pressed, and so on. Eight blocks were performed, where each
block was composed of 96 keystrokes. A 250 ms delay separated each keystroke from
appearance of the subsequent target. Blocks 1 and 6 contained a real-time randomly generated
string of targets, whereas the remaining blocks contained a repeating 12-character sequence.
Repeating sequence patterns were S-F-A-D-F-A-S-D-S-A-F-D, D-S-F-A-S-A-F-D-F-D-A-S, and
F-D-S-A-S-F-D-A-D-A-F-S for baseline, post-training, and RT, respectively. Reaction time and
accuracy were recorded. Keystrokes quicker than 200 ms or slower than 1000 ms were excluded,
as they do not represent a reaction-based response. Our SRTT was custom built using PsychoPy
software[248].
Performance of motor outcomes was video recorded for off-line analysis. Scoring was completed
by multiple raters including those blinded to treatment allocation and not present during
performance of the original measures. Quality assurance measures for accurate scoring were
performed on the first 10 subjects. The primary outcome was rescored from video by both the
initial rater (>10 weeks later) and a blinded second rater. The participant’s head and body,
excluding the hands, where cropped out for retroactive video scoring, ensuring the rater could
not infer the stimulation type. The stimulation condition was not revealed to the participants until
after they completed all sessions.
2.3.5 Training Protocol
On Day 1, participants performed all motor tests (above) to assess baseline skill (Fig 2.1A).
Participants first performed all subtests of the PPT, followed by the JTT and SRTT. A rest break
of 15 min then occurred.
Twenty minutes of tDCS was subsequently applied, during which the participants trained their
left, non-dominant, hand using the PPT (PPTL). Three trials were performed 5, 10, and 15 min
into the stimulation period. After the stimulation period concluded, the PPTL was performed
again. On Day 2, participants performed the PPTL to determine baseline ability for that day. As
in Day 1, 20 min of tDCS applied again, during which the PPTL was trained at 5-min intervals.
Day 3, the final training day, followed the same protocol as in Day 2. After the final training
block, participants took a 75-min break. All subtests of the PPT were then performed, followed
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by the JTT and the SRTT. Subjects returned to the same location 6 weeks later and performed
the PPT, JTT, and SRTT again to examine retention of skill (RT).
2.3.6 Safety and Tolerability Questionnaire
Participants completed a modified pediatric brain stimulation safety and tolerability
questionnaire[249] immediately following tDCS on Days 1, 2, and 3. The duration and severity
of symptoms were reported. Symptoms screened included: headaches, burning, itching, neck
pain, unpleasant tingling, nausea, light-headedness, and any other self-reported symptoms.
Participants also ranked the tolerability of the tDCS session compared with 7 common childhood
experiences.
2.3.7 Statistical Analysis
Statistical analysis was performed using SigmaPlot 12.5 (Systat Software Inc.; San Jose, USA).
Group demographics and baseline motor scores were compared using a 1-way ANOVA. A χ2
test examined gender distribution between groups. Paired t-tests described differences between
baseline left- and right-hand motor scores. A 2-way repeated-measures (RM) ANOVA was
performed for factors TRAINING BLOCK and STIMULATION GROUP to evaluate our
primary outcome, change in PPTL score. Effect sizes were reported as a Cohen’s d. Skill decay
between the final training block versus RT and online versus offline effects were quantified
using paired t-tests. Daily sum learning curves were compared using a 2-way RM ANOVA for
factors STIMULATION GROUP and DAY. Paired t-tests were used to assess change in PPT
score compared with baseline. One-way RM ANOVA assessed changes in JTT within
stimulation groups, and 2-way RM ANOVA assessed between group changes, SRTT curves
were compared using a 2-way RM ANOVA for factors BLOCK and TIME POINT. Tolerability
scores of 1mA versus 2mA versus sham tDCS were compared using a 1-way ANOVA. HolmSidak post-hoc analyses, which correct for multiple comparisons, were employed to identify
differences between groups for ANOVAs. With the exception of tolerability, our analysis plan
compared active stimulation conditions with sham tDCS, rather than focusing on differences
between active stimulation conditions, which did not have a consistent stimulation target
(contralateral vs. ipsilateral M1). Statistical significance was evident when P < 0.05.
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Sample size calculations suggested that 5 subjects per stimulation group would be 95% powered
to detect a 2-fold greater improvement in PPTL at the end of training, with a type-1 error of 0.05.
Our power calculations were based on a pilot study completed in young adults receiving right
M1 1A-tDCS or sham tDCS over 3 consecutive days of PPTL training. Pilot testing was
completed prior to this study.
2.4 Results
2.4.1 Population Characteristics
Twenty-four children were recruited and completed all stages with no drop-outs and all
outcomes collected. Subject demographics and baseline motor function across treatment groups
are shown in Table 2.1. Age, gender, self-reported laterality index and baseline PPT, JTT, and
SRTT scores did not differ between intervention groups (all P ≥ 0.31). For all groups, PPTR
scores were higher than PPTL scores (all P ≤ 0.03; group P < 0.001). There were no differences
in JTTL versus JTTR stimulation group scores (all P ≥ 0.20).
Table 2.1 Participant Information
Baseline PPT Scores
Age
(Years)

Laterality
Index

Gender
F:M

Left
Hand

Right
Hand

Sham

13.4
(±4.0)

74.1
(±12.8)

3:3

14.4
(±1.8)

15.9
(±2.3)

1A-tDCS

13.2
(±3.1)
14.4
(±4.1)
15.1
(±1.7)

65.8
(±27.3)
83.3
(±13.3)
80.0
(±12.7)

3:3

13.4
(±1.5)
13.8
(±2.7)
13.7
(±1.1)

14.0
(±3.2)

75.8
(±17.8)

10:14

p=0.72

p=0.36

p=0.56

Stimulation
Group

1C-tDCS
2C-tDCS
Mean
Between
group

1:5
3:3

Baseline JTT Scores
Left vs
Right
p value

Baseline
Reaction Time
(ms)

23.2
(±6.9)

p=0.20

25.4
(±6.5)
23.1
(±5.1)
23.2
(±4.7)

24.7
(±6.5)
24.1
(±5.3)
22.5
(±2.7)

p=0.62

580
(±126)
586
(±102)
528
(±168)
468
(±52)

p<0.001

23.4
(±5.2)

23.6
(±5.3)

p=0.67

541 (±112)

---

p=0.72

p=0.91

---

p=0.31

Left vs
Right
p value

Left
Hand

Right
Hand

p<0.01

21.9
(±5.2)

14.8
(±2.3)
15.5
(±2.7)
16.0
(±1.5)

p=0.03

13.8
(±1.8)

15.6
(±2.1)

p=0.82

p=0.80

p=0.01
p<0.01

p=0.26
p=0.47

Note: Demographics and baseline Purdue Pegboard Test (PPT) scores, Jebsen-Taylor Test of
Hand Function (JTT) scores, and reaction time. Date are give as group mean (± standard
deviation).
2.4.2 Motor Learning
50

Motor learning curves by treatment group are shown in Figure 2.2. All participants displayed
motor learning over the training days, regardless of stimulation condition [F14 = 28.78, P <
0.001]. Significant differences were seen between stimulation groups [F3 = 11.36, P < 0.001].
Participants receiving active tDCS conditions displayed greater improvements in PPTL scores
compared with those receiving sham tDCS. Those receiving 2C-tDCS displayed the largest
improvements in PPTL scores compared with sham (P < 0.001); by Day 3, the 2C-tDCS group
improved their score 2.5-fold more than sham (4.5 ± 1.1 vs 1.8 ± 0.07 pegs). 1C-test (P < 0.001)
and 1A-tDCS groups (P = 0.002) demonstrated similar gains in PPTL scores compared with the
sham tDCS group.
There were no significant differences between active stimulation groups (all P > 0.67). Effect
sizes were large for all active tDCS groups at the end of the 3rd day of training: 1A-tDCS
(Cohen’s d = 2.58), 1C-tDCS (3.44), and 2C-tDCS (2.76). Improvements in rate of learning were
evident early in actively stimulation groups. For example, participants receiving 2C-tDCS
displayed improvements in PPTL scores after 6 repetitions (Day 1, Point 3; P = 0.006) compared
with the 21 repetitions required in the sham condition (Day 2, Point 3; P = 0.016). Raw data are
shown in Supplementary Material.

Figure 2.2. Left-hand Purdue Pegboard Test (PPTL) learning curves for the sham (white
triangles), 1A-tDCS (light gray circles), 1C-tDCS (light gray squares), and 2C-tDCS (dark gray
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squares) groups. Each point represents the mean change in score from baseline, based on 3
repetitions of the PPTL. The dotted lines represent breaks between days. RT represents a
retention-test time point 6 weeks following training. Active stimulation groups demonstrate
enhanced motor learning compared with sham tDCS controls. There was no evidence of skill
decay at RT. Data show group mean (± standard error).
2.4.3 Retention
Learning effects were sustained with no decrease in skill performance over time. At 6 weeks
post-training, all groups scored higher on the PPTL compared with baseline (all P < 0.01). There
was no difference between post-training (Day 3) and 6-week RT PPTL scores in any of the
treatment groups (all P > 0.25). At 6 weeks, participants in the active tDCS groups still displayed
larger PPTL improvements compared with sham controls (all P < 0.005).
2.4.4 Subcomponents of Motor Learning
Participants displayed improvements primarily through online motor learning (Figure 2.3).
Subjects receiving 1A-tDCS or 1C-tDCS had significantly larger online gains than those
receiving sham tDCS with training (P = 0.032, P = 0.030, respectively). No differences were
seen between the 2C-tDCS and sham group (P = 0.215). In addition to large online
improvements, participants in the 1A-tDCS and 1C-tDCS group also have significantly less
offline learning compared with online motor learning (P = 0.001, P = 0.012, respectively). The
2C-tDCS group showed no significant difference between online and offline effects (P = 0.156).
Offline effects appeared modest and did not differ between treatment groups.
Participants in the sham and 1A-tDCS condition showed no difference in sum total learning
between days (Figure 2.4A; P = 0.190), suggesting a constant change in skill. Both 1C- and 2CtDCS conditions were associated with large early PPTL improvements with significantly higher
learning in Day 1 compared with Days 2 and 3 (all P < 0.015). No significant differences were
seen between Days 2 and 3 sum total learning, suggesting constant training effects between the 2
days. Sum total learning was quantified by combined sum daily learning from each day (Figure
2.4B). Participants in the 1A-tDCS (P = 0.003) and 1C-tDCS groups (P = 0.016) showed
significant higher sum learning compared with sham.
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Figure 2.3. Online (white bars) and ofﬂine (gray bars) effects for left-hand Purdue Pegboard
Test (PPTL) learning. Online effects depict the difference in PPTL score from the last to ﬁrst
training point in each day. Ofﬂine effects depict the difference in PPTL score from the ﬁrst
training point of a day to the last training point of the preceding day. Daily online and between
day ofﬂine effects were summed. Improvements in PPTL scores were predominantly in the form
of online effects; however, only 1A-tDCS and 1C-tDCS showed a signiﬁcant difference between
online and ofﬂine effects. Data show group mean (± standard error). *P<0.05, **P<0.01.
2.4.5 Untrained PPT Tasks
Effects of treatment group on the untrained and bilateral hand functions are summarized in
Figure 2.5. At both the end of training (Day 3) and RT, all groups showed no difference in PPTL
versus PPTR scores (all P > 0.44) in contrast to the laterality observed at baseline. However,
PPTR scores did improve across the active treatment groups (all P < 0.025). PPTL training alone
did no improve Day 3 PPTR scores in controls (Figure 2.5B; P = 0.63). Increases in PPTR scores
correlated with PPTL improvements (r=0.518, P = 0.009). Participants in the active stimulation
groups did not demonstrate any decay in PPTR scores at 6 weeks.
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Figure 2.4. Sum learning effects. (A) Daily sum learning effects for left-hand Purdue Pegboard
Test (PPTL) for the sham (white triangles), 1A-tDCS (light gray circles), 1C-tDCS (light gray
squares), and 2C-tDCS (dark gray squares) groups. Effects depict the difference in PPTL score
at each point in a day, compared with that day’s baseline. Differences are summed to give a
daily sum measure. Lower scores (or 0) suggest no improvement or inconsistently better and
poorer performance than daily baseline. Data show group mean (± standard error). фP<0.05
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for 1A-tDCS group, ΨΨP<0.01 for 1C-tDCS group. (B) Total sum learning effects for PPTL for
sham (white bar), 1A-tDCS (dotted light gray bar), 1C-tDCS (solid light gray bar), and 2C-tDCS
groups (solid dark gray bar). Total sum learning was calculated through addition of daily sum
learning effects. Data show group mean (± standard error). *P<0.05, **P<0.01.
Post-training PPTLR (bimanual) scores correlated with change in PPTL (r = 0.466, P = 0.022).
PPTL training alone did not improve PPTLR scores in controls (Figure 2.5C; P = 0.419). 1A-tDCS
(P = 0.013) and 2C-tDCS (P = 0.031) improved PPTLR scores with trending improvements in the
1C-tDCS group (P = 0.063). Participants showed no evidence of skill decay by 6 weeks. The 1CtDCS group had significantly improved PPTLR scores at 6 weeks (P = 0.021). All participants
improved their PPTS score with training, regardless of stimulation (Figure 2.5D; all P < 0.01).
Active stimulation groups had larger improvements compared with controls: 1A-tDCS (P =
0.003), 1C-tDCS (P = 0.026), and 2C-tDCS (P = 0.026). There was no skill decay at 6 weeks. All
participants showed improvements in PPTA scores (Figure 2.5E; all P < 0.027) with no
differences between stimulation groups. There was no skill decay at 6 weeks, and the 2C-tDCS
showed significant improvements.

Figure 2.5. Change in Purdue Pegboard Test (PPT) scores at post-training (white bars) and 6week retention test (RT), compared with baseline for sham (white triangles), 1A-tDCS (light gray
circles), 1C-tDCS (light gray squares), and 2C-tDCS (dark gray squares) groups. Each point
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represents the mean change in score from baseline, based on 3 repetitions of the subtest.
Subscripts L, R, LR, S, and A refer to the PPT subtests left hand (A), right hand (B), both left and
right hands (C), sum of scores (D), and assembly (E), respectively. Active stimulation groups
demonstrate immediate improvements in untrained unimanual and bimanual tasks. No
differences were seen in complex bimanual tasks. There was no evidence of skill decay at RT.
Data show group mean (± standard error). *P<0.05, **P<0.01, ***P<0.001.
2.4.6 JTT
Training effects on JTT performance are summarized in Figure 2.6. While sham conditions
produced modest changes in JTTL score at post-training (P = 0.039), significance was lost by 6
weeks RT. Both 1C and 2C-tDCS groups displayed improvements in JTTL score (both P <
0.043) that were stable or continued to improve at RT. The 1A-tDCS group displayed the largest
improvements in JTTL following training (P = 0.002) and at RT (P < 0.001). Effects in the
untrained hand were also observed, as JTTR scores improved with PPTL training in the 1A- and
1C-tDCS groups (all P < 0.003) but not sham (P = 0.286) or 2C-tDCS (P = 0.116). There was no
evidence of skill decay at 6 weeks. Between-group analysis revealed a significant reduction in
JTTL and JTTR scores of the 1A-tDCS group compared with sham tDCS controls, both at posttraining and at 6-week retention testing (all P < 0.028). Although 1C- and 2C-tDCS groups
displayed within-group reductions in bimanual JTT scores, there were no significant differences
between the sham condition (all P > 0.268).
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Figure 2.6. Change in left- and right-hand Jebsen–Taylor Test of Hand Function (JTTL, JTTR)
scores at post-training (white squares) and RT (white triangles) from baseline (white circles) for
sham (white bars), 1A-tDCS (lightest gray bars), 1C-tDCS (gray bars), and 2C-tDCS (dark gray
bars). Active stimulation groups, but not sham, display improved performance at post-training,
with no evidence of skill decay at RT. Data show group mean (± standard error). *P<0.05,
**P<0.01.
2.4.7 SRTT
Baseline reaction time showed a strong negative correlation with age (r = -0.845; P < 0.000001).
To correct for age effects, reaction time of each block was standardized to Block 1 reaction time,
eliminating the correlation (r = 0.289; P = 0.170). Grouped baseline SRTT followed a standard
pattern, where a 15% decrease in reaction time was seen by Block 5 (Figure 2.7A). The
introduction of a random sequence (Block 6) slowed reaction time, such that it was not
significantly difference from Block 1. Reaction time decreased with reintroduction of the
sequence (Block 7).
Training alone (sham) did not shift SRTT curves towards a decreased reaction time [Figure 2.7B;
t(2) = 2.06; P = 0.128]. However, by 6 weeks, there was a significant decrease in reaction time
[t(2) = 4.02; P = 0.007]. Similarly, participants receiving 1A-tDCS showed downward shifts in
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SRTT curves that were significant at 6 weeks [t(2) = 4.31; P = 0.008] and almost significant at
Day 3 post-training [t(2) = 2.70; P = 0.090]. Significant SRTT shifts between all test intervals
were seen with 1C-tDCS. Steady decreases in reaction time were seen between baseline and
post-training [t(2) = 2.78; P = 0.039]. with further decreases between post-training and RT [t(2) =
2.54; P = 0.030], resulting in large differences between baseline and RT [t(2) = 5.31; P = 0.001].
Similarly, 2C-tDCS was associated with significant downward shifts in SRTT curves between
baseline and post-training [t(2) = 2.95; P = 0.029], with continued decrease at 6 weeks [t(2) = 2.41;
P = 0.037]. No changes were seen in error rates between stimulation groups or time points.

Figure 2.7. Serial Reaction Time Task (SRTT). (A) Group baseline SRTT responses. Reaction
time is given as a value standardized to the ﬁrst block. Each block consists of 96 keystrokes,
where prime symbol (′) blocks have a random pattern, and all other blocks consist of a repeating
12-character sequence. The SRTT paradigm employed generates a stereotypical implicit motor
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learning response marked by decreased reaction time from Block 1′ to Block 5, which is
abolished (increased reaction time) upon addition of a random sequence (Block 6′), and reinstated. Data show group mean (± standard error). ***P<0.001. (B) Stimulation group SRTT
responses at baseline (white circles), post-training (gray circles), and RT (black circles). Dotted
lines separate stimulation condition groups. Each trace follows the same pattern as in Fig. 2.7A,
with downward shifts dependent on stimulation type and test point. Data show group mean (±
standard error.
2.4.8 Inter-Rater Assessment Correlation
Motor outcome scores were highly correlated between raters (PPT, r = 0.99; JTT, r = 0.98), and
mean scores were not different between raters.
2.4.9 Safety and Tolerability
A total of 72 tDCS sessions were performed without complication. There were no serious
adverse events. The most commonly reported sensation was itching under the site of the anode
(44%). The proportion did not differ between treatment groups. Younger children (< 11 years)
were more likely to rank the intensity of itching as moderate or severe, rather than mild (33 vs
14%). Additional sensations included: mild burning (7%) or unpleasant tingling (6%) under the
site of the electrode. Headache was reported in one session of sham tDCS. In all sham tDCS
sessions, any sensations faded within 5 min of stimulation. Sensations reported with active tDCS
persisted for the duration in 40% of anodal and 77% of cathodal tDCS sessions, with no
difference between stimulation intensities. Regardless of sensation, participants were unable to
correctly predict whether they received sham, 1mA or 2mA stimulation (39% accuracy). Overall
the tolerability ranking of tDCS was 3.9 (± 1.0) on an 8-point scale, comparable to watching TV
(2.9 ± 1.6) or a long car ride (4.9 ± 1.4). There were no significant differences between the
tolerability of sham, 1mA or 2mA tDCS (P = 0.19).
2.5 Discussion
We demonstrate the ability of tDCS to enhance motor learning in children. While all montages
produced lasting effects with large effect sizes, distinct patterns of skill acquisition were
observed. Extension of effects to untrained tasks including the opposite hand, bimanual tasks,
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and different elements of learning suggests broad effects on motor learning systems. Our
evidence of efficacy combined with favorable safety and tolerability should facilitate the advance
of tDCS research and clinical applications in the developing brain.
Enhanced motor learning with tDCS is well described in adults. Single sessions appear to
produce improvements in motor skill[119,129] but may be less applicable to rehabilitation
interventions that typically involve multiple days of training. Studies examining tDCS effects of
multiple days of training have demonstrated robust effects of the same tDCS conditions
employed here[74,235,250]. Training alone (sham tDCS) resulted in clear learning but with a
slower rate of early learning and suggestion of a ceiling effect whereby further improvements
were limited. tDCS appeared to change both these early and late elements of the learning curve,
facilitating increased skill acquisition. Sum daily learning suggested that tDCS shifts learning
curves including larger gains early in training. Similar findings are described in adult motor
learning studies[74,235].
Stimulating the trained hemisphere with anodal tDCS or the untrained hemisphere with cathodal
tDCS both enhanced learning with sustained improvements in skill. Adult evidence suggests that
while motor learning occurs mainly online, anodal tDCS may enhance learning via offline
consolidation effects[74]. In contrast, we found that tDCS-associated skill improvements were
primarily through online effects. Interestingly, 2 mA cathodal tDCS produced the greatest
improvements in motor skill; however, online effects were relatively attenuated compared with
offline effects, suggesting stronger cathodal currents may affect different elements of motor
learning. Whether these differences in the timing of learning are attributed to differences in the
tasks employed by each study, stage of brain development, or additional factors remains to be
determined.
Motor skill enhancement was not restricted to the trained task or the trained hand. Active
stimulation groups increased their right-hand PPT scores, whereas training alone (sham) did not.
Both cathodal conditions (left hemisphere) improved right-hand scores compared with sham.
Adult studies suggest that cathodal stimulation of the active hemisphere either does not
improve[74,128] or even hinders motor learning[127]. Recent evidence suggests possible
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explanations for these differences. First, Moliadze et al.[161] suggested that 0.029 mA/cm2
(1mA/35cm2) cathodal tDCS shifts cortical excitability to a state of excitation, rather than
inhibition, in adolescents. Our cathodal tDCS may therefore have had effects more similar to
anodal tDCS, possibly contributing to the improvements in the untrained hand. Although righthand tasks were performed more than an hour after stimulation, changes in excitability may be
sustained[8,161]. An alternate explanation includes mirror visual feedback, originally used to
reduce phantom-limb pain, that also affects M1 plasticity and improves motor function[251].
Concurrent application of anodal tDCS ipsilateral to the trained hand with mirror visual feedback
increases skill in the untrained hand[252], possibly related to intermanual transfer of skill.
Intermanual transfer of skill, where skill learning in one hand influences performance of the
untrained hand, may provide an explanation for our observed correlation between PPTL and
PPTR improvements.
It is also entirely possible that the stimulation effects are producing more widespread modulation
of the motor network involved in learning, likely at a higher level of complexity that will require
further study. Consistent with this are current modeling studies including limited evidence in
children[48], where typical tDCS montages deliver current to widespread areas within the motor
network and beyond. Such limited understanding of cortical tDCS effects hinders our ability to
assign effects specifically to M1 modulation. Current modelling in children suggests that M1
electrodes produce widespread cortical effects including contralateral M1 and bilateral premotor
and supplementary motor areas[48]. Neuroimaging studies support changes throughout this
network during motor learning extending to the basal ganglia and cerebellum[64]. It remains
unknown how stimulation of distinct targets effects motor learning though patterns are emerging
in adults that will require replication in children[253]. Advances in more focal tDCS application
may facilitate this progress.
Our choice of motor tasks was strategic but constrained by the practical nature of the trial,
particularly in young children where maintaining attention and participation was essential. Adult
studies have shown that anodal tDCS improves JTT and SRTT performance[120,127,128,253],
though some suggest cathodal tDCS may actually worsen performance[127,253]. We found that
both anodal and ipsilateral cathodal approaches improved untrained JTT and SRTT scores to a
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similar degree[120]. These findings suggest overall motor function improvements, rather than
proficiency limited to a trained task. PPT training alone did not improve JTT or SRTT scores,
suggesting stimulation-specific effects on broader motor network components. That effects were
unchanged at 6 weeks despite no additional training suggests the possibility that tDCS is
facilitating lasting alterations in synaptic function.
Anodal tDCS likely modulates cortical excitability to a state of increased excitation[8]. This
polarized state increases neuronal firing rates[1] and promotes spontaneous and strengthened
neuronal activity between stimulated and distal locations[2]. This long-term potentiation (LTP)like modulation parallels motor learning processes and suggests that tDCS paired with training
may improve synaptic efficacy with lasting changes in cortical networks[117]. Recent evidence
has further described the role of GABA in motor learning[125]. The GABAergic system
modulates LTP-like plasticity in M1 where reductions in GABA are necessary for LTP to
occur[69]. Magnetic resonance spectroscopy studies have demonstrated that the degree of M1
GABA reduction during anodal tDCS correlates with the degree of motor learning[125].
Therefore, it is conceivable that our anodal tDCS results involve changes in contralateral M1
GABA, a hypothesis that might now be tested in children. Mechanisms of cathodal tDCS are less
investigated and even adult behavioral studies remain mixed in their results[127,128]. Here we
demonstrate, for the first time, enhancement of motor learning with ipsilateral cathodal tDCS.
Bihemispheric tDCS (anode contralateral and cathode ipsilateral) may improve motor skill in
adults with corresponding changes in IHI[124] but is unstudied in children. Elucidating the
mechanisms of such effects with neuropharmacological, neuroimaging (e.g. structural and
functional connectivity, spectroscopy), and neurophysiological (e.g. TMS, EEG) studies is a
promising direction for future research.
The safety of tDCS has been established in adults, with >20,000 sessions performed, but are
limited in paediatric populations. The safety of tDCS is limited to currently applied tDCS
protocols in a controlled research and clinical setting, and does not encompass increasing do-ityourself tDCS protocols. A recent review assessed the safety of tDCS and transcranial
alternating current stimulation in children and adolescents based on 16 studies[204]. Since then,
an additional 10 studies have been published. Overall, tDCS appears to be well tolerated with
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only mild tingling and itching reported in 11.5 and 5.8% respectively. These rates appear lower
than in adults[206], although this may be attributed to incomplete safety reporting in children
where it was rarely a primary outcome. We propose employing safety and tolerability
questionnaires after each session to advance pediatric safety profiles. Our safety measures
revealed that itching was most common with rates comparable to adult reports[206]. Whereas
children and adolescents are typically grouped, we analyzed these populations separately, finding
that children were more likely to described itching as moderate to severe. To accommodate
sensation severity in children, adjusting saline concentration may be necessary and does improve
tolerability[209]. Although described as lasting only 1-2 min in adults, we found that sensations
with active tDCS often lasted the duration of the stimulation. Lasting sensations were more
likely to be reported with cathodal tDCS, likely related to the position of the active electrode
over the supraorbital region[244]. Sham stimulation sensations faded quickly. Despite
differences in sensation duration, participants were unable to distinguish sham from active tDCS,
suggesting participant blinding is achievable in tDCS but perhaps only in naïve subjects.
In conclusion, tDCS of either motor cortex can enhance motor learning with sustained and
diverse effects on motor performance and favorable tolerability in school-aged children. tDCS
promises to be an increasingly important tool in the study and treatment of neurological disorders
in children.
2.6 Supplementary Material
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Figure 2.8. Left-hand Purdue Pegboard Test (PPTL) learning curves for the sham (white
triangles), 1A-tDCS (light gray circles), 1C-tDCS (light gray squares), and 2C-tDCS (dark gray
squares) groups. Each point represents the raw score, based on 3 repetitions of the PPTL. The
dotted lines represent breaks between days. RT represents a retention-test time point 6 weeks
following training. Active stimulation groups demonstrate enhanced motor learning compared
with sham tDCS controls. There was no evidence of skill decay at RT. Data show group mean (±
standard error).
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2.9 Bridge
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Here we demonstrated that tDCS contralateral anodal and ipsilateral cathodal tDCS targeting M1
enhances motor learning in healthy children. The proposed mechanism behind contralateral
anodal tDCS-enhanced motor learning lies in increased synaptic efficacy of horizontally
projecting neurons in M1. Cathodal tDCS applied ipsilaterally to M1 is hypothesized to enhance
motor learning by reducing transcallosal inhibition from the untrained hemisphere. These
mechanisms have been explored in a series of adult trials, however they may differ in the
developing brain. We sought to investigate the neurophysiological correlates of tDCS-enhanced
motor learning in the developing brain. To thoroughly elucidate and understand these underlying
mechanisms, it is necessary to characterize baseline transcallosal inhibition in the developing
brain, to understand how the unmodified interhemispheric system functions.
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Chapter 3: Developmental Profile of Motor Cortex Transcallosal Inhibition in Children
and Adolescents
The following work was previously published in the Journal of Neurophysiology (Ciechanski P,
Zadie E & Kirton A, 2017)[254]; used with permission.
Author PC’s contributions to this study include: study design, participant recruitment, data
collection, data analysis, statistical analysis, and drafting and revising the manuscript. Author
EZ’s contributions to this study include: data analysis, and revising the manuscript. Author AK’s
contributions to this study include: obtaining funding, study design, and revising the manuscript.

66

3.1 Abstract
Transcallosal fibers facilitate interhemispheric networks involved in motor tasks. Despite their
clinical relevance, interhemispheric motor control systems have not been complete defined in the
developing brain. The objective of this study was to examine the developmental profile of
transcallosal inhibition in healthy children and adolescents. Nineteen typically-developing righthanded participants were recruited. Two transcranial magnetic stimulation (TMS) paradigms
assessed transcallosal inhibition; ipsilateral silent periods (iSP) and paired-pulse
interhemispheric inhibition (IHI). TMS was applied to the motor hotspot of the first dorsal
interosseous muscle. Resting motor threshold (RMT), iSP latency, duration and suppression
strength, and paired-pulse IHI were measured from both hemispheres. The Purdue Pegboard Test
assessed unimanual motor function. Hemispheric differences were evident for RMT and iSP
latency and suppression strength, where the left hemisphere had a lower RMT, prolonged latency
and greater suppression strength. iSP duration showed hemispheric symmetry. RMT and iSP
latency decreased with age, whereas iSP suppression strength increased. Females showed shorter
iSP latency. Children typically displayed IHI, although hemispheric differences were observed.
iSP suppression strength was uniquely associated with IHI within individuals. iSP duration
correlated with motor performance. TMS can characterize transcallosal inhibition in normal
children and adolescents with effects of age, directionality, gender, and motor performance.
Establishing this developmental profile of interhemispheric interactions will advance the
understanding and therapeutic strategies for pediatric motor disorders such as cerebral palsy.
3.2 Introduction
Transcallosal fibers facilitate interhemispheric functional networks. Excitatory neurons from
layer III of the primary motor cortex (M1) project across the corpus callosum and are thought to
synapse on inhibitory interneurons in the contralateral layer V[153,255,256]. Generating muscle
force for unilateral hand movement requires timed inhibition of the ipsilateral
hemisphere[154,257,258], which may be mediated through these transcallosal pathways.
Dexterity of the hand may also be related to the integrity and development of these pathways,
suggested by correlations of higher motor performance with increased callosal thickness[259].
Conversely, decreases in motor function, such as those following stroke, may be related to an
imbalance of transcallosal inhibition. Evidence suggests that following subcortical stroke, there
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is a shift in transcallosal inhibition, such that the non-lesioned hemisphere exerts a greater degree
of inhibition on the lesioned hemisphere with severity of motor impairment linked to the
magnitude of this shift[170].
Transcranial magnetic stimulation (TMS) facilitates the direct, in vivo study of interhemispheric
motor neurophysiology. By stimulating M1, activating distal muscles of the upper extremity and
recording muscle EMG, TMS can probe motor network functional connectivity. Two TMS
techniques commonly used to study transcallosal inhibition are ipsilateral silent periods (iSP) and
paired-pulse interhemispheric inhibition (IHI). Production of an iSP requires stimulating M1
while contracting the ipsilateral hand, resulting in the transient suppression of voluntary motor
activity[152]. The mechanisms of iSP appear to involve transcallosal inhibition[153,256,260].
Conversely, IHI TMS paradigms involve directly stimulating M1 in both hemispheres with the
hands at rest. A conditioning stimulus applied to one M1 immediately prior to a test stimulus
applied to the contralateral M1 results in inhibition of the MEP induced by the latter. Varying the
interstimulus interval between conditioning and test stimuli has defined both short (e.g. 8-10 ms)
and long (e.g. 40-50 ms) interval forms of IHI[261]. Despite suggested common mechanisms,
direct comparisons of IHI and iSP have been limited[156] and have never been performed in the
developing brain.
Transcallosal inhibition has been described in detail in healthy adults[154,156], but incompletely
investigated in the pediatric brain[262]. Limited evidence suggests that components of the iSP
such as latency and duration may mature with age[263,264]. These changes in ipsilateral
inhibition are clinically relevant, associated with the development of simple motor skills such as
finger tapping[263]. As non-invasive brain stimulation applications in pediatrics are refined from
existing protocols[265], currently based on adult evidence, it is necessary to describe typical
neurophysiological development to ensure optimal montages and parameters used.
Therapeutic non-invasive brain stimulation technologies, such as transcranial direct-current
stimulation (tDCS) and repetitive-TMS (rTMS) are increasingly applied in stroke rehabilitation
to improve motor function of a paretic limb[173,266,267]. The majority of trials to date have
been based on the premise of imbalanced transcallosal inhibition with neuromodulation aiming
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to shift this balance towards normal, either by increasing excitability of the lesioned M1,
decreasing the excitability of the non-lesioned M1, or a combination of both[168]. Preliminary
evidence from childhood stroke suggests an IHI imbalance may also relate to motor
outcomes[169]. Developmental plasticity models of hemiparetic cerebral palsy following
perinatal stroke are also emerging. While different from adult stroke, motor function appears
strongly associated with the relative balance of motor control between two motor
cortices[167,268,269]. Based on these models, recent randomized trials have shown that
contralesional, inhibitory rTMS can improve motor function in hemiparetic children with
perinatal stroke[239,270]. Transcallosal inhibition may therefore be a target for neuromodulation
therapies of cerebral palsy and other motor disorders of the developing brain.
Despite this clinical relevance, interhemispheric motor control systems have not been well
studied in disorders of the developing brain, limited in part by an incomplete understanding of
the normal developmental neurophysiology of transcallosal inhibition. We aimed to describe the
fundamental characteristics and functional correlates of bidirectional iSP and IHI in typically
developing school-age children and adolescents. We hypothesized that transcallosal inhibition
measured as iSP and IHI increase in strength during childhood and adolescences.
3.3 Materials and Methods
3.3.1 Ethical Approval
Participants and guardians provided written consent/assent. Protocols were approved by the
University of Calgary Research Ethics Board and conformed to standards set by the Declaration
of Helsinki.
3.3.2 Participants
Healthy right-handed children and adolescents were recruited through our population-based
Healthy Infants and Children Clinical Research Program. Parents reported that children were
healthy with typical neurodevelopment and the absence of any neuropsychiatric disorders or
medications. Handedness was self-assessed at enrollment and scored using the Edinburgh
Handedness Inventory. Participants were screened for published TMS safety criteria[243].
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3.3.3 TMS Procedures
3.3.3.1 EMG
Surface EMG was recorded bilaterally using Ag/AgCl electrodes (Kendall, Covident Ilc, MA,
USA) placed over the belly of the first dorsal interosseous (FDI) muscles. Reference electrodes
were centered on the knuckle of the second phalange. EMG signals were amplified (x1000;
2024F Isolated amplifier, Intronix Technologies Corp, ON, Canada), band-pass filtered (202000Hz), and recorded (CED1401 signal analog/digital converter; Cambridge Electronic Design,
Cambridge, UK). Muscle activation and strength was displayed in real-time using a digital
oscilloscope (GDS-1022, GW Instek, CA, USA). FDI activation was performed by squeezing a
stress ball with the proximal regions of the thumb and index finger (flexion).
3.3.3.2 TMS
TMS was performed using standard methodologies[271]. Single-pulse TMS was first applied
over the approximated region of M1 using a 70mm figure-of-eight coil attached to the Magstim
2002 magnetic stimulator (The Magstim Company Limited, Whitland, UK). The coil was placed
tangential to the scalp, angled 45 degrees to midline. Stimulation was initially applied at 30%
stimulator output and increased until visible FDI contractions were seen. Grid-mapping
determined the optimal coil location for maximal FDI motor-evoked potentials (MEP). This
“hotspot” was marked on a generic brain MRI template using neuronavigation (Brainsight;
Rogue Research, QC, Canada), allowing for accurate consistent stimulation. Stimulator output
was slowly reduced to determine the resting motor threshold (RMT), defined as the stimulator
output required to produce five 50uV MEP in ten consecutive stimulation. RMT was determined
for both the left and right M1.
Two TMS procedures investigated transcallosal inhibition (Figure 3.1). First, we evaluated iSP
from bilateral FDI (Figure 3.1A). Participants were required to contract the FDI ipsilateral to the
stimulation at 50% of their maximum voluntary contraction (based on response when
participants maximally flexed their FDI by squeezing a stress ball) with this target displayed on
the oscilloscope. Suprathreshold single pulse TMS was delivered to M1 at 120% of the
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stimulated hemisphere’s RMT. Ten stimuli, each separated by five seconds, were performed for
each hand. Only the first five responses from each hand were included in the final analysis, as
retroactive analysis suggested that iSP latency, duration and suppression from the first-three and
last-three stimuli differed in the left non-dominant hand. These changes were likely caused by a
decrease in contraction strength, related to muscle fatigue (left hemisphere-iSP contraction
strength EMG of first-three vs last-three trials, 0.296 vs 0.250 mV, p = 0.024; right hemisphereiSP contraction strength EMG of first-three vs last-three trials, 0.248 vs 0.243 mV, p = 0.718).
To ensure consistency across participants, iSP was tested from the left hemisphere first, and right
hemisphere next, always separated by a minimum of 20 minutes. Second, we evaluated IHI in
both the left-to-right and right-to-left M1 directions with both FDI at rest (Figure 3.1C). Two
Magstim 2002 magnetic stimulators were paired to perform paired-pulse TMS. One 70mm
figure-of-eight coil was placed over each M1 hotspot simultaneously. Left-to-right paired-pulse
TMS was always performed first, where a 120% RMT conditioning stimulus was applied to the
left M1, followed by a 120% RMT test stimulus to the right M1. The two stimuli were separated
by randomly ordered [randomized in real-time through Signal 6.0 software (Cambridge,
Electronic Design, Cambridge, UK)] interstimulus intervals (ISI) of 8, 10, 40 or 50 ms. A total of
50 stimuli were applied in each direction (10 per ISI, with 10 test stimuli alone). The same
procedure was repeated in the right-to-left direction. At least five minutes separated iSP from IHI
measures.
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Figure 3.1. Transcranial magnetic stimulation (TMS) paradigms. A) Ipsilateral silent period
(iSP) paradigm. A figure-of-eight TMS coil is centered over the first dorsal interosseous (FDI)
motor hotspot and stimulation is delivered while the ipsilateral FDI is contracted. Example given
depicts right hemisphere evoked iSP. B) Rectified electromyography (EMG) of an iSP trace.
Background EMG is averaged from pre-stimulus artifact EMG. Latency refers to the time from
the stimulus artifact to the start of the iSP. Duration of the iSP refers to the time from the iSP
start to end. Suppression strength of the iSP refers to the average amount of suppression from
25% background EMG. C) Paired-pulse interhemispheric inhibition (IHI) paradigm. A figure-ofeight TMS coil is centered over each FDI motor hotspot. Two stimuli, a conditioning stimulus
followed by a test stimulus, are applied with an interstimulus interval (ISI) of 8, 10, 40 or 50ms.
Both FDI remain at rest. Example given shows right-to-left IHI. D) EMG of an IHI trace. The
amplitude of a conditioned motor-evoked potential (40ms ISI; grey) is compared to that of an
unconditioned test stimulus (test stimulus alone; black).
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3.3.4 EMG Analysis
The EMG was rectified offline for analysis of iSP characteristics (Figure 3.1B). First, 200 ms of
background EMG prior to stimulation was averaged to determine the amplitude of background
EMG. The start of the silent period was manually delineated as the time point at which EMG
amplitude dropped below 25% of background EMG amplitude; the end of the silent period was
defined as the time point at which EMG amplitude returned above 25% of background. Silent
period duration was the time between the start and end of the silent period. Suppression strength
was defined as the average amount by which the EMG amplitude dropped below the 25%
background EMG threshold within the selected silent period. The area of iSP was calculated as
the product of suppression strength and iSP duration. Silent period latency was the difference in
time from the stimulus artifact to start of the silent period. Frames were excluded from final
analysis if no iSP was present; based on published data an iSP was considered present if it
occurred between 25 and 60 ms after the stimulus artifact, and had a duration of at least 2.5
ms[152,153,272]. Measures were performed using an in-house designed Matlab script. The EMG
for IHI measures was analyzed offline (Figure 3.1D). Test stimuli MEP amplitudes were
averaged. IHI was expressed as a ratio of the conditioned MEP amplitude over the test stimuli
MEP amplitude. Frames were excluded if the conditioning stimulus failed to evoke an MEP in
the contralateral hand.
3.3.5 Purdue Pegboard Test
The Purdue Pegboard Test (PPT) was performed bilaterally to assess unimanual hand
performance[245]. The PPT is a simple task where participants have 30 seconds to place pegs
into a pegboard using either their left (PPTL) or right hand (PPTR). The total number of pegs
placed is scored, and the average score of three repetition per hand is calculated.
3.3.6 TMS Tolerability
Immediately following TMS, participants completed a modified pediatric brain stimulation
safety and tolerability questionnaire[249]. The presence and severity of symptoms (headaches,
neck pain, unpleasant tingling, nausea, and light-headedness) were self-reported. Participants
ranked the tolerability of their TMS session compared to seven common childhood experiences.
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3.3.7 Statistical Analysis
Statistical analysis was performed using Sigmaplot 12.5 (Systat Software Inc.; CA, USA). When
applicable, results are expressed as mean values ± standard deviation. Left and right hemisphere
outcomes, including RMT, iSP duration, iSP latency, iSP suppression strength, iSP area and IHI,
were compared using a paired-samples t-test. Correlations between continuous linear variables,
such as RMT, iSP characteristics, IHI and age were measured using Pearson’s correlation. Onesample t-test determined whether a given ISI resulted in IHI (compared to a ratio of 1.0,
suggesting no difference in MEP amplitude form that of the test stimulus alone). Correlations
between ranked variables, including number of stimuli failing to evoke an iSP and TMS
tolerability, with age, were measured using Spearman’s correlation. PPTL scores were compared
to PPTR scores using a paired-sample t-test. Because age influences PPT performance[273,274],
multiple linear regression was used to determine if age and iSP components could predict PPT
score.
3.4 Results
3.4.1 Demographics
Twenty-four healthy children and adolescents meeting inclusion criteria were recruited. Five
were excluded from the final analysis in order to maintain complete bilateral neurophysiological
data sets (described below). The 19 participants included in the final analysis had a mean age of
14.5±2.9 y (range: 10.4-18.3 y), a gender distribution of 9M:10F and a mean laterality index of
80.6±14.1 (range: 60.0-100).
3.4.2 RMT
The RMT was too high to measure in several young participants including being unobtainable
from both hemispheres in one (7.4 y), from the left hemisphere in two (9.0, 13.3 y) and from the
right hemisphere in two (8.9, 11.6 y) Mean RMT was lower in the left hemisphere compared to
the right (Figure 3.2A; 43.7±9.8 vs 47.1±10.9 % maximum stimulator output; t=-2.56, p=0.020).
Left hemisphere RMT was inversely correlated with age (Figure 3.2E; r=-0.430, p=0.075) with
an even stronger correlation observed in the right hemisphere (r=-0.551, p=0.018).
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Figure 3.2. Transcranial magnetic stimulation (TMS) neurophysiology outcomes of the left (grey
bars and circles) and right (white bars and black circles) primary motor cortex (M1) from 19
children and adolescents. A) Resting motor threshold (RMT). B) Ipsilateral silent period (iSP)
duration. C) iSP latency. D) iSP suppression strength. Data show group mean (± standard
error). E) Correlation of iSP latency evoked from the left or right hemisphere (LH- or RH-iSP)
with age. F) Correlation of iSP suppression strength evoked from the left or right hemisphere
(LH- or RH-iSP) with age. *p<0.05.
3.4.3 iSP Characteristics
iSP was evoked bilaterally in all participants. No differences were seen in the number of
successful iSP evoked in each hemisphere; 72 of 95 (76%) total stimuli applied to the left
hemisphere (LH-iSP) and 79% in the right hemisphere (RH-iSP). Rank order correlation
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demonstrated a strong relationship between the likelihood of producing an iSP from the left
hemisphere and age, where older participants were more likely to have iSP (ρ=0.627, p=0.005).
This strong correlation with age was not seen in the right hemisphere (ρ=0.356, p=0.143).
The duration of the iSP did not differ between hemispheres (Figure 3.2B). When stimulating the
left hemisphere, the duration of the LH-iSP was 15.6±6.2 ms, compared to 14.1±4.5 ms from the
right (t=1.18, p=0.256). iSP duration was not correlated with age in either hemisphere (LH-iSP,
r=0.115, p=0.646; RH-iSP, r=0.015, p=0.963) and did not differ between males and females
(p>0.276 in both hemispheres).
Latency of the iSP differed between stimulation of the left or right hemisphere (Figure 3.2C).
The latency of LH-iSP (40.9±6.1 ms) was longer from that of RH-iSP (37.5±3.9 ms; t=2.15,
p=0.046). Latency of the LH-iSP (Figure 3.2G; r=-0.411, p=0.090) and RH-iSP (r=-0.631,
p=0.005) were negatively correlated with age. Latency of the RH-iSP appeared longer in females
compared to males (39.8±3.0 vs 34.6±2.8 ms; t=3.775, p=0.002) Similarly, latency of the LHiSP latency was longer in females compared to males, approaching significance (43.1±6.3 vs
38.1±4.6 ms; t=1.875, p=0.079). There was no difference in age between males and females.
There was a significant difference in suppression strength between LH-iSP and RH-iSP (Figure
3.2D). Suppression strength of LH-iSP was stronger compared to RH-iSP (Figure 3.2G;
0.117±0.058 mV vs 0.091±0.036 mV; t=2.156, p=0.030). Suppression strength was correlated
with age in RH-iSP (r=0.488, p=0.040), where older children displayed stronger suppression
strength. The strength of suppression did not differ between males and females (p>0.540 in both
hemispheres).
There was a significant difference in iSP area between LH-iSP and RH-iSP. Area of LH-iSP was
larger compared to RH-iSP (1.791±1.108 vs 1.229±0.553 mV*ms; t=2.823, p=0.012). Area of
iSP was not correlated with age in either hemisphere (LH-iSP, r=0.372, p=0.129; RH-iSP,
r=0.369, p=0.131). The area of iSP did not differ between males and females in either
hemisphere (both p>0.185).
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Secondary analysis using all trials, rather than the reduced number intended to accommodate
participant fatigue (as described in Section 3.3.3.2), demonstrated similar trends in iSP duration,
latency, and suppression strength. For either hand, we did not observe correlations between
MVC and age or gender or laterality index.
3.4.4 IHI
Eight participants displayed left-to-right IHI (conditioned MEP amplitude ratio <1.0) at all ISI
tested, with the remaining lacking IHI for at least one ISI. In contrast, thirteen participants
showed right-to-left IHI with all ISI tested. On average, all ISI in both the left-to-right and rightto-left direction produced IHI (Figure 3.3; all p<0.002). There was no difference in conditioned
MEP amplitude ratios across different ISI within a direction, or within an ISI between directions,
although mean MEP amplitudes were consistently lower in the right-to-left direction. When all
ISI were combined, MEP amplitudes were more inhibited in the right-to-left than left-to-right
direction (0.785±0.260 MEP ratio vs 0.684±0.266 MEP ratio; t=2.485, p=0.015). This greater
right-to-left than left-to-right inhibition was more pronounced in females (0.647±0.234 MEP
ratio vs 0.756±0.209 MEP ratio; t=2.186, p=0.036) than males (0.720±0.294 MEP ratio vs
0.814±0.303 MEP ratio; t=1.437, p=0.160), however no differences were seen between females
and males (left-to-right IHI, t=-0.524, p=0.602; right-to-left IHI, t=-0.626, p=0.535). Age was
not correlated with IHI in either direction (all p>0.250).

Figure 3.3 Paired-pulse interhemispheric inhibition (IHI) measures from 18 children and
adolescents. Bidirectional IHI measured when the conditioning stimulus was applied to the left
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hemisphere and the test stimulus to the right hemisphere (left-to-right IHI; grey bars), and the
conditioning stimulus applied to the right hemisphere and the test stimulus to the left hemisphere
(right-to-left IHI; white bars). The amplitude of the conditioned motor-evoked potential is
compared to that of an unconditioned test stimulus (1mV test stimulus). Stimuli are separated by
various interstimulus intervals (ISI). *p<0.05.
Amplitude of the test stimulus MEP was correlated with age in the left-to-right IHI direction
(r=0.569, p=0.14), but not the right-to-left direction (r=0.379, p=0.121). Because paired-pulse
inhibition may be related to the size of test MEP, a multiple linear regression tested whether age
and test stimulus MEP amplitude predicted the IHI MEP ratio. In both direction, at all ISI,
neither age nor test stimulus MEP amplitude were significant for predicting IHI MEP ratio (all
p>0.537).
Handedness was positively correlated with bidirectional IHI at 8 ms and 10 ms ISI, such that
more lateralized participants had less inhibition in both directions. The correlation was strong in
the left-to-right direction at both the 8 ms (r=0.548, p=0.015) and 10 ms ISI (r=0.540, p=0.017).
In the right-to-left direction, there was a significant correlation at the 8 ms ISI (r=0.476,
p=0.046), with a possible trend observed at the 10 ms ISI (r=0.409, r=0.092). There was no
correlation with handedness at the longer 40 and 50 ms ISI. IHI was not correlated with age.
3.4.5 iSP IHI Correlation
Previous reports in adults have demonstrated correlations between iSP suppression strength and
IHI[156]. As such, we investigated the relationship between iSP suppression strength and IHI in
children. Left-to-right IHI at 50 ms ISI was trending towards a negative correlation with LH-iSP
suppression strength (Figure 3.4; r=-0.423, p=0.080), where those with stronger iSP suppression
had smaller MEP amplitude ratios. At all other ISI, there was a consistent but not statistically
significant negative association between left-to-right IHI and LH-iSP (8 ms, r=-0.075, p=0.768;
10 ms, r=-0.154, p=0.541; 40 ms, r=-0.279, p=0.262). Right-to-left IHI at 40 ms ISI was
positively correlated with RH-iSP suppression strength (Figure 3.4; r=0.641, p=0.004), such that
those with stronger iSP suppression had less IHI (larger MEP amplitude ratio). At all other ISI,
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there was a weaker positive correlation between right-to-left IHI and RH-iSP (8 ms, r=0.212,
p=0.398; 10 ms, r=0.347, p=0.158; 50 ms, r=0.154, p=0.542).

Figure 3.4. Correlation of ipsilateral silent period (iSP) suppression strength with paired-pulse
interhemispheric inhibition (IHI) from 18 children and adolescents. Grey circles display
correlations between iSP suppression strength evoked from the left hemisphere (LH-iSP) with
IHI measured when the conditioned stimulus was applied to the left hemisphere and the test
stimulus to the right hemisphere (left-to-right IHI) separated by a 50ms ISI. Black circles
demonstrate correlations between iSP suppression strength evoked from the right hemisphere
(RH-iSP) with IHI measured when the conditioned stimulus was applied to the left hemisphere
and the test stimulus to the right hemisphere (right-to-left IHI) separated by a 50ms ISI.
3.4.6 Hand Function Correlations
Participant’s scored higher on the PPTR than the PPTL (16.1±1.7 vs 14.5±1.4; t=8.139, p<0.001).
PPTL scores showed a significant relationship with RH-iSP suppression duration and strength,
where shorter iSP of stronger suppression from the right M1 was correlated with higher left-hand
scores (Figure 3.5). Likewise, a similar relationship was seen between PPTR scores and LH-iSP
suppression duration and strength. In both models, age (PPTR, t=3.191, p=0.007; PPTL, t=3.090,
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p=0.008) and iSP duration (PPTR, t=-2.950, p=0.011; PPTL, t=-2.726, p=0.016) were able to
predict PPT score. In the multiple linear regression suppression duration did not appear to predict
PPT score.

Figure 3.5. Correlation of ipsilateral silent period (iSP) duration with Purdue Pegboard Test
(PPT) scores from 19 children and adolescents. Grey circles display correlations between iSP
duration evoked from the right hemisphere (RH-iSP) with left hand PPT scores (PPTL). Black
circles demonstrate correlations between iSP duration evoked from the left hemisphere (LH-iSP)
with right hand PPT scores (PPTR).
3.4.7 TMS Tolerability
All TMS procedures were well-tolerated. Two participants reported mild neck pain following
TMS and one participant reported mild tingling. Sensations were temporary and ended shortly
after the stimulation. Self-reported tolerability scores of TMS were 3.89±1.13, comparable to
watching TV (2.97±1.78) or a long car ride (4.73±1.22). Tolerability scores were not correlated
with age (ρ=0.188, p=0.451).
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3.5 Discussion
Here we used two TMS paradigms to assess transcallosal motor inhibition in typicallydeveloping children and adolescents. Components of the iSP appear to mature throughout
development, not be symmetric between hemispheres, and differ between males and females. We
demonstrated that IHI is present by school-age in typically developing children and adolescents,
revealing directional and sex-specific differences in inhibition patterns and associations with
handedness. Direct comparison identified overlapping but also distinct features between IHI and
iSP measures of interhemispheric inhibition. Finally, we identified iSP components associated
with motor performance, further supporting clinical relevance and a potential neurophysiological
target for neuromodulation.
3.5.1 Ipsilateral Silent Periods
The developmental profile of iSP has been previously investigated in children[263], however our
study brings additional methodological differences. The study of Garvey et al. (2003) stimulated
M1 in all age groups (from children to young adults) at 100% stimulator output. Younger
children had longer iSP durations compared to older children and adults, however this may have
been in part due to such high, standardized stimulus intensities. In contrast, our suprathreshold
stimulation were proportional to each individual’s RMT and may therefore have been more
applicable for comparison across age groups. Ipsilateral inhibition studies suggest that iSP
duration increases with stimulator output in adults[153]. Adults are regarded as having a more
stable RMT, and the largest changes in RMT take place throughout early development; therefore
the “effective dose” of a given stimulator output may be more predictable, where an increase in
stimulator output by x% increases a response by x-amount, with relatively little variability in
adults. In developing children, the RMT is age-dependent, as demonstrated by our findings and
others[275]. Standardizing the “effective dose” of stimulation to 120% RMT may be favourable
to a consistent % stimulator output; the “effective dose” of 100% stimulator output stimulation in
a child with an RMT of 70% stimulator output differs from that of a child with an RMT of 30%
stimulator output, such that those with a lower RMT receive a larger dose, therefore changes in
iSP duration may not be solely due to age, but rather to “effective dose” of stimulator, or a
combination of both. Indeed, when a standardized dose of stimulation was given at 120% of each
child’s RMT, we no longer observed a correlation of iSP duration with age. Replicating earlier
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findings, we found that in children over 10 years of age there is no difference in the duration of
iSP evoked form the left or right hemisphere, and that latency showed hemispheric differences.
The findings of differences in iSP latency may be related to increased myelination of white
matter tracts that proceeds throughout development[276], facilitating iSP.
Further discrepancies arise between our findings and that of Garvey et al. (2003). We found that
suppression latency and strength were the only components of the iSP that showed differences
between hemispheres, where the left hemisphere evokes stronger transcallosal inhibition of
longer latency than the right hemisphere. As these were right-handed children, this corresponds
to the dominant hemisphere exerting more pronounced delayed inhibition than the non-dominant
hemisphere. This is in accordance to findings in right-handed adults[277]. Other components of
the iSP, including duration, appear to display hemispheric symmetry between left- and righthanded adults[278]. As children mature, we found that suppression strength evoked from either
hemisphere increases, with suppression latency decreasing. Studies applying diffusion tensor
imaging have revealed changes in the integrity of white matter tracts throughout development.
Whereas certain projecting tracts such as upper corticospinal tracts are mature by adolescence,
the corpus callosum, which facilitates transcallosal interactions, remains immature in
adolescence[279,280]; our correlations of iSP latency and suppression strength support this
developmental notion, as latency continued to decrease with age, and suppression strength
increased. Furthermore, this increased suppression may progress and strengthen as children
develop increased unimanual and bimanual abilities, which may require more precise
coordination of motor control between hemispheres. Alternately, this may reflect myelination of
the callosal fibers, increasing synchrony of volleys across the corpus callosum, possibly allowing
for greater recruitment of contralateral circuits.
3.5.2 Interhemispheric Inhibition
We demonstrated that IHI can be consistently demonstrated in healthy children and adolescents
using bilateral M1, paired-pulse TMS. As with previous reports in adults, when stimuli are
separated by an ISI of 8 to 50 ms, inhibition of MEP is observed[154,156,281]. We demonstrate
that inhibition was stronger when the right, non-dominant hemisphere was conditioned. Lack of
inhibition (MEP amplitude ratio ≥1.0) was more common in the left-to-right direction, where
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nine children did not consistently demonstrate IHI across all ISI. This lack of inhibition in
children may suggest ongoing development of the corpus callosum, which is thought to mediate
transcallosal facilitation[282]. Transcallosal facilitation has been previously reported in adults,
however it is typically seen with shorter ISI of 2-5 ms[156,282]. When all ISI were combined,
inhibition was stronger in the right-to-left than left-to-right direction. Relative directional
strength of transcallosal inhibition appears to be dependent on handedness in adults, however the
directional preference differs from that of children. In typically developing right-handed adults,
conditioning the dominant hemisphere results in stronger IHI than when the non-dominant
hemisphere is conditioned[283,284]; left-handed adults show no directional preference for IHI.
These findings suggest that even in teenagers’ maturation of transcallosal pathways is ongoing,
and the directional strength of IHI may reverse by adulthood.
Although typically referred to as a single phenomenon, IHI is progressively understood as having
distinct components[156,285]. IHI is increasingly divided into short (8 to 10 ms ISI) and long
(40 to 50 ms ISI) forms that have distinct properties. For example, in adults, muscle activation
reduces the short, but not long components of IHI[156]. Although there was no difference in the
strength of short and long IHI in either direction, each component did correlate with unique
factors in healthy children. For example, we found that short IHI correlated with handedness,
where more lateralized individuals showed weaker IHI in both directions. There correlations
were evident with both 8 and 10 ms ISI, suggesting overlapping phases. Long components of IHI
however showed no correlation with handedness but instead were correlated with iSP
suppression strength, further supporting distinct neurophysiological properties.
3.5.3 Influence of Sex
Sex also appears to influence differences in directional strength of IHI, as well as iSP latency.
Females may display a greater asymmetry of right-to-left than left-to-right IHI, whereas males
display directional symmetry. Likewise, females displayed iSP of significantly shorter latency
than males. Males and females have unique neurodevelopmental profiles. The corpus callosum
thickens throughout development, however in females this may occur at a faster rate compared to
males[286,287]. The necessary role of the corpus callosum in IHI and iSP suggests that callosal
thickness may influence the strength of transcallosal inhibition, and earlier maturation of white
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matter integrity in females may facilitate shortened iSP latency. Whether the unique IHI and iSP
profiles of male and female children is solely due to differences in callosal thickness remains to
be investigated. Advances in diffusion tensor imaging can identify properties of transcallosal
fibers (such as anisotropy and diffusivity) that may differ between male and female children,
complementing our neurophysiological findings.
3.5.4 Relationship Between Ipsilateral Silent Periods and Interhemispheric Inhibition
Despite both representing interhemispheric inhibition and having overlapping characteristics, iSP
and IHI may be mediated by different mechanisms. A primary difference between iSP and IHI is
that iSP represents a disruption of voluntary motor activity, whereas IHI requires a
synchronization of two suprathreshold stimuli at rest. The responses of iSP and IHI do have
certain similarities. For example, the optimal scalp location for iSP and IHI is the same, as is the
linear relationship with strength up to ~75% of stimulator output[152,154,156]. Long
components of IHI show correlations with iSP suppression in healthy adults, where stronger IHI
is correlated with stronger iSP, however this was only examined in the right-to-left
direction[156]. Our findings are consistent with this study as we found that long phase IHI (50
ms ISI) in the right-to-left direction was positively correlated with iSP suppression strength of
the left hemisphere in healthy children. Interestingly, in the left-to-right direction with 40 ms ISI,
a negative correlation was seen with RH-iSP suppression strength. This negative correlation
suggests that weaker suppression of the iSP is correlated with weaker IHI [or interhemispheric
facilitation]. This finding supports the idea that IHI and iSP may be mediated by the same
neuronal circuitry, although this is primarily evident with long ISI. The lack of an overlap
between short phase IHI and iSP should not be ruled out as weaker correlations were seen with 8
and 10 ms ISI and iSP suppression strength, although the direction of correlation remained
consistent (i.e. negative correlation in the left-to-right direction, and positive in the right-to-left
direction).
Our findings present seemingly inconsistent trends, where iSP findings suggest that the dominant
hemisphere exhibits stronger transcallosal inhibition than the non-dominant hemisphere,
however according to our IHI findings the non-dominant hemisphere generates stronger
inhibition. These contradictory findings may be explained by the fact that iSP requires
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background activation of the contralateral hemisphere, whereas IHI is performed at rest, and
therefore the state of the central nervous system may not be comparable between these two
paradigms. As suggested by others[156], iSP and IHI should probably best be regarded as
complementary, rather than equivalent, assessments of transcallosal inhibition.
3.5.5 Relationship Between Ipsilateral Silent Periods and Motor Function
We found significant relationships between suppression duration and unimanual hand
performance scores. Suppression duration of the left (dominant) hemisphere showed a
relationship with the contralateral right hand PPT scores, and right (non-dominant) hemisphere
suppression duration with left hand PPT scores. These findings suggest that decreased ipsilateral
suppression from the contralateral hemisphere may be associated with higher unimanual motor
function. Measurements of the corpus callosum suggest that in right-handed children a thicker
corpus callosum is correlated with higher PPT scores[259]. This thickening may be
representative of increased axonal density, thicker axons, or greater myelination, possibly
facilitating a higher degree of interhemispheric connectivity. These anatomical callosal studies
appear consistent with our findings that stronger transcallosal inhibition of the contralateral
hemisphere is associated with improved motor function.
Non-invasive brain stimulation technologies such as transcranial direct-current stimulation
enhance motor learning in adults[74] and children[234]. Emerging evidence suggest that motor
learning paired with transcranial direct-current stimulation changes the strength of transcallosal
inhibition in adults[124]. Interestingly, greater motor improvements were correlated with larger
shifts in transcallosal inhibition. It is hoped that improved understanding of the developmental
properties of transcallosal inhibition described here will facilitate model development and the
creation and evaluation of neuromodulatory therapies for children with motor disabilities.
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3.7 Bridge
Here we characterized baseline transcallosal inhibition in the developing brain, using two TMS
methodologies. We described hemispheric, and sex differences across a population spanning
children and adolescents. Having a more complete understanding of interhemispheric motor
interactions, we then examined the mechanisms underlying tDCS-enhanced motor learning,
including how motor skill learning modulates transcallosal inhibition.
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Chapter 4: Neurophysiological Correlates of Transcranial Direct-Current StimulationEnhanced Motor Learning in Children
The following work has been submitted to Experimental Brain Research (Ciechanski P, Zadie E,
& Kirton A, 2017); used with permission.
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4.1 Abstract
Transcranial direct-current stimulation (tDCS) targeting the primary motor cortex (M1) enhances
motor learning in children and adolescents. tDCS models have been challenged by multiple
reports demonstrating variable and often opposing neurophysiological effects, despite consistent
effects on motor learning. The neurophysiological effects of tDCS-enhanced motor learning have
not been described in pediatrics. The objective of this study was to investigate transcranial
magnetic stimulation (TMS)-measured neurophysiological effects of tDCS-enhanced motor
learning in healthy children and adolescents. We recruited 24 right-handed healthy children and
adolescent to receive: right M1 1mA anodal, left M1 1mA cathodal, left M1 2mA cathodal, or
sham tDCS over three consecutive days of left hand motor training. Motor function and TMS
neurophysiology was assessed at baseline and the end of the training. Active tDCS conditions
enhanced motor learning. Baseline motor function and neurophysiological measures were
comparable. Baseline motor function was correlated with cortical silent period (cSP) duration for
both left hand and right hand. Motor training increased cortical excitability in the trained M1,
with no additional effects from concurrent active tDCS conditions. cSP duration was prolonged
following training, but 2mA cathodal tDCS prevented this increased. Short-interval intracortical
inhibition, intracortical facilitation, and ipsilateral periods typically showed variable responses to
motor training and tDCS. tDCS-enhanced motor learning in pediatrics is typically associated
with variable changes in TMS neurophysiological markers. These findings suggest that interindividual variability of responses to tDCS are evident in children and adolescents. Certain
neurophysiological markers may be associated with motor function, suggestive of potential
therapeutic-targets for motor disabilities.
4.2 Introduction
Transcranial direct-current stimulation is a form of non-invasive brain stimulation increasingly
applied in therapeutic and healthy populations[200,288]. Surface electrodes pass weak electric
current through the underlying scalp and skull with residual current reaching the brain to induce
electric fields and alter cortical excitability[7,289]. The modulated state of the cortex may
influence behavioral changes such as the enhancement of motor learning[74].
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The effects of tDCS are polarity specific. While anodal tDCS often increases cortical
excitability[7] and cathodal tDCS may do the opposite[290], exceptions to these rules are
increasingly described. A tDCS-enhanced motor learning model in adults[116] suggests that
contralateral anodal tDCS enhances motor learning by increasing synaptic efficacy in the trained
primary motor cortex (M1)[114]. Application of ipsilateral “inhibitory” cathodal tDCS on the
other hand is hypothesized to reduce transcallosal inhibition from the untrained on the trained
hemisphere[114,236]. This model has been challenged by multiple reports demonstrating that
tDCS shows variable and often opposing effects[291,292]. The model is further complicated by
reports of variable neurophysiological effects of tDCS within and across individuals[293–297].
Sex, time of day, focus, and genetics are among a host of factors that determine plasticityinduction by tDCS[298]. Despite multiple reports of tDCS augmenting motor learning, the
mechanisms underlying these changes have not been entirely defined[114].
Interrogation of motor neurophysiology brings the potential to understand the mechanisms and
individual variability of motor learning and its modulation. Transcranial magnetic stimulation
(TMS) can be an effective tool. For example, utilizing paired-pulse TMS protocols revealed a
relationship between tDCS-modulated motor learning and the strength of inhibitory circuits,
where greater learning was correlated with a weakening of GABAA-mediated circuits[299]. Such
TMS studies of modulated motor learning in the developing brain have been limited.
Substantial anatomical differences in children may influence the strength of tDCS-induced
electric fields[300], with corresponding neurophysiological changes evident[301]. Despite these
differences, we recently demonstrated that both contralateral anodal and ipsilateral cathodal
tDCS of M1 can enhance motor skill acquisition in children[302]. The relationship between these
behavioral change and neurophysiological mechanisms underlying them are not well defined in
pediatrics. Mechanistic investigations in the adult brain may not be applicable to the developing
child[303,304]. Therapeutic applications of tDCS in pediatrics have been limited but are rapidly
expanding[200,305]. Cerebral palsy causes lifelong motor disability for 17 million people
globally and trials testing the ability of brain stimulation to enhance function are
emerging[306,307]. There is a pressing need to better understand the neurophysiological
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mechanisms that underlie tDCS effects on motor learning in the developing brain to advance
such translational efforts.
Here we used TMS to investigate the neurophysiological effects of tDCS-enhanced motor
learning in children.
4.3 Materials and methods
4.3.1 Participants
Subjects were recruited through the population-based Healthy Infants and Children Clinical
Research Program (www.hiccupkids.ca). Inclusion criteria were: 1) typical neurodevelopment,
2) healthy, and 3) right-handed (as determined by the Edinburgh Handedness Inventory).
Exclusion criteria were: 1) neuropsychiatric disorder diagnosis, 2) taking neuropsychiatric
medication, and 3) TMS or tDCS contraindications[308]. Methods were approved by the
institutional Research Ethics Board. Participants provided written consent and, when applicable,
assent.
4.3.2 Study Design
At enrolment participants were randomly assigned to one of four tDCS conditions by blinded
envelope randomization. Treatment groups were: (1) sham, (2) right hemisphere 1mA anodal
(1A-tDCS), (3) left hemisphere 1mA cathodal (1C-tDCS), or (4) left hemisphere 2mA cathodal
tDCS (2C-tDCS). Each participant underwent three consecutive days of left hand motor training
with simultaneous tDCS application (Figure 4.1A).
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Figure 4.1. Study design overview. A) Participants trained the left-hand Purdue Pegboard Test
(PPTL) over three consecutive days with concurrent application of active or sham tDCS.
Transcranial magnetic stimulation (TMS) neurophysiology and a battery of motor measures
(PPT, JTT, SRTT) were performed at baseline and following the final PPTL training session. B)
Primary motor cortex (M1) targeting montages used. The black square signifies the anode, and
the grey the cathode. Arrows represent the direction of current flow.
4.3.3 Transcranial Direct-Current Stimulation
Direct-current was delivered according to published standards[309] using a DC stimulator
(Neuroconn GmbH; Ilmenau, Germany). Two 25cm2 saline-soaked sponge electrodes were
placed on the scalp and held in place by a plastic headband (EASYstrap; Soterix Medical Inc.,
New York, USA). The active electrode was placed over the respective M1 while the reference
electrode was placed over the contralateral supraorbital area (Figure 4.1B). The location of M1
was determined based on the TMS-localized hot-spot of the first dorsal interosseous (FDI). In
cases where the hot-spot could not be localized, due to high RMT in young children, the
international 10-20 electroencephalography electrode system was used to localize the M1 (C3 or
C4). For anodal and sham tDCS, the anode was centered over right M1 with the cathode over the
contralateral supraorbital area. For cathodal tDCS, the cathode was centered over left M1 with
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the anode over the contralateral supraorbital area. These electrode montages target the left
(trained) hand using contralateral (anodal montage) or ipsilateral (cathodal montages)
approaches.
For active stimulation conditions, the current was ramped to the desired level (1 or 2mA) over 45
seconds, held for 20 minutes, and then ramped down to 0mA over 45 seconds. Sham conditions
involved the same ramp-up and ramp-down durations, however the current was held at 1mA for
only 60 seconds. This application has been validated as an effective sham technique, where
subjects naïve to tDCS cannot predict their treatment group[310]. Resulting current densities
ranged from 0.04 to 0.08mA/cm2.
4.3.4 Motor Training
Complete details of the training protocol are published elsewhere[302]. Over three consecutive
days, participants trained their left hand using the Purdue Pegboard Test (PPT). The PPT is a
validated and reliable measure of unimanual dexterity[311]. Participants had 30 seconds to place
pegs into a pegboard using their left (PPTL) or right (PPTR) hand. At baseline and following
post-training TMS neurophysiology measures, the PPTL and PPTR were performed three times
each, and an average score calculated. Each day, five trials (3 repetitions per trial) of the PPTL
were performed, with 20 minutes of simultaneous tDCS (or sham). Additionally, the JebsenTaylor Test of Hand Function[36; JJTL, left hand; JTTR, right hand] and Serial Reaction Time
Task[313] were performed at baseline and post-training.
4.3.5 TMS Neurophysiology
TMS neurophysiology assessment was completed on the first day prior to training and
immediately following the final training block on the third day. Surface electromyography
(EMG) was recorded bilaterally using Ag/AgCl electrodes placed over the belly of the first
dorsal interosseous (FDI) muscle. Reference electrodes were centered on the knuckle of the
second phalange. EMG signals were amplified x1000 (2024F Isolated amplifier; Intronix
Technologies Corp, ON, Canada), band-pass filtered (20-2000Hz), and recorded (CED1401
signal analog/digital converter; Cambridge Electronic Design, Cambridge, UK) for offline
analysis. When required, FDI contraction was performed by squeezing a stress ball between the
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thumb and index finger with activation strength displayed in real-time using a digital
oscilloscope (GDS-1022; GW Instek, CA, USA).
Single-pulse TMS was first applied over the approximated region of M1 using a 70mm figure-ofeight coil attached to a Magstim 2002 magnetic stimulator (The Magstim Company Ltd,
Whitland, UK). The coil was placed tangential to the scalp, angled 45 degrees to midline.
Stimulation was initially applied at 30% stimulator output and increased until visible FDI
contractions were seen. Grid-mapping determined the optimal coil location for maximal FDI
motor-evoked potentials (MEP). This “hotspot” was marked on a generic brain MRI template
using neuronavigation (Brainsight; Rogue Research, QC, Canada). Stimulator output was slowly
reduced to determine the resting motor threshold (RMT), defined as the output required to
produce five 50uV MEP in ten consecutive stimulations. Active motor threshold (AMT) was
determined in a similar manner during 20% maximum voluntary contraction (MVC, 5/10 MEP,
>200uV) of the FDI.
Paired-pulse TMS was applied to quantify short-interval intracortical inhibition (SICI) and
intracortical facilitation (ICF). A conditioning stimulus of 90% AMT preceded a 120% RMT
suprathreshold test stimulus[314] at rest. An interstimulus interval (ISI) of two or 10ms separated
the two stimuli, corresponding to SICI or ICF paradigms. A total of 30 stimuli were applied (10
per ISI, 10 test stimuli alone) in a pseudo-randomized order. SICI and ICF were quantified by
taking the ratio of average MEP amplitude of the conditioned responses to that of test stimuli
alone.
Cortical silent periods (cSP) were evoked by delivering 15 TMS stimuli at 120%RMT
concurrent to 20%MVC contraction of contralateral FDI. Ipsilateral silent period (iSP) were
evoked by delivering 10 TMS stimuli at 120%RMT concurrent to 50% MVC contraction of
ipsilateral FDI. Duration of the cSP was calculated from the time of MEP onset to the
reappearance of voluntary muscle activity[144]. Analysis of the iSP, including latency, duration
and suppression strength is described elsewhere[152,153,254,272].
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Inter-hemispheric paired-pulse TMS was applied to quantify interhemispheric inhibition[IHI;
30]. One coil was placed over the left and the right FDI M1 hotspots simultaneously. Left-toright paired-pulse TMS was always performed first, where a 120% RMT conditioning stimulus
was applied to left M1, followed by a 120% RMT test stimulus to right M1. The two stimuli
were separated by randomly ordered ISI of 8, 10, 40, or 50ms. A total of 50 stimuli were applied
in each direction (10 per ISI, with 10 test stimuli alone). The same procedure was repeated in the
right-to-left direction. Because IHI is regarded as having unique characteristics at short and long
ISI[156,261], 8 and 10ms ISI responses were averaged, and 40 and 50ms ISI responses averaged.
4.3.6 Statistical Analysis
Statistical analysis was performed using SigmaPlot 12.5 (Systat Software Inc.; San Jose, USA).
Group demographics and baseline neurophysiological characteristics were compared using a
one-way ANOVA. A χ2 test examined gender distribution between groups. Paired t-tests
described baseline neurophysiological differences between hemispheres. MEP amplitude ratio
with 2 or 10ms ISI paired-pulse TMS was defined using a one-sample t-test, comparing
conditioned MEP ratios to a value of 1.0. Correlations between neurophysiological measures,
and between neurophysiological measures and motor measures were performed using Pearson’s
correlation. Motor learning effects and changes in neurophysiological measures between groups
were compared using a one-way ANOVA. The presence of change in neurophysiological
measures was determined using a one-sample t-test. Statistical significance was evidence when
p<0.05.
4.4 Results
4.4.1 Demographics
Twenty-four healthy children and adolescents were recruited. Age, laterality, sex distribution,
and baseline motor function were comparable between intervention groups (Table 4.1).
Bihemispheric neurophysiology measures could not be performed on 5 participants due to high
RMT. Right M1 SICI/ICF responses were excluded from one participant due to abnormally large
MEP ratios (10ms ISI MEP ratio=11).
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Table 4.1. Demographics and baseline neurophysiology characteristics
Sham

1A-tDCS

1C-tDCS

2C-tDCS

L

13.4 (4.0)
74.1 (12.8)
3:3
51.2 (11.6)

13.2 (3.1)
65.8 (27.3)
3:3
44.5 (7.2)

14.4 (4.1)
83.3 (13.3)
1:5
44.0 (13.6)

R

50.0 (14.1)

61.1 (15.8)

AMT (% Max
Stimulator
Output)

L

39.5 (10.9)

R

120% RMT MEP
(mV)

Age (y)
Laterality Index
Sex (M:F)
RMT (% Max
Stimulator
Output)

2ms SICI
(CS:TS)
10ms ICF
(CS:TS)
cSP Duration
(ms)

iSP Duration
(ms)
iSP Latency
(ms)
iSP Suppression
(%)

IHI 8ms
(CS:TS)
IHI 10ms
(CS:TS)
IHI 40ms
(CS:TS)
IHI 50ms
(CS:TS)

Mean

15.1 (1.7)
80.0 (12.7)
3:3
45.3 (13.5)

Between
Groups
P=0.720
P=0.362
P=0.556
P=0.737

43.5 (7.1)

48.1 (10.5)

P=0.274

51.4 (10.0)

33.7 (5.9)

33.2 (12.1)

33.5 (16.6)

P=0.700

35.2 (14.9)

37.8 (12.1)

40.5 (11.3)

32.2 (4.0)

33.3 (10.3)

P=0.547

36.2 (10.1)

L

0.43 (0.38)

0.84 (0.50)

0.95 (0.97)

0.94 (1.23)

P=0.478

0.78 (0.83)

R

0.74 (0.49)

0.29 (0.16)

0.72 (0.58)

0.60 (0.19)

P=0.231

0.56 (0.38)

L
R
L
R
L

0.71 (0.26)
1.01 (0.83)
1.38 (0.56)
1.43 (0.43)
148 (31)

0.57 (0.25)
0.83 (0.44)
0.90 (0.35)
1.69 (0.56)
117 (26)

0.49 (0.37)
0.45 (0.39)
0.87 (0.24)
0.99 (0.28)
97 (33)

0.67 (0.63)
0.54 (0.11)
1.42 (0.55)
1.06 (0.34)
127 (36)

P=0.733
P=0.296
P=0.141
P=0.108
P=0.107

0.62 (0.40)
0.70 (0.48)
1.18 (0.50)
1.31 (0.49)
124 (35)

R

154 (37)

152 (42)

100 (48)

146 (36)

P=0.213

139 (42)

L
R
L
R
L

18.04 (9.10)
14.94 (6.79)
17.43 (4.36)
16.58 (3.84)
62.48 (8.69)

14.00 (6.73)
14.57 (3.57)
20.60 (10.72)
17.00 (1.86)
60.81 (4.30)

14.37 (3.40)
14.21 (3.48)
18.97 (5.98)
11.56 (2.78)
62.53 (2.96)

14.81 (5.87)
12.56 (3.62)
21.23 (4.57)
18.23 (3.45)
62.74 (9.10)

P=0.747
P=0.857
P=0.773
P=0.032
P=0.976

15.50 (6.45)
14.06 (4.35)
19.40 (6.13)
16.07 (3.75)
62.22 (6.53)

R

62.74 (7.64)

64.17 (5.55)

64.57 (5.38)

63.23 (6.17)

P=0.969

63.63 (5.80)

LR
RL
LR
RL
LR
RL
LR
RL

0.81 (0.17)
0.83 (0.32)
0.81 (0.29)
0.81 (0.17)
0.97 (0.53)
0.79 (0.30)
0.77 (0.29)
0.75 (0.27)

0.76 (0.33)
0.59 (0.35)
0.78 (0.22)
0.69 (0.50)
0.77 (0.06)
0.51 (0.32)
0.88 (0.15)
0.77 (0.30)

0.83 (0.29)
0.77 (0.12)
0.98 (0.06)
0.66 (0.24)
0.71 (0.31)
0.60 (0.16)
0.64 (0.36)
0.70 (0.26)

0.60 (0.20)
0.62 (0.15)
0.68 (0.09)
0.58 (0.24)
0.79 (0.16)
0.60 (0.26)
0.8423 (0.29)
0.5769 (0.26)

P=0.445
P=0.465
P=0.089
P=0.702
P=0.941
P=0.484
P=0.662
P=0.697

0.73 (0.25)
0.70 (0.25)
0.80 (0.20)
0.6923 (0.29)
0.82 (0.31)
0.63 (0.26)
0.79 (0.27)
0.69 (0.26)

14.0 (3.2)
75.8 (17.8)
10:14
46.5 (11.5)

Abbreviations: M, male; F, female; AMT, active motor threshold; RMT, resting motor threshold;
SICI, short interval intracortical inhibition; ICF, intracortical facilitation; cSP, cortical silent
period; iSP, ipsilateral silent period; IHI, interhemispheric inhibition; CS, conditioning
stimulus; TS, test stimulus
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4.4.2 Motor Learning
The effects of tDCS on motor learning for this cohort are described in detail elsewhere[302]. All
participants improved PPTL over the training days, regardless of stimulation condition. At posttraining assessment, participants receiving 1A- (p=0.002), 1C- (p<0.001), and 2C-tDCS
intervention (p<0.001) all showed greater PPTL score improvements compared to the sham tDCS
group.
4.4.3 Baseline TMS Neurophysiology
Baseline TMS neurophysiology measures did not differ between intervention groups, except for
iSP latency (Table 4.1; all p>0.106). This difference did not survive correction for multiple
comparisons. Cortical excitability (MEP amplitude at 120% RMT stimulation) did not differ
between left and right M1 (t17=1.595, p=0.129). Paired-pulse stimuli with 2ms ISI resulted in
suppression of MEP in both left (Z=4.015, p<0.001) and right M1 (Z=3.920, p<0.001) with no
difference between hemispheres (t17=0.741, p=0.469). Paired-pulse stimuli with 10ms ISI did not
change MEP amplitude in left M1 (t20=1.665, p=0.112) but facilitated right M1 (t20=3.007,
p=0.007). There was no difference in 10ms ISI MEP ratios between hemispheres (t16=1.169,
p=0.259). Left M1 SICI and ICF responses did not correlate with cortical excitability (2ms, r=0.196, p=0.394; 10ms, r=-0.366, p=0.103). There was no correlation between SICI and ICF
responses in left M1 (r=-0.045, p=0.845). Right M1 SICI responses showed a correlation with
cortical excitability, where those with larger test MEP showed stronger suppression of
conditioned MEP (r=-0.442, p=0.049). No correlation was seen with ICF responses and cortical
excitability (r=-0.314, p=0.178). Right M1 SICI and ICF responses showed a positive correlation
(r=0.465, p=0.0389), where weaker suppression with 2ms ISI correlated with greater facilitation
with 10ms ISI stimuli. Right M1 cSP duration was longer than left M1 cSP duration (t17=2.153,
p=0.046). Duration of the cSP was not correlated with amplitude of the evoked MEP (left M1,
r=-0.040, p=0.870; right M1, r=0.107, r=0.682). Likewise, no correlation was observed between
age and cSP duration (left M1, r=-0.076, p=0.749; right M1, r=-0.350, r=0.142).
4.4.4 Neurophysiological Correlates of Motor Function
Dominant [right] hand motor function, assessed using the PPTL, correlated with left M1
excitability (r=0.487, p=0.025) while left hand motor function showed a possible correlation with
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right M1 cortical excitability (r=0.401, p=0.079). Correlations did not reach significance between
excitability and the JTTL (r=-0.284, p=0.212) or JTTR (r=-0.364, p=0.104). Cortical excitability
showed trending correlations with age (left M1, r=0.424, p=0.053; right M1, r=0.328, p=0.147).
PPT scores were strongly correlated with age (both hands r>0.718, p<0.001) and multiple linear
regression revealed that only age was a significant contributor to PPT score (both p<0.047),
although cortical excitability showed possible trends (both p=0.152).
ICF responses in left M1 were correlated with PPTR (r=-0.641, p=0.002) and JTTR (r=0.497,
p=0.022) scores. ICF responses were weakly correlated with age (r=-0.381, p=0.089). Multiple
linear regression suggested that both ICF (p=0.011) and age (p=0.048) significantly contributed
to PPTR score.
Left hand motor function correlated with right M1 cSP duration (Figure 4.2). Both the PPTL (r=0.541, p=0.017) and JTTL (r=0.510, p=0.026) showed significant correlations with right M1 cSP
duration, where shorter cSP duration was correlated with higher motor function (i.e. higher PPT
scores, lower JTT scores). Additionally, left hand reaction time showed possible correlations
with right M1 cSP duration (r=0.405, p=0.085), where faster reaction time was correlated with
shorter cSP. Only right hand motor function assessed by the PPT showed a correlation with left
M1 cSP duration (r=-0.462, p=0.041); the JTTR showed no correlation with cSP duration
(r=0.0265, p=0.912). Duration of left M1 (r=-0.076, p=0.749) or right M1 cSP (r=-0.350,
p=0.142) did not correlate with age.
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Figure 4.2. Correlation of cortical silent period (cSP) duration with Purdue Pegboard Test score
(PPT). Left hand PPT score (PPTL) was correlated with right primary motor cortex (M1) cSP
duration (grey dots, solid line). Right hand PPT score (PPTR) was correlated with left M1 cSP
duration (white dots, dashed line).
4.4.5 Neurophysiological Changes of Motor Learning
Motor training consistently increased cortical excitability in the trained right M1 in all
stimulation groups (Figure 4.3; all p<0.070). No differences in this effect were observed between
tDCS treatment groups (H=3.308, p=0.346). In the untrained M1, only motor training alone
(sham tDCS) was associated with an increase in cortical excitability (p=0.009). Variable changes
in untrained M1 excitability were observed with active tDCS with no mean differences across
groups.
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Figure 4.3. Change in motor-evoked potential (MEP) amplitude in the left and right primary
motor cortex (M1) between baseline and post-training measurements, for sham (white circles),
1mA anodal (1A-tDCS, light grey triangles), 1mA cathodal (1C-tDCS, light grey squares) and
2mA cathodal tDCS (2C-tDCS, dark grey squares).
Motor training was associated with variable changes in SICI responses in both M1 with no mean
differences between treatment groups (Figure 4.4A). In trained right M1, ICF appeared to
decrease in both sham and 1A-tDCS groups (Figure 4.4B). Both cathodal tDCS groups showed
inconsistent changes in right M1 ICF responses. Inconsistent and variable changes in ICF
responses were seen in the untrained left M1, though the 1A-tDCS group was the only one to
suggest a net increase (the other groups showing a trend toward decreased ICF).
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Figure 4.4. Change in motor-evoked potential amplitude ratios with paired-pulse stimulation
with A) 2ms (SICI, short interval intracortical inhibition) or, B) 10ms interstimulus intervals
(ICF, intracortical facilitation) in the left and right primary motor cortex (M1) between baseline
and post-training measurements, for sham (white circles), 1mA anodal (1A-tDCS, light grey
triangles), 1mA cathodal (1C-tDCS, light grey squares) and 2mA cathodal tDCS (2C-tDCS, dark
grey squares).
CSP duration often increased or showed no change in trained right M1 (Figure 4.5). For both
sham and 1A-tDCS one participant showed shortening of cSP duration. Compared to participants
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in the sham condition, participants receiving 2C-tDCS showed a trend towards a significant
difference, where cSP duration was shortened with 2C-tDCS (t8=2.210, p=0.058). Training alone
typically shortened cSP duration in the untrained left M1, however one participant demonstrated
large prolonging of cSP duration. This individual with large prolonging of left M1 cSP duration
was the only participant who showed a decrease in contralateral PPTR score. Cathodal montages
showed differential effects, where 1C-tDCS typically prolonged cSP duration compared to
shortening with 2C-tDCS (t8=2.378, p=0.045) in the left M1.

Figure 4.5. Change in cortical silent period (cSP) duration in the left and right primary motor
cortex (M1) between baseline and post-training measurements, for sham (white circles), 1mA
anodal (1A-tDCS, light grey triangles), 1mA cathodal (1C-tDCS, light grey squares) and 2mA
cathodal tDCS (2C-tDCS, dark grey squares).
Paired-pulse IHI showed changes with motor learning, with possible effects of tDCS (Figure
4.6). Training alone typically increased short- and long-phase IHI in the left-to-right direction,
where the left M1 exerted stronger inhibition on the right M1 (t4=1.941; p=0.092). A different
pattern of change was suggested in the right-to-left direction where training alone increased
long-phase IHI but decreased short-phase IHI (t4=4.276, p=0.013). The addition of 1C-tDCS also
resulted in differential effects on short- and long-phase IHI. In the left-to-right direction, the 1C101

tDCS group showed decreased long-phase IHI only with training (t3=3.05, p=0.055). The
weakening of long-phase IHI with 1C-tDCS was different from changes seen with sham tDCS
(t7=2.822, p=0.026) and the stronger 2C-tDCS (t7=2.515, p=0.036) in the left-to-right direction.
1A-tDCS often shifted right-to-left IHI towards stronger inhibition with both short- and longphases; short-phase IHI changes trended towards being different from the weakening of IHI with
sham tDCS (t7=1.915, p=0.097). Left-to-right IHI changes across both short- and long-phase IHI
were variable with 1A- and 2C-tDCS. Right-to-left IHI changes across both short- and longphases IHI were variable with 1C- and 2C-tDCS.

Figure 4.6. Change in interhemispheric inhibition (IHI) motor-evoked potential ratios in the left
to right (LR IHI) and right to left primary motor cortex (RL IHI) direction, between baseline to
post-training measurements, for sham (white circles), 1mA anodal (1A-tDCS, light grey
triangles), 1mA cathodal (1C-tDCS, light grey squares) and 2mA cathodal tDCS (2C-tDCS, dark
grey squares). Short (white bar) and long (grey bar) phases of IHI were averaged.
Overall, iSP duration, latency, and suppression strength showed variable responses (Figure 4.7).
We did not find any significant correlations between change in PPTL score and change in
neurophysiological measure.
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Figure 4.7. Change in ipsilateral silent period (iSP) A) duration, B) latency, and C) suppression
strength in the left and right primary motor cortex (M1) between baseline and post-training
measurements, for sham (white circles), 1mA anodal (1A-tDCS, light grey triangles), 1mA
cathodal (1C-tDCS, light grey squares) and 2mA cathodal tDCS (2C-tDCS, dark grey squares).
Tolerability of tDCS[302] and TMS[254] by this population is described elsewhere. Overall, no
adverse events were reported, and both tDCS and TMS demonstrated favourable tolerability.
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4.5 Discussion
We applied TMS to investigate the neurophysiological correlates of motor learning in
neurologically-intact children and their potential modulation by tDCS. We found that change in
bilateral M1 TMS biomarkers varies widely in natural and modulated motor learning in children.
Certain TMS measures may be associated with baseline motor skill, but which measures might
reflect mechanisms of motor learning plasticity in the developing brain remains to be
determined.
Overall, our findings suggest that TMS neurophysiology is a potentially useful tool for assessing
tDCS-enhanced motor learning but brings many challenges and limitations. Among these is the
increasingly recognized variability of TMS responses both between individuals and even
between sessions in the same individuals[293,315]. Similar heterogeneity has more recently been
described for the effects of tDCS including many possible modifiers. We endeavoured to
minimize this variation by adhering to rigorous and consistent operating procedures and careful
participant selection. However, many known factors could not be addressed here. One example
is genotype where a common polymorphism in the BDNF gene has been shown to modulate
motor learning and tDCS effects[316,317]. Another is timing as tDCS-induced changes in
excitability are known to evolve over time. For example, adolescents receiving 10 minutes of
tDCS show changes in M1 cortical excitability that vary over the first hour after
stimulation[301]. Our TMS protocol required approximately 1.5 hours, suggesting measures at
each single-time point may not be representative of all effects. These and other limitations are
not easily overcome but must be considered in the design of future studies.
Baseline motor skill was associated with certain TMS measures. We found that ICF responses
appeared to be a strong predictor of dominant hand function, where higher motor function was
correlated with less pronounced ICF. These findings may be consistent with previous studies that
have examined ICF in adult musicians with exceptional motor function. Compared to nonmusician controls, musicians show reduced ICF, however the cause of this neurophysiological
adaptation is not clear[318]. One hypothesis suggests that dampened ICF is a form of
maladaptive plasticity resulting from overuse of hands during extensive training[318]. Our
results support the presence of a relationship between excitatory intracortical circuits and motor
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function earlier in development, suggesting extensive motor training may not be the root of these
changes.
Inhibitory intracortical circuits may also be associated with motor function though our results
were heterogeneous and difficult to interpret. Our findings suggest that cSP duration, which is
thought to reflect inhibitory interneuronal activity[143], was correlated with motor function.
Individuals with shorter cSP demonstrated higher motor function. The motor function measures
employed were all speed-based, where quicker movements achieve higher scores. As the cSP is a
time during which voluntary motor activity cannot be evoked[143], it is conceivable that longer
cSP may limit the ability to perform rapid movements. The possible correlation between cSP and
reaction time corroborates this hypothesis. It is important to consider that our cSP measures were
from FDI, where tests such as the PPT require coordinated activity between many other muscles
involved in reaching. The cSP is also a product of a suprathreshold magnetic stimulus, which
may not reflect normal physiological responses.
Cortical excitability of the trained hemisphere increased following motor training. This did not
appear to change with the addition of tDCS. The contralateral M1 plays a central role in motor
skill acquisition and encoding. Many neurophysiological changes occur with motor training,
including increased cerebral blood flow to motor regions[319] and expansion of hand
representations within M1[320]. These modulated cortical outputs are thought to be associated
with changes in cortical excitability, induced by intracortical excitatory networks. The modulated
M1 may reorganize by strengthening synaptic efficacy of neuronal connections[321], or by
unmasking suppressed connection[322]. These synaptic changes are associated with early stages
of motor skill acquisition and precede structural changes that may encode motor skill, such as
increased dendritic branching within M1[323].
We found that motor training alone typically increased cSP duration in the trained hemisphere.
These findings may be consistent with adult studies, which demonstrate prolonging of cSP
following fatiguing motor tasks[324–326]. The increase in cSP duration is suggestive of central
corticomotor fatigue. Concurrent application of tDCS, particularly cathodal, appeared to
decrease these effects on cSP yet were associated with enhanced motor learning. This suggests
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that alternate mechanisms are responsible for this change. Adult studies have demonstrated that
fatiguing hand exercises decrease long-interval intracortical inhibition (LICI), also mediated by
inhibitory intracortical circuits[326]. Future experiments may consider investigating whether
tDCS alters LICI to enhance motor learning. Unlike the weaker 1mA current, ipsilateral 2mA
cathodal tDCS shortened cSP duration in both hemispheres. Previous reports suggest that anodal
tDCS reduces cSP duration[327]. Coupled with the finding that stronger 2mA cathodal tDCS
mimics anodal tDCS[291], it is plausible that 2mA cathodal tDCS could reduce cSP duration as
seen here. Reduced cSP duration by 2mA cathodal tDCS suggests that stimulation may
counteract or limit central fatigue, which would restrict rapid motor skill acquisition. These
changes were not seen with 1mA cathodal tDCS. This is consistent with findings that cathodal
tDCS demonstrates opposing effects with increasing strength[291,301].
Neurophysiological measure of SICI showed variable responses to both motor learning and
tDCS. Intracortical inhibition measures have been reported in the context of motor learning,
however consistent changes have not been demonstrated[328–330].
Transcallosal inhibition can be assessed using IHI TMS paradigms[154,156]. Short- and longphase IHI are likely mediated by distinct neuronal populations[261]. We recently reported
similar findings in the developing brain[254]. Here we demonstrated that short- and long-phase
IHI may respond uniquely to hand motor training. Motor training modulated IHI, whereby lefthand training strengthened long-phase IHI but weakened short-phase IHI in the right-to-left
direction. These differential responses provide further evidence that distinct neuronal populations
may mediate short- and long-phase IHI with varying susceptibility to tDCS effects. Compared to
short-phase IHI, 1mA cathodal tDCS decreased long-phase IHI when compared to training alone.
Weaker long-phase IHI was not seen with 2mA cathodal tDCS, however this may be expected,
given the nonlinear nature of cathodal tDCS[291,301]. The effects of tDCS on IHI in adults have
been reported outside of the context of motor learning. Using the same montages as our study,
comparable effects were described[331]. Anodal tDCS strengthened IHI in the right-to-left
direction, whereas cathodal tDCS weakened IHI in both directions. Here we report similar
findings that 1mA cathodal tDCS weakened left-to-right IHI, however this was only seen with
long-phase IHI, whereas adult reports demonstrated this change in short-phase IHI[331]. These
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differential effects may be related to the unique nature of the developing brain, the influences of
motor training, or other factors.
Motor skill learning involves many cortical and subcortical regions and assessing just one node
(M1) may not reflect larger changes in network connectivity. Advances in neuroimaging
including resting-state fMRI, spectroscopy, and EEG have demonstrated such motor learning
effects[332,333]. Additionally, while active electrodes are placed over M1, stimulation is not
focal and often results in stimulation of many cortical and subcortical regions between the anode
and cathode[46,300]. In a large cohort of children and adults, we validated previous
suggestions[300] that tDCS induces more widespread electric fields in children compared to
adults [Ciechanski et al., submitted]. Whether more focal tDCS stimulation of a single node can
enhance motor learning may be explored with high-definition tDCS[44,334].
In conclusion, tDCS-enhanced motor learning in healthy children and adolescents is associated
with variable neurophysiological changes as measured by TMS. Certain neurophysiological
markers may be associated with higher motor function, suggestive of potential therapeutictargets for motor disabilities. Inter-individual variability of neurophysiological responses to
tDCS remains an issue in children and adolescents, as in adults, warranting future investigation
using complimentary techniques and rigorous methodologies
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4.8 Bridge
Here we investigated the neurophysiological correlates of tDCS-enhanced motor learning. We
demonstrated that pre-intervention M1 neurophysiological measures correlate with baseline
motor function. Investigations of tDCS-enhanced motor learning appear to be more complex, as
we found variable effects over a multitude of neurophysiological investigations. Many factors
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may contribute to this variability, notably individual neuroanatomy. Current modeling
investigations in adults suggest that anatomical variations can greatly influence the strength of
induced electric fields, and it may be the strength of these electric fields that dictates the
resulting neurophysiological effects. Given the vastly unique neuroanatomy of the child,
adolescent, and adult, we performed current modeling investigation across a large cohort to
examine electric field strength and distribution.

108

Chapter 5: Modeling Transcranial Direct-Current Stimulation-Induced Electric Fields in
Children and Adults
The following work has been submitted to Cerebral Cortex (Ciechanski P, Carlson H, Yu S, &
Kirton A, 2017); used with permission.
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5.1 Abstract
Transcranial direct-current stimulation (tDCS) is a form of non-invasive brain stimulation that
induces electric fields in neuronal tissue, modulating cortical excitability. Therapeutic
applications of tDCS are rapidly expanding, and are being investigated in pediatrics for various
clinical conditions. Anatomical variations are among a host of factors that influence the effects
of tDCS, and pronounced anatomical differences between children and adults suggest that
induced electric fields may be substantially different across development. The aim of this study
was to determine the strength and distribution of tDCS-induced electric fields across
development. Typically-developing children, adolescents, and adults were recruited.
Individualized finite-element method modeling of primary motor cortex (M1) targeting tDCS
was performed. In the largest pediatric sample to date, we found significantly higher peak and
mean M1 electric field strength, and more expansive electric field spread for children compared
to adults. Electric fields were often comparable between adolescents and adults. Our results
suggest that these differences may be associated with age-related differences in skull and extraaxial space thickness, as well as developmental changes occurring in grey and white matter.
Individualized current modeling may be a valuable tool for personalizing effective doses of
tDCS in future pediatric clinical trials.
5.2 Introduction
Transcranial direct-current stimulation (tDCS) is a form of non-invasive brain stimulation
commonly investigated as a neuromodulator in healthy and clinical populations. Through the
induction of electric fields, weak direct-current passing through the brain alters cortical
excitability. Behavioral changes are evident when modulating cortical excitability. For example,
tDCS targeting the motor cortex may enhance motor skill acquisition in healthy subjects [116]
and facilitate motor rehabilitation in subjects with post-stroke hemiparesis [240,336]. A wide and
rapidly expanding range of clinical and neurophysiological applications are described [288]. As
an emerging therapeutic tool, tDCS is also increasingly applied in the developing brain [55] even
though the mechanistic investigations performed in adults over the past 15 years are virtually
absent in pediatric populations.
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Early neurophysiological studies suggest the effects of tDCS may be different in children as
compared to adults [161]. Clinical studies of motor effects of tDCS in children suggest that tDCS
may enhance motor skill acquisition, however the mechanisms underlying this enhancement may
differ from adults [234,335], suggesting unique effects. Despite a relative paucity of evidence,
tDCS is increasingly applied across clinical populations, most notably in cerebral palsy where
treatments are currently limited and evidence of enhanced motor learning makes tDCS a logical
possibility. Some tDCS clinical trials are controlled, blinded, randomized trials with safety
outcomes [172] but many others are not [337]. With such pediatric applications expanding
rapidly, there is a pressing need to better define how tDCS effects may differ in the developing
brain.
Advances in computational finite-element method (FEM) modeling allow for predictions of
electric field strength and distribution induced by tDCS [338]. For example, cross-sectional
investigations have quantified tDCS-induced electric fields in groups of healthy adults, revealing
cortical regions that experience consistent or variable electric field strength [51]. These sources
of variability include idiosyncrasies of gyral/sulcal geometry, white (WM) and grey matter (GM)
architecture, variations in skull thickness and shunting of current through highly conductive
cerebrospinal fluid (CSF), among many other factors that complicate current modeling [50,339].
These anatomical factors display the greatest variability in children and adolescents, as these
populations are actively developing, compared to the relatively stable anatomy of mature adults.
Small current modeling case series suggest that tDCS-induced electric fields may be stronger in
children compared to adults [340]. These varying effects are postulated to relate to multiple
anatomical differences associated with younger age. Multiple small case series have suggested
similar findings in pediatric tDCS application [48,242,341–343]. These case reports are not
sufficiently powered to capture the full extent of potential electric field variability in pediatrics,
owing to ongoing changes in brain neuroanatomy and morphology that occur throughout
development. It is imperative that electric fields be modeled cross-sectionally, as subject-specific
modeling is imperative to maximizing the safety profile and therapeutic potential of tDCS [344].
Advancing such understanding may facilitate tDCS study design across broader applications,
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while promoting greater precision and personalized approaches to non-invasive
neuromodulation.
This project aimed to create age-specific models of tDCS-induced electric fields. Using
parameters defined by typical primary motor cortex (M1) targeting tDCS montages, we modeled
electric fields in typically developing children, adolescents, and adults. We hypothesized that
children would experience stronger and more expansive electric fields compared to adults. Based
on previous reports examining factors that influenced electric fields induced by tDCS [50], we
predicted that skull and CSF thickness would largely influence the strength of electric fields,
based on their ability to block and shunt electric current, respectively.
5.3 Methods
5.3.1 Participants
Typically developing children were recruited through an established healthy controls recruitment
program at the Alberta Children’s Hospital. Healthy adult volunteers (aged >20 years) were
recruited via word of mouth. All participants were right handed, had no MRI contraindications,
and denied any neurodevelopmental or neuropsychiatric conditions. The younger participant
group was further subdivided into two groups based on age; children (aged 6.0-12.9 years) and
adolescents (aged 13.0-19.0 years). Written parental informed consent and participant assent was
obtained for pediatric participants. Informed consent was obtained from adult participants. This
study was approved by the Conjoint Health Research Ethics Board, University of Calgary.
5.3.2 Imaging
Images were acquired in a single scanning session at the ACH Diagnostic Imaging Suite using a
3.0 Tesla GE Discovery MR750w MRI scanner (GE Healthcare; Waukesha, WI) with an MR
Instruments (Minnetonka, MN) 32-channel receive-only head coil. High-resolution anatomical
T1-weighted fast spoiled gradient echo (FSPGR) images were acquired in the axial plane [166
slices, no skip; voxel size= 1.0 mm isotropic; repetition time (TR)=8.5ms; echo time
(TE)=3.2ms; flip angle=11o; field of view (FOV)=256; matrix=256x256]. T2-weighted images
were acquired in the axial plane [36 slices, no skip; voxel size=0.45x0.45mm; slice
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thickness=3.6mm; TR/TE=6187/80ms; FOV=230mm; matrix=512x512]. For a subset of
participants, diffusion weighted images (DWI) were acquired in 32 non-collinear directions
(b=750 or 900 s/mm2, 4 volumes using b=0 s/mm2, voxels=2.2-2.5 mm3 isotropic,
duration=6min, TR/TE=11.5s/70ms, FOV=220x220, matrix=256x256).
5.3.3 Current Modeling
tDCS current modeling was performed using the standard SimNIBS pipeline (Figure 5.1) [345].
Briefly, the T1- and T2-weighted anatomical volumes were segmented into five tissue types
using FSL [version 5.0.9; ,346] and Freesurfer [version 5.3; ,347]. These segmentations
corresponded to WM, GM, CSF, skull, and skin. Cerebellum and brainstem were categorized as
WM. Subsequently, tetrahedral volume mesh head models were created based on the
segmentations using SimNIBS [345] and Gmsh [348].
Modeling of electric fields was performed through SimNIBS using FEM modeling on the
generated volume meshes. Previously established conductivity values for each tissue type were
used for FEM calculations [50]: WM [0.126 Siemans/meter (S/m)], GM (0.275 S/m), CSF (1.654
S/m), bone (0.010 S/m), and skin (0.465 S/m). Conductivity tensors were also calculated for the
subset of participants with diffusion weighted sequences using a volume normalized approach, as
described elsewhere [349], to provide personalized anisotropic WM conductivity maps.
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Figure 5.1. Image processing flow diagram. (A.) Acquisition of T1, T2 anatomical and diffusion
scans. (B.) Segmentation of T1 anatomical image into five tissue types. (C.) Calculation of head
volume meshes composed of tetrahedral elements. (D.) Modeling of 5x5cm virtual tDCS
electrodes. (E.) Simulation of three typical tDCS montages aimed at motor learning (anodal,
cathodal, bihemispheric). (F.) Modeling of electric field strength across the brain. PeakEF was
extracted for each montage, tissue type and age group. (G.) Conversion of EFMaps into NIfTI
format by interpolating tetrahedral elements. (H.) Normalization of NIfTI files into MNI template
space using deformations calculated on T1 anatomy. (I.) Voxel-based statistical analyses were
performed using SPM12.
5.3.4 Electrode Placement
Virtual electrodes were generated using SimNIBS. Three tDCS montages applied in motor
learning investigations in healthy adults and children [129,234,335], and in stroke motor
rehabilitation trials [172,350], were simulated: A) anode directly above the hand area of right
M1, cathode over the left supraorbit (M1R-SOL), B) cathode over the right supraorbit, anode
directly above the hand area of left M1 (SOR-M1L), C) anode directly above the hand area of
right M1 and cathode directly above the hand area of left M1 (M1R-M1L). These montages are
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typically used to enhance motor learning of the left hand and are illustrated in Figure 5.2A-C.
The hand area of M1 [140] was visually identified by a single investigator. For a subset of
participants, the cathode was positioned directly above the hand area of right M1, with the anode
over the left supraorbit (SOL-M1R). The purpose of this control was to ensure that polarity itself
did not change electric field strength.

Figure 5.2. Electrode placement for three montages typically used in motor learning paradigms
to enhance skill acquisition of the left hand. The red electrode depicts the anode, and the blue the
cathode. (A.) Anodal (B.) Cathodal (C.) Bihemispheric montages. (D.) Electrode dimensions.
Electrodes were modeled to represent those produced by neuroConn (neuroConn GmbH;
Ilmenau, Germany). Square sponges (5x5cm) of 6mm thickness were generated (Figure 5.2D). A
rubber electrode of 1mm thickness was enclosed in the sponge; the rubber electrode had a
defined connector area of 2.5x0.5cm, centered along the posterior aspect of the electrodes.

115

Rubber electrode conductivity was set to 0.100 S/m, and saline-soaked sponges at 1.000 S/m.
Current strength was set to 1mA.
5.3.5 Electric Field Modeling
Peak electric field (PeakEF) for each participant was identified in each tissue type for each tDCS
montage using isotropic and anisotropic WM models. Subsequently, the final mesh representing
the whole-brain electrical field model (EFMap) for each montage was converted to NIfTI format
through the interpolation of electric field strength at the centre of each voxel. This was done by
smoothing surrounding tetrahedral mesh elements using a Gaussian weight function (based on
distance from the centre of the voxel) to create an EFMap with voxels of 1mm3 resolution. To
enable group comparisons, EFMaps for each participant were then converted to standardized
Montreal Neurological Institute (MNI) space by calculating deformation fields based on each
T1-weighted anatomical sequence using a mean template of 152 healthy individuals (MNI152)
for comparison (Figure 5.6). This normalisation step was performed using Advanced
Normalization Tools (ANTs)[351] and the calculated warps were applied to each EFMap.
Resulting warped whole-brain EFMaps were spatially smoothed using a 6mm3 full-width halfmaximum (FWHM) Gaussian kernel and were used in subsequent group comparisons. Spatial
smoothing was performed to improve the normality of data for statistical analysis [352]. For
visualization, group mean EFMaps were created in SPM by averaging non-smoothed EFMaps
for participants in each age group.
To specifically explore electric field strength corresponding to electrode placement, 30mmdiameter spherical regions of interest (ROIs) were positioned within bilateral M1, ventromedial
prefrontal cortex (VMPFC), and primary visual cortex (V1) on the MNI152 brain (Figure 5.7).
M1 ROI spheres were placed on the right and left hand-knob of the pre-central gyrus (Right M1:
36 -18 60; Left M1: -36 -21 61). VMPFC ROI spheres were placed in the frontal white and grey
matter (Right VMPFC: 18 56 -5; Left VMPFC: -18 56 -5). M1 and VMPFC ROI spheres
corresponded to the cortical regions underlying the scalp electrodes. V1 ROI spheres were placed
in occipital lobes (Right V1: -20 -86 -1; Left V1: -17 -89 0) and served as reference ROIs
displaced from the locations of tDCS electrodes. Spheres were constrained to white and grey
matter (i.e., excluded CSF, skull and skin). ROIs were superimposed on co-registered EFMaps
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for each participant and mean electric field strength (MeanEF) within each spherical ROI was
extracted.
5.3.6 Tissue Characteristics
For each participant, total cortical grey (GMvol) and white matter volumes (WMvol), estimated
total intracranial volume (eTIV) and CSF volume (CSFvol) were calculated from the segmented
Freesurfer volumes (all in mm3). GM-WM ratio was calculated as: total GMvol/total WMvol.
Skull and CSF (extra-axial space) thickness for each participant was measured in locations
corresponding to each tDCS electrode (i.e., left and right M1, right and left supraorbital area).
Participant skull thickness was averaged within each patient group to estimate group skull
thickness under each tDCS electrode.
5.3.7 Statistical Analyses
Distribution normality was assessed using Shapiro-Wilk tests. One-way analyses of variance
(ANOVA) explored main effects of age (children, adolescents, adults) on tissue characteristics
(GMvol, WMvol, GM/WM ratio, eTIV, CSFvol, skull thickness), PeakEF and ROI EFs. Repeatedmeasures ANOVA (RM-ANOVA) explored differences between montages within tissue types.
Linear regression was used to explore the relationship between estimated GMvol, WMvol,
GM/WM ratios, eTIV, CSFvol, PeakEF, ROI EFs, and age. Linear regression was used to also
explore the relationship between PeakEF and anatomical factors. Statistical analyses were
performed using IBM SPSS (ver 20). Where relevant, values display mean (standard deviation).
Statistical significance was evident when p<0.05.
EFMaps for each participant were used in a group-level voxel-based statistical analysis in SPM
(Statistical Parametric Mapping; UCL, Wellcome Trust) [352] to investigate differences in
electric field strength across space. A one-way ANOVA followed by post-hoc independent ttests were used to investigate differences in electric field strength between participant age
groups. Paired t-tests explored differences between using a single isotropic standard conductivity
value for all WM versus using an individualized DWI-based anisotropic conductivity tensor.
These comparisons were performed for each of three tDCS montages. For all analyses, a p-value
of punc=0.001 and a threshold cluster size of k>100 voxels was used to determine significance.
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5.4 Results
5.4.1 Population
Fifty-eight participants were recruited. Seven were subsequently excluded due to poor quality
anatomical scans caused by excessive head motion or errors in modelling. The final study
population consisted of 19 children (median=9.9 years, range=6.5 to 12.7 years), 16 adolescents
(median=16.8 years, range=13.5 to 19.0 years) and 16 adults (median=25.97 years, range=20.9
to 43.0 years). Group demographic information is displayed in Table 5.1.
Table 5.1. Demographics and Tissue Characteristics
Category
Mean (SD)[range or %]

Participant Group
Children

Adolescents

Adults

10.0 (1.8) [6.5-12.7] years

16.3 (1.9) [13.5-19.0] years

27.5 (6.3) [21-43] years

N = 12 [63.2%]
N = 7 [36.8%]
N = 19

N = 9 [56.3%]
N = 7 [43.8%]
N = 16

N = 6 [37.5%]
N = 10 [62.5%]
N = 16

GMvol

5.81 (0.5) [4.5-6.9] mm3

5.35 (0.8) [4.0-6.8] mm3

5.16 (0.5) [4.6-5.8] mm3

WMvol

4.29 (0.4) [3.7-5.4] mm3

4.41 (0.8) [3.2-5.7] mm3

4.71 (0.4) [4.2-5.7] mm3

1.36 (0.1) [1.2-1.5]

1.22 (0.1) [1.1-1.4]

1.10 (0.1) [1.0-1.3]

eTIV

1.56 (0.1) [1.3-1.8] mm3

1.59 (0.2) [1.2-2.0] mm3

1.58 (0.1) [1.4-1.8] mm3

CSFvol

49.4 (6.1) [37.3-58.9] mm3

54.0 (3.0) [49.3-60.5] mm3

47.35 (6.3) [35.8-56.4] mm3

3.8 (1.1) [1.7-6.1] mm
4.2 (1.4) [2.2-7.4] mm
4.4 (1.3) [1.9-7.5] mm
5.1 (1.3) [2.7-8.0] mm

5.1 (1.8) [2.1-8.7] mm
4.9 (1.7) [1.7-7.1] mm
5.6 (2.2) [2.5-11.4] mm
5.6 (1.9) [3.1-9.8] mm

7.8 (2.4) [4.2-11.4] mm
7.7 (2.6) [3.1-11.6] mm
5.7 (1.7) [3.3-8.6] mm
5.7 (1.2) [4.2-7.9] mm

5.2 (1.0) [3.8-7.3] mm
5.1 (1.2) [3.1-7.8] mm
6.7 (1.3) [4.5-9.3] mm
7.1 (1.0) [5.4-9.4] mm

7.1 (2.2) [4.6-11.2] mm
7.4 (2.0) [4.4-10.5] mm
7.4 (1.7) [5.6-11.9] mm
7.5 (1.8) [5.6-12.1] mm

7.2 (1.3) [4.3-9.0] mm
7.1 (1.3) [4.5-9.0] mm
8.8 (1.9) [5.7-12.6] mm
9.2 (1.8) [6.4-12.8] mm

Age
Sex [%]
Male
Female
Total

GM-WM ratio

Extra-Axial Space
Thickness
Right M1
Left M1
Right supraorbit
Left supraorbit
Skull Thickness
Right M1
Left M1
Right supraorbit
Left supraorbit

Table note: SD – Standard deviation, GMvol - Total cortical grey matter volume (x105), WMvol Total cortical white matter volume (x105), GM/WM ratio – GMvol/WMvol, eTIV – Estimated
intracortical volume (x106), CSFvol - Total cerebral spinal fluid volume. Note that some volumes
are reported in scientific notation.
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5.4.2 Tissue Characteristics
Tissue characteristics are reported in Table 5.1. GMvol was significantly different among age
groups [F(2,48)=5.6, p=0.007]. Tukey post-hoc test indicated that GMvol was higher in children
compared to adults (p=0.007) with a trend towards differences between children and adolescents
(p=0.07). Linear regression revealed an inverse correlation between GMvol and age (R=-0.46,
p=0.001). WMvol also suggested possible differences among age groups but differences did not
reach statistical significance [F(2,48)=2.7, p=0.08]. Linear regression revealed a direct
correlation between WMvol and age (R=0.29, p=0.04). GM-WM ratio was different between age
groups [F(2,48)=38.3, p<0.001]. Tukey post-hoc demonstrated that children had higher GM-WM
ratios compared to both adolescents (p<0.001) and adults (p<0.001). GM-WM ratios also
differed between adolescents and adults (p<0.001). Linear regression demonstrated a strong
inverse correlation between GM-WM ratio and age (R=-0.79, p<0.001).
CSFvol was significantly different between age groups [H(2,48)=9.0, p=0.011]. Dunn’s post-hoc
revealed that adolescents showed greater CSFvol compared to adults (p=0.006) but not children.
No significant correlations with age were found for CSFvol. Extra-axial space thickness differed
between age groups [F(2,48)=11.7, p<0.001]. Post-hoc tests revealed that adults had thicker
extra-axial spaces under left and right M1 electrode locations compared to both children and
adolescents (both p<0.001). Adolescents had thicker extra-axial spaces than children (p=0.034).
Extra-axial space thickness behind the supraorbits was not different among the three age groups.
Linear regression demonstrated an association between extra-axial space thickness and age under
both the left M1 (R=0.67, p<0.001) and right M1 electrodes (R=0.70, p<0.001). Skull thickness
differed between age groups [F(2,48)=11.1, p<0.001]. Post-hoc reveal that children had thinner
skulls than adolescents and adults under left and right M1 electrode locations (both p<0.001).
There was no difference in skull thickness between adolescents and adults under left and right
M1 electrode locations (both p>0.865). Adults has significantly thicker skulls behind the
supraorbital electrodes compared to children (both p<0.001) and adolescents (both p<0.019).
There was no difference in skull thickness behind the supraorbital electrodes when comparing
children and adolescents (both p>0.275). Linear regression demonstrated a significant
association between skull thickness and age under M1 electrodes (both r>0.345, p<0.013) and
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behind supraorbital electrode (both r>0.467, p<0.001), where thickness increased with age. No
relationship between age and eTIV was observed.
5.4.3 Peak Electric Fields
5.4.3.1 M1R-SOL Montage
Representative examples of electric fields induced by M1R-SOL tDCS in a single child and adult
are illustrated in Figure 5.4D. PeakEF induced by tDCS in five tissue types (WM, GM, CSF,
skull and scalp) for all tDCS montages are summarized in Figure 5.3. M1R-SOL tDCS induced
significantly stronger PeakEF in children than adults in all tissue types (all p<0.027). Children
also displayed stronger PeakEF in WM, GM and CSF, compared to adolescents (all p<0.017).
PeakEF was negatively correlated with age in all tissues (Table S1) suggesting weaker PeakEF
with increasing age. When electrode polarity was reversed (SOL-M1R), there was no difference
in PeakEF in all tissue types.
5.4.3.2 SOR-M1L Montage
Similar patterns were observed for SOR-M1L tDCS which induced stronger PeakEF in children
compared to adults in all tissue types (all p<0.015). Children also displayed stronger PeakEF in
all tissue types (all p<0.044) excluding the skull (p=0.056), compared to adolescents.
Additionally, compared to adults, adolescents displayed stronger PeakEF in CSF (p=0.010).
PeakEF in all tissue types was negatively correlated with age (Table 5.3), suggesting weaker
PeakEF with increasing age.
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Figure 5.3. Peak electric fields (PeakEF) induced by anodal, cathodal, and bihemispheric tDCS
montages in children (white), adolescents (light grey) and (dark grey) by tissue type as follows:
(A.) white matter, (B.) grey matter, (C.) cerebrospinal fluid, (D.) skull and (E.) scalp. *p<0.05,
**p<0.01, ***p<0.001.
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5.4.3.3 M1R-M1L Montage
M1R-M1L tDCS also induced stronger PeakEF in all tissue in children compared to both
adolescents (all p<0.001) and adults (WM, GM, CSP, and scalp, p<0.001; skull, p=0.032).
PeakEF was negatively correlated with age (Table S1), suggesting weaker PeakEF with
increasing age.
Linear regression for factors correlated with age, including skull thickness, extra-axial space
thickness, and GM-WM ratio, revealed correlations with PeakEF in applicable tissue types (i.e.
WM, GM, CSF, and skull for CSF thickness; WM, GM for GM-WM ratio). PeakEF decreased as
both skull and extra-axial space thickness increased, and increased as the ratio of GM-WM
increased (Table 5.3).
PeakEF was also compared across tDCS montages. In WM, both M1R-SOL (t=3.487, p=0.001)
and SOR-M1L tDCS (t=5.337, p<0.001) induced stronger PeakEF compared to bihemispheric
tDCS. No difference in PeakEF was seen between M1R-SOL and SOR-M1L montages, although
trends towards higher PeakEF induced by SOR-M1L tDCS were suggested (t=1.850, p=0.067).
Interaction effects suggested that both M1R-SOL (t=2.030, p=0.045) and SOR-M1L montages
(t=4.885, p<0.001) induced higher PeakEF than M1R-M1L montages in children. SOR-M1L
induced higher PeakEF compared to M1R-SOL montages (t=2.825, p=0.012). Adults
demonstrated no difference in induced PeakEF between montages (all t<1.975, all p>0.100).
In GM, M1R-SOL (t=6.899, p<0.001) and SOR-M1L tDCS (t=6.824, p<0.001) induced stronger
PeakEF compared to M1R-M1L tDCS. No difference in PeakEF was seen between M1R-SOL and
SOR-M1L montages (t=0.075, p=0.941). Interaction effects suggest that in all age groups M1RSOL (all t>3.010, all p<0.008) and SOR-M1L tDCS (all t>3.549, all p<0.002) induced higher
PeakEF than M1R-M1L montages. In all age groups there were no differences in PeakEF between
M1R-SOL and SOR-M1L montages (all t<0.808, all p>0.421).
In CSF, SOR-M1L tDCS induced stronger PeakEF compared to M1R-M1L tDCS (t=3.049,
p=0.009). Interaction effects suggest that only adolescents showed this difference between SORM1L and bihemispheric tDCS (t=2.780, p=0.020), although possible effects were observed in
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adults (t=2.397, p=0.054). In the skull, both M1R-SOL (t=7.188, p<0.001) and SOR-M1L tDCS
(t=7.824, p<0.001) induced higher PeakEF compared to M1R-M1L tDCS. These differences were
evident in all age groups (all t>3.527, all p<0.002). In the scalp, montage-specific differences in
PeakEF were observed (M1R-SOL vs SOR-M1L, t=2.366, p=0.040; M1R-SOL vs M1R-M1L,
t=4.710, p<0.001; SOR-M1L vs M1R-M1L, t=2.345, p=0.021). M1R-M1L montages induced the
strongest PeakEF, followed by SOR-M1L montages, and lastly M1R-SOL tDCS. Analysis of
interactions revealed that only in children did PeakEF differ between montages (all t<1.874, all
p<0.050). No significant differences in PeakEF were seen between montages in adolescents (all
t<1.868, all p>0.182) or adults (all t<1.926, all p>0.162).
5.4.4 Whole Brain Electric Field Maps
5.4.4.1 M1R-SOL Montage
EFMaps are illustrated in Figure 5.4. Children demonstrated a wider spread of induced electric
fields by M1R-SOL tDCS compared to adults (Figure 5.4A) and teenagers. In children, cortical
regions underlying the anode, stimulated in the range of 0.20-0.45V/m, extended continuously
from the cortical surface to deeper areas including the internal capsule. Additional electric fields
were observed in the corpus callosum and the contralateral pre-central gyrus including
underlying WM tracts. Induced electric fields in adolescents (not shown) appeared similar to
those of adults, primarily limited to the WM underlying the pre-central gyrus and frontal lobe.
Voxel-based statistical analyses indicated several areas of significantly stronger electric fields for
children compared to adults (Figure 5.5A). Differences were seen in the right superior
frontal/parietal WM underlying the pre/post-central gyrus M1 anode [T(33)=3.87, p<0.001,
k=1908 voxels, peak MNI 10 -33 63] and in more inferior and lateral areas [T(33)=4.43,
p<0.001, k=4927 voxels, peak MNI 54 -24 32]. Differences were also seen in the left superior
frontal gyrus, corresponding to the placement of the supraorbital frontal cathode [T(33)=3.85,
p<0.001, k=927 voxels, peak MNI -20 59 -2].
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Figure 5.4. An illustration of electric field maps induced by (A.) anodal tDCS (right M1), (B.)
cathodal tDCS (left M1) and (C.) bihemispheric tDCS montages. Shown are group mean electric
field maps for children (red) and adults (blue), in the range of 0.20 to 0.45 V/m, overlaid on
three orientations (axial, coronal, sagittal) of an MNI template brain. (D.) Example of electric
fields induced by anodal tDCS of right primary cortex in a 6.5 (child, top) and 43.0 year old
(adult, bottom).
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Figure 5.5. An illustration of areas of higher estimated electric field strength in children
compared to adults using (A.) isotropic WM maps for anodal tDCS, (B.) anisotropic WM tensors
for cathodal, and anisotropic WM tensors for (C.) bihemispheric tDCS montages. Shown are
statistical T-score heat maps overlaid on three orientations (axial, coronal, sagittal) of an MNI
template brain [significance threshold: T(33)>3.3, p<0.001]. These maps display statistical Tscore heat maps [significance threshold T(27)>3.42, p<0.001] overlaid on an MNI template
brain. The inset for panel B on the midline sagittal slice illustrates higher estimated EF in the
transcallosal motor fibres of the corpus callosum for children compared to adults.
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EFMaps were also calculated using each participants’ diffusion-weighted sequences to estimate a
personalized anisotropic conductivity tensor for modelling electric current flow through WM.
Voxel-based statistical analyses indicated no areas of significantly higher electric field strength
for children compared to adults for the M1R-SOL montage.
5.4.4.2 SOR-M1L Montage
As with the M1R-SOL montage, children demonstrated a more widespread induction of electric
fields compared to both teenagers and adults with cathodal stimulation montages (Figure 5.4B).
In children, cortical regions underlying the cathode appeared more widely stimulated compared
to adults with induction continuously observed from the cortical surface to deeper areas
including the internal capsule. In children, but not adults (and to a lesser extent in adolescents),
electric fields were induced in the corpus callosum and contralateral pre-central gyrus. Current
was suggested in both the right and left frontal lobes in children. For the SOR-M1L montage,
stronger electric fields were seen in children compared to adults in left superior frontal/parietal
WM areas underlying the placement of the M1 cathode [T(33)=3.67, p<0.001, k=896 voxels,
peak MNI -19 -38 56] and more inferior and lateral WM areas [T(33)=3.86, p<0.001, k=1243
voxels, peak MNI -59 -28 33]. Areas of higher electric field strength were also seen
approximating the right supraorbital anode in the superior frontal gyrus [T(33)=4.02, p<0.001,
k=647 voxels, peak MNI 18 60 -5].
When anisotropic WM tensors were used in the current model, a similar but larger agedependent pattern of electric field strength was seen (Figure 5.5B). Higher field strength was
observed for children over adults in the left superior frontal/parietal WM [T(27)=4.89, p<0.001,
k=25811 voxels, peak MNI -20 -38 55] underlying the M1 cathode. Additional areas of higher
EF were seen in the midportion of the corpus callosum WM [T(27)=4.13, p<0.001, k=2990
voxels, peak MNI 16 -23 32] possibly corresponding to transcallosal motor and sensory fibres
[353] and in the supraorbital frontal areas approximating the anode [T(27)=4.58, p<0.001,
k=1185 voxels, MNI 18 59 -5].
5.4.4.3 M1R-M1L Montage
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M1R-M1L montages showed less spatial differences between children and adults compared to the
unilateral montages described above (Figure 5.5C). Induction of electric fields was primarily
limited to GM and WM underlying the anode and cathode. However, in children electric fields
appeared to spread inferiorly along WM while in adults, fields were more constrained to superior
cortical regions. The M1R-M1L montage also showed higher electric field strength for children
over adults in two main areas corresponding to the placement of the electrodes; the right anode
[T(33)=4.55, p<0.001, k=2275 voxels, peak MNI 15 -43 79] and left cathode over the pre/post
central gyrus [T(33)=4.32, p<0.001, k=872 voxels, peak MNI -20 -43 77]. Using anisotropic
WM tensors in the model suggested similar but larger age-dependent difference in electric field
strength in the WM underlying the right M1 anode [T(27)=4.64, p<0.001, k=6671 voxels, peak
MNI 24 -46 49] and the left M1 cathode [T(27)=5.06, p<0.001, k=10774 voxels, peak MNI -19 12 52].
5.4.4.4 Comparison Between WM Conductivity Calculations
Paired t-tests of estimated electric field strength between models using isotropic and anisotropic
WM conductivity tensors showed large differences. Specifically, for the SOR-M1L montage,
using individualized anisotropic WM tensors suggested stronger electric field strength for whole
brain WM in all age groups particularly in the frontal WM and corpus callosum of children
(Figure 5.3). The anisotropic M1R-M1L montage also suggested higher electric field strength in
whole brain WM for both children and adolescents, extending into the temporal lobe (Figure
5.3).
5.4.5 ROI Analysis
MeanEF was calculated within the hand-knob region of M1 (Table 5.2). In right M1, M1R-SOL
tDCS induced significantly stronger MeanEF in children compared to adolescents and adults
(p<0.001). There was no difference in MeanEF strength between adults and adolescents
(p=0.244). Similar trends were seen within the left VMPFC, however MeanEF was higher than
in right M1 (all age groups, p<0.001). SOR-M1L tDCS induced significantly higher MeanEF
strength in children in left M1 compared to adolescents and adults (both p<0.001). There was no
difference in MeanEF strength between adults and adolescents (p=0.516). Similar trends were
seen within the right VMPFC, where MeanEF was higher than in left M1 (all age groups,
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p<0.001). M1R-M1L tDCS induced stronger MeanEF in children in left M1 compared to
adolescents (p=0.005) and adults (p<0.001). MeanEF in left M1 was also higher in adolescents
than adults (p=0.049). Similarly, in right M1 the MeanEF in children was higher than
adolescents (p=0.003) and adults (p<0.001). Adolescents also showed higher MeanEF than
adults (p=0.030).
Table 2. Average Electric Field Strengths
ROI
Left M1
Right M1
Left VMPFC
Right VMPFC
Left V1
Right V1

Montage
Anodal
Cathodal
Bihemispheric
Anodal
Cathodal
Bihemispheric
Anodal
Cathodal
Bihemispheric
Anodal
Cathodal
Bihemispheric
Anodal
Cathodal
Bihemispheric
Anodal
Cathodal
Bihemispheric

Children (V/m)
0.1435 (0.0203)
0.1999 (0.0361)
0.1683 (0.0271)
0.1940 (0.0270)
0.1491 (0.0197)
0.1675 (0.0208)
0.2486 (0.0431)
0.1571 (0.0265)
0.0500 (7.8723e-3)
0.1539 (0.0246)
0.2456 (0.0388)
0.0489 (6.0040e-3)
0.0768 (8.2250e-3)
0.0867 (9.5446e-3)
0.0529 (6.9955e-3)
0.0888 (0.0102)
0.0790 (9.8534e-3)
0.0545 (8.7309e-3)

Age Group
Adolescents (V/m)
0.1163 (0.0166)
0.1467 (0.0404)
0.1392 (0.0252)
0.1474 (0.0364)
0.1168 (0.0252)
0.1384 (0.0283)
0.2153 (0.0282)
0.1328 (0.0275)
0.0539 (0.0106)
0.1446 (0.0393)
0.1971 (0.0405)
0.0566 (0.0161)
0.0654 (0.0103)
0.0720 (0.0166)
0.0515 (9.3829e-3)
0.0760 (0.0142)
0.0644 (0.0155)
0.0525 (8.4808e-3)

Adults (V/m)
0.1079 (0.0193)
0.1384 (0.0288)
0.1202 (0.0275)
0.1341 (0.0281)
0.1061 (0.0187)
0.1184 (0.0269)
0.1989 (0.0283)
0.1298 (0.0161)
0.0472 (0.0118)
0.1299 (0.0138)
0.1824 (0.0307)
0.0500 (0.0173)
0.0597 (7.9942e-3)
0.0666 (0.0119)
0.0465 (9.9455e-3)
0.0693 (0.0106)
0.0563 (9.8547e-3)
0.0459 (9.5578e-3)

Table note: M1 – Primary motor cortex, V1 – Primary visual cortex, VMPFC – Ventromedial
prefrontal cortex. Shown are group means (standard deviation
5.5 Discussion
Here we modeled tDCS-induced electric fields through the brain in groups of typically
developing children, adolescents and adults using individualized MRI anatomy. In this crosssectional study, we have demonstrated that children may experience stronger and more
widespread electric fields compared to adults. Our results suggest that these differences may be
associated with age-related differences in skull and extra-axial space thickness as well as
developmental changes occurring in GM and WM. Individualized current modeling may
therefore be a valuable tool for personalizing effective doses of tDCS in future pediatric clinical
trials.
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In the largest pediatric sample to date, we found significantly higher peak electric field strength,
higher mean electric field strength, and more expansive electric field spread for children
compared to adults using individualized MRI anatomy for all tDCS montages. These findings
may relate to the significantly thinner skulls of children compared to adults. Skull is much less
conductive than other tissue, and therefore reduces the transmission of current generated by
tDCS [50]. Our results suggest that the thinner skulls of children may reduce blockage of current,
resulting in more current reaching the underlying neuronal tissue, inducing stronger electric
fields. This finding is supported by strong correlations between skull thickness and PeakEF for
GM, WM, CSF and skull, for all montages. In addition to changes in skull thickness,
conductivity of the skull may also change with age. Conductivity measures suggest that the
developing immature skull may be more conductive than that of older individuals [354]. Here we
held the conductivity of the skull constant, and therefore if age-appropriate conductivity values
were used we would expect even larger differences in PeakEF between children and adults.
In our cohort we found that skull thickness of superior frontal-parietal bones showed thickening
between childhood and adolescence, stagnating between adolescence and adulthood. Conversely,
supraorbital skull areas show thickening between adolescence and adulthood, but not childhood
and adolescence. In combination with the smaller extra-axial CSF spaces seen in children, this
implies a shorter scalp-brain distance and reduced current shunting, which would be expected to
increase induced electric fields under the electrode. Children younger than that of our crosssection (age < 6.5 years) have even thinner skulls [355] and shorter scalp-brain distances,
warranting further caution as electric fields may be even stronger. This finding also has
implications for patients who have skull malformations or post-surgical patients that have
undergone craniotomy where the removal of regions of skull may lead to significantly stronger
electric field in brain tissue. Large differences in induced electric field have previously been
modeled in these patients [43]. Overall, application of tDCS across the thinner skulls of children
may result in substantially stronger electric fields than in adults. However, it should be carefully
noted that even much higher currents than those estimated here still fall within an order of
magnitude lower than the agreed upon lower limit for risk of possible harm [200,201].
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Brain development before the age of 20 is a time of significant change in both WM and GM.
Typically, GM volumes increase during early childhood then decrease after age ~10-12 [356–
359] as normal synaptic pruning processes occur [159,360,361]. The exact timing and
trajectories of these dynamic changes in GM vary across brain structures and with gender, and
continue to be investigated as improved MRI technologies are developed to non-invasively
examine typical development across childhood. WM volume, by contrast, typically shows a
different pattern, increasing during early childhood and adolescence and then stabilizing in early
adulthood [357,362]. Specifically, MRI diffusion measures of WM microstructure, such as
fractional anisotropy, mean diffusivity, neurite orientation dispersion index and neurite density
index all change during childhood and adolescence [363–365]. These imaging biomarkers
presumably reflect multiple processes that may include extensive myelination processes, changes
in axonal packing/density and axonal membranes as well as increases in axonal diameter
[366,367]. GM and WM development do not occur in isolation and are inter-related. For
example, it has been proposed that the apparent decrease in GM volume in adolescence is not
due to GM volume reduction per se, but rather to increasing myelination of WM that changes the
MR signal at the GM-WM boundary [362]. The resulting GM-WM ratio therefore decreases
throughout adolescence into adulthood. Our results are potentially consistent with these dynamic
developmental changes, suggesting factors such as decreasing GM volumes, increasing WM
volumes and decreasing GM-WM ratios may relate to age-specific differences in tDCS current
models. Despite extensive changes in brain tissue into adulthood, total intracranial volume is
thought to somewhat stabilize by the age of 5 years [159], consistent with our findings of no
systematic relationship between age and estimated intracranial volume in our slightly older
sample (aged >6 years). Our findings support the importance of the developmental maturation of
brain tissue itself in designing age-specific tDCS applications.
In terms of tissue characteristics, lower WM conductivity resulted in higher peak electric fields,
perhaps in part due to current being less efficiently conducted [50] and therefore more focally
intense. Thus, developmental increases in conductivity may be consistent with our finding of
induction of stronger WM peak electric fields in children over adults. Furthermore, we also
observed large differences in electric field strength using volume normalized anisotropic WM
tensors in our current modeling calculations compared to using a common scalar value for all
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participants. That this additional data had such an impact on our models suggests valuable utility
in including individualized diffusion-weighted sequences for each participant when modeling
current flow in pediatric populations. This is may be especially true in samples of children with
brain lesions or malformations. Since electric fields are particularly sensitive to changes in
conductance of different tissue types (i.e., when moving from CSF to GM to WM), care should
be taken to understand tDCS-induced electric field strengths in young children with abnormal
brain structure undergoing tDCS interventions. This is clinically relevant as most early clinical
trials of tDCS in children have appropriately focused on cerebral palsy and its associated
disability where the majority of participants have structural brain lesions [368]. Current
modeling studies of specific brain diseases in children are required to better understand the
effects of such lesions if precise, personalized solutions to tDCS therapeutics are to be realized.
M1R-SOL (representative of an anodal tDCS montage) and SOR-M1L (representative of a
cathodal tDCS montage) typically induced comparable peak electric fields in GM, WM, CSF,
and skull. Interestingly, we found that SOR-M1L induced stronger peak electric fields on the
scalp compared to M1R-SOL. These differences were not polarity specific, as M1R-SOL and SOLM1R montages induced identical PeakEF in all tissues, but was likely related to minute
anatomical differences underlying the electrodes. Our previous findings indicate that sensations
such as itching and tingling are more commonly reported with cathodal compared to anodal
stimulation in children [234]. This observation is supported by our current modeling findings,
suggesting that the differences in sensations between these two montages may be related to the
strength of induced electric fields. M1R-M1L (representative of a bihemispheric tDCS montage)
induced even stronger electric fields across the scalp, therefore it is possible that bihemispheric
tDCS induces stronger sensations than anodal or cathodal montages, although direct comparisons
have not been made in pediatric populations. That our previous study also suggested that
children are more likely to report sensations as moderate or severe as compared to adolescents is
also consistent with our current modeling results of stronger electric fields across the scalp in this
age group.
Our current modeling findings here may also help indirectly explain early descriptions
suggesting unique neurophysiological effects of tDCS in children. Cathodal tDCS displays non131

linear changes in cortical excitability in adults [11] where a 1mA current (35cm2 electrodes) may
reduce cortical excitability while a 2mA current increases excitability. In children, similar effects
have been described with weaker currents, where a 0.5mA and 1mA current decreased and
increased cortical excitability respectively [161]. Here we demonstrate that mean electric field
strength induced in M1 is stronger in children than adults. Applying a 1mA current therefore
induces different strengths of electric fields in children and adults, where a 1mA current induces
electric fields in children that are comparable to those that a 2mA current induces in adults.
Therefore, the strength of induced electric fields in M1 may dictate neurophysiological effects,
as opposed to the current [density] applied. There is clearly a need for further neurophysiological
studies of tDCS effects in children to better define these apparent differences.
Our current modeling findings hold implications for an improved understanding of the effects of
tDCS on motor learning in children. Recently, we demonstrated that tDCS enhances motor
learning in healthy children with large effects sizes and sustained effects [234]. While in adults,
anodal tDCS consistently enhances motor learning [116], cathodal stimulation may have no
effect or can even diminish acquisition [369]. Conversely, we recently demonstrated that both
contralateral anodal and ipsilateral cathodal montages safely enhance motor learning in healthy
children. Here, our models suggest that current spread in children may extend as far as the
contralateral hemisphere; stimulation of the left M1 with cathodal tDCS may also stimulate the
right M1. Significant current flow through other premotor structures likely to be involved in
motor learning and control may also be relevant and greater in younger subjects. In adults, the
spread of current may be more restricted to the stimulated M1, rather than including these more
distant regions of the motor network.
Our study has limitations. Current modeling calculations are based on many assumptions such as
previously established tissue and skull conductivities. While tissue conductivities were not
directly measured in this study, they were reasonable approximations based on previous
literature [50]. Recently, FEM predictions have been validated in vivo [53]. While this validation
study was performed using different modeling software, the basic principles behind these
methodologies was consistent with those we employed, suggesting that our electric field
predictions may be valid as well. Next, tissue segmentations were performed automatically and
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were therefore limited by the quality, resolution and contrast of the T1 and T2 anatomical scans.
To ensure best possible tissue segmentation, individual scans were reviewed, slice by slice.
Furthermore, we were only equipped to segment five tissue types, however other tissues (such as
eyeballs and air) may not be as influential in current modeling. As with any normalization step, a
certain degree of distortion occurs when warping an image from native participant space to
standard MNI space. We used a well-established, reliable normalization tool (ANTS) to calculate
the deformation fields [351] and visually inspected image outputs overlaid on the MNI template
at every step to ensure that normalization was successful. In the voxel-based analysis, spatial
smoothing of each EFmap was performed using a 3-dimensional Gaussian kernel. Smoothing
may lead to concerns that strong electric fields in skull may be smoothed into the parenchyma.
Regions with significantly stronger stimulation between children and adults were typically
located deeper in the white matter, outside the range of the Gaussian kernel, therefore it is
unlikely these significant regions were attributed to smoothing. Furthermore, if smoothing
caused “spillover” of electric fields, we would expect to see areas of significantly stronger
electric fields in the CSF and surface of the cortex, which we did not. Our sample size was
sufficiently large to detect differences in electric field strength among groups, however, may not
have been powerful enough to model more complex relationships (cubic, quadratic) among
variables. This was a cross-sectional sample and more difficult, longitudinal designs to directly
quantify developmental changes within subjects over time for all variables would be more
powerful and indicative of true developmental trajectories.
In conclusion, we demonstrate that children, adolescents and adults experience differences in the
strength and spread of tDCS-induced electric fields. Electric field strength induced M1-targetting
tDCS montages result in stronger electric fields in children compared to both adolescents and
adults. With respect to the spread of induced electric fields, tDCS stimulates more widespread
areas of the brain compared to adolescents and adults. While adolescents and adults show
relatively similar stimulation patterns, children may experience stronger and more widespread
current compared to adults, signifying substantial variability in pediatric populations. Our
findings warrant safety monitoring for tDCS application in pediatrics, and future investigations
might use current modelling techniques to plan individualized treatment for subsequent clinical
trials.
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5.6 Supplementary Material
Table S1. Correlations of PeakEF across tissue types
Anatomical Factor
Tissue

Montage

Age

Type
WM

GM

CSF

Skull

Scalp

Skull

Extra-Axial

Thickness

Space Thickness

CSFVol

eTIV

GM-WM
Ratio

Anodal

-0.392**

-0.619***

-0.493***

-0.167

-0.036

0.426**

Cathodal

-0.345*

-0.301**

-0.337*

-0.296*

0.024

0.312*

Bihemispheric

-0.456***

-0.721***

-0.597***

-0.240

0.182

0.430**

Anodal

-0.427**

-0.486***

-0.415**

-0.242

0.04

0.491***

Cathodal

-0.420**

-0.498***

-0.483***

-0.218

-0.157

0.413**

Bihemispheric

-0.524***

-0.639***

-0.613***

-0.179

0.209

0.482***

Anodal

-0.505***

-0.427**

-0.658***

-0.018

---

---

Cathodal

-0.567***

-0.630***

-0.681***

0.071

---

---

Bihemispheric

-0.506***

-0.668***

-0.675***

-0.097

---

---

Anodal

-0.495**

-0.337*

---

---

---

---

Cathodal

-0.437**

-0.583***

---

---

---

---

Bihemispheric

-0.543***

-0.529***

---

---

---

---

Anodal

-0.310*

---

---

---

---

---

Cathodal

-0.307*

---

---

---

---

---

Bihemispheric

-0.357*

---

---

---

---

---

Table note: CSF – Cerebrospinal fluid, eTIV – Estimated total intracranial volume GM – Grey
matter, WM – White matter. * p < 0.05, ** p < 0.01, *** p < 0.001

134

Figure S1. A selection of axial slices from normalized group mean T1-weighted anatomical
images for (A.) Child, (B.) Adolescents, and (C.) Adult sample groups. Each participants’
normalized T1-weighted anatomical image was overlaid on the MNI152 template and visually
inspected to ensure accurate normalization.

Figure S2. Spherical regions of interest were placed in (A.) bilateral primary motor, (B.)
bilateral ventromedial prefrontal and (C.) primary visual cortices. Spheres are shown overlaid
on the MNI152 template, were constrained to white and grey matter (i.e., do not include skull or
CSF) and were 30 mm in diameter.
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Figure S3. Areas of significantly higher estimated electric field (EF) strength when using
individualized, anisotropic WM tensors in the current model compared to using a single
isotropic conductivity value for all participants (paired t-test). Shown are statistical T-score heat
maps for the cathodal (left panels A-C) and bihemispheric (right panels D-F) montages in three
age groups (A&D.) Children, (B&E.) Adolescents, (C&F.) Adults. Insets for sagittal slices
illustrate estimated EF strength differences in the corpus callosum at midline. T-score
significance thresholds change slightly in each panel due to differences in group sample sizes.
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5.8 Bridge
Here we demonstrated that tDCS-induced electric fields are substantially stronger and more
widespread in children than adolescents and adults. Our earlier findings suggest that these
stronger electric fields are safe in healthy children and adolescents. tDCS is increasingly applied
in adult stroke motor rehabilitation, and translation to a pediatric clinical population is apparent.
Safety investigations applying these stronger direct currents in pediatric stroke are limited. Here
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we investigated the effects of contralesional cathodal tDCS on motor rehabilitation in an
adolescent that incurred childhood stroke. Additionally, we investigated the utility of multimodal
neurophysiological investigations towards understanding the effects of tDCS on cortical
function.
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Chapter 6: Transcranial Direct-Current Stimulation for Childhood Stroke Hemiparesis: A
Pilot Study with Biomarkers of Interventional Plasticity
The following work has been submitted to Disability and Rehabilitation (Ciechanski P, Carlson
H, Herrero M, Lane C, MacMaster F, & Kirton A, 2017); used with permission.
Author PC’s contributions to this study include: study design, data collection, data analysis,
statistical analysis, and drafting and revising the manuscript. Author HC’s contributions to this
study include: data collection, data analysis, statistical analysis, and revising the manuscript.
Author MH’s and CL’s contributions to this study include: data collection. Author FM’s
contributions to this study include: data analysis, and revising the manuscript. Author AK’s
contributions to this study include: obtaining funding, study design, patient recruitment, and
revising the manuscript.
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6.1 Abstract
Purpose: Survivors of childhood stroke incur lifelong physical disability. Treatment options are
limited. Models of motor reorganization after stroke are revealing cortical targets for
neuromodulation such as imbalanced interhemispheric inhibition. Transcranial direct-current
stimulation (tDCS) enhances motor learning and may improve motor recovery in adult stroke but
remains uninvestigated in childhood stroke. Here we documented the feasibility and safety of
tDCS in an adolescent with chronic stroke-induced hemiparesis.
Material and Methods: Over ten days, the participants underwent occupational therapy paired
with contralesional, primary motor cortex-targeting cathodal tDCS. Clinical motor outcomes,
transcranial magnetic stimulation neurophysiology and advanced neuroimaging were completed.
Results: tDCS was well-tolerated with no adverse events. Motor outcomes improved postintervention, with clinically significant changes still evident at 6 months. Neurophysiology
suggested alterations in cortical excitability. Neuroplasticity imaging suggested shifts in paretic
limb motor activation towards the perilesional primary motor cortex.
Conclusions: Controlled trials of non-invasive neuromodulation combined with plasticity
biomarkers should be advanced in childhood stroke.
6.2 Introduction
Childhood stroke often causes disability that lasts decades[370]. Most survivors suffer
neurological disability, and motor disorders are most common[371,372]. Hemiparesis has
implications for daily functioning, developmental psychology, mental health, and overall quality
of life. Effective therapeutic options are currently limited[373]. Mechanisms of post-stroke
plasticity and reorganization, and how they determine function, are complex and likely differ in
the developing brain. Advanced neuroimaging and brain mappings are defining such
reorganization in adult stroke, with translation into novel therapeutic targets and clinical
trials[266,374]. Similar models are now being defined following stroke early in life[167].
Neuromodulation with non-invasive brain stimulation may modulate cortical targets to enhance
stroke recovery. Adult stroke advances include established evidence with repetitive transcranial
magnetic stimulation (rTMS)[266]. Approaches have varied but generally apply either high
frequency excitatory rTMS to the lesioned or low frequency inhibitory rTMS to the
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contralesional hemisphere, typically paired with motor therapy. A recent review of therapeutic
indications for rTMS suggested B-level evidence for rTMS in adult stroke-induced
hemiparesis[267]. A small, controlled trial of 10 children with stroke-related hemiparesis
suggested favourable tolerability and possible therapeutic effects[375]. Recent randomized
controlled trials of contralesional rTMS combined with therapy in 19[239] and 45[270] children
with perinatal stroke and hemiparesis support safety and suggest efficacy.
Transcranial direct-current stimulation (tDCS) is another form of non-invasive brain stimulation
increasingly applied in stroke rehabilitation. By passing weak electrical currents through surface
electrodes positioned on the scalp, cortical regions can be shifted towards relative states of
increased or decreased cortical excitability[7,9]. Anodal tDCS is suggested to produce relative
regional hyperexcitability, whereas cathodal tDCS may reduce target excitability, although
exceptions are recognized[11,41]. Changes in cortical excitability associated with tDCS outlast
stimulation duration[8] and appear to respect the principles of long-term potentiation and
depression[6].
Anodal tDCS over the primary motor cortex (M1) enhances motor learning in the contralateral
hand and cathodal tDCS over M1 may also improve motor learning in the ipsilateral hand in
adults[74,235]. Applying these principles to target the proposed imbalance of interhemispheric
inhibition in adult stroke[170], multiple adult trials of both lesioned anodal and contralesional
cathodal tDCS have suggested efficacy[168]. Combining these two stimulation techniques, as
bihemispheric tDCS, also suggested significant effects[350]. Experience with tDCS in children
has been minimal to date[265]. Unique differences in the developing brain suggest specific
safety and theoretical issues[242], but preliminary safety data in the perinatal stroke population is
emerging[171]. We recently demonstrated that both anodal and cathodal M1 tDCS can enhance
motor learning in school-aged children[234]. Taken together, this existing evidence supports the
exploration of tDCS neuromodulation in children with stroke-induced hemiparesis.
Here we report the safety, tolerability, and clinical effects of an open label trial of daily
contralesional tDCS during an intensive 2-week motor rehabilitation trial in an adolescent with
severe hemiparesis secondary to childhood stroke. Comprehensive clinical outcome measures are
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combined with pre- and post-interventional advanced neuroimaging and brain mapping to
demonstrate feasibility of such an integrated approach in this population.
6.3 Methods
6.3.1 Participant
A 17-year-old female incurred an arterial ischemic stroke secondary to acute diabetic
ketoacidosis at 6 years of age. She had been right-handed. Acute neuroimaging diagnosed a left
middle cerebral artery occlusion and complete infarction of the middle cerebral artery territory
including the motor cortex and basal ganglia (Figure 6.1). At 11 years post-injury she suffered
from severe, disabling hemiparesis in the upper extremity (see motor measures below). Distal
power average 3.5 with 4/5 more proximally, with minimally coordinated hand and wrist
movements, mild spasticity, and a good range of motion. She had exhausted all available
therapeutic options including intensive occupational and physical therapy and strong
commitment to an active lifestyle and exercise program. She was functioning well in high school
without cognitive or language deficit or other major comorbidities.

Figure 6.1. Lesion location and corticospinal tract reconstruction. A. T1-weighted MRI
displaying axial slices. Minimal sparing of the left primary motor cortex remains near midline.
B. Probabilistic white matter reconstruction of corticospinal tracts. No intact corticospinal
tracts are seen in the lesioned hemisphere.
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6.3.2 Intervention: Therapy and tDCS
The participant was recruited to an open-label tDCS trial in parallel with an ongoing perinatal
stroke rehabilitation clinical trial (NCT01189058)[270]. Over two weeks (10 consecutive
weekdays) the participant received 60 minutes of daily intensive rehabilitation therapy targeting
upper extremity function. This included 20 minutes of 1:1 occupational therapy that was
individualized and goal-directed (see below) with evidence-based gross and fine motor skill
training. This intensive therapy and the remaining full day therapy program adhered to TiDIER
criteria[270,376].
Cathodal tDCS was delivered during the first 20 minutes of each 60-minute intensive therapy
session. Two 35cm2 saline-soaked sponge-electrodes were attached to a 1x1 DC Stimulator
(Neuroconn; Ilmenau, Germany). The cathode was centered over the contralesional M1 hotspot,
with location confirmed by single pulse TMS (see below) and individualized MR-guided
neuronavigation (Brainsight2, Rogue Research Inc.; Montreal). The anode was placed over the
ipsilesional supraorbital region. Stimulation current was ramped to 1.5mA over 45 seconds, held
for 20 minutes, and ramped-down over 45 seconds. A pediatric TMS tolerability and side-effects
questionnaire[249] was modified for tDCS-specific adverse effects and administered weekly
with reporting of any side-effects and comparing the stimulation session to 7 common childhood
experiences.
One week prior to the intervention, the following baseline clinical outcomes, TMS
neurophysiology and advanced neuroimaging studies were obtained. All were repeated 1 week
post-intervention and clinical outcomes were repeated at 2 and 6 months.
6.3.3 Clinical Outcomes: Motor Measures
The primary motor measure was the Jebsen Taylor Hand Function Test (JTT), an objective
measure of hand function[246], performed at the start of each day. The measure consists of seven
subtests that involve practical motor tasks including: writing (JTT1), flipping cards (JTT2),
placing objects in a can (JTT3), stacking checkers (JTT4), picking up beans with a spoon, and
lifting light and heavy cans. Due to the severity of hemiparesis the latter three tests were not
performed. Scoring for the ‘placing objects into a can’ subtest was modified due to paresis
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severity, by dividing it three sections: 1) placing paperclips, 2) placing bottle caps, and 3) placing
pennies into a can, allowing 40 seconds for each task (120 seconds total).
Additional validated clinical motor measures included the Assisting Hand Assessment
(AHA)[377], bilateral grip strength, bilateral Box & Block Test[378], Melbourne Assessment of
Unilateral Upper Limb Function (MAUULF)[379], and the Canadian Occupational Performance
Measure (COPM)[380]. The COPM defined participant-specific goals and scored subjective
satisfaction and performance (scale 1-10). Tests that measured unaffected hand function also
served as a safety measure to exclude any theoretical risk of decreased contralateral, unaffected
hand function associated with contralesional cathodal stimulation.
6.3.4 TMS Neurophysiology
Single and paired-pulse TMS were performed according to standard methodologies[271].
Outcomes included bilateral resting and active motor thresholds (RMT, AMT), stimulus
response curves (SRC), short-interval cortical inhibition (SICI), and intracortical facilitation
(ICF). Recording electrodes were placed on the left and right first dorsal interosseous (FDI).
TMS was delivered using a Magstim 2002 (Magstim Co.; Whitland, UK) unit via a figure-ofeight shaped 70 mm coil held tangentially to the scalp at an angle of 45° to the midline.
Measurements were recorded using Signal 6.0 (Cambridge Electric Design; UK). RMT was
determined by localizing the contralateral FDI hotspot and establishing the minimum stimulator
output required to produce >50 uV motor-evoked potentials (MEP) in 5/10 trials. AMT was
determined by stimulating the FDI hotspot while the participant actively contracted the FDI at
20% of their maximum voluntary contraction (MVC). The AMT was the minimum stimulator
output required to produce >200 uV MEP in 5/10. For resting or active (20% MVC) SRC,
ipsilateral and contralateral MEP were recorded at 100, 110, 120, 130, 140, and 150% RMT or
AMT stimulation, respectively, and expressed as area under the curve (AUC). SICI and ICF
were measured using paired-pulse TMS where a subthreshold (90% AMT) conditioning stimulus
was delivered prior to supra-threshold test stimuli (120% RMT) at interstimulus intervals (ISI) of
2 ms (SICI) and 10 ms (ICF).
6.3.5 Imaging Outcomes
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Imaging data was obtained using a 3.0T General Electric Discovery MR750w MRI scanner, with
an MR Instruments 32-channel receiver-only head coil. Anatomical T1-weighted images were
first obtained using a fast-spoiled gradient echo sequence (170 continuous axial slices, isotropic
voxel size 1.0 mm3, TR=8.5 ms; TE=3.2 ms; flip angle 11°; FOV=256 cm; matrix=256x256).
6.3.5.1 Task fMRI
Conventional blood oxygen-level dependent (BOLD) responses were measured using standard
echo-planar imaging sequences (TR=2000 ms; TE=30 ms; FOV=64x64 cm; matrix= 64x64).
Thirty-six interleaved contiguous axial slices (thickness=3.6 mm) were obtained in ascending
order resulting in isotropic voxels (3.6 mm3). The fMRI task was a “boxcar” finger-tapping task.
The participant was instructed to depress a button with their index finger each time a centrally
presented red cross (+) turned green. Seven 12 second tapping blocks were alternated with eight
24 second rest blocks (134 volumes sampled, 5 minutes). The task was performed with the
affected hand and repeated using the unaffected hand.
Image processing and analysis was performed using Statistical Parametric Mapping (SPM12b
[5763]; Wellcome Trust Centre for Neuroimaging, London, UK) implemented in MATLAB
R2014a (Mac i64 version R2014a; Mathworks, Natick, MA, USA). Slice timing correction was
performed, images were realigned, unwarped, and converted to standard Montreal Neurological
Institute (MNI) space. Normalized data was smoothed using an 8 mm3 full-width at half-height
Gaussian kernel to accommodate for variations in brain morphology. Volumes containing head
movements of >11 mm, angular rotation >0.025 radians, and significant artifact (z-score >3)
were identified using the ART Repair Toolbox[381] and were subsequently de-weighted in the
general linear model. Data was filtered at a high-pass cut-off of 128Hz. BOLD activation maps
were generated and overlaid using Brainsight. Voxel coordinates are provided in standard MNIspace.
To examine intervention-related changes, paired T-test analyses were performed. In the preminus-post treatment analysis, regions with greater activation before intervention are shown.
Conversely, a post-minus-pre-treatment analysis highlights activations greater after intervention.
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To correct for multiple comparisons across the brain, a familywise type I error correction was
used to determine voxel threshold. All function activations are reported at a level of p<0.001.
6.3.5.2 Resting-State fMRI
Resting BOLD responses were measured while the participant was instructed to relax and fixate
on a centrally displayed cross, thinking of nothing in particular. Pre-processing was similar to
task-fMRI, however data was band-pass filtered (0.008-0.09 Hz) and time courses of BOLD
responses for white matter and CSF as well as head motion parameters were extracted and
entered as variables of no interest in the subsequent general linear model. Analyses were
performed to explore the degree of temporal synchronicity of BOLD responses (inferring
underlying connectivity). Two regions of interest (ROI) were selected from a Brodmann area
(BA) atlas: 1) left (lesioned) precentral gyrus [LM1], 2) right (non-lesioned precentral gyrus
[RM1]. Due to the extensive damage in left precentral gyrus, a third ROI, in perilesional left
motor cortex was also used [LM1’]. This ROI was manually delineated corresponding to an area
of significant activation during a post-intervention right finger-tapping task. A bivariate
regression analysis was used to identify the degree to which BOLD response in seed regions covaried in time with each other. Imaging processing used the CONN functional connectivity
toolbox (version 14; MIT) implemented in MatLab. Xjview 8 (http;//alivelearn.net/xjview8) was
used to localize peak clusters and generate BOLD activation maps displaying peak connectivity.
6.3.5.3 MR Spectroscopy
Short echo proton magnetic resonance spectroscopy (1H MRS) was performed on two 4cm3
(20x20x10mm) voxels using a standard point-resolved single voxel spectroscopy sequence
(TR=2000ms, TE=30ms, 128 samples). Voxels were placed over the M1 areas based on fingertapping fMRI activations. The primary compounds that can be reliably identified in short-TE 1H
MRS brain studies at 3T using the spectroscopy sequence include: N-acetyl-aspartate (NAA),
glutamate, phosphocreatine + creatine (creatine), glycerophosphocholine + phosphocholine
(choline) and inositol. Spectra were analyzed using the LCModel method, which analyzes an in
vivo spectrum as a linear combination of model in vitro spectra from individual metabolite
solutions with no subjective input[382]. The user receives approximate maximum-likelihood
estimates of metabolite concentrations and their uncertainties (Cramer-Rao lower bounds).
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Outputs were excluded if deviations in Cramer-Rao lower bounds were greater than 10%, a
conservative limit.
6.3.5.4 Diffusion Tensor Imaging
Diffusion-weighted images were acquired in the axial plane for 32 non-collinear directions (62
contiguous slices, TR=11500ms, TE=70ms, FOV=220x220, matrix=256x256, b=0,750mm2,
voxel size 2.2mm3 isotropic). Eddy current and minor head motions were corrected using the
FDT diffusion toolbox in FSL. Volumes were co-registered to the first b0 volume using affine
registration. Diffusion tensor and fractional anisotropy (FA) maps were calculated using
MRTrix. Corticospinal tracts (CST) were isolated using probabilistic tractography. Tracts were
extracted by delineating “seed” and “target” regions on axial slices of color-coded FA maps
using a previously validated method[383]. On the non-lesioned side, one seed ROI was drawn on
the posterior limb of the internal capsule. Due to extensive damage on the lesioned side the ROI
was placed on a lower slice. The target ROI was drawn around the cerebral peduncle at the level
of the decussation of the superior cerebellar peduncles. These two regions were combined with a
logical “AND” rule, requiring that all streamlines passed through both seed and target regions for
a given hemisphere. Spurious fibers clearly identified as components of other tracks generated an
exclusion region to discard. Axial diffusivity [AD=λ1 the principal eigenvalue], radial diffusivity
[RD=(λ2 + λ3)/2, the average of the other two eigenvalues], mean diffusivity (MD=(λ1 + λ2 +
λ3)/3),]) and FA values were calculated for each CST.
6.4 Results
6.4.1 tDCS Safety and Tolerability
All tDCS sessions were well tolerated. Typical tDCS sensations reported were mild tingling and
itching during the ramp-up phase, typically subsiding within three minutes. The participant did
not report additional side effects including headaches, neck pain, nausea, or light-headedness.
Using a tolerability scale, the participant ranked tDCS as 2/8, comparable to watching TV.
Unaffected hand function did not decrease throughout the trial period (Table 6.1). A 20-pound
increase in grip strength was observed in the unaffected hand at 6 months. When the Box and
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Blocks Test was performed with the unaffected hand, we observed a steady improvement
throughout the trial (59 vs 68 at 1 week vs 6 months post-intervention). These scores are within 2
standard deviation of norm values seen for this age group (74.3±9.1; range of 54-91)[274].

Measure
AHA (logit-based score)
Box & block test
Unaffected hand
Paretic hand
Grip strength
Unaffected hand
Paretic hand
Melbourne assessment
Range of motion
Accuracy
Fluency
Dexterity
COPM
Goal #1 performance
Goal #1 satisfaction
Goal #2 performance
Goal #2 satisfaction

Pre-tDCS

Post-tDCS

2MO Follow-Up

6MO Follow-up

29

40

35

33

0

59
0

62
0

68
0

58.3lbs
10.6lbs

66.7lbs
10.6lbs

75lbs
10.6lbs

78.3lbs
10lbs

48%
48%
62%
0%

48%
52%
67%
0%

37%
68%
76%
0%

37%
64%
76%
0%

2/10
7/10
1/10
2/10

8/10
7/10
6.5/10
7/10

9/10
8/10
4/10
5/10

9/10
9/10
6/10
7/10

Table 6.1. Summary of Motor Measures

Abbreviations: AHA, Assisting Hand Assessment; COPM, Canadian Occupational Performance
Measure
6.4.2 Primary Motor Outcome: JTT
Daily JTT performance in summarized in Figure 6.2. At baseline, the time to complete the JTT
using the paretic hand was 331 seconds. Minor fluctuations in total score were seen through the
first week, with large improvements observed in the second week. Best performance was
observed on Day 9, where 185 seconds represented a 44% improvement from baseline. Best
performances for individual subtests compared to baseline were: JTT1 38.6 vs 60.7 s; JTT2 24.7
vs 47.2 s; JTT3 57.8 vs 120 s; JTT4 33.1 vs 103.7 s.
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Figure 6.2. Jebsen-Taylor Hand Function Test (JTT). Scores of individual subtests are displayed
as shaded-bars, with the total score (sum of subtest scores) reported as a black line. Minor
improvements were noted between days 1 and 5, with large improvements were evident in the
second week of treatment.
6.4.3 Secondary Motor Outcomes
Motor outcomes are summarized in Table 6.1. AHA logit score significantly increased (≥ 5
points) from 29 at baseline to 40 at one week post-intervention, 35 at two months, and 33 at six
months. COPM scores for both performance and satisfaction significantly increased (≥ 2 points).
The greatest improvements were seen in mean goal performance which increased from 2/10 at
baseline to 8/10 post-intervention. Improvements were often maintained at six months. Paretic
hand grip strength was stable. MAUULF score improvements were seen at all post-intervention
evaluations, with maximum scores at two months. Improvements were seen in accuracy and
fluency measures. Box and Blocks Test was performed at all time-points post-intervention, but
not baseline due to patient fatigue.
6.4.4 TMS Outcomes
TMS measures were completed at baseline and one week post-intervention without
complications. At baseline, contralesional M1 stimulation generated both contralateral and
ipsilateral MEP. RMT was 48% maximum stimulator output with an AMT of 34%. Stimulation
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of the affected hemisphere failed to produce any MEP. Rest and active SRC were performed on
the contralesional hemisphere, with resting SRC generating MEP in both contralateral and
ipsilateral FDI. Active SRC produced only contralateral MEP (Figure 6.3.) Paired-pulse TMS
demonstrated typical SICI and ICF responses at baseline. An ISI of 2 ms reduced mean MEP
amplitude by 54% while 10 ms ISI increased MEP amplitude by 16%.
One week post-intervention, ipsilateral responses were no longer generated during resting SRC
of the contralesional M1. RMT and AMT were reduced compared to baseline (42% and 30%
maximum stimulator output, respectively). Resting contralesional AUC decreased by 14.1%
following intervention. Large decreases in contralesional MEP amplitudes were seen at all
stimulation intensities of the active SRC, with AUC decreasing by 38%. Following intervention,
contralesional mean MEP decreased 6-fold with test stimuli performed during paired-pulse
measures. Both 2 ms and 10 ms ISI led to an increase in MEP amplitude following intervention,
resulting in a 179% and 206% increase, respectively.
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Figure 6.3. Transcranial magnetic stimulation (TMS) cortical excitability measures. Average
amplitude of motor-evoked potentials (MEP) from the FDI muscle when the contralesional
primary motor cortex was stimulated using TMS either: A. at rest, or B. with 20% maximum
voluntary contraction of the FDI. C. Area under the curve measurements, displaying a reduction
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in contralateral MEP amplitude and suppression of ipsilateral MEP. Ipsilateral motor-evoked
potentials were not seen with stimulation during active contraction of the FDI.
6.4.5 Task fMRI
Task activations are summarized in Table 6.2. With unaffected (left) finger tapping at baseline,
multiple areas of cortical activation were seen in contralateral pre-central gyrus, medial frontal
gyrus, BA6, and post-central gyrus (Figure 6.4A). Activation was also seen in temporal gyrus,
BA 21, and occipital (BA18, 19) areas. Paretic (right) finger tapping resulted in multiple areas of
bilateral cortical activation (Figure 6.4B). Activation of the perilesional and the contralesional
pre-central gyri, medial frontal gyrus and BA 6 were detected. The largest activation was seen in
the ipsilateral pre-central gyrus, with similar activation of the contralesional pre-central gyrus.
Pre-minus-post analysis demonstrated reduced activations in stimulated-contralesional precentral and post-central gyri during left finger tapping (Figure6.4C). Reductions were also
observed in BA3, and BA6. Post-minus-pre treatment analysis, showing increased activations
following intervention, revealed an increase in activation of the perilesional pre-central gyrus
during paretic finger-tapping, with increases also seen in the left BA3, BA4, and BA6 (Figure
6.4D).
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Table 6.2. Summary of Functional MRI Measures
Task
Analysis
Right (paretic) finger-tap
Pre-tDCS

Pre- minus post-tDCS
Post- minus pre-tDCS
Left (unaffected) finger tap
Pre-tDCS

MNI coordinates
[x, y, z]
12
18
-18
03

-91 -19
-28 71
-22 71
-25 56

Neuroanatomical
region

T-score
(peak)

p-value
(FWE)

Lingual Gyrus
R Precentral Gyrus
L Precentral Gyrus
R BA 6

9.69
7.97
7.76
7.60

< 0.001
< 0.001
< 0.001
< 0.001

No activations

------------

----------

L Precentral Gyrus

7.93

< 0.001

R Precentral Gyrus
Inferior Occiptal Gyrus
R BA 6

13.90
12.04
6.49

< 0.001
< 0.001
< 0.001

--------------------30 -25

56

36 -22 65
18 -91 -13
30 44 41

Pre- minus post-tDCS

36 -22
30 -37

65
62

R Precentral Gyrus
R Postcentral Gyrus

8.68
5.63

< 0.001
< 0.001

Post- minus pre-tDCS

-03

35

BA 9

5.50

< 0.001

50

Abbreviations: BA, Brodmann Area; FWE, Family-Wise Error; MNI, Montreal Neurological
Institute
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Figure 6.4. fMRI activation maps for a simple finger tapping task. A. Baseline activation
patterns observed during a left finger-tapping task. Typical activations are seen in the right
hemisphere, including the motor (BA4) and sensory (BA3) primary cortices, as well as activation
of the premotor cortex (PMC), primary visual cortex (V1) and supplementary motor area (SMA).
B. Baseline activation patterns observed during a right finger-tapping task. Activation is seen in
both the lesioned and contralesional hemisphere. C. Pre-minus-post fMRI analysis displaying
areas of reduced activation following cathodal tDCS intervention. Reduced activation is seen in
the right motor and sensory cortices, as well as the PMC and SMA. D. Post-minus-pre fMRI
analysis displaying areas of increased activation following cathodal tDCS intervention.
Increased activation is seen in the perilesional motor and sensory cortices.
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6.4.6 Rest-State fMRI
Regression coefficients between all motor network ROI (LM1, RM1, LM1’) indicated little
connectivity pre-intervention (Figure 6.5). Post-intervention there was an apparently change in
connectivity strength between LM1’ and RM1 in the negative direction (LM1’-RM1 preintervention: r=-0.06, post-intervention: r=-0.67).

Figure 6.5. Resting-state region of interest (ROI) to ROI analysis. A. Regions of interest are
displayed on a template brain, demarked as the left primary motor cortex (LM1), perilesional
M1 (LM1’) and right primary motor cortex (RM1). B. Baseline analysis suggests no significant
correlations between either LM1 or LM1’ and RM1. C. Following cathodal tDCS intervention
there was a strong negative correlation between LM1’ and RM1.
6.4.7 MRS
Quality MRS data were obtained for metabolites at both time points. Results are displayed in
Table 6.3. All reported differences appeared larger than would be expected by repeated measures
variability. Notably, the largest possible decreases in NAA, choline, and inositol were detected in
RM1 post-intervention.
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Table 6.3. Summary of Magnetic Resonance Spectroscopy Findings
Sampling Location

Pre-tDCS Concentration

Post-tDCS Concentration

(CRB)

(CRB)

Glutamate

9.205mM (7%)

9.197mM (7%)

-0.09%

NAA

8.727mM (3%)

8.114mM (4%)

-7.02%

Choline

1.284mM (5%)

1.335mM (5%)

+3.97%

Inositol

5.154mM (5%)

5.182mM (6%)

+0.54%

Glutamate

9.363mM (8%)

9.876 mM (7%)

+5.48%

NAA

11.248mM (4%)

9.967mM (4%)

-11.39%

Choline

1.250mM (6%)

1.035mM (6%)

-17.20%

Inositol

4.829mM (7%)

4.148mM (6%)

-14.10%

Metabolite

% Change

Left M1’ (lesioned)

Right M1 (stimulated)

Abbreviations: CRB, Cramer-Rao lower Bounds; NAA, N-Acetyl-Aspartate
6.4.8 DTI
Corticospinal tracts were well defined in the right hemisphere. Due to extensive white matter
damage in the left hemisphere, full corticospinal tracts were not definable but a sub-tract
extending from the cerebral peduncle to the lesioned area was defined. Following intervention,
no changes in mean FA or diffusivity values of tracts were apparent.
6.5 Discussion
This is the first published case of tDCS in childhood stroke. Here we demonstrate preliminary
evidence supporting feasibility and safety of tDCS-paired stroke rehabilitation in adolescents.
Preliminary findings suggest that cathodal tDCS combined with occupational therapy may
produce clinical improvements in motor function. Accompanying neurophysiological changes
may be detectable using TMS and advanced neuroimaging, where an integrated approach
appears feasible. While limited to a single participant, these findings appear generally consistent
with emerging evidence from adult stroke.
The safety and tolerability of tDCS is well-defined in adults, however lacks the same degree of
investigation in pediatrics. Our findings suggest that cathodal tDCS applied over the
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contralesional M1 is feasible, safe, and tolerable in adolescents. Although commonly applied in
stroke, evidence from healthy adults has been variable for cathodal tDCS where even possible
disruption of motor learning has been described[127,253]. There is therefore an essential need
for safety data in pediatric populations. Our findings suggest no decrease in unaffected hand
function, consistent across a wide range of motor measures. Recently, we demonstrated that both
contralateral anodal and ipsilateral cathodal tDCS can enhance motor learning in healthy schoolaged children[234]. Tolerability of tDCS in pediatric disease populations is also increasingly
defined. Gillick et al.[171] reported a 10-year-old child with hemiparesis that could not complete
a trial due to discomfort of tDCS. In contrast, we documented that stimulation up to 2mA was
tolerable in 24 healthy children ages 7-18 years though younger children were more likely to
rank itching as “moderate or severe” compared to adolescents[234].
These variable observations may relate to several factors including differing strength of inducedelectric fields and off-target stimulation. Computational current modeling can predict electric
field strength and distribution in patients of different ages and conditions. For example, younger
subjects likely experience differences in current intensity and distribution compared to
adults[300]. Cortical strokes introduce additional variability such as the high conductivity of
cerebrospinal fluid that fills the lesioned area and may shunt current to regions distant from the
electrodes resulting in less predictable stimulation patterns[384]. Such computational current
modeling methods should be considered to understand and ultimately optimize electrode position
and current strength in both pediatric and stroke populations.
Increasing evidence suggests that following an ischemic event there is a relative increase of
activity within the contralesional M1. Over time, resulting imbalance of interhemispheric
inhibition, where the non-lesioned hemisphere exerts greater inhibition on the lesioned
hemisphere, may suppress motor function in the affected limb[170]. This theoretical model,
supported by advanced imaging and TMS evidence in adults, has driven many applications of
tDCS in an attempt to restore interhemispheric inhibition balance and possibly increase recovery
of motor deficits. Tenets of this model include aims of: 1) decreasing activity of the
contralesional M1, 2) increasing activity of the ipsilesional M1, or 3) some combination of 1 and
2. These aims might theoretically be achieved with contralesional cathodal, ipsilesional anodal,
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or bihemispheric tDCS, respectively. Here we applied contralesional cathodal tDCS, a primary
reason being the need to optimize safety where stimulation of the intact, non-lesioned
hemisphere (and no MEP from the lesioned hemisphere) was felt to be most appropriate.
Converging neurophysiology and neuroimaging findings suggests that cathodal tDCS application
may indeed reduce contralesional cortical activations. We observed a reduction in cortical
excitability and suppression of ipsilateral responses when applying TMS to the stimulated,
contralesional M1. Recent adult evidence suggested that cathodal tDCS may sometimes increase
[rather than decrease] cortical excitability under certain parameters. This includes adult studies
where 2mA cathodal tDCS had such effects[11] as well as one pediatric study suggesting 1mA
could have similar effects[161]. Such age-specific phenomenon may be relate to the strength of
induced-electric fields at the cortical level, rather than absolute current strength, as anatomical
considerations suggest that children may experience stronger induced-electric fields compared to
adults[300]. These important neurophysiological findings must be taken into consideration when
designing trials in pediatric stroke rehabilitation. Precise developmental profiles of tDCS effects
have not been described to date, however our study suggests that 1.5mA cathodal tDCS can
reduce cortical excitability in an adolescent with stroke.
Advanced neuroimaging provides further evidence of a reduction of cortical activation with
cathodal tDCS. Here we demonstrate that contralesional cathodal tDCS paired with occupational
therapy: 1) reduced activation of the contralesional M1, and 2) increases activation of the
perilesional M1. Taken together, these findings support the theory of a shift in paretic hand
activation patterns from contralesional to intact perilesional M1. Evidence in adult stroke
suggests that both ipsilesional anodal tDCS and contralesional cathodal tDCS increase BOLD
activation in the ipsilesional M1 with paretic hand movement[385]. These changes in activation
responses may be associated with functional changes in motor performance. Comparable
changes in fMRI activation patterns can also be seen with bihemispheric tDCS[350]. Motor
networks can also be examined with rs-fMRI. Here were observed possible changes with
strengthening of connectivity between the two functional M1, which at baseline showed only
minimal correlation. This finding has not been previously described in pediatric stroke
populations, however early studies in healthy adults have demonstrated similar changes
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associated with cathodal tDCS[35]. Recent advances in MRS techniques have begun to elucidate
neurochemical changes associated with tDCS and motor plasticity. Limited evidence suggests
that ipsilesional M1 GABA levels may serve as a predictor for the extent of motor improvements
seen with tDCS; we were not technically equipped to measure GABA in our participant.
The primary objective of this case study was to demonstrate early feasibility of tDCS-paired
rehabilitation in children with hemiparesis. The opportunity to participate in a parallel trial meant
there was no option for a cross over, sham-controlled single subject trial, though this may be
challenging with tDCS as subjects may need to be naïve for true blinding[244]. This lack of
control conditions further limits any conclusions that can be drawn on the effects of tDCS and
measured changes may have solely been due to the intensive occupational therapy. However, our
results are also consistent with studies in both healthy adults and those with stroke,
demonstrating that sham tDCS alone does not shift motor cortical activations, and even when
paired with occupational therapy these shifts are not evident[385,386].
In conclusion, we provide preliminary experience of safety and feasibility of tDCS interventions
combined with comprehensive assessments of possible interventional plasticity effects in chronic
hemiparesis secondary to childhood stroke. This should help advance larger studies. The benefits
to young persons with disability and their families of just having the opportunity to try new
therapeutic interventions should also not be underestimated.
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6.8 Bridge
Here we demonstrated that application of contralesional cathodal tDCS is safe in a case of
childhood stroke. A series of TMS neurophysiological and advanced neuroimaging
investigations were performed, suggesting reduced cortical excitability and a shift in functional
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activation of the paretic hand back to the perilesional M1. Such translational applications
demonstrate the utility of applying tDCS in clinical populations, and the power of multimodal
neurophysiological approaches. Translational applications of tDCS in a healthy population are
lacking. Demonstrating novel applications will aid in determining the full potential of tDCS in
enhancing motor learning. Recent changes in medical training environments have impaired the
education and training of residents, particularly surgical residents. Defining methods to enhance
the acquisition of surgical skill in medical trainees may revolutionize the future of medical
procedural skill training
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Chapter 7: Effects of Transcranial Direct-Current Stimulation on Laparoscopic Surgical
Skill Acquisition
The following work has been submitted to Scientific Reports (Ciechanski P, Cheng A, Damji O,
Lopushinsky S, Hecker K, Jadavji Z, & Kirton A, 2017); used with permission.
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recruitment, data collection, data analysis, statistical analysis, and drafting and revising the
manuscript. Author AC’s and SL’s contributions to this study include: obtaining funding, study
design, and revising the manuscript. Author OD’s contributions to this study include: participant
recruitment, data collection, and revising the manuscript. Author KH’s contributions to this study
include: study design, statistical analysis, and revising the manuscript. Author ZJ’s contributions
to this study include: data analysis, and revising the manuscript. Author AK’s contributions to
this study include: obtaining funding, study design, and revising the manuscript.
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7.1 Abstract
Objective: To determine the effects of transcranial direct-current stimulation (tDCS) on
simulation-based laparoscopic skill acquisition.
Methods: Double-blind, randomized, sham-controlled trial (ClinicalTrials.gov: NCT02756052).
Medical students with an interest in surgical specialties were contacted. Forty-four students
expressed interest, 4 were excluded for scheduling conflicts, 1 was unavailable for retention
testing. Participants were randomized 1:1 to receive 20 minutes of 1mA anodal or sham tDCS
over the dominant primary motor cortex, concurrent to Fundamentals of Laparoscopic Surgery
simulation-based laparoscopic skill training. Primary outcomes of laparoscopic pattern cutting
and peg transfer tasks were scored at baseline, during repeated performance over 1 hour, and
again at 6 weeks. Intent-to-treat analysis examined the effects of treatment group on skill
acquisition and retention.
Results: Thirty-nine participants had a mean age of 25.5yrs (53% female). Baseline
characteristics and performance were comparable between groups. Participants receiving tDCS
achieved higher final pattern cutting scores compared to sham (p=0.02). Effects persisted at 6
weeks. Effects on peg transfer scores were not statistically significant (p=0.11). The proportion
achieving predetermined proficiency levels was higher for anodal tDCS compared to sham
(p=0.04). Procedures were well tolerated with no serious adverse events and no decreases in
motor measures.
Conclusion: The addition of tDCS to laparoscopic surgical training may enhance skill
acquisition. Unimanual pattern cutting skills may be more sensitive to enhancement, compared to
bimanual peg transfer. Trials of additional skills and translation to non-simulated performance
are required to determine potential utility in medical education and impact on patient outcomes.
7.2 Introduction
Over 300 million surgical procedures are required to address the global burden of disease[211].
Surgical trainees often lack confidence in their ability to perform procedures and fellowship
program directors believe many final year trainees cannot independently perform major
procedures[214,215]. Recent changes in surgical training environments, including restricted
work-hour regulations, are limiting opportunities for trainees to gain proficiency in surgical
skills[212]. Simulation-based task training (SBTT) provides an effective, risk-free method of
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skill acquisition during training, but is time consuming with modest effect sizes and variable
long-term retention of skills[232,233]. Defining methods to enhance SBTT holds the potential to
accelerate training and optimize achievement of surgical skill competency.
As a minimally-invasive technique with reduced complication rates, quicker recovery, and
shorter hospital stays[387], laparoscopic surgery has become standard for many procedures.
Laparoscopic skills are difficult to acquire with loss of depth perception, lack of tactile sensation,
and altered hand-eye coordination being contributory factors[222]. The Fundamentals of
Laparoscopic Surgery (FLS) program utilizes SBTT to teach laparoscopic skills[388], and
performance is associated with intraoperative performance[389,390]. Complex motor skills such
as precision cutting and single-incision laparoscopy are difficult to acquire and also prone to
decay[224,391–393]. Improved strategies to optimize the efficiency and effectiveness of
complex surgical skill training models are required.
Transcranial direct-current stimulation (tDCS) is a form of non-invasive brain stimulation that
delivers weak electric currents to the cortex via two scalp electrodes (anode and cathode)[7].
When paired with motor learning, stimulation of the motor cortex with anodal tDCS safely
enhances skill acquisition of a wide range of tasks, often with large effect sizes[74,302]. Skill
enhancement over days may be retained for months or longer[74,302]. Neuroimaging and
neurophysiology studies are beginning to elucidate possible mechanisms behind this
enhancement of learning[241]. Applying tDCS to enhance the acquisition of complex SBTT
skills such as those required with laparoscopic surgery, has not been investigated. Establishing
an ability to enhance surgical skill motor learning could positively impact medical education and
patient outcomes on a broad scale.
We aimed to assess whether tDCS could enhance the acquisition of laparoscopic skills. We
hypothesized that anodal tDCS over the dominant primary motor cortex would enhance the
acquisition of two FLS skills.
7.3 Methods
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7.3.1 Study Design, Participants
This was a double-blind, randomized, sham-controlled, single centre clinical trial
(ClinicalTrials.gov, NCT02756052). Participants provided written informed consent. The
University of Calgary Research Ethics Board approved all methods.
Recruitment emails were sent to 1st and 2nd year medical students, encouraging those with an
interest in surgical specialities. Respondents were screened for exclusion criteria (neurological or
neuropsychiatric disorders, neuropsychotropic medication, previous brain stimulation, implanted
metal or electronic devices, or pregnancy). Trial objectives and possible side effects of tDCS
were described by standardized script to participants. Baseline characteristics including age,
gender, handedness, previous laparoscopy experience, and musical instrument and videogame
experience were recorded. To optimize motor learning[394], competition and reward were
invoked by awarding the best performer on each task an additional $50 coffee gift card (all
received $20).
7.3.2 Outcomes
Primary outcomes were the FLS pattern cutting and peg transfer tasks[388]. These validated
tasks represent unimanual and bimanual skills, respectively, and are sensitive to improved
performance throughout residency training. Pattern cutting required the use of a dissector and
endoscopic scissors to cut a marked circle (4cm diameter) out of a 10x10cm two-ply gauze. Peg
transfer required the use of two dissectors to transfer six pegs to each end of a pegboard and
back. For both, time score was the completion time in seconds subtracted from a cut-off time of
300 seconds. Standardized error scores were calculated as the percent area deviation from a
perfectly cut circle (10% deviation=10 second penalty) or the percentage of pegs dropped outside
the field of view (1/6 pegs lost=17 second penalty). A total score was calculated by subtracting
the error score from the time score. All repetitions were scored in real-time and video recorded.
Two blinded assessors independently scored video recordings and the average was used. The
Purdue Pegboard Test (PPT) defined baseline motor function and served as a safety measure to
ensure no decline in function of either hand.
7.3.3 Intervention
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Trial design is shown in Figure 7.1A. The PPT was performed with each hand. Participants
watched a 2-minute orientation video for both FLS tasks, in which the task was performed by an
experienced surgeon. One repetition of each task was then performed (baseline) on a FLS
Trainer System (VTI Medical Inc, MA).
The same tDCS set-up was performed on all participants. The anode was positioned over the
dominant primary motor cortex (C3 or C4, 10-20 Electroencephalography Electrode System)
with the cathode over the contralateral supraorbital-area (Figure 7.1B). Participants blindly
selected a randomization code envelope that was opened only by the investigator applying tDCS.
Anodal tDCS was delivered through 25cm2 saline-soaked sponge electrodes using a DC
Stimulator (neuroConn GmbH; Ilmenau, Germany).

Figure 1. A) Trial design. Participants performed the Purdue Pegboard Test (PPT), and both the
one peg transfer (black bars) and one pattern cutting (striped bars) Fundamental of
Laparoscopic Surgery tasks at baseline. Training consisted of eight repetitions of each task in an
interleaved design. Participants were randomized to 20 minutes of 1mA tDCS or sham
concurrent to training. All three tasks were repeated following training. Participants returned
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six weeks later to assess retention of FLS skills. B) Stimulation montage. The anode (red) was
positioned over the dominant primary motor cortex (M1), and the cathode (blue) over the
contralateral supraorbital area.
Training then consisted of eight repetitions of each task performed in an interleaved manner (AB-A-B…) suggested to enhance laparoscopic skill acquisition[395]. Each repetition consisted of
performing the task to completion. No feedback was provided during or after the task. Short
breaks (~60 seconds) were permitted between repetitions. Stimulation was initiated with the first
training block according to published standards[309] by the same experienced investigator. In
both sham and anodal tDCS conditions, current was ramped up to 1mA over 45 seconds. Anodal
tDCS was maintained at 1mA for 20 minutes. Sham tDCS was held at 1mA for 60 seconds
followed by a 45-second ramp down to 0mA. This sham procedure produces identical scalp
sensations and effective blinding in tDCS trials[310].
Immediately following the final training block, a final repetition was performed to obtain posttraining scores for each task. The PPT was then repeated. Participants completed a brain
stimulation safety and tolerability questionnaire, ranking sensations using a Visual Analogue
Scale (0=not present, 10=intolerable). Participants were asked to guess whether they had
received anodal or sham tDCS.
Participants returned six weeks later and performed one repetition of each task to assess skill
retention.
7.3.4 Sample Size
Reports of tDCS-enhanced motor learning on simple motor tasks[74,302] suggest effect sizes
from 0.9-2.50. Given the increased complexity of laparoscopic skills and single session training
duration, a smaller effect size (1.0) was combined with typical mean (SD) changes in FLS scores
of 110 (10), α=0.05, and power of 90% to estimate 18 participants per intervention group (n=36
total).
7.3.5 Statistical Analysis
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Demographics and baseline characteristics were compared using Chi-square/Fisher’s exact and ttests. Following confirmation of a normal distribution (Shapiro-Wilk Test), pattern cutting and
peg transfer scores were compared across time (baseline, post-training, retention) and
intervention groups using two-way repeated-measures ANOVA. Post-training scores were
compared between groups using t-tests. Proportions reaching predetermined proficiency levels
were compared using Chi-square/Fisher’s exact tests. Paired t-tests evaluated score decay
between post-training and retention and changes in PPT from baseline to post-training.
Proportions and severity of tDCS sensations were compared (Fisher’s, t-tests). Significance was
identified when p<0.05. Hypothesis tested were 1-sided, based on the predefined hypothesis that
tDCS enhances skill acquisition in a wide range of tasks. Analyses were performed using
Sigmaplot 12.5 (Systat Software Inc).
7.4 Results
7.4.1 Population
From March through July 2016, 44 students expressed interest, and 4 were excluded for
scheduling conflicts. One participant was unavailable for retention testing. Population
characteristics are shown in Table 7.1. Baseline motor performance did not differ between
groups. One participant in each group had minimal laparoscopic experience (<10 minutes), one
(sham) spent 8 hours/week playing instruments, and three (2 sham, 1 anodal) spent >8
hours/week playing video games.
Table 1. Demographics and baseline characteristics
Sham tDCS
(n=19)
Age (y)
24.7 (3.3)
Gender
9M/10F
Handedness
17R/2L
1st/2nd/3rd Year Medical Students
12/6/1
Baseline Non-Dominant Hand PPT Score 15.2 (2.1)
Baseline Dominant Hand PPT Score
17.0 (1.8)
Baseline Peg Transfer Score
102.6 (52.0)
Baseline Pattern Cutting Score
68.3 (62.9)
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Anodal tDCS
(n=20)
26.3 (4.1)
9M/11F
18R/2L
9/10/1
15.1 (1.6)
16.8 (1.5)
97.1 (61.5)
71.1 (75.4)

When applicable, values display: mean (standard deviation). M, male; F, female; R, righthanded; L, left-handed
7.4.2 Pattern Cutting
Pattern cutting learning curves are shown in Figure 7.2A. Scores improved for all participants
during training (F2=172.99, p<0.001). No differences were seen between stimulation groups
across all timepoints (F38=1.071, p=0.31). At post-training, participants receiving tDCS
demonstrated higher pattern cutting scores compared to sham (207.6±30.0 vs 186.0±32.7;
t=2.143, p=0.02). Compared to established proficiency scores (98 second completion time,
corresponding to a score of 202, assuming no error), proportions achieving proficiency were 11
(55%) for tDCS compared to 6 (32%) for sham (Figure 7.2B; p=0.20). Proportions reaching 90%
proficiency were 85% with tDCS versus 58% with sham (p=0.08). Neither group demonstrated
decay in pattern cutting from post-training to retention testing: sham (186.0±32.7 to 198.6±29.0;
p=0.13) and tDCS (207.6±30.0 to 206.4±26.8; p=0.97). Mean change at retention times did not
differ between treatment groups (13.4±26.5 vs -0.2±29.4; t=1.477, p=0.15).
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Figure 2. A) Learning curve of Fundamentals of Laparoscopic Surgery pattern cutting
concurrent to sham (white circles) or anodal tDCS (red circles). Error bars display standard
error of the mean. B) Proportion of participants achieving various levels of pattern cutting
proficiency at post-training evaluation with the application of sham (white circles) or anodal
tDCS (red circles). *p<0.05
7.4.3 Peg Transfer
Peg transfer learning curves are shown in Figure 7.3A. Scores improved for all participants
during training (F2=117.18, p<0.001). No differences were seen between stimulation groups
across all timepoints (F38=0.276, p=0.603). At post-training, participants receiving tDCS
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demonstrated a trend towards higher peg transfer scores compared to those receiving sham
(210.2±23.5 vs 201.7±18.1; t=1.262 p=0.11). Compared to established proficiency scores (48
second completion time, corresponding to a score of 252, assuming no errors), no participants
achieved proficiency. Proportions achieving 90% proficiency were 7 (35%) for tDCS compared
to 1 (5%) for sham (Figure 7.3B; p=0.04). Proportions achieving 80% proficiency were 75%
with tDCS versus 53% with sham (p=0.19). Both groups demonstrated decay in pattern cutting
from post-training to retention testing: sham (201.7±18.1 vs 181.9±35.1; p=0.02) and tDCS
(210.2±23.5 vs 193.4±21.6; p=0.002). Mean change at retention times did not differ between
sham and anodal tDCS groups (-17.2±36.9 vs -19.4±15.7; t=0.230, p=0.41)

Figure 3. A) Learning curve of Fundamentals of Laparoscopic Surgery peg transfer concurrent
to sham (white circles) or anodal tDCS (red circles). Error bars display standard error of the
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mean. B) Proportion of participants achieving various levels of peg transfer proficiency at posttraining evaluation with the application of sham (white circles) or anodal tDCS (red circles).
7.4.5 Inter-Rater Reliability
Assessor scores agreed within 1-point of each other in 94% of cases, and within 2-points in
greater than 98% of cases.
7.4.6 Safety and Tolerability
There were no serious adverse events. Interventions were well-tolerated with mean VAS scores
of 1 or less for all sensations (Table 7.2). Itching was most common, occurring in 24 (62%)
participants. Sensation proportions and severity were comparable between groups with the
exception of burning which was more common (9/20 versus 2/19, p=0.03) and less mild (0.67
versus 0.16, p=0.03) for tDCS compared to sham. PPT scores did not decrease in either hand,
regardless of intervention. Sham participants increased non-dominant PPT (15.2±2.1 vs
16.3±2.1, p=0.002) with a trend in dominant PPT (17.0±1.8 vs 17.5±1.8, p=0.05). The tDCS
group increased both non-dominant (15.1±1.6 vs 16.1±1.8, p<0.001) and dominant PPT scores
(16.8±1.5 vs 17.6±1.9, p=0.02). Change in PPT did not differ between treatment groups. When
asked to guess their intervention allocation, most participants (>75%) responded as “unsure”.
When forced to guess, assignment was correct in 60% of guesses.
Table 2. Sensations and tolerability of tDCS
Proportion of participants reporting
sensation
Sham tDCS Anodal tDCS p-value

VAS sensation severity ranking

Anodal
tDCS
Itching
9/19
15/20
0.11
0.84 (1.26)
1.06 (0.89)
Burning
2/19
9/20
0.03
0.16 (0.50)
0.67 (0.91)
Tingling
4/19
10/20
0.10
0.37 (0.76)
0.71 (0.85)
Discomfort 5/19
9/20
0.32
0.37 (0.68)
0.33 (0.48)
Pain
2/19
2/20
1.00
0.05 (0.23)
0.05 (0.22)
Values display proportions or mean (standard deviation). VAS, Visual Analogue Scale
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Sham tDCS

pvalue
0.15
0.03
0.13
0.83
0.97

7.5 Discussion
Our double-blind, randomized, sham-controlled trial suggests that tDCS may safely enhance
simulation-based laparoscopic surgical skill acquisition over a single training session. In
accordance with our hypothesis, we demonstrated effects of tDCS on acquisition of unimanual
pattern cutting, with possible effects on bimanual peg transfer skills. This proof-of-concept study
supports the need for additional trials combining non-invasive neuromodulation with simulationbased surgical skill training to potentially enhance procedural skill learning in medical trainees.
The recent shift to competency-based medical education by residency speciality training
authorities including the Royal College of Physicians and Surgeons of Canada has emphasized
the development of structured training opportunities and enhanced skill acquisition[396].
Trainees must now demonstrate competency for required skills specific to their specialty to
advance to certification. Supplementing operating-room practice with SBTT provides trainees
with risk-free opportunities to accelerate their skill learning[389,390] but at the cost of additional
time and risks of decay or poor translation to the operating room[232]. Such challenges are
paramount for more complex skills such as laparoscopy[224,393,397]. Existing training
strategies including motivation, feedback techniques, and redistributed practice opportunities
have modest effect sizes[232,398,399]. Importantly, neuromodulation is compatible, and
possibly even synergistic, with such approaches.
Other changes in training curricula have further impacted skill acquisition[212,400]. For
example, advances in vascular surgery have reduced morbidity but the increased complexity of
procedures limits opportunities for trainees to gain experience in these skills[212]. Furthermore,
implementation of workweek hour restrictions have dramatically reduced “hands-on” training
time of residents; the new 80-hour workweek[213] decreasing in-hospital time by approximately
6 months over a 5-year residency. These changes have compromised opportunities for residents
to acquire proficiency in skills, with potential consequences for patient outcomes[215].
Questionnaires administered to residents and program directors suggest that residents pursing
fellowships are often unprepared, both in self-confidence and technical ability, to practice
general surgery[214,215]. More than one-third were “not sure” of their confidence to
independently perform surgery[214], and two-thirds of program directors claimed their fellows
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were unprepared to operate unsupervised in major procedures[215]. Additionally, 30% of
program directors said fellows could not manipulate tissue, and more than half could not suture
laparoscopically[215]. Techniques to enhance acquisition of surgical skills are required to
overcome these modern challenges to medical education.
We observed effects of tDCS on unimanual pattern cutting but not bimanual peg transfer tasks.
This was somewhat expected and may relate to anodal tDCS application over the dominant
primary motor cortex with preferential effects on dominant hand function. The peg transfer task
requires approximately equal use of graspers while pattern cutting clearly distinguishes a nondominant “holder” hand with the dexterous cutting movements executed by the dominant hand.
By stimulating the dominant motor cortex, we may not expect effects on more bimanual skill
acquisition requiring the non-dominant hand. However, this may also reflect other factors as we
and others have shown that unilateral motor cortex anodal tDCS can improve function of both
hands[252,302]. Alternate stimulation techniques such as bihemispheric anodal tDCS may yield
greater effects on bimanual skills[401], and may warrant future investigation in procedural skill
learning.
No participants achieved peg transfer proficiency, as expected with single session training. The
FLS curriculum suggests the mean number of repetitions required for peg transfer proficiency is
57 (range from 26-80). Here participants performed 10 repetitions of the task, yet more than onethird of those receiving tDCS reached 90% proficiency, compared to one-in-twenty in the sham
condition. The relative lack of skill decay from post-training is encouraging and might be further
improved with higher doses of training. Reports of tDCS-enhanced skill retention typically apply
stimulation over multiple days of training, possibly facilitating retention through
consolidation[74,302].
The mechanisms of tDCS-enhanced motor learning are increasingly, but poorly, defined. The
application of anodal tDCS over the primary motor cortex is thought to modulate cortical
excitability[7]. Increased spontaneous neuronal firing induced by direct-current stimulation may
then strengthen neuronal activity between stimulated and distal locations through long-term
potentiation-like mechanisms[2,6]. Distal locations such as the premotor cortex, supplementary
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motor areas and basal ganglia have been implemented in motor learning[64]. Modulated synaptic
efficacy and cortical connectivity[333] between these regions may facilitate tDCS-enhanced
motor learning.
The possible integration of tDCS into training curricula and large multi-center trials is also
economically feasible. Certified, short courses and tutorial videos on the safe application of
tDCS are available. While the upfront cost of a DC stimulator ranges from 5,000 to 12,000USD,
the cost of consumables (saline, electrodes) is affordable and maintenance costs are minimal. In
fact, compared to the costs of the simulators currently used in many training programs, the
additional cost of tDCS is marginal.
Current evidence strongly supports the safety of tDCS[200]. In over 30,000 stimulation sessions
of nearly 10,000 subjects, there has not been a single serious adverse event. Here we add to this
safety data for a new indication, demonstrating no change (or improvement) in untrained,
bilateral motor function. This supports the application of tDCS in medical trainees where
possible benefit to themselves and their patients outweighs minimal risk. Sensations associated
with tDCS were tolerable and similar between sham and anodal stimulation paradigms,
suggesting favourable tolerability and effective concealment. The slight difference in burning
sensation suggests cross-over designs or application to non-naïve tDCS subjects may risk partial
awareness of allocation and should be considered in future trials. Simple solutions, such as
soaking electrodes in weaker concentrations of saline have been shown to improve sensation
tolerability[209], possibly providing more effective concealment.
Applications of tDCS to other complex procedural skills warrant future investigation. For
example, recent trials of endovascular thrombectomy have revolutionized treatment of ischemic
stroke[402], generating an enormous need for interventionalists where unimanual dexterity and
skill are paramount. Additional applications may include increased skill retention in senior
surgeons, as age has been inversely associated with laparoscopic procedure speed and
coordination[403]. In laparoscopic gastric bypass, lower technical skill is associated with longer
operation time, higher rates of reoperation, and increased likelihood of readmission[404]. The
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integration of tDCS-enhanced “top-up” training may slow natural skill decline and benefit the
maintenance of performance.
Our study has limitations. We could only employ simulation-based training, but the same
methodology has demonstrated transferability to real-surgical skill. Skill acquisition greatly
benefits from instructor-feedback and combining tDCS with more formal feedback methods
requires further study. Our sample consisted of medical students rather than surgical trainees.
Senior residents and fellows typically possess greater skill and whether tDCS can enhance skill
acquisition at higher levels of training remains unknown. Importantly, we examined the effects
of tDCS over only a single-training session while surgical skill training occurs over years with
large doses of practice. tDCS-motor learning studies have typically demonstrated larger effect
sizes over multiple days of training. The application of tDCS throughout an intensive skill-based
curriculum may yield larger effects.
7.6 Conclusion
The addition of tDCS to simulator-based laparoscopic surgical training is safe, feasible, and may
enhance skill learning in medical trainees. Further trials using higher doses of training, across
different surgical procedures, are required to determine the potential utility of this approach to
enhance procedural skill learning and patient outcomes.
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7.8 Bridge
Here we demonstrated the safety, feasibility, and efficacy of tDCS in enhancing simulationbased laparoscopic surgical skill acquisition in medical trainees. This is among the most complex
motor tasks where tDCS has demonstrated utility in enhancing skill learning. We demonstrated
that primarily unimanual skills are more sensitive to enhancement than bimanual skills. Factors
such as task difficulty may contribute to this difference, however specificity of stimulation may
play an important role as well, as only the dominant M1 was targeted. Translation to other
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complex medico-surgical procedures are necessary to integrate tDCS into medical training. We
chose to examine the effects of tDCS on the acquisition of simulation-based unimanual tumour
resection skill in medical trainees.
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8.1 Abstract
Background: Recent changes in surgical training environments may have limited opportunities
for trainees to gain proficiency in skill. Complex skills such as neurosurgery required extended
periods of training. Methods to enhance surgical training are required to overcome duty-hour
restrictions, to ensure skill proficiency is met. Transcranial direct-current stimulation (tDCS) can
enhance motor skill learning but is untested in surgical procedural training. We aimed to
determine the effects of tDCS on simulation-based neurosurgical skill acquisition.
Methods: Medical students were trained to acquire tumour resection skills using a virtual-reality
neurosurgical simulator. Primary outcome of change in tumour resected was scored at baseline,
over eight repetitions, post-training, and again at six weeks. Participants received anodal tDCS or
sham over the primary motor cortex. Secondary outcomes included changes in brain resected,
resection effectiveness, duration of excessive forces applied, and resection efficiency. Additional
outcomes included tDCS tolerability.
Results: Twenty-two participants consented, with no dropouts over the course of the trial.
Participants receiving tDCS intervention increased the amount of tumor resected, increased the
effectiveness of resection, reduced the duration of excessive forces applied, and improved
resection efficiency. Little or no decay was observed at six weeks in both groups. No adverse
events were documented, and sensation severity did not differ between stimulation groups.
Conclusions: The addition of tDCS to neurosurgical training may enhance skill acquisition in a
simulation-based environment. Trials of additional skills in high-skill residents, and translation
to non-simulated performance are required to determine the potential utility of tDCS in surgical
training.
8.2 Introduction
More than ten million neurosurgical procedures are performed annually around the world.[405]
Many neurosurgical procedures are high-risk with error resulting in serious morbidity and
mortality. Accordingly, neurosurgical training has historically been an arduous and long journey
including extreme workload to accommodate a heavy emphasis on the acquisition of required
complex motor skills.
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The implementation of duty-hour restrictions (DHR) in post-graduate medical training may have
limited opportunities for trainees to gain proficiency in such surgical skills.[213,406] DHR are
meant to decrease resident fatigue, ultimately leading to reduced errors and better patient
outcomes. While certain specialties may have benefitted from DHR[407,408], surgical
specialities have expressed concerns including reduction in operating room time and a possible
impairment of education and training.[409–411] Systematic reviews and meta-analyses have
suggested no benefit of DHR towards improving the safety, morbidity or mortality of patients
undergoing surgical procedures.[411,412] In fact, high acuity patients, such as those requiring
neurosurgery, may have actually incurred increased complication rates since the implementation
of DHR.[413–415] Despite these concerns, little has been done to address the potential
deficiencies in surgical skill learning.
To practice independently and safely, a neurosurgical trainee must master a variety of manual
skills. Simulation-based task training (SBTT) provides a risk-free method of surgical skill
acquisition[232] and may be more effective than traditional clinical education in attaining
skills.[416] Goals of surgical SBTT range from simple improvement of hand-eye coordination
and instrument handling to complex procedural skills where SBTT can shorten times to achieve
skill competency and translate to improved intraoperative performance.[389,390] Despite
technological advances in SBTT, training is time consuming, shows only modest effect sizes,
and demonstrates variable long-term retention of skill.[224,392,393] Methods to enhance the rate
of SBTT skill acquisition and retention, to ensure skill proficiency is met under the constraints of
DHR, may benefit surgical trainees.
Transcranial direct-current stimulation (tDCS) is an established form of non-invasive brain
stimulation. Sponge electrodes placed on the scalp facilitate the passage of weak electric currents
through the underlying cortex.[289,417] This current induces weak electric fields in neuronal
tissue, altering cortical excitability.[7] Applied in over 10,000 subjects over the last 17 years,
tDCS has demonstrated favourable safety and tolerability without a single serious adverse event
in both healthy and clinical populations.[200] Although often examined in the context of
therapeutic benefits, tDCS has been applied in healthy subjects to investigate effects on motor
learning and manual skill acquisition. Studies have consistently demonstrated that the application
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of tDCS over the primary motor cortex concurrent with skill training enhances motor
learning.[74,235,302] The motor tasks employed in these studies are typically simple (i.e. peg
transfer, key-stroke, etc.) while more complex motor functions relevant to advanced human
functions, such as surgical skill, have seldom been investigated.
We recently demonstrated that tDCS can enhance the acquisition of complex, simulation-based
surgical skill. This proof-of-concept study demonstrated the safety, feasibility, and possible
efficacy of applying tDCS to facilitate learning of laparoscopic surgical skills. With potential
implications for medical education and surgical patient outcomes, extension of this approach to
other complex surgical skills is required.
Here we examined the effects of tDCS on simulation-based neurosurgical skill acquisition. We
hypothesized that anodal tDCS over the dominant primary motor cortex would enhance the
acquisition of simulation-based neurosurgical tumour resection skills in medical trainees.
8.3 Methods
8.3.1 Study Design, Participants
This was a double-blind, randomized, sham-controlled, single-centre clinical trial
(ClinicalTrials.gov, NCT02987816). Participants provided written informed consent. The
University of Calgary Research Ethics Board approved all methods.
Recruitment emails were sent to first year medical students, encouraging those with an interest in
surgical specialties to participate. Respondents were screened for exclusion criteria (neurological
or neuropsychiatric disorders, neuropsychotropic medication, previous brain stimulation,
implanted metal or electronic devices, or pregnancy). Trial objectives and possible side-effects of
tDCS were described by standardized scripts to participants. Baseline characteristics including
age, gender, handedness, previous animal and virtual-reality surgical experience, and musical
instrument and videogame experience were recorded. To optimize motor learning, competition
and reward were invoked by awarding the best performer on each task an additional $50 coffee
gift card (all received a $20 gift card).
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Three neurosurgery residents from the University of Calgary were also recruited for reference
data.
8.3.2 Task, Outcomes
Training was performed using the NeuroTouch Neurosurgical Simulator (National Research
Council of Canada)[229]. Participants trained on an instrument handling task, where an
ultrasonic aspirator (held in the dominant hand) was used to resected three virtual tumours
embedded in healthy brain. An on-screen force meter provided real-time visual feedback on the
amount of force applied, with a threshold marker set to indicate when excessive forces were
being applied (Figure 8.1). Participants had three minutes to resect the tumours.

Figure 8.1. Screenshot of the NeuroTouch instrument handling tasks. Colored spheres simulate
tumours embedded in healthy white (white). The ultrasonic aspirator (black wand) is held in the
right hand. An on-screen force (F) meter provides real-time visual feedback on the amount of
force being applied on tumour or tissue by the aspirator. A threshold marker (black line, above
F) indicates when excessive forces are being applied.
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Primary outcome was the change in the amount of tumour resected between baseline and posttraining (∆Tumour). Secondary outcomes included change in: volume of healthy brain resected
(∆Brain), ratio of brain to tumour resected (∆Brain:Tumour), duration of excessive forces on
tumour (∆EFTumour), duration of excessive forces on brain (∆EFBrain), and ratio of excessive
forces on tumour to amount of tumour resected (∆EFTumour:Tumour). These outcomes have been
previously reported in investigations utilizing this system[229,231,418]. The percentage of
tumour resected, volume of healthy brain resected, and time of excessive forces was
automatically computed by NeuroTouch. Score output screens were captured by photo, and
verified by an independent, blinded assessor. Tumour:Brain, and EFTumour:Tumour were
manually calculated. Additional outcomes included stimulation tolerability rating and blinding
effectiveness.
8.3.3 Intervention
Trial design is shown in Figure 8.2A. Participants observed a short, standardized demonstration
instructing proper use of the instrument, how to perform the task, and what the goals of the task
were (resect as much tumour as possible, minimize resection of healthy brain, and avoid
excessive forces). One repetition was performed at baseline.
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Figure 8.2. A) Trial design. Participants performed one baseline tumour resection (grey striped
box). Training consisted of eight repetitions of this task, with short break separating each
repetition. Participants were randomized to 20 minutes of 1mA anodal tDCS or sham concurrent
to training. Following training one post-training repetition was performed. Participants returned
six weeks later to assess retention of skill. B) Stimulation montage. The anode (white) was
positioned over the dominant primary motor cortex (M1), and the cathode (grey) over the
contralateral supraorbital area.
The same tDCS set-up was performed on all participants. The anode was positioned over the
dominant primary motor cortex with the cathode over the contralateral supraorbital area (Figure
8.2B). The primary motor cortex was localized using the 10-20 Electroencephalography
Electrode System (C3, C4). Participants blindly selected a randomization envelope that was
opened only by the tDCS administrator. Anodal tDCS was delivered through 25cm2 salinesoaked sponge electrodes using a DC Stimulator (neuroConn GmbH; Ilmenau, Germany).
Training consisted of eight repetitions of the tumour resection task. Pilot testing suggested
plateauing of skill acquisition with eight repetitions in a single session. Computer-feedback was
provided at the end of each resection (after all tumours had been resected, or after three minutes,
whichever occurred first). Feedback was given in the form of on-screen scores, indicating how
much tumour and healthy brain were resected, and the duration of excessive forces applied on
tumour and brain. Corrective feedback was not provided. Task instructions and goals were
repeated to participants after each resection, with participants using the on-screen scores to
recognize what to improve on. Sixty second breaks were taken between repetitions. Longer
breaks were permitted at the participant’s request to a maximum of 3 minutes. Stimulation was
initiated with the first training block, according to published standards[309], by the same
experienced investigator. In both the sham and anodal tDCS conditions, current was ramped up
to 1mA over 45 seconds. Active anodal tDCS was maintained at 1mA for 20 minutes. Sham
tDCS was held at 1mA for 60 seconds followed by a 45 second ramp down to 0mA. This sham
procedure produces identical scalp sensations as active tDCS, and demonstrates effective
blinding in tDCS trials[244].
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Immediately following the final training block, a final repetition was performed to obtain posttraining scores. Participants then completed the brain stimulation safety and tolerability
questionnaire, ranking sensations using a Visual Analogue Scale (0=not present, 10=intolerable).
Participants were asked to guess whether they had received anodal or sham tDCS.
Participants returned eight weeks later and performed one repetition of the resection task to
assess skill retention.
To provide a reference standard, three neurosurgery residents performed three repetitions of the
same tumour resection task in a single session without application of tDCS.
8.3.4 Sample Size
Sample size calculations were based on previous work by our group, examining the effects of
tDCS on laparoscopic surgical skill acquisition. The concurrent application of tDCS with
unimanual Fundamentals of Laparoscopic Surgery training enhanced skill acquisition by
approximately 10%. Combined with an α=0.05, and power of 80%, we estimated 11 participants
per intervention group (n=22 total) to show a comparable significant effect.
8.3.5 Statistical Analysis
Demographics, interest in surgical specialties, performance at baseline, and time to follow-up
were compared between groups using t-tests. Gender distribution was compared using a chisquare analysis. Following confirmation of a normal distribution (Shapiro-Wilk test), primary
and secondary outcomes were compared across time (baseline, post-training) and intervention
groups (sham, tDCS) using two-way repeated-measures ANOVA. Tukey post-hoc tests were
used for pairwise comparisons, correcting for multiple comparisons. Paired t-tests evaluated skill
decay between post-training at retention measures. Further analysis stratified participants into
low- (sham, n=5; tDCS, n=6) and high-skill groups (sham, n=6; tDCS, n=5), delineated by
scores attained by neurosurgery residents, based on baseline performance. Sensation severity
from the tolerability measure was compared between intervention groups using t-tests. Analysis
were performed using Sigmaplot 12.5 (Systat Software Inc). Statistical significance was reported
when p<0.05. Values are displayed as mean (standard deviation).
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8.4 Results
8.4.1 Population
From December 2016 through January 2017, 26 students expressed interest, and four were
excluded for scheduling conflicts. Consent was obtained from 22 students. No participants
dropped out at any phase of the study. Age (p=0.301), interest in surgical specialties (p=0.277),
and baseline performance metrics (all p>0.267) did not differ between intervention groups (Table
8.1). Each group consisted of 8 females and 3 males (p=1.000). All participants were righthanded. Participants had no previous experience with virtual-reality surgical simulators and had
minimal to no experience in animal surgeries. Three neurosurgery residents (PGY2, PGY4,
PGY5) were also recruited. Time to follow-up did not differ between sham and tDCS
intervention groups (58.2±5.3 vs 56.4±5.1 days; t=0.624, p=0.540).
Table 8.1. Demographics and baseline skill
Age (years)
Female:Male
Interest in Surgery (/10)
Tumour Resected (%)
Brain Resected (cc)
Brain:Tumour Resected
EFTumour (s)
EFBrain (s)
EFTumour:Tumour Resected

Sham
24.6
(2.1)
8:3
5.2
(3.2)
64.4
(17.1)
0.122
(0.054)
0.0019
(0.0010)
31.4
(25.7)
16.9
(16.2)
0.575
(0.551)

tDCS
25.8
(3.0)
8:3
6.6
(2.9)
57.8
(19.9)
0.121
(0.049)
0.0021
(0.0005)
46.1
(27.5)
21.2
(11.3)
0.961
(0.762)

Residents
--1:2
--84.57
(10.45)
0.110
(0.021)
0.0014
(0.0003)
16.2
(13.4)
7.4
(6.6)
0.201
(0.184)

Values display mean (standard deviation). Abbreviations: EFBrain , Excessive forces applied on
brain; EFTumour , Excessive forces applied on tumour
8.4.2 Tumour Resected
The amount of tumour resected increased with training (F=5.447, p=0.030). Participants
receiving sham intervention did not show any change in tumour resected (t=0.950, p=0.354),
whereas those receiving tDCS demonstrated an increase (t=2.351, p=0.029). At post-training,
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there was no difference in ∆tumour between intervention groups (t=1.401, p=0.169). Neither
group showed decay in ∆tumour between post-training and retention time-points (both p>0.237).
Following separation into low- and high-skill groups, low-skill participants increased the amount
of tumour resected with training (F=15.428, p=0.003) while high skill did not. Low-skill
participants receiving sham did not increase the amount of tumour resected (Figure 8.3A-B;
t=0.739, p=0.479), whereas those receiving tDCS showed an increase (t=5.017, p<0.001). At
post-training, ∆tumour was greater in the group receiving tDCS intervention (t=4.012, p<0.001).
Neither group showed decay in ∆tumour between post-training and retention (both p>0.182).
High-skill participants did not increase the amount of tumour resected (F=0.082, p=0.781). The
high-skill group receiving sham stimulation showed decay in ∆tumour between post-training and
retention (t=-2.591, p=0.049) while the high-skill tDCS group did not (t=1.581, p=0.130). There
was no difference in ∆tumour between low- and high-skill participants receiving sham
intervention (p=0.821). Conversely, ∆tumour was higher in low-skill participants receiving
tDCS, compared to high skill participants (p=0.023).
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Figure 8.3. A) Changes in the amount of tumour resected with training, concurrent to sham
(white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill groups
(triangles) based on baseline performance metrics, compared to residents. B) Change in the
amount of tumour resected between baseline and post-training. Error bars display standard
error of the mean. *p<0.05, ***p<0.001 Abbreviations: RT, Retention Testing.
8.4.3 Healthy Brain Resected
The amount of healthy brain resected did not change with training (F=1.293, p=0.269), and did
not differ between intervention groups (F=0.013, p=0.911). Neither group showed decay in
∆brain between post-training and retention time-points (both p>0.557).
Neither low- (F=3.702, p=0.087) or high-skill participants (F=3.082, p=0.113) showed changes
in the amount of healthy brain resected (Figure 8.4A-B). Low- and high-skill participants
receiving sham intervention showed no difference in ∆brain between baseline and post-training
(p=0.126). High-skill participants receiving tDCS showed greater increases in ∆brain compared
to low-skill participants receiving tDCS (p=0.012). There was no decay in ∆brain between posttraining and retention for any group (all p>0.312).
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Figure 8.4. A) Changes in the amount of brain resected with training, concurrent to sham (white)
or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill groups
(triangles) based on baseline performance metrics, compared to residents. B) Change in the
amount of brain resected between baseline and post-training. Error bars display standard error
of the mean. *p<0.05, ***p<0.001. Abbreviations: RT, Retention Testing.
8.4.4 Brain to Tumour Resected Ratio
The ratio of brain to tumour resected decreased with training (F=12.285, p=0.002). Both sham
(t=2.179, p=0.041) and tDCS (t=2.778, p=0.012) groups showed a decrease in the ratio resected
between baseline and post-training. At post-training, there was no difference in ∆brain:tumour
between intervention groups (t=0.600, p=0.552). Neither group showed decay in ∆brain:tumour
between post-training and retention time-points (both p>0.211).
With training, low-skill participants decreased the ratio of brain to tumour resected (F=9.174,
p=0.014). Low-skill participants in both the sham (Figure 8.5A-B; t=2.251, p=0.051) and tDCS
intervention showed trends towards decreases in the ratio of brain to tumour resected (t=2.045,
p=0.071). At post-training, there was no difference in ∆brain:tumour between intervention
groups (t=0.795, p=0.437). High-skill participants also decreased the ratio of brain to tumour
resected with training (F=12.863, p=0.006). High-skill participants receiving tDCS intervention
decreased the ratio of brain to tumour resected (t=3.289, p=0.009), whereas those receiving sham
did not (t=1.596, p=0.145). At post-training, there was a significant difference ∆brain:tumour
between intervention group, where the tDCS group showed larger reductions, indicating more
tumour and/or less brain being resected (t=2.350, p=0.030). Low- and high-skill participants
receiving sham intervention showed no difference in ∆brain:tumour (p=0.100). Likewise, no
difference was seen between low- and high-skill participants receiving tDCS (p=0.430). There
was no decay of ∆brain:tumour between post-training and retention for any group (all p>0.205).
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Figure 8.5. A) Changes in the ratio of brain to tumour resected with training, concurrent to
sham (white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill
groups (triangles) based on baseline performance metrics, compared to residents. B) Change in
the ratio of brain to tumour resected between baseline and post-training. Error bars display
standard error of the mean. *p<0.05, **p<0.01. Abbreviations: RT, Retention Testing
8.4.5 Excessive Forces Applied
The duration of EFTumour decreased with training (F=16.297, p<0.001). Only participants
receiving tDCS showed a significant decrease in EFTumour between baseline and post-training
(t=4.115, p<0.001). Participant receiving sham did not show a decrease (t=1.594, p=0.127). At
post-training, there was a significant difference in ∆EFTumour between intervention groups
(t=2.520, p=0.016), where the tDCS group showed larger reductions. Neither group showed
decay in ∆EFTumour between post-training and retention time-points (both p>0.059).
Low-skill participants decreased the duration of EFTumour with training (F=47.565, p<0.001).
Low-skill participants in both the sham (t=3.812, p=0.004) and tDCS intervention groups
decreased the duration of EFTumour (Figure 8.6A-B; t=6.054, p<0.001). At post-training, there was
no difference in ∆EFTumour between intervention groups (t=1.790, p=0.090). High-skill
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participants did not decrease the duration of EFTumour with training (F=0.488, p=0.502). Low-skill
participants receiving sham stimulation showed greater reductions in ∆EFTumour compared to
high-skill sham participants (p=0.004). Likewise, low-skill participants receiving tDCS showed
greater decreases than high-skill participants (p=0.011). There was no decay of ∆EFTumour
between post-training and retention for any group (all p>0.104).

Figure 8.6. A) Changes in the duration of excessive force on tumour with training, concurrent to
sham (white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill
groups (triangles) based on baseline performance metrics, compared to residents. B) Change in
the duration of excessive force on tumour between baseline and post-training. Error bars display
standard error of the mean. *p<0.05, **p<0.01, ***p<0.001. Abbreviations: EFTumour,
Excessive force applied on tumour; RT, Retention Testing.
The duration of EFBrain decreased with training (F=13.506, p=0.002). Only participants receiving
tDCS showed a significant decrease in EFBrain between baseline and post-training (t=3.421,
p=0.003). Participants receiving sham did not decrease EFBrain (t=1.776, p=0.091). At posttraining, there was no difference ∆EFBrain between intervention groups (t=1.645, p=0.108).
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Neither group showed decay of ∆EFBrain between post-training and retention time-points (both
p>0.064).
Low-skill participants decreased the duration of excessive forces on brain with training
(F=12.758, p=0.006). Low-skill participants in both the sham (t=2.302, p=0.047) and tDCS
intervention decreased the duration of EFBrain (Figure 8.7A-B; t=2.776, p=0.022). At posttraining, there was no difference in ∆EFBrain between intervention groups (t=0.242, p=0.812).
High-skill participants decreased the duration of EFBrain with training (F=5.536, p=0.043). High
skill participants in the tDCS (t=3.029, p=0.014), but not sham (t=0.172, p=0.868), intervention
decreased the duration of excessive forces. At post-training, there was a significant difference in
∆EFBrain between intervention groups, where the tDCS group showed larger reductions (t=3.328,
p=0.004). Low- and high-skill participants receiving sham intervention showed no difference in
∆EFBrain (t=1.702, p=0.092). Likewise, no difference was seen between low- and high-skill
participants receiving tDCS (t=1.691, p=0.105). There was no decay of ∆EFBrain between posttraining and retention for any group (all p>0.063).

Figure 8.7. A) Changes in the duration of excessive force on brain with training, concurrent to
sham (white) or anodal tDCS (grey). Trainees were stratified into low- (circles) and high-skill
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groups (triangles) based on baseline performance metrics, compared to residents. B) Change in
the duration of excessive force on brain between baseline and post-training. Error bars display
standard error of the mean. *p<0.05, **p<0.01, ***p<0.001.
8.4.6 Excessive Forces to Tumour Resected Ratio
The ratio of EFTumour:Tumour decreased with training (F=12.311, p=0.002). Only participants
receiving tDCS showed a decrease between baseline and post-training (t=3.929, p<0.001).
Participant receiving sham did not show a change (t=1.033, p=0.314). At post-training, there was
a difference in ∆EFTumour:Tumour between intervention groups, where the tDCS group showed
larger reductions (t=2.897, p=0.006). Neither group showed decay in ∆EFTumour:Tumour between
post-training and retention time-points (both p>0.083).
Low-skill participants decreased EFTumour:Tumour with training (F=32.278, p<0.001). Low-skill
participants in both the sham (Figure 8.8A-B; t=2.547, p=0.031) and tDCS intervention
decreased EFTumour:Tumour (t=5.636, p<0.001). At post-training, there was a significant
difference in ∆EFTumour:Tumour between intervention groups, with larger reductions evident in
the tDCS group (t=2.714, p=0.014). High-skill participants receiving tDCS showed a decrease in
EFTumour:Tumour between baseline and post training (t=2.453, p=0.035), whereas those receiving
sham intervention showed no change (t=1.529, p=0.357). Compared to high-skill participants,
low-skill participants receiving sham showed a larger decrease in ∆EFTumour:Tumour between
baseline and post-training (p=0.004). Similarly, low-skill participants receiving tDCS showed a
larger decrease than high-skill participants receiving the same intervention (p=0.009). There was
no decay of ∆EFTumour:Tumour between post-training and retention for any group (all p>0.069).
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Figure 8.8. A) Changes in the ratio of duration of excessive force on tumour to tumour resected
with training, concurrent to sham (white) or anodal tDCS (grey). Trainees were stratified into
low- (circles) and high-skill groups (triangles) based on baseline performance metrics,
compared to residents. B) Change in the ratio of duration of excessive force on tumour to tumour
resected between baseline and post-training. Error bars display standard error of the mean. *
p<0.05, ** p<0.01, *** p<0.001 Abbreviations: EFTumour:Tumour Resected, Excessive force
applied on tumour to tumour resected; RT, Retention Testing
8.4.7 Safety and Tolerability
There were no serious adverse events. Interventions were well-tolerated with mean VAS scores
of 2.5 or less for all sensations. Itching (82%, mean VAS 2.9±1.9) and tingling (73%, mean VAS
2.4±1.8) were the most commonly reported sensations. There were no differences in sensation
severity between sham and tDCS groups: itching (2.7±2.6 vs 3.1±2.7, p=0.742), burning
(1.4±2.1 vs 1.4±1.8, p=0.912), tingling (2.3±2.3 vs 2.5±2.7, p=1.000), discomfort (0.9±1.4 vs
2.1±2.2, p=0.208), and pain (0.3±0.6 vs 0.6 vs 1.2, p=0.961). When asked to guess intervention
allocation, assignment was correct in 12 of 22 participants, indicating correct guesses were made
at a rate no greater than chance.
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8.5 Discussion
Our randomized, sham-controlled pilot trial suggests that tDCS may safely enhance simulationbased neurosurgical skill acquisition over a single training session. Skill acquisition was lasting,
demonstrating minimal decay six weeks following training. Level of skill appeared to dictate
unique performance metrics and sensitivity to stimulation. This study provides preliminary
evidence that the combination of non-invasive brain stimulation with simulation-based surgical
skill training may enhance procedural skill acquisition in medical trainees. Establishing the
efficacy of such techniques has the potential to improve surgical training effectiveness in times
of multiple challenges including DHR.
Residency training programs have been altered by implementation of DHR. Investigation of the
effects of DHR has yielded controversial results[408,411], where specialties such as emergency
medicine[407] have shown benefits from implementation, however training in surgical
specialities may suffer. This “one size fits all” approach may be inappropriate for certain
specialties such as neurosurgery[408,411], which require extensive training for mastery of skill.
Specifically within neurosurgery, morbidity rates have worsened since the implementation of
DHR, increasing from 1-in-14 to 1-in-11 patients undergoing a neurosurgical procedure suffering
a morbid event[413]. Eighty percent of these errors were deemed avoidable and fatigue-related
errors may be being replaced with technical errors. While these changes are multi-faceted, DHR
may have contributed to such a decline in outcomes. Supplementation of training using
simulation may offset shortcomings of training, especially for preparation in early training, and
for complex procedures[419,420], stimulation-based training however is time-consuming,
necessitating the development of novel methods to enhance skill acquisition.
Assessing the effectiveness, efficiency, and safety of complex skills, such as tumour resection, is
often through quantifying numerous metrics. These metrics include the amount of tumour and
brain resected, and the amount of excessive forces applied. Here we demonstrate that tDCS may
possibly enhance acquisition of many of these performance metrics, even within a single training
session.
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Our outcome simulated a common neurosurgical procedure. The extent of tumour removal is
correlated with median survival times for glial tumours[421,422] so safe maximal resection is
often a primary goal of surgery. Within a single session, we found that training alone (sham
intervention) did not significantly increase the amount of tumour resected. This was not
unexpected as such skills obviously require extensive practice to achieve a level of competency
that might result in measurable differences. However, supplementing training with tDCS did
increase the amount of tumour resected within the constrained time limit, particularly in low-skill
level trainees. While the extent of tumour resection may be amenable to such rapid
improvements, decreasing the amount of healthy tissue resected may be more difficult or require
additional training; head-to-head comparison of medical students with neurosurgical residents
suggests that residents resect less healthy tissue, possibly linked to their additional specialized
training[423]. Comparison of gains made in such short training sessions to predefined levels of
“competency” which are available for some other surgical simulators[223] might help place the
changes observed in a relative, more clinically-relevant context.
Another approach we took to try and facilitate the relative translational significance of our
findings was to examine combinations or “trade-off” functions as outcome. Combining the two
metrics of tumour versus healthy tissue removed as a ratio appeared to reveal more significant
differences between treatment groups. Furthermore, defining more effective resections as those
involving maximum resection of tumour with minimal resection of healthy brain demonstrated
different effects depending on baseline skill level. TDCS may improve tumour resection
effectiveness in high-skill trainees, demonstrating that increases in the amount of tumour
resected were not accompanied by increased resection of healthy brain (suggestive of a reckless
and ineffective resection). Choice of outcomes and how they are interpreted, both alone and in
combination, is clearly an important and complex consideration for additional studies of surgical
simulation. This may be particularly true for our approach using non-invasive neuromodulation
where complex neurological functions in the subject beyond motor learning such as judgment,
decision making, risk taking, and other complex neuropsychological process may all differ in
both their effect on different outcome measures and susceptibility to neuromodulation.
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Additional metrics considered in safe tumour resections are excessive forces. Increasing the
force applied by the aspirator quickens the speed of the resection, increasing the amount of
tumour resected in the constrained timeframe, but risks rupturing blood vessels and damaging
healthy tissue[424]. Therefore, a “Goldilocks principle” applies, where too much force impairs
the safety of a resection while too little force results in reduced resection of tumour. Trainees
were instructed to apply forces “strong enough to approach the threshold boundary, without
exceeding this threshold”. It should be acknowledged that these were brief and simple
instructions given to a very inexperienced group of medical students. Because of the close
relationship between excessive forces and tumour resection, we examined the ratio of excessive
forces applied on tumour to the amount of tumour resected (resection efficiency), where an
efficient resection involves resecting a maximal amount of tumour without the use of excessive
force. Low-skill participants improved resection efficiency with training, and the application of
tDCS further enhanced these improvements. While improvements in efficiency were smaller in
the high-skill group, those receiving tDCS improved their resection efficiency. Contrasting this
example of a single outcome metric with those above demonstrates the complexity of measuring
surgical skill, particularly over time, and the essential importance of skill at baseline.
Our findings that the level of training may be a key determinant in stimulation-enhanced
simulation training is relevant if such an approach is ever to be translated into medical education.
Low-skill trainees often benefited more from tDCS than those with high baseline skill. We chose
medical students as our subjects partly for practical reasons of numbers and accessibility; large
classes of young people offered much easier recruitment of large samples compared to the small
numbers of busy residents divided amongst many training programs. Resident learning curves
are also steep across years with incoming trainees displaying a wide range of skill, some
consistently performing poorly on tumour resection while others may perform very well[425].
The ability of individual trainees to reach proficiency and competency-benchmarks required for
certification also vary widely as reflected in the movement of some national post-graduate
programs toward competency-based education[396]. An ability to identify and supplement with
tDCS those individuals who are either optimal “responders” and/or in greater need of additional
assistance to meet motor performance benchmarks could both personalize and improve the
success and efficiency of surgical training programs.
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Comparison to previous neurosurgical simulation studies provides useful context to our findings.
Utilizing NeuroTouch, a study of simulation-based meningioma resection compared skill
acquisition over four session, between medical students and neurosurgical residents[423]. While
medical students improved skill over the four sessions, the residents with higher skill levels,
showed little improvement. This effect of baseline skill appears comparable to several of our
observations and suggests the lack of improvement in higher skill learners may reflect a “skill
ceiling” whereby such additional training does not increase the skills tested by the simulator. Our
high-skill medical students may be more comparable to residents, demonstrating more effective
and efficient resections. Also resembling the performance of neurosurgical residents on
simulation-based meningioma resections, our high-skill participants receiving sham stimulation
demonstrated possible ceiling effects, failing to improve performance on any metric. In contrast,
high-skill trainees receiving tDCS showed enhanced performance on various metrics, including
the resection effectiveness, amount of excessive forces applied, and resection efficiency. This
enhanced acquisition in high-skill trainees suggests the possibility that tDCS could “raise the
ceiling” for more advanced persons including neurosurgical residents. The same might even been
hypothesized for senior neurosurgeons who may need to acquire skills for new surgical
techniques or prevent the functional decline that occurs in the later years of a surgeons career.
Our findings appear consistent with much of the existing literature exploring the ability of tDCS
to enhance motor learning in other neurotypical populations[426]. This includes positive effects
on multiple motor outcomes following simultaneous anodal tDCS of the contralateral primary
motor cortex and motor practice. Effect sizes are often large, even within single sessions, though
multiple days of stimulation-paired training may lead to greater enhancement of skill acquisition
and long-term retention[74,302]. The vast majority of these studies were done in adults, most of
these being young adults comparable to our medical student populations though we have also
recently demonstrated particularly robust effects of tDCS on motor learning in the adolescent
brain[302]. Importantly, the modern experience of tDCS neuromodulation highlights many
emerging issues that need to be considered including effects of dose, montage, current
modelling, age, and many other factors[427].
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We recently demonstrated that tDCS enhances the acquisition of simulation-based laparoscopic
skill. Significant enhancement with contralateral tDCS was seen on the unimanual task, with
smaller effects on bimanual skill. These distinct effects may be explained by the physiological
specificity of tDCS in improving unimanual motor skill, as only one hemisphere was stimulated.
While evidence is only preliminary, the addition of tDCS to surgical training appears likely to be
safe, well-tolerated, and relatively simple. Further support toward future feasibility for
incorporation into medical education is favourable economics estimation. Compared to
simulators and other educational techniques, the cost of tDCS devices (including their
maintenance and personnel costs) is marginal. The upfront cost of a commercial stimulator unit
ranges from 5,000 to 12,000 USD, and costs are expected to decrease as marketplace
competition increases. Maintenance and consumable (saline, electrodes, sponges) are
inexpensive and stimulators can be used thousands of times. Learning to apply tDCS in a safe
manner can be done through short online training videos, published standards, or training
courses. Importantly, tDCS can be applied in conjunction with other established techniques for
enhanced surgical skill acquisition, including deliberate practice, feedback, coaching, motivation,
and mental skill curriculum[399,428]. Whether concurrent application of tDCS with these
techniques leads to additive enhancement of skill acquisition has yet to be investigated.
Comparing the differences between the procedures trained and other variables such as laterality
of motor skills required between such studies should facilitate the development of additional
trials using strategic exploration of different simulators, stimulation parameters, and relevant
populations of learners.
Our study has limitations. We only could employ simulation-based training, but the simulators
used have previously demonstrated the ability to distinguish performance among medical
students, residents, and physicians, suggestive of sensitivity to skill[231,423,429]. While the
simulated task is not identical tumour resection in patients, many components are similar,
including the hand movements required and haptic-feedback. Next, our sample consisted of
medical students rather than surgical trainees. Senior residents and fellows typically possess
greater skill and whether tDCS can enhance skill acquisition at higher levels of training remains
unknown; however, as suggested by stratification of low- and high-skill trainees, even high-level
trainees may be susceptible to the influences of tDCS. Finally, we examined the effects of tDCS
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over only a single-training session while surgical skill training occurs over years with larger
doses and many repeated sessions of practice. Previous tDCS-motor learning studies have
typically demonstrated large effects sizes over multiple days of training[74,302], therefore the
application of tDCS throughout an intensive skill-based curriculum may yield larger effects.
8.6 Conclusion
The addition of tDCS to simulator-based neurosurgical training is safe, feasible, and may
potentially enhance neurosurgical skill acquisition in medical trainees. Further trials using longer
durations of training, across different surgical procedures and trainee populations are required to
determine the potential utility of this approach to enhance procedural skill learning and improve
patient outcomes.
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Chapter 9: Discussion
The investigations presented here provide a fundamental basis for future tDCS investigations in
both pediatrics and complex procedural medical training. These early investigations support the
notion that tDCS may safely enhance skill acquisition across both a spanning age range and
specific motor skills. The neurophysiological mechanisms underlying these changes are
complex, and require future investigation. Computational current modeling may be an important
tool for mechanistic investigations and personalized tDCS applications, especially in the
pediatric brain. Future studies are necessary to elucidate the full potential of tDCS in enhancing
motor learning in the developing brain. Defining the principal mechanisms of this enhancement
may contribute to the development of more effective stimulation protocols.
9.1 Safety and Tolerability
Despite its application in a pediatric clinical setting, the safety and tolerability of tDCS has not
been documented in detail in children. Establishing the safety profile of tDCS in the developing
brain is crucial to advancing future clinical applications.
The developing brain is thought to have a shifted balance of excitation-inhibition compared to
adults. Overall, this state of hyper-excitability heightens concerns that application of
neurostimulation may induce an epileptogenic event[430]. Our findings suggest that the
application of tDCS in children as young as six years of age is safe and does not trigger any
tonic-clonic seizures. Monitoring for epileptogenic activity during tDCS application children has
been performed in children, where it was reported that tDCS does not produce any pathological
oscillations in cortical regions[162]. While these early findings are suggestive of favourable
safety, only 1mA stimulation was applied for 10 minutes, and the youngest age examined was 11
years. Pediatric clinical applications will typically apply 20 minutes of stimulation at strengths
up to 2mA, in younger children[55,337]. Our findings suggest that anodal tDCS, up to 1mA
(0.04mA/cm2) and cathodal tDCS, up to 2mA (0.08mA/cm2) in strength does not produce any
serious adverse effects. In addition to adverse reactions, such as scalp damage and seizureactivity or any severely abnormal cognitive or psychiatric states, we did not observe a decline in
hand function of either hand. Impaired hand function may be suggestive of damage to motor
pathways.
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Given the diffuse spread of currents, other descending or ascending tracts, cortical areas, or
subcortical areas could be susceptible to damage, however our investigations did not examine
this in detail.
Our current modeling findings suggest that both peak and average electric field strengths induced
by tDCS are higher in children compared to adults. According to FEM simulations, a standard
conventional M1-targeting tDCS montage will stimulate M1, however the peak electric field is
often displaced, and is typically anterior to M1[431,432]. Our results support these findings, as
we also noted that peak electric fields were often localized to frontal regions involved in
cognitive processing. Because the peak electric fields are displaced from primary motor areas,
neurons of these cognitive processing regions may be more susceptible to damage than those in
motor regions. Early investigations in adults suggested that application of up to 2mA tDCS is
safe with no decline in psychomotor function, verbal fluency, or change in emotion[433]. More
recent investigations have demonstrated that application of tDCS over the DLPFC may suppress
verbal working memory, at the expense of improving golf putting performance[434]. Therefore,
decline in cognitive processing, even if only temporary, may be a concern.
Future investigations should extensively monitor the safety of tDCS in children. These safety
trials should include rigorous neuropsychological assessments that are sensitive enough to detect
decreases in executive function, which may then prompt further investigations to assess neuronal
health. Additionally, examining changes in sensory processing and function can be performed to
indirectly assess damage to sensory tracts and parietal areas. For example, children with perinatal
stroke affecting S1 or the dorsal column medial lemniscus pathway demonstrate deficits in
kinesthesia and position-sense tasks compared to healthy age-matched controls[435–437].
Decreased kinesthetic and position-sense function following tDCS may also be suggestive of
damage to these sensory regions. Finally, more direct investigation of neuronal damage can be
incorporated, such as examining neuronal destruction using neuron-specific enolase[438].
Similarly, advanced neuroimaging capable of detecting small lesions can be considered.
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The thresholds of safe tDCS application have largely been established through investigations in
rodent models. Recent investigations have substantially decreased the lower boundary of current
intensity of which tDCS induces lesions in grey and white matter[202]. These animal models
have provided conservative safety limits; however, the threshold of safety is considered a lesion,
a rather serious consequence. Typically, tDCS paradigms apply a current intensity that is
substantially weaker than that required to produce a lesion, however as stimulation protocols are
refined application of stronger currents may be anticipated. Recently, a 4mA stimulation protocol
was applied in adults with stroke[210]. No adverse events were reported. The authors of this
study stated their intentions of performing a randomized clinical trial to examine the efficacy of
4mA tDCS in stroke rehabilitation. This study has not been published to date. Because the field
of pediatric neuromodulation is grossly under-investigated, therapeutic applications of tDCS are
often based on evidence obtained from adult populations[337]. If adult trials demonstrate
efficacy, it is conceivable that future tDCS investigations may consider applying 4mA current in
pediatric clinical patients. Coupling this with our finding that tDCS-induced electric fields are
substantially stronger in children than adults, there may be genuine concern that electric fields
induced by 4mA tDCS may approach the lesion-producing boundary, especially in children with
thinner skulls or skull malformations. Likewise, there is higher variability in peak electric field
strength in grey and white matter compared to adults. This variability may be amplified due to
rapid skull thickening throughout childhood, leading to larger disparities. This ultimately may
result in difficulties in estimating electric fields in children. While current models only provide
estimates of induced electric fields, recent studies have validated their predictions and suggest
that models are accurate for estimating electric field strength both cortically, and in deeper
structures[53]. Therefore, while weaker current strengths may pose little risk to children,
stronger currents should be applied cautiously. When possible, computational FEM models
should be employed prior to application to estimate the resulting peak electric fields and ensure
the lesion-induction threshold is not approached.
Our findings suggest that current modeling also holds value in predicting the tolerability of
tDCS. Our current models suggest that tDCS-induced peak electric fields on the scalp are
stronger in children than in adolescents and adults. Our behavioural data suggests that when
sensations [such as itching, tingling, or burning] are reported, younger children are more likely to
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report the sensation as being moderate or severe, whereas older children report the sensation as
mild. One possible explanation for this difference is simply that young children are less capable
of distinguishing between these discrete severity levels, whereas older children have a better
understanding of the terminology. Another possibility, is that tDCS induced stronger electric
fields on the scalp of children, compared to adolescents, and this produces more intense
sensations. Our findings further support this idea as the sensations associated with cathodal tDCS
appear to persist longer than those produced by anodal stimulation. Our current models predicted
that cathodal tDCS induces stronger peak electric fields across the scalp, compared to anodal
tDCS. This supports this notion that scalp electric field strength may be associated with sensation
severity. It is important to note that not all children and adolescents that we reported tDCS
tolerability for were included in the current modeling study, therefore direct correlations cannot
be made.
Electric fields induced in the bony cranium may also contribute to sensation severity. Stronger
electric fields induced at the bone-scalp boundary may also theoretically stimulate C-receptors in
the scalp, which are hypothesized to be responsible for the sensation of itch[439], the primary
sensation associated with tDCS. We also found that peak skull electric fields were stronger in
children than adults with trending differences between children and adolescents. While we did
not investigate whether these differences were in deep or surface layers of the cranium, these
differences may contribute to variations in sensation severity. Further investigations are required
to determine whether a correlation exists between the predicted scalp and skull electric fields,
and self-reported tolerability.
Overall, our studies demonstrate favourable tolerability in a wide age range of participants,
spanning from the developing six-year-old, to the mature 34-year-old medical trainee. As
described earlier, we found a higher incidence of tDCS-related sensations in children than that
reported by a systemic review of the tolerability of tDCS in pediatrics[204]. This may be
attributed to the fact that tolerability measures are often under-reported in pediatrics. Likewise,
most of these studies were in clinical populations, where safety may not have been a primary
outcome measure. When compared to systematic reviews and large studies of tDCS tolerability
in adults[205,206], our reported sensation incidence rates were comparable. It is important to
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note that even between the systematic review of Brunoni et al.[205] and study of Kessler et
al.[206] there were large differences in the incidence of sensations, even with an overlapping
demographic of healthy adults. For example, Kessler’s prospective study found that 76% of
participants reported tingling and 68% reported itching. This finding contrasts with the
retrospective review that reported rates of 22% and 39% for tingling and itching, respectively.
These differences may be attributed to the methods of tolerability reporting.
Despite being applied by the same experienced investigator, using an identical stimulator,
stimulation strength (for 1mA), electrodes sizes, and saline strength, the reported incidence rates
appeared to be higher in our medical trainee population compared to children. This finding may
insinuate that adults are more likely to experience sensations from tDCS application; however, it
may also be attributed to the different methods of sensation reporting that we employed. For our
pediatric tDCS study, we used a simple method whereby children and adolescents first responded
“yes” or “no” to each sensation. If they responded with “yes”, we further prompted them to state
whether it was “mild,” “moderate,” or “severe.” This differed from our reporting method for
tDCS application in medical trainees, where we used a VAS reporting system; participants
ranked the tolerability of each sensation from 0 to 10, where 0 referred to “no sensation,” and 10
referred to “sensation not tolerable.” Despite the wide range of scores that the trainees could
utilize, most sensations were ranked as one out of 10, suggesting that they were present but
caused minimal discomfort. If we convert these VAS scores to the broader mild-moderate-severe
categories (where scores from 1 to 3 are mild, 4 to 7 are moderate, and 8 to 10 are severe), we
find that nearly no medical trainees reported moderate to severe sensations. This contrasts our
findings in children, where moderate and severe sensations were documented. While such a
conversion is not entirely precise, and tDCS montages were not identical (dominant versus nondominant M1 was being stimulated), it does suggest that tDCS-induced sensations may be more
tolerable in older populations.
Future studies, especially in pediatrics, should employ detailed prospective sensation reporting to
ensure stimulation tolerability. Standardized use of a universal tolerability scale would allow for
more informative comparisons between the tolerability of tDCS in children and adults. In cases
where low tolerability is expected and strong sensations are a concern (i.e. strong currents in
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younger, or sensitive participants), simple solutions such as using a different concentration of
saline should be employed to improve stimulation tolerability[209].
9.2 Off-Target Stimulation
An important consideration for these studies was that large electrodes were used in tDCS
application. The use of two large electrodes effectively results in a “shotgun” approach of
stimulation, where we likely stimulated the target area (M1), but in the process also stimulated
many off-target regions. Our current modeling findings are in line with previous current
modeling reports, which also have demonstrated non-focal stimulation with conventional
methodology[300,339,384]. Because of this consequence, we cannot conclude whether
stimulation of M1 is necessary to produce the behavioural effect of enhanced motor skill
acquisition.
In our tDCS montages the target electrode was centered over the hand-knob region of M1, which
likely resulted in the edges of the electrode pads to be placed over the PMC and S1. Current
modeling of various electrode shapes and sizes suggests that current distribution is stronger at the
edges of the electrodes[50,440]. Because of this phenomenon, premotor and sensory areas may
have been stimulated, possibly to an even greater extent than M1. Additionally, we found strong
electric fields in the VMPFC and other frontal regions in the current path between the anode and
cathode. These stimulation patterns were seen in adults, and were more pronounced in children.
Adolescents displayed electric field strength and spread that fell between that of children and
adults, suggesting a dose response effect. This response was more comparable to adults.
Stimulation of such off-target frontal regions may have implications for enhanced motor
learning, especially in complex skills that involve planning and a cognitive component. Even our
finding that tDCS improves function of the untrained hand, in children and adolescents, may be
explained by off-target stimulation. Our current modeling suggests that tDCS may stimulate the
corpus callosum and contralateral M1 in children. Therefore, we cannot exclude that intermanual
transfer effects were a result of this off-target stimulation. Because conventional tDCS montages
do not produce focal stimulation, we cannot conclude that stimulation of M1 is necessary for
enhancement of motor learning. This necessity has not been demonstrated to date.
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Methodological developments have led to novel ways of producing more focal stimulation. For
example, one approach is to use a small electrode at the target site and a large electrode at the
reference site. In the case of anodal tDCS of the M1, this results in a strong focused current
entering M1, which will disperse over the large supraorbital electrode[441]. This dispersion at
the supraorbit effectively nullifies any significant neuronal stimulation. Non-conventional
approaches can also be used. The development of high-definition tDCS (HD-tDCS) may help
elucidate which cortical regions must be stimulated to enhance motor learning. HD-tDCS makes
use of small disc electrodes arranged in a ring formation around a central electrode. This ring
formation can produce more focal stimulation[442]. Placing a small anode over the hand-knob
region surrounded by four cathodes may restrict the current [and electric fields] to the precentral
gyrus, limiting stimulation of more frontal regions that could also influence motor learning.
Future experiments should explore the application of HD-tDCS on motor learning. Additionally,
HD-tDCS provides an opportunity to determine whether focal stimulation of M1 in isolation is
sufficient to enhance motor learning. Investigations of HD-tDCS on motor adaptation and
learning are limited. To date, two investigations have been performed, however they provide
conflicting results. Bihemispheric stimulation of M1 by HD-tDCS suggested enhanced
acquisition of both unimanual and bimanual skill[123], however stimulation of only left M1 by
HD-tDCS suggested minimal effects on unimanual motor skill acquisition[443]. While these
results suggest that more focused stimulation of M1 may influence motor skill learning, head-tohead trials comparing motor skill training with the addition of conventional or HD-tDCS are
required to determine effectiveness.
To date, HD-tDCS has not been investigated in children but warrants exploration. While
experiments in adults suggest that both conventional and HD-tDCS generate changes in cortical
excitability, the time-course of these changes is different[444]. These varying time-courses
suggest that stimulation of non-target regions by conventional tDCS may influence the patterns
of M1 cortical excitability changes. The effects of HD-tDCS on cortical excitability have never
been examined in children, yet is required to advance HD-tDCS applications in the healthy
developing brain and pediatric clinical populations.
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9.3 Effects of tDCS on Motor Learning
The effects of tDCS on motor skill acquisition are well-documented in adults[426]. This study is
the first investigation of the effects of tDCS on motor learning in children and adolescents. We
demonstrated that both contralateral anodal and ipsilateral cathodal tDCS enhances skill
acquisition on a simple peg task. This enhancement was not limited to the peg task as we
documented improvements in activities of daily living and alteration in implicit motor learning.
Interestingly, enhancement with active tDCS was not limited to the trained hand but an
intermanual transfer of skill was also documented. Our motor learning effects in children were
based on a very simple motor task. Adult motor learning studies also often utilize these simple
motor behaviours to demonstrate skill augmentation. These tasks include finger abduction,
moving pegs, and finger tapping tasks, which are not complex motor functions characteristic of
advanced human function. Translation of tDCS-enhanced motor learning to complex motor skills
is required.
Our findings that tDCS can potentially enhance the acquisition of simulation-based surgical skill
acquisition are the first of their kind and among the most complex tasks investigated to date.
Recent changes in medical trainee environments[213] may compromise skill training in surgical
residents[212,400], and the need to address this issue should encourage further investigation and
expansion of our findings. Establishing novel methods to accelerate medico-surgical skill
acquisition holds the potential to greatly reduce the time to achieve mastery of skill and to ensure
a competency and proficient future workforce.
While we consistently demonstrate enhanced skill acquisition, we cannot make a direct
comparison of tDCS-motor effects between our studies. We demonstrated large distinct effects
of tDCS on motor learning in children and smaller effects in adults. Multiple factors likely
contributed to these differences, including: the tasks employed, different training duration and
stimulation parameters, and possibly age effects.
9.3.1 Task Differences
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First, it is important to consider that the trained motor tasks were not comparable. Children
performed a simple peg transfer, a task primarily based on quickly and precisely moving the
thumb, middle-finger and entire arm. Medical trainees in contrast performed complex
simulation-based surgical tasks. These surgical tasks were also speed- and accuracy-based,
however factors such as strategy, muscle fatigue and reinforcement also played a significant role.
Even between the two surgical skills, the key movements involved were unique. Neurosurgical
skills were entirely based on wrist movements (as the forearm rested on a fixed bar preventing
arm movement), whereas laparoscopic skill involved coordinated wrist, shoulder, and finger
movements. Because of these special requirements, performing these tasks may involve
recruiting motor neurons in different regions of M1. For example, PPT transfer, in which the
fingers directly interact with the pegs, may involve activation of monosynaptic CST fibers
originating from finger representations in M1 to perform dexterous movements. This contrasts
with laparoscopic peg transfer, that would likely involve recruitment of many motor
representations in M1 and polysynaptic CST projections to coordinate multiple muscles.
In terms of visual perception tasks were also dissimilar. Laparoscopic surgical skills were
performed by trainees observing their movements in a two-dimensional environment (on a TV
screen), whereas neurosurgical skill involved viewing a three-dimensional environment through
stereoscopic binoculars. These different environments may have engaged unique components of
vision and perception[445–447], which may have influenced skill acquisition patterns.
Fundamentals of Laparoscopic Surgery skill training has been compared in a two-dimensional
versus three-dimensional environment. This investigation reveal that performance was
consistently higher in the three-dimensional environment for pattern cutting and peg transfer
tasks, tasks we employed[448]. More complex skills such as laparoscopic suturing were also
performed with greater speed and accuracy in the three-dimensional environment. Less errors
were performed in the three-dimensional environment and a greater number of participants
demonstrated skill proficiency. This finding suggests that the visual environment in which a
performer interacts with influences their motor performance.
Other sensory modalities such as haptic feedback also play an important role in motor skill
learning. The PPT involves a direct interaction between the fingertips and metal pegs, whereas
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surgical tasks required the use of an instrument that interacted with the task components and
environment, such as the pegs or virtual tumors (i.e. an indirect interaction). These direct versus
indirect interactions will introduce a haptic or sensory learning component into overall task
learning. Tumour resection procedures that provide haptic feedback will require integration of
visual and sensory information towards task learning. For example, this involves learning the
relationship between the amount of force applied, the pressure on the tumour as detected by the
hand, and the amount of tumour resected. Conversely, laparoscopic procedures provide
substantially less haptic feedback as the forces are dispersed throughout the instrument;
therefore, movements in laparoscopy are primarily based on visual feedback obtained by
observing a screen depicting the task environment. The integration of visual input from
extrastriate areas of the visual cortex towards task performance will involve recruiting the
superior parietal cortex, specifically the medial and posterior aspects of this area[449,450].
Because task performance relied on visual and haptic feedback to various extents, sensory
integration from these parietal areas may not have been equally important.
Task complexity should also be considered. The tasks employed in these studies were not
equally complex, which likely influenced learning mechanisms. The PPT is a simple motor task
that involves reaching and grasping. The two surgical tasks were undoubtedly more complex
than placing pegs. For each of the tasks a single repetition was shown to the participants and
from that point on no feedback was given on how to improve performance. This required the
participant to test and implement any strategy they wished to improve their performance. The
PPT requires little strategy, as there are few biomechanical variables that can be modified to
improve performance. The only way to improve performance was to move faster. The
neurosurgical task in contrast had a multitude of variables, including: using a different grip style,
approaching the tumour from different angles, applying more force at certain tumour locations
and less at others, etc. Likewise, performance on laparoscopic tasks could be improved by
strategically moving pegs to certain areas rather than others, or by spinning the head of the
scissors to an optimal angle. Therefore, the surgical tasks possessed more degrees of freedom,
and more ways to improve performance. Because strategy was an important factor in the
acquisition of surgical tasks a cognitive component was introduced.
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Increasingly, regions of the frontal lobe have been implicated in strategic decision making in
unfamiliar environments. Specifically, the ventromedial frontal cortex and dorsomedial
prefrontal cortex are thought to mediate these processes[451,452]. Our current modeling findings
suggest that conventional M1-contralateral supraorbital area tDCS montages induce strong
electric fields in frontal regions. The stimulated regions likely encompass strategic-planning
centers in the frontal lobe and stimulation of these areas may have contributed to enhanced skill
acquisition in the surgical studies. Future studies may consider using a smaller M1-target
electrode and a larger supraorbital reference electrode, as described earlier, which would
minimize stimulation of the frontal lobe[441] to eliminate this confounding factor.
Another important factor to consider between the motor tasks is the amount of muscle fatigue
produced by task demands. As discussed earlier, biomechanical control is a form of motor
control that modulates stiffness of muscles; by making muscle groups stiffer external
perturbations can be resisted, however this is at the cost of added energy expenditure and limited
flexibility. In our laparoscopy study, we made multiple subjective notes of muscle fatigue. This
finding can partially be explained by biomechanical control mechanisms. All our participants
were naïve to working in a laparoscopic environment and had never held laparoscopic
instruments. Because of this novelty medical students had difficulty performing the task
requirements, especially early in training. Movements in the laparoscopic environment are
unintuitive and often amplified (where small movements by the wrist lead to large movements of
the instrument on the screen) and these may have acted as external perturbations to the expected
motor output[222]. Participants often would tense their entire arm possibly to counter this
perturbation, which may have introduced muscle fatigue, especially later in training. This would
have decrease motor performance or slowed the rate of acquisition in later stages of training.
Short breaks were permitted between trials to accommodate recovery from muscle fatigue. As
participants became more skilled in the laparoscopic environment, muscle stiffness may have
decreased as the internal model began to form an association between a movement and the
outcome of that movement. This better-defined model learned to accommodate external
perturbations without generating stiffness.
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We did not document any subjective muscle fatigue in the PPT task. The PPT involved three
back-to-back repetitions followed by a short break. The length of these breaks was comparable to
that in the laparoscopy study (60 to 90 seconds). Because the PPT involves such a simple skill
that human perform regularly, the internal model for performing the movements required by the
task may have developed promptly. By doing so, this would prevent the need for biomechanical
control mechanisms to be enacted. Furthermore, the PPT involves no external perturbations that
would necessitate generating muscle stiffness.
Like the laparoscopic task, no participants performing the neurosurgical task (apart from
neurosurgical residents) had any experience working in a virtual reality-based or actual
neurosurgical environment. This included never holding an ultrasonic aspirator. Interestingly,
unlike the laparoscopic study, subjective muscle fatigue was not reported in the neurosurgical
study. The basis behind this may also be linked to the relationship between biomechanical
control and internal models. Participants naturally gripped the task instrument, the ultrasonic
aspirator, like they would a pencil and held that grip throughout the duration of the task. Writing
using a pencil or a pen is a skill that all study participants would have likely performed since
early childhood. Because mastery of this skill has been attained and it is a skill commonly
utilized, the motor system may already have a well-developed internal model for movements
associated with a similar instrument. Therefore, muscle stiffness may not have been required as
the internal model only required a short period of acclimatization to the instrument. Although the
task was novel, the internal model could accommodate perturbations associated with tumour
resection.
One final difference between the tasks of the PPT and the stimulation-based surgical studies is
the role of reinforcement. In both our surgical studies, we introduced an incentive component
where top performers would receive additional prizes (coffee cards and recognition among a
competitive peer group) to motivate individuals to perform to the best of their abilities. The PPT
in contrast did not include any added incentives. Reinforcement and reward signaling contributes
to motor skill learning though it has not been investigated in detail in tDCS studies[100]. The
ventral tegmental area contains dopaminergic neurons that play an important role in reward
signaling mechanisms in the central nervous system. Among their many projection sites these
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dopaminergic neurons will target M1[453], suggesting an interplay between reinforcement and
motor control or learning. Investigations using rodent models affirm this interaction, as
demonstrated by the finding that destruction of M1-projecting ventral tegmental area
dopaminergic neurons impairs motor skill acquisition[454]. Further study revealed that blocking
dopamine receptors in M1 is sufficient to hinder motor learning, possibly by preventing LTPformation in the horizontal connections spanning layers II and III of M1, which are thought to
mediate motor learning[455]. Therefore, the addition of reward-based skill training to the
surgical study protocols may have led to the recruitment of mesocortical circuits that would
influence skill learning. This was less likely to be the case for the non-incentivized PPT study.
Further fundamental investigations are required to understand the influences of reinforcementbased learning.
9.3.2 Training Duration
We did not hold the duration of training constant between our studies and this also likely
influenced the observed effect sizes. The PPT study took place over the course of three
consecutive days involving a total of 45 repetitions (15 repetitions per day), whereas the surgical
studies involved a total of 10 repetitions per task over the course of single session. Learning
curves are task specific and therefore different rates of acquisition were expected.
Laparoscopic peg transfer learning curves have been examined previously. The findings of
Feldman et al.[456] suggest that peg transfer skills will reach a plateau after an average of six
repetitions. This “plateau” was defined as 90% of the maximum score over a total of 40
repetitions. This study was also performed in medical students, making their population
comparable to our sample. Our findings support this notion of a plateau as we documented
relatively marginal improvements between the sixth and final repetition, with slightly larger
improvements in the active tDCS group. Learning curves of laparoscopic pattern cutting have not
been examined previously, however our findings suggest that like peg transfer, a skill plateau is
reached after approximately six or seven repetitions.
The NeuroTouch instrument handling task has been studied much less extensively than the
Fundamentals of Laparoscopic Surgery tasks, and learning plateaus have not been examined in
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detail. We demonstrated distinct learning curves across different skill metrics for tumour
resection. Interestingly, some metrics may not follow linear improvements as decreased skill was
evident between the first and second repetition in some measures. However, in most cases we
observed a plateau by the end of the training session.
Overall, for simulation-based surgical skill training we observed plateauing of skill acquisition
within the single training session. This suggests that further significant improvements would
likely not be observed in that session, possibly due to saturation of learning mechanisms. Rodent
studies demonstrate that following motor skill training, layer II and III horizontal connections in
M1 show increased synaptic efficacy[113]. These changes in neuronal function are thought to be
related to LTP-like mechanisms[112,113] as LTP-inducing protocols are less effective at
generating further potentiation in neurons of the trained hemisphere. The decreased ability to
induce LTP suggests that these same mechanisms are saturated following motor training.
Therefore, it is possible that we observed a skill plateau following surgical skill training because
the LTP-like mechanisms responsible for motor learning were saturated.
For the laparoscopic peg transfer task, no participant achieved the skill proficiency benchmark.
Because a plateau was reached it is unlikely that additional training during that single session
would allow participants to reach such a proficiency score. Despite this, surgical trainees are
required to achieve these benchmark scores. Achieving proficiency scores, indicative of expert
surgical skill, may require offline learning processes or skill consolidation. Our surgical studies
cannot conclude how offline learning processes would alter skill acquisition patterns and whether
subsequent learning could take place the next day.
For the PPT, we could quantify the effect of offline consolidation processes in addition to online
fast learning. Training on the PPT alone (as suggested by the sham tDCS group) resulted in a
quick plateau of skill improvements. By the third training block (after 9 repetitions) a plateau
was already evident and subsequent training did not lead to further improvements. Consolidation
processes did not accommodate further gains, as little to no improvement was seen on
subsequent days. The addition of active tDCS paradigms concurrent to training did allow
participants to overcome the skill plateau. Whereas plateauing was evident as early as the first
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day of training with training alone, active tDCS groups showed linear increases on the first day.
Even on the third consecutive day of training, the active tDCS groups continued to show large
improvements in skill. It is possible that further skill improvement could take place if additional
training days were added as no obvious plateau was evident.
If LTP-like plasticity in M1 is responsible for motor skill learning, our findings have important
implications. Training the PPT without any concurrent application of neuromodulation
technologies leads to a quick plateau in skill, suggesting that LTP-like processes become
saturated, restricting further improvements. Rodent studies suggest that following motor skill
training, the synaptic modification range is shifted where less LTP but more LTD can be
induced[457]. The addition of tDCS to training may prevent saturation of LTP-like mechanisms,
accommodating further motor skill gains. Another possibility is that tDCS prevents a shift in the
synaptic modification range associated with motor training. This may allow LTP-like processes
to be continuously enacted to promote further motor learning. This hypothesis requires further
testing both in rodent models using advanced electrophysiological measures, and in humans
using TMS neurophysiology.
9.3.3 Stimulation Parameters
While certain stimulation conditions were always held consistent between our trials (such as 20
minutes of stimulation, use of 25cm2 electrodes, M1-supraorbital area electrode placement, and
stimulation always paired with motor training), identical montages were not used. Although this
prevents direct comparisons, certain conclusions may still be reasonable.
First, the PPT study explored the effects of contralateral anodal and ipsilateral cathodal tDCS.
The primary motive behind this was to apply montages that are investigated in stroke motor
rehabilitation trials. Our study was originally designed to optimize stimulation parameters for
similar clinical trials in pediatric CP. Additionally, these montages are typically used in motor
learning studies[369,426]. To avoid a skill ceiling effect, participants trained their non-dominant
hand, which possessed lower baseline motor skill. Anodal tDCS targeted the non-dominant
hemisphere and cathodal tDCS targeted the dominant hemisphere. Both montages targeted nondominant hand function. In contrast to the PPT study, our surgical studies applied anodal tDCS
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over the dominant hemisphere, targeting the dominant hand. For laparoscopic pattern cutting and
neurosurgical tumour resection participants were instructed to hold the primary instrument in
their dominant hand. The rationale behind this was that surgical skills are already complex and
difficult to obtain, and coupled with the short training duration and low baseline skill of medical
students we did not anticipate plateauing of skill. Therefore, we targeted opposite hemispheres
with anodal tDCS to accommodate differences in task difficulty. All montages that we applied
appeared to be effective at enhancing motor learning, although the sizes of these effects may not
have been equal.
In addition to using unique stimulation montages, different strengths of current were applied. For
children and adolescents, we applied either 1 or 2mA stimulation, whereas for both surgical
studies 1mA stimulation was used. As discussed earlier, the absolute current strength is relatively
uninformative and it is more important to consider the strength of electric fields induced at a
neuronal level. Our current modeling findings suggest that when an identical current is applied
across age groups, electric fields induced in children will be higher than those in adults.
Likewise, induced electric fields may be stronger in children than adolescents, whereas there is
little to no difference between adolescents and adults. Therefore, electric fields induced by tDCS
in adolescents (receiving 1mA stimulation) and medical trainees may be more comparable,
however electric fields induced in younger children were likely stronger than those in adults.
Even between children and adolescents, there may have been differences in electric field
strength.
Likewise, electric field spread was predicted to be broader in young children. This disparity
makes it difficult to compare age effects even within the PPT study, as stimulation may have
modulated cortical regions and networks to a different extent. We did not find any effect of age
on the motor-enhancing effects of tDCS in the PPT study, even within an intervention group,
suggesting that the strength of induced electric fields may not directly influence the behavioural
effects.
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Overall, our findings suggest that the most commonly used tDCS montages (1 to 2mA, 20
minutes, 25 to 35cm2) facilitate motor skill learning in children, adolescents, and adults training
on tasks of various complexity.
9.3.4 Age
The so-called “Kennard Principle” suggests that the younger developing brain possess a greater
ability to demonstrate plasticity than that of the older mature brain. The basis of this hypothesis
comes from the finding that when the motor cortex was lesioned in a standardized manner,
younger monkeys displayed better recovery of motor function than their older counterparts[458].
This suggests that neuronal reorganization was more effective in the younger brain. If
neuroplastic mechanisms are more efficacious in promoting functional reorganization then it is
implied that these same mechanisms should be more effective for other processes that involve
plastic changes within the brain, such as motor learning and tDCS.
As discussed earlier, neuroplastic changes associated with motor training can include increased
synaptic efficacy and dendritic branching in M1 layer II and III horizontal connections[88–
90,112]. If these synaptic changes are more prominent in the brain of children, we would expect
to see greater improvement and enhancement of motor skill in children compared to adults. A
direct comparison between these populations cannot be made from the studies presented here, as
the tasks that children and adults performed were substantially different. Furthermore, children
trained for three consecutive days, and adults over a single session.
If we examine PPT performance in children after a single day of training, we still see a large
effect of tDCS-enhancement. This is in contrast to the smaller effects of adults training
stimulation-based surgical tasks over a single day. Differences in task difficulty still make this
comparison difficult. If we compare our PPT findings to those of the seminal Reis et al.[74]
motor learning enhancement study, where adults also performed a simple motor task, we obtain
indirect evidence that effects of tDCS on motor learning may be more pronounced in children.
By the end of the first day we noted that children displayed up to 2.5-fold enhancements of PPT
skill acquisition with the concurrent application of tDCS. Adults performing the sequential visual
isometric pinch force task showed approximately a two-fold enhancement of skill acquisition by
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the end of a single session. Over the course of this single day, children performed only 15
repetitions of the PPT task over 20 minutes, whereas adults performed 200 repetitions of their
respective task over approximately 45 minutes. It is important to consider that despite both these
tasks being considered simple motor skills, they are not directly comparable. However, despite
larger effects with substantially less training, it is possible that more pronounced effects of tDCS
are seen in children owing to more efficacious neuroplasticity.
Another important consideration is that throughout development there are changes in receptor
and enzyme expression levels. While a complete review of this is outside the scope of this thesis,
certain important changes will be briefly discussed. Overall the developing brain has a different
excitation-inhibition balance than the mature brain, where it is regarded to be a hyper-excitable
state[55]. The hyper-excitable state of the central nervous system has implications for the safety
of applying tDCS in younger children as seizure thresholds are lower in younger children[430],
and therefore a tDCS-induced epileptogenic event is theoretically more probable. Notable
developmental changes involved in regulating the balance of excitation-inhibition include the
activity of glutamatergic and GABAergic system. Notably, glutamate transporter 1 (also called
excitatory amino acid transporter 2) expression does not reach its peak until approximately the
4th to 11th year of life, at which point it stabilizes[459,460]. The glutamate transporter is located
on astrocytes and is involved in the reuptake of glutamate from the synaptic cleft. Lower
expression of this transporter, as seen in younger children would therefore result in glutamate
being present in the synaptic cleft for longer periods of time, driving excitation. Inhibitory
systems may also be weaker in the young brain. Similarly to glutamate transporter, glutamic acid
decarboxylase and GABA receptor expression does not reach maximal levels until
approximately the 4th to 11th year of life[430,461]. In combination, this would result in weaker
neuronal inhibition, again driving excitation. It is important to recognize that these age ranges are
extrapolations from rodent models. Glutamate and GABA both can modulate the
neurophysiological effects of tDCS, and both also play an important role in LTP induction[6].
Furthermore, GABA also plays an important role in motor learning[125]. How the altered
excitation-inhibition balance in the developing brain influences motor learning effects of tDCS
has yet to be described in detail, however this hyper-excitability clearly accommodates tDCSenhanced skill acquisition.
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9.4 Neurophysiological Mechanism of Motor Learning
Using TMS measures we quantified baseline neurophysiological characteristics of children and
examined changes associated with motor training paired with tDCS. Our findings suggest that
certain neurophysiological measures, such as cSP duration, are correlated with baseline motor
skill. TMS neurophysiologic correlates of tDCS-enhanced motor learning were not evident.
These findings suggest that M1 neurophysiology may play a role in motor task performance,
however motor learning is a more complex process that involves recruitment of other cortical or
subcortical regions.
A multitude of factors influence neurophysiological responses to tDCS and other forms of noninvasive brain stimulation (including theta burst stimulation, and rTMS). At a genetic level,
various mutations have been implemented in the patterns of cortical neuroplasticity. For
example, a common polymorphism in the BDNF gene may alter responses to non-invasive brain
stimulation[316]. Individuals with a BDNF Val66Met polymorphism show impaired motor skill
acquisition, and motor learning is less susceptible to enhancement by tDCS[317]. Individuals
with mutations in other genes, such as catechol-O-methyl transferase, also show unique
responses to tDCS[462], such as less pronounced neurophysiological changes[463]. Given the
high prevalence of these polymorphism, it is conceivable that many of our participants were
heterozygotes and variable neurophysiologic responses of tDCS would be expected.
Furthermore, dichotomous factors such as sex influence the neurophysiologic alterations induced
by tDCS. One such study has been performed to date, where it was demonstrated that cathodal
tDCS prolonged the changes in cortical excitability in females compared to males[464]. On a
similar note, the phase of the menstrual cycle in which a female is in may influence the response
to non-invasive brain stimulation, presumably linked to hormonal changes[465]. These are all
factors that we did not control for. Other factors we did not hold constant, which are known to
influence neurophysiological responses to tDCS and other forms of non-invasive brain
stimulation, are attention[466] and the time of day[467]. We did attempt to mitigate this by
allowing short breaks to ensure participants did not become mentally (or physically) fatigued,
and each participant typically had their baseline, training, and post-training assessments at the
same time of day (allowing for some level of intra-individual control). A full review of factors
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that influence neurophysiological responses to tDCS can be found elsewhere[298,468]. Overall,
there are clearly a host of intra- and inter-individual factors that lead to altered induction of
cortical plasticity following tDCS, many of which we could not control for, and therefore
variable responses may have been expected.
Our current modeling findings also provide valuable insight towards the influence of individual
anatomical factors towards neurophysiological responses to tDCS. As described earlier, the
absolute current magnitude applied is rather uninformative and it is more plausible that the
strength of induced electric fields dictates neurophysiological responses to tDCS. Our findings
suggest that when applying an identical current, electric field strength and spread is larger in
younger children compared to adolescents. As has been demonstrated both in adults[11], and
children and adolescents[301], cortical excitability changes induced by tDCS are opposite with
increasing current strength. Our study did not scale current strength to ensure that more
comparable electric fields were induced, therefore children and adolescents may have been
exposed to electric fields of different strengths. This heterogeneity of responses would largely
influence group results. Our findings often suggested variable responses within intervention
groups. Likewise, current distribution may also influence the neurophysiological responses
measured from M1. Simple changes in the size of the scalp electrodes (while maintaining current
density) will result in unique changes to M1 excitability[441]. These subtle electrode changes
will undoubtedly shift the current path, even if only to a minor extent. Further, recent reports
suggest that stimulation of entirely different regions by tDCS, such as the posterior parietal
cortex, can lead to changes in M1 cortical excitability as well as altered SICI and ICF
responses[469]. Given more widespread stimulation in children, it is important to consider that
variable neurophysiological changes in M1 may have been influenced by stimulation of other
cortical or subcortical regions. While our current models are suitable for modeling current
distribution, it is necessary to recognize that they are only predictive models that require further
development. Advances in FEM computations should include the integration of computed
tomography scans for better skull modeling, given the influence of cranium thickness and
composition on current blockage. Validation of the commonly used impedance values of tissues
is obligatory as well.
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Our neurophysiological assessments were performed using a single investigative modality, TMS.
TMS is a powerful tool for assessing M1 cortical excitability, and intra- and inter-hemispheric
circuits[470]. Our findings suggest that certain TMS measures correlate well with baseline motor
function. Limited investigations in adults also demonstrate that simple motor characteristics,
such as reaction time, display a strong correlation with M1 cortical excitability, as assessed using
TMS[471]. Motor task performance and learning are distinct processes however, and likely
involve the recruitment of different cortical and subcortical areas.
Motor learning is a complex process that requires integrated input from the S1, PMC and SMA,
among other areas[64,95]. Therefore, motor skill acquisition involves recruitment and alterations
to the motor network[472–475]. TMS has significant limitations as a tool for assessing
neurophysiology of the motor network (or changes in the motor network induced by motor
learning), as we are only measuring changes in a single node (M1) of the entire network. Motor
learning does induce certain changes in M1, such as expansion of motor maps of trained
muscles[320], however changes in other nodes of the network are also expected. For example, a
recent study demonstrated that unilateral motor learning produced an intermanual transfer of skill
to the opposite hand (i.e. improved performance in the untrained hand), a finding we also
demonstrated, and the extent of intermanual transfer was related to increases in functional
connectivity between the left and right SMA[474]. Motor training-induced changes in the
functional motor network may be further modulated by tDCS[32,35,476–479]. Such multimodal
approaches to exploring tDCS mechanisms, combining the strengths of different imaging and
neurophysiological tools, seems an essential future direction of neurostimulation research.
Our current modeling findings suggest that anatomical factors influence the strength and
distribution of induced electric fields. Given the variability of these electric fields it may be
expected that M1 excitability could be modulated differentially across individuals. It was
recently demonstrated that compared to a conventional M1-targeting tDCS montage, multifocal
motor network-targeting tDCS induced substantially larger changes in M1 cortical
excitability[480]. Therefore, different electric field patterns may stimulate motor networks
uniquely, leading to variable changes in M1 excitability.
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We propose that future tDCS-motor learning studies should implement multimodal
neurophysiological investigations. For example, pairing multi-focal TMS with resting state
imaging and MRS can inform of functional connectivity of the motor network. Advanced in
multi-focal THS have allowed for probing the interplay between the PMC, posterior parietal
cortex, and M1[481,482]. Advanced neuroimaging investigations by Stagg et al.[32], utilizing a
combination of resting state fMRI and MRS have elegantly laid out the relationship between M1
GABA concentrations and the strength of the motor network. This study then went on to
demonstrate how tDCS decreases GABA in M1, resulting in increased motor network functional
connectivity. These TMS and neuroimaging modalities may also be combined with resting state
EEG measures that also reveal changes in functional connectivity following both motor
learning[333] and tDCS[483]. Such multimodal approaches provide multiple lines of evidence
towards changes in motor networks, beyond the simple cortical excitability changes of M1.
9.5 Translational Considerations
9.5.1 Stroke Rehabilitation
The primary rational behind applying tDCS in motor rehabilitation following stroke is based on
maladaptive plasticity and an imbalance of IHI. Models suggest that following a stroke an
imbalance of hemispheric drive leads the unaffected hemisphere to exert relatively stronger IHI
on the affected hemisphere, than the affected on unaffected hemisphere[170]. The overall effect
of this is relatively stronger suppression of the affected M1. When this vascular injury occurs in
the developing brain, maladaptive plasticity may lead to reorganization of motor control
areas[303]. Motor control of the paretic arm can be shifted to the ipsilateral unaffected M1,
which may contain ipsilateral CST projections. Through activity-dependent plasticity these
ipsilateral projections may be retained (they typically retract), due to a lack of top-down drive
from contralateral CST projections of the damaged hemisphere. These ipsilateral CST
projections can then be used to control the affected arm. Children that retain these ipsilateral
projections will often display more pronounced motor deficits[484]. Cortical reorganization and
imbalanced IHI may work in conjunction to produce impaired motor function, however the
precise relationship has not been defined.
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Based on this model, the goal of neuromodulatory interventions is to restore a hemispheric
balance of IHI and to shift motor control of the paretic hand back to the affected hemisphere,
even if to a perilesional area[168,303]. Three tDCS montages have been proposed to achieve
these goals: A) anodal tDCS over the lesioned motor cortex, to increase excitability of the
lesioned or perilesional M1, B) cathodal tDCS over the contralesional M1, to decrease M1
excitability and IHI from the unaffected hemisphere, or C) a combination of A and B, using
bihemispheric tDCS with the anode over the lesioned M1 and the cathode over the contralesional
M1.
Clinical trials in pediatrics are often guided by best available evidence from adult trials, as
evidence in children is typically limited[337]. For example, adult stroke trials will most often
apply 1 to 2mA stimulation over M1[173]. Based on this evidence, a recent randomizedcontrolled trial applied 1mA cathodal tDCS over the contralesional M1 in children with
hemiparesis following perinatal stroke[307]. The rationale behind this application was that
cathodal tDCS may decrease excitability of the unaffected M1. After this trial commenced the
findings of Moliadze et al.[301] were published, which suggested that 1mA cathodal tDCS
increases cortical excitability. This suggests that tDCS may increase cortical excitability of the
unaffected M1 and possibly increase IHI strength from the unaffected M1[331]. The IHI
imbalance model would predict that larger imbalance of IHI would worsen motor function. The
clinical trial however did not have any findings that were suggestive of deteriorating hand
function with cathodal tDCS, as evaluated by a battery of motor assessments. These complex
relationships support the need for fundamental studies that define the interaction between tDCS,
cortical excitability, and motor function.
Based on neurophysiological studies in healthy children, weaker cathodal stimulation should be
applied to decrease cortical excitability. A similar trial by Gillick et al.[171] applied 0.7mA
cathodal tDCS to the unaffected M1, as rationalized by current modeling[242]. Future efficacy
trials applying weaker cathodal tDCS in pediatric stroke have been proposed, however have not
been published to date[485].
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Our neurophysiological and current modeling findings suggest that application of tDCS in
healthy children may be complex. We did not find any consistent effect of either 1 or 2mA
cathodal tDCS on gross cortical excitability, as assessed by MEP amplitude changes. The
neurophysiological effects we observed with 1mA cathodal tDCS differ from that of Moliadze et
al.[301], who reported increased cortical excitability. The likely cause of this difference is that
motor training itself changes cortical excitability[320,486]. When combined with the
neuromodulatory effects of tDCS these alterations may be entirely unique. Application of tDCS
in stroke populations is typically in conjunction with motor training (occupational or physical
therapy). Because these therapies are also modalities of motor training, they will likely modulate
cortical excitability, and as seen with our neurophysiological findings, the addition of tDCS may
produce variable changes. Despite these factors, early stroke investigations are promising and
demonstrate some effect of lessened motor impairment with tDCS-paired therapy. This suggests
that the model describing impaired motor function may be more complex than a simple
imbalance of IHI. It is important to note that in our study we saw large effects on motor learning
despite inconsistent neurophysiological effects, signifying that alternate mechanisms may be
responsible for these changes. Defining these alternate mechanisms require multimodal
approaches to investigate neurophysiological changes induced by tDCS and motor training or
therapy.
9.5.2 Multimodal Approaches in Stroke Rehabilitation
As discussed earlier, multimodal approaches should be employed in future investigations of the
effects of tDCS on motor learning. We demonstrated the feasibility of such approaches in a case
of childhood stroke motor rehabilitation. A battery of assessments was performed at baseline and
one week following 10 consecutive days of tDCS. These assessment modes included: motor
measures, TMS neurophysiology, MRI, fMRI, resting state MRI, MRS, and DTI.
Our findings suggested that the application of 1.5mA cathodal tDCS is safe and feasible in
childhood stroke, with no evidence of decreased motor function. While each TMS and
neuroimaging finding was informative, the combination of multiple modalities allowed for more
thorough investigation. For example, our TMS findings suggest that ipsilateral MEP from the
contralesional M1 were evoked at baseline, whereas at post-training assessment these ipsilateral
222

projections were suppressed. Likewise, responses in contralateral MEP from the intact
hemisphere showed smaller MEP amplitudes at post-training. These findings suggest that the
combination of cathodal tDCS with motor therapy reduced cortical excitability of the intact
hemisphere. Baseline fMRI indicated that both the perilesional and contralesional M1 were
activated when a finger-tapping task was performed with the paretic hand. This was likely a
consequence of maladaptive plasticity and reorganization following the ischemic event.
Following intervention, the perilesional M1 showed increased activation during paretic fingertapping. This imaging finding suggests a shift in motor function back to the perilesional M1, a
predictor of higher motor function following stroke[168]. Combining these investigations, our
findings suggest that combining motor therapy with contralesional cathodal tDCS reduces
cortical excitability and suppresses ipsilateral projections. These changes may mediate a shift in
functional activation of the paretic hand to the perilesional M1, although the precise relationship
between these findings was not assessed.
It is important to note that this was an open-label trial, therefore we cannot conclude whether the
changes in our assessments were due to motor therapy, or a combination of motor therapy with
tDCS. Regardless, trials such as these demonstrate the feasibility and utility of multimodal
approaches in tDCS investigations. Such investigations are increasingly used in adult stroke
trials to investigate the relationship between neurometabolites and functional
reorganization[487].
9.5.3 Medical Training
Our two surgical studies are the first known demonstrations that tDCS may potentially enhance
the acquisition of simulation-based surgical skill. Both simulation-based laparoscopic and
neurosurgical skills we examined appeared to be prone to enhancement. For laparoscopic tasks,
larger effects of tDCS were seen on unimanual than bimanual skills. Expanding on these
findings, we examined whether similar enhancing effects could be reproduced on a unimanual
tumour resection skill. Here, we found that various metrics of tumour resection were susceptible
to enhancement with tDCS, however these were dependent on baseline skill levels. Many factors
must be addressed before implementing such a technique into medical training.
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First, our two trials examined skill acquisition over a single day. The 10,000-hour rule,
popularized by Malcolm Gladwell, suggests that mastery of a skill requires 10,000 hours of
deliberative practice. While this rule has been met with criticism[488], particularly on the stated
number, it is uncontended that mastery of complex motor skill requires a great amount of
dedicated training. Medical skill training is performed over many years, beginning in medical
school, taking place extensively throughout residency and fellowship training, and continues for
certified attending physicians. Our study was only able to examine online improvements in a
single skill training session, where we showed small enhancing effects of tDCS. Adult studies
demonstrate that stimulation-paired training may have even larger effects when applied over
multiple days[74,317], a finding supported by our pediatric study. Therefore, it is conceivable
that larger effects on surgical skill acquisition would be seen with multi-day stimulation-paired
training. These multi-day investigations would be more representative of a typical medical
training curriculum. Such an investigation would also be powered to examine the effects of
consolidation processes on surgical skill acquisition, which our trial was not designed to assess.
Adult motor learning trials have demonstrated that tDCS enhances motor learning by facilitating
consolidation processes[74]. Therefore, we would predict large offline enhancing effects of
tDCS on surgical skill acquisition. As discussed earlier, offline learning may be valuable in
helping trainees reach skill proficiency.
Next, our study was performed in medical students rather than speciality residents and fellows.
We chose this population for ease of recruitment, as the number of residents are limited and they
have limited time to participate in research trials. To an extent our populations may be
comparable however. In terms of technical skill there is essential no difference between a
medical student and a resident commencing their training. Therefore, our findings of enhanced
surgical skill acquisition are applicable for residents early in their training. As residents undergo
intensive technical skills training throughout their junior years they approach skill
competency[388]. Whether tDCS can enhance surgical skill performance in residents possessing
skill expertise has not been investigated. Such investigations are necessary to advance the field
of tDCS-paired surgical training. Our neurosurgical study suggests that high-skill medical
students who possess technical skills comparable to residents, are also susceptible to the motor
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enhancing effects of tDCS. This suggests that skill acquisition can also be enhanced in the highperforming surgical trainee.
Two hypotheses may predict the findings of a study examining the effects of tDCS on high-skill
residents. First, it is entirely possible that tDCS will have no effect on skill enhancement. When
residents are proficient in a skill (or are approaching skill proficiency) it possible that a skill
ceiling has already been reached, and any incremental changes at that point require substantially
more training[95]. These asymptotic learning curves, characterized by large improvements in a
short period followed by smaller improvements over long training durations, as mastery is
approached, are observed in most motor tasks. The rate at which this acquisition occurs is taskdependent[95]. For example, simple key-pressing motor skill can asymptote over the course of
minutes, whereas a complex skill like playing a guitar can take years to reach proficiency.
Surgical tasks are akin to these complex skills. A senior resident may already be approaching the
plateau of skill acquisition, whereas a junior resident is in the early fast-acquisition phase of skill
learning. This would suggest that there is a window on the learning curve where tDCS is most
effective.
An alternate hypothesis to the ‘baseline skill-tDCS question’ is that even in high-skill performers
tDCS will have a significant effect on enhancing further skill acquisition. We demonstrated large
effect sizes on the PPT, and others on a sequential visual isometric pinch force task[74]. These
are very simple motor skills. As hypothesized earlier, the large effects of tDCS enhancement
may have been due to the motor system already having an established internal model to
accommodate performance of these complex skills. A senior resident that has undergone years of
specialized training will likely have a better developed internal model of these complex skills.
These established internal models may be more susceptible to skill enhancement (as seen with
the PPT), and possibly this would facilitate enhanced motor learning. Whether tDCS can
enhance skill acquisition in the proficient performer has not been investigated in detail however.
9.6 Other Future Experiments
Future experiments may consider designing a sham-controlled trial in which children,
adolescents, and adults all undergoing training on the same task while receiving concurrent
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tDCS. This valuable investigation would be able to answer the fundamental question of whether
the so-called “more plastic” brain of children can learn novel motor skill quicker than that of
mature adults. Likewise, such a study could examine the effectiveness of tDCS in enhancing
motor skill acquisition across these populations. Finally, such studies would be able to also
provide insight into the relationship between the strength of electric fields and the resulting
behavioural effect, which has not been well-defined to date.
Additional future experiments may choose to examine the effects of tDCS-enhanced motor
learning on transfer to other skills. Here we demonstrated positive transfer effects, whereby PPT
training also improved performance on the JTT and SRTT. Enhanced positive transfer with tDCS
is not restricted to motor tasks, but can also be demonstrated in working memory tasks[489].
Negative transfer effects are also a possible consequence of tDCS-enhanced motor learning,
whereby training impairs the acquisition of unique motor skills. Influence of tDCS on negative
transfer effects have not been examined in detail. One recent investigation suggested that anodal
tDCS targeting the cerebellum impaired re-acquisition of motor skills when novel motor tasks
were trained[490]. This finding suggests that negative transfer can be enhanced by tDCS,
although further investigations are required.
9.7 Summary
In conclusion, the studies presented here demonstrate a significant advancement in the field of
pediatric neuromodulation and describe innovative applications of tDCS.
We have demonstrated that application of tDCS is feasible, safe, and tolerable in healthy
children. Our findings suggest that both M1-targeting contralateral anodal and ipsilateral
cathodal tDCS can enhance online motor learning in typically developing children, with
translation of skill enhancement to the untrained hand and untrained tasks. After defining the
developmental profile of transcallosal inhibition, including differences between paired-pulse IHI
and iSP measures, we found the same methods were limited in their ability to define
neurophysiological changes of tDCS-enhanced motor learning in children. Indeed, many TMSinduced neurophysiological measures demonstrated high degrees of inter-individual variability in
responses, yet were able to define baseline predictors of motor performance but provided limited
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insight to the mechanisms of enhanced motor learning. The variability of responses to tDCS may
have been due to multiple factors, one being that prominent anatomical variations in the
developing child influence the strength of electric fields induced by tDCS. We confirmed and
characterized these age and tissue-specific differences via a large cross-sectional study utilizing
computational finite element current modeling. Our findings suggest that compared to adults,
tDCS applications in children will induce stronger peak electric fields, higher average electric
field strength in M1, and more widespread stimulation. In an open-label trial applying
contralesional cathodal tDCS in an adolescent, we provide preliminary evidence of favourable
safety, feasibility and tolerability in childhood stroke applications including multimodal
neurophysiological investigations to describe neuroplastic changes.
Methods to enhance surgical skill acquisition are required to overcome the restrictions posed in
current medical training environments. Our two novel studies demonstrate that tDCS may
enhance laparoscopic and neurosurgical skill acquisition, in a simulation-based environment.
TDCS enhanced the acquisition of basic laparoscopic skills in medical trainees. Physiological
specificity of tDCS led to larger effects on unimanual and bimanual skills. We then reproduced
this finding of enhanced unimanual surgical skill in a tumour resection model. Baseline skill
appeared to dictate which components of tumour resection skill were susceptible to the
influences of tDCS. Establishing a novel field of tDCS-enhanced medical procedural skill
learning may hold the potential to revolutionize the future of medical training.
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Appendix A: Transcranial Direct Current Stimulation For Children with Perinatal Stroke
and Hemiparesis
The following work has been published in Neurology (Kirton A, Ciechanski P, Zadie E,
Andersen J, Nettle-Aguirre A, Carlson H, Carsolio L, Herrero M, Quigley J, Mimiko A, Hodge
J, Hill M 2017)[305]; used with permission.
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