Methods and Materials

Approach (Overview): 

This study will be a randomized, single blind study comparing the motor improvements and functional gains made by the non-dominant upper extremity according to three primary measures: 1. The Purdue Peg Test (PPT), 2. The Jebsen-Taylor Hand Function test (JTHF), and 3. A computer-based pursuit-rotor tracking task (HTT).  Following consent, participant screening, and a handedness evaluation via the Edinburgh Handedness Inventory (Appendix A), participants will be randomly assigned to one of seven training groups (See Figure1 below): Group 1: rTMS primer, Group 2: Anodal tDCS primer, Group 3: Anodal tDCS-enhancement, Group 4: rTMS-enhancement, Group 5: TMS primer and anodal tDCS-enhancement, Group 6. Cathodal tDCS primer and TMS enhancement, Group 7: Anodal tDCS primer and TMS enhancement.  In order to establish baseline performance and allow for familiarization, all participants will complete each of the assessment tests listed above X10 times prior to beginning formal training.    Within 7 days of the start of training, cortical mapping of the non-dominant upper extremity will be individually mapped via single pulse TMS, as described below.   Within the same day of the first training session, participants will perform each of the three assessment tests X3 times, and the scores will be averaged into baseline measurements.  Treatment will consist of 4 consecutive days of training, whereby participants will train on each of the three tests during 9 minute sessions with the cortical stimulation characteristic of their randomly assigned group.  Immediately following the last training session, participants will again perform the three assessment tests, and the scores will be averaged into a post-training evaluation.  In order to evaluate the after-effects of the training, participants will also be scored on the three tests 24 hours and 7 days following the completion of training.  
Power Analysis:
Using an estimated moderate effect size of 0.4 (a small effect size for most motor training interventions), we estimated the sample size necessary to compare outcomes in the training and control groups.  The seven training groups will be broken down into three unique experiments, with the first two involving single sources of stimulation.  In the first experiment, a single source of stimulation will be used as a primer for treatment.  In this case, group 1 (rTMS primer) is considered to be the  experimental group and group 2 (Anodal tDCS primer) is considered to be the control.  In the second experiment, a single source of stimulation will be used in conjunction with treatment.  In this case, group 3 (anodal tDCS enhancement) will be considered the experimental group and group 4 (rTMS enhancement) will be considered the control group.  
All data resulting from single source of stimulation experiments will be compared according to a 2 (training and control group) X 4 (training, post-training, 24 hours post-training, 7 days post training) ANOVA.  Based on our a prior  expectations that participants will improve more in the treatment as compared to the control condition, we decided to focus the analysis on the interaction between the two independent variables. Based on the estimated effect size, we expect that 14 total subjects will be required to achieve a power level of ß=0.80 with an α=0.0167 (This alpha level was chosen to correct for multiple comparisons as we plan to run the same ANOVA based on three different dependent variables ([Purdue Peg Test, Jebsen Taylor Hand Function Test, and computer-based tracking test]). Anticipating that approximately 20% of the participants will withdraw from the study, the total sample will be increased to 18 (9 per group). This sample size provides a sufficient number of participants to evaluate main hypotheses 1 and 2.
The third experiment compares dual sources of stimulation with one source presented prior to and the other presented in conjunction with training.  In this case, group 5 (TMS primer with anodal tDCS-enhanced training) serves as the experimental group and groups 6 (cathodal tDCS primer and TMS enhanced training) and 7 (anodal tDCS primer and TMS enhanced training) serve as controls.  Data collected during the three  dual-source stimulation experiments will be compared according to a 3 (training group, anodal tDCS control group, cathodal tDCS control group) X 4 (pre-treatment, post-treatment, 24 hours post-treatment, 72 hours post treatment) ANOVA.  Based on our a prior  expectations that participants will improve more in the treatment as compared to the control condition, we again decided to focus the analysis on the interaction between the two independent variables. Based on the same estimated effect size of .4, we expect that 18 total subjects will be required to achieve a power level of  ß=0.80 with an α=0.0167 (This alpha level was again chosen to correct for multiple comparisons as we plan to run the same ANOVA based on three different dependent variables ([Purdue Peg Test, Jebsen Taylor Hand Function Test, and computer-based tracking test]). Anticipating that approximately 20% of the participants will withdraw from the study, the total sample will be increased to 22 (11 per group). This sample size provides a sufficient number of participants to evaluate hypothesis number 3.
Participants:

Per the above power analysis, fifty-eight healthy participants who meet the above requirements will be predominately selected from the University of South Carolina.  Participants will be recruited via word of mouth and advertising flyers placed in and around high traffic areas of the university.  In order to build additional interest in the study, a presentation on TMS and tDCS will be given by lead investigator Raymond Butts to undergraduate and graduate classes within the department of psychology, exercise science and nursing after receiving permission from the primary instructor.  Participants will not be recruited from classes whereby D. Newman-Norlund is the primary instructor so as to prevent conflict of interest.  

Prior to enrollment in the study, all potential subjects will meet with Raymond Butts in the conference room on the second floor of the Discovery I building for a discussion of the study and the requirements for participation.  During this meeting, participants will be asked to read and sign a written consent form (Appendix B).  Participants will be informed verbally and in writing via the consent form that that they may quit the study at any time if they choose to do so. 
Inclusion and Exclusion Criteria:

Prior to consent, participants will be carefully screened according to inclusion and exclusion criteria.  Inclusion criteria will be as follows:  1. Right handed according to Edinburgh Handedness Inventory (Appendix A), 2. Native English speaker, 3. Age 18-30 years old, 4. Ability to provide informed written or verbal consent.  Only participants who clearly understand the research and are able to indicate consent to participate can be enrolled in the study.  In order to not be excluded from the study, participants must have full functional use of both upper extremities.  Participants must also be cognitively able to follow instructions required to complete all physical / functional assessments along with treatments.  Additional exclusion criteria are outlined in the official TMS and tDCS screening forms found in Appendix C and D, respectively.  Patients with recent / present neurologic symptoms will also be carefully screened out and excluded from the study via the Neurological Symptom Checklist found in Appendix E.  In addition, any health problems judged by either the screening investigator and / or a physician to put the participant at significant risk of harm during the study will be immediately identified, and the participant will be excluded from the study.  The qualifications for lab personnel that will screen patients and administer TMS and/or tDCS are clearly stated in the official USC Lab Policy Document , which has been included as Appendix F.  Screening standards and procedures can also be found in Appendix.    
Provided participants satisfy all inclusion / exclusion criteria, they will be randomly assigned to one of the 7 training groups and given a detailed schedule corresponding with 8 appointment times.  The goal of the 1st appointment will be to screen patients, obtain informed consent, and provide information about the study.  This will take place in the conference room on the second floor of the USC Discovery Building. During appointment 2, participants will undergo cortical mapping, and the region corresponding with the first dorsal interosseous (FDI) muscle of the nondominant M1 will be identified.  The homuncular region of the FDI was chosen as the target of stimulation because of its accessibility from the surface of the scalp.  The FDI is also centrally located to other homuncular representations of hand muscles within M1, and it therefore provides an excellent target to effect the cortical excitability of the entire hand region.  Past studies have demonstrated functional improvement of the hand14 and fingers13 via rTMS of the FDI.  In addition, participants will complete familiarization training of all assessment tests during appointment 2.  Appointment 3 will be the first official day of training.  On this day, participants will complete baseline testing followed by the first 9-minute training session in accordance with their assigned group.  Appointments 4 and 5 will take place 24 and 48 hours after appointment 3, respectively, and will consist of the same 9 minute training session.  During appointment 6, participants will complete the final 9 minute training session followed by post-training testing.  Appointments 7 and 8 will take place 24 hours and 7 days after the last day of training, respectively, and will include only post-training testing.  See Figure 1 below for a graphical representation of the study layout.
While a single training session of both TMS and tDCS have demonstrated enhanced cortical activation outlasting the stimulation period along with significant motor acquisition, effects are usually only temporary.  Past studies with TMS and tDCS suggest that clinically meaningful changes in motor improvement are achievable only following repeated sessions of stimulation.7  Long lasting motor improvements have been documented after 10 days of rTMS in stroke patients.27  Similarly, 5 days of cathodal tDCS led to two weeks of functional improvements in stroke patients.28  Moreover, past research seems to suggest that synaptic efficacy requires repeated, daily stimulation instead of weekly stimulation for meaningful cortical plasticity to occur.28  As a result, we chose to compare and contrast the plasticity initiating effects of the various stimulation protocols in the present study by exposing participants to 4 consecutive days of stimulation / training and measuring motor performance both immediately following, 24 hours, and 7 days after the last training session.  
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Motor Training

Motor training will focus on the non-dominant upper extremity and will consist of 4 7.5-minutes sessions geared toward practicing three primary assessments: Jebsen Taylor Hand Function (JTHF) Test, Purdue Pegboard Test (PPT), and a computer-based finger tracking task (FTT).  The non-dominant upper extremity was chosen as the source of training because the functional differences between the dominant and non-dominant upper extremity seem to mimic the differences between the paretic and non-paretic upper extremity in stroke patients.15  This is because the non-dominant extremity has relatively less dexterity than the dominant extremity, which is likely due to less overall use and training.  The distinction is further illustrated cortically, whereby the non-dominant M1 has a lower motor threshold, higher motor evoked potential, and shorter silent periods.15  
The JTHF Test provides a short but relatively broad measure of hand function.  Previous studies have established that it is both valid and reliable, and normative data is readily available for both sexes and various age groups.29  The JTHF also correlates well with other established standardized assessments such as the Grip strength test, Action Research Arm Test, Nine hold peg test, pinch strength test, and Stroke Impact Scale (Hand domain).30  Since the present study will involve healthy participants, the JTHT is also advantageous because it measures non-dominant hand use during typical functional activities according to 7 tests: writing a 24-letter sentence, turning over a 3X5” card, picking up small common objects (paper clip, bottle cap, and coin), simulated feeding using a teaspoon and five kidney beans, stacking checkers, picking up large light objects (empty tin can), and picking up large heavy objects (1 lb. tin can).  The test will be set-up and administered according to a pre-established set of instructions.31
The PPT is also widely used to measure gross movement of fingers, hands, and arms along with fine finger tip dexterity in manual laborers.  Moreover, it is used clinically as a standardized assessment by both physical and occupation therapists.  Like the JTHF, past studies have demonstrated that the PPT is reliable32 and valid.33  Moreover, normative data is widely available for all ages and sexes.  Although the test is typically a battery of 3 unique scores, performance of the left upper extremity, right upper extremity, and both extremities, the present study will focus only on performance of the non-dominant upper extremity.  Test setup and instruction will be performed in accordance with the previously published PPT manual.34  
The last assessment will be a 1 minute, computer-based HTT, whereby patient will be asked to keep a visual stimulus within a continuously moving target presented at random velocities by manipulating an Atari-based, USB-adaptable joystick via a precision grip with the non-dominant hand.  Pursuit rotor task are used throughout the literature as a measure of both fine motor control of the fingers and hand along with gross movements of the arm.  Past research further suggests that pursuit rotor tasks are useful for improving the static and dynamic aspects involved in hand coordination and control.35  The computer-based pursuit rotor task will be created by Dr. Newman-Norlund via Presentation software (www.neuobs.com).  
Motor training will consist of 4 9-minute sessions, during which participants will perform the JTHF, PTT and the HTT.  In order to ensure that participants train equally on all three tests, the tests will be performed consecutively in a randomized but predetermined order for the full length of the treatment time.  Also, participants will perform all tasks X10 times prior to beginning motor training in order to become familiar with each.  Previous research suggests that X10 trials are sufficient to reach a stable level of performance among participants.36  Moreover, X10 trials will allow investigators to determine whether participants are performing the tasks correctly, uniformly, and to standard.  
Motor Cortex Mapping and Active Motor Threshold Identification:
Patient will be seated in a comfortable Magventure treatment chair with the non-dominant hand pronated on a soft surface for comfort.  The optimal position for the FDI over the scalp (hot spot) will be determined using a MagproX100 Magnetic Stimulator, 230V (Magventure Inc., Atlanta, GA) and a Cool A65 A/P butterfly coil.  With the handle oriented backward and the coil 45 degrees in the posterolateral direction, single TMS pulses will be directed just anterior of the central sulcus and adjusted in 1-2cm increments until a “hot spot” is identified.  A ”hot spot” is the location on the scalp able to generate a visual twitch of the FDI 3/5 times.  Following the identification of the “hot spot,” participants will then be asked to isometrically grip a standard roll of Scotch tape with the first and second digit while the active motor threshold (AMT) of the FDI is measured.  The AMT is defined as the lowest stimulation intensity able to produce at least 3/5 MEPs greater than or equal to a 200 µV amplitude (above baseline).  The AMP will then be presented over the hot spot X5 times, and the average baseline motor evoked potential (bMEP) will be calculated.
Measuring Cortical Excitability:

Immediately following the 4th and final day of motor training, the average post-training motor evoked potential (pMEP) will be calculated by averaging the MEPs resulting from stimulation of the “hot spot” X5 times with the AMP.   The pMEP will then be directly compared to bMEP in order to determine cortical excitation / inhibition resulting from stimulation / training.               

Transcranial Magnetic Stimulation Procedure:
Recent studies suggest that the excitatory effects of rTMS and iTBS do not significantly differ from one another.37  Both result in ~60 minutes of enhanced cortical activity within M1.37  Although iTBS allows for decreased intensity and duration of stimulation, the 191.84 second stimulation period does not fit well with the time requirements of motor training.  Moreover, doubling the iTBS protocol to ~6 minutes has been shown to reverse the effects of iTBS from excitatory to inhibitory.38  In contrast, there is some evidence suggesting that the greater the intensity of stimulation and the number of stimuli presented are proportional to the duration of cortical excitability in M1 following rTMS.39  The pattern of presentation, to include the number and duration of trains and intertrain-interval, are still topics of debate among investigators.  Studies that have utilized 1200 pulses of 5 Hz rTMS for 10 minutes at 90% resting motor threshold (RMT) have resulted in ~1 hour of cortical excitation.40  Another study presented 1800 pulses of 5 Hz TMS broken down into 12 trains of 150 stimuli with a 10 second inter-train interval, resulting in 30 minutes of enhanced cortical activation within M1.39  In accordance with these successful rTMS protocols among others, we propose the following rTMS protocol for use in the present study: 2200 biphasic, posterior-anterior directed pulses at 5 Hz intensity broken down into 11 trains of 200 pulses with a 200 millisecond interpulse interval.  Pulses will be at 90% RMT of the first dorsal interosseus muscle of the non-dominant hand and will incorporate a 10 second intertrain interval so as to minimize decay between trains.39  The coil will be positioned such that it is centered on the “hot spot” for the FDI as described above. Pulses will be given with the handle pointing backwards such that the coil is approximately 45 degrees in the posterolateral direction.  The 540 second (9 minutes) protocol is advantageous because it is an appropriate duration for use both as a primer to and in conjunction with motor training, and it is temporally comparable to the tDSC protocol described below.  Moreover, it optimizes the number and frequency of stimuli presented to the cortex while staying within previously established safety guidelines for TMS within M1.41  To maintain consistency, the same TMS protocol will apply when TMS is used as a primer (as in group 1 and 5) and when it is used as an enhancement to motor training (as in Group 3, 6 and 7).
Transcranial direct Current Stimulation Procedure:

Unlike TMS studies where longer stimulation may not always be indicative of cortical enhancement, studies with tDCS suggest that time of stimulation and cortical effect may be related.  One recent study demonstrated up to 90 minutes of enhanced cortical excitation within M1 following 13 minutes of anodal tDCS stimulation at 1 mA.7  The study further found that 9 minutes and 11 minutes of tDCS resulted in ~30 minutes and ~60 minutes of cortical excitation, respectively.7  Since the proposed motor training program is only 9 minutes in duration, a 9 minute tDCS primer at 1mA is sufficient to ensure cortical excitation during the entire treatment period.  Moreover, the protocol is advantageous because it is temporally comparable to the rTMS protocol described above.  
Cortical anodal stimulation (1 mA) will be delivered via a pair of saline-soaked surface sponge electrodes (5 x 7 cm) and connected to a 9-volt battery-driven, constant current stimulator for 9 minutes (Chattanooga Ionto Iontophoresis System, DJO Global, Vista, California, Salt Lake City, Utah).  The stimulating electrode will be centered on the “hot spot” for the FDI as described above.  The “reference” cathodal electrode will be placed over the contralateral orbita.  This stimulation protocol will apply when anodal tDCS is used as a primer to motor training (as is group 2 and 6) and as an enhancement to motor training (as in group 4 and 5).  The tDCS protocol will also apply to group 7.  However, stimulation will be switched from an anodal current to a cathodal current.   
Transcranial Magnetic Stimulation and Transcranial direct Current Stimulation Procedure
Motor training groups incorporating both rTMS and anodal / cathodal tDCS will be administered as described above.  However, a 15 minute break between the primer and the enhanced training will be required in order to switch stimulation devices.  






