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Abstract
Background
Previous evidence suggests the effects of task-specific therapy can be further enhanced when sensory stimulation is combined with motor practice. Sensory tongue stimulation is thought to facilitate activation of regions in the brain that are important for balance and gait. Improvements in balance and gait have significant implications for functional mobility for people with incomplete spinal cord injury (iSCI). The aim of this case study was to evaluate the feasibility of a lab- and home-based program combining sensory tongue stimulation with balance and gait training on functional outcomes in people with iSCI.

Methods
Two male participants (S1 and S2) with chronic motor iSCI completed 12 weeks of balance and gait training (3 lab and 2 home based sessions per week) combined with sensory tongue stimulation using the Portable Neuromodulation Stimulator (PoNS). Laboratory based training involved 20 minutes of standing balance with eyes closed and 30 minutes of body-weight support treadmill walking. Home based sessions consisted of balancing with eyes open and walking with parallel bars or a walker for up to 20 minutes each. Subjects continued daily at-home training for an additional 12 weeks as follow-up.

Results
Both subjects were able to complete a minimum of 83% of the training sessions. Standing balance with eyes closed increased from 0.2 to 4.0 minutes and 0.0 to 0.2 minutes for S1 and S2, respectively. Balance confidence also improved at follow-up after the home-based program. Over ground walking speed improved by 0.14 m/s for S1 and 0.07 m/s for S2, and skilled walking function improved by 60% and 21% for S1 and S2, respectively.

Conclusions
Sensory tongue stimulation combined with task-specific training may be a feasible method for improving balance and gait in people with iSCI. Our findings warrant further controlled studies to determine the added benefits of sensory tongue stimulation to rehabilitation training.
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Abbreviations
6MWT6 minute walk test


10MWT10 meter walk test


ABCActivities-specific balance confidence


ASIAAmerican Spinal Injury Association


BWSBody-weight support


FIMFunctional independence measure


IPAQImpact on participation and autonomy questionnaire


iSCIincomplete spinal cord injury


LSQLife satisfaction questionnaire


PoNSPortable neuromodulation stimulator


RPERate of perceived exertion


SCI-FAPSpinal cord injury-functional ambulation profile


SCIMSpinal cord independence measure.




Introduction
There has been a great deal of interest on rehabilitation strategies such as task-specific training and sensory stimulation for facilitating neuroplasticity and enhancing motor recovery following neurological injury[1, 2]. Task-specific training is built on the concept that motor output can be shaped and re-trained by relevant sensory cues, and involves a large number of repetitions based on motor learning principles[3]. For example, therapies that provide repeated practice of standing balance have been shown to be beneficial for people with incomplete spinal cord injury (iSCI[4, 5]). As well, improved balance from task-specific training has resulted in better gait and functional independence for people with chronic stroke[6]. In people with SCI, improvements in mobility and ambulatory function are further associated with better health and social outcomes[7].
There is evidence that the effects of task-specific motor training can be further enhanced by sensory stimulation, as has been shown for gait disorders following stroke[8, 9], hand function in people with stroke[10] or iSCI[11], and dysphagia following stroke[12]. Specifically in the SCI population, these effects include better upper extremity motor function and muscle strength[11]. One type of sensory stimulation is the administration of prolonged, tonic peripheral nerve stimulation at intensities high enough to recruit sensory nerve fibers but low enough to avoid activation of motor fibers. Although the stimulus activates only sensory fibers, corticospinal excitability can also be enhanced[13–15], consistent with concepts about the role of sensory input on motor output and learning throughout the central nervous system[16, 17]. The somatosensory cortex may have an important underlying role in cortical reorganization after injury.
If sensory stimulation can enhance motor training outcomes, it might be possible that a higher volume of sensory input results in an additive effect[18]. For example, Conforto et al. showed that improvements in hand muscle strength were correlated with the intensity of somatosensory stimulation in individuals with stroke[19]. Enhanced stimulation volume could also be achieved by targeting different regions of the body. Perhaps the most sensitive area in humans is the tongue, which contains a high density of sensory receptors[20] with a large somatosensory cortical representation[21]. Somatosensory stimulation of the tongue can lead to changes in brainstem and cerebellum activation[22, 23] in areas associated with the control of balance and gait[24, 25]. Indeed, recent studies have demonstrated that sensory tongue stimulation can improve postural control in patients with balance disorders[26] and when combined with motor training, can improve balance and walking in patients with multiple sclerosis[27]. Sensory stimulation to peripheral nerves in other areas of the body may be difficult to regulate due to impaired sensation after iSCI (e.g. poor sensory perception and altered supraspinal sensorimotor interactions), whereas the tongue is usually not affected. These considerations make the tongue an inviting target for sensory stimulation in combination with task-specific training for the SCI population.
Thus, the primary purpose of this study was to test the feasibility of combining sensory tongue stimulation with balance and gait training on functional outcomes in people with iSCI. We present a case report of two individuals with motor-iSCI to show the feasibility as well as the potential effectiveness of this combined training approach with a lab-to-home based program on balance, functional ambulation, and quality of life in people with iSCI.

Materials and methods
Subjects
Two men with a motor-iSCI (American Spinal Injury Association[28]; ASIA C) due to trauma participated in this study after giving written consent. Subject 1 (S1) was 31-years old at 9.5-years post C5 level injury, while subject 2 (S2) was 30-years old at 12 years post T5-6 level injury. The body-weight for S1 and S2 was 65 kg and 72 kg, respectively. Subjects were able to ambulate over ground for at least 10 m unassisted with a wheeled walker and foot lifter (on the more affected side). However, both subjects relied on a power wheelchair for their daily mobility. Subjects had adequate range of motion to walk with the Lokomat robotic gait orthosis (Hocoma AG, Volketswil, Switzerland), and did not present with severe lower limb contractures or spasticity restricting passive range of motion. Neither of the subjects were participating in any formal rehabilitation program at the time of this study, and were free of other musculoskeletal or neurological conditions affecting mobility. All procedures were approved by the University of British Columbia and Vancouver Coastal Health Research Institute ethics committees.

PoNS stimulator
The Portable Neuromodulation Stimulator (PoNS)™ is a small electrode array (3 × 3 × 0.1 cm, and 100 g) that is held in place on the tongue’s surface with light pressure to the roof of the mouth (Figure 1). The stimulation consists of 19-V pulses delivered at a rate of 200 Hz with every fourth pulse removed[29]. The 143 electrodes are pulsed sequentially in groups of nine. Subjects were instructed to increase stimulation to a moderate-high level (pulse width adjustable from 0.4 to 60 μs) that was tolerable and not painful.[image: A12984_2013_615_Fig1_HTML.jpg]
Figure 1A picture of the Portable Neuromodulation Stimulator (PoNS)™ used by the subjects during training. The Up and Down buttons adjust the pulse width parameter to increase and decrease the stimulation intensity.





Training program
Subjects completed 12 weeks of balance and gait training (3 laboratory and 2 home based sessions per week) combined with sensory tongue stimulation using the PoNS[30], followed by an additional 12 weeks of home based training with the stimulator at 5 times per week (Figure 2).[image: A12984_2013_615_Fig2_HTML.jpg]
Figure 2A timeline of the training protocol and functional assessments. The weekly progress evaluation included the 10 meter walk test (10MWT) and standing balance with eyes closed (and eyes opened for S2).




In the lab, balance training consisted of four bouts of 5-minute of standing practice with 1-minute rest breaks between bouts. Subjects were instructed to focus on trying to stand for as long as possible with their eyes closed. Subjects wore a body weight support (BWS) harness for safety and to assist with upright standing. An easy BWS level was used as warm-up in the first bout; this was defined as the minimum BWS to maintain an upright posture for walking (e.g. no excessive knee flexion during stance or toe dragging). BWS was lowered by 10 kg for the second bout (difficult BWS level), and then raised by 5 kg (moderate BWS level) for the third and fourth bouts. Subjects were instructed to close their eyes when balanced with their hands off the parallel bars. Instructors provided verbal feedback on their performance and recorded the duration for which they could maintain their eyes closed with a stopwatch. Verbal feedback focused on different alignment issues in the lower and upper body on alternating days (e.g. shift weight evenly over both legs, keep a slight bend at the knee, keep heels on the ground, keep shoulders aligned with hips, etc.). Balance training was progressed between sessions by lowering BWS levels by 5 kg for each bout when 4 minutes of eyes closed could be consistently achieved in a single bout, and progressing to more challenging foot positions (e.g. narrow and tandem stance) when 0 kg BWS was achieved (Additional file1).
Gait training consisted of six bouts of 5-minutes of walking with the Lokomat robotic gait orthosis, with rest breaks provided as required. The goal was to increase speed and decrease the amount of Lokomat guidance force on alternating sessions (e.g. if speed was increased, then force was held constant) for 30 minutes of continuous walking. BWS was set at the minimum level required to maintain an upright posture for walking (10 kg - S1 and 15 kg - S2). Subject’s reported their rate of perceived exertion (RPE) on the Borg CR10 Scale at the end of each bout[31]. If the RPE was < 5, walking speed was increased or Lokomat guidance force was decreased for the next bout by 0.1-0.2 km/h or 5-10%, respectively[32]. Gait training was progressed by using the previous session’s speed or force level reported with an RPE of 4 in the first bout for the next session.
For home-based sessions, subjects were instructed to practice balancing and walking for up to 20 minutes each using a walker at home or parallel bars at their local fitness gym for safety. Specific instructions for balance practice included keep eyes open, use tongue stimulator, and remember the verbal feedback tips provided during the laboratory sessions (see examples above). For walking practice, subjects were encouraged to limit rest breaks if possible and to walk at a moderate to fast pace. Subjects reported the duration of balance and gait training, and number of steps taken for gait training. An average and standard deviation was calculated for these parameters to describe the quantity of all home-based training sessions.

Outcome measures
Static balance was assessed by recording the duration of time the subject could stand on a flat surface with eyes opened and closed with the feet positioned hip width apart. We also used the Activities-Specific Balance Confidence (ABC) scale to evaluate balance self-efficacy. Subjects rated their confidence in performing each activity (16 items) on a scale from 0 (no confidence) to 100% (complete confidence) without losing balance or becoming unsteady[33].
Walking function was evaluated by the 10-meter walk test (10MWT), 6-minute walk test (6MWT), and the Spinal Cord Injury-Functional Ambulation Profile (SCI-FAP). For the 10MWT, subjects walked along a 12-m walkway at the fastest speed they felt safe. Walking speed was calculated using the time required to traverse the middle 10 m, as measured by a stopwatch. For the 6MWT, subjects were asked to walk for 6 minutes at a self-selected speed around the edge of a gymnasium (25 m × 16 m), taking rest breaks if required. The total distance covered over 6 minutes was recorded. Both measures are valid and have excellent test-retest reliability (r = 0.983 and 0.981, respectively) in people with SCI[34, 35].
Subjects also performed the SCI-FAP, a timed test of 7 walking tasks reflecting walking skills necessary for everyday mobility (e.g. obstacle crossing, stairs)[36]. The time required to complete each subtask is multiplied by a factor corresponding to the assistive device or level of manual assistance needed. The 7 sub-scores are then summed to provide a total score.
The Life Satisfaction Questionnaire (LSQ) was used to measure various aspects of overall life satisfaction that included 9 items on a 6-point scale[37]. Quality of life was assessed with the Impact on Participation and Autonomy Questionnaire (IPAQ), Functional Independence Measure (FIM) Activities and Participation, and the Spinal Cord Independence Measure (SCIM). The IPAQ focuses on the ability to participate in an activity and how their disability impacts their ability to participate, with 39 questions in 5 domains ranked from 0 (very good) to 4 (very poor)[38]. The FIM measures the level of a patient's disability and indicates how much assistance is required for the individual to carry out activities of daily living based on 15 items with scores ranging from 13 (lowest) to 91 (highest). The SCIM was developed specifically to evaluate self-care, respiration and sphincter management, and mobility for people with SCI, with a total score out of 100[39].
Evaluations of static balance, walking function, and quality of life were conducted at 3 time points: pre-training (T0), after the initial 12-weeks of lab based training (T1), and follow-up (T2) after 12-weeks of home based training (Figure 2). We also assessed the duration of standing with eyes-closed (Additional file1) and the 10 MWT every week to monitor progress throughout the training program. S2 was unable to stand with eyes-closed at the beginning of the study, so his duration of standing with eyes-open was also monitored weekly.


Results
Weekly progression tracked during lab- and home-based training shows improved performance of balance with eyes closed and walking speed on the 10MWT (Figure 3).[image: A12984_2013_615_Fig3_HTML.jpg]
Figure 3Progression of A) balance and B) walking speed over the course of the laboratory-based (Weeks 0–12) and home-based (Weeks 12–24) training. Balance was timed with eyes closed (EC) for both subjects, and eyes open (EO) only for S2. There was missing data at week 20 for S2 because balance with eyes closed was not attempted due to a headache and discomfort.




Laboratory-based training progression
Subjects completed 83% (S1) and 100% (S2) of the training sessions. S1 experienced a study-related skin abrasion due to friction from the Lokomat cuffs during gait training. Manual treadmill-training was conducted for the following 7 sessions to allow the injury to heal. For balance training, S1 started at 10 kg BWS (1st bout) and progressed to no BWS (all bouts) by the 20th in-lab session, and more difficult stance positions by the 24th in-lab session. During the 34th in-lab session, S2 progressed to trying no BWS from starting at 20 kg in the first session, and achieved 2.5 min of standing balance with eyes closed on the last session at 0 kg BWS. During Lokomat training, average treadmill speed increased by 0.5 km/h for both subjects, while guidance force contribution decreased by 37% (S1) and 24% (S2) by the end of the 12-week in-lab program.

Home-based training progression
Subjects completed 86% (S1) and 88% (S2) of the home-based sessions, and reported that it was easy to train with the tongue stimulator at home. The average quantity of training within a session was 21 ± 5 minutes of balance and 16 ± 10 minutes of walking (234 ± 72 steps) for S1, and 17 ± 5 minutes of balance and 17 ± 6 minutes of walking (368 ± 121 steps) for S2.

Balance outcomes
Weekly training outcomes for balance with eyes closed are displayed in Figure 3A. Standing balance with eye closed improved in S1 from 10.5 s at T0 to 122.1 s at T1 and 240.1 s at T2 (Table 1). S2 was unable to stand without support and eyes open at T0 and T1, but he could stand unsupported with eyes open for 35.5 s and eyes closed for 9.2 s by T2. ABC scores increased in both subjects from T1 to T2 appointments indicating greater confidence (Table 1).Table 1
                          Summary of balance, gait and quality of life outcome measures
                        


	 	S1
	S2

	 	T0
	T1
	T2
	T0
	T1
	T2

	Balance
	 	 	 	 	 	 
	Eyes closed (s)
	10.5
	122.1
	240.1
	0
	0
	9.2

	Eyes open (s)
	24.0
	>600
	>600
	0
	2.2
	35.5

	ABC
	— —
	15.0
	22.8
	— —
	21.3
	31.0

	Gait
	 	 	 	 	 	 
	10 MWT (m/s)
	0.10
	0.18
	0.24
	0.18
	0.21
	0.25

	6 MWT (m)
	22.3
	52.4
	55.6
	53.0
	68.7
	82.3

	SCI-FAP
	684.3
	294.7
	274.1
	723.2
	595.4
	572.2

	Quality of Life
	 	 	 	 	 	 
	FIM
	85
	85
	86
	86
	86
	86

	SCIM
	66
	77
	78
	81
	81
	82

	LSQ
	35.5
	29
	37
	45
	46
	48

	IPAQ
	61
	42
	70
	25
	33
	20


Note: T0, pre-training; T1, post-training; T2, follow-up after home-based training. The ABC scale was implemented at T1 because S2 was unable to stand supported with eyes open in the first 11 weeks of training. Lower SCI-FAP scores indicate better performance.




Gait outcomes
10MWT scores for weekly training outcomes are displayed in Figure 3B and performance on each task of the SCI-FAP is presented in Figure 4. 10MWT scores improved by 0.08 m/s and 0.03 m/s from T0 to T1, and 0.06 m/s and 0.04 m/s from T1 to T2 for S1 and S2, respectively (Table 1). Similarly, 6MWT scores improved by 30.1 m and 15.7 m from T0 to T1, and 3.2 m and 13.6 m from T1 to T2 for S1 and S2, respectively (Table 1). Total score on the SCI-FAP test improved by 410 and 151 points from T0 to T2 for S1 and S2, respectively, indicating better skilled walking function (Table 1). Figure 4 shows performance on the SCI-FAP for each task.[image: A12984_2013_615_Fig4_HTML.jpg]
Figure 4The score for each task in the SCI-FAP test is plotted for each assessment (T0 - pre-training, T1 - post-training and T2 - follow-up). The score represents the time to complete the task multiplied by a factor representing the amount of assistance required. Lower scores indicate improved functional ambulation. If the person cannot complete the task, the maximum score of 300 is assigned for that sub-task.





Quality of life
FIM scores did not change from T0 to T1 (Table 1). SCIM scores increased from T0 to T2 by 12 points for S1, and by 1 point for S2 (Table 1). Slightly higher LSQ scores were reported at T2 compared to T0 for both subjects indicating greater satisfaction. IPAQ scores improved during the training from 61 at T0 to 42 at T1 and regressed up to 70 at T2 for S1, while S2 regressed from 33 at T0 to 25 at T1 and improved to 20 by T2 (Table 1).


Discussion
This case study demonstrates three important findings; 1) the training program was feasible as subjects were able to safely complete at least 83% of the training sessions, 2) sensory tongue stimulation combined with task-specific training in persons with iSCI can improve balance and functional ambulation, and 3) these improvements were maintained for an additional 12 weeks with a home-based program. Also, subjects were able to maintain the tongue stimulator in position during training without any difficulty. Our results provide preliminary evidence in support of combining these rehabilitation strategies to improve balance and walking function in persons with chronic iSCI.
The results of this case study suggest that task-specific training with sensory tongue stimulation could improve balance as well as over ground walking speed and distance. Although we lacked a control group, the magnitude of some of the functional changes we measured here are comparable to the results of other studies in SCI. Standing balance with and without visual input improved over the training program, which corresponded with an increase of 7.8% for S1 and 9.8% for S2 on the ABC scale with 12 weeks of home-based training, indicating greater confidence to perform balance related activities. These changes are close to the minimal detectable change level in response to therapy at 11.1% on the ABC scale reported for the Parkinson’s disease population[40]. As we did not implement this measure until the end of the laboratory-based training program, it is possible that we could have captured greater changes in the ABC scale if it had been administered at T0. The improved performance on the 10 MWT in both subjects was also comparable to other studies reporting changes of 0.04 to 0.16 m/s after treadmill or over ground gait training[32, 41–43], as was the change on the 6 MWT[43]. Further, S1 met the minimal detectable change level of 0.13 m/s for the 10 MWT[44]. Both subjects also exceeded the 92 points determined as 95% minimal detectable change on the SCI-FAP after laboratory-based training[45].
Our subjects continued to improve balance and walking function with an additional 12-week home-based program. In other studies with sensory stimulation, retention of functional gains over 1–2 months following the end of training has also been reported[8, 46]. In a study by Field-Fote, participants who completed 12-weeks of manual-assisted body-weight support treadmill training (BWSTT) or functional electrical stimulation-assisted BWSTT maintained their functional improvements (e.g. 0.07 m/s faster gait velocity) even 6 months after the end of training[32]. However, in the same study, participants who trained with full assistance (100% guidance force) from the Lokomat did not retain improvements in gait speed[32]. In comparison, our subjects continued to show improvements (e.g. 0.04-0.06 m/s faster gait velocity) over 12 weeks with a home-based training program.
In the SCI literature, clinical studies have focused on rehabilitation strategies for improving gait, while less attention has been given to balance-specific training programs for standing[4, 5]. Previous studies have demonstrated that people with iSCI can use sensory cues combined with motor practice to improve standing balance[4, 5]. Sayenko et al. reported reduced fluctuations in the anterior-posterior and medial-lateral directions of the centre of pressure during 1 minute of standing with eyes closed, indicating improved postural stability after visual biofeedback training[5]. In comparison to these studies, our subjects’ initial standing balance ability was more impaired at the onset of training, as they were unable to stand unsupported for over 1 minute with eyes open. Although we did not measure centre of pressure, our findings reflect improved postural stability as the duration of balancing with eyes closed continued to increase throughout the training program. Results from the weekly progress evaluation of balance during the at-home phase of the program shows more variability in performance for S1, while a steady increase for S2. Examination of S1’s training logs did not yield any insights into possible reasons for this increased variability. The results also highlight important concepts that influence balance and gait performance, such as confidence and fear of falling. Both subjects initially scored low on the ABC scale indicating poor confidence in performing balance related activities without falling, but the scores improved after training. This emphasizes the potential clinical implications of our task-specific training program for individuals with severe balance impairments after iSCI to achieve meaningful gains in functional mobility. Since balance control plays an important role in performance of walking and daily activities[47], developing effective rehabilitation protocols to enhance balance practice may lead to improvement in other functional domains.
Functional ambulation refers to the ability to perform tasks that are frequently encountered in daily walking including walking on different surfaces, carrying objects, negotiating doors and obstacles, and ascending/descending curbs and stairs[36]. The lower scores on the SCI-FAP after training reflects improved ability to perform these tasks due to reduced time and amount of assistance required. Specifically, S1 demonstrated the greatest improvement in time on the obstacles, step, stairs and TUG tasks, while S2 was faster at the stairs, TUG and carry tasks. In addition, the ability to perform functional tasks with less assistance demonstrates improved dynamic balance, strength and locomotor control[35, 48]. For example, both subjects were able to perform the sit-to-stand aspect of the TUG independently at post-training compared to the personal assistance they required at pre-training. These findings also suggest a change in strategy to perform the task more independently. Although S2 completed the obstacle task with no change in time at post-training, we observed that he was able to clear both obstacles with his less affected side with greater lower limb flexion rather than engaging compensatory movements and hitting the obstacle. Improvements on the SCI-FAP highlight important changes in strategy and independence of functional ambulation beyond the ability to walk faster after task-specific training combined with sensory tongue stimulation.
While the best rehabilitation strategy for gait training has been a debate (e.g. over ground vs. BWS treadmill training)[49, 50], the optimum parameters for BWS treadmill training have not been established for individuals with SCI. Although the optimal dosage of the training program is beyond the scope of this study, in terms of frequency, duration and intensity, we demonstrated 5 days a week at 20–30 minutes of moderately intense training (RPE of 5) can improve balance and gait function. Our protocol used the RPE scale to determine the appropriate progression for speed and force contribution, reflecting the intensity of gait training. Our findings show the feasibility of using this approach to progress gait training on the Lokomat with the goal of increasing speed and reducing force contribution during 30 minutes of continuous walking. In addition, reducing BWS and changing stance positions effectively progressed the standing balance training. Furthermore, we demonstrated that 20 minutes of practice at home 5 days a week with sensory tongue stimulation could maintain or even facilitate continued improvements in balance and functional ambulation. The retention of our positive results and compliance rate with the home-based program indicates that this approach is a feasible option for people with chronic SCI.
Sensory stimulation techniques used during practice are thought to have an important role in cortical reorganization leading to the recovery of motor function after injury[18]. Afferent input may increase communication between the cortex and the corticospinal tract in people with SCI[13–15]. Stimulation of the somatosensory cortex may lead to increased efficiency in synaptic transmissions to the motor cortex, which appears to be important for motor learning[17, 51]. Also, the sensory and motor cortices project to the cerebellum via the pontine nucleus, then send information back to the motor cortex[51]. Imaging studies have shown that somatosensory stimulation of the tongue leads to changes in brainstem and cerebellum activation[22, 23]. In addition, post-tongue stimulation produced increased activity in the pontine region, likely from transmission via the trigeminal nucleus[22].
Although this case report provides important information regarding the potential benefit of combined task-specific training and sensory tongue stimulation after iSCI, there are several limitations to be considered. We only recruited two individuals because this was a pilot study to determine the feasibility of implementing the training program. Our outcome measures did not provide detailed insight on mechanisms of improved balance control or how changes in balance contributed to changes in other functional tasks. For future work, a more comprehensive balance assessment (e.g. biomechanical measures and/or dynamic tasks) may reveal specific aspects of balance control that improve with training. Due to the nature of a case report, it is impossible to discern how much of the observed adaptations were due to either the sensory tongue stimulation or task-specific training or to the combination of these two therapies. Future studies with larger samples are required to provide insight on whether combining the therapies results in an additive benefit.

Conclusion
This case report describes our initial implementation of sensory tongue stimulation combined with task-specific training to enhance balance and gait functions in persons with iSCI. Our findings demonstrate the feasibility of incorporating sensory tongue stimulation with task-specific training to improve balance and gait for laboratory- and home-based programs for persons with iSCI. The clinical implications of this combined therapy protocol along with a continued home-based program to maintain improvements for balance and functional ambulation warrants further investigation.

Acknowledgements
We would like to thank the participants, Dr. Zhen Chen and our student volunteers (Rachel Cote, Taha Qaiser and Shaolin Rahman) for their contribution to this project. We also thank Drs. Yuri Danilov, Kurt Kaczmarek, and Mitch Tyler for their assistance and support during this study, and for loaning us the tongue stimulator units. This project was funded by an ICORD Seed Grant. TL is supported by a CIHR New Investigator Award.

References
1.
Hummel FC, Cohen LG: Drivers of brain plasticity. Curr Opin Neurol 2005,18(6):667-674. 10.1097/01.wco.0000189876.37475.42CrossRefPubMed

2.
Edgerton VR, Tillakaratne NJ, Bigbee AJ, de Leon RD, Roy RR: Plasticity of the spinal neural circuitry after injury. Annu Rev Neurosci 2004, 27: 145-167. 10.1146/annurev.neuro.27.070203.144308CrossRefPubMed

3.
Dietz V, Colombo G: Recovery from spinal cord injury–underlying mechanisms and efficacy of rehabilitation. Acta Neurochir Suppl 2004, 89: 95-100. 10.1007/978-3-7091-0603-7_13PubMed

4.
Tamburella F, Scivoletto G, Molinari M: Balance training improves static stability and gait in chronic incomplete spinal cord injury subjects: a pilot study. Eur J Phys Rehabil Med 2013,49(3):353-364.PubMed

5.
Sayenko DG, Vette AH, Kamibayashi K, Nakajima T, Akai M, Nakazawa K: Positive effect of balance training with visual feedback on standing balance abilities in people with incomplete spinal cord injury. Spinal Cord 2010,48(12):886-893. 10.1038/sc.2010.41CrossRefPubMed

6.
Yelnik AP, Le Breton F, Colle FM, Bonan IV, Hugeron C, Egal V, Lebomin E, Regnaux JP, Pérennou D, Vicaut E: Rehabilitation of balance after stroke with multisensorial training: a single-blind randomized controlled study. Neurorehabil Neural Repair 2008,22(5):468-476. 10.1177/1545968308315996CrossRefPubMed

7.
Krause JS, Reed KS, McArdle JJ: A structural analysis of health outcomes after spinal cord injury. J Spinal Cord Med 2010,33(1):22-32.CrossRefPubMedPubMedCentral

8.
Ng SS, Hui-Chan CW: Transcutaneous electrical nerve stimulation combined with task-related training improves lower limb functions in subjects with chronic stroke. Stroke 2007,38(11):2953-2959. 10.1161/STROKEAHA.107.490318CrossRefPubMed

9.
Ng SS, Hui-Chan CW: Does the use of TENS increase the effectiveness of exercise for improving walking after stroke? A randomized controlled clinical trial. Clin Rehabil 2009,23(12):1093-1103. 10.1177/0269215509342327CrossRefPubMed

10.
Conforto AB, Cohen LG, dos Santos RL, Scaff M, Marie SK: Effects of somatosensory stimulation on motor function in chronic cortico-subcortical strokes. J Neurol 2007,254(3):333-339. 10.1007/s00415-006-0364-zCrossRefPubMed

11.
Beekhuizen KS, Field-Fote EC: Sensory stimulation augments the effects of massed practice training in persons with tetraplegia. Arch Phys Med Rehabil 2008,89(4):602-608. 10.1016/j.apmr.2007.11.021CrossRefPubMed

12.
Jayasekeran V, Singh S, Tyrrell P, Michou E, Jefferson S, Mistry S, Gamble ED, Rothwell J, Thompson D, Hamdy S: Adjunctive functional pharyngeal electrical stimulation reverses swallowing disability after brain lesions. Gastroenterology 2010,138(5):1737-1746. 10.1053/j.gastro.2010.01.052CrossRefPubMed

13.
Charlton CS, Ridding MC, Thompson PD, Miles TS: Prolonged peripheral nerve stimulation induces persistent changes in excitability of human motor cortex. J Neurol Sci 2003,208(1–2):79-85.CrossRefPubMed

14.
Kaelin-Lang A, Luft AR, Sawaki L, Burstein AH, Sohn YH, Cohen LG: Modulation of human corticomotor excitability by somatosensory input. J Physiol 2002,540(Pt 2):623-633.CrossRefPubMedPubMedCentral

15.
Ridding MC, McKay DR, Thompson PD, Miles TS: Changes in corticomotor representations induced by prolonged peripheral nerve stimulation in humans. Clin Neurophysiol 2001,112(8):1461-1469. 10.1016/S1388-2457(01)00592-2CrossRefPubMed

16.
Wolpaw JR, Tennissen AM: Activity-dependent spinal cord plasticity in health and disease. Annu Rev Neurosci 2001, 24: 807-843. 10.1146/annurev.neuro.24.1.807CrossRefPubMed

17.
Asanuma H, Pavlides C: Neurobiological basis of motor learning in mammals. Neuroreport 1997,8(4):i-vi.PubMed

18.
Field-Fote EC: Electrical stimulation modifies spinal and cortical neural circuitry. Exerc Sport Sci Rev 2004,32(4):155-160.CrossRefPubMed

19.
Conforto AB, Kaelin-Lang A, Cohen LG: Increase in hand muscle strength of stroke patients after somatosensory stimulation. Ann Neurol 2002, 51: 122-125. 10.1002/ana.10070CrossRefPubMed

20.
Weber: The Sense of Touch. (original works published in 1834) ed. New York, NY: Academic Press; 1978.

21.
Picard C, Olivier A: Sensory cortical tongue representation in man. J Neurosurg 1983,59(5):781-789. 10.3171/jns.1983.59.5.0781CrossRefPubMed

22.
Wildenberg JC, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand ME: High-resolution fMRI detects neuromodulation of individual brainstem nuclei by electrical tongue stimulation in balance-impaired individuals. Neuroimage 2011,56(4):2129-2137. 10.1016/j.neuroimage.2011.03.074CrossRefPubMedPubMedCentral

23.
Wildenberg JC, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand ME: Altered connectivity of the balance processing network after tongue stimulation in balance-impaired individuals. Brain Connect 2013,3(1):87-97. 10.1089/brain.2012.0123CrossRefPubMedPubMedCentral

24.
Morton SM, Bastian AJ: Cerebellar control of balance and locomotion. Neuroscientist 2004,10(3):247-259. 10.1177/1073858404263517CrossRefPubMed

25.
Starr JM, Leaper SA, Murray AD, Lemmon HA, Staff RT, Deary IJ: Brain white matter lesions detected by magnetic resonance imaging are associated with balance and gait speed. J Neurol Neurosurg Psychiatry 2003,74(1):94-98. 10.1136/jnnp.74.1.94CrossRefPubMedPubMedCentral

26.
Wildenberg JC, Tyler ME, Danilov YP, Kaczmarek KA, Meyerand ME: Sustained cortical and subcortical neuromodulation induced by electrical tongue stimulation. Brain Imaging Behav 2010,4(3–4):199-211.CrossRefPubMedPubMedCentral

27.
Danilov YP, Tyler ME, Kaczmarek KA, Rust K, Subbotin A: Neurorehabilitation of multiple sclerosis symptoms using cranial nerve non-invasive neuromodulation (CN-NINM): controlled study. in Society for Neuroscience Annual Meeting. Washington, DC; 2011.

28.
Maynard FM Jr, Bracken MB, Creasey G, Ditunno JF Jr, Donovan WH, Ducker TB, Garber SL, Marino RJ, Stover SL, Tator CH, Waters RL, Wilberger JE, Young W: International Standards for Neurological and Functional Classification of Spinal Cord Injury. American Spinal Injury Association. Spinal Cord 1997,35(5):266-274. 10.1038/sj.sc.3100432CrossRefPubMed

29.
Kaczmarek KA: The tongue display unit for electrotactile spatiotemporal pattern presentation. Scientia Iranica 2011,18(6):1476-1485. 10.1016/j.scient.2011.08.020CrossRef

30.
Danilov YP, Tyler ME, Skinner KL, Hogle RA, Bach-y-Rita P: Efficacy of electrotactile vestibular substitution in patients with peripheral and central vestibular loss. J Vestib Res 2007,17(2–3):119-130.PubMedPubMedCentral

31.
Borg G: Borg’s Perceived Exertion and Pain Scales. Champaign, IL: Human Kinetics; 1998.

32.
Field-Fote EC, Roach KE: Influence of a locomotor training approach on walking speed and distance in people with chronic spinal cord injury: a randomized clinical trial. Phys Ther 2011,91(1):48-60. 10.2522/ptj.20090359CrossRefPubMedPubMedCentral

33.
Powell LE, Myers AM: The Activities-specific Balance Confidence (ABC) Scale. J Gerontol A Biol Sci Med Sci 1995,50A(1):M28-M34. 10.1093/gerona/50A.1.M28CrossRefPubMed

34.
Ditunno JF Jr, Barbeau H, Dobkin BH, Elashoff R, Harkema S, Marino RJ, Hauck WW, Apple D, Basso DM, Behrman A, Deforge D, Fugate L, Saulino M, Scott M, Chung J, Spinal Cord Injury Locomotor Trial Group: Validity of the walking scale for spinal cord injury and other domains of function in a multicenter clinical trial. Neurorehabil Neural Repair 2007,21(6):539-550. 10.1177/1545968307301880CrossRefPubMedPubMedCentral

35.
van Hedel HJ, Wirz M, Dietz V: Assessing walking ability in subjects with spinal cord injury: validity and reliability of 3 walking tests. Arch Phys Med Rehabil 2005,86(2):190-196. 10.1016/j.apmr.2004.02.010CrossRefPubMed

36.
Musselman K, Brunton K, Lam T, Yang J: Spinal cord injury functional ambulation profile: a new measure of walking ability. Neurorehabil Neural Repair 2011,25(3):285-293. 10.1177/1545968310381250CrossRefPubMed

37.
Post MW, de Witte LP, van Asbeck FW, van Dijk AJ, Schrijvers AJ: Predictors of health status and life satisfaction in spinal cord injury. Arch Phys Med Rehabil 1998,79(4):395-401. 10.1016/S0003-9993(98)90139-3CrossRefPubMed

38.
Cardol M, de Haan RJ, de Jong BA, van den Bos GA, de Groot IJ: Psychometric properties of the Impact on Participation and Autonomy Questionnaire. Arch Phys Med Rehabil 2001,82(2):210-216. 10.1053/apmr.2001.18218CrossRefPubMed

39.
Catz A, Itzkovich M, Tesio L, Biering-Sorensen F, Weeks C, Laramee MT: A multicenter international study on the Spinal Cord Independence Measure, version III: Rasch psychometric validation. Spinal Cord 2007,45(4):275-291.PubMed

40.
Dal Bello-Haas V, Klassen L, Sheppard MS, Metcalfe A: Psychometric Properties of Activity, Self-Efficacy, and Quality-of-Life Measures in Individuals with Parkinson Disease. Physiother Can 2011,63(1):47-57. 10.3138/ptc.2009-08CrossRefPubMedPubMedCentral

41.
Dobkin B, Apple D, Barbeau H, Basso M, Behrman A, Deforge D, Ditunno J, Dudley G, Elashoff R, Fugate L, Harkema S, Saulino M, Scott M, Spinal Cord Injury Locomotor Trial Group: Weight-supported treadmill vs over-ground training for walking after acute incomplete SCI. Neurology 2006,66(4):484-493. 10.1212/01.wnl.0000202600.72018.39CrossRefPubMedPubMedCentral

42.
Alexeeva N, Sames C, Jacobs PL, Hobday L, Distasio MM, Mitchell SA, Calancie B: Comparison of training methods to improve walking in persons with chronic spinal cord injury: a randomized clinical trial. J Spinal Cord Med 2011,34(4):362-379. 10.1179/2045772311Y.0000000018CrossRefPubMedPubMedCentral

43.
Wirz M, Zemon DH, Rupp R, Scheel A, Colombo G, Dietz V: Effectiveness of automated locomotor training in patients with chronic incomplete spinal cord injury: a multicenter trial. Arch Phys Med Rehabil 2005,86(4):672-680. 10.1016/j.apmr.2004.08.004CrossRefPubMed

44.
Lam T, Noonan VK, Eng JJ: A systematic review of functional ambulation outcome measures in spinal cord injury. Spinal Cord 2008,46(4):246-254. 10.1038/sj.sc.3102134CrossRefPubMedPubMedCentral

45.
Musselman KE, Yang JF: Introducing the Spinal Cord Injury Functional Ambulation Profile (SCI-FAP): sensitivity to change. Physiotherapy Canada 2010,62(Suppl 1):A034.

46.
Conforto AB, Ferreiro KN, Tomasi C, dos Santos RL, Moreira VL, Marie SK, Baltieri SC, Scaff M, Cohen LG: Effects of somatosensory stimulation on motor function after subacute stroke. Neurorehabil Neural Repair 2010,24(3):263-272. 10.1177/1545968309349946CrossRefPubMedPubMedCentral

47.
Bohannon RW: Standing balance, lower extremity muscle strength, and walking performance of patients referred for physical therapy. Percept Mot Skills 1995,80(2):379-385. 10.2466/pms.1995.80.2.379CrossRefPubMed

48.
Lemay JF, Nadeau S: Standing balance assessment in ASIA D paraplegic and tetraplegic participants: concurrent validity of the Berg Balance Scale. Spinal Cord 2010,48(3):245-250. 10.1038/sc.2009.119CrossRefPubMed

49.
Dobkin BH, Duncan PW: Should body weight-supported treadmill training and robotic-assistive steppers for locomotor training trot back to the starting gate? Neurorehabil Neural Repair 2012,26(4):308-317. 10.1177/1545968312439687CrossRefPubMedPubMedCentral

50.
Lam T, Eng JJ, Wolfe DL, Hsieh JT, Whittaker M: A systematic review of the efficacy of gait rehabilitation strategies for spinal cord injury. Top Spinal Cord Inj Rehabil 2007,13(1):32-57. 10.1310/sci1301-32CrossRefPubMedPubMedCentral

51.
Pavlides C, Miyashita E, Asanuma H: Projection from the sensory to the motor cortex is important in learning motor skills in the monkey. J Neurophysiol 1993,70(2):733-741.PubMed



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
All authors contributed to the concept and project design. AC and TL provided writing of the manuscript. JSB, JB, SF and RM provided review of manuscript before submission. AC and RM conducted the training and data collection. TL provided the facility and equipment. TL, JSB, JB and SF completed the grant application to fund the project. All authors read and approved the final manuscript.


OEBPS/sidebar.gif





OEBPS/A12984_2013_615_Fig1_HTML.jpg





OEBPS/contact.gif





OEBPS/A12984_2013_615_Fig3_HTML.jpg
o o o
- N w

Speed (m/s)

o
o

Balance
S1-EC -4-S2-EC —=-S2-EO

Week





OEBPS/A12984_2013_615_Fig2_HTML.jpg
In-laboratory training: 3 daysiweek At-home training: 5 daysiweek
Athome training: 2 daysiweek Weekly progress evaluation
| Weekly progress evaluation | |

r T 1
TO- week 0 T1 - week 12 T2 - week 24
Assessment *Assessment Assessment

“Assessment: Standing balance, 10MWT, BT,
SCHFAP, ABC, SCIM, FIM, LSQ, IPAQ





OEBPS/A12984_2013_615_Fig4_HTML.jpg
Score

Score

SCI-FAP: S1
TO T1 WT2

200
150

100

50
‘,J--.-I-

SCI-FAP: S2

300

250

200

150

100

50 .
N l

& ‘
Ry
&

R O
B






