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Motor imagery practice paired with physical practice led to a similar improvement of thoracic spinal manipulation than physical practice alone
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Introduction

Spinal manipulation (SM) is a complex bimanual skill widely used by chiropractors to treat their patients [START_REF] Beliveau | The chiropractic profession: a scoping review of utilization rates, reasons for seeking care, patient profiles, and care provided[END_REF] . Expertise in spinal manipulation relies on strength dosage and reproducibility to be administered safely and effectively by controlling several biomechanical variables (e.g. speed and magnitude/duration of applied force). The acquisition of this skill requires intensive practice before it can be adaptive and context dependent, with graduated targeted learning outcomes [START_REF] Descarreaux | Learning spinal manipulation skills: assessment of biomechanical parameters in a 5-year longitudinal study[END_REF][START_REF] Ndetan | Prevalence of musculoskeletal injuries sustained by students while attending a chiropractic college[END_REF] . For instance, in their 4th and 5th years of study, students practice SM in order to be able to control and adapt their strength to the patient's morphology. However, this intensive learning can sometimes lead to injuries. The prevalence of musculoskeletal injuries amongst students when learning and performing SM is well documented in the literature [START_REF] Ndetan | Prevalence of musculoskeletal injuries sustained by students while attending a chiropractic college[END_REF][START_REF] Triano | Biomechanics -Review of approaches for performance training in spinal manipulation[END_REF][START_REF] Bisiacchi | Physical injury assessment of male versus female chiropractic students when learning and performing various adjustive techniques: a preliminary investigative study[END_REF][START_REF] Holm | Work-related injuries of doctors of chiropractic in the United States[END_REF][START_REF] Macanuel | Characterization of side effects sustained by chiropractic students during their undergraduate training in technique class at a chiropractic college: a preliminary retrospective study[END_REF][START_REF] Stock | Workplace ergonomic factors and the development of musculoskeletal disorders of the neck and upper limbs: a meta-analysis[END_REF][START_REF] Thomsen | Risk factors for hand-wrist disorders in repetitive work[END_REF] . The authors especially point out the impact of repetitive forceful work on lower back, wrist and shoulder disorders in manual therapists. A recent study proposed a strength and conditioning program based on preventative exercises to reduce the risk of injuries in chiropractic students learning spinal manipulation [START_REF] Descarreaux | Learning spinal manipulation: the importance of augmented feedback relating to various kinetic parameters[END_REF] . Other chiropractic scholars also seek to develop specific didactic strategies to optimise chiropractic teaching techniques [START_REF] Ndetan | Prevalence of musculoskeletal injuries sustained by students while attending a chiropractic college[END_REF][START_REF] Triano | Biomechanics -Review of approaches for performance training in spinal manipulation[END_REF][START_REF] Bisiacchi | Physical injury assessment of male versus female chiropractic students when learning and performing various adjustive techniques: a preliminary investigative study[END_REF][START_REF] Holm | Work-related injuries of doctors of chiropractic in the United States[END_REF][START_REF] Macanuel | Characterization of side effects sustained by chiropractic students during their undergraduate training in technique class at a chiropractic college: a preliminary retrospective study[END_REF] . For instance, several studies based on motor learning research investigated the potential of augmented feedback using an instrumented mannequin to facilitate the learning of SM [START_REF] Descarreaux | Learning spinal manipulation: the importance of augmented feedback relating to various kinetic parameters[END_REF][START_REF] Scaringe | The effects of augmented sensory feedback precision on the acquisition and retention of a simulated chiropractic task[END_REF][START_REF] Triano | Quantitative feedback versus standard training for cervical and thoracic manipulation[END_REF] . Practicing with such a device provides immediate quantitative feedback on specific biomechanical aspects of SM, which may be useful for both the student and the teacher, who would be able to individualise teaching by focusing on aspects of spinal manipulation that have not been acquired fully.

In the same vein, motor imagery practice (MIP), which is "the act of mentally repeating movements (without physically doing it) several times with the intention of learning a new ability or perfecting a known skill" [START_REF] Jackson | Potential role of mental practice using motor imagery in neurologic rehabilitation[END_REF] , could be a promising tool to optimise SM training. The seminal theory proposed by Marc Jeannerod [START_REF] Jeannerod | Neural simulation of action: a unifying mechanism for motor cognition[END_REF] , and supported by robust neurophysiological and behavioural studies, suggests the existence of shared neural representations; i.e. motor imagery (MI) activates neural substrates that partially overlap those activated by movement execution. On the functional level, the same processes involved in the planning and programming of motor skills appear to underly MI [START_REF] Guillot | The Neurofunctional Architecture of Motor Imagery in "Advanced Brain Neuroimaging Topics in Health and Disease -Methods and Applications[END_REF][START_REF] Dickstein | Motor Imagery in Physical Therapist Practice[END_REF][START_REF] Cuenca-Martínez | The Role of Movement Representation Techniques in the Motor Learning Process: A Neurophysiological Hypothesis and a Narrative Review[END_REF][START_REF] Jeannerod | Neural simulation of action: a unifying mechanism for motor cognition[END_REF] . Indeed, a bulk of evidence from fundamental to applied research in various domains such as cognitive neuroscience, sport science and neurohabilitation show the benefits of MIP paired with physical practice (PP) to enhance the efficacy of motor training or recovery [START_REF] Guillot | The Neurofunctional Architecture of Motor Imagery in "Advanced Brain Neuroimaging Topics in Health and Disease -Methods and Applications[END_REF][START_REF] Malouin | Towards the integration of mental practice in rehabilitation programs. A critical review[END_REF][START_REF] López | Motor imagery as a complementary technique for functional recovery after stroke: a systematic review[END_REF][START_REF] Dickstein | Motor Imagery in Physical Therapist Practice[END_REF][START_REF] Cuenca-Martínez | The Role of Movement Representation Techniques in the Motor Learning Process: A Neurophysiological Hypothesis and a Narrative Review[END_REF] . For instance, in an experimental study, Allami and collaborators (2008) [START_REF] Allami | Visuo-motor learning with combination of different rates of motor imagery and physical practice[END_REF] investigated the optimal proportions of MIP paired with PP to improve the movement time of an action that involved grasping an object and to inserting it in an appropriate slot. The results showed that participants who performed 120 imagined trials of the action followed by 120 physical repetitions reached the same level of performance as the participants who performed 240 physical repetitions. These findings illustrate the potential of MIP paired with PP, suggesting that MIP could be used to partially replace physical practice when learning a motor skill. Therefore, MIP paired with PP appears to be a suitable technique for learning SM to reduce the risk of injuries associated with excessive physical repetitions. The present study aimed to examine whether MIP paired with a reduced number of PP might lead to a similar improvement of thoracic spinal manipulation as PP alone.

Method

Participants

Forty-two 4th-and 5th-year chiropractic students at the Franco-European Institute of Chiropractic (IFEC) in Paris (France) were recruited through advertisements sent via IFEC's student mailing lists. Exclusion criteria included suffering musculoskeletal pain in the shoulder, neck or low back region currently or in the past 3 months, or any reported history of chronic physical disability.

The study was approved by the Ethics Committee of IFEC (#CE 2018-03-15-3) and participants gave written informed consent to take part in this study. They were randomly assigned to the PP group (mean age = 23 years, SD =1.5, range = 21-26 years, 9 women) or the PP+MI group (mean age = 23 years, SD =1.5, range = 21-26 years, 16 women).

Material and Tasks

Thoracic Spinal Manipulation Task. In pre-test and post-test, the participants performed a thoracic spinal manipulation (TSM) task using a mannequin (H.A.M. series; CMCC, Toronto, Ontario) resting on a force-sensing table (Leander 900 Z series table equipped with an AMTI force plate; see Triano et al., 2012 for similar material). The task comprised 2 phases: a warm-up phase composed of 2 TSM at 3 intensities (low: force applied = 300 Newton (N); medium = 450 N; high = 600 N) = 6 pseudo-randomised TSM. And, an experimental phase composed of 12 pseudo-randomised TSM at the same 3 intensities: 1 TSM = 1 trial; 4 trials per intensity (low, medium, high) = 12 TSM in total in the experimental phase. For each trial, the experimenter verbally told the participants which TSM intensity to apply. In the experimental phase of each trial, the force applied by the participant on the mannequin's contact point was recorded in real time on a computer connected to the force plate using Labview software (National Instruments, Austin, TX). Visual feedback on performance (i.e. force-time profile displayed in real time) was hidden from the participants. Each session began with 2 video clips displaying a teacher performing TSM from either a 1stperson perspective (the camera was attached to his forehead) or a 3rd-person perspective (the camera faced the teacher). Then, training involved 2 phases: a warm-up phase and a practice phase. For each session, the participants were given a technical form with instructions and the training sequence. For the PP + MI group, there was also an MI form with instructions on mental practice (see supplementary files).

Movement of Imagery Questionnaire short-version (MIQ-SV).

For the PP group, the warm-up phase was the same as the TSM task. The practice phase was composed of 12 physical repetitions for each intensity (low: force applied = 300 N; medium = 450 N; high = 600 N) for a total of 36 physical repetitions. The session was organised in blocks of 3 repetitions with the same intensity. The order of the blocks was pseudo-randomised by the experimenter and was changed at each session.

For the PP + IM group, the warm-up phase included 6 TSM with 4 physical repetitions and 2 mental repetitions. The practice phase was composed of 8 physical repetitions and 8 mental repetitions for each intensity (low: force applied = 300 N; medium = 450 N; high = 600 N) for a total of 48 TSM with 24 physical repetitions and 24 mental repetitions. The session was organised in blocks of 2 physical repetitions followed by 2 mental repetitions at the same intensity. The order of the blocks was pseudo-randomised by the experimenter and was changed at each session (see a sample session for each group in supplementary files). 

Fig. 2 approximately here

Data analysis

Thoracic Spine Manipulation Task. The peak force (in Newton, N) corresponding to the maximal value of force application was computed for each TSM. Then, absolute error (AE) was calculated for each trial using the formula:

AE (N) = !"#$ !"#$% -!"#$% !"#$%!"&
The force required corresponded to the intensity of a trial: low, medium or high (see the description of the TSM task above). High AE represented low performance, while low AE represented high performance.

MIQ.

A score was calculated for each perspective (IV, IK) from the sum of corresponding items.

High scores represented difficulty performing motor imagery, while low scores represented motor imagery with ease. All statistical analyses were conducted using SPSS (version 19). A mixed analysis of Variance (ANOVA) was performed on AE with the intensity of each trial (low, medium, high) as a within-subject factor and the group (PP, MI+PP) as a between-subject factor. A Greenhouse-Geisser correction was used when the sphericity assumption was violated (p < .05 for Mauchly's sphericity test). Alpha was set at .05. In the event of significance, pairwise comparisons using the Bonferroni correction were applied. Shapiro-Wilk tests showed that IK and IV scores were normally distributed (p >.05) and there was homogeneity of variances, as determined by Levene's test for equal variances (p > .05). Paired t-tests were performed on the IK and IV scores to compare MI abilities in pre-test vs. post-test.

Results

Thoracic Spine Manipulation Task. Mixed ANOVA on AE revealed a main effect of intensity [F(1.7, 67.6) = 4.05, p = .027, η² = .94] and a main effect of test [F(1,39) = 28.9, p < .0001, η² < .42]. As illustrated by Fig. 1, post-hoc tests with the Bonferroni correction revealed that AE was significantly higher for high intensity (mean = 72 N, SD =49 ) than low (mean = 57 N, SD =34.5, p=.03) or medium intensities (mean = 59 N, SD =32 , p=.02). There was no significant difference between low and medium intensities (p= .61). Fig. 2 shows that AE was significantly lower in post-test (mean = 51 N, SD =27) than in pre-test (mean = 74 N, SD =46). There was no significant interaction between the test and the group [F(1.39) = 0.46, p = .46, η² < .012]. 

Discussion

This study aimed to examine the potential of MIP as a learning technique in chiropractic training, particularly in improving strength dosage in thoracic spinal manipulation in 4th and 5thyear chiropractic students. The results show that the number of physical repetitions is reduced when PP is paired with MIP while reaching a similar level of performance compared with PP alone. Therefore, MIP appears to be a suitable tool to reduce physical practice to limit the risks related to repetitive spinal manipulation practice in students. The results observed in the present study showed that the participants in both the MI+PP and PP groups improved the accuracy of strength application significantly during SM, as shown by a lower difference between the intensity of SM required and the force applied during the TSM task. Moreover, the significant improvement of MI abilities in the MI+PP group appear to suggest that the chiropractic students were able to apply mental practice efficiently. Overall, these findings confirm that MIP can be used to partially reduce PP in the learning of thoracic spinal manipulation. This study agrees with previous experiments exploring the potential of MIP paired with PP in surgical training, although the results observed in these works might be debatable [START_REF] Sanders | Comparing the effects of physical practice and mental imagery rehearsal on learning basic surgical skills by medical students[END_REF][START_REF] Sanders | Learning basic surgical skills with mental imagery: using the simulation centre in the mind: Learning basic surgical skills with mental imagery[END_REF][START_REF] Immenroth | Mental Training in Surgical Education[END_REF] .

Another question may be raised when combining MIP with PP. Indeed, the authors investigated whether motor learning can be optimised by adding MIP, i.e. MIP could be considered a supplement to physical practice [START_REF] Hidalgo-Perez | Effectiveness of a motor control therapeutic exercise program combined with motor imagery on the sensorimotor function of the cervical spine : a randomized controlled trial[END_REF][START_REF] Dana | Internal and External Imagery Effects on Tennis Skills Among Novices[END_REF][START_REF] Slimani | Effects of mental imagery on muscular strength in healthy and patient participants: A systematic review[END_REF] . These studies imply a similar amount of physical practice in both training groups, with one of the 2 groups performing additional MIP.

For instance, Hidalgo-Perez and collaborators (2015) investigated the impact of MI combined with PP when healthy participants practiced motor control exercises (generally used in a therapeutic program to manage neck pain) to improve sensorimotor function [START_REF] Immenroth | Mental Training in Surgical Education[END_REF] . Their results showed that craniocervical neuromotor control, and the subjective perception of fatigue after effort were significantly higher in the group for which MI was added to PP, compared with the group that trained only physically. Thus, it would be of interest to test the impact of MIP+PP compared with PP alone on the learning of spinal manipulation, while maintaining a similar amount of PP in each group.

Moreover, the students who participated in this experiment were in 4th and 5th year at the chiropractic college. Therefore, they would be in the 2nd stage of SM learning, which consists of reducing trial-to-trial variability of force production, indicating automated control of movement.

At the end of this stage, students will be able to vary precisely the degree of force production between successive trials. This ability is critical, and ensures that the chiropractor is able to deliver effective SM and adapt SM to patient morphology. MI focused mainly on the sensations associated with the force applied to the mannequin (i.e. kinaesthetic imagery). It is likely that MI would have facilitated the integration of proprioceptive inputs used by the central system to update internal models or memories of motor programs [START_REF] Wolpert | Computational principles of movement neuroscience[END_REF] . In the future, it would be interesting to investigate the potential of MI to enhance the acquisition of SM in the 1st stage of learning, i.e. when students learn the correct posture in the different phases of SM (e.g. pre-load force, time to peak force) so as to stabilise the rate of force production over time [START_REF] Descarreaux | Learning spinal manipulation skills: assessment of biomechanical parameters in a 5-year longitudinal study[END_REF][START_REF] Triano | Biomechanics -Review of approaches for performance training in spinal manipulation[END_REF] . Other MI modalities might be also considered, such as visual imagery, which might be interesting very early in the learning of SM skills.

There are some limitations to this study. Firstly, the contents of the training sessions were similar to the TSM task used when evaluating SM performance (i.e. in pre-test and post-test sessions) since each training session consisted of repetitions of SM at the same intensities as those used in the TSM task. Moreover, only 3 levels of force intensity were used within a training session, which may have reinforced these specific motor programs of SM, and probably favoured the development of automaticity in performance. However, the lack of variability in training sessions and skill transfer evaluation did not allow us to conclude that the students improved their ability to regulate the rate of force production when performing SM trials. Thus, although the results showed that the students did reduce the mean variability of SM peak at the given intensities, the task was probably quite simple with respect to their level of expertise. It would have been more suitable to use other intensities from one training session to another, and to propose a TSM task with other intensities than those used during practice. Secondly, performance was evaluated quantitatively, based on knowledge of results (i.e. difference between the force required compared to the force applied), which was appropriated to evaluate the effect of the training program. However, it did not make it possible to specify which aspects of SM skill were improved consecutive to practice, and whether certain aspects would benefit more from MI than others. Future studies including qualitative indicators of SM performance and learning (namely, biomechanical variables usually used to describe SM 4 ) will contribute to the understanding of the effect of MI paired with PP in the learning of SM skills. Moreover, a recent study [START_REF] Touche | Instruction Modes for Motor Control Skills Acquisition: A Randomized Controlled Trial[END_REF] demonstrated that MI may be an effective strategy (used as a teaching method) to explain a motor task. It would be pedagogically interesting to use MI as a teaching method to encourage the understanding of biomechanical aspects of SM skill, which are not always easy to verbalise.

Conclusion

The results of this study highlighted the potential of MIP paired with MI practice to improve the learning of the spinal manipulation technique by chiropractic students. It encourages the use of MI as a teaching tool in the context of the learning of manual therapies, notably to limit the risk of injury caused by intensive practice. Future investigations are needed to clarify the effectiveness of MIP in the context of SM skills learning, e.g. by examining which biomechanical variables would be sensitive to mental practice. Moreover, a recent study [START_REF] Touche | Instruction Modes for Motor Control Skills Acquisition: A Randomized Controlled Trial[END_REF] demonstrated that MI may be an effective strategy (used as a teaching method) to explain a motor task. It would be pedagogically interesting to use MI as a teaching method to encourage the understanding of biomechanical aspects of SM skill, which are not always easy to verbalise.

Practical Applications

• Potential of MIP paired with PP was examined to reduce physical repetitions while reaching the same level of performance.

• Despite fewer physical repetitions, MI+PP participants improved as much as PP participants.

• Motor Imagery should be considered in the development of didactic strategies related to SM skills.

  The MIQ-SV(Hall & Pongrac, 1983 [START_REF] Hall | The measurement of imagery ability[END_REF] ) consists of 16 items relating to either the visual imagery (VI) of movement (i.e. movement is visualised from an external, 3rd-person perspective) and the kinaesthetic imagery (KI) of movement (i.e. movement simulation based on proprioceptive and internal sensations associated to the movement). For each imagery perspective, the difficulty of movement simulation was assessed on a 7-point Likert-type scale (from 1 = movement very easy to visualise or feel, to 7= movement very difficult to visualise or feel).Training program. The training program was composed of 2 20-minute sessions per week(Tuesday and Thursday afternoon) for 5 weeks for a total of 10 sessions. During the Tuesday session, the participants worked in pairs and practiced on the sensor table used in pre-test or posttest with visual feedback being visible. During the Thursday session, the participants were in groups of 5 and practiced on classical tables with no feedback on performance.
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Video clips displaying a teacher

WARM-UP = 6 TSM (4 physical, 2 mental) (2 x 3 intensiHes) e.g. : L,