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Abstract

Background—Motor retraining for non-specific chronic low back pain (LBP) often focuses on 

voluntary postural tasks. This training, however, may not transfer to other known postural 

impairments, such as automatic postural responses to external perturbations.

Objectives—To evaluate the extent current treatments of motor retraining ameliorate impaired 

postural coordination when responding to a perturbation of standing balance.

Design—Planned secondary analysis of a prospectively registered (NCT01362049), randomized 

controlled trial with a blinded assessor.

Method—Sixty-eight subjects with chronic, recurrent, non-specific LBP were allocated to 

perform a postural response task as a secondary assessment one week before and one week after 

receiving either stabilization or Movement System Impairment (MSI)-directed treatment over 6 

weekly 1-h sessions plus home exercises. For assessment, subjects completed the Oswestry 

disability and numeric pain rating questionnaires and then performed a postural response task of 

maintaining standing balance in response to 3 trials in each of 4 randomly presented directions of 

linear surface translations of the platform under the subjects' feet. Integrated amplitudes of surface 

electromyography (EMG) were recorded bilaterally from the rectus abdominis (RA), internal 

oblique (IO), and external oblique (EO) muscles during the postural response task.
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Results—No significant effects of treatment on EMG responses were evident. Oswestry and 

numeric pain ratings decreased similarly following both treatments.

Conclusions—Stabilization and MSI-directed treatments do not affect trunk EMG responses to 

perturbations of standing balance in people with LBP, suggesting current methods of motor 

retraining do not sufficiently transfer to tasks of reactive postural control.
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1. Introduction

Chronic low back pain (LBP) represents a common, disabling, and costly health condition 

with a rising prevalence (Andersson, 1999; Katz, 2006; Friedly et al., 2010). This rise in 

prevalence and inability to prevent chronic or recurrent episodes of pain suggest a lack of 

long-term treatment efficacy and demonstrates a significant need to optimize treatment.

Although the causes of chronic LBP are likely multi-factorial – including altered 

psychological, motor, mechanical, and sensory factors (Langevin and Sherman, 2007) – 

people with chronic LBP exhibit many impairments of postural control across several 

contexts of motor behavior. These impairments include altered sway during quiet stance 

(Mazaheri et al., 2013), altered anticipatory postural adjustments preceding voluntary 

movements (Hodges and Richardson, 1996; Sihvonen et al., 1997; Danneels et al., 2002; 

Jacobs et al., 2009, 2010; Macdonald et al., 2011), as well as diminished stability and altered 

patterns of muscle activation in response to an externally induced postural perturbation 

(Radebold et al., 2000; Newcomer et al., 2002; Cholewicki et al., 2005; Henry et al., 2006; 

Stokes et al., 2006; MacDonald et al., 2010; Jacobs et al., 2011; Mok et al., 2011). It should 

be noted, however, that impairments during quiet stance or of anticipatory postural 

adjustments are not consistently identified across studies or are not ubiquitously evident 

across all subjects with LBP (Silfies et al., 2009; Gubler et al., 2010; Jacobs et al., 2010; 

Mazaheri et al., 2013). Likewise, during responses to external postural perturbations, reports 

vary with regard to whether persons with LBP exhibit delayed muscle responses (Radebold 

et al., 2000; Cholewicki et al., 2005; Reeves et al., 2005), decreased incidence or altered 

amplitudes of muscle activation (Radebold et al., 2000; MacDonald et al., 2010; Jacobs et 

al., 2011; Jones et al., 2012a,b), co-contracted muscle activation patterns (Radebold et al., 

2000), and/or increased baseline activation (Stokes et al., 2006; Jacobs et al., 2011; Jones et 

al., 2012a). This evidence of impaired postural control with LBP suggests a need for 

physical intervention (e.g., movement exercises) for people with LBP and, indeed, current 

practice guidelines recommend that clinicians refer their patients to physical therapy because 

early use of physical therapy associates with decreased subsequent use of medical services 

(Gellhorn et al., 2012).

In addition to heterogenous laboratory measures of postural impairment, patients with LBP 

exhibit a heterogenous clinical presentation. Thus, physical therapy interventions were 

developed to classify patients into homogenous groups and provide patient-specific 

treatments in order to ameliorate LBP (Karayannis et al., 2015). Although short-term 
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indicators suggest patient-specific motor rehabilitation could be beneficial, superior 

outcomes in the long term are not often evident (Ferreira et al., 2007; Macedo et al., 2008; 

Unsgaard-Tondel et al., 2010; George et al., 2011; Surkitt et al., 2012; Henry et al., 2014; 

Saner et al., 2015). Motor retraining has been found to successfully modify some postural 

impairments (Tsao and Hodges, 2008; Hoffman et al., 2011), however the tasks used for 

assessment often exhibit strong similarities to the exercises practiced in treatment. It, 

therefore, becomes imperative to understand whether such treatments are effective in 

addressing known motor impairments associated with LBP during transfer tasks that are not 

specifically involved in the treatment paradigm. If the motor retraining treatments are 

deemed successful when a transfer task is assessed, then past reports that demonstrate a lack 

of superior clinical outcomes could reflect that ameliorating motor impairments provides no 

added benefit to treatment outcomes. In contrast, if these motor retraining treatments do not 

modify transfer tasks of postural coordination, then such treatments may still have potential 

for superior outcomes if the training strategies were improved to better address the general 

array of postural impairments associated with LBP.

The objective of this study, which represents a planned secondary analysis to the original 

clinical trial (Henry et al., 2014), was to determine whether two examples of motor 

retraining treatment – stabilization and Movement System Impairment (MSI)-directed 

exercises (McGill, 1998; Richardson et al., 1999; Sahrmann, 2002; Van Dillen et al., 2003) 

– are effective at ameliorating impairments in postural responses to perturbations of standing 

balance. We hypothesized that stabilization and MSI-directed treatments (which do not treat 

postural responses to perturbations of standing balance) would not ameliorate these 

impairments during early, automatic response phases, but would modify late-phase 

responses that have potential for voluntary influence (Jacobs and Horak, 2007; Jacobs et al., 

2011; Tokuno et al., 2013).

2. Methods

2.1. Design overview

This study was a prospectively registered (NCT01362049), 2-arm randomized controlled 

trial with a blinded assessor. The primary objective of the trial was to examine the relative 

efficacy of trunk stabilization versus MSI-directed treatments for improving short- (6 weeks) 

and long-term (12 months) clinical outcomes in people with chronic LBP (Henry et al., 

2014). Primary outcome measures were Modified Oswestry Disability scores and Numeric 

Pain Ratings (Fritz and Irrgang, 2001; Childs et al., 2005). Subjects were randomly assigned 

to receive either stabilization or MSI-directed treatment. This study reports on a planned 

secondary objective to determine the efficacy of stabilization and MSI-directed treatments to 

modify known impairments of postural responses associated with LBP. In addition to the 

baseline assessment prior to treatment onset, responses to externally induced perturbations 

of standing balance were assessed within one week after treatment and were not assessed at 

the 12-month time point. The study began March 2010 and short-term (6-week) follow-up 

was completed September 2011.

In order to confirm the nature of the subjects' postural-response impairments, the data from 

the subjects with LBP in this trial were compared to the data of 27 subjects without LBP. 
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This cross-sectional analysis provided the basis for determining whether the MSI and 

stabilization treatments are effective at ameliorating differences in postural responses 

between those with and without LBP.

2.2. Setting and participants

Assessments, before and after treatment, were conducted at a university motion analysis 

laboratory, whereas treatment was conducted at one of six outpatient physical therapy 

clinics. Subjects were assigned to a care provider according to the location that was most 

convenient for them in order to optimize adherence. Care providers had an average of 14.2 

(range 1–27) years of experience in orthopedic physical therapy, and case volumes for the 

diagnosis of interest at each site ranged from 130 to 950 per year. Adherence to the protocol 

by the care providers was evaluated by chart audits of 46% of the subjects and in-person 

observation audits of 36% of the subjects – on average during the third treatment visit – by 

trained physical therapists who did not provide treatment. Chart audits for data accuracy and 

thoroughness were also performed following treatment on all subjects.

Subjects with LBP were assessed for study inclusion through phone and email contact. 

Subjects with LBP admitted to the study (1) were between 21 and 55 years old, (2) had a 

history of chronic LBP (≥12 months) with or without recurrences, (3) could stand and walk 

independently, (4) had a Modified Oswestry Disability score of ≥19%, and/or a score less 

than 8 on at least one activity from the Patient Specific Functional Scale (Stratford et al., 

1995), (5) could understand English, and (6) were currently employed or actively engaged in 

daily activities. The referring physician and the treating physical therapist screened for 

exclusion criteria through patient report with corroboration by the subject's medical record. 

Exclusion criteria included evidence or report of: a structural spinal deformity, spinal 

fracture, osteoporosis, systemic disease processes, disc herniation with corroborating clinical 

signs and symptoms, previous spinal surgery, pregnancy or less than 6 months post-partum 

or post-weaning, magnified symptom behavior, a body-mass index of greater than 30, 

receiving worker's compensation, or in litigation for the LBP. The subjects without LBP 

were recruited using the following inclusion criteria: an absence of neurological, psychiatric, 

cardiovascular or musculoskeletal disorders, as well as no uncorrected vision problems or 

severe musculoskeletal injuries.

2.3. Randomization and interventions

2.3.1. Assessment protocol—Prior to randomization, subjects visited the motion 

analysis laboratory for initial assessments. Subjects first completed a battery of 

questionnaires (including the Modified Oswestry Disability Index and Numeric Pain Rating 

Scale) and underwent a standardized clinical exam. Regarding the secondary objective to 

determine the effects of treatment on impaired postural coordination, 68 subjects were 

allocated for assessment on postural responses to support surface translations (movements of 

a platform under the subjects' feet) that perturb standing balance, and 56 were allocated to a 

protocol of voluntary postural coordination that is reported separately (Lomond et al., 2015). 

Following the clinical assessments, subjects allocated to this protocol with support surface 

translations were prepared for surface electromyography (EMG) recordings. Electrodes 

(Norotrodes with fixed 2-cm inter-electrode distance; Myotronics, Kent, WA, USA) were 
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placed over the bilateral external oblique (EO), internal oblique (IO), and rectus abdominis 

(RA) muscles. Electrode placement and EMG recording parameters were as previously 

reported (Jacobs et al., 2011).

During the experimental task, subjects were instructed to stand looking forward on a 

moveable platform at their self-selected stance width and with their arms hanging 

comfortably at their sides. The subjects were then instructed to maintain their standing 

balance in response to the 9-cm platform movements. Subjects were given practice trials in 

each of two perturbation directions (leftward and forward translations) in order to 

familiarize them with the task. Following these practice trials, three trials in each of 4 

directions of linear surface translations (forward, backward, left, and right) were presented 

in random order and at unpredictable intervals.

2.3.2. Randomization—Following laboratory testing for initial assessments, subjects with 

LBP were randomized to receive one of two treatments: stabilization or MSI-directed 

exercise treatment. The study's statistician used a covariate adaptive randomization schema. 

The treatment assignment was transmitted to the study coordinator and the treating physical 

therapist. All other personnel were unaware of the treatment assignment for the duration of 

the study. Subjects were instructed not to provide information regarding their treatment 

during laboratory assessments; laboratory personnel were unable to guess treatment 

assignment better than chance.

2.3.3. Treatment protocols—Both interventions were comprised of six weekly 1-h 

sessions plus prescribed home exercises (Fig. 1a). The stabilization protocol focused on 3 

components of spinal stability: (1) motor control of the deep trunk muscles (Richardson et 

al., 1999; Hicks et al., 2005); (2) coordination and strengthening of the flexor, extensor, and 

oblique trunk muscles (Hicks et al., 2005) by focusing on repeated submaximal efforts that 

progressed to maximal efforts (Richardson and Jull, 1995; McGill, 1998), and (3) an 

education booklet (Melnick et al., 1998) that describes how to use proper body mechanics in 

order to protect the spine during activities of daily living.

For subjects assigned to the MSI-directed treatment protocol (Sahrmann, 2002; Harris-

Hayes et al., 2005; Van Dillen et al., 2005; Hoffman et al., 2011; Henry et al., 2014; 

Azevedo et al., 2015), the physical therapist tailored treatment to focus on: (1) education 

regarding how the subject's specific habitual lumbopelvic movement patterns and postures 

might accelerate lumbar-tissue stress as well as education about positions or postures to 

control symptoms; (2) exercises to modify the subject's specific trunk movements and 

postures; and (3) functional-activity modifications to change the subject's trunk movement 

and alignment patterns during activities identified as troublesome on the Patient Specific 

Functional Scale.

2.4. Outcome measures and follow-up

Outcome measures were assessed a week prior to the start of treatment and one week after 

completing the 6-week intervention. Integrated EMG amplitudes were generated over three 

epochs as outcome measures for the postural-response task: (1) a baseline 75-ms epoch 

immediately preceding the perturbation, (2) an early-phase epoch from 80 to 120 ms after 
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perturbation onset, and (3) a late-phase epoch from 120 to 220 ms after perturbation onset 

(Fig. 1b). Responses were differentiated by epoch given our hypothesis that the early- and 

late-phase epochs represent response phases with distinct underlying neural control. 

Specifically, the early phase represents automatic, sub-cortical response generation, whereas 

the late phase has greater potential for cortical (and perhaps voluntary) influence (Jacobs and 

Horak, 2007; Jacobs et al., 2011). We predicted that our treatment protocols had potential to 

increase integrated EMG amplitudes in only the late-phase epoch because both protocols 

treat voluntary postural coordination and the extent of training is not likely to elicit transfer 

to the more automated, sub-cortical processes of postural control in the early-phase epochs 

(Tokuno et al., 2013).

Integrated EMG amplitudes were generated using Matlab software (Matlab, Natick, MA, 

USA). The EMG signals were band-pass filtered at 35–200 Hz, baseline corrected by 

subtracting the mean of the signal, and full-wave rectified. The high-pass limit was set to 

minimize cardiac artifact (Drake and Callaghan, 2006). Each subject's mean integrated EMG 

amplitude was then generated across the three trials of each direction of perturbation. Rather 

than the typical maximum voluntary contraction, non-normalized EMG amplitudes were 

analyzed because people with LBP may be unwilling to generate a voluntary contraction to 

their maximum capability (Lariviére et al., 2003).

Oswestry disability percentage scores were generated by summing the scores of each 

response item, then dividing by the total possible 50 points and multiplying by 100 to 

express the ratio as a percentage; higher percentages reflect higher levels of reported 

disability. Numeric pain ratings were recorded as the reported score out of 10, zero 

representing no pain and 10 representing maximal pain.

2.5. Sample size estimation

The clinical trial's sample size was powered based on the primary outcome measures of 

Oswestry disability scores and numeric pain ratings. However, for the secondary objective 

of this study, we estimated the minimal detectable differences between groups with and 

without LBP (assuming this study's sample size, 80% power, and a significance level of 

0.05) in EMG response amplitudes based on previously published findings, which 

demonstrated significantly smaller IO and RA muscle response amplitudes as well as 

significantly larger EO muscle response amplitudes with LBP (Jones et al., 2012b). For the 

IO, EO, and RA muscles, respectively, we estimated minimal detectable differences from 

before to after treatment across both treatment groups to be 4.0%, 3.2% and 3.3%, with 

within group standard deviations of 11.8%, 9.1% and 9.4%.

2.6. Statistical analysis

Integrated EMG amplitudes of each epoch were analyzed separately due to their unique 

functional implications. Responses to lateral (combined left and right), forward, and 

backward perturbations were also analyzed separately because LBP, and treatment for LBP, 

may differentially affect responses across these conditions based on different mechanical 

constraints (Jacobs et al., 2011; Jones et al., 2012a,b). Neural mechanisms controlling 

individual abdominal and oblique muscles are also task-specific to different directions of 
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surface translations (Carpenter et al., 2008). The effects of each treatment on integrated 

EMG amplitudes were assessed by mixed-model analyses of variance (ANOVA) to evaluate 

differences between treatment groups (stabilization versus MSI) and visits (pre- versus post-

treatment). When analyzing responses to lateral perturbations, the ANOVA included a third 

factor for direction in order to compare responses between leftward and rightward surface 

translations. Because each specific variable was compared three times by separate ANOVA 

based on perturbation direction, significance was assigned a Bonferroni-corrected P-value of 

0.0167. Although visit main effects represent the primary comparison of interest based on 

the power analysis of combined treatment groups, we also included the treatment-by-visit 

interactions to examine the potential differential effects of treatment groups on the outcomes 

of interest. Because no statistically significant interactions were found, they will not be 

discussed further. Statistical analyses were performed using SAS 9.2 Software (SAS 

Institute Inc., USA).

Measures of participant characteristics (i.e., age, height, weight, body-mass index as well as 

pre-treatment Oswestry scores and Numeric Pain Ratings) were compared using 

independent samples t-tests, comparing subjects with LBP treated with stabilization 

exercises versus those treated with MSI-directed exercises. Differences in gender between 

treatment groups were assessed by Chi-square.

In order to confirm specific impairments evident with this trial's cohort of subjects with 

LBP, similar ANOVA, t-test, and chi-square analyses were generated to compare this trial's 

subjects with LBP to the group of subjects without LBP. The ANOVA analyses controlled 

for the effects of age and gender as covariates due to significant differences between the 

groups with and without LBP on these variables.

3. Results

3.1. Recruitment and clinical outcomes of the clinical trial

Recruitment and selection (Fig. 2) yielded a group of 124 subjects with LBP, of whom 68 

were selected and participated in this protocol on postural responses to perturbed standing 

balance. Group characteristics are summarized in Table 1. No adverse events were reported. 

The groups with LBP randomized to stabilization versus MSI-directed treatments were not 

significantly different with regard to physical characteristics, numeric pain ratings, or 

Oswestry disability scores (Table 1). Oswestry disability scores and numeric pain ratings 

significantly decreased for both groups from before to after treatment, with no significant 

differences between groups (Table 1).

3.2. Differences between subjects with and without LBP in EMG responses to 
perturbations

When comparing subjects with and without LBP, the groups were significantly different 

with regard to numeric pain ratings, age, and the distribution of males and females (Table 2); 

thus, age and gender were added as covariates to the analyses of EMG responses. For each 

recorded muscle, the group with LBP exhibited significantly lower integrated EMG 
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amplitudes than the group without LBP in response to at least one direction of platform 

translation (Fig. 3; Table 3).

3.3. Effects of treatment on EMG responses to perturbations in subjects with LBP

Fig. 4 presents changes in mean integrated EMG amplitudes following treatment (post-

treatment minus pre-treatment). Neither treatment significantly altered integrated EMG 

amplitudes (range of visit main effects: F = 0.00–3.68; P = 0.06–0.95 for all epochs and 

muscles). Although not reaching the corrected level of significance (P = 0.0167), visit-by-

direction effects were evident below a P-value of 0.05 at the left EO muscle because 

increases in EMG amplitudes were larger in response to rightward translations than to 

leftward translations (F = 4.32, P = 0.042 for early-phase responses; F = 4.50, P = 0.038 for 

late-phase responses).

4. Discussion

Before treatment, the subjects with LBP exhibited smaller muscle activation amplitudes than 

the subjects without LBP at all recorded muscles, and these effects were often evident across 

multiple directions of perturbations as well as across the baseline, early, and late phases of 

the response. Although both treatments significantly decreased subject-reported levels of 

pain and disability, these treatments did not significantly modify muscle response 

amplitudes to postural perturbations of standing balance.

Both interventions decreased short-term pain and disability, the primary outcome measures 

of this clinical trial. The improvement in pain and disability could represent benefits 

conferred by successful modification of untested motor impairments other than postural 

responses to perturbations, or the improvement could represent general benefits of exercise 

that are not dependent on retraining new patterns of motor coordination. Although not 

specifically tested by this study, we speculate that the improved pain and disability likely 

represent non-specific effects of exercise because other reports on this clinical trial 

demonstrate (1) no superior benefit on pain and disability between groups assigned to 

patient-matched retraining versus those receiving unmatched treatment assignment, and (2) 

no significant amelioration of another transfer task targeting anticipatory postural 

adjustments during voluntary leg movements (Henry et al., 2014; Lomond et al., 2015). 

Other clinical trials also demonstrate that patient-matched motor control exercises do not 

provide superior outcomes on pain and disability levels compared to unmatched motor 

control treatment or general strengthening exercises (Ferreira et al., 2007; Macedo et al., 

2008; Unsgaard-Tondel et al., 2010; George et al., 2011; Surkitt et al., 2012; Lomond et al., 

2014). Thus, based on this previous literature and on this study's findings that motor 

retraining did not elicit modified EMG responses to perturbations of standing balance, we 

interpret the improved pain and disability scores in this study as a general benefit of physical 

exercise rather than a demonstration of successful motor retraining.

To our knowledge, this study represents the first blinded randomized trial to evaluate the 

effects of motor retraining treatments on responses to an induced perturbation of standing 

balance. A strength of the study is the evaluation of automatic postural responses as a 

transfer task that is not specifically trained by the treatment protocols. This choice in task 
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enables an assessment of the generalizability of motor retraining treatments for ameliorating 

automatic postural impairments in a different context of motor behavior. This study also 

benefits from blinded assessments and processing of outcome measures in order to minimize 

the potential for bias.

We are aware of only one other study to evaluate changes with motor retraining in automatic 

postural responses to an externally induced perturbation. Navalgund et al. (2013) recently 

reported that subjects with subacute LBP exhibit delayed trunk muscle responses compared 

to subjects without LBP, and that 10 weeks of stabilization treatment did not ameliorate 

these delays, but muscle response amplitudes were increased following treatment. 

Navalgund's study and ours, therefore, similarly demonstrated that stabilization does not 

effectively ameliorate identified differences between people with and without LBP. Their 

study's results diverge from ours, however, in that muscle response amplitudes increased 

following treatment. Differences between the studies' results might reflect differences in 

perturbation characteristics, EMG normalization methods, treatment duration, or blinded 

assessment and data processing.

Our study does carry some notable methodological considerations. First, EMG outcome 

measures for the automatic postural response protocol were only assessed immediately prior 

to and after treatment. Second, although six 1-h weekly sessions of treatment reflect local 

clinical practice, this dosage may not be sufficient to progress patients through stages of 

motor learning that enable consolidated, automated, and transferable motor skills. Third, the 

inter-trial and inter-session reliability of the EMG responses to perturbations measured in 

this study have yet to be confirmed, although significant differences between subjects with 

and without LBP were demonstrated in this study and in others that used the same protocol 

(Henry et al., 2006; Jacobs et al., 2011; Jones et al., 2008; Jones et al., 2012a). We can, 

however, conclude that the stabilization and MSI treatments of this study did not 

significantly modify muscle response amplitudes in a manner that ameliorated differences 

between subjects with and without LBP that were identified using the same protocol and 

methods of recording.

Although not supported given their current practice, patient-specific motor retraining 

protocols, if improved, may still have potential to provide superior outcomes compared to 

unmatched or non-specific physical exercises. The caveat to this statement, however, is the 

causative relationships among specific motor impairments with pain severity or disability 

remain speculative. Thus, the value of intervening on any specific motor impairment 

remains uncertain. Supposing, then, that treating postural impairments associated with LBP 

is of value, current motor retraining protocols appear to require improvement in order to 

better address the spectrum of known motor impairments associated with LBP. Clinical 

outcomes from patient-specific motor training might benefit from training a larger repertoire 

of behaviors – perhaps including postural responses to external perturbations (Jacobs et al., 

2011; Tokuno et al., 2013) – in order to ensure that training comprehensively addresses the 

motor impairments of people with LBP. Motor retraining must also adhere to principles of 

motor learning in order to effectively engender new motor skills and transfer those motor 

skills across activities that are not specifically trained during treatment. Thus, further study 

Jacobs et al. Page 9

Man Ther. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



must evaluate the adequacy of different treatment modalities, durations, and dosages to 

accomplish advanced stages of motor learning in patients with LBP.
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Fig. 1. 
Illustrations of (a) treatment protocols during intervention, and (b) EMG measures taken 

during assessment of postural responses. In (b), exemplar EMG traces from a subject with 

(red traces) and without (black traces) LBP illustrate the early (box with solid line; 80–120 

ms) and late (box with dashed outline; 120–220 ms) EMG epochs from which integrated 

EMG amplitudes were calculated. These illustrated traces were derived from responses to 

rightward translations of muscles from the right side of the body. For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this 

article.
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Fig. 2. 
Flow diagram of participants in the clinical trial.
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Fig. 3. 
Integrated EMG amplitudes between groups with and without LBP. Polar plot triplets are 

grouped by muscle across the baseline (−75 to 0 ms), early-phase (80–120 ms), and late-

phase (120–220 ms) recording epochs. Polar plot directions indicate directions of surface 

translation, which induce body sway in the opposite direction. Red lines indicate mean (95% 

confidence interval) values for the group with LBP; black lines, the group without LBP. 

Asterisks (*) denote significant (P < 0.0168 after Bonferroni correction) differences between 

groups. For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.
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Fig. 4. 
Changes in integrated EMG amplitudes after treatment with either the stabilization or MSI-

directed exercise protocol. Green lines indicate mean (95% confidence interval) values of 

change (post- minus pre-treatment) for the group receiving stabilization exercises; blue 

lines, the group receiving MSI-directed treatment. Gray square boxes indicate zero change 

with treatment. No significant main effects of session or group-by-session interactions were 

evident. For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.
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Table 1

Frequency or mean (95% confidence interval) values of subject characteristics.

Measure Visit Treatment groups Between-groups
P-value

Treatment main effect

P-value
a

MSI Stabilization

Number Pre & post 41 27 – –

% Male Pre 63 44 0.123 –

Age Pre 42.6 (39.4–45.8) yr 39.6 (35.2–43.9) yr 0.268 –

Height Pre 174 (172–176) cm 172 (169–175) cm 0.308 –

Weight Pre 72.8 (69.0–76.6) kg 68.2 (63.5–72.9) kg 0.142 –

Body-mass index Pre 24 (23–25) kg/m2 23 (22–24) kg/m2 0.248 –

Stance width Pre & post 21.2 (19.7–22.7) cm 22.0 (20.0–24.0) cm 0.519 –

Oswestry Disability Index Pre 19.4 (16.7–22.0) % 18.6 (14.9–22.3) % 0.731 <0.0001

Post 12.1 (9.5–14.7) % 11.7 (8.7–14.6) % 0.836

Numeric Pain Rating Pre 2.68 (2.10–3.26) 2.37 (1.63–3.11) 0.517 0.00015

Post 1.58 (1.11–2.04) 1.78 (1.20–2.35) 0.598

a
Treatment main effects are reported across both treatment groups; group or interaction effects were not significant (P-values > 0.21).
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Table 2

Frequency or mean (95% confidence interval) values of subject characteristics of groups with versus without 

LBP.

Measure With LBP (pre-treatment) Without LBP Between-groups
P-value

Number 68 27 –

% Male 56 33 0.047

Age 41.4 (38.8–44.0) yr 32.5 (28.8–36.2) yr 0.0004

Height 173 (171–175) cm 170 (167–173) cm 0.103

Weight 70.9 (68.0–73.9) kg 66.8 (62.371.2) kg 0.141

Body-mass index 24 (23–25) kg/m2 23 (22–24) kg/m2 0.287

Stance width 21.5 (20.3–22.7) cm 20.7 (18.3–23.0) cm 0.500

Oswestry Disability Index 19.1 (16.9–21.2) % – –

Numeric Pain Rating 2.56 (2.17–2.95) 0.22 (0.06–0.38) 0.0001
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Table 3

Main group effects between groups with and without LBP.

Muscle Epoch Perturbation direction Group effects F-statistics, P-values

Left IO Baseline Forward, backward
Lateral

F = 5.40, 10.63; P = 0.023, 0.0016
F = 6.98, P = 0.0098

Early-phase Forward, backward
Lateral

F = 11.19, 18.83; P = 0.0013, <0.0001
F = 19.13, P < 0.0001

Late-phase Forward, backward
Lateral

F = 20.21, 28.36; P < 0.0001, <0.0001
F = 37.01, P < 0.0001

Right IO Baseline Forward, backward
Lateral

F = 25.76, 67.58; P < 0.0001, <0.0001
F = 30.98, P < 0.0001

Early-phase Forward, backward
Lateral

F = 6.20, 20.92; P = 0.015, <0.0001
F = 8.87, P = 0.0038

Late-phase Forward, backward
Lateral

F = 20.30, 42.57; P < 0.0001, <0.0001
F = 17.92, P < 0.0001

Left EO Baseline Forward, backward
Lateral

F = 10.39, 21.43; P = 0.0018, <0.0001
F = 14.55, P= 0.0003

Early-phase Forward, backward
Lateral

F = 23.72, 24.76; P < 0.0001, <0.0001
F = 31.73, P < 0.0001

Late-phase Forward, backward
Lateral

F = 52.77, 49.17; P < 0.0001, <0.0001
F = 70.32, P < 0.0001

Right EO Baseline Forward, backward
Lateral

F = 0.12, 1.62; P = 0.73, 0.21
F = 0.00, P = 0.98

Early-phase Forward, backward
Lateral

F = 2.10, 5.29; P = 0.15, 0.024
F = 3.71, P = 0.058

Late-phase Forward, backward
Lateral

F = 30.79, 20.58; P < 0.0001, <0.0001
F = 21.30, P < 0.0001

Left RA Baseline Forward, backward
Lateral

F = 1.88, 8.92; P = 0.17, 0.0037
F = 5.31, P = 0.024

Early-phase Forward, backward
Lateral

F = 8.21, 14.52; P = 0.0053, 0.0003
F = 11.57, P = 0.0010

Late-phase Forward, backward
Lateral

F = 17.67, 23.27; P < 0.0001, <0.0001
F = 14.86, P = 0.0002

Right RA Baseline Forward, backward
Lateral

F = 0.29, 1.06; P = 0.59, 0.31
F = 1.03, P = 0.31

Early-phase Forward, backward
Lateral

F = 0.43, 5.31; P = 0.51, 0.024
F = 5.95, P = 0.0168

Late-phase Forward, backward
Lateral

F = 5.20, 10.79; P = 0.025, 0.0015
F = 10.26, P = 0.0019
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