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          Body Supported Treadmill Training can be Precise and Reproducible When 

              Lower-Body Support is Provided by Positive Air Pressure (LBPPS Alter-G )

ABSTRACT (249) 
Study Design: Repeated Measures Study Objectives: Determine if a novel lower body air distributed bodyweight supported treadmill system (LBPPS G-Trainer and Model 320 accurately provides un-weighting. Background Body weight supported treadmill systems decrease ground reaction forces, protect against falling and facilitate the ability to walk, run and maintain aerobic capacity post injury, surgery or degenerative state. Unfortunately, precision of un-weighting is generally not reported, placing fragile tissues at risk for further injury. Methods: Subjects (N=3; 80 trials) stood on a standard scale on the nonmoving treadmill within the air chamber of  the LBPPSG-Trainer and Model 320  at 100% body weight, after machine calibration and at progressive changes in body weighting. Differences in calibrated and expected overground weight were described (mean, standard deviation and reliability coefficient [ICC]) with preplanned tested for significance with paired/unpaired t tests; t8 contrasts,16df= 3.15;p<0.006). Results: Calibrated body weight was significantly lower than overground weight (-10.9# mean; +3.68# SD; p<0.006). Measurements of machine calibrated and over ground weighting were consistent (ICC=0.979-0.999). There were no significant differences in calibrated machine and expected overground weight changes by 1% versus 10% change increments, un-weighting versus re-weighting or by machine model. Conclusions: The LBPPSG-Trainer and Model 320  is a comfortable and reliable un-weighting system.. Calibrated weight is 6% less than over-ground weight. Changes in machine weighting are consistent with overground expected weights. During healing and repair, the clinician and the patient can be confident in the accuracy of the settings when training on either model of the LBPPS by Alter-G Inc.  
Level of Evidence 4
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Introduction: 

     Across the life span, regular, exercise is essential for positive health. 1  Intensive aerobic levels of exercise can be performed over ground, on standard fitness equipment (e.g. stationary bicycle, steppers, elliptical machines, treadmills) or on specialized equipment designed to create safe and gravity moderated training environments. 2 


3, 4 ADDIN EN.CITE   Body supported treadmill training systems (BWSTS) initially developed as a translation of basic science findings confirming un-weighted treadmill training could restore the ability to walk post spinal cord injury.


5,6   ADDIN EN.CITE  Over the last few years, the benefits of un-weighting have been extended to a broad range of patients, including those with musculoskeletal impairments. 


2-13 ADDIN EN.CITE 

A key feature of BWSTS is the degree, comfort and convenience of adjustable support. 6  While harness systems are the most commonly used for un-weighting, when high levels of body support are needed or athletes want to practice at high running speeds, patients often complain of pressure, discomfort and sometimes chaffing from the harness. This has led to the development of new body weight support systems.  

     One novel system for un-weighting is the lower body positive pressure system (LBPPS) 2  developed by Alter-G (www.Alter-G.com). 14 This system was originally developed in collaboration with the National Air and Space Administration (NASA) to study the anti-gravity effects of un-weighting astronauts in space.  It was not long before engineers and clinicians recognized the benefit of this type of system for retraining individuals with impairments. In 2008, the Alter-G devices were approved by the FDA for physical rehabilitation and gait training.14
In the LBPPS, the treadmill is enclosed within a waist-high pressurized bag air-chamber, in which the patient stands (Figure 1). During use, pressure inside the chamber is increased until the pressure difference across the waist-seal generates an upward ‘lifting’ force, evenly distributed to the lower body to counter gravitational body weight. As pressure within the chamber is increased, a greater proportion of the patient’s bodyweight is supported (a range of 0% to 80% for patients between 140 and 300 pounds).14 
Using early LBPPS prototypes, Grabowski et al 15 reported the feasibility of reducing ground reaction forces (GRF) while still maintaining metabolic power demands during running.  These researchers also reported individuals could achieve faster running speeds when under conditions of unweighting.


15, 16 ADDIN EN.CITE  When running slowly on the LBPPS (1.0-1.5 mph), it is possible to reduce ground reaction forces by 50 % or more when un-weighted to 27-48% of body weight. However, at faster speeds (3-5 meters/second ;6.6-11 miles per hour), individuals must be un-weighted to 25% of their body weight to maintain the ground reaction forces at the level of walking over ground. Thus, if a physician requested a runner to unload an injured limb to 50% of body weight during healing, the athlete would need to limit running to lower speeds with 50-75% un-weighting.

Ruckstuhl et al 17 compared cardio-respiratory performance, gait parameters and comfort between a laboratory prototype device similar to the LBPPS AlterGTrainer and a traditional harness BWSTS during progressive levels of un-weighting.  Subjects reported significantly greater comfort, greater tolerance for high unloading and a significantly lower heart rate when training on the LBPPS versus the harness based body support system. 
        Neither the study by Grabowkski et al  15,16 or Ruckstuhl et al7 reported on the precision of un-weighting with the LBPPS machines.  With patients healing post injury or post surgery or those with osteoporosis or non-healing stress fractures, it is critical for clinicians to be able to accurately control the body support parameters to ensure patient safety during training. The question is, do the LBPPS Alterg GTrainer P 200 and M 300 provide precise and accurate body un weighting?  

Materials and Methods
Subjects: Three healthy subjects provided signed consent to be photographed and repetitively measured on the LBPPS units.  Subject 1 was male,  6’0” inches in height, weighing 230.6 pounds with a Body Mass Index18 (BMI) of 31.1.  Subject 2 was female, 5’10” in height, weighing 137 pounds with a BMI of 19.9. Subject 3 was female, 5’11” in height,weighing 146. 4 pounds with a BMI of 20.7.   (See Table 1)  The measurements were taken as part of a preliminary quality assurance program for the Physical Therapy Health and Wellness Center at the University of California, San Francisco. This study was approved by the UCSF Committee on Human Research. 
 Equipment: 

         Lower Body Positive Pressure Supported Treadmill System (LBPPS) 

         Two Alter-G machines were used for the experiments, the LBPPS GTrainer P200 and the M320. (See Figure 1) These two units are prototype equivalents to the currently available units.14  For both LBPPS GTrainer P200 and the M320 models, the airtight chamber contains an aperture which surrounds the subject’s waist. The subject wears Alterg neoprene shorts connected at the waist to a bib-skirt, which zippers to the dome roof of the inflatable chamber. The side-walls of the inflatable chamber are secured to the floor of the apparatus, while the sides and dome are free-standing and partially supported by height-adjustable support beams. The interface about the subject’s waist serves to create an air-tight seal between the subject’s waist and the dome of the inflatable chamber. This seal increases air pressure and is transmitted to the subject’s lower-body and chamber dome, resulting in an upward force ranging from 10% to 80% of the subject’s body weight.
         Before therapeutic use, the machine automatically weighs the subject as part of auto-calibration. The subject stands still on the nonmoving treadmill belt inside the trainer. The degree of un-weighting displayed on the control panel after the auto-calibration process is 100% in both the GTrainer and M320. Following auto-calibration, the desired degree of un-weighting is selected using the up/down arrow buttons on the digital-display control panel. The air pressure in the chamber is constantly adjusted during use via an integrated electronic pressure-feedback system designed to maintain a near-constant lifting force between 0% and 80% of measured body weight. The GTrainer (P200) unit allows weight increases or decreases in increments of 1% or 10%, while the M320 unit only allows weight changes in increments of 1% via the digital display panel.  On both machines, to achieve an interval change of 10% in 1% increments, 10 clicks are needed.  On the P 200, it is possible to achieve the 10% interval change by a single click on the 10% button.  After the desired percent of body un-weighting is selected, the machine automatically adjusts the positive pressure within the chamber to apply the appropriate lifting force. 
        Scale for Measuring Overground Body Weight Body Weight


A calibrated electronic body-weight scale (Soehnle 63702, Nassau, Germany)19 was used to measure subject weight over ground, weight post machine calibration and weight following progressive change in body support.  Using the digital scale, each subject’s body weight was measured on flat ground outside of the AlterG unit at atmospheric pressure. The scale was then placed on the nonmoving treadmill of the LBPPS and the subject’s body weight was re-measured before any un-weighting. There were no differences in these two measurements.  Testing on both machine models was the same. 

      The true scale-measured over ground weight is hereafter designated OGW. After calibration and after each change in machine weighting, scaled weight was measured again. This scale-measured machine weight is hereafter referred to as calibrated body weight, CBW. The expected over ground weight (OGWexpected SC) at each 10% change in machine weighting was estimated by multiplying the percent of weighting times the over ground weight at 100% (OGW100%SC).  Thus, when an individual weighs 100# is provided with 20% of body support, the expected scale measured weight at 80% of body weight would be 80# (OGWexpected80% SC). 

        The calibration precision of each LBPPS unit was assessed by determining the mean difference between the scale measured CBW100%SC and the scale measured OGW100%SC for each subject on both machines. Precision of un-weighting/re-weighting was measured by subtracting the expected over ground weight from the scale measured calibrated weight  (CBW90%-20%-90%SC minus OGWexpected90%-20%-90%SC). The CBW-OGW difference in pounds was divided by the expected OGW in pounds to normalize to percent body weight for each subject.  

Research Design and Statistical analysis
This was a repeated measures methodological study. The results are expressed descriptively as means, standard deviations (+/-SD), and Intra-class Correlation Coefficients (ICC). The null hypotheses under test were:  there will be no significant differences in machine calibrated and expected overground weight: l) at 100% of weight (CBW100%SC –OGW100%SC) ;  2) with changes in body support (CGW90%-20%-90%SC – OGW90%-20-90%SC ; 3) with 10% interval weight changes achieved by 1% versus 10% increments 4)  by machine model or 5)  by subject BMI .  Each trial was independent and always started with the measurement of over ground weight followed by machine calibrated weight without un-weighting (100%). Then two separate trials of progressive weight changes were carried by 10% interval changes achieved by changes in 1% increments or 10% increments (total of 17 trials).  Eight comparisons were planned to answer each hypothesis. Statistical analysis was conducted in STATA, version 11 (Stata Corp, College Station, TX.). Alpha was controlled following Bonferroni guidelines using the Dunn method ; t16df =3.15; two tailed; p<0.006.20
Results: 
Mean differences between 100% machine calibrated body weight and 100% over ground weight. 

      For all subjects in all trials, with calibration, the mean CBW100%SC was significantly less than the mean OGW100%SC (-10.9# [3.68 SD]; t>-3.15; p<0.006). The machine calibrated body weight was 6% (SD 0.40%) lower than the over ground weight.  On the Model 320, CBW100%SC –OGW100%SC was 3.77# lower compared to the Model 200 (4% mean;2.6% SD; p>0.006). The calibrated weight was significantly more un-weighted  than the overground weight (CBW100%SC- OGW100%SC) for the subject with a BMI> 30 compared to the subjects with a BMI around 20 (-18.6#  compared to -8.4#;  p<0.006) . 
Mean differences in machine measured bodyweight compared to expected over ground weight during progressive changes in weighting 
          The mean differences for CBW90%-20%-90%SC – OGWexpected90%-20%-90SC for each of the conditions were reliable, with the ICC’s  ranging from 0.979 to 0.999.   None of the differences in machine weighting compared to expected over ground weight were statistically significant.  Across all progressive weighting trials, the mean CBW90%-20%-90SC was slightly more un-weighted than the OGWexpected90%-20%-90SC (-4.55#  [11.38# SD; -1.9% of OGW; t<3.15]. There was slightly greater than expected differences (CGW 90%- 20%SC-- OGW expected90%-20%SC ) during un-weighting compared to re-weighting the subjects. The mean difference of CBW90%-20%-90SC  -OGWexpected90%-20%-90SC for 10% incremental changes was 3.0% (3.1% SD; p>0.006) more un-weighted than the 1% increment of un-weighting.  By machine model, the mean CBW- OGW expected for Model 320 was 4.1% (2.6% SD; p>0.006) more un-weighted (-6.1#) than the Model P200.  (See Figures 2 and 3 for the visual plotting of the differences across changes in body support). With changes in body support (CBW90%-20%-90SC - OGW90%-20%-90SC), the subject with a BMI >30 was slightly but not significantly more un-weighted (0.41#; 4.33# SD) than the subjects with a BMI of 20. 
Discussion: 


The LBPPS treadmill systems allow clinicians to easily validate the accuracy of calibration and progressive weight changes. At 100% body weight, the machine calibrated weight is significantly less than the over ground weight (approximately 6% OGW). This difference in machine calibrated 100% weight compared to 100%  over ground weight was significantly lower for the Model M320 compared to Model P200 and the subject with a high BMI versus a low BMI .  Thus, the null hypothesis for the differences between machine calibrated weight and 100% over ground weight must be rejected. On the other hand, the remaining hypotheses must be accepted.  During progressive changes in weighting, machine calibrated measurements CBS90%-20%-90SC  and OGWexpected 90%-20%-90SC were consistent as measured by high Intra-class Correlation Coefficients and insignificant differences during un-weighting versus re-weighting, at 1 % and 10% interval changes, with both machine models and by BMI . 

      The difference (-6%)  between the calibrated and over ground was not expected.  This difference most likely results from residual air left in the bag after inflation.  The residual air continues to provide some body support. In patients with the high BMI, more air may be left in the bag. The air chamber for the Model M320 is wider than the Model P200 and may retain slightly more air for support. Thus,  if the amount of body support is critical and needs to be exact, then one could factor in this 6% difference.. For example, if the objective is to un-weight an patient to 50% of their bodyweight, then the machine selected un-weighting level could  be 55-56% % rather than 50%.  Once this correction is made, additional changes in body support are only associated with an average  of 1.9% weighting differences between the calibrated and overground weight.   The machines do not show the exact calibrated weight nor the over ground weight.  If a patient is really fragile ( e.g. severe osteoporosis), then further control of un-weighting goals may need to be established by having the patient stand on a scale to record the weight over ground before un-weighting and starting therapy. In terms of Body Mass Index (BMI) levels, further research is needed with a larger group of subjects with a broad range of BMI scores to draw further conclusions regarding  un-weighting corrections needed ..

       The clinical significance of 2-6% inaccuracy of body support is not clear. Given the units achieve un-weighting without causing significant discomfort, this error-range may be of little consequence. However, for subjects where progressive un-weighting and re-weighting is specifically therapeutic to healing (e.g. osteoporosis, stress fractures, non-healing fractures, post surgical repair), and for patients with a history of stress incontinence,  this error could be systematically integrated with existing reports of ground reaction forces and running on the LBBPS. 


15, 16 ADDIN EN.CITE     For example, a physician could recommend 50%  weight bearing walking over ground and jogging on a body supported treadmill. The patient would need to use crutches with partial weight bearing when walking over ground. Then, on the LBPPS, the clinician would have to integrate the desired ground reaction force, the correction for over un-weighting and running speed. For example, jogging at 3.3 mph, un-weighted by 73%, keeps the ground reaction forces at 100%,.  To reduce the GRF to 50%, the patient would need to be un-weighted to approximately 50% of their body weight.  If the 6-8% error of over un-weighting is factored in, then the body weight could be 58%. This may be more comfortable in terms of pressure on the bladder and riding up of the shorts. If the patient wanted to run faster ( e.g. 6.6 mph), then it would not be possible to provide enough body support to reduce the GRF to 50%. At this increase in running speed ( 6.6 mph), even when un-weighted to 25% of body weight, the GRFs remain close to 100% of over ground weight.


15, 16 ADDIN EN.CITE   Even with the additional un-weighting that occurs with calibration and changes in weighting (- 6-8%), it would still not be possible to approach the desired 50% ground reaction force. In our clinic, frail older patients jog at 3.3 to 3.5 mph. However, injured athletes trying to maintain performance want to jog at least 6.0 mph or faster.  It is easy for the patient to increase the speed during training if the therapist or the coach is not closely supervising.. 

Several important observations were made during this current study. Un-weighting as high as 80% of body weight was entirely tolerable. This is likely because the LBPPS is distributed over a much greater body surface area as compared to a harness system. However, at 80% un-weighting, the subject can just barely touch the toes to the treadmill.  While this could be beneficial in severe osteopenia where gentle progressive weight bearing is needed, we discovered when a subject is un-weighted to only 20% of their body weight, there is a feeling of being “pushed out of the bag”, particularly if the subject leans forward.  Thus, it is important to remind subjects to stand tall when un-weighted. Immediately after calibration, we found it was helpful to have the subject try to squat and do lunges at 80% -100% body weight to increase leg flexibility before walking and to “seat” the bag. This decreased the sense of being pushed out of the bag when un-weighting was progressed.  In addition, when unweighted to this degree, patients complained about “creep” of the neoprene shorts. We found we could control this by using tighter-fitting shorts or placing  a strap around the lower edge of the shorts. We also found that subjects could experience urinary stress incontinence when un-weighted to 20-50% of bodyweight, particularly if they did not empty their bladder before training. 

     The Gtrainer (P200 ) allows the percent un-weighting to be adjusted in units of 1%. For new users, and, in particular, when working with debilitated and delicate subjects, the ability to perform fine adjustment at a small degree of un-weighting may be advantageous. It allows the user to acclimate to the experience and to the new degree of joint motion that un-weighting allows. However, for those with a P200 LBPPS, the findings from this methodological study suggests that consistent un-weighting can be achieved quickly (at 10% increments) without loss of accuracy. 

       Patients who require physical rehabilitation because of a neurologic problem (e.g. stroke, spinal injury, neurodegenerative disease, vestibular dysfunction) usually have poor balance and a fear of falling.. The design of the LBPPSGTrainer P200and AlterG320 devices provide protection against falls. Handrails are located on either side of the patient, and the patient’s body is supported by the inflatable chamber which can be adjusted in height. Thus, the LBPPS affords the opportunity for patients to safely ambulate. In some models, the GTrainer has port holes to permit the clinician to reach in enhance symmetry and quality of gait ( e.g. step length, knee flexion, swing through, heel strike). 

This study had some limitations. Only three healthy subjects participated. However, many trials of measurement were taken. We had multiple questions to answer (e.g. 8 comparisons). We controlled for the risk of a Type I error, but this is associated with an increased risk of a less serious Beta error, accepting the null hypothesis when it should be rejected. We did not evaluate the ability of the LBPPS system to maintain accuracy of un-weighting during walking and running in the chamber.  This would have required special equipment that was not available to us. However, the machine continually adjusts the air pressure to compensate for any air lost between the bag and the subject. When the discrepancy drops below a certain level, there is an automatic shut off.  This study also did not evaluate accuracy of weighting by subject height and height adjustments of the chamber. We also did not formally assess comfort and stress of potential incontinence during different degrees of un-weighting. This study is underway.

Conclusion:
   . In the LBPPS systems, calibrated body weight is 6% lower than overground weight. However,progressive machine un-weighting is  consistent with expected overground weight.  Thus, when training in the face of fragile healing and repair, both models of the  LBPPS treadmill system by Alter-G Inc. can be  reliably adjusted to desired body support. 

KEY POINTS

FINDINGS: The lower body air distributed body weight supported treadmill system by Alter-G (LBPPS G-Trainer and Model 320 ) uniquely supports patient body weight with air pressure. Some air remains in the bag after calibration, providing an initial un-weighting of 6% less than overground weight. Progressive changes in un-weighting and  re-weighting in 10% intervals are accurate and reliable.  IMPLICATIONS:  Clinicians can integrate biomechanical information on ground reaction forces during  walking / running to reliably select the appropriate  machine un-weighting to allow patients to safely train in the face of  healing and recovery or chronic impairments.   
CAUTION: The findings from this study of LBPPS body un-weighting systems may not be generalized to the precision of other harness based body un-weighting treadmill systems designed for gait training.
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