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B1.	PURPOSE OF PROTOCOL
	To evaluate the effects of Tai Chi—a mind-body exercise––on age-related loss of physiological complexity (using fractal and entropy based measures), and to understand the relationship between complexity, function and adaptability, we will conduct a two-arm prospective randomized clinical trial.  Our overarching goal is to evaluate if six months of Tai Chi training, compared to a waitlist control receiving standard medical care, can enhance physiological complexity and adaptability in older Tai Chi-naïve adults.  Secondary goals of the study are to characterize the relationship between complexity biomarkers, measures of function, and resilience. This pilot study will inform a future more definitive trial by providing information on recruitment and retention, compliance, dose-dependent effects, preliminary estimates of effect size, and the optimal biomarkers of complexity, function, and adaptive capacity. 
 
Specific Aim #1: To determine if 6 months of Tai Chi training can increase complexity, function, and adaptive capacity of multiple physiological systems in older healthy adults.  Sixty healthy older adults (50-79y) naïve to Tai Chi will be recruited from the Boston community and randomized to either 6 months of Tai Chi training or to a waitlist control. Measurements of complexity, adaptive capacity, and function will be assessed at baseline, 3, and 6 months. Dynamics of cardiovascular (heart rate), balance (center-of-pressure displacement), and locomotor (gait stride interval) systems will be quantified using indices derived from two complementary analytic methods developed by members of our team––detrended fluctuation analysis26 and multi-scale entropy.6 Function will be characterized by exercise capacity, clinical measures of balance, lower and upper extremity strength, cognitive function, and health related quality of life. Adaptability of multiple physiological systems will be assessed using common perturbations including: heart rate responses to posture change, center of pressure (i.e. balance) responses to a dual cognitive task and closed eyes, and c) gait responses to dual cognitive task. In addition to informing the feasibility of a future trial, outcomes will provide preliminary data to evaluate the following hypotheses.

Hypotheses  Compared to the control group: 
H.1.a) Those who participate in Tai Chi will exhibit higher levels of complexity across all measured physiological systems; 
H.1.b) Those who participate in Tai Chi will exhibit higher levels of physical and cognitive function; 
H.1.c) Those who participate in Tai Chi will exhibit higher levels of adaptive capacity; 
H.1.d) The magnitude of the effects of Tai Chi on physiological complexity, function and adaptive capacity in healthy older adults will be positively correlated with age.  

Specific Aim #2: To determine the relationships between biomarkers of physiological complexity, conventional measures of function and adaptive capacity.  Statistical regression models will be used to determine relationships, both at baseline and overtime, between a) complexity biomarkers and measures of physical and cognitive function, and b) complexity biomarkers and adaptive capacity. Elucidating these relationships will further inform the interpretation of complexity biomarkers and provide insights into underlying component mechanisms contributing to complex physiological dynamics.

Hypotheses   At baseline:    
H.2.a) Measures of complexity are positively correlated with physical and cognitive function;  
H.2.b) Measures of complexity are positively correlated with adaptive capacity. 
		    Over time:
H.2.c) Changes in complexity are positively correlated with changes in physical and cognitive function;  
H.2.d) Changes in complexity are positively correlated with changes in adaptive capacity.

Specific Aim #3: To determine cross-sectionally if long-term Tai Chi training (> 5 years) is associated with greater complexity, function, and adaptive capacity of multiple physiological systems in older healthy adults, when compared with Tai Chi naïve and novice (≤ 6 months training) Tai Chi practitioners
Hypotheses  Compared to Tai Chi naïve and novice Tai Chi practitioners: 
H.3.a) Long-term Tai Chi practitioners will exhibit higher levels of complexity across all measured physiological systems; 
H.3.b) Long-term Tai Chi practitioners will exhibit higher levels of physical and cognitive function; 
H.3.c) Long-term Tai Chi practitioners will exhibit higher levels of adaptive capacity; 
H.3.d) The magnitude of the effects of long-term Tai Chi training on physiological complexity, function and adaptive capacity in healthy older adults will be positively correlated with age.  

 Specific Aim #4: To determine cross-sectionally if age is associated with greater complexity, function, and adaptive capacity of balance and gait in young healthy adults, when compared with to older adults 
Hypotheses  Compared to older adults and a young adult comparison group: 
H.3.a); The magnitude of physiological complexity, function and adaptive capacity will be positively correlated with age.   
H.3.b) Young adults will exhibit higher levels of adaptive capacity of balance and gait. 






B2.	SIGNIFICANCE AND BACKGROUND FOR THE STUDY
	Aging and the need for translational research
Understanding the biology of aging and age-related disease is a growing priority in the U.S. By 2030, the U.S. population aged 65 and older will double to about 71 million older adults––i.e. one in every five Americans.27 This demographic shift is projected to increase U.S. health care spending by 25%. Accordingly, key components of the National Institute on Aging/NIH strategic plan include the development of biomarkers and innovative methodologies that improve our understanding of healthy aging and age-related disease, and the evaluation of novel interventions for the elderly. The use of complexity markers to evaluate Tai Chi and age-related physiological processes directly targets these initiatives.  

Complexity as a framework for understanding health and aging  
Healthy aging and physiologic function requires the complex integration of multiple control systems, feedback loops, and regulatory processes that enable an organism to adapt to the exigencies of everyday life. Control systems of the human body exist at molecular, cellular, organ, and systemic levels of organization, and operate over multiple time scales. To date, the predominant paradigm of medical research has been a reductionist one—i.e. dividing complex problems into smaller and simpler components and evaluating the relevance of these isolated components to physiological function and health.28,29 This ‘bottom-up’ approach has and continues to be extremely informative. However, there is a growing appreciation that a more ‘top down’, holistic/integrated approach to medical research and care is necessary to complement the predominant reductionist approach.28,29 Aging, itself, is a complex, systemic phenomenon that manifests from concomitant deterioration of multiple molecular, cellular, and organ systems. The progressive impairment in physiologic control systems and regulatory processes leads to diminished physical and cognitive function and to a decreased ability to adapt to stress.3,4,30 Due to its capacity to characterize complex dynamics within and between physiological systems, the emerging field of complex systems biology and its array of quantitative tools, show great promise for improving our understanding of aging, monitoring senescence, and for evaluating novel interventions, including complementary and alternative therapies, that treat age-related disease and promote healthy aging.7,8 

Measurement of complexity
Generally speaking, complex signals typically exhibit one (and usually more) of the following properties: (i) non-linearity–the relationships among components are not additive; therefore small perturbations can cause large effects; (ii) non-stationarity–the statistical properties of the system’s output change with time; (iii) time irreversibility or asymmetry–systems dissipate energy as they operate far-from-equilibrium; (iv) multiscale variability–systems exhibit spatio-temporal patterns over a range of scales.8 
 Regardless of the underlying mechanisms of non-linear dynamics in physiologic systems, a robust body of research has demonstrated that indices of complexity can serve as sensitive and meaningful biomarkers. For example, complexity measures related to HR dynamics are stronger predictors of mortality in the elderly and post-myocardial infarction9,10 than linear spectral measures of heart rate variability. Non-linear measures of HR dynamics also: (1) are independent predictors of survival in patients with depressed left ventricular function37 and heart failure38,39; (2) are predictors of vulnerability to life threatening arrhythmia40; (3) can distinguish subjects with coronary artery disease from healthy controls41; and (4) can identify frailty in elderly populations.42 Similarly, complexity measures of center of pressure dynamics have been shown to discriminate athletes with head traumas better than conventional balance and function tests,43,44 and measures of gait dynamics more effectively distinguish fallers from non-fallers45,46 and provide helpful markers for characterizing neuromuscular disorders such as Huntington’s, ALS, and Parkinson’s disease.47,48
A number of techniques have been developed to quantify the dynamics of complex biological signals. Approaches derived from the fields of nonlinear dynamics and statistical physics include those based on the concepts of fractals and entropy. Generally speaking, indices of complexity differ from the conventional linear methods because the former considers the dynamics of the output; i.e., the moment-to-moment quality, scaling, and correlation properties of signals.13 

Aging and loss of complexity
Aging is traditionally associated with the process of decline in physiological function.55 A central premise of this application, initially hypothesized by members of our team,3,56 is that physiological aging results from gradual changes in the underlying mechanisms of physiological control (i.e. regulatory networks of nonlinear feedback loops), leading to changes in physiological dynamics. Under this hypothesis even healthy subjects exhibit breakdown of certain feedback loops acting at different time scales in the regulation of physiological systems. This breakdown leads to a loss of physiological complexity. Below we summarize studies supporting this hypothesis, focusing on age-related loss in complexity in cardiovascular, locomotor, and balance systems.
Age-related loss of complexity in cardiovascular systems  
Several studies have shown loss of heart rate (HR) complexity with aging.12,13,56,57 Pikkujammsa12 quantified variation in heart rate over 24 hrs using fractal and entropy-based measures. Participants included 114 healthy subjects ranging from 1 to 82 years old. When data were analyzed using broad age groups, children (<15 years old) and young adults (<40 years old) showed similar high levels of HR complexity. However, in older individuals, i.e. 40-82 years old, average complexity was lower and a statistically significant and progressive loss of complexity with age was observed. Using similar complexity indices, Beckers and colleagues13 evaluated HR dynamics of a total of 276 men and women between the ages of 18 and 71. Complexity indices were negatively correlated with age above, but not below the age 40y. As discussed above, loss of complexity in HR dynamics has been associated with cardiovascular disease and risks.  

Age-related loss of complexity in locomotion and balance 
Gait dynamics and aging:  In one of the first studies to evaluate fractal properties of gait dynamics, members of our team evaluated fluctuations in the duration of stride cycles of healthy young men.63 Detrended fluctuation analysis (DFA) confirmed that stride-to-stride variation clearly exhibited long-range self-similar correlations extending over hundreds of steps. Subsequent studies have demonstrated that fractal-like gait fluctuations are present over longer intervals, at different speeds, and even when participants run or walk on treadmills.64-66
To test the hypothesis that quantitative measures of gait dynamics might be altered in elderly fallers, Hausdorff 11 compared gait dynamics in ambulatory community-dwelling older adults who were assessed at baseline and then followed for 12 months, monitoring fall status weekly. During the follow-up period, 20 of the 52 subjects reported a fall. Those who fell had reduced long-range fractal correlations in stride intervals. In contrast, measures of average gait speed and muscle strength did not differ between fallers and non-fallers. Other cross sectional studies also suggest that measures of gait dynamics and variability discriminate fallers from non-fallers45,46, and can characterize neuromuscular disorders such as Huntington’s, Parkinson’s disease, and ALS.16,47,48 These findings highlight the potential clinical utility of complexity-related measures of gait dynamics and their ability to provide quantitative measures that effectively characterize gait health and fall risk.  

Balance dynamics and aging:  A number of studies have showed that under resting conditions, COP time series exhibit complex variability over a broad range of time scales, and that that this complexity declines with age.15,62,67,68 For example, Costa and other members of our team15 evaluated short-term COP dynamics in 15 healthy young adults (avg. 27y), 22 healthy elderly adults (avg. 75y), and 22 elderly fallers (avg. 74y). Ten 30 second trials of quiet standing were used to capture COP velocity and displacement in both the antero-posterior (AP) and mediolateral (ML) planes. These trials were analyzed to calculate entropy-based complexity indices using multiscale entropy (MSE). For velocity measures, complexity indices in both the AP and ML plane were significantly different for all three groups; highest in young healthy and lowest in elderly fallers. Parallel trends were observed for COP displacement, but only differences in the AP plane were statistically significant. Similarly, Duarte and Sternad62 compared fractal (DFA) and entropy measures (MSE) of COP dynamics in 14 older (avg. 68y) and 14 younger (avg. 28) adults during a short (60 sec) and long (30 min) quiet standing task. Fractal-based measures suggested that complexity was lower in older subjects, but age-related trends were less clear using entropy measures, and were contingent on the duration of the standing period. 
	Members of our team recently evaluated complexity in COP dynamics from 551 participants (avg. 77.9y) whose frailty phenotype (not frail, pre-frail, or frail) was determined using standard criteria.142 Complexity of COP dynamics was quantified using MSE. Compared to the non-frail, MSE of COP was lower in pre-frail and frail groups (p<0.002). Although traditional linear measures of balance (root mean square amplitude of sway) were also associated with frailty, statistical models indicated that only MSE independently predicted frailty status after accounting for other physiologic determinants of balance such as age, vision, lower extremity strength, peripheral neuropathy, and frontal-executive cognitive function. MSE apparently quantifies an aspect of frailty not captured by other measures.   

Complexity and adaptability
An important premise underlying this application is that the complexity of physiologic control systems serves an important purpose; it enables the organism to mount a focused adaptive response in order to perform a specific task or overcome an external stress. Therefore, baseline system complexity should predict one’s ability to adapt. The evidence supporting this hypothesis is still limited.

Complexity and cardiovascular adaptability: Blood pressure dynamics during standing provide one example of reduced adaptive capacity associated with age-related reduced complexity. In the supine resting state, BP oscillations produce a broad-band frequency spectrum with fractal (1/f) properties.56 When a healthy young subject is tilted upright to mimic standing, the BP frequency spectrum becomes less complex, giving rise to low frequency “Mayer waves” with a dominant frequency at about 0.1 H.69 This low frequency BP oscillation is thought to result from baroreflex-mediated vasomotor activity that counters the reduction in venous return to the heart through sympathetic activation and vasoconstriction, and prevents BP overshoots through sympathetic withdrawal and vasodilation. This feedback mechanism keeps BP in the range necessary to ensure adequate organ perfusion. Consistent with our hypothesis, elderly subjects have less complexity in BP dynamics in the supine position,56 and often fail to develop baroreflex-mediated systolic BP oscillations when tilted upright.70 This impairment may be associated with orthostatic hypotension or vasodepressor syncope. 

Complexity and responses to dual tasks during balance: During the past two decades, increasing evidence suggests that healthy balance and gait are not simply automated motor functions, but functions that require higher-level cognitive input.71,72 Consequently, dual task studies that require a subject to split their attention between cognitive functions (e.g. simple arithmetic tasks) and motor control provide a convenient perturbation paradigm for studying gait and balance.73
In the study described above evaluating COP dynamics as a marker for frailty,142 our team also explored the effects of a dual cognitive task (counting backwards by 3’s from 500) on COP dynamics. Complexity of COP dynamics decreased significantly with dual tasking for all three groups evaluated (non-frail, pre-frail, frail). While not statistically significant, the magnitude of loss of COP complexity was lowest in the group with the highest baseline complexity (non-frail; 27% reduction) and greatest in the group with the lowest baseline complexity (frail; 81% reduction). This study suggests that cognitive tasks are valid perturbations for evaluating adaptive capacity to balance, and that loss of complexity may limit responsiveness to perturbations.
 Our proposed study will contribute significantly to further evaluating the hypothesis that complexity during basal conditions improves the ability of physiological systems to adapt to perturbations. Importantly, we propose to evaluate complexity and adaptive capacity of three different physiologic systems (cardiovascular, balance, and locomotor) within the same cohort of subjects, thus allowing us to compare/contrast complexity-related characteristics of different systems, and how they vary with Tai Chi training.  

Restoration of complexity  
Only a limited number of studies have evaluated whether age- or disease-related loss of complexity can be restored to physiologic systems. Tulppo et al74 demonstrated that 8-weeks of a moderate- and high-volume aerobic exercise training program in sedentary healthy young adults increased fractal-like correlations in HR data. Heffernan et al75 demonstrated that 6 weeks of resistance training in healthy young men improves fractal properties of HR dynamics. Finally, members of our team demonstrated that subsensory mechanical noise applied to the feet via vibrating insoles can restore COP complexity in elderly subjects and those with diabetic neuropathy and stroke.15,76
 Given the limited research evaluating if age-related loss of complexity can be restored, testing the hypothesis that Tai Chi training is associated with improved complexity in multiple physiologic systems will represent a significant contribution to the field of aging research.

Tai Chi    
Tai Chi, also referred to as Taiji, Tai Chi Chuan or Taijiquan, is a mind-body exercise that originated in China, and that is growing in popularity in the West. Tai Chi is based on slow intentional movements, often coordinated with breathing and imagery, that aims to strengthen and relax the physical body and mind, enhance the natural flow of ‘qi’ (or life energy), and improve health, personal development, and in some systems, self defense.77 Recent surveys suggest that approximately 5 million Americans have practiced Tai Chi, and this number is increasing.78,79 Tai Chi shows great potential for becoming widely integrated into initiatives related to healthy aging. Tai Chi appears to be safe, even for the elderly and deconditioned, and clinical and community based studies report high adherence and enjoyment. Moreover, Tai Chi may be relatively cost-effective, requiring no special equipment or facilities. For these reasons, a growing body of clinical research has begun to evaluate the efficacy of Tai Chi as a therapy for a variety of age-related health issues; this research has been critically evaluated in recent reviews.21,22,80-84   

3.8.1  Research evidence
Cardiovascular systems:  Numerous studies suggest Tai Chi may positively impact cardiovascular health. Both cross-sectional and longitudinal studies indicate that Tai Chi training is associated with improved cardiorespiratory fitness, aerobic capacity and functional status.85-88 Randomized trials in cardiovascular populations have reported that Tai Chi favorably affects symptoms of heart failure,20,90 coronary artery disease,91 and recovery from coronary bypass surgery and infarction.92,93 However, studies evaluating the effects of Tai Chi exercise on HR dynamics are very limited. In one small study, elderly adults were randomized to 12 weeks Tai Chi vs. brisk walking.95 Following the intervention, linear frequency domain analyses showed trends towards increases in high frequency power and decreased in low frequency power in the Tai Chi group, but not the walking group. Both trends were interpreted as improvements in autonomic balance. A few other studies have evaluated the acute effects of Tai Chi on heart rate variability.96,97 However, we are not aware of any published studies evaluating the impact of Tai Chi on non-linear measures of HR dynamics. Our proposed research will add significantly to our understanding of how Tai Chi impacts cardiovascular health and aging as reflected by biomarkers of HR complexity.

Balance system:  The positive effects of Tai Chi on balance and postural control have been summarized in a number of systematic reviews.21,98,99 For example, we conducted a systematic review of Tai Chi’s effects on balance.100 Of the 24 studies that met our inclusion criteria, 18 (including 8 RCTs) showed evidence that Tai Chi improves outcomes related to balance (e.g. greater single leg balance times, lower extremity strength and flexibility, and reduced fear of falling). In contrast, the benefits of Tai Chi for reducing falls during daily activities is less clear.101 While a number of large, sound RCTs have reported that Tai Chi significantly reduces fall risk in older adults,102-107 other studies have reported only modest108,109 or no effects.110-112 Tai Chi’s impact on postural sway is similarly ambiguous. While some studies have reported that Tai Chi reduces linear measures of sway (i.e, average sway area or velocity),113-116 these improvements are generally only observed under challenging conditions (e.g. standing with absent or conflicting sensory feedback).117-119 A hallmark study by Wolf and colleagues106 compared the effect of 15 weeks of computerized balance training vs. Tai Chi on postural sway and fall risk in older adults. Balance training, but not Tai Chi, reduced the average magnitude and velocity of sway. Under certain conditions, average sway magnitude was actually greater following Tai Chi. Interestingly, however, the risk of falling was significantly reduced only in the Tai Chi group (adjusted RR 0.51 vs. 0.98 for Tai Chi and balance training, respectively). Wolf and colleagues105 suggested that Tai Chi-related changes in fall risk may be due to factors other than average sway characteristics. They also suggested that the inherent aim of Tai Chi training might not be to reduce sway, but rather to provide corrective skills and improve confidence for managing postural instability. These results intrinsically suggest that the non-linear measures we propose in this application, which focus on quantifying the moment-to-moment control of postural sway, may afford unique insight into Tai Chi’s effect on balance and mechanisms of postural control. 
Locomotor system: Relatively few studies have examined the effects of Tai Chi on long range gait dynamics. However, research combining various motion analysis systems and electromyography has begun to characterize unique properties of Tai Chi movements that may contribute to healthy gait. For example, descriptive studies of Tai Chi practitioners have reported that compared to normal gait, lower extremity movements during Tai Chi have: longer cycle duration and longer duration of single-leg stance time; greater ankle, knee, and hip joint motion; a larger lateral body shift; distinct plantar pressure distributions; and greater and unique patterns of lower extremity muscle activation.23,120-124 In a longitudinal study of frail elders, Hass et al125 reported that 48 weeks of Tai Chi training improved neuromuscular coordination and the mechanism by which forward momentum is generated during gait initiation. Gatts and Woollacott evaluated the effect of simulated slips on balance-impaired older adults following musculoskeletal surgery.126 Compared to a standard care control group, Tai Chi training reduced instability following slips; i.e. gait showed greater center of gravity movement without destabilization. A companion study also revealed faster reaction times of lower extremity muscles (assessed with electromyography) in the Tai Chi group.127 Faster neuromuscular reaction times following perturbations have also been reported in cross sectional studies comparing long-term Tai Chi practitioners to healthy sedentary controls or practitioners of other sports.128-131  
		These studies suggest that Tai Chi may improve certain gait characteristics and the capacity of the locomotor system to respond and adapt to physical stresses. However, nearly all of the above studies were based on average stride characteristics, with averages typically derived from multiple trials of very few gait cycles (e.g. 2-3 steps!). Surprisingly, few Tai Chi studies have assessed gait dynamics over longer distances/times94,109-111,132 In a few studies which have assessed gait over relatively longer periods of time, improvements in standard measures such as average gait speed are often not correlated with fall risk, balance and other functional measures.109,133,134 Our proposed study will advance our understanding of Tai Chi’s impact on the locomotor system by employing indices of complexity to accurately characterize long-term inter-stride dynamics, as well as the ability of the locomotor system to adapt to stress induced by cognitive dual tasking. 






B3.	DESCRIPTION OF RESEARCH PROTOCOL
A. Study Design – Overview, Methods, Procedures

	[image: ]We propose a two-arm prospective randomized clinical trial with non-randomized third group to evaluate the effect of Tai Chi on age-related loss of complexity. 

Arms 1 and 2  will consist of a total of 60 Tai Chi–naïve healthy older adults (aged 50-79) will be randomized to either six months of Tai Chi training, or to a waitlist control receiving standard medical care. Our primary outcomes are complexity-based measures of cardiovascular (heart rate, HR), balance (center of pressure, COP) and locomotor (stride interval) dynamics assessed at 3 and 6 months.  Secondary outcomes include measures of physical and psychological function and tests of physiological adaptability also assessed at 3 and 6 months. A secondary goal of this study is to characterize the relationship between complexity biomarkers, measures of function, and adaptability. This pilot study will inform a future more definitive trial by providing information on recruitment and retention, compliance, dose-dependent effects, preliminary estimates of effect size, and the optimal biomarkers of complexity, function, and adaptive capacity. Figure 1 summarizes the overall study design.

Arm 3 (Tai Chi Expert Group): A total of 30 healthy older adults (aged 50-79) each with over 5 years of Tai Chi practice will comprise the third group of this study. In a single visit, primary outcomes related to complexity-based measures of cardiovascular (heart rate, HR), balance (center of pressure, COP) and locomotor (stride interval) dynamics), as well as secondary outcomes related to physical and psychological function and tests of physiological adaptability will be assessed. This group of Tai Chi experts will serve as a ‘gold standard’ of what the long-term physiological impacts of tai chi training might provide, and thus serve as an informative reference population to our current Tai Chi Naïve and Tai Chi Novice (i.e. after 6 months training) groups.

Arm 4 (Young Comparison Group): A total of 15 healthy young adults (aged 25-35) with no prior Tai Chi experience will comprise the fourth group of this study. In a single visit, primary outcomes related to complexity-based measures of balance (center of pressure, COP) and locomotor (stride interval) dynamics, as well as secondary outcomes related to physical function and physiological adaptability will be assessed. This group of healthy young adults will serve as a reference comparison group for balance and gait measures before any age-related decline begins.
Tai Chi intervention
All Tai Chi instruction will take place at one of the Tai Chi schools within our research network, which was established and used in a prior NIH funded Tai Chi trial of ostepenic women (BIDMC protocol # 2007P––000162). These schools were chosen to meet specific criteria ensuring they provide valid, stable Tai Chi programs led by experienced teachers. Importantly, since participants are being asked to make a six month commitment to Tai Chi training, allowing them to receive training at a school they choose within their community will increase the likelihood of protocol adherence. Administering the intervention through community Tai Chi schools also affords a high level of ecological validity, as participants will be exposed to a number of traditional components of Tai Chi training that are often absent in fixed protocols provided in medical settings.77,152 Finally, because of the inclusion of multiple Tai Chi instructors and well-defined but slightly varying protocols, the results of this study will have good generalizability—applying not only to a single protocol of Tai Chi taught by one teacher, but to a range of approaches that share a common, well-defined set of criteria.
	Participants randomized to Tai Chi will be required to attend, on average, two classes per week over the six months of the intervention. They will also be asked to practice a minimum of 30 minutes, two additional days per week. The majority of schools in our network provide DVD’s or printed materials to facilitate home practice. Compliance with this training schedule will be monitored using a combination of class attendance cards that are signed by Tai Chi instructors following each visit, and participant-completed home practice logs employing protocols developed in our current Tai Chi for osteopenia study. Participants will be asked to send class attendance and home practice logs to study staff monthly using prepaid envelopes provided at the beginning of the study. If attendance and/or practice logs are not submitted on time, the study coordinator will call the participant within 7 days of the due date. Effort will be made to keep subjects actively engaged in the protocol. If a participant is non-compliant, the study coordinator will contact the participant and work with them to overcome any barriers to participation. 



Measurement protocols
Overview of measurement protocol   
All three arms of the study will complete our baseline measurement protocol including acquisition of 1) steady-state dynamics of the cardiovascular, locomotor and balance control systems, 2) measures of the ability of these systems to respond to imposed stressors, and 3) more traditional measures of function and Health Related Quality of Life (HRQOL). Additionally, traditional linear outcome measures for heart rate variability, gait, and balance will be assessed for comparison with complexity measures. All measurements will be assessed at baseline. Only Arms 1 and 2 (Tai Chi Novices and Control Group) will repeat all measures at 3 and 6-months. All outcome assessors will remain blinded with respect to treatment allocation. Table 1 provides a summary of these measures, as well as additional screening tools.

Table 1.   Summary of outcomes and measures and associated variables (see below)



















	Temporal dynamics during steady-state conditions
	Physiological measure
	Testing methods
	      Outcome variable

	
	Heart rate (HR)º
	Beat-to-beat variation measured using ECG for a 30 minute during seated quiet resting   
	HR complexity

	
	Standing balance 
	Center of pressure (COP) dynamics during quiet standing with eyes open
	COP complexity


	
	Gait  
	Stride–to-stride interval at preferred speed during a 20 minute period
	Stride complexity


	Adaptive capacity 
	Heart rateº 
	Sit to stand test
	Max change in heart rate

	
	Standing balance 
	Eyes closed
Cognitive dual task

	Change in COP complexity 
Change in magnitude of COP 
displacement

	
	Gait  
	Cognitive dual task
	Change in average stride 
variability 

	Function and HRQOL
	Exercise capacity
	Max walking speed
	m/sec

	
	Musculoskeletal strength/power
	a. Lower extremity power (Jump test)
b. Grip strength (dynamometer)
	a. Maximum height of 
jump (cm)
b. kg

	
	Timed Up and Go (TUG)
	Standardized test of time to rise from chair, walk 10 feet to and from cone, return to seated position
	Functional status

	
	Functional reach 
	Subject reaches forward with hand and arm
extended and parallel to a yardstick at
shoulder height to reach as far as possible without taking a step
	Functional Status

	
	Clinical balanceº
	Single leg balance with eyes open and closed
	Maximum time on balance 

	
	Range of motionº 
	a. Goniometry of lower extremity (hips, knees, ankles bilaterally)
b. Sit and reach test (back and leg flexibility)
	a. Degrees of motion

b. cm

	
	Respiration rateº
	Nasal thermoster attached to volume gas monitor
	Breathing frequency 

	
	Electrical potential
	Skin surface electrical potential 
	Skin surface electrical potential                      at select segments along                          arms and legs

	
	Moodº
	Profile of Mood States 
	Indices of 6 domains of mood

	
	Cognitive functionº
	Trail Making Test A and B
Controlled Oral Word Association Test
Backwards Digit Span Test

	Time to complete test (sec)
Number of words recalled/min
Number of digit sequences 
correctly repeated

	
	HRQOLº
	SF-36
	Indices of physical and 
mental health in 8 domains

	
	Physical activityº

	Physical Activity Status Scale 
Arm 3 ONLY: Frequency of Tai Chi and related exercise training
	Index of physical activity 
during prior week

	Protocol adherence, screening, and potential confounders
	Tai Chi training*º
	Teacher reported class attendance records 
Self-reported home practice logs
	Numbers of classes/month
Hours of home practice/month 

	
	Cognitive function
	Mini-mental state exam

	Index reflecting 5 domains of 
cognitive health

	
	Expectancy regarding intervention*º
	Expectancy/credibility questionnaire
	Numerical scale (1-5)

	
	Satisfaction regarding intervention*º
	Satisfaction questionnaire
	Numerical scale (1-5)

	
	Exit Interview*º
	Qualitative exit questions concerning study experience. 
	Six open-ended questions


(Key provided on following page)
* Arm 3 (The Tai Chi Expert Group) will not be subjected to these measures.
º Arm 4 (Young Comparison Group) will not be subjected to these measures. 


Flow of participant through protocol measurements (Arm 1,2, and 3)
All testing will take place in the Syncope and Falls in the Elderly (SAFE) laboratory, located within the CRC at BIDMC. Subjects will be asked to arrive at the laboratory between 8:00 -10:00 a.m. We expect testing to occur for approximately 4 hours. Participants will first meet with a CRC study nurse who will confirm eligibility questions asked during the phone screen. A study investigator will then ask participants to review and sign the informed consent form. The CRC study nurse will then review participant’s health history, obtain vital signs, ECG, height and weight. Study personnel will implement the mini-mental state exam. Participants that meet all eligibility criteria will then undergo standard study related measurements that will be conducted by Dr. Manor and/or a TBD research assistant, with oversight by Dr. Novak, the SAFE laboratory director.
The sequence of testing we will employ is based on protocols regularly conducted in the SAFE laboratory,140,153 and has been designed to minimize fatigue and patient burden, and maximize the quality/validity of the data collected. Each stage of testing, as well as repeated assessments of specific tests, will be separated by an appropriate resting period. The total time for completion of measurements is estimated to be 4 hours. The general order of procedures is as follows:
a. Fitting of HR instrumentation, measurement of resting HR dynamics, sit-to-stand test, and timed up and go test
b. Steady state and challenged center of pressure (balance) testing     
c. Preferred speed stride dynamics and dual task walking
d. Break with snack  
e. Completions of cognitive, mood, HRQOL, and exercise behavior instruments
f.  Physical function tests (maximum walking speed, balance, jumping height, grip strength, range of motion) 

Flow of participant through protocol measurements (Arm 4 – Young Comparison Group)
All testing will take place in the Syncope and Falls in the Elderly (SAFE) laboratory, located within the CRC at BIDMC. We expect testing to occur for approximately 2 hours. Participants will first meet with a CRC study nurse who will confirm eligibility questions asked during the phone screen. A study investigator will then ask participants to review and sign the informed consent form. The CRC study nurse will then review participant’s health history, obtain vital signs, height and weight. Study personnel will implement the mini-mental state exam. Participants that meet all eligibility criteria will then undergo standard study related measurements that will be conducted by Dr. Manor and/or a TBD research assistant, with oversight by Dr. Novak, the SAFE laboratory director.
The sequence of testing we will employ is based on protocols regularly conducted in the SAFE laboratory,140,153 and has been designed to minimize fatigue and patient burden, and maximize the quality/validity of the data collected. Each stage of testing, as well as repeated assessments of specific tests will be separated by an appropriate resting period. The total time for completion of measurements is estimated to be 2 hours. The general order of procedures is as follows:
a. Timed up and go test
b. Steady state and challenged center of pressure (balance) testing     
c. Preferred speed stride dynamics and dual task walking
d. Physical function tests (maximum walking speed, balance, jumping height, grip strength, range of motion) 

Details of measurement procedures 
             Cardiovascular measures: Steady-state HR dynamics will be assessed during seated rest with spontaneous breathing. To collect the sufficient number of heartbeat cycles for complexity measures, HR will be assessed for 30 minutes. Additionally, two 5-minute periods of HR dynamics will also be assessed during paced breathing (15 and 6 breaths per minute); paced breathing will enable the assessment of cardiovascular dynamics and linear measures of HR variability while controlling for the potentially confounding effects of respiration.154 During each breathing pattern, HR and respiration patterns will be simultaneously measured. Heart rate will be recorded using a 3-lead electrocardiogram attached to a light-weight (<300 g) wearable ME6000 data acquisition computer (Mega Elektronika, Inc). Respiration will be measured using a nasal thermistor attached to an infrared end-tidal volume gas monitor (Capnomac Ultima, Ohmeda Inc.).  Beat-to-beat blood pressure will be measured from a cuff placed on the finger using a Portapress-2 device (FMS, Inc), and galvanic skin conductance will be measured using an AD Instrument MLT116F (AD Instrument, Colorado Springs, CO).  
The effects of perturbation to the cardiovascular system will be evaluated from the well-validated sit-to-stand test.155 Standing following prolonged sitting (≥5 min) results in an immediate elevation in HR, with relative greater change in HR response reflective of impaired cardiovascular regulation. The maximum change in HR (ΔHR) evoked from the sit-to-stand test will be quantified. ΔHR will be calculated by subtracting the minimum HR during sitting from the maximum HR during the subsequent bout of 1 min standing. 

            Balance measures: Steady-state standing balance dynamics will be assessed during eyes-open quiet standing as well as sitting.  With arms at the side and bare feet shoulder width apart, subjects will be asked to stand as still as possible and to visually fixate on an “X” drawn on a wall approximately 3m away at eye-level. Center of pressure (COP) displacement will be recorded with a standard force plate (Kistler Instruments Corp, Amherst, NY). To collect sufficient COP data for complexity analysis, 1 min of continuous standing will be completed. This protocol will repeat for the sitting component of the test, with modifications made for the now seated subject. 
The effects of visual and cognitive perturbations will also be evaluated. For the visual perturbation, subjects will stand similar to above, except with eyes-closed.58 For the cognitive perturbation, subjects will perform the dual task of counting backwards, out loud, in multiples of three, while attempting to repeat the steady-state protocol. Subjects will wear an MP3 recording device attached to their person or nearby to record verbal dual task cognitive test performance. This cognitive dual-task is commonly used to challenge standing balance in both healthy and movement disordered populations.72 To avoid potential effects of learning, subjects will begin each trial from 500, 499, or 498, in random order. 
           To account for potential trial-to-trial variability, three 1 min trials will be completed for each condition (steady-state, eyes-closed, dual task). Trials will be randomized and at least one minute rest will be given between each trial. During the first trial, the subject’s feet will be outlined with chalk to ensure consistent foot placement. A trained spotter will provide stabilizing assistance if necessary.             
             As one's balance is influenced by breathing, the effects of breathing frequency on standing balance will also be examined during one 4 min trial of standing on the force plate.  Following 30sec of normal breathing, subjects will be asked to breath in rhythm to a metronome for three minutes. Metronome frequency will change every 30sec to obtain the following breathing frequencies: 50, 40, 30, 20, 10 and 5 breaths/min. A final 30sec of normal breathing will be completed to finish the test. The subject will be given time to practice breathing in rhythm to the metronome prior to the test. They will be reminded to return to their normal breathing patterns should they feel uncomfortable or light-headed during the test, and encouraged to sit or rest at any time. A trained spotter will remain behind the subject at all times.              
                Gait measures:  Steady-state gait dynamics will be assessed during over ground walking at preferred speed. Subjects will walk along a long corridor (~75m) that is wide enough (~5m) to enable smooth turning. To record consecutive stride-to-stride durations, subjects will have foot-switches (Mega Elektronika, Inc) inserted into the shoes and the ME6000 data acquisition monitor attached to the waist. To collect the sufficient number of steps required for complexity measures, 20 min of continuous walking will be completed.The effects of a locomotor perturbation on gait speed, an indicator of gait health and overall function,156 will be assessed during continuous over ground walking while performing the same cognitive dual task as in balance testing. Subjects will complete three 1 min trials while counting backwards, out loud, in multiples of three.157 Dual tasking decreases walking speed.72 The distance walked during each trial will be recorded and used to calculate average speed. Assessment of function and health-related quality of life 
Multiple clinical tests of physical and mental function will further characterize the sample, evaluate correlations between complexity measures and function, and assess the impact of Tai Chi and age on these outcomes. 
Maximum Walking Speed: Performance in this common, easily administered clinical test is associated with functional decline.158 Subjects will walk in a straight line as fast as possible, without running, on a pre-measured 11m course. The time taken to walk 5m, from the 3m to 8m mark will be recorded and used to calculate maximal walking speed (m/s).
One-legged standing balance: This test will be assessed according to Vereeck et al.159 Timing will start when the subject has assumed the proper position on their preferred leg and verbally indicates readiness to begin the test. Timing will stop when the subject disengages from the starting position (i.e., the suspended foot touches the floor or the hands touch support surface) or when the 30 sec time limit is reached. The test will be conducted in the corner of a room, and the subject will be instructed to reach for the wall should they feel unstable. Three trials will be completed for eyes-open and eyes-closed conditions, and the greatest duration (sec) for each condition will be used for analysis. This test has been correlated with fall risk in older adults.160
Lower-Extremity Muscular Power: Maximal power output of the lower extremities will be estimated by assessing maximum vertical jump height (m) according to Bosco.161 In a study of more than 6000 women and men aged 40 to 85 years, Fujita et al162 determined this test to be safe for community-dwelling older adults, and that those with relatively low vertical jump scores had higher mortality rate over the six year follow-up period. Furthermore, as compared to lower-extremity muscular strength, power appears to be closely related to fall-risk163 and physical function.164 Subjects will complete a standard warm-up consisting of five sub-maximal jumps. Subjects will then complete three countermovement jumps on a stationary Kistler force plate (Kistler Instruments Corp, Amherst, NY). The “flight-time” for each jump, determined from the force plate reading, will be used to determine the maximum height reached by the subject’s center of mass using the Bosco method.161 
Range of Motion: Bilateral hip, knee, and ankle joint passive range of motion (degrees) will be measured by a trained investigator (Dr. Manor) using a goniometer and standard procedures165 Lower body flexibility will also be assessed using the validated Chair Sit and Reach test.166 
      Electrical Potential: Skin surface electrical potential will be measured at select segments along the arms and legs, using 8 surface band electrodes (EL-506, Biopac, Goleta, CA) – 2 electrodes per extremity.  The electrodes will be connected to a data acquisition unit (Powerlab ML-880, AD Instruments, Colorado Springs, CO). This procedure tests the hypotheses exploring relationships between electrical potential and dynamics of other physiological measures (e.g. blood pressure and breathing).  
 	Physical Activity Levels: In addition to Tai Chi training, general daily physical activity levels may influence both physical and cognitive function. The amount and intensity will therefore be recorded using the Physical Activity Status Scale (PASS).167 The PASS scale is an extension of the four-category scale used by Jones and associates168 to quantify leisure exercise levels. Each subject will be asked to estimate his or her general physical activity during the previous week using an 11-point scale (i.e., 0-10). The scale quantifies physical activity duration by a combination of the minutes of exercise per week and the intensity of this exercise (heavy, modest, or none). The concurrent validity of the scale has been documented in both men and women and scores correlate with maximal oxygen consumption in younger and older adults.169,170
	Grip strength: Maximum grip strength is widely considered a simple and reliable measure that is correlated with mortality/survival, and disability, and overall function in middle-aged and older adults.171 Grip strength will be measured using a handgrip dynanometer Grip D (Takei Scientific Instruments, Tokyo, Japan). Subjects will be asked to grip the instrument with their dominant hand with maximum force. Measurements will be recorded to the nearest 0.5 kg, repeated three times and averaged.   
Timed Up and Go Test: This is a validated test for quantifying functional mobility that may also be useful in following clinical change over time. Patients begin in a seated position, stand up from a chair, walk a short distance (3 meters, ~10 feet) at a comfortable pace, turn around, return, and sit down again. This test will be timed by the blinded research assistant. The patient will repeat the test and the times will be averaged. The test is quick, requires no special equipment or training, and is easily included as part of the routine medical examination.
            Functional Reach: This standardized test is a measure of balance and is the difference, in inches, between arm's length and maximal forward reach, using a fixed base of support (such as a wall). This test can be used to detect balance impairment, change in balance performance over time, and in the design of modified environments for impaired older persons. The test utilizes a  48-inch measuring device or "yardstick".A reach of less than or equal to a certain level could be predictive of fall risk. 
SF36:  This health-related QOL instrument consists of 36 multiple choice items scored on a 0 to 100 scale of improving health status for each of 8 domains: physical functioning, role limitation due to physical problems, bodily pain, general health, vitality, social functioning, role limitations due to personal or emotional problems, and mental health. The SF-36 has been validated in a variety of populations including young and old healthy individuals, and patients with chronic medical problems, and has good test-retest reliability.172,173 
	  Cognitive function: Cognitive function will be assessed with validated measures of executive function, working and short-term memory. The Trail Making Test (TMT) is a widely used instrument that is administered in two parts.174 TMTa is a visual-scanning task; the time required to draw lines sequentially connecting numbered circles from 1 to 25 is recorded. TMTb assesses time required to connect the same number of circles in an alternating sequence of numbers and letters. TMTb is considered to evaluate executive control, and is correlated with other executive function measures.175 TMT is a sensitive indicator of overall neurological impairment,174 and has good reliability.176 The Controlled Oral Word Association Test  (COWAT) examines working memory span.177 COWAT requires the participant to produce as many words as possible that begin with a given letter of the alphabet (F,A,S). There is 1 minute allowed for each of the three letters. The score is the sum of all acceptable words produced in the three trials. COWAT has good reliability and validity.177-179 The Backwards Digit Span Test (BDS) is a widely used measure of short-term memory, i.e. the number of digits a person can absorb and recall in correct serial order. Two trials of eight number sequences are read aloud. The number sequences start out easy, with just two numbers, and get progressively more difficult, the last being nine digits. Scores are based on the number of sequences correctly recalled (i.e., until the participant consecutively fails two trials of the same digit span length). BDS has good reliability and validity.177 All three measures have been employed in studies evaluating the impact of exercise on cognitive function in elders.1,2 
Mini-Mental State Examination (MMSE): This is a short assessment instrument used to grade cognitive function (orientation to time and place, registration, memory, attention and concentration, praxis, constructional and language capacity, ability to follow commands).180 It is used widely in primary care and in community based research settings.181,182 The inter-rater reliability of the MMSE is 0.83.180 MMSE will be used only as a screening tool; only participants with scores ≥24 will be included.
Profile of Mood States (POMS): This is a well-validated instrument for assessing emotional states that are transient and expected to respond to clinical intervention.185 It has been widely used to assess the effects of exercise interventions. The instrument consists of 65 single-word items rated on a 5-point scale to indicate recent mood in 6 dimensions: tension/anxiety, depression/dejection, anger/hostility, vigor/activity, fatigue/ inertia, and confusion/bewilderment. A decreased total score denotes an improved emotional state. Test-reliability coefficients are reported to range from 0.65 to 0.74.185 Studies of Tai Chi have reported improvement in mood, decrease in anxiety, and enhancement in vigor as measured by the POMS scale.186
Expectancy and Satisfaction:  We will assess the degree to which participants believe that Tai Chi will be beneficial to their health using an instrument used in a number of prior CAM studies. Participants in both groups at baseline will be asked:  ‘How confident are you that Tai Chi will improve your health?’; ‘How confident are you in recommending Tai Chi to a friend for health promotion?’; ‘Does doing Tai Chi for health make sense to you?’.   Response choices range from 1 through 5, with 1 representing ‘not at all’ confident and 5 ‘extremely’ confident.  For participants in the Tai Chi group, satisfaction with the intervention will be assessed by asking them to score the following four statements (5 point scale; 1 strongly agree, 5 strongly disagree) at 3 and 6 month visits:  ‘Overall, I am satisfied with my Tai Chi experience in the study’; ‘Overall, I am satisfied with my Tai Chi school’; ‘Overall, I am satisfied with the tai chi teachers I am training with’; ‘I would recommend the Tai Chi program I am enrolled in to a friend or relative.’   
Qualitative Exit Interview: At the end of your 6 month visit, subjects assigned to the Tai Chi group will also be asked to complete a qualitative exit questionnaire comprised of 6 questions. We will audio tape the answers to these questions.  The audio file will be erased once it has been transcribed, within a year of the interview date.  Subjects may decline any question they do not wish to answer, and they may decline from having their answers audio taped.

Survey regarding control groups for future studies
At the end of our initial phone screen, all participants will be asked a series of questions to explore the types of activities they would consider worthy of participating in, and willing to be randomized to, in a future hypothetical trial related to healthy aging.  A list of specific activities (e.g., exercise classes at local YMCA’s, academic lecture series on healthy aging, and group walking classes) will be presented, and for each activity, participants will be asked to respond with one of the following assessments:  very interested in participating, moderately interested in participating; not at all interested in participating. Results from this survey will help determine the controls we might employ in a follow-up multi-arm study.

Data processing    
Analog signals from the ECG and balance platform will be recorded at 1000 Hz using Labview NIDAQ software (National Instruments Data Acquisition System 64 Channel/100 Ks/s, Labview 6i, Austin, TX). Foot switch signals will also be recorded at 1000 Hz using the ME6000 and accompanying software. 
For cardiovascular measures, beat-to-beat HR will be determined from the R-wave on the ECG. All data will be visually inspected for accuracy of R-wave detection, artifacts and occasional extra-systoles using software written in our laboratory. Ectopy and artifacts will be removed using a linear interpolation algorithm. The HR interval time-series will be used to compute steady-state complexity measures. For comparison with complexity measures, HR data will also be analyzed using spectral analysis methods we have developed and employed in our prior studies.137,144   
For balance measures, the acquired anterioposterior (AP) and mediolateral (ML) (COP) time series will be digitally filtered with a zero-lag fourth-order Butterworth low-pass filter with a 5 Hz cutoff frequency. AP and ML COP time-series will be used to compute steady state complexity measures (see D.6). For comparison with complexity measures, the traditional measures of average displacement (mm) in the AP and ML directions will also be determined by computing the mean scalar displacement along each axis.189 To assess the effects of visual and cognitive perturbation, average ML and AP displacement will also be calculated for the eyes-closed and dual task conditions. As each perturbation increases the magnitude of COP displacement, the effect of perturbation will be defined by the percent change in average ML and AP COP displacement during the perturbation condition as compared to the steady-state condition.
For gait measures, on/off foot switch data will be used to determine consecutive stride durations (time from initial contact of one foot to the subsequent contact of the same foot) during the 20 min walk. The resulting stride duration time series will be used to compute steady-state complexity measures. To assess the effects of the dual task perturbation (known to decrease walking speed), the percent change in walking speed during dual task as compared to the steady state condition will be computed. 

Computation of complexity measures 
Our team has extensive experience quantitatively analyzing complex physiologic signals – particularly for signals to be obtained in this study. Two principal complexity metrics––Detrended Fluctuation Analysis (DFA) and Multiscale Entropy (MSE)––were developed by team members.6,26,51 DFA quantifies long-range correlation properties (fractality) of a signal. Unlike alternative approaches (e.g., Fourier spectral analysis and Hurst analysis), DFA permits the detection of intrinsic self-similarity embedded in a seemingly nonstationary time series. DFA has been successfully applied to a wide range of simulated and physiologic time series in recent years.5,13,18 Multiscale Entropy quantifies the information content of a signal over multiple scales. Compared to other entropy-based methods, MSE uniquely accounts for dynamical information encoded in physiologic signals over multiple scales and therefore is able to distinguish between highly irregular random (uncorrelated) signals and truly complex ones.52,190,191   Extensive information on these measures, including details of algorithms, tutorials, and examples of their application is provided at Research Resource for Complex Physiologic Signals (www.physionet.org). This website is sponsored by NIH, and was developed by members of our team.



B. Statistical Considerations
	Sample Size Justification: Our analysis will be based on a longitudinal regression analysis in which we do not have an estimate of the within-participant correlations. In the worst case, the two follow-up measures provide no more information than a single follow-up, and the power calculation is equivalent to that for a simple t-test.  With 30 participants in each group, we would have 50% power to detect an effect size of 0.52 (i.e., the sample size provides 50% sensitivity to detect a difference between groups .52 times the standard deviation of the outcome measure) and 80% power to detect an effect size of 0.74 for each of the main effects. Our primary hypothesis, however, is an interaction effect. Our sample size provides at least 50% power to detect an interaction effect size of 1.03, under this worst-case scenario. At the other extreme, if the two follow-up observations are independent, we will have 50% power to detect an interaction effect size of 0.72 and 80% power to detect an effect size of 1.03. The use of regression models further increases power by accounting for additional sources of variability. In our heart failure study, the mean difference in MSE change between Tai Chi and control was 2.26, which translates to an effect size of 1.2. Preliminary COP data from our Tai Chi for osteopenia study showed a similar effect. Therefore, we think changes of this magnitude will likely be present in the proposed study and our study has adequate power. 

For Study Aim 3, we will in essence be comparing the 30 tai chi experts to the 60 novices.  After adjusting for the effect of age, we will have 80% power to detect a difference between naïve and tai chi experts of approximately 0.65 times the residual error.

For Study Aim 4, we will be comparing the baseline COP and balance measures in the various age categories (15 participants age 25-35, and 20 participants in each of the older groups). This sample will provide at least 82% power to detect a difference between the young group and the average of the older groups equal to the within-group standard deviation.

b. Data Analysis 
Aim 1:  We are interested in comparing the change over time in the Tai Chi students versus the controls. The primary analysis will use an intention-to-treat paradigm, i.e., participants will be evaluated on the basis of group assigned by randomization without regard to subsequent adherence.  Since this is a pilot study, we will not impute values for missing data; however, the statistical models we are using will include all available data. We recognize that some participants may drop out before the follow-up evaluation and that some outcome measures may not be evaluable for some participants. We will make no adjustment for multiple testing. A secondary ‘per-protocol’ analysis will be limited to participants who were compliant (attended 70% of classes and completed at least 70% of home sessions).  
	Our primary analysis will employ linear mixed effects regression models that examine change over time (i.e., slope) for each outcome measure (i.e., the complexity measures, MSE and detrended fluctuation analysis) for each of the systems (i.e., heart rate, balance and gait).  The models will incorporate a random intercept and a random slope for each participant.  The models will be of the form:








for individual  in treatment group  where the random intercept , the random slope , and the residual error .  The focus of the primary analyses is on , which evaluates whether treatment is associated with the slope over time.
	We will also conduct sensitivity analyses that incorporate additional covariates into the models, including age, gender, baseline physical and mental health, BMI, expectancy, and exercise behavior.  We are particularly interested in examining age with a focus on assessing whether age substantially reduces the variability of the random effects, i.e., whether it explains a substantial proportion of between-person variability in baseline complexity and slope.  
Analyses of secondary outcomes will follow the same general analytic approach.  We will use mixed effects models to examine the effects of Tai Chi training over time on physical and cognitive function (exercise capacity, balance, upper and lower extremity strength, cognitive function, and quality of life) and adaptive capacity (change in heart rate, change in COP displacement, change in stride variability).

Aim 2:  We hypothesize that function and adaptive capacity are associated with complexity. We will first examine the association between complexity measures and function/adaptive capacity at baseline.  We will calculate Pearson correlation coefficients between the complexity measures (MSE and detrended fluctuation analysis) and the measures of function/adaptive capacity. To examine the independent association between complexity and function/adaptive capacity, we will fit ordinary least squares regression models using the function/adaptive capacity measures as the dependent variable.  Independent variables will include age and sex as well as any other baseline characteristics associated with the function variable.  We will add the complexity measure to this model and evaluate the Wald test and the change in R2.  
We will also investigate whether changes in complexity are associated with changes in function/adaptive capacity.  We will fit linear regression models with change in function/adaptive capacity as the dependent variable and change in complexity as the independent variable of interest.  Since we will have 2 observations per participant (change at 3 months and change at 6 months), we will use generalized estimating equations methods (GEE) to account for the within-person correlation.  Independent variables will include the measure of function/adaptive capacity at baseline, age, sex, treatment group and time (3 vs. 6 month).   
Further, we hypothesize that complexity is the primary mediator of the association between Tai Chi and improvements in adaptive capacity. We will examine this using the approach recommended by Judd and Kenny.193  For example, to examine whether multi-scale entropy of balance mediates the effect of Tai Chi on center of pressure response to a dual cognitive task among the older participants, we will fit 3 regression models: regress MSE on Tai Chi use; regress COP response on Tai Chi; and regress COP response on MSE and Tai Chi use. The associations seen in these models determine the existence and strength of mediation.
Despite the implicit directionality of our hypotheses, all tests will be two-sided. We recognize that we are examining a moderate number of outcomes in this study. Since it is a pilot study and has limited power, we do not intend to adjust for multiple testing.


Aim 3:  Our goal is to compare the complexity measures, function, and resilience to perturbations between tai chi experts and those with no tai chi training or only limited training.  We expect responsiveness to decrease as a function of age among the tai chi naïve participants (i.e., both randomized groups combined). We hypothesize that tai chi experts will have a generally higher level of responsiveness, and that their responsiveness will decline with age at a slower rate than naïve or novice practitioners.  To examine these questions, we will fit linear regression models to the baseline responsiveness measures for all participants:


     		




where TC is an indicator variable for the tai chi experts.   is an estimate of the difference in responsiveness between tai chi experts at age 50,  is an estimate of the change in responsiveness per year for the novice group, and is the difference in rate of change between novices and tai chi experts.  

We will fit a similar model to compare the tai chi experts to the naïve and novice groups using the 6-month data for the randomized patients and the baseline data for the tai chi experts.  The group variable will be a categorical variable with 3 levels.

Aim 4: We will calculate sample means for each of the outcomes in each age group. We will use standard one-way analysis of variance to compare the four groups. If the overall test is significant, we will use Dunnett’s test to compare the young group to each of the older age groups. 




C.	Subject Selection
	Study population and recruitment procedures
Identification of Arms 1 and 2 (Tai Chi naïve older adults)
A total of 60 healthy older adults (50-79 years old) will be recruited for our study. Recruitment will target community dwellers living within the Greater Boston area. Identification of potential study participants will include a variety of procedures that we have successfully employed in our prior studies. These include: 1) Posting study brochures and flyers in ambulatory clinics associated with BIDMC’s Department of General Medicine and Primary Care and Department of Gerontology (approximately 4,000 and 1,000 patients, respectively); 2) Direct referrals from providers in these and other clinics with whom we have a long-standing working relationship (e.g. Dr. Lipsitz is the Chair of Gerontology and Drs. Yeh and Ahn are staff physicians in General Medicine); 3) Advertising in various publications including the Harvard Cooperative Program on Aging newsletter on healthy aging (disseminated 3 times a year to more than 9,500 older adults) and other local periodicals targeting older adults (e.g. Fifty Plus Advocate, The Senior Times), as well as on internet based resources such as Craig’s list; 4) BIDMC Syncope and Falls in the Elderly (SAFE) laboratory IRB approved database, whereby Dr. Novak provides names of potentially eligible participants who have offered to participate in SAFE lab studies; 5) Flyer placement in the communities surrounding the study’s network of Tai Chi schools (e.g., community bulletin boards, libraries).

Identification of Arm 3 (Tai Chi Expert Group)
A total of 30 healthy older adults (50-79 years old) each with over five years of tai chi practice will be recruited for our study. Recruitment will target tai chi experts living within the Greater Boston area. Potential study participants will be identified through advertisement and presentations given by PI and/or other co-investigator at Tai Chi schools. 

Identification of Arm 4 (Young Comparison Group)
A total of 15 healthy young adults (25-35 years old) with no prior tai chi experience will be recruited for our study. Recruitment will target young adults living within the Greater Boston area. Potential study participants will be identified through advertisement and presentations given by PI and/or other co-investigator in the community.  


5.2.2. Eligibility criteria 
Arms 1 and 2: Recruitment will focus on healthy, relatively sedentary, older Tai Chi-naïve adults. Eligibility criteria will be based on screens conducted by study staff and confirmed by BIDMC GCRC nursing staff. 
Arm 3 (Tai Chi Expert Group): Recruitment will focus on healthy tai chi experts with over five years of tai chi practice. Eligibility criteria will be based on screens conducted by study staff and confirmed by BIDMC GCRC nursing staff. 
Arm 4 (Young Comparison Group): Recruitment will focus on healthy, relatively sedentary, young Tai Chi-naïve adults. Eligibility criteria will be based on screens conducted by study staff and confirmed by BIDMC GCRC nursing staff.

Arms 1 and 2 Inclusion criteria:
• Ages 50-79
• Living within the Greater Boston area
• Willing to adhere to 6 month Tai Chi training protocol
• Patients with a history of both solid and hematologic cancer (≥ 5 years of complete remission and who do not require chronic maintenance chemotherapy). Chronic use of hormonal agents such as aromatase inhibitors and GnRH analogs, however, are permissible with the understanding that these agents do not substantially alter the cardiovascular, autonomic, and postural control systems.
• Patients with prostate cancer (Stage I or II only)
• Patients with dermatological cancer that has been completely resected with no additional incidence.
Arm 3 (Tai Chi Expert Group) Inclusion criteria:
• Ages 50-79
• Have over five years of Tai Chi practice
• Patients with history of both solid and hematologic cancer (≥5 years of complete remission and who do not require chronic maintenance chemotherapy). Chronic use of hormonal agents such as aromatase inhibitors and GnRH analogs, however, are permissible with the understanding that these agents do not substantially alter the cardiovascular, autonomic, and postural control systems.
• Patients with prostate cancer (Stage I-II)
• Patients with dermatological cancer that has been completely resected with no additional incidence.
Arm 4 (Young Comparison Group) Inclusion criteria:
• Ages 25-35
• Living within the Greater Boston area
• Patients with a history of both solid and hematologic cancer (≥ 5 years of complete remission and who do not require chronic maintenance chemotherapy). Chronic use of hormonal agents such as aromatase inhibitors and GnRH analogs, however, are permissible with the understanding that these agents do not substantially alter the cardiovascular, autonomic, and postural control systems.
• Patients with prostate cancer (Stage I or II only)
• Patients with dermatological cancer that has been completely resected with no additional incidence.

Exclusion Criteria: 
• Chronic medical conditions, including: cardiovascular disease (myocardial infarction, angina, atrial fibrillation, or presence of a pacemaker), stroke, respiratory disease requiring daily use of an inhaler, diabetes mellitus, malignancies (patients with diagnosis of active cancer < 5 years ago requiring ongoing chemotherapy or use of cytotoxic agents), neurological conditions (e.g., seizure disorder, Parkinson’s, peripheral neuropathy), or other neuromuscular or musculoskeletal (requiring chronic use of pain medication) disease
• Acute medical condition requiring hospitalization within the past 6 months  
• Self-reported (current) smoking or alcohol/drug abuse  
• Uncontrolled Hypertension (resting SBP > 160 or DBP > 100mm Hg)
• Abnormal heart rate (resting HR > 100 bpm; <50bpm)  
• Abnormal ECG (supraventricular tachyarrhythmia, atrial fibrillation, significant ST wave abnormality, 2nd and 3rd degree heart block)
• Pregnancy
• Current use of prescription medications including cardio- or vaso-active drugs and medications that can affect autonomic function including Beta agonists and antagonists, drugs with anticholineric properties (e.g. tricyclic antidepressants or anti psychotics), and cholinesterase inhibitor[footnoteRef:1] [1:  Use of beta blockers for hypertension will be allowed in Arm 3 (Tai Chi Expert Group)] 

[bookmark: _Ref308685434]• Self-reported inability to walk continuously for 15 minutes unassisted[footnoteRef:2] [2:  Not applicable to Arm 3 (Tai Chi Expert Group)] 

• Regular Tai Chi practice within past 5 years‡‡
• Regular participation in physical exercise on average 4 or more times per week‡‡


Arms 1 and 2 Recruitment, enrollment and randomization procedures 
Potential participants who learn about our prospective study from brochures, referrals, or advertisements will be directed to call the study coordinator, who will conduct an initial eligibility screen by telephone, and schedule potentially eligible individuals for a visit at the BIDMC Clinic Research Center (CRC) for further screening. The coordinator will also discuss the randomization process and emphasize the 6 month commitment for those randomized to Tai Chi. Phone screen eligible individuals will be asked to visit at least one Tai Chi school prior to the on-site CRC screening visit. At the end of our initial phone screen, all participants will be informed about the Syncope and Falls in the Elderly (SAFE) Laboratory Research Recruitment Repository Database, and if they agree, their contact information will be given to Dr. Vera Novak. Dr. Vera Novak is the director of the SAFE Lab, PI of the Research Recruitment Repository Database, and a co-investigator on this study.  Prior to baseline testing, individuals will undergo formal consenting following BIDMC and NIH guidelines.  Following baseline testing, participants will be randomly assigned to one of two interventions, Tai Chi or wait list control. 

Our study statistician, Dr. Roger Davis will be responsible for randomization procedures. We will stratify participants by age (50-59, 60-69, 70-79), generate treatment assignments using a permuted-blocks randomization scheme with randomly-varying block sizes, and seal the treatment assignments in opaque, sequentially numbered envelopes for each stratum. The use of stratification will limit the potential for confounding by age. Upon randomization, study staff will enter the participant’s name and medical record number into a randomization log. All randomization materials will be stored in a locked file, with access limited to non-blinded study personnel.

Arm 3 (Tai Chi Expert Group) Recruitment and enrollment procedures 
Potential participants who learn about our prospective study from referrals or advertisements will be directed to call the study coordinator, who will conduct an initial eligibility screen by telephone, and schedule potentially eligible individuals for a visit at the BIDMC Clinic Research Center (CRC) for further screening. 

Arm 4 (Young Comparison Group) Recruitment and enrollment procedures 
Potential participants who learn about our prospective study will be directed to call the study coordinator, who will conduct an initial eligibility screen by telephone, and schedule potentially eligible individuals for a visit at the BIDMC Clinic Research Center (CRC) for further screening. 


Remuneration

Arms 1 and 2: All parking expenses associated with CRC visits will be paid for by the study. Eligible and consented participants who complete outcome assessments will be paid $100 at study midpoint (3 months), and $100 at study endpoint (6 months) with a maximum compensation of $200. Participants who complete the screening process but are not eligible to participate further will receive $50.Tuition for all Tai Chi training over the 6-month study period will be paid for by the study. Participants in the control group will also be offered 3 months of free Tai Chi training at the completion of the study at their choice of school within our network.
 
Arm 3 (Tai Chi Expert Group) Remuneration:
All parking expenses associated with CRC visits will be paid for by the study. Eligible and consented participants who complete outcome assessments will be paid $200 following single visit.

Arm 4 (Young Comparison Group) Remuneration:
All parking expenses associated with CRC visits will be paid for by the study. Eligible and consented participants who complete outcome assessments will be paid $50 following single visit.




 

B4.	POSSIBLE BENEFITS
	Because we will offer Tai Chi classes at the end of the study period to patients randomized to the waitlist control group, all patients who enroll in the study will receive Tai Chi instruction for free regardless of group. Preliminary research indicates that Tai Chi may improve age-related physiological decline. Some patients who receive Tai Chi in this clinical study may experience improved functional capacity and quality of life.  Participants will also be remunerated for their time. More generally, information gained from this study will provide valuable knowledge about the physiologic processes related to aging, and how Tai Chi impacts these processes. 





B5.	POSSIBLE RISKS AND ANALYSIS OF RISK/BENEFIT RATIO
	Tai Chi is likely to be a relatively safe activity. There have been no reports of serious adverse effects in the literature. We experienced no adverse events in our pilot studies with heart failure and vestibulopathy populations. Additionally, no adverse events related to Tai Chi training have been reported in our current pragmatic trial with osteopenic women, which takes place within the network of community-based Tai Chi schools we will use in this proposed study. All schools in this network have plans in place to respond to medical emergencies.

Nevertheless, some potential expected risks to the subject are as follows:  

a. The physical activity of Tai Chi training may cause muscle soreness in deconditioned individuals. In addition, shortness of breath, dizziness, or falls are possible. These risks are considered to be minimal and are addressed in the consent form.
b. During our functional testing, including prolonged gait dynamics and jumping, the possibility of fatigue or muscle strain in deconditioned individuals is possible. Cardiovascular and balance testing trials involving paced-breathing may cause temporary discomfort and/or lightheadedness. Participants will be instructed to rest whenever needed during all exercise capacity and strength tests, and spotters will be used for clinical balance tests. Falls are also possible during gait, balance and jumping tests. Patients undergoing exercise testing will be fully monitored and supervised at all times.  If during testing, blood pressure exceeds 180/110, or there are concerning hypotensive episodes, testing will be stopped and our study MD, Dr. Yeh, will be contacted immediately to determine if further action is needed or if the participant’s physician needs to be contacted.   Since testing is being done in a hospital outpatient setting, immediate access to emergency facilities and care is available if deemed necessary by the study physician.  A summary of the incident will also be FAXED to the participant’s primary care physician.   

c. Behavioral data collection involves virtually no risk, however, psychosocial tests may cause minor emotional distress. Because participants are free to stop at any time and will be reminded of this throughout the assessment process, the risk of distress is low. In our experience, both physical and behavioral tests are well tolerated and complications are extremely rare, especially in the relatively healthy population we are targeting in this study. These risks are addressed in the consent form.

d. Keeping all data in locked files or computers with carefully guarded access will minimize the risk of inadvertent release of participant data. Participant data will be stored in de-identified form and will be identified only by ID number. Corresponding participant names will be kept by the PI in a separate locked file.

Serious Adverse Events (SAEs)
SAEs that are unanticipated, serious, and possibly related to the study intervention will be reported to the IRB and NIH/NCCAM in accordance with requirements. Anticipated SAEs or those unrelated to the study intervention will be reported to the same individuals/entities in accordance with requirements.

Overall, the potential risks to participants are modest and are likely to be viewed as reasonable in relation to the anticipated benefits to subjects and others. 




B6.	RECRUITMENT AND CONSENT PROCEDURES
	Recruitment
5.2.1. Identification of Arms 1 and 2 (Tai Chi naïve older adults)
A total of 60 healthy older adults (50-79 years old) will be recruited for our study. Recruitment will target community dwellers living within the Greater Boston area. Identification of potential study participants will include a variety of procedures that we have successfully employed in our prior studies. These include: 1) Posting study brochures and flyers in ambulatory clinics associated with BIDMC’s Department of General Medicine and Primary Care and Department of Gerontology (approximately 4,000 and 1,000 patients, respectively); 2) Direct referrals from providers in these and other clinics with whom we have a long-standing working relationship (e.g. Dr. Lipsitz is the Chair of Gerontology and Drs. Yeh and Ahn are staff physicians in General Medicine); 3) Advertising in various publications including the HCPOA newsletter on healthy aging (disseminated 3 times a year to more than 9,500 older adults) and other local periodicals targeting older adults (e.g. Fifty Plus Advocate, The Senior Times) and internet resources such as Craig’s list.  
Potential participants who learn about our prospective study from brochures, referrals, or advertisements will be directed to call the study coordinator, who will conduct an initial eligibility screen by telephone, and schedule potentially eligible individuals for a visit at the BIDMC Clinic Research Center (CRC) for further screening.
5.2.1. Identification of Arm 3 (Tai Chi Experts Group)
A total of 30 healthy older adults (50-79 years old) with over five years of tai chi practice will be recruited for our study. Potential study participants will be identified through advertisement and presentations given by PI and/or other co-investigator at Tai Chi schools. 
                 Potential participants who learn about our prospective study from referrals or advertisements will be directed to call the study coordinator, who will conduct an initial eligibility screen by telephone, and schedule potentially eligible individuals for a visit at the BIDMC Clinic Research Center (CRC) for further screening. 
5.2.1. Identification of Arm 4 (Young Comparison Group)
A total of 15 healthy young adults (25-35 years old) with no prior tai chi experience will be recruited for our study. Potential study participants will be identified through advertisement and presentations given by PI and/or other co-investigator in the community. 
                 Potential participants who learn about our prospective study will be directed to call the study coordinator, who will conduct an initial eligibility screen by telephone, and schedule potentially eligible individuals for a visit at the BIDMC Clinic Research Center (CRC) for further screening. 


Consent
Written informed consent will be obtained from each subject at entry into the study; i.e. during their first visit to the BIDMC CRC. Informed consent is obtained by the following process:

	• 	The subject will be asked to review the study consent form;
	• 	The PI or Co-Investigator (Co-I) will meet with the subject to review the form, to confirm the subject’s understanding of the study, and to answer any questions that the subject might have; and
• 	Once the subject demonstrates understanding of the study and agrees to participate in the study, the consent will be signed in the presence of the PI (or Co-I) and a witness.


Subject Protection
Subjects can withdraw from the trial at any time and they will be informed that the study is entirely voluntary.  



B7.	STUDY LOCATION
	Privacy 
Before starting the initial phone screen with the study coordinator, participants responding to advertising and expressing interest in the study will be asked if it is a good time to complete the screening.  They will be told that they will be asked to provide personal information.  
In person screening will be conducted in a patient room at the GCRC.  All testing will be conducted in the SAFE (Syncope and Falls in the Elderly) Laboratory at the Harvard-Thorndike General Clinical Research Center, Gryzmish 818b.




B8.	DATA SECURITY
	All written data will be stored in a locked file cabinet in the PI’s office, which itself is locked whenever the PI, co-investigator, or research assistant are not in the office. The paper questionnaires used for this trial will have only coded information without any identifiers and will be also transferred to the password-protected database. 
In addition, all computer files will be password protected. Our study database will not include data items that uniquely identify participants such as subject name, address, phone number, social security number and medical record number, but will be indexed by a study ID number. All data processed will be in the aggregate form and every individual will be given a unique ID number. The Master List will be on file in a locked cabinet in the Principal Investigator’s office. Electronic communication with outside collaborators involves only unidentifiable information. 




B9	Multi-Site Studies
	
Is the BIDMC the coordinating site or is the BIDMC PI the lead investigator of the multi-site study?     
[bookmark: Check9]|X| Yes    |_| No 
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Figure 1:  Study design
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