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Preface


The challenges facing health professionals who are dedicated to providing effective and efficient, evidence-based, rehabilitation care to individuals with conditions affecting their ability to engage in essential daily activities and participate in meaningful roles are many. These challenges include the ever more rapidly advancing technology that tests our ability to remain up to date about available prosthetic and orthotic options, expectations for productivity in practice reflected in the very real time constraints of daily patient care, and the need to be good stewards of the health care dollar while at the same time providing the best orthosis or prosthesis, and associated rehabilitation care so that the individual can meet his or her personal goals when using the device. Clearly, optimum care for these individuals and their family requires the combined expertise of health professionals from many different disciplines. The complexity of the health care delivery and reimbursement systems, at times, may make communication and collaboration problematic. We hope that this work addressed this complexity by providing information from the perspectives of many members of the rehabilitation team.


There have been incredible technical advances since publication of the second edition of this text, as evidenced by incorporation of stance-control knee units in knee ankle foot orthoses, the development of effective neuroprostheses as alternatives to traditional ankle foot orthoses, and the widespread adoption of microchip-enhanced knee unit in transfemoral prostheses. Military personnel surviving significant musculoskeletal and neuromuscular wounds or limb amputation in Operation Iraqi Freedom and Operation Enduring Freedom in Afghanistan have challenged expectations about what it is possible to accomplish while wearing a prosthesis, and prompted significant effort in research and development. The sacrifices of the service men and woman during war will have a positive long-term effect for all persons living with amputation or needing an orthosis for function and meaningful participation in activities of daily living. We are grateful for their military service, and appreciate the catalyst that their injuries and losses have been to research and development in the fields of prosthetics, orthotics, and rehabilitation.


The goal of this edition of Orthotics and Prosthetics in Rehabilitation is to present best available evidence for entry-level physical therapy and orthotic/prosthetic students exploring options, and to provide a positive model of clinical decision-making in the context of multidisciplinary and interdisciplinary care. We also intend the text to be a comprehensive and accessible reference for practicing clinicians; a resource for their person-centered examination, evaluation, intervention planning, and outcome assessment. Our contributors are professionals from the fields of orthotics and prosthetics, physical and occupational therapy, and medicine and surgery. We present this text as an example of the value of collaborative and interdisciplinary patient care. Each contributor has carefully researched the developments in technology, examination, and intervention for the revised or new chapter presented in this third edition. We have incorporated concepts and language of the World Health Organization’s International Classification of Functioning, Disability, and Health (ICF) to enhance communication across disciplines. We have updated the case examples, posing sequential relevant questions to provoke discussion of alternatives as a model of effective clinical decision-making. We have opted not to “answer” the questions posed, on the grounds that the general principles we present in the text must be adapted appropriately to meet individual needs, daring readers to work through the problem-solving process and debate the pros and cons of the various options with their peers. We seek to provide opportunity to “practice” the process of evidence-based clinical decision making, rather than present an absolute prescription or plan of care. We hope that this approach will provide a workable model, prompting reader to critically appraise evidence from a variety of sources, integrate this material with the clinical expertise of self and others, and include the individual and family’s values and goals when making clinical decisions.


As in previous editions, we have chosen to use “person first” language in order to reflect the humanity and value of the individuals we care for. While phrased such as “person with stroke” or “person with amputation” may be cumbersome to say or read than “patient” or “amputee” we feel strongly that the use of person first language is well worth the extra time or effort required. We hope that this example assists students and clinicians using the text to embrace person centered care.


The text begins with a set of chapters that provide foundation and context for the care of persons who might benefit, in terms of function and of quality of life, from prescription of an orthosis or prosthesis. While chapters on exercise prescription for older adults, motor learning and motor control, and evidence-based practice may not initially seem to “fit” with the remaining chapters, they are written with the intent to apply these concepts to the rehabilitation of individuals using an orthosis or prosthesis, and we trust that those who read them will recognize their relevance. The chapters on assessment of the ability to walk, the methods of fabrication and fitting, and on footwear choices have obvious relevance.


The second part of the text takes us into the world of orthotic design and application, starting with orthoses for foot and lower limb, spine, and hand. We challenge our readers to think not only about selecting the most appropriate orthosis for persons with musculoskeletal or neuromuscular system problems, but to also design a rehabilitation intervention based on principles of motor learning that will facilitate the person’s use of the orthoses and ability to participate in activities most meaningful to the individual. We then consider wheelchairs and seating as an orthosis-of-sorts, designed to enhance mobility for persons when functional walking is not a viable option.


The third part of the text focuses on the care of persons with amputation, beginning with consideration of why amputations are performed, care of those at risk of amputation (with prevention as a focus), how amputations are done, and post-operative/pre-prosthetic care. The following chapters provide overview of prosthetic options and alignment issues for those with partial foot, transtibial, transhumeral, and bilateral amputations. We then consider initial prosthetic rehabilitation, and have added chapters on advance skills for community function and of athletics following amputation. The chapter on children with limb deficiency prompts us to incorporate our understanding of motor, cognitive, and emotional development, as well as family dynamics, into prosthetic rehabilitation. We conclude with chapters on prosthetic options and rehabilitation for persons with upper extremity amputation; meant to provide exposure and “a place to start” rather than mastery of this less common, but perhaps more specialized aspect of prosthetic and rehabilitative care.


With this third edition of Orthotics and Prosthetics in Rehabilitation, we hope that our work will enhance collaboration, mutual respect, and communication, as well as broaden the knowledge base of health professionals involved in orthotic or prosthetic rehabilitation. It is our belief that collaborative and interdisciplinary care not only enriches clinical practice and teaching, but also insures the best possible outcomes for the individuals we provide rehabilitative care for.




Michelle M. Lusardi, PT, DPT, PhD, Milagros “Millee” Jorge, PT, MA, EdD and Caroline Nielsen, BA, MA, Ph.D
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Orthotics and Prosthetics in Rehabilitation


Multidisciplinary Approach



Caroline C. Nielsen and Milagros Jorge





Learning Objectives


On completion of this chapter, the reader will be able to:



1. Describe the role of the orthotist, prosthetist, physical therapist, and other professionals in the rehabilitation of persons with movement dysfunction.


2. Describe the history and development of physical rehabilitation professions associated with the practice of orthotics and prosthetics in health care.


3. Identify the use of disablement frameworks in physical rehabilitation.


4. Discuss the role of the health professional in a multidisciplinary or interdisciplinary rehabilitation team.


5. Determine key attributes and attitudes that health professionals should possess to be successful members of interdisciplinary rehabilitation teams.




Allied health professionals work in health care settings to meet the physical rehabilitation needs of diverse patient populations. Today’s health care environment strives to be patient-centered and advocates the use of best practice models that maximize patient outcomes while containing costs. The use of evidence-based treatment approaches, clinical practice guidelines, and standardized outcome measures provides a foundation for evaluating and determining efficacy in health care across disciplines. The World Health Organization International Classification of Functioning, Disability, and Health (ICF)1 provides a disablement framework that enables health professionals to maximize patient/client participation and function while minimizing disability. In this complex environment, current and evolving patterns of health care delivery focus on a team approach to the total care of the patient.


For a health care team to function effectively, each member must develop a positive attitude toward interdisciplinary collaboration. The collaborating health professional must understand the functional roles of each health care discipline within the team and must respect and value each discipline’s input in the decision-making process of the health team.2,3 Rehabilitation, particularly when related to orthotics and prosthetics, lends itself well to interdisciplinary teams because the total care of patients with complex disorders requires a wide range of knowledge and skills.4 The physician, prosthetist, orthotist, physical therapist, occupational therapist, nurse, and social worker are important participants in the rehabilitation team. Understanding the roles and professional responsibilities of each of these disciplines maximizes the ability of the rehabilitation team members to function effectively to provide comprehensive care for the patient.


According to disability data from the American Community Survey 2003, 11.5% of civilian household populations aged 16 to 64 years reported having a disability.5 Approximately 1.7 million people in the United States live with limb loss.6 The U.S. military engagements in Iraq and Afghanistan have resulted in limb loss for more than 1000 soldiers.7 The obesity epidemic in the United States has given rise to more people with diabetes who are at risk for dysvascular disease, such as peripheral arterial disease (PAD), which often results in musculoskeletal and neuromuscular impairments to the lower extremities. Ischemic disease can cause peripheral neuropathy, loss of sensation, poor skin care and wound formation, trophic ulceration, osteomyelitis, and gangrene, which can result in the need for amputation. Eight million Americans have PAD.8


Persons coping with illness, injury, disease, impairments, and disability often require special orthotic and prosthetic devices to help with mobility, stability, pain relief, and skin and joint protection. Appropriate prescription, fabrication, instruction, and application of the orthotic and prosthetic devices help persons to engage in activities of daily living as independently as possible. Prosthetists and orthotists are allied health professionals who custom-fabricate and fit prostheses and orthoses. Along with other health care professionals, including nurses, physical therapists, and occupational therapists, posthestists and orthotists are integral members of the rehabilitation teams responsible for returning patients to productive and meaningful lives. Definitions of disability continue to evolve. Current definitions consider social, behavioral, and environmental factors that affect the person’s ability to function in society. These definitions have considerably broadened the original pathology model in which disability was a function of a particular disease or group of diseases.9 The current, more inclusive model requires expertise from many sectors in rehabilitative care. This chapter discusses the developmental history of the art and science of orthotics, prosthetics, and physical therapy as professions dedicated to rehabilitating persons with injury and disability.

Prosthetists and orthotists


Prosthetists provide care to patients with partial or total absence of limbs by designing, fabricating, and fitting prostheses or artificial limbs. The prosthetist creates the design to fit the individual’s particular functional and cosmetic needs; selects the appropriate materials and components; makes all necessary casts, measurements, and modifications (including static and dynamic alignment); evaluates the fit and function of the prosthesis on the patient; and teaches the patient how to care for the prosthesis (Figure 1-1).


[image: image]
Figure 1-1 The prosthetist evaluates, designs, fabricates, and fits a prosthesis specific to a patient’s functional needs. Here the prosthetist double-checks electrode placement sites for a myoelectrical upper extremity prosthesis in a child with amputation of the left forearm.




Orthotists provide care to patients with neuromuscular and musculoskeletal impairments that contribute to functional limitation and disability by designing, fabricating, and fitting orthoses, or custom-made braces. The orthotist is responsible for evaluating the patient’s functional and cosmetic needs, designing the orthosis, and selecting appropriate components; fabricating, fitting, and aligning the orthosis; and educating the patient on appropriate use (Figure 1-2).


[image: image]
Figure 1-2 Once an orthosis has been fabricated, the orthotist evaluates its fit on the patient to determine whether it meets prescriptive goals and can be worn comfortably during functional activities or whether additional modifications are necessary. Here the orthotist is fitting a spinal orthosis and teaching his young patient about proper donning and wearing schedules.




According to the U.S. Department of Labor, Bureau of Labor Statistics, in 2009, there were 5470 certified prosthetists and orthotists practicing in the United States.10 An individual who enters the fields of prosthetics and orthotics today must complete advanced education (beyond an undergraduate degree) and residency programs before becoming eligible for certification. Registered assistants and technicians in orthotics or prosthetics assist the certified practitioner with patient care and fabrication of orthotic and prosthetic devices.

History


The emergence of orthotics and prosthetics as health professions has followed a course similar to the profession of physical therapy. Development of all three professions is closely related to three significant events in world history: World War I, World War II, and the onset and spread of polio in the 1950s. Unfortunately, it has taken war and disease to provide the major impetus for research and development in these key areas of rehabilitation.


Although the profession of physical therapy has its roots in the early history of medicine, World War I was a major impetus to its development. During the war, female “physical educators” volunteered in physicians’ offices and Army hospitals to instruct patients in corrective exercises. After the war ended, a group of these “reconstruction aides” joined together to form the American Women’s Physical Therapy Association. In 1922, the association changed its name to the American Physical Therapy Association, opened membership to men, and aligned itself closely with the medical profession.11


Until World War II, the practice of prosthetics depended on the skills of individual craftsmen. The roots of prosthetics can be traced to early blacksmiths, armor makers, other skilled artisans, and even the individuals with amputations, who fashioned makeshift replacement limbs from materials at hand. During the Civil War, more than 30,000 amputations were performed on Union soldiers injured in battle; at least as many occurred among injured Confederate troops. At that time, most prostheses consisted of carved or milled wooden sockets and feet. Many were procured by mail order from companies in New York or other manufacturing centers at a cost of $75 to $100 each.12 Before World War II, prosthetic practice required much hands-on work and craftsman’s skill. D. A. McKeever, a prosthetist who practiced in the 1930s, described the process: “You went to [the person with an amputation’s] house, took measurements and then carved a block of wood, covered it with rawhide and glue, and sanded it.” During his training, McKeever spent three years in a shop carving wood: “You pulled out the inside, shaped the outside, and sanded it with a sandbelt.”13


The development of the profession of orthotics mirrors the field of prosthetics. Early “bracemakers” were also artisans such as blacksmiths, armor makers, and patients who used many of the same materials as the prosthetist: metal, leather, and wood. By the eighteenth and nineteenth centuries, splints and braces were also mass produced and sold through catalogs. These bracemakers were also frequently known as “bonesetters” until surgery replaced manipulation and bracing in the practice of orthopedics. “Bracemaker” then became a profession with a particular role distinct from that of the physician.14


World War II and the period following were times of significant growth for the professions of physical therapy, prosthetics, and orthotics. During the war, many more physical therapists were needed to treat the wounded and rehabilitate those who were left with functional impairments and disabilities. The Army became the major resource for physical therapy training programs, and the number of physical therapists serving in the armed services increased more than sixfold.15 The number of soldiers who required braces or artificial limbs during and after the war increased the demand for prosthetists and orthotists as well.


After World War II, a coordinated program for persons with amputations was developed. In 1945, a conference of surgeons, prosthetists, and scientists organized by the National Academy of Sciences revealed that little scientific effort had been devoted to the development of artificial limbs. A “crash” research program was initiated, funded by the Office of Scientific Research and Development and continued by the Veterans Administration. A direct result of this effort was the development of the patellar tendon-bearing prosthesis for individuals with transtibial (below-knee) amputation and the quadrilateral socket design for those with transfemoral (above-knee) amputation. This program also included educating prosthetists, physicians, and physical therapists in the skills of fitting and training of patients with these new prosthetic designs.16


The needs of soldiers injured in the military conflicts in Korea and Vietnam ensured continuing research, further refinements, and development of new materials. The development of myoelectrically controlled upper extremity prostheses and the advent of modular endoskeletal lower extremity prostheses occurred in the post–Vietnam conflict era. In 2008, the U.S. Department of Defense reported military operations in Iraq and Afghanistan (Operations Enduring Freedom and Iraq Freedom) have resulted in loss of limb for 1214 service men and women.17 Veterans Health Administration Research Development is committed to exploring the use of new technology such as robotics, tissue engineering, and nanotechnology to design and build lighter, more functional prostheses that look, feel, and respond more like real arms and legs.18


The current term, orthotics, emerged in the late 1940s and was officially adopted by American orthotists and prosthetists when the American Orthotic and Prosthetic Association was formed to replace its professional predecessor, the Artificial Limb Manufacturers’ Association. Orthosis is a more inclusive term than brace and reflects the development of devices and materials for dynamic control in addition to stabilization of the body. In 1948, the American Board for Certification in Orthotics and Prosthetics was formed to establish and promote high professional standards.


Although the polio epidemic of the 1950s played a role in the further development of the physical therapy profession, this epidemic had the greatest effect on the development of orthotics. By 1970, many new techniques and materials, some adapted from industrial techniques, were being used to assist patients in coping with the effects of polio and other neuromuscular disorders. The scope of practice in the field of orthotics is extensive, including working with children with muscular dystrophy, cerebral palsy, and spina bifida; patients of all ages recovering from severe burns or fractures; adolescents with scoliosis; athletes recovering from surgery or injury; and older adults with diabetes, cerebrovascular accident, severe arthritis, and other disabling conditions.


Like physical therapists, orthotists and prosthetists practice in a variety of settings. The most common setting is the private office, where the professional offers services to a patient on referral from the patient’s physician. Many large institutions, such as hospitals, rehabilitation centers, and research institutes, have departments of orthotics and prosthetics with on-site staff to provide services to patients. The prosthetist or orthotist may also be a supplier or fabrication manager in a central production laboratory. In addition, some orthotists and prosthetists serve as full-time faculty in one of the 10 programs that are available for orthotic and prosthetic entry-level training or in one of the programs available at the master of science level.19 Others serve as clinical educators in a variety of facilities for the year-long residency program required before the certification examination.

Prosthetic and orthotic professional roles and responsibilities


With rapid advances in technology and health care, the roles of the prosthetist and orthotist have expanded from a technological focus to a more inclusive focus on being a member of the rehabilitation team. Patient examination, evaluation, education, and treatment are now significant responsibilities of practitioners. Most technical tasks are completed by technicians who work in the office or in the laboratory, or at an increasing number of central fabrication facilities. The advent and availability of modifiable prefabrication systems have reduced the amount of time that the practitioner spends crafting new prostheses and orthoses.


Current educational requirements reflect these changes in orthotic and prosthetic practice. Entry into professional training programs requires completion of a bachelor’s degree from an accredited college or university, with a strong emphasis on prerequisite courses in the sciences. Professional education in orthotics or prosthetics requires an additional academic year for each discipline. Along with the necessary technical courses, students study research methodology, kinesiology and biomechanics, musculoskeletal and neuromuscular pathology, communication and education, and current health care issues. Orthotics and prosthetics programs are most often based within academic health centers or in colleges or universities with hospital affiliations. After completion of the academic program, a year-long residency begins, during which new clinicians gain expertise in the acute, rehabilitative, and long-term phases of pediatrics and adult care. On completion of the educational and experiential requirements, the student is eligible to sit for the certification examinations. In order to address the rehabilitation needs of individuals who will benefit from the art and science of the fields of prosthetics and orthotics, physical therapists, orthotists, prosthetists, and other members of the health care team must have discreet knowledge and skills in the management of persons with a variety of health conditions across the lifespan. Working as a rehabilitation team, physicians, nurses, prosthetists, orthotists, physical therapists, occupational therapists, social workers, patients, and family members seek to maximize function and alleviate disease, injury, impairments, and disability.

Disablement frameworks


Historically, disability was described using a theoretical medical model of disease and pathology. Over time, various conceptual frameworks have been developed to organize information about the process and effects of disability.20 Disablement frameworks in the past have been used to understand the relationship of disease and pathology to human function and disability.20–23 The need to understand the impact that acute injury or illness and chronic health conditions have on the functioning of specific body systems, human performance in general, and on the typical activities of daily living from both the individual and a societal perspective has been central to the development of the disablement models. The biomedical model of pathology and dysfunction provided the conceptual framework for understanding human function, disability, and handicap as a consequence of pathological and disease processes.


The Nagi model was among the first to challenge the appropriateness of the traditional biomedical model of disability.21 Nagi developed a model that looked at the individual in relationship to the pathology, functional limitations, and the role that the environment and society or the social environment played. The four major elements of Nagi’s theoretical formulation included active pathology (interference with normal processes at the level of the cell), impairment (anatomical, physiological, mental, or emotional abnormalities or loss at the level of body systems), functional limitation (limitation in performance at the level of the individual), and disability. Nagi defined disability as “an expression of physical or mental limitation in a social context.”21 The Nagi model was the first theoretical construct on disability that considered the interaction between the individual and the environment from a sociological perspective rather than a purely biomedical perspective. Despite the innovation of the Nagi model in the 1960s, the biomedical model of disability persisted.


In 1980, the World Health Organization (WHO) developed the International Classification of Impairments, Disabilities, and Handicaps (ICIDH) to provide a standardized means of classifying the consequences of disease and injury for the collection of data and the development of social policy.24 This document provided a framework for organizing information about the consequences of disease. However, it focused solely on the effects of pathological processes on the individual’s activity level. Disability was viewed as a result of an impairment and considered a lack of ability to perform an activity in the normal manner. In 1993, the WHO began a revision of ICIDH disablement framework that gave rise to the concept that a person’s handicap was less related to the health condition that created a disadvantage for completing the necessary life roles but rather to the level of participation that the person with the health condition was able to engage in within the environment. The concept of being handicapped was changed to be seen as a consequence of the level of participation for the person and the interaction within an environment.


The Institute of Medicine enlarged Nagi’s original concept in 1991 to include the individual’s social and physical environment (Figure 1-3). This revised model describes the environment as “including the natural environment, the built environment, the culture, the economic system, the political system, and psychological factors.” In this model, disability is not viewed as a pathosis residing in a person but instead is a function of the interaction of the person with the environment.25


[image: image]
Figure 1-3 The revised Institute of Medicine/Nagi model of the disablement process considers the impact of pathological conditions and impairment as well as intraindividual and extraindividual factors that may influence functional limitation and disability affecting health-related and overall quality of life. (Modified from Guccione AA: Arthritis and the process of disablement. Phys Ther 1994;74[5]:410.)




In 2001, ICIDH was revised to ICIDH-2 and renamed “International Classification of Functioning, Disability and Health” and is commonly referred to as ICF.26 The ICF disablement framework includes individual function at the level of body/body part, whole person, and whole person within a social context. The model helps in the description of changes in body function and structure, what people with particular health conditions can do in standard environments (their level of capacity), as well as what they actually do in their usual environments (their level of performance). One of the major innovations of the ICF model is the presence of an environmental factor classification that considers the role of environmental barriers and facilitators in the performance of tasks of daily living. Disability becomes an umbrella term for impairments, activity limitations, and participation restrictions. The ICF model emphasizes health and functioning rather than disability. The ICF model provides a radical departure from emphasizing a person’s disability to focusing on the level of health and facilitating an individual’s participation to whatever extent is possible within that level of health. In the ICF, disability and functioning are viewed as outcomes of interactions between health conditions (diseases, disorders, and injuries) and contextual factors (Figure 1-4).


[image: image]
Figure 1-4 WHO uses a biopsychosocial model as the basis for its International Classification of Functioning, Disability and Health. (Modified from World Health Organization. Towards a Common Language for Functioning, Disability and Health. Geneva: World Health Organization, 2002. pp. 9-10.)




The evolution of disablement frameworks from the biomedical models to the newer, contemporary models that include the biopsychosocial domains provides theoretical constructs that guide the rehabilitation professional in clinical practice. Input from all members of the rehabilitation team is essential in addressing the pathosis or disease process, impairments, functional limitations, and disabilities. Interrelationships among all four of these elements are the focus of the rehabilitation team. The physical therapist, orthotist, prosthetist, and other team members work together to create the most effective outcome for the patient by identifying and addressing pathological processes, functional limitations, impairments, and disability. The classification system developed by the WHO in the ICF document allows for data collection that can be useful in research leading to improved patient interventions, assessment of patient outcomes, and development of health and social policies. Implementation of this model of disability has been demonstrated to “improve considerably the quality of interdisciplinary work processes and contribute to a more systematic approach to rehabilitation tasks by the team members.”26

Characteristics of rehabilitation health care teams


The complexity of the health care arena and the level of care required by individuals in rehabilitation care settings require the collaboration of many health care practitioners with varied professional skills who can form multidisciplinary, interdisciplinary, and transdisciplinary teams as needed. The multidisciplinary rehabilitation team is comprised of the different health professionals such as the physician, nurse, physical therapist, occupational therapist, prosthetist, orthotist, and social worker. Each professional operates with an area of specialization and expertise. The multidisciplinary team is hierarchically structured and typically led by the highest ranking member of the team.27 Although the multidisciplinary team has varied representation of health providers, they may or may not interact in a collaborative manner. The members of the multidisciplinary team work parallel to one another, and the medical record is the collecting source for the information gleaned and shared. Interdisciplinary teams also include the representatives of a variety of health disciplines, but there is interdependence among the professionals.27 In the interdisciplinary team process, there is structure and organization that promotes program planning to support patient-centered care through effective communication and effective clinical management.28 The interdisciplinary team members work to establish goals for the team that drive the rehabilitation process for the patient. Interdisciplinary teams traditionally follow a patient-centered approach to goal setting. Establishing the patient as the focus of the work for the team, the interdisciplinary team members collaborate to execute the goals and meet the desired outcomes. Most team processes in rehabilitation centers strive for an interdisciplinary team approach that promotes patient-centered care. Each discipline works within its scope of practice to optimize care through coordinated efforts.


Transdisciplinary teams are comprised of the same professional members identified in the multidisciplinary and transdisciplinary teams; however, the team members in the transdisciplinary model function differently in that they share clinical responsibilities and overlap in duties and responsibilities. In the transdisciplinary model of team building, the professional roles and responsibilities are so familiar to the team members that there is an interchange of tasks and functions.27 Transdisciplinary teams engage in release of professional roles typical to the discipline in an effort to have the patient receive the interventions needed within a context that is supportive of the learning and the practice. The transdisciplinary model is operational in the management of infants and children who receive early intervention rehabilitation services and have an Individualized Family Service Plan (IFSP).


Two major issues emerging in health care that affect health care professionals include (1) the need for health care professionals with advanced education and training in specialty and subspecialty areas, and (2) the need for collaboration among health practitioners to ensure efficiency of patient management that results in best practice and improves patient outcomes. The information explosion in health care, particularly in rehabilitation, has led to increasing specialization and subspecialization in many fields. The interdisciplinary health care team concept has evolved, in part, because no single individual or discipline can have all the necessary expertise and specialty knowledge required for high-quality care, especially the care of patients with complex disorders. Interdisciplinary rehabilitation health care teams provide patient care management approaches that capitalize on clinical expertise by engaging members from diverse rehabilitation professions working together, collaborating, and communicating closely to optimize patient care.28


Collaboration is defined as a joint communication and decision-making process with the goal of meeting the health care needs of a particular patient or patient population. Each participant on the rehabilitation team brings a particular expertise, and leadership is determined by the particular rehabilitation situation being addressed. The rehabilitation team has the opportunity to meet and engage in “asking the answerable questions” that are critical in clinical practice today when engaging in an evidence-based model of practice.29 According to Sackett and colleagues,29 evidence-based practice is the integration of the best research evidence, clinical expertise, and patient values. Evidence-based practice and clinical decision-making enhance the role of the rehabilitation team professionals as they share their clinical insights supported by historical and current evidence. Rehabilitation teams that are diverse in professional representation can bring a wide perspective of expertise on particular rehabilitation issues. With this perspective, clinical decision making becomes a more inclusive process.


The role of the health care professional on a rehabilitation team begins during professional education. Rehabilitation sciences health professionals must work at understanding, evaluating, and analyzing the many facets of health care that require specialized professionals who will work to meet the goals and objectives of the specialty and of health care delivery on the whole. The formation of a rehabilitation team provides a cohort of professionals who individually and collectively strive for effective and efficient management of patients. The team process allows for a deeper understanding of and appreciation for the contributions of the other rehabilitation disciplines in the assessment and treatment of the patient and management of patient problems.


In addition to discipline-specific skills and knowledge, health professionals must be aware of the interrelationships among health care workers. One of the major barriers to effective team functioning is a lack of understanding or misconception of the roles of different disciplines in the care of the whole patient.30 A clear understanding of the totality of the health care delivery system and the role of each professional within the system increase the potential effectiveness of the health care team. A group of informed, dedicated health professionals working together to set appropriate goals and initiate patient care to meet these goals uses a model that exceeds the sum of its individual components.


Almost all rehabilitation health care today is provided in a team setting using a patient-centered approach. This integrated approach facilitates appreciation of the patient as a person with individual strengths and needs rather than as a dehumanized diagnosis or problem. The diverse perspectives and knowledge that are brought to the rehabilitation process by the members of the interdisciplinary team provide insight into all aspects of the patient’s concerns. Conceptually, all members of the health care team contribute equally to patient care. The contribution of each is important and valuable; otherwise, quality of patient care and efficacy of intervention would be diminished. Although one member of the team may take an organization or management role, decision making occurs by consensus building and critical discussion. Professionals with different skills function together with mutual support, sharing the responsibility of patient care.


Effective team-based health care assumes that groups of health care providers representing multiple disciplines can work together to develop and implement a comprehensive, integrated treatment plan for each patient. This requires professionals, who have traditionally worked independently and autonomously, to function effectively in interdependent relationships with members of other disciplines.31 However, this may not be an easy task to accomplish because of the considerable potential for dysfunction.


The Oxford English Dictionary defines team as “two or more persons working together.”32 Pearson and Jones define a team as “a small group of people who relate to each other to contribute to a common goal.”33 Much of our understanding of team function is drawn from organization and management research literature, the theories of which provide insight and information on how interdisciplinary teams operate and the factors that facilitate or inhibit their effectiveness. A number of factors are important influences on health professionals’ perception of team membership that can be positive or negative to the team process.

Values and Behaviors


Some of the factors that tend to limit the effectiveness of a work group are large group size, poor decision-making practices, lack of fit between group members’ skills and task demands, and poor leadership.34–36 Other factors that influence team dynamics are classified as formal (tangible or visible) and informal (submerged). Formal factors include the policies and objectives of the group or its parent organization, the systems of communication available to the group, and the job descriptions of its members. Informal factors, which are often less obvious but equally influential on group process, include working relationships among team members; power networks within and external to the group; and the values, beliefs, and goals of individuals within the group (Box 1-1).33 Team-building initiatives are often focused on the formal, or visible, areas, but informal communication, values, and norms play key roles in the functioning of the health care team.




Box 1-1


Formal and Informal Factors That Influence Dynamics of the Multidisciplinary Work Group





Formal (visible) influences



Policies of the group or institution


Objectives of the group


Formal systems of communication


Job descriptions of group members





Informal (submerged) influences



Informal relationships among team members


Communication styles of team members


Power networks within the group


Individual values and beliefs


Goals/norms of individuals in the group





Modified from Pearson P, Jones K. The primary health care non-team? Dynamics of multidisciplinary provider groups. BMJ 1994;309(6966):1387-1388.




A variety of characteristics and considerations also enhance the effectiveness of the interdisciplinary health care team. In addition to having strong professional backgrounds and appropriate skills, team members must appreciate the diversity within the group, taking into account age and status differences and the dynamics of individual professional subgroups.35 The size of the team is also important: the most capable and effective teams tend to have no more than 12 members. Team members who know each other and are aware of and value each other’s skills and interests are often better able to set and achieve goals. Clearly defined goals and objectives about the group’s purpose and primary task, combined with a shared understanding of each member’s roles and skills, increase the likelihood of effective communication.


Values and behaviors that facilitate the collaborative team care model include the following:




• Trust among members that develops over time as members become more familiar with each other


• Knowledge or expertise necessary for the development of trust


• Shared responsibility for joint decision-making regarding patient outcomes


• Mutual respect for all members of the team


• Two-way communication that facilitates sharing of patient information and knowledge


• Cooperation and coordination to promote the use of skills of all team members


• Optimism that the team is indeed the most effective means of delivering quality care





In the early stages of development, it is essential that the team spend time developing goals, tasks, roles, leadership, decision-making processes, and communication methods. In other words, the team needs to know where it is going, what it wants to do, who is going to do it, and how it will get done.37 One of the most important characteristics of an effective health care team is the ability to accommodate personal and professional differences among members and to use these differences as a source of strength. The well-functioning team often becomes a means of support, growth, and increased effectiveness and professional satisfaction for the physical therapist and other health professionals who wish to maximize their strengths as individuals while participating in professional responsibilities.38

Rehabilitation Teams


The interdisciplinary health care team has become essential in the rehabilitation of patients whose body function and level of participation in the tasks of daily living could be enhanced by assistive technology such as an orthosis or prosthesis. The complexity of the rehabilitation process and the multidimensional needs of patients frequently require the expertise of many different professional disciplines. The rehabilitation team is often shaped by the typical needs and characteristics of the patient population that it is designed to serve. The individuals most often represented on the rehabilitation team include one or more physicians with specialties in rehabilitation medicine, orthopedics, vascular surgery or neurology, nurses, prosthetists and/or orthotists, physical therapists, occupational therapists, dietitians, social workers, vocational rehabilitation counselors, as well as patients and caregivers (Figure 1-5). Each member of the interdisciplinary team has an important role to play in the rehabilitation of the patient. Patient education is often one of the primary concerns of the team. Imparting information regarding the health condition, etiology, treatment, progression, management, and prognosis helps patients become active partners in the rehabilitation process rather than passive recipients of care. Patient education addresses prevention and treatment strategies; patients and their families are able to identify their needs and concerns and communicate them to the team members. Each member of the team has the responsibility for contributing to patient education, so that patients have the information needed for an effective partnership and positive outcome of rehabilitation efforts.


[image: image]
Figure 1-5 A key characteristic of the successful health care team is a clear understanding of the role, responsibilities, and unique skills and knowledge of each member of the rehabilitation team, combined with open and effective communication.




Research studies across a wide variety of medical conditions and health disciplines contain evidence that patients who feel prepared and informed are most likely to invest in and comply with recommended interventions and often have the most positive health outcome. Ideally, patient education about amputation and prosthetics begins in advance of, or at least immediately after, the amputation surgery.39 A national survey of people with amputations (n = 109) revealed that information is often scarce at this crucial time.40 Individuals with recent amputations are often caught in an information gap in the days between surgery and the initial process of prosthetic prescription and fitting. Only approximately 50% of patients with a new amputation received information about the timing and process of rehabilitation or about prosthetic options before or immediately after amputation.40 Interestingly, the health professional most frequently cited as a provider of information at the time of amputation was the physical therapist (25%), followed by the physician (23%). The health professionals cited as most helpful after amputation were the prosthetist (65%) and the physical therapist (23%) (Table 1-1). Clearly, one of the most valued contributions of the physical therapist, in addition to the traditional role in facilitating a patient’s mobility and independence, is as a provider of early information about the timing and process of the prosthetic fitting and training.




Table 1-1


Health Professionals Cited as Sources of Information to Persons with Amputations (n = 109)








	Health Discipline

	Provided Information at Time of Amputation

	Most Helpful After Amputation









	Physical therapist

	24 (25%)

	22 (23%)





	Prosthetist

	18 (19%)

	63 (65%)





	Surgeon/family physician

	22 (23%)

	28 (29%)





	Others with amputation

	21 (22%)

	7 (7%)








Values are n (%).


Data from Nielsen CC. A survey of amputees: functional level and life satisfaction, information needs, and the prosthetist’s role, J Prosthet Orthot 1991;3(3):125.





The respondents in this study desired to be active participants in treatment planning and rehabilitation decision-making in partnership with the health care team. The keys to the patient’s successful participation in the rehabilitation team are efforts to provide more information and opportunity for open communication; both are likely to enhance patient satisfaction and compliance and the achievement of a positive clinical outcome.


Coordinated patient-centered care by an interdisciplinary rehabilitation team is just as essential for effective rehabilitation of children as it is for adults. For children with myelomeningocele or cerebral palsy, the broad knowledge base available through team interaction provides a stronger foundation for tailoring interventions to the ever-changing developmental needs of the child and family.41,42 The optimal delivery of care for children is best provided in a comprehensive health care setting in which the various specialists can provide a truly collaborative approach. Orthopedic surgeons, neurologists, orthotists, prosthetists, physical therapists, occupational therapists, nurses, dietitians, social workers, psychologists, and special education professionals may all be involved in setting goals and formulating and carrying out plans for intervention and outcomes assessment.


The concept of a multidisciplinary pediatric clinic team was formulated as World War II came to an end.43 This structure has evolved further over the years and is particularly effective for the more complex orthotic and prosthetic challenges. A “mini-team” consisting of the patient’s physician, a physical therapist, and a prosthetist or orthotist can usually be assembled, even in a small town with few facilities. Regardless of its size, an effective team views the child and family from a holistic perspective, with the input from each specialty being of equal value. Under these circumstances, the setting of treatment priorities, such as whether prosthetic fitting or training in single-handed tasks is most appropriate at a child’s current age or developmental level, is made on the basis of the particular needs of the individual.44 Children with orthotic and prosthetic needs are followed in the community and within the school setting. As appropriate, a child may receive rehabilitation or habilitation services under the Individuals with Disabilities Education Act (IDEA).45 The rehabilitation/educational team is a diverse group of health care professionals, educators, family, and caregivers, each with essential skills necessary to address the needs of the child that encourage maximum participation in tasks of daily living. Each member of the team works in a collaborative manner with the family and caregivers, and with the child’s teachers and other health professionals to ensure that the goals of the Individualized Family Service Plan (IFSP) or the Individualized Education Plan (IEP) are addressed and met. Clear and frequent communication is essential for the team to function effectively and to achieve the desired outcomes for the child.






Case example 1


Interdisciplinary Teams


P. G. is a 23-year-old man admitted to a level 3 trauma center two weeks ago after sustaining severe crush injuries to both lower extremities and a closed-head injury in an accident involving a motorcycle and a sport utility vehicle. Initially, unconscious with a Glasgow Coma Scale score of 8, P. G. was placed on life support in the emergency department. Radiographs revealed a severely comminuted fracture of the distal right femur and displaced fractures of the left tibia and fibula at midshaft. Examination revealed partial thickness “road burn” abrasions on the left anterior thorax and thigh; these were thoroughly cleaned and covered with semipermeable dressings. A computed tomography scan of his cranium and brain revealed a subdural hematoma over the left sylvian fissure and moderate contusion of the anterior pole and undersides of the frontal lobes. Arteriography indicated rupture of the right femoral artery 4 inches above the knee. Given the extent of the crush injuries, the trauma team determined P. G. was not a candidate for reconstructive surgery to salvage his right limb.


P. G. was taken to the operating room, where a standard length transfemoral amputation was performed on the right lower extremity. Simultaneously, orthopedic surgeons performed an open-reduction internal fixation with an intramedullary rod in the tibia and used surgical plates and screws to repair the fibula. Neurosurgeons drained the subdural hematoma through a burr hole in his skull. P. G. was started on high-dose broad-spectrum antibiotics in the operating room. He was transferred to the surgical intensive care unit for postoperative care.


P. G. was weaned from the ventilator and is now functioning at a Rancho Los Amigos Scale level of 7. He is able to follow one- and two-step commands but becomes easily confused and angry in complex environments and when fatigued. His postoperative pain is currently being managed with Tylenol #3 as needed. His right lower extremity has been managed with soft dressings and elastic bandages; his residual limb is moderately bulbous, with resolving ecchymosis from the accident and surgery. Moderate serosanguineous drainage continues from the medial one third of the suture line. Although most of the skin abrasions show signs of regranulation, one area on his left thigh is red and hot, with yellowish drainage. When transferred (maximum assist of two) into a bedside recliner, P. G. tolerates 30 minutes in a 45- to 60-degree reclined position. He becomes lightheaded and has significant pain when sitting upright with his left lower extremity dependent. He has been referred to physical therapy for evaluation of rehabilitation potential and initiation of mobility activities.


Before his accident, P. G. was a graduate student in physics at a nearby university. He lived in a third floor walk-up apartment with his fiancé and his golden retriever. Besides his motorcycle, his interests and hobbies included long distance running and mountain climbing. His mother and father have traveled to be with him during the acute hospital stay.



Questions to Consider



• Who are the clinical specialists and health professionals needed to address the medical needs of the patient?


• What are the priorities, specific roles, and responsibilities for each potential member of the team? What team structure do you envision?


• How are the roles and responsibilities similar or different across the team?


• What external influences will affect team formation and functioning in a busy level 3 trauma center?


• What factors might facilitate team development?


• What factors might challenge the effectiveness of the team?


• As P. G. recovers from his injuries, how might the roles and responsibilities of the various team members change or evolve?


• When and how would you apply the ICF disablement model for P. G.?











Case example 2


Interdisciplinary Teams


E. L. is a 73-year-old woman with a 10-year history of type 2 diabetes mellitus. She is insulin dependent. Two weeks before her most recent hospitalization, she and her husband (who is in the early stages of Alzheimer disease) moved from their home of 50 years to an assisted-living complex in a neighboring town. Although the furniture is set up and functional, they have not had the chance to fully unpack and make the apartment their own.


Over the past three years, E. L. has been monitored by her team of physicians for progressive polyneuropathy of diabetes and for moderate peripheral vascular disease. She had a transmetatarsal amputation of her right forefoot eight months ago because of nonhealing recurrent neuropathic ulcer. Despite wearing custom-molded shoes and accommodative orthoses, another ulcer of her first metatarsal head developed on the left foot two months ago. This new ulcer did not heal with conservative care and progressed to osteomyelitis two weeks ago. When vascular studies suggested inadequate circulation to heal the ulcer she received arterial revascularization intervention, but the ischemia persisted and E. L. underwent an elective transtibial amputation of her left lower extremity. Despite a short bout of postoperative delirium thought to be related to pain management with morphine, E. L. (5 days postoperatively) was adamant about returning to her new assisted-living apartment, using a wheelchair for mobility, and receiving home care until her residual limb is healed and ready for prosthetic fitting.


Currently she is able to ambulate two lengths of 15-foot-long parallel bars before needing to rest and has begun gait training with a “hop-to” gait pattern with a standard walker. She is able to transfer from sitting on a firm seating surface with armrests to standing with standby guarding and verbal cueing, and needs minimal assistance from low and soft seats without armrests. She believes that she and her husband will be able to manage at home because her bathroom has grab bars on the toilet, and a tub seat and handheld shower head are available from the “loaner closet” at her assisted-living facility.


At discharge, the suture line had one small area of continued moderate drainage, requiring frequent dressing changes. She is unable to move her residual limb into a position for effective visual self-inspection of the healing surgical wound without significant discomfort. Her husband, although attentive, becomes confused with the routine of wound care. E. L.’s postoperative limb volume and edema are being managed with a total contact cast, which she is able to don and doff independently. She had one late evening fall, when she awoke from a sound sleep having to go to the bathroom and was surprised when her left limb “wasn’t really there” to stand on when she tried to get out of bed.


Since her amputation, E. L.’s insulin dosages have had to be adjusted frequently because of unpredictable changes in her serum glucose levels. She has lost 20 pounds (half of which can be attributed to her amputation) since admission.



Questions to Consider



• Who are the health care professionals likely to be involved in her care?


• Which team approach is most desirable for patient-centered care: multidisciplinary, interdisciplinary, or transdisciplinary? Why?


• What are the major challenges facing the team of care providers involved in the postoperative, preprosthetic care of E. L and her husband? How are these similar to or different from challenges and issues the trauma center team considered before her amputation?


• What strategies are currently in place or must be developed to ensure that E. L.’s care at home is comprehensive and coordinated?


• How will the roles and responsibilities of the team members evolve and change as she recovers from her surgery and is ready to begin prosthetic use?


• When and how would you apply the ICF disablement model for E. L.?









Case example 3


Interdisciplinary Teams


M. S. is a 12-year-old girl with myelomeningocele (spina bifida) who uses a wheelchair for mobility. In the past year she has developed significant thoracolumbar scoliosis believed to be associated with a growth spurt. Concerned about the rate of increase in her S-shaped thoracolumbar curve, her parents sought the advice of an orthopedic surgeon who has been involved as a consultant in her care since birth. The surgeon recommends surgical stabilization of M. S.’s spine with Harrington rods and bony fusion to (1) prevent further progression of the curve and rib hump so that secondary impairment of the respiratory system will be minimized as she grows and (2) provide more efficient upright sitting posture for wheelchair propulsion in the years ahead.


M. S. currently attends classes in her neighborhood middle school where she receives related health services including physical therapy. Until two years ago, she ambulated for exercise by using a reciprocal gait orthosis during gym periods at school, but with recent spurts in growth the use of a manual wheelchair is more efficient for mobility (to keep up with her classmates). She is also followed up on a regular basis by a neurologist who monitors the operation of her ventriculoperitoneal shunt (commonly used in the management of hydrocephalus associated with myelomeningocele).


In addition to their concerns about the risk of the surgical procedure, M. S.’s parents are quite concerned about how the anticipated four-month postoperative immobilization in a thoracolumbosacral orthosis will affect her capacity for self-care and independent wheelchair mobility. They are also concerned about how the surgery and postoperative period will potentially interrupt the effective bowel and bladder management routine for which M. S. has just begun to assume responsibility. As witnesses to their daughter’s deconditioning and loss of stamina over the past six months, they are concerned that she might not be “physically ready” for the surgery and postoperative rehabilitation. They are also asking questions about whether this spinal surgery will ultimately improve the prognosis of a successful return to ambulation with her reciprocal gait orthosis.



Questions to Consider



• Who are the members of the rehabilitation team?


• What is the structure of the team that will best address the needs of the patient?


• What are the priorities, roles, and responsibilities of the health professionals involved in the care of this child and her family?


• How is the composition of M. S.’s rehabilitation team similar to or different from that of P. G.’s and E. L.’s teams?


• How will the health and education professionals support M. S. and her family through the postoperative recovery process?


• When and how would you apply the ICF disablement model to M. S.?








Summary


Patient-centered care in in-patient rehabilitation and ambulatory community settings today relies on interdisciplinary rehabilitation teams that function to address the patient goals and maximize patient outcomes. The use of rehabilitation teams has evolved in part because no one person or discipline has the expertise in all the areas of specialty knowledge required for the established standards of care. This situation is particularly true for meeting the health care needs of persons in orthotic and prosthetic rehabilitation. The success of the rehabilitation team process requires health professionals to work together in a collaborative and cooperative manner. The rehabilitation team professional must demonstrate attitudes and attributes that foster collaboration, including35:



1 Openness and receptivity to the ideas of others


2 An understanding of, value of, and respect for the roles and expertise of other professionals on the team


3 Value interdependence and acceptance of a common commitment to comprehensive patient-centered care


4 Willingness to share ideas openly and take responsibility




This chapter introduces the topic of orthotics and prosthetics in rehabilitation and advocates for an multi and interdisciplinary approach to patient-centered care. There is a burgeoning demand for the use of orthotics and prosthetics, based on the traumatic injuries sustained by U.S. service men and women involved in military conflicts in the early years of this century and on the projected rise in the number of persons with chronic health conditions such as obesity, type 2 diabetes, and vascular disease. The WHO ICF is the current disablement framework endorsed by 191 countries.46 Rehabilitation professionals including orthotists, prosthetists, physical, and occupational therapists will apply the ICF disablement model to maximize strategies for patient participation in the tasks of daily living through enhancement of environmental factors such as providing appropriate, cost-effective assistive technology including orthoses and prostheses. A rehabilitation model of patient-centered care that uses a transdisciplinary team approach to enhance communication, address goals and objectives, apply best practice, and improve patient outcomes is the current standard of care for persons in rehabilitation settings. Collaboration, mutual respect, and an understanding of the roles and responsibilities of colleagues engender productive teamwork and improved outcomes for the rehabilitation patient.

References



1. World Health Organization. International Classification of Functioning, Disability, and Health (ICF)http://www.who.int/classifications/icf/en/ Accessed 29.02.12.


2. Stubblefield C, Houston C, Haire-Joshu D. Interactive use of models of health-related behavior to promote interdisciplinary collaboration. J Allied Health. 1994;23(4):237–243.


3. Suddick KM, De Souza L. Therapists’ experiences and perceptions of team work in neurological rehabilitation:reasoning behind the team approach, structure and composition of the team and teamworking processes. Physiother Res Int. 2006;11(2):72–83.


4. Nenedict SM, Scholten J. The Veterans’ Health Administration’s polytrauma system of care: rehabilitation for today’s and tomorrow’s veterans. J Am Soc Aging. 2010;34(2):106–108.


5. Stern S, Brault M. Disability data from the American Community Survey: a brief examination of the effects of a question redesign in 2003. U.S Census Bureau, Housing and Household Economic Statistics Division January 28, 2005; Available at: http://www.census.gov/acs/www/Downloads/library/2005/2005_Stern_01.pdf; January 28, 2005.


6. Limb Loss Information Centre. Surge in war amputees drives improved prosthetic researchhttp://limblossinformationcentre.com/2010/06/23/surge-in-war-amputees-drives-improved-prosthetic-research/ Accessed 29.02.12.


7. Stagnitti M. The prevalence of obesity and other chronic conditions among diabetic adults in the U.S. community population, 2001. AHRQ Statistical Brief #34. http://www.meps.ahrq.gov/mepsweb/data_files/publications/st34/stat34.pdf Accessed 29.02.12.


8. American Heart Association. Peripheral arterial diseasehttp://www.americanheart.org Accessed 29.02.12.


9. Ziegler-Graham K, MacKenzie EJ, Ephraim PL, et al. Estimating the prevalence of limb loss in the United States—2005 to 2050. Arch Phys Med Rehabil. 2008;89(3):422–429.


10. U.S. Department of Labor, Bureau of Labor Statistics. Occupational Employment Statistics. Available at: http://www.bls.gov/oes/current/oes292091.htm.


11. Myers RS. Historical perspective, assumptions, and ethical considerations for physical therapy practice. In: Myers RS, ed. Saunders Manual of Physical Therapy Practice. Philadelphia: Saunders; 1995;3–7.


12. Shurr DG, Michael JW. Prosthetics and Orthotics. 2nd ed. Norwalk, CT: Appleton & Lange; 2002; 1–5.


13. Retzlaff K. AOPA celebrates 75 years of service to O&P. Orthotics and Prosthetics Almanac. 1992;45 (Nov).


14. Hazenhyer IM. A history of the American Physiotherapy Association Part IV: maturity, 1939-1946. Phys Ther Rev. 1946;26:174–184.


15. Wilson BA. History of amputation surgery and prosthetics. In: Bowker JH, Michael JW, eds. Atlas of Limb Prosthetics: Surgical, Prosthetic and Rehabilitation Principles. St. Louis: Mosby Year Book; 1992;3–15.


16. Mishra R. Amputation rate for U.S troops twice that of past wars. Boston Globe. December 9, 2004.


17. Veterans Health Administration Research Advances: Facts About Prosthetics. http://www.research.va.gov/resources/pubcs/docs/Prosthetics.pdf; January 2010; Accessed 29.02.12.


18. State of Virginia Research. Improving Veterans’ Lives. Available at: http://www.research.va.gov/resources/pubs/docs/StateOfVAResearchApr2011.pdf; 2011; Accessed 29.02.11.


19. National Commission on Orthotic and Prosthetic Education. List of Schools.. Available at: http://www.ncope.org/info_students/schools.asp.


20. Masala C, Donatella RP. From disablement to enablement: conceptual models of disability in the 20th century. Disabil Rehabil. 2008;30(7):1233–1244.


21. Nagi S. Some conceptual issues in disability and rehabilitation. In: Sussman M, ed. Sociology and Rehabilitation. Washington, DC: American Sociological Association; 1965;100–113.


22. Bornman J. The World Health Organisation’s terminology and classification: application to serve disability. Disabil Rehabil. 2004;26(3):182–188.


23. Rimmer J. Use of the ICF in identifying factors that impact participation in physical activity/rehabilitation among people with disabilities. Disabil Rehabil. 2006;28(17):1087–1095.


24. International Classification of Impairments, Disability, and Handicaps. http://www.aihw.gov.au/publications/dis/dda-mnc/dda-mnc-c03.pdf; 1980; Accessed 29.02.12.


25. Nagi SZ. Disability concepts revisited: implications for prevention. In: Pope AM, Tarlov AR, eds. Institute of Medicine Disability in America: Toward a National Agenda for Prevention. Washington, DC: National Academy Press; 1991.


26. World Health Organization. Towards a Common Language for Functioning, Disability and Health. Geneva: World Health Organization; 2002.


27. Cooper BS, Fishman EF. The Interdisciplinary Team in the Management of Chronic Conditions: Has Its Time Come? Partnerships for Better Solutions, In Retooling for an Aging America: Building the Health Care Workforce. Washington, DC: The National Academies Press; 2008.


28. Hall P, Weaver L. Interdisciplinary education and teamwork: a long and winding road. Med Educ. 2001;35(9):867–875.



29. Sackett DL, Strauss SE, Richardson WS, et al. Evidence-based Medicine. 2nd ed. Toronto: Churchhill Livingston; 2000.


30. Strasser DC, Falconer JA, Martino-Saltzmann D. The rehabilitation team: staff perceptions of the hospital environment, the interdisciplinary team environment, and interprofessional relations. Arch Phys Med Rehabil. 1994;75(2):177–182.


31. Alexander JA, Lichtenstein R, Jinnet K, et al. The effects of treatment team diversity and size on assessment of team functioning. Hospital Health Serv Admin. 1996;41(1):37.


32. Oxford Dictionary Online. http://oxforddictionaries.com/definition/team?region=US$q=team.


33. Pearson P, Jones K. The primary health care non-team? Dynamics of multidisciplinary provider groups. BMJ. 1994;309(6966):1387–1388.


34. Hackman JR. Groups That Work (& Those That Don’t): Creating Conditions for Effective Team Work. San Francisco: Jossey-Bass; 1990.


35. Goodman PS, Devadas RA, Hughson TLG. Groups and productivity: analyzing the effectiveness of self-managing teams. In: Campbell JP, Campbell JR, eds. Productivity in Organizations. San Francisco: Jossey-Bass; 1988;295–327.


36. Van Norman G. Interdisciplinary Team Issues Ethics in Medicine. Available at: http://depts.washington.edu/bioethx/topics/team.html; 2008; Accessed 29.02.12.


37. Fried B, Rundall T. Group and teams in health services organizations. In: Shortell SM, Kaluzny AD, eds. Health Care Management, Organization, Design and Behavior. 3rd ed. Albany, NY: Delmar; 1994.


38. Area Health Education Center, DC. Models of Team Practice-Interdisciplinary Health Care Team Practice. Available at: http://dcahec.gwumc.edu/education/session3/members.html Accessed 29.02.12.


39. Lopopolo RB. The relationship of role-related variable to job satisfaction and commitment to the organization in a restructured hospital environment. Phys Ther. 2002;82(10):984–999.


40. Nielsen CC. Factors affecting the use of prosthetic services. J Prosthet Orthot. 1989;1(4):242–249.


41. Nielsen CC. A survey of amputees: functional level and life satisfaction, information needs, and the prosthetist’s role. J Prosthet Orthot. 1991;3(3):125–129.


42. Banta JV, Lin RS, Peterson M, et al. The team approach in the child with myelomeningocele. J Prosthet Orthot. 1990;2(4):365–375.


43. Wiart L, Darrah J. Changing philosophical perspectives on the management of children with physical disabilities: their effect on the use of powered mobility. Disabil Rehabil. 2002;24(9):492–498.


44. Michael J. Pediatric prosthetics and orthotics. Phys Occup Ther Pediatr. 1990;10(2):123–146.


45. U.S.Department of Education. Individuals with Disabilities Education Acthttp://idea.ed.gov/ Accessed 2.02.12.


46. World Health Organization. International Classification of Functioning, Disability and Health. Available at: http://www.who.int/classifications/icf/en/ Accessed 15.02.11.














2



Aging and Activity Tolerance


Implications for Orthotic and Prosthetic Rehabilitation



Kevin K. Chui and Michelle M. Lusardi





Learning Objectives


On completion of this chapter, the reader will be able to do the following:



1. Describe the role of the cardiopulmonary and cardiovascular systems as “effectors” for goal-driven functional motor activity.


2. Define the key components of cardiopulmonary and cardiovascular systems as they relate to energy expenditure during functional activity.


3. Describe the functional consequences of age-related change in cardiopulmonary and cardiovascular structures, especially with respect to exercise and activity tolerance.


4. Apply principles of cardiopulmonary/cardiovascular conditioning to rehabilitation interventions for older or deconditioned individuals, or both, who will be using a prosthesis or an orthosis.


5. Weigh the benefits and limitations, with respect to energy cost and facilitation of daily function, in selecting an appropriate orthosis or prosthesis for an older or deconditioned individual.




Many individuals who rely on orthotic or prosthetic devices in order to walk or to accomplish functional tasks have impairments of the musculoskeletal or neuromuscular systems that limit the efficiency of their movement and increase the energy cost of their daily and leisure activities. The separate and interactive effects of aging, inactivity, and cardiac or pulmonary disease can also compromise the capacity for muscular “work,” tolerance of activity, and ability to function.


Consider this example: a 79-year-old woman with insulin-controlled type 2 diabetes has been referred for physical therapy evaluation after transfemoral amputation following a failed femoral-popliteal bypass. She has been on bed rest for several weeks because of her multiple surgeries. The physical effort required by rehabilitation and prosthetic training may initially feel overwhelming to this woman. In her deconditioned state, preprosthetic ambulation with a walker is likely to increase her heart rate (HR) close to the upper limits of a safe target HR for aerobic training. What, then, is her prognosis for functional use of a prosthesis? What are the most important issues to address in her plan of care? What intensity of intervention is most appropriate given her deconditioned state? In what setting and for how long will care be provided? These are questions without simple answers.


The physical therapist, orthotist, and prosthetist must recognize factors that can be successfully modified to enhance performance and activity tolerance when making decisions about prescription and intervention strategies. Aerobic fitness should be a key component of the rehabilitation program for those who will be using a prosthesis or orthosis for the first time. It is vitally important that rehabilitation professionals recognize and respond to the warning signs of significant cardiopulmonary or cardiovascular dysfunction during treatment and training sessions.


Although the anatomical and physiological changes in the aging cardiopulmonary system are important to our discussion, our focus is on the contribution of cellular and tissue-level changes to performance of the cardiopulmonary and cardiovascular systems and, subsequently, on the individual’s ability to function. This view provides a conceptual framework for answering four essential questions:



• Is this individual capable of physical work?


• If so, what is the energy cost of doing this work?


• Is it possible for this individual to become more efficient or more able to do physical work?


• What impact does the use of an orthosis or prosthesis have on energy use and cost during functional activities for this person?



Oxygen transport system


The foundation for the functional view of the cardiopulmonary system is the equation for the oxygen transport system (Figure 2-1). Aerobic capacity (VO2max) is the body’s ability to deliver and use oxygen (maximum rate of oxygen consumption) to support the energy needs of demanding physical activity. VO2max is influenced by three factors: the efficiency of ventilation and oxygenation in the lungs, how much oxygen-rich blood can be delivered from the heart (cardiac output, or CO) to active peripheral tissues, and how well oxygen is extracted from the blood to support muscle contraction and other peripheral tissues during activity (arterial-venous oxygen difference, or AVO2diff).1–3 Aerobic capacity can be represented by the following formula:


VO2max=  CO  ×  AVO2diff
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Figure 2-1 Functional anatomy and physiology of the cardiorespiratory system. After blood is oxygenated in the lungs, the left side of the heart contracts to deliver blood, through the aorta and its branches, to active tissues in the periphery. Oxygen must be effectively extracted from blood by peripheral tissues to support their activity. Deoxygenated blood, high in carbon dioxide, returns through the vena cava to the right side of the heart, which pumps it to the lungs for reoxygenation. Aerobic capacity (VO2max) is the product of how well oxygen is delivered to cardiac output (CO) and extracted by arterial-venous oxygen difference (AVO2diff) active tissues. HR, Heart rate; SV, stroke volume.




The energy cost of doing work is based on the amount of oxygen consumed for the activity, regardless of whether the activity is supported by aerobic (with oxygen) or anaerobic (without oxygen) metabolic mechanisms for producing energy. VO2max provides an indication of the maximum amount of work that can be supported.1–3


CO is the product of two elements. The first is the HR, the number of times that the heart contracts, or beats, per minute. The second is stroke volume (SV), the amount of blood pumped from the left ventricle with each beat (measured in milliliters or liters). Cardiac output is expressed by the following formula (measured in milliliters or liters per minute):


CO=HR   ×   SV
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As a product of HR and SV, CO is influenced by four factors: (1) the amount of blood returned from the periphery through the vena cava, (2) the ability of the heart to match its rate of contraction to physiological demand, (3) the efficiency or forcefulness of the heart’s contraction, and (4) the ability of the aorta to deliver blood to peripheral vessels. The delivery of oxygen to the body tissues to be used to produce energy for work is, ultimately, a function of the central components of the cardiopulmonary system.1–3


The second determinant of aerobic capacity, the AVO2diff, reflects the extraction of oxygen from the capillary by the surrounding tissues. The AVO2diff is determined by subtracting the oxygen concentration on the venous (postextraction) side of the capillary bed (CvO2) from that of the arteriole (preextraction) side of the capillary bed (CaO2), according to the formula:


AVO2diff=  CaO2−  CvO2
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The smaller vessels and capillaries of the cardiovascular system are involved in the process of extraction of oxygen from the blood by the active tissues. Extraction of oxygen from the blood to be used to produce energy for the work of the active tissues is a function of the peripheral components of the cardiopulmonary system.1–3


During exercise or a physically demanding activity, CO must increase to meet the need for additional oxygen in the more active peripheral tissues. This increased CO is the result of a more rapid HR and a greater SV: As the return of blood to the heart increases, the heart contracts more forcefully and a larger volume of blood is pumped into the aorta by the left ventricle. Chemical and hormonal changes that accompany exercise enhance peripheral shunting of blood to the active muscles, and oxygen depletion in muscle assists transfer of oxygen from the capillary blood to the tissue at work.3,4


The efficiency of central components, primarily of CO, accounts for as much as 75% of VO2max. Peripheral oxygen extraction (AVO2diff) contributes the remaining 25% to the process of making oxygen available to support tissue work.5 In healthy adults, under most conditions, more oxygen is delivered to active tissues (muscle mass) than is necessary.3,5 For those who are significantly deconditioned or who have cardiopulmonary or cardiovascular disease, the ability to deliver oxygen efficiently to the periphery as physical activity increases may be compromised. With normal aging, there are age-related physiological changes in the heart itself that limit maximum attainable HR. Because of these changes, it is important to assess whether and to what degree SV can be increased effectively if rehabilitation interventions are to be successful.

The aging heart


The ability to plan an appropriate intervention to address cardiovascular endurance and conditioning in older adults who may need to use a prosthesis or orthosis is founded on an understanding of “typical” age-related changes in cardiovascular structure and physiology, as well as on the functional consequences of these changes.

Cardiovascular Structure


Age-related structural changes in the cardiovascular system occur in five areas: myocardium, cardiac valves, coronary arteries, conduction system, and coronary vasculature (i.e., arteries)6–9 (Table 2-1). Despite these cellular and tissue level changes, a healthy older heart can typically meet energy demands of usual daily activity. Cardiovascular disease, quite prevalent in later life, and a habitually sedentary lifestyle can, however, significantly compromise activity tolerance.10




Table 2-1


Age-Related Changes in the Cardiovascular System








	Structure

	Change

	Functional Consequences









	Heart

	Deposition of lipids, lipofuscin, and amyloid within cardiac smooth muscle
Increased connective tissue and fibrocity
Hypertrophy of left ventricle
Increased diameter of atria
Stiffening and calcification of valves
Fewer pacemaker cells in sinoatrial and atrioventricular nodes
Fewer conduction fibers in bundle of His and branches
Less sensitivity to extrinsic (autonomic) innervation
Slower rate of tension development during contraction

	Less excitability
Diminished cardiac output
Diminished venous return
Susceptibility to dysrhythmia
Reduction in maximal attainable heart rate
Less efficient dilation of cardiac arteries during activity
Less efficient left ventricular filling in early diastole, leading to reduced stroke volume
Increased afterload, leading to weakening of heart muscle





	Blood vessels

	Altered ratio of smooth muscle to connective tissue and elastin in vessel walls
Decreased baroreceptor responsiveness
Susceptibility to plaque formation within vessel
Rigidity and calcification of large arteries, especially aorta
Dilation and increased tortuosity of veins

	Less efficient delivery of oxygenated blood to muscle and organs
Diminished cardiac output
Less efficient venous return
Susceptibility to venous thrombosis
Susceptibility to orthostatic hypotension










Myocardium


With advanced age, cells of the myocardium show microscopical signs of degeneration including increases in myocardial fat content (i.e., storage of triglyceride droplets within cardiomyocytes); however, the relationship between the quantity of fat and disease severity remains unclear.11 Unlike aging skeletal muscle cells, there is minimal atrophy of cardiac smooth muscle cells. More typically, there is hypertrophy of the left ventricular myocardium, increasing the diameter of the left atrium.12–14 These changes have been attributed to cardiac tissue responses to an increased systolic blood pressure (SBP) and to reduced compliance of the left ventricle and are associated with an increase in weight and size of the heart.13–17

Valves


The four valves of the aged heart often become fibrous and thickened at their margins, as well as somewhat calcified.18 Calcification of the aorta at the base of the cusps of the aortic valve (aortic stenosis) is clinically associated with the slowed exit of blood from the left ventricle into the aorta.19 Such aortic stenosis contributes to a functional reduction in CO. A baroreflex-mediated increase in SBP attempts to compensate for this reduced CO.20,21 Over time, the larger residual of blood in the left ventricle after each beat (increased end systolic volume, or ESV) begins to weaken the left ventricular muscle.22 The left ventricular muscle must work harder to pump the blood out of the ventricle into a more resistant peripheral vascular system.23,24


Calcification of the annulus of the mitral valve can restrict blood flow from the left atrium into the left ventricle during diastole. As a result, end diastolic volume (EDV) of blood in the left ventricle is decreased because the left atrium does not completely empty. Over time, this residual blood in the left atrium elongates the muscle of the atrial walls and increases the diameter of the atrium of the heart.23–25

Coronary Arteries


Age-related changes of the coronary arteries are similar to those in any aged arterial vessel: an increase in thickness of vessel walls and tortuosity of its path.26 These changes tend to occur earlier in the left coronary artery than in the right.27 When coupled with atherosclerosis, these changes may compromise the muscular contraction and pumping efficiency and effectiveness of the left ventricle during exercise or activity of high physiological demand.2,3,28

Conduction System


Age-related changes in the conduction system of the heart can have a substantial impact on cardiac function. The typical 75-year-old has less than 10% of the original number of pacemaker cells of the sinoatrial node.29,30 Fibrous tissue builds within the internodal tracts as well as within the atrioventricular node, including the bundle of His and its main bundle branches.29,30 As a consequence, the ability of the heart to coordinate the actions of all four of its chambers may be compromised.29 Arrhythmias are pathological conditions that become more common in later life; they are managed pharmacologically or with implantation of a pacemaker/defibrillator.31 Rehabilitation professionals must be aware of the impact of medications or pacemaker settings on an individual’s ability to physiologically respond to exercise and to adapt to the intervention, whether it be a conditioning program or early mobility after a medical/surgical event, accordingly.32

Arterial Vascular Tree


Age-related changes in the arterial vascular tree, demonstrated most notably by the thoracic aorta and eventually the more distal vessels, can disrupt the smooth or streamline flow (i.e., laminar flow) of blood from the heart toward the periphery.31,33 Altered alignment of endothelial cells of the intima creates rough or turbulence flow (i.e., nonlaminar flow), which increases the likelihood of deposition of collagen and lipid.34 Fragmentation of elastic fibers in the intima and media of larger arterioles and arteries further compromises the functionally important “rebound” characteristic of arterial vessels.35 Rebound normally assists directional blood flow through the system, preventing the backward reflection of fluid pressure waves of blood. This loss of elasticity increases vulnerability of the aorta, which, distended and stiffened, cannot effectively resist the tensile force of left ventricular ejection. Not surprisingly, the incidence of abdominal aortic aneurysms rises sharply among older adults, and stiffness (distensibility) of the ascending aorta is associated with severity of coronary artery disease.36,37


Cardiovascular Physiology


Although the physiological changes in the cardiovascular system are few, their impact on performance of the older adult can be substantial. The nondiseased aging heart continues to be an effective pump, maintaining its ability to develop enough myocardial contraction to support daily activity. The response of cardiac muscle to calcium (Ca++) is preserved, and its force-generating capacity maintained.38 Two aspects of myocardial contractility do, however, change with aging: the rate of tension development in the myocardium slows and the duration of contraction and relaxation is prolonged.39,40

Sensitivity Beta-Adrenergic


One of the most marked age-related changes in cardiovascular function is the reduced sensitivity of the heart to sympathetic stimulation, specifically to the stimulation of beta-adrenergic receptors.40,41 Age-related reduction in beta-adrenergic sensitivity includes a decreased response to norepinephrine and epinephrine released from sympathetic nerve endings in the heart, as well as a decreased sensitivity to any of these catecholamines circulating in the blood.41,42 Normally, norepinephrine and epinephrine are potent stimulators of ventricular contraction.


An important functional consequence of the change in receptor sensitivity is less efficient cardioacceleratory response, which leads to a lower HR at submaximal and maximal levels of exercise or activity.43 The time for HR rise to the peak rate is prolonged, so more time is necessary to reach the appropriate HR level for physically demanding activities. A further consequence of this reduced beta-adrenergic sensitivity is less than optimal vasodilation of the coronary arteries with increasing activity.41,44 In peripheral arterial vessels, beta-adrenergic receptors do not appear to play a primary role in mediating vasodilation in the working muscles.45

Baroreceptor Reflex


Age-related change in the cardiovascular baroreceptor reflex also contributes to prolongation of cardiovascular response time in the face of an increase in activity (physiological demand).40 The baroreceptors in the proximal aorta appear to become less sensitive to changes in blood volume (pressure) within the vessel. Normally, any drop in proximal aortic pressure triggers the hypothalamus to begin a sequence of events that leads to increased sympathetic stimulation of the heart. Decreased baroreceptor responsiveness may increase an older individual’s susceptibility to orthostatic (postural) and postprandial (after eating) hypotension, or compromise their tolerance of the physiological stress of a Valsalva maneuver associated with breath holding during strenuous activity.46,47 Clinically, this is evidenced by lightheadedness when rising from lying or sitting, especially after a meal, or if one tends to hold one’s breath during effortful activity.


The consequences of age-related physiological changes on the cardiovascular system can often be managed effectively by routinely using simple lower extremity warmup exercises before position changes. Several repetitions of ankle and knee exercises before standing up, especially after a prolonged time sitting (including for meals) or lying down (after a night’s rest), help maximize blood return to the heart (preload), assisting cardiovascular function for the impending demand. In addition, taking a bit more time in initiating and progressing difficulty of activities may help the slowed cardiovascular response time reach an effective level of performance. Scheduling physical therapy or physical activity remote from mealtimes might also be beneficial for patients who are particularly vulnerable to postprandial hypotension.


Functional Consequences of Cardiovascular Aging


What are the functional consequences of cardiovascular aging for older adults participating in exercise or rehabilitation activities? This question can best be answered by focusing on what happens to the CO (Figure 2-2). The age-related structural and physiological changes in the cardiovascular system give rise to two loading conditions that influence CO: cardiac filling (preload) and vascular impedance (afterload).3,20
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Figure 2-2 Factors affecting cardiac output are influenced by the aging process: If strength of contraction decreases and end diastolic volume increases, stroke volume is reduced. Coupled with alterations in heart rate response to increasing workload, activities that were submaximal in intensity at a younger age may become more physiologically demanding in later life.



Preload


Cardiac filling/preload determines the volume of blood in the left ventricle at the end of diastole. The most effective ventricular filling occurs when pressure is low within the heart and relaxation of the muscular walls of the ventricle is maximal.1,5 Mitral valve calcification, decreased compliance of the left ventricle, and the prolonged relaxation of myocardial contraction can contribute to a less effective filling of the left ventricle in early diastole.48 Doppler studies of the flow of blood into the left ventricle in aging adults demonstrate decreased rates of early filling, an increased rate of late atrial filling, and an overall decrease in the peak filling rate.5,22,48 When compared with healthy 45- to 50-year-old adults, the early diastolic filling of a healthy 65- to 80-year-old is 50% less.5,22,49 This reduced volume of blood in the ventricle at the end of diastole does not effectively stretch the ventricular muscle of the heart, compromising the Frank-Starling mechanism and the myocontractility of the left ventricle.50 The functional outcome of decreased early diastolic filling and the reduced EDV is a proportional decrease in SV, one of the determinants of CO and, subsequently, work capacity (VO2max).5,21,40

Afterload


High vascular impedance and increased afterload disrupts flow of blood as it leaves the heart toward the peripheral vasculature. Increased afterload is, in part, a function of age-related stiffness of the proximal aorta, an increase in systemic vascular resistance (elevation of SBP, hypertension), or a combination of both factors.40,51 Ventricular contraction that forces blood flow into a resistant peripheral vascular system produces pressure waves in the blood. These pressure waves reflect back toward the heart, unrestricted by the stiffened walls of the proximal aorta. The reflected pressure waves, aortic stiffness, and increased systemic vascular resistance collectively contribute to an increased afterload in the aging heart.39,51 Increased afterload is thought to be a major factor in the age-associated decrease in maximum SV, hypertrophy of the left ventricle, and prolongation of myocardial relaxation (e.g., slowed relaxation in the presence of a persisting load on the heart).6,7,9


An unfortunate long-term consequence of increased afterload is weakening of the heart muscle itself, particularly of the left ventricle. Restricted blood flow out of the heart results in a large residual volume (RV) of blood in the heart at the end of systole when ventricular contraction is complete. Large ESVs gradually increase the resting length of ventricular cardiac muscle, effectively weakening the force of contraction.2,6,7,9,22,52

Left Ventricular Ejection Fraction


Left ventricular ejection fraction (LVEF) is the proportion of blood pumped out of the heart with each contraction of the left ventricle, which is expressed by the following equation:


LVEF=(EDV−ESV)  ÷  EDV

[image: image]


At rest the LVEF does not appear to be reduced in older adults. Under conditions of maximum exercise, however, the rise in LVEF is much less than in younger adults.21,53,54 This reduced rise in the LVEF with maximal exercise clearly illustrates the impact that preload and afterload functional cardiovascular age-related changes have on performance.


A substantial reduction in EDV, an expansion of ESV, or a more modest change in both components may account for the decreased LVEF of the exercising older adult:


↓EDV  =  ↓LVEF↑ESV  =  ↓LVEF
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When going from resting to maximal exercise conditions, the amount of blood pumped with each beat for young healthy adults increases 20% to 30% from a resting LVEF of 55% to an exercise LVEF of 80%. For a healthy older adult, in contrast, LVEF typically increases less than 5% from rest to maximal exercise.53,55 The LVEF may actually decrease in adults who are 60 years of age and older.53,56 As LVEF and CO decrease with aging, so does the ability to work over prolonged periods (functional cardiopulmonary reserve capacity) because the volume of blood delivered to active tissue decreases (Figure 2-3). Functional reserve capacity is further compromised by the long-term effects of inactivity and by cardiopulmonary pathology.21,28,57,58 The contribution of habitual exercise to achieving effective maximum exercise LVEF is not well understood but the decline may not be as substantial for highly fit older adults.21
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Figure 2-3 Comparison of the effects of aging, inactivity, and cardiopulmonary disease on functional reserve capacity, expressed as cardiac output (CO in L/min). At rest, the heart delivers between 4 and 6 L/min of blood to peripheral tissues. This may double during many activities of daily living. In a healthy young person, the CO may increase to as much as 24 L/min to meet metabolic demands of sustained exercise. This reserve capacity decreases to approximately 18 L/min in healthy, fit adults after the age of 60 years. A sedentary lifestyle decreases functional reserve capacity further. Superimposed cardiopulmonary disease further limits the ability to do physical work, in some cases approaching or exceeding cardiopulmonary reserve capacity. (Modified from Irwin SC, Zadai CC. Cardiopulmonary rehabilitation of the geriatric patient. In Lewis CB [ed], Aging: The Health Care Challenge. Philadelphia: F.A. Davis, 1990. p. 190.)





Pulmonary function in later life


Several important age-related structural changes of the lungs and of the musculoskeletal system have a significant impact on pulmonary function.59 These include change in the tissues and structures making up the lungs and airways, alteration in lung volume, reduced efficiency of gas exchange, and a mechanically less efficient ventilatory pump related to changes in alignment and posture60 (Table 2-2). Although a healthy adult at midlife uses only 10% of the respiratory system capacity at rest, aging of the pulmonary system, especially when accompanied by chronic illness or acute disease, negatively affects the ability of the lungs to respond to increasing demands of physical activity61 (Figure 2-4). Age-related changes in the pulmonary and musculoskeletal systems also contribute to an increase in the physiological work of breathing.




Table 2-2


Summary of Age-Related Changes in the Cardiopulmonary System and Functional Consequences











	Anatomical Changes

	Physiological Changes

	Consequences

	Change in Lung Function Tests









	Rearrangement and fragmentation of elastin fibers
Stiffened cartilage in compliant articulation of ribs and vertebrae
Increasing stiffness and compression of annulus fibrosis in intervertebral disks
Reduction of strength and endurance of respiratory musculature

	Less elastic recoil for expiration
Greater compliance of lung
Decreased vital capacity, forced
More rigid thoracic cage
Decreased volume of maximum voluntary ventilation and maximum sustained ventilatory capacity
Greater mismatch between ventilation and perfusion within lung

	Greater airspace within alveoli, less surface area for O2/CO2 exchange thoracic cage
Increased work of breathing
Less force during inspiration
Less efficient cough
Diminished exercise tolerance
Reduced resting PaO2


	Increased functional residual capacity and residual volume tissue
Shorter, less vital capacity, and forced expiratory volume in 1 second (FEV1)
Decreased maximum inspiratory pressure, maximum expiratory pressure, and maximum voluntary ventilation
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Figure 2-4 Changes in the distribution of air within the lungs (volume) have an impact on an older adult’s efficiency of physical work. Loss of alveoli and increasing stiffness of the rib cage result in a 30% to 50% increase in residual volume (RV) and a 40% to 50% decrease in forced vital capacity (FVC). FVC includes three components: Inspiratory reserve volume (IRV) and expiratory reserve volume (ERV) tend to decrease with aging, whereas resting tidal volume (TV), the amount of air in a normal resting breath, tends to be stable over time. Total lung capacity (TLC) and inspiratory capacity (IRV + TV) also tend to decrease. Over time, the physiological consequences of these changes make the older adult more vulnerable to dyspnea (shortness of breath) during exercise and physically demanding activity.



Changes within the Lung and Airway


The production of elastin, which is the major protein component of the structure of the lungs, decreases markedly in late life. The elastic fibers of the lung become fragmented, and, functionally, the passive elastic recoil or rebound important for expiration becomes much less efficient. The elastic fibers that maintain the structure of the walls of the alveoli also decrease in number. This loss of elastin means loss of alveoli and consequently less surface area for the exchange of oxygen, as well as an increase in RV associated with more “dead space” within the lung where air exchange cannot occur.60,61 There may be as much as a 15% decrease in the total number of alveoli per unit of lung volume by the age of 70 years.62


With aging, there is also an increase in diameter of major bronchi and large bronchioles, as well as a decreased diameter of smaller bronchioles, often leading to a slight increase in resistance to air flow during respiration.62 This contributes to greater physical work to breathe as age advances.


Starting at midlife and continuing into later life, there tends to be a growing mismatch between lung area ventilated with each breath and lung area perfused by pulmonary arterioles and capillaries, attributed to alteration in alveolar surface, vascular structures, and posture.63 This mismatch compromises the efficiency of diffusion of oxygen across the alveoli into the capillary bed (i.e., decreasing arterial oxygen tension) within the lung becomes less efficient from midlife into later life.60,63

Changes in the Musculoskeletal System


The decreasing elastic recoil and alveolar surface area for oxygen exchange may be further compounded by increased stiffness (loss of flexibility), “barreling” of the thoracic rib cage that houses the lungs, and a decrease in height as intervertebral disks narrow and stiffen.64 Much of the stiffness is attributed to changes in the articulation between rib and vertebrae, as well as decreased elasticity of intercostal muscle and soft tissue.65 Although the stiffened rib cage may be as much a consequence of a sedentary lifestyle as of advancing age, lack of flexibility compromises inspiration and also decreases elastic recoil of expiration.66 In addition, the forward head and slight kyphosis that tend to develop with aging alter rib and diaphragm position, decreasing mechanical efficiency of inspiration.61,64,66 The net effect of a stiffer thoracic cage is an increase in the work of taking a breath since muscles of respiration must work harder during inspiration to counteract the stiffness.61


The striated muscles of respiration are composed of a combination of type I (slow twitch, fatigue resistant, for endurance) and type II (fast twitch, for power) fibers and are susceptible to the same age-related changes in strength and endurance that have been observed in muscles of the extremities.67 Normally, type I muscle fibers are active during quiet breathing while recruitment of type II fibers is triggered by increasing physiological demand as activity increases. Age-related decrement in the strength and efficiency of the diaphragm, intercostals, abdominal muscles, and other accessory muscles of respiration affects the effectiveness and work of breathing.61,68 Altered posture and higher RV within the lung also contribute to an increased work of breathing; when the diaphragm rests in less than optimal position and configuration for contraction, accessory muscles become active sooner, as physiological demand increases. Oxygen consumption in respiratory muscles, as in all striated muscle, decreases linearly with age, making older muscle more vulnerable to the effects of fatigue in situations of high physical demand, especially in the presence of lung disease or injury.60

Control of Ventilation


The rate of breathing (breaths per minute) is matched to physiological demand by input from peripheral mechanoreceptors in the chest wall, lungs, and thoracic joints, as well as centers in the brainstem of central nervous systems (CNS) and peripheral aortic and carotid bodies that are sensitive to concentration of CO2, O2, and hydrogen ions (pH) in the blood.69 With aging, stiffness of the thorax tends to reduce efficiency of mechanoreceptors, and the CNS and peripheral nervous system (PNS) centers that monitor CO2, O2, and pH to detect hypoxia during activity slowly begin to decline.


Gradual loss of descending motor neurons within the CNS also occurs, with less efficient activation of neurons innervating muscles of respiration via the phrenic nerve to the diaphragm for inspiration and of spinal nerves to intercostals for expiration.63 These three factors combine to compromise the individual’s ability to quickly and accurately respond to increasing physiological demand and increase the likelihood of dyspnea during activity.

Functional Consequences of Pulmonary Aging


With less recoil for expiration and reduced flexibility for inspiration, the ability to work is compromised in two ways (see Figure 2-4). First, vital capacity (VC), the maximum amount of air that can be voluntarily moved in and out of the lungs with a breath, is decreased by 25% to 40%. Second, RV, the air remaining in the lungs after a forced expiration, is increased by 25% to 40%.60 This combination of reduced movement of air with each breath and increased air remaining in the lung between breaths leads to higher lung-air carbon dioxide content and, eventually, lower oxygen saturation of the blood after air exchange. The increase in RV also affects the muscles of inspiration: the dome of the diaphragm flattens and the accessory respiratory muscles are elongated. As a result of these length changes, the respiratory muscles work in a mechanically disadvantageous range of the length-tension curve, and the energy cost of the muscular work of breathing rises.61


Functionally, the amount of air inhaled per minute (minute ventilation) is a product of the frequency of breathing times the tidal volume (volume of air moving into and out of the lungs with each usual breath). In healthy individuals, the increased ventilatory needs of low-intensity activities are usually met by an increased depth of breathing (i.e., increased tidal volume).70 Frequency of breathing increases when increased depth alone cannot meet the demands of activity, typically when tidal volume reaches 50% to 60% of the VC.70 For the older adult with reduced VC who is involved in physical activity, tidal volume can quickly exceed this level, so that frequency of breathing increases much earlier than would be demonstrated by a young adult at the same intensity of exercise.71 Because the energy cost of breathing rises sharply with the greater respiratory muscle work associated with an increased respiratory rate, an important consequence of increased frequency of breathing is fatigue.72 This early reliance on an increased frequency of breathing, combined with a large RV and its higher carbon dioxide concentration in lung air, results in a physiological cycle that further drives the need to breathe more frequently. Overworked respiratory muscles are forced to rely on anaerobic metabolism to supply their energy need, resulting in a buildup of lactic acid. Because lactic acid lowers the pH of the tissues (acidosis), it is also a potent physiological stimulus for increased frequency of breathing.72–74 The older person can be easily forced into a condition of rapid, shallow breathing (shortness of breath) to meet the ventilatory requirements of seemingly moderate-intensity exercise.


Implications for intervention


Rehabilitation professionals must consider two questions about the implications of age-related changes in the cardiovascular and cardiopulmonary systems on an older person’s ability to do physical work. First, what precautions should be observed to avoid cardiopulmonary and cardiovascular complications? Second, what can be done to optimize cardiopulmonary and cardiovascular function for maximal physical performance?

Precautions


Because of the combined effects of the age-related changes in the cardiovascular and cardiopulmonary systems, the high incidence of cardiac and pulmonary pathologies in later life, and the deconditioning impact of bed rest and inactivity, older patients who require orthotic or prosthetic intervention may be vulnerable if exercise or activity is too physiologically demanding. Although most older adults can tolerate and respond positively to exercise, exercise is not appropriate in a number of circumstances (Table 2-3).




Table 2-3


Signs and Symptoms of Exercise Intolerance








	Category

	Cautionary Signs/Symptoms

	Contraindications to Exercise









	Heart rate

	< 40 bpm at rest
> 130 bpm at rest
Little HR increase with activity
Excessive HR increase with activity
Frequent arrhythmia

	Prolonged at maximum activity





	ECG

	Any recent ECG abnormalities

	Prolonged arrhythmia or tachycardia
Exercise-induced ECG abnormalities
Third-degree heart block





	Blood pressure

	Resting SBP >165 mm Hg
Resting DBP >110 mm Hg
Lack of SBP response to activity
Excessive BP response to activity

	Resting SBP >200 mm Hg
Resting DBP >110 mm Hg
Drop in SBP >20 mm Hg in exercise
Drop in DBP during exercise





	Angina

	Low threshold for angina

	Resting or unstable angina
New jaw, shoulder, or left arm pain





	Respiratory rate

	Dyspnea >35 breaths/min

	Dyspnea >45 breaths/min





	Blood gas values

	O2 saturation <90%

	O2 saturation <86%





	Other symptoms

	Mild to moderate claudication
Onset of pallor
Facial expression of distress
Lightheadedness or mild dizziness
Postactivity fatigue >1 hr
Slow recovery from activity

	Severe, persistent claudication
Cyanosis, severe pallor, or cold sweat
Facial expression of severe distress
Moderate to severe dizziness, syncope
Nausea, vomiting
Increasing mental confusionOnset of ataxia, incoordination





	Additional considerations

	Fever >100°F
Aortic stenosis
Recent mental confusion
Abnormal electrolytes (potassium)
Known left main coronary artery disease
Idiopathic hypertrophic subaortic stenosis
Compensated heart failure

	Any acute illness
Digoxin toxicity
Overt congestive heart failure
Untreated second or third degree heart block
Acute pericarditis
<4 to 6 weeks after myocardial infarction
<2 days after pulmonary embolism
Acute thrombophlebitis
Acute hypoglycemia








bpm, Beats per minute; DBP, diastolic blood pressure; ECG, electrocardiogram; HR, heart rate; SBP, systolic blood pressure.


Modified from Hillegass E (ed), Essentials of Cardiopulmonary Physical Therapy, 3rd ed. St. Louis: Elsevier Saunders, 2011, pp. 307, 564, 586.




Estimating Workload: Heart Rate and Rate Pressure Product


One of the readily measurable consequences of the reduced response of the heart to sympathetic stimulation in later life is a reduction in the maximal attainable HR.39,69,75 This reduction in maximal HR also signals that an older person’s HR reserve, the difference between the rate for any given level of activity and the maximal attainable HR, is limited as well. For older patients involved in rehabilitation programs, the difference between resting and maximal HR is narrowed. One method of estimating maximal (max) attainable HR is the following5:


Max HR  =  220  −  age
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For healthy individuals, the recommended target HR for aerobic conditioning exercise is between 60% and 80% of maximal attainable HR. For many older adults, especially those who are habitually inactive, resting HR may be close to the recommended range for exercise exertion.76 Consider an 80-year-old individual with a resting HR of 72 beats per minute. His maximal attainable HR is approximately 140 beats per minute (220 − 80 years). A target HR for an aerobic training level of exertion of 60% of maximal HR would be 84 beats per minute. His resting HR is within 12 beats of the HR for aerobic training. Functionally, this means that an activity as routine as rising from a chair or walking a short distance on a level surface may represent physical work of a level of exertion equated with moderate- to high-intensity exercise. Because of the reduction in maximal attainable HR with age, older adults may be working close to their VO2max range even in usual activities of daily living.76,77


Because HR essentially signals the work of the heart, with each beat representing ventricular contraction, increased HR relates closely to increased heart work and increased oxygen consumption by the myocardium.75 Given that afterload on the heart increases with age, the overall work of the heart for each beat is likely greater as well.21,38,39,40 A more representative way to estimate the work of the heart during activity for older adults is the rate pressure product (RPP),78–80 using HR and SBP as follows:


RPP=HR  ×  SBP
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The linear relationship between VO2max and HR for younger adults actually levels off for older adults.81 Because of this, HR alone cannot accurately reflect the physiological work that the older patient experiences; the RPP provides a clearer impression of relative work.80 For older individuals with HR reserve limited by age, adjusting activity to keep the rise in HR within the lower end of the HR reserve is wise, especially for those with known coronary artery compromise.

Blood Pressure as a Warning Sign


An older person’s blood pressure (BP) must also be considered. Hypertension, particularly increased SBP, is common in older adults. SBP also provides a relative indication of the level of afterload on the heart.40,82,83 Resting BP can be used to indicate whether an older person can safely tolerate increased physiological work. Persons with resting BPs of more than 180/95 mm Hg may have difficulty with increased activity. A conservative estimate of the safe range of exercise suggests that exercise should be stopped if and when BP exceeds 220/110 mm Hg, although some consider 220 mm Hg too conservative a limit for older adults.75 SBP should rise with increasing activity or exercise.84


The older adult with limited HR reserve must increase SV to achieve the required CO.21,39,53 SBP rises as SV increases and blood volume in the peripheral vasculature rises.40 If SBP fails to rise or actually decreases during activity, this is a significant concern.75 The drop or lack of change in SBP indicates that the heart is an ineffective pump, unable to contract and force a reasonable volume of blood out of the left ventricle. Continuing exercise or activity in the presence of a dropping SBP returns more blood to a heart that is incapable of pumping it back out to the body. Elevated diastolic blood pressure (DBP) suggests that the left ventricle is maintaining a higher pressure during the filling period.39,40,69 Early diastolic filling during preload will be compromised,40,49 and the heart will be unable to capitalize on the Frank-Starling mechanism to enhance the force of ventricular contraction.21,53

Respiratory Warning Signs


Dyspnea, or shortness of breath, is an important warning sign as well. Age-related changes in the pulmonary system increase the work of breathing, and breathing becomes less efficient as work increases.72 Because an older person is prone to shortness of breath, recovering from shortness of breath during exercise may be difficult. Breathing more deeply requires a disproportionately greater amount of respiratory muscle work, which further increases the cost of ventilation.73,74 The use of supplemental oxygen by nasal cannula for the postoperative or medically ill older adult who is beginning rehabilitation may be quite beneficial.


Oxygen supplementation may prevent or minimize shortness of breath, enabling an older person to tolerate increased activity better and to participate in rehabilitation more fully. During this oxygen-assisted time, any conditioning exercise to improve muscular performance (especially if combined with nutritional support) delivers blood to the working tissues and improves tissue oxygenation, ultimately aiding pulmonary function. Improved muscular conditioning and cardiovascular function may prevent or delay onset of lactic acidemia and the resultant increased desire to breathe that would trigger shortness of breath.72,85


Optimizing Cardiopulmonary Performance


For most older adults, conditioning or training is an effective way to improve function, although some may need a longer training period than younger adults to accomplish their desired level of physical performance.86–90 Physical conditioning, in situations of acute and chronic illness, enables the older person to do more work and better accomplish desired tasks or activities.


Older adults, including those who are quite debilitated, experience improvement in physical performance as a result of conditioning exercises88 (Figure 2-5). For some, significant gains are made as work capacity increases from an initial state below the threshold necessary for function, such that an older person appears to make greater gains than a younger individual in similar circumstances.91,92 In many cases the cardiopulmonary system efficiency gained through conditioning means the difference between independence and dependency, functional recovery and minimal improvement, life without extraordinary means and life support, and for some older individuals life and death.
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Figure 2-5 Comparison of the impact of illness or prolonged inactivity, or both, on functional status and of exercise on recovery of premorbid functional levels of healthy, sedentary, and frail older adults. Each individual’s functional reserve is represented by the distance between the threshold for functional limitation and their functional capacity. A, Healthy older adults have the most functional reserve and may recover preillness functional capacity without conditioning exercise but often show improvement above baseline with exercise. B, Sedentary older adults may not resume preillness functional capacity without the benefit of conditioning exercise. C, Frail older adults have the least functional reserve, often fall below threshold for function when illness occurs, and tend to remain below this threshold without conditioning exercise. However, even frail older adults can regain functional status with conditioning exercise.




The physiological mechanisms for achieving the conditioned responses of older adults may vary slightly from those of younger individuals. With increasing activity or exercise in the submaximal range, older adults demonstrate greater increases in SV and less rise in HR than do young adults.21,40,49,53,75 This increase in SV is accomplished with an increased EDV, usually without change in the ESV.21,40,49 Increasing the EDV enhances the force of ventricular contraction by the Frank-Starling mechanism, which, in turn, increases CO despite the age-related impairment of the cardioacceleratory responses, which limits the rise in HR.21,39,40,49,53 An increased preload, which improves CO, is the usual outcome of training at any age because improved conditioning of the peripheral musculature prevents distal pooling of blood and increased resting tension of the muscles assists blood return.75

Preparation for Activity and Exercise


Simple lower extremity exercise as a warmup before any functional activity or training session enhances the preload of the heart. Any gentle, repetitive, active lower extremity motions (e.g., ankle “pumps” in dorsiflexion/plantar flexion, knee flexion/extension, or cycling movements of the legs) before transfer or ambulation activities, before upper trunk and upper extremity activities, or as part of the warmup portion of an aerobic or strength training exercise effectively improves the EDV. This increased EDV compensates in part for age-related preload problems, which might otherwise compromise work capacity.


Additionally, the muscular work of preliminary lower extremity exercise initiates the electrolyte and hormonal changes that promote the metabolic changes and vasodilation in peripheral tissues necessary to support aerobic metabolism for meeting energy demands of the task.75,88 Peripheral oxygen exchange improves as much as 16% with regular exercise training.21 The peripheral vasodilation associated with exercise helps to check the rise in afterload on the heart and also minimizes the development of lactic acidemia and the resulting drive to breathe more rapidly.93


As submaximal levels of exercise increase toward maximal exercise, SV continues to increase, maintaining CO.21,49,53 When cardiopulmonary disease is present in addition to aging, however, this continued increase in SV is likely to be blunted.39,75 Under these circumstances, the reduced sensitivity of the heart to sympathetic stimulation limits the force of contraction of the ventricle so that the ejection fraction decreases and the ESV rises slightly.40


Monitoring the Cardiorespiratory Response to Exercise


Consistent monitoring of the cardiopulmonary response is an essential component of rehabilitation interventions aimed at optimizing endurance or fitness of older frail or deconditioned individuals.76,94 The positive effects of training only occur when the older person is appropriately challenged by the exercise or activity. According to the principle of overload, functional improvements occur only when the body is asked to do more than the customary workload for that individual.5 For an individual who has been on prolonged bed rest and is quite deconditioned, simple lower extremity exercises while sitting upright may be as challenging as training for a marathon in a healthy young adult. The level of physiological exertion is relative to the individual’s customary work. Providing the physiological overload necessary to produce improvements in performance, while avoiding a decline in performance because of exercise-induced fatigue or exhaustion, requires that the therapist monitor an individual’s level of exertion.

Heart Rate and Blood Pressure


Maximum oxygen consumption (VO2max) is the most accurate and sensitive measure of the individual workload, but the special equipment and technology necessary to determine VO2max are not typically available in routine clinical practice.75,76 Although the linear relationship between HR and VO2max plateaus so that HR becomes an inaccurate reflection of the workload for older adults, HR does partially indicate the work of the heart.75,81 For a rapid clinical impression of the physiological burden of an activity or exercise, HR is helpful as long as the clinician recognizes its limitations when using the measure with elders. Preexercise or activity BP provides some indication of likely afterload against which the heart will be working.40,75,84 Continuing to monitor BP during the activity helps the clinician to recognize if the exercising cardiovascular system can meet the requirements of an increasing workload.75 Calculation of the RPP (HR × BP) may be a more accurate estimate of cardiac workload for older adults.79,80,84

Perceived Exertion


Ratings of perceived exertion are also effective indicators of the level of physiological exertion experienced by patients who are exercising or involved in a strenuous physical activity75,95,96 (Table 2-4).




Table 2-4


Borg Scales:Ratings of Perceived Exertion











	Linear Scale

	Ratio Scale





	Value

	Description

	Value

	Description









	6

	No exertion

	0

	No effort at all





	7-8

	Extremely light effort

	1

	Very little (very weak) effort





	9-10

	Very light effort

	2

	Light (weak) effort





	11-12

	Light effort

	3

	Moderate effort





	13-14

	Somewhat hard effort

	4

	Somewhat strong effort





	15-16

	Heavy or hard

	5-6

	Strong effort





	17-18

	Very hard effort

	7-8

	Very strong effort





	19

	Extremely hard effort

	9

	Extremely strong effort





	20

	Maximum exertion

	10

	Maximal exertion
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Modified from Borg G, Ottoson D. The Perception of Exertion in Physical Work. London: Macmillan, 1986.





These scales ask individuals to assess subjectively how much effort they are expending during an exercise session or activity, with higher ratings indicating greater effort. Similar scales have been developed to assess breathlessness, fatigue, and discomfort or pain during exercise (Table 2-5). In the clinical use of these ratings of perceived exertion, many older persons using ratings of perceived exertion tend to overestimate their true physiological stress, as indicated by their HR during exercise sessions.75,95 Clinicians who appropriately recommend exercise for older adults relying on perceived exertion to limit the activity safely may find this phenomenon comforting.




Table 2-5


Ratio Scales of Perceived Breathlessness, Fatigue, or Discomfort During Exercise











	Value

	Breathlessness/Dyspnea

	Fatigue

	Discomfort or Pain









	0

	No breathlessness at all

	No fatigue at all

	No pain or discomfort





	1

	Very light breathlessness

	Very light fatigue

	Very little (weak) pain





	2

	Light breathlessness

	Light fatigue

	Little (weak) discomfort





	3

	Moderate breathlessness

	Moderate fatigue

	Moderate discomfort





	4

	Somewhat hard to breathe

	Somewhat hard

	Somewhat strong discomfort





	5-

	Heavy breathing

	Heavy work/fatigue

	Strong discomfort or pain





	7-8

	Very heavy breathing

	Very heavy fatigue

	Very heavy discomfort





	9

	Very, very breathless

	Very, very fatigued

	Very, very hard discomfort





	10

	Maximum breathlessness

	Maximally fatigued

	Maximal discomfort or pain
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Modified from Dean E. Mobilization and exercise. In Frownfelter D, Dean E (eds), Principles and Practice of Cardiopulmonary Physical Therapy, 3 rd ed. St. Louis: Mosby, 1996, p. 282.




Exercise Testing Protocols


Standard exercise testing protocols are appropriate for assessment of the status of conditioning of the cardiovascular system and exercise tolerance of older adults.76,97 The “gold standard” treadmill test, a cycle ergometer, or a step test can be used in assessing cardiovascular performance of the older person, unless the specific clinical setting or associated musculoskeletal dysfunction (e.g., balance problems, arthritic joints, or lower extremity muscle weakness) precludes this type of testing.76 Alternatives for individuals who can walk distances include the One-Mile Walk Test and the Six-Minute Walk Test.98–100 A brief step test performed while sitting in a chair has been developed for individuals who cannot otherwise be safely tested on a treadmill, with an ergometer, or by distance walked.75,101


Careful monitoring of HR and BP before the sitting step test, at predetermined points during testing, at the completion of a brief bout of exercise, and a short while into recovery from the exercise bout provides a comprehensive picture of cardiovascular function of any given older patient. This information often proves important in clinical decision making and program planning. Similarly, careful monitoring of HR and BP before, during, and after a bout of exercise during rehabilitation allows the clinician to compare the pattern of responses with the expected pattern for conditioned adults.102 Normal exercise-induced cardiovascular responses include a slow rate of rise of HR, a rise in SBP, and minimal (if any) rise in DBP during the exercise bout. For the conditioned older adult, HR and SBP should return toward preexercise values during the immediate postexercise recovery period, on the order of 50% of the changes during exercise. The pattern of change in the RPP for the exercise bout and recovery period may be an even more descriptive measure of the cardiovascular response.


Expecting individuals who are significantly deconditioned, can barely tolerate sitting for 30 minutes, are short of breath after 10 repetitions of simple lower extremity exercises while sitting, or are fatigued after 5 minutes of a sitting step test to be fully able to participate in gait and balance training is unreasonable. How can older individuals who are working at 90% or more of their maximum target HR be truly concerned with much more than delivering oxygen to the working tissues? Deconditioned individuals who are working at a high intensity in simple, well-known tasks have seriously restricted energy reserves; they are likely to have difficulty with focus and attention, processing, and the therapist’s directions and supporting muscle activity—all necessary components for motor learning in performing a new skill such as gait training with a prosthetic device. Under these circumstances emphasis must first be placed on improving cardiovascular conditioning, to improve energy reserves so that subsequent functional training with an orthosis or prosthesis has greater likelihood of a successful outcome.


Physical Performance Training


The same principles of training that are used with young adult athletes can be adapted and applied to frail or deconditioned older adults who are recovering from amputation in prosthetic rehabilitation or a neuromuscular or musculoskeletal event that necessitates use of an orthosis. The primary goals of conditioning for frail individuals are (1) to develop enough aerobic capacity to do work and (2) to ensure efficient muscle function to produce work.75,76,103 These concepts can guide any single rehabilitation session, as well as the progression of the rehabilitation program over time. An understanding of exercise for improving fitness and of the few physiological age-related changes in cardiopulmonary function provide a foundation for exercise prescription, which then is individualized on the basis of current exercise tolerance of a specific older patient. This strategy can likely optimize the performance and recovery of older adults in rehabilitation.


An effective strategy to improve cardiopulmonary response to exercise and activity for older patients who are deconditioned by bed rest, acute illness, or sedentary lifestyle begins with a warmup of continuous alternating movements using large muscle groups, particularly of the lower extremities. The goal of such activity is facilitation of the preload and SV; any increase in SV realized through this training regimen helps an older patient maximize cardiovascular function despite age-associated limitations in HR, cardioacceleratory responses, and baroreceptor sensitivity.


For healthy young adults, the recommended regimen for aerobic conditioning and endurance training involves at least three sessions per week of 30 to 60 minutes’ duration in activities that use large muscles (running, cycling, swimming, brisk walking) and keep HR in a target range between 60% and 80% of the individual’s maximal attainable HR.104 This may be unreasonable for an older adult who is recovering from an acute illness, habitually sedentary, or coping with age- or pathology-related impairments of cardiac or pulmonary function. Evidence suggests that, for older adults who are deconditioned, slower but significant improvement in functional capacity can occur at exercise intensities as low as 40% of maximal HR.87,105,106 Although high-frequency, high-intensity exercise can maximize increase in work capacity (VO2max), high-intensity exercise performed less frequently and low-intensity exercise performed more frequently can also yield positive endurance training effects.107 Evidence is also growing of improvement in oxygen extraction and muscle function when older adults are involved in regular endurance training.106


In addition to aerobic conditioning, the rehabilitation program might include exercises that focus on flexibility. One goal of stretching and flexibility exercise for older adults is to preserve or restore any limited joint mobility that would otherwise compromise essential functions.108 As flexibility of the trunk and thorax improves, a more effective alignment of the diaphragm and improved elastic recoil of the chest wall will have a positive impact on VC and inspiratory reserve volume and minimize RV, reducing the work of breathing and improving ventilation. Availability of essential range of motion is especially important for energy-efficient gait with lower limb orthoses or prostheses. Contracture of the hip, knee, or ankle has an impact on the alignment of orthotic and prosthetic components and often leads to greater sway and smaller stride length during gait, significantly increasing the energy cost or workload of walking.


Muscle strengthening can begin as soon as the aerobic conditioning appears adequate to oxygenate the peripheral muscular tissue sufficiently. Assessment of the adequacy of peripheral oxygenation might include monitoring the coloring of the distal extremities before and during exercise and noting whether cramping or claudication occurs during exercise. One of the most sensitive indicators of appropriate intensity and duration of exercise is whether the activity can be increased without a marked rise in respiratory rate or onset of shortness of breath; a potent stimulus for frequency of breathing is the pH of the exercising tissues, with decreases as lactic acid builds up during anaerobic exercise.


Two factors should be considered when including strengthening exercises in a rehabilitation program.94 First, is there adequate muscle strength for consistent and safe performance of the motor tasks needed for functional independence (including the use of assistive devices)? Second, is the muscle mass large enough to support a VO2max that allows activities of daily living to represent a light to modest work intensity level? For many older people who have lost muscle mass (whether as a result of disuse and sedentary lifestyle or because of recent health problems that limit activity), development of more muscle mass increases lean body mass and improves the basal metabolic rate, improving overall health, fitness, and functional status.109,110


Energy cost of walking


The human body is designed to be energy efficient during upright bipedal gait. Muscles of the trunk and extremities are activated by the CNS in a precise rhythmic cycle to move the body forward while maintaining dynamic stability, adapting stride length and walking speed to the constraints and demands of the task, the force of gravity, and the characteristics of the environment in which walking is occurring.111,112 The advancing foot is lifted just enough to clear the surface in swing, and muscle activity at the stance-side hip and lower torso keeps the pelvis fairly level and the trunk erect, minimizing vertical displacement of the body’s center of mass.113 Normal arthrokinematic and osteokinematic relationships between body segments ensure a narrow base of support in quiet stance and relaxed walking, and reciprocal arm swing counterbalances the dynamic pendular motion of the lower extremities, ensuring that the center of mass progresses forward with minimal mediolateral sway.113–116 Much of the energy cost of walking is related to the muscular work performed to keep the center of mass moving forward with a minimum of vertical and mediolateral displacement.117

Self-Selected Walking Speed


Because self-selected walking speed emerges from the interaction of the cardiovascular, pulmonary, musculoskeletal, and neurological systems, it reflects the overall health and functional status of an individual.118 Walking speed is recognized as a vital sign that not only captures current function, but also can be used to predict risk of functional decline, adverse health events and morbidity, length of stay and discharge location after hospitalization, and mortality.119–128 Although self-selected walking speed tends to decrease with aging, multiple studies have demonstrated that even into the ninth and tenth decades of life, healthy older adults are able to walk at speeds at or greater than 1 m/sec (Table 2-6).129–131 Values for typical walking speed are also becoming available for community living older adults with impaired mobility and physical frailty.132,133 There is also evidence that the ability to increase walking speed is an indicator of functional reserve.129,133,134




Table 2-6


Typical Self-Selected and Fast Walking Speeds for Community-Living Healthy and Mobility-Impaired Older Adults, Reported as Mean SD (m/sec)











	Researcher:

	Chui et al129


	Bohannon131


	Steffen et at130


	Lusardi et al133






	Population

	Healthy

	Healthy

	Healthy

	Mobility Impaired





	Gender

	Age Group

	SSWS

	FWS

	SSWS

	FWS

	SSWS

	FWS

	SSWS

	FWS









	Women

	60-69

	—

	—

	1.30 (0.21)

	1.77 (0.25)

	1.44 (0.25)

	1.87 (0.30)

	1.24 (0.12)

	1.81 (0.17)





	70-79

	1.34 (0.26)

	1.69 (0.32)

	1.27 (0.21)

	1.79 (0.28)

	1.33 (0.22)

	1.71 (0.26)

	1.25 (0.18)

	1.80 (0.26)





	80-89

	1.05 (0.12)

	1.44 (0.17)

	—

	—

	1.15 (0.21)

	1.59 (0.28)

	0.80 (0.16)*


	1.20 (0.29)





	90-99

	0.80 (0.17)

	1.05 (0.22)

	—

	—

	—

	—

	0.71 (0.23)†


	1.05 (0.32)†






	Men

	60-69

	—

	—

	1.36 (0.21)

	1.93 (0.36)

	1.59 (0.24)

	2.05 (0.31)

	—

	—





	70-79

	1.55 (0.58)

	2.19 (0.78)

	1.33 (0.20)

	2.08 (0.36)

	1.38 (0.23)

	1.83 (0.44)

	1.25 (0.23)

	1.94 (0.26)





	80-89

	1.30 (0.15)

	1.75 (0.21)

	—

	—

	1.21 (0.18)

	1.65 (0.24)

	0.88 (0.24)*


	1.29 (0.38)*






	90-99

	1.10 (0.38)

	1.55 (0.66)

	—

	—

	—

	—

	0.72 (0.14)†


	1.27 (0.13)†
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FWS, Fast walking speek; SSWS, self-selected walking speed.


*29.4% of older adults in sample routinely used rolling walker, standard walker, or cane while walking.


†58.8% of older adults in sample routinely used rolling walker, standard walker, or cane while walking.





Walking speed can be quickly and reliably measured using a stop watch and either a 20- or 6-m walkway (Figure 2-6). The indivudal is instructed to walk over the entire distance of the walkway but is timed only while walking the middle two thirds (10 or 4 m) of the distance so that steady-state speed is more likely, and the impact of acceleration (at the start) and deceleration (at the end) are minimized. Reliability is strong at either distance for persons with amputation, stroke, and spinal cord injury, as well as physical frailty and other neurological pathologies.135–138 Minimal detectable differences (MDD) have been consistently reported as between 0.08 m/sec to 0.1 m/sec for community-living persons, those with cognitive impairment, and those with hip fractures.129,139,140 Minimal clinically important difference for walking speed following stroke is reported to be 0.16 m/sec.141 Walking speed has been successfully used to evaluate the outcome of interventions for persons with cognitive impairments as well as those with hip fractures.129,139,140
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Figure 2-6 Strategy for assessing self selected or fast walking speed timing either the central 10-m distance (10- m walk) or central 4-m distance (4-m walk) allowing for acceleration and deceleration at either end, so that steady state speed is better approximated.




Any musculoskeletal or neuromuscular pathology that interferes with the alignment of body segments, the carefully controlled sequential activation of muscles, or the effectiveness of muscle contraction increases the energy cost of walking. As vertical displacement and mediolateral sway increase and gait deviations occur, muscles must work harder to keep the center of mass moving forward despite extraneous displacing moments. As muscle work increases, the cardiopulmonary system responds to this physiological demand with increased HR, SV, and respiratory rate. Any orthosis or prosthesis that adds mass to or alters movement of the lower extremity potentially increases the work of walking. However, in individuals with amputation or neuromuscular dysfunction, walking with an appropriate prosthesis or orthosis may actually require less energy than walking without it.117,142,143

Measuring Energy Costs of Walking


Measurement of physiological energy expenditure by direct calorimetry is not realistic in all but the most sophisticated research laboratory settings. Instead, several indirect indicators have been found to be valid and reliable estimates of the energy cost and the efficiency of gait in research and clinical applications. These include calculation of oxygen consumption (VO2max) and oxygen cost while walking, monitoring blood lactate levels, calculating the physiological cost index (PCI) of walking, and monitoring heart and respiratory rates during activity.

Oxygen Rate and Oxygen Cost


The most precise indirect measurements of energy and gait efficiency use special equipment (e.g., a portable spirometer or a Douglas bag) to monitor ventilatory volumes and to measure how much oxygen is taken in and carbon dioxide exhaled during physical activity. This type of testing is usually done while the subject or patient walks, runs on a treadmill or track, or cycles on a stationary bicycle. The rate of oxygen consumption (O2 rate), measured as volume of oxygen consumed per unit of body weight in 1 minute (mL/kg/min), provides an index of intensity of physical work at any given time.115,144 VO2max is the highest rate of oxygen uptake possible and is determined by progressing the exercise test to the point of voluntary exhaustion, when the age-adjusted maximum attainable HR is approached or reached.145,146


If oxygen consumption during gait is low, an individual is likely to be able to walk long distances. If it is high, however, the distance of functional gait is likely to be limited. The oxygen cost of walking is determined by dividing the rate of oxygen consumption by the speed of walking. Oxygen cost is a precise indicator of efficiency of gait, the amount of energy expended to walk over a standard distance (mL/kg/m).115 Most of what researchers currently understand about energy expenditure when using a prosthesis or orthosis is based on studies that have measured oxygen rate and oxygen cost of walking.

Serum Lactate


The energy efficiency of walking is also assessed by evaluation of serum carbon dioxide and lactate levels as indicators of anaerobic energy production. The energy (adenosine triphosphate [ATP]) required for muscle contraction during gait can be derived from a combination of aerobic oxidative and anaerobic glycolytic pathways.147 The aerobic oxidative pathway, which depends on oxygen delivery to active muscle cells, is the most efficient source of energy, producing almost 19 times as much ATP as the anaerobic pathway. In healthy, fit individuals, this aerobic pathway is more than able to meet energy requirements of relaxed walking. If energy demands of an exercise or activity are met by aerobic oxidation, the activity can be sustained for long periods with relatively low levels of fatigue. As activity becomes strenuous (i.e., as walking speed or surface incline increases) and the need for energy begins to exceed the availability of oxygen for aerobic oxidation, additional energy is accessed through anaerobic metabolism.148 This transition to anaerobic metabolism is reported to begin at work levels of 55% of VO2max in healthy, untrained individuals but may begin at 80% of VO2max in highly trained athletes.149


When the ability to deliver oxygen is compromised by the physical deconditioning of a sedentary lifestyle or by cardiac, pulmonary, or musculoskeletal pathology, anaerobic glycolysis becomes a primary source of energy at lower levels of work.150 Whenever the anaerobic pathway is the major source of energy, blood levels of lactate and carbon dioxide rise, lowering blood pH and increasing the respiratory exchange ratio (CO2 production/O2 consumption).151 Under these conditions, the ability to sustain activity is limited, with an earlier onset of fatigue as workload increases. Serum lactate levels are most often used in studies of assisted ambulation using hybrid orthotic/functional electrical stimulation systems for those with spinal cord injury.

Heart Rate and Physiological Cost Index


High correlations between HR and oxygen consumption during gait have been reported for children and for healthy young adults at a variety of walking speeds.152,153 Although this suggests that HR monitoring may be a reliable substitute for oxygen consumption, it should be used with caution in older adults because of the age-related changes in cardiopulmonary function discussed earlier in this chapter. This is especially true for older adults with heart disease who are being managed with medications that further blunt HR response.154,155 The RPP or the PCI may be more appropriate indicators of the energy cost of walking in these circumstances. The PCI is calculated as follows156:


PCI  =  (HR walking  −  HR resting)/walking speed
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Measured in beats per meter, the PCI reflects the effort of walking; low values suggest energy-efficient gait. The PCI was originally used to assess gait restrictions in adults with rheumatoid arthritis and similar inflammatory joint disease.156 For children between 3 and 12 years of age, the mean PCI at self-selected or preferred walking speed has been reported to be between 0.38 and 0.40 beats per meter.157 Typical PCI values for adolescents and young adults at usual walking speeds ranged from 0.3 to 0.4 beats per meter.158 In a study of healthy adults older than age 65 years, the mean PCI value when walking on a flat 10-m track was 0.43 (SD = 0.13) beats per meter; when calculated while walking on a treadmill, mean PCI increased to 0.60 (SD = 0.26) beats per meter.159


The PCI has been used to assess the effect of different assistive devices on the effort of walking,160 evaluate the short- and long-term impact on neuromuscular stimulation on the ability to walk and run in older adults and in children with hemiplegia, assess outcomes of orthopedic surgery in children with cerebral palsy, and evaluate the efficacy of reciprocal gait orthosis/functional electrical stimulation systems for individuals with spinal cord injury.161–169 High correlation among the PCI, percent maximum HR, and oxygen rate (r = 0.91, P > .005) in able-bodied children and children with transtibial amputation supports its validity as an indicator of energy cost for children.170 A similar study of energy cost of walking in young adults using a microprocessor-controlled transfemoral prosthesis suggests that PCI is comparable with oxygen uptake as an indicator of the energy cost of walking.171 The PCI has also been used to compare energy cost of walking in different types of transfemoral prosthetic sockets and assess efficacy of a stance control knee orthosis.172,173


Studies of variability in PCI values on repeated measures have raised questions about its accuracy and sensitivity to change in energy cost of gait, as compared with monitoring of oxygen consumption and oxygen cost.174–176 Although the relationship between PCI and the “gold standards” of oxygen consumption and oxygen cost may not be strong enough for researchers, it remains an important tool for clinicians who lack the resources necessary to directly monitor oxygen consumption and cost yet want to estimate the energy cost of walking and assess the impact of orthotic or prosthetic rehabilitation over time.


Energy Expenditure at Self-Selected Walking Speeds


The energy requirements of walking vary with age and walking speed.176–182 Oxygen consumption is highest in childhood and decreases to approximately 12 mL/kg/min in healthy adults and elders.177 When oxygen consumption during walking is expressed as a percent of VO2max, a slightly different picture emerges. For a healthy, untrained young adult, oxygen consumption at a comfortable walking speed may be 32% of VO2max, whereas for an older adult walking at a similar speed, oxygen consumption may be as much as 48% of VO2max.113,183 For functional gait, if walking is to cover long distances or is to be sustained over prolonged periods of time, oxygen consumption must be less than 50% of that individual’s VO2max so that aerobic oxidation will be used as the primary source of energy.5 At comfortable walking speeds, older adults are working nearer the threshold for transition to anaerobic metabolism than are younger adults. If some form of gait dysfunction is superimposed, increasing the energy cost of gait, the work of walking will transition to anaerobic glycolysis unless a cardiovascular conditioning program is included in the rehabilitation program.184


For individuals without neuromuscular or musculoskeletal impairment, the relationship between the energy cost of walking and walking speed is nearly linear185 (Figure 2-7). Gait is most efficient, as indicated by oxygen cost (O2 rate/velocity), at an individual’s self-selected or customary walking speed; energy requirements increase whenever walking speed is much slower or much faster.185–188 The customary walking speed of most individuals with neuromuscular or musculoskeletal impairments is often much slower, a strategy that minimizes the rate of energy used during walking. As a result of slower speed, however, it takes longer to cover any given distance. Any impairment that reduces walking speed leads to increased oxygen cost, even if oxygen consumption remains close to normal.189–194
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Figure 2-7 Relationship between walking speed and oxygen consumption (O2 rate). The differences in O2 rate between children and adults (20 to 80 years) are attributed, in part, to differences in body composition. (From gait-velocity regression formulas reported by R. L. Waters. Energy expenditure. In Perry J, Burnfield JM [eds], Gait Analysis: Normal and Pathological Function. Thorofare, NJ: Slack, 2010. pp. 483-518.)




The weight and design of the prosthesis or orthosis are also determinants of energy cost of gait. The impact of added mass on the energy cost of gait depends on where the load is placed: Extra weight loaded on the trunk (e.g., a heavy backpack) changes oxygen rate during walking less than would a smaller load placed around the ankle.195 This highlights the importance of minimizing weight of lower extremity orthoses and prostheses to keep the energy cost of walking within an individual’s aerobic capacity.196

Work of Walking with an Orthosis


When discussing the energy cost of walking with an orthosis, it is important to remember that, for those with significant neuromuscular or musculoskeletal impairment, the energy cost of walking without the orthosis is typically higher than walking with an appropriate orthosis.197–199 One of the determinants of energy cost when walking with a cast or an orthosis is the degree of immobility that the orthosis imposes on the ankle, knee, and hip and the associated change in walking speed.200 For individuals with restriction of knee motion because of a cast or orthosis, the energy cost of gait can be reduced by placing a shoe lift on the contralateral limb to improve swing limb clearance.201


For individuals with spinal cord injury, regardless of age, the potential for functional ambulation appears to be determined by four conditions: the ability to use a reciprocal gait pattern, the adequacy of trunk stability, at least fair hip flexor strength bilaterally, and fair quadriceps strength of at least one limb.202,203 This corresponds to an ambulatory motor index (AMI) score of 18 of 30 possible points, or 60% of “good” lower extremity strength.179 In this instance, gait may be possible with bilateral ankle-foot orthoses (AFOs) or an AFO and knee-ankle-foot orthosis combination. Those with spinal cord injury at mid to low thoracic levels with AMI scores of less than 60% often require bilateral knee-ankle-foot orthoses, with Lofstrand or axillary crutches in a swing-through gait pattern to ambulate. Waters117 reports a near linear positive relationship between AMI scores and gait velocity, as well as a somewhat curvilinear inverse relationship between AMI score and oxygen rate (% above normal) and oxygen cost. For persons with spinal cord injury who have the potential for functional ambulation, continued cardiovascular conditioning after discharge from rehabilitation improves the efficiency of walking, as reflected in lower oxygen cost and improvement in walking speed.203–205 The development of reciprocal gait orthoses and “parawalkers,” at times augmented by functional electrical stimulation, has also made modified ambulation possible for those with injury at mid and upper thoracic levels.206–214 The high energy cost of the intense upper extremity work using crutches to propel the body forward during swing and maintain upright position in stance, however, restricts functional ambulation as a primary means of mobility.


The movement dysfunction associated with stroke and other neuromuscular impairments tends to reduce walking speed, with the degree of slowing determined by the severity of neuromuscular impairment.190,198,215 As abnormal movement patterns and impaired postural responses compromise the cyclic and dynamic flow of walking, the higher levels of muscle activity that are required to remain upright and to move forward increase the energy cost of gait.216,217 Reduction of walking speed is a functional strategy to keep energy expenditure within physiological limits. Oxygen rate (consumption) of persons with stroke who walk at a reduced walking speed is close to that of older adults who walk at their customary walking speed; however, oxygen cost is significantly higher.117,190,218 When compared with unimpaired individuals who walk at similar speeds, persons with hemiplegia wearing an AFO use 52% more energy; when they walk without an orthosis, their energy cost can increase to as much as 65% more than unimpaired gait.219

Work of Walking with a Prosthesis


The characteristics of gait and the energy cost of walking with a prosthesis are related to the etiology and the level of amputation.220,221 The walking speed, stride length, and cadence of persons with lower extremity amputation who walk with a prosthesis are typically lower than those of individuals without impairment, regardless of the cause of amputation,222 although individuals with traumatic etiology tend to walk faster than those with dysvascular etiology.223,224 Additionally, biomechanical and energy efficiency of prosthetic gait decreases as amputation level increases. Therefore, preservation of the anatomical knee joint appears to be especially important.222,225


A classic study by Waters and colleagues224 (Table 2-7) demonstrated that, for young adults with traumatic transtibial amputation, walking speed, oxygen rate, and oxygen cost were quite close to normal values reported by Perry.113 For those with traumatic transfemoral or dysvascular amputation, diminishing walking speeds kept oxygen consumption close to that of normal adult gait; however, oxygen cost increased well beyond the normal value of 0.15 mg/kg/m.200 Although walking speeds reported 20 years later by Torburn and colleagues223 are much higher (most likely due to biomechanical advances in prosthetic components in the time between the studies), the difference in performance between traumatic and dysvascular groups was consistent. Other studies report oxygen costs of prosthetic gait at between 16% and 28% above normal for individuals with transtibial amputation and between 60% and 110% above normal for individuals with transfemoral amputation.226–230 Although the relationship between walking speed and oxygen rate (consumption) in prosthetic gait is linear, just as it is in unimpaired gait, the slope is significantly steeper.231 The clinical implication of this relationship is that the rate of energy consumption and of cardiac work, at any walking speed, is higher for those with amputation and that the threshold for transition from aerobic to anaerobic metabolism is reached at lower walking speeds.232




Table 2-7


Walking Speed, Oxygen Consumption, and Oxygen Cost in Prosthetic Gait: Comparison of Etiology and Level of Unilateral Amputation











	Etiology and Level:

	Traumatic

	Dysvascular





	Parameter

	Transtibial

	Transfemoral

	Transtibial

	Transfemoral









	Waters et al, 1976224


	 
	 
	 
	 



	Walking speed (m/min)

	71

	52

	45

	36





	O2 rate (mL/kg/min)

	12.4

	10.3

	9.4

	10.8





	O2 cost (mL/kg/m)

	0.16

	0.20

	0.20

	0.28





	Torburn et al, 1995223


	 
	 
	 
	 



	Walking speed (m/min)

	82.3

	—

	61.7

	—





	O2 rate (mL/kg/min)

	17.7

	—

	13.2

	—





	O2 cost (mL/kg/m)

	0.22

	—

	0.21

	—
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Several explanations are possible for the differences in prosthetic gait performance after traumatic versus dysvascular amputation. Because those with dysvascular amputation are typically older than those with traumatic amputation, differences in performance may be the result of age-related changes and concurrent cardiovascular disease in the dysvascular group.226,233,234 For many older patients with dysvascular amputation, the energy source for walking with a prosthesis may be anaerobic rather than the more efficient aerobic metabolic pathways.223 A larger cardiac and respiratory functional reserve capacity in younger persons with traumatic transtibial amputation may permit them to meet the increased metabolic demands of prosthetic use because proximal muscle groups work for longer periods at higher intensities to compensate for the loss of those at the ankle.223,231,235


Importantly, for most individuals with unilateral transtibial and transfemoral amputation, regardless of age or etiology of amputation, the energy cost of walking with a prosthesis is less than that expended when walking without it using crutches or a walker.224 For most persons with a new transtibial amputation, the ability to ambulate before amputation is the best predictor of tolerance of the increased energy cost of walking with a prosthesis after surgery.233 For some older individuals with transfemoral amputation and concurrent cardiovascular or respiratory disease, and for those with bilateral amputation at transfemoral/transtibial or bilateral transfemoral levels, wheelchair mobility may be preferred.236–239


Since the 1990s, significant efforts have been made to reduce the energy cost of prosthetic gait by developing dynamic response (energy storing) prosthetic feet and cadence-responsive and microprocessor-controlled prosthetic knee units.240–254 The flexible keels of most dynamic response prosthetic feet are designed to mimic those of normal ankle mobility, such that mechanical energy stored by compression during stance is released to enhance push-off in the terminal stance.218 However, the impact of different prosthetic foot designs on the energy cost is not clear. For adults with transtibial amputation, the FlexFoot functioned more like an anatomical ankle than did four other dynamic response feet and the SACH foot, but little difference in stride, velocity, or energy cost was noted.223,235,246 However, the materials and design of most dynamic response feet may enable transtibial prosthetic users to jump, run, and use a step-over step pattern in stair climbing; these activities are difficult or not possible with a traditional SACH foot.224–251 Additionally, many individuals with transtibial amputation wear their prosthesis for longer periods during the day and report less fatigue in prolonged walking when using a prosthesis with a dynamic response foot.233


Summary


An understanding of normal cardiopulmonary function and how it changes in aging, as a result of sedentary lifestyle or pathological conditions, provides a necessary foundation for rehabilitation professionals working with patients who require an orthosis or prosthesis to walk. This chapter reviews the anatomy and physiology of the cardiopulmonary system, with attention to age-related changes, energy expenditure, and principles of aerobic conditioning for older adults.


Optimal performance of the cardiopulmonary system is influenced by three interrelated factors. First, the patient must have sufficient flexibility and mobility of the trunk for efficient and uncompromised ventilation. Second, adequate mobility of the extremities and excursion of the joints must be present for efficient performance of functional tasks. Third, the individual must have enough muscle mass, strength, and endurance to support the performance of the activity and function of the heart. Immediate and ongoing interventions that functionally enhance preload by returning blood to the older heart and avoidance of conditions (e.g., isometric muscle contraction and Valsalva maneuvers) that unnecessarily increase afterload can result in marked improvement in physical performance of the older person. With these conditions, as well as compensation for the beta-adrenergic receptor-reduced sensitivity with a prolonged period of warmup exercises, an older person is capable of physical performance that is quite similar to that of younger counterparts and essential for the process of recovery of function for the optimal outcome of rehabilitation.


The energy cost and efficiency of gait are affected by aging, deconditioning of a sedentary lifestyle, and neuromuscular and musculoskeletal impairments that alter motor control or the biomechanics of walking. Although an orthosis that restricts joint motion increases the energy cost in unimpaired individuals, the same orthosis leads to more efficient gait in those with neuromuscular impairment. Determinants of efficiency of prosthetic gait include the level and etiology of the amputation. Reduction of walking speed when using an orthosis or prosthesis helps to maintain oxygen consumption at close to normal levels; however, this tends to compromise overall efficiency of gait, as indicated by oxygen cost. Attention to the principles of cardiovascular conditioning including monitoring the response to exercise so that patients are challenged appropriately optimizes the outcomes of rehabilitation programs.
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Learning objectives


On completion of this chapter, the reader will be able to:



1. Discuss the strengths, limitations, and implementation for practice of current models of motor control.


2. Compare and contrast the tenets of current motor learning theories.


3. Discuss the role physical therapy interventions based on knowledge of motor control and motor learning in augmenting neural plasticity after brain injury.


4. Apply principles of practice conditions in the design of therapeutic interventions for individuals using orthoses or prostheses.


5. Appropriately use augmented feedback in therapeutic situations with individuals using orthoses or prostheses.


6. Describe the role of mental practice and imagery on skill acquisition for individuals using orthoses or prostheses.



Why think about motor control, motor learning, or neuroplastcity?


Physical therapists and colleagues in rehabilitation help individuals with movement dysfunction improve or adapt their ways of moving so that they are safe, efficient, and satisfied with their level of function in the activities they consider important for their quality of life.1 Many different impairments, across any of the physiological structures and systems of the body, might lead to ineffective or abnormal patterns of movement and interfere with an individual’s ability to carry out activities and participate effectively in their family and social roles.2,3


Several underlying principles influence current thinking about how people move.4 The first is that movement is goal directed. Individuals move in order to accomplish a task or activity that they want to do, during self-care or other activities of daily living (ADLs), as part of their work role, or during leisure activities.5 The second is that there are many different ways to accomplish any task: the central nervous system (CNS) organizes muscles and bodies using available physiological resources in the context of the environment to accomplish any given task; there is no single “best” way of moving.6–8 The third is that each person develops preferential ways of moving: although there are many possible movement strategies available, people tend to move in ways that are most efficient for their own, individual physical characteristics.9 Preferential movement patterns, however, are not always optimal ways of moving. Repetitive motion injuries, for example, may be the result of preferential movement patterns that are not biomechanically effective, stressing tissues until inflammation or permanent deformation occurs.10 Finally, emerging evidence suggests that appropriate interventions have the potential to drive neural plasticity and enhance recovery following insult to the CNS.


When there are impairments of musculoskeletal, neuromuscular, or cardiopulmonary systems, the resources that an individual can bring to movement may be altered, limited, or constrained.11 Because movement is goal directed, an individual with impairments will find a way to accomplish movement goals that “work,” often using a less effective or abnormal movement strategy. These altered strategies are recognized clinically as movement dysfunction.12 The use of ineffective or abnormal movement patterns, over time, can lead to inflammation, tissue remodeling, or even deformity.13 In an individual recovering from stroke who is walking, for example, an “abnormal” extensor synergy of the lower extremity may provide stance phase stability but will impair swing limb advancement, leading to a compensatory circumduction or vaulting step.14 Abnormal tone may contribute to habitual plantar flexion and eventually an equinus deformity.15 Someone with a painful knee or back will alter the way he or she uses those joints, as well as the limbs or trunk, when walking and moving between sitting and standing.16–20 Over time, the individual may develop secondary musculoskeletal problems at distal or proximal joints or become physically deconditioned, compounding his or her movement dysfunction.21,22 An individual with pain, shortness of breath, or a sense of fatigue (whether due to disease or deconditioning) may choose to be less active to “conserve” energy and, as a result, become even more deconditioned, develop soft tissue tightness that impairs flexibility, and lose muscle mass that limits functional strength.23–27 Individuals who are concerned about pain, falling, or injury may also limit physical activity and have similar decrement in physiological capacity and resources.28–30


Physical and occupational therapists use various types of therapeutic exercise (e.g., strengthening, endurance programs, flexibility, balance activities), as well as functional training (often with assistive devices or ambulatory aids, orthoses, and prostheses), in order to minimize movement dysfunction and to remediate or accommodate the underlying impairments.31 To be effective in these interventions, rehabilitation professionals must understand the principles of exercise and the effect that exercise has on the human body.32–34 They must know both the purpose of an orthosis, prosthesis, or assistive device and how the design of the device will enhance or constrain movement and function.35,36 If the goal of rehabilitation professionals is to help those with movement dysfunction learn more effective ways to accomplish what is important to them, they must also be aware of the process of learning, both on a cognitive and a motor level, and integrate this understanding into the interventions they plan and implement.37


This chapter provides an overview of recent thought on motor control, using a dynamic systems perspective. The chapter also reviews the tenets of motor learning and considers practice, augmented feedback, and mental imagery as tools to assist development of new or adapted movement skills. The chapter also consider how physical therapy intervention founded on knowledge of motor control and motor learning can augment neural plasticity and recovery after brain injury. The case studies at the end of the chapter are designed to help readers integrate growing understanding of the principles of motor control and of motor learning into the planning of interventions for movement dysfunction.

Theories of motor control


Human movement has traditionally been examined from two distinct fields of study: a neurophysiological control approach and a motor behavioral approach.4,38–41 The traditional neurophysiological approach explained movement within a hierarchical system of control on the basis of the development of neural mechanisms within the central and peripheral nervous systems and the interaction of sensory and motor systems. The motor behavioral approach examined movement performance from the perspectives largely from the field of psychology. Only in the past few decades have the two fields of study interfaced to bring about newer theories regarding human movement that more fully explain human movement and performance.4,41–43 Recently, there has been an increasing emphasis on the use of therapeutic intervention as a means of driving neural plasticity as a mechanism of recovery following brain injury.44–46

Dynamic Systems Perspectives


Rehabilitation professionals think about the human body as a complex biological system with many interacting elements and subsystems (Figure 3-1). These components have an infinite number of ways to work together in accomplishing a goal-directed motor act.47–49 Because the human body is a dynamic, adaptive, and inherently complex set of subsystems, motor behaviors and ways of moving become more efficient with practice and experience: motor control systems can consistently generate simple and well-organized movement from a complex array of movement possibilities.50,51 The dynamic systems perspective of motor control is founded on understanding of behaviors that physical systems of various types have in common: the ability to change over time, the ability to be adaptive yet have preference for habitual tendencies, and the context of interaction with the environment in which movement occurs.43,52–54 In the human movement system, there is great “motor abundance”; each person has a wide variety of ways to accomplish an intended movement goal (i.e., solve a functional movement problem) in whatever environmental conditions or circumstances that function occurs.55,56


[image: image]
Figure 3-1 The interactive physiological systems of the body that contribute to an individual’s ability to carry out during goal-directed (functional) movement. Sensory and perceptual systems contribute by monitoring the environment as well as the position and condition of the body during movement. Integrative, coordination, cognitive, memory, motivational, and planning systems work together to determine how a goal-directed task might be best implemented, corrected, or adapted for success. Homeostatic, vegetative, and energy systems anticipate physiological demand and insure that oxygen and glucose supplies are sufficient to meet task demands. The neuromuscular system fine tunes postural control, tone, and recruitment so that the musculoskeletal system can be used effectively to accomplish the movement goal. Continuous communication and interaction among physiological systems occurs before, during, and in response to movement so that both feed-forward and feedback can instantaneously influence task performance.




According to Bernstein’s model of motor control, individuals have the capacity “to make a choice within a multitude of accessible trajectories…of a most appropriate trajectory.”57 Dynamic systems theory suggests that there are both opportunities and challenges presented by interaction of the environment and the individual’s will to move.57 Unlike systems that are purely physical, the human biological system is a smart, special-purpose machine able to instantaneously and efficiently work to meet the many parallel and serial functional demands.58–60 In addition, biological systems such as the human body are self-organizing59,61; the mutually dependent and complex processes among the body’s subsystems allow this wonderfully dynamic structure to enact efficient functional movement patterns. Even though it is an inherently multidimensional biological system, the human body prefers to be in a state of relative equilibrium.62,63 This is likely to be the underlying reason that the gait cycle at self-selected (comfortable) walking speed tends to center around one cycle per second, and that most individuals transition from walk to run, as gait speed increases, at nearly the same velocity.64 The human body, as a smart and dynamic biological system, is also intentional; there is a purposeful, goal-directed, and task-oriented nature in most motor behaviors.65 The dynamic systems model defines an intention as a purposeful or desired act that influences (attracts) the human system to organize motor behavior toward the desired outcome, in the context of the environment in which the movement is occurring.66 The organism and the environment are interdependent; each is defined with respect to the other.58,65,66 Although the characteristics of the physical environment are the focus on many studies of goal-directed movement, the social-emotional environment can also influence the emergence of goal-directed movement.67 The combination of resources available to the organism-environment interaction, in conjunction with the individual’s intention, shapes (constrains) how task-oriented motor behavior is organized.


Motor control has been defined by Shumway-Cook and Woollacott as “the ability to regulate or direct the mechanisms essential to movement.”39 The interactive systems that provide resources that an individual uses to initiate and regulate goal-directed movement include the neurological, musculoskeletal, sensory/perceptual, cardiorespiratory, and cardiopulmonary, and the cognitive, learning, and memory systems. Human movement, or motor control, is a product of the interaction of the individual (with all of his or her subsystems), the characteristics of the environment, and the nature of the specific task or goal that the individual is involved in (Figure 3-2). Movement, then, is goal directed and purposeful; it makes use of the innate and learned resources available to the individual and is subject to the influences of the environment in which it is performed. By considering each of these essential contributors to functional movement, rehabilitation professionals can assess potential sources of movement dysfunction, explore alternative movement strategies, and adapt or alter the task or environment to improve movement outcomes.68,69


[image: image]
Figure 3-2 A contemporary model of motor control: movement emerges from the interaction of the individual, the environment, and the task being attempted. Therapists must consider how the characteristics, resources, and constraints of each influence the ability to move, and how each might be manipulated during intervention to enhance motor learning and effectiveness of movement.



Resources of the Individual


The first component to consider in this model of motor control is the individual, with his or her ability to think and reason, to sense and perceive, and to actively respond or initiate movement (Figure 3-3). An individual’s cognitive resources include the abilities to critically think and integrate concepts, organize and delay gratification, assign emotional meaning/significance to an activity or circumstance, problem solve, access and use memory, manage attention and focus (especially when engaged in concurrent tasks), and learn.70–72 An individual’s perceptual resources are the products of the ability to receive and process many different types of sensory information (i.e., data) and to integrate and interpret these data at both subcortical and cortical levels of information processing.73–77 An individual’s resources for action include the ability to motor plan and refine motion at cortical and subcortical levels; error control systems of the cerebellum; pyramidal and extrapyramidal motor systems; and the neuromuscular, musculoskeletal, and cardiopulmonary/cardiovascular contributors to “effector” systems.78–93
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Figure 3-3 The individual resources that contribute to movement include those in the sensory/perceptual systems, the cognitive systems, and the action systems. For persons recovering from central nervous system insult, the therapist must understand whether dysfunction in any of these systems has occurred and consider how intervention might enhance neural plasticity and recovery of function in each of these areas.




To illustrate how individual resources influence movement, consider two individuals who are walking to their cars after a major-league baseball game. Their pathway moves across a gravel-surfaced parking area with a slightly sloped and slightly unstable support surface. One person has the “stocking-glove” sensory and motor impairment typical of diabetic polyneuropathy. The other has consumed a few too many servings of beer in cheering his team to victory, making his thinking and motor behavior less efficient than normal. Both are likely to exhibit less efficient postural response and unsteady gait patterns as they return to their vehicles, but for very different reasons. The quality of the sensory data that the individual with diabetic neuropathy can collect may not be sufficient for accurate perception of environmental conditions, and, complicated by distal weakness, her patterns of movement may not meet the challenges presented by the sloped and slightly movable ground surface. The individual who is tipsy has normal data collection ability; however, the temporary impairment in cognitive function (judgment and perception) and less efficient “error control” associated with alcohol consumption lead to motor behaviors that are not matched to environmental demands. Both baseball fans may stumble, walk with a wide base of support, or reach for the support of solid objects as they make their way toward their cars, but the underlying individual contributors to this motor outcome are quite different.

Nature of the Task


The task is the second essential component to the overall outcome or motor behavior performed. A functional task may require an individual to organize goal-directed movement to address one or more of the following motor control goals (Figure 3-4):



• Maintaining or adjusting antigravity posture (static, anticipatory, or reactionary postural control)94–96


• Transitioning from one stable position to another (quasimobility; e.g., moving from sitting to standing)97–99


• Moving a limb or the whole body through space (e.g., reaching, lifting, carrying, walking, stair climbing, walking on inclines, avoiding obstacles, hopping, running)100–102


• Using or manipulating tools appropriate to the task (e.g., assistive devices, objects needed for ADLs)103,104
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Figure 3-4 The components or nature of the task being attempted also influence the movement that emerges: The task can include or combine goals of stability, transitions, mobility, and manipulation of tools or objects.




Any task can be described along a number of different dimensions or continua: it can have discrete beginning and endpoints (e.g., transferring from bed to chair) or be continuous (e.g., walking or running over large distances). They can involve stability or require mobility, occur at various speeds, require different levels of accuracy or precision, and demand different levels of attention or focus (Box 3-1). Repetitive and overlearned tasks performed in predictable (closed or fixed) environments are often executed on a nearly automatic level, requiring little attention; this allows the individual to focus attentional resources on other prioriteis.105 Tasks occurring in a changing (dynamic or open) environment must be flexible or adaptable to be successful and require a higher degree of attention during performance.106,107 Finally, the complexity of the task and the attentional requirements for effective task performance must be considered.108




Box 3-1


Descriptors of Movements Based on the Attributes/Nature of a Task




• Discrete: The beginning or end point of movement, or both, as determined by the task itself (e.g., stepping onto a curb, donning a prosthesis, catching a ball).


• Serial: An ordered sequence of discrete movements, defined by the task itself (e.g., climbing a flight of stairs).


• Continuous: The beginning and end points of the task are determined and controlled by the individual (e.g., riding a bicycle, deciding when to start or stop).


• Stability: The primary task goal is to maintain position of body segments (often against gravity or in response to perturbation) or to keep the body’s center of mass within the available base of support during functional activity (e.g., to provide a secure base in sitting or standing for subsequent skilled use of extremities).


• Transitional (quasimobility): The primary task goal is to move the body from a starting position of stability to a different ending position of stability (e.g., moving from sitting to standing, rolling from supine to prone, getting up from the floor).


• Mobility: The primary task goal is to move a body part, or the entire body, through physical space (e.g., rolling over in bed, walking or running, reaching for an object on a shelf or on the floor).


• Manipulation continuum: The degree to which a task requires the individual to use (manipulate) or interact with one or more external objects in order to complete the activity successfully (e.g., fastening buttons or handling clothes during dressing, donning/doffing a prosthesis or orthosis, opening doors during mobility, locking the brakes on a wheelchair).


• Automaticity: The degree to which the task is well understood and can be carried out automatically or requires attention because of high task demand (level of preciseness, consequence of error) or the changing nature of the task or environmental conditions (e.g., threading a sewing needle, walking down an icy sloping walkway, catching a thrown object).


• Variability in performance: The degree to which an individual is able to adapt the performance of a learned task in response to differences in environmental conditions or changes in task constraints; the flexibility to apply what has been learned to similar or novel situations.






One way to understand the nature of a task (either broken into components or as a whole) is to examine or classify the task using Gentile’s Taxonomy of Movement Tasks (Figure 3-5).40 The first component considered in the taxonomy is the movement task’s outcome goals: does the task primarily focus on stability of the body, transition between stable positions, or on transport (movement) of the body through space? As an example of a body stability task, consider the ability of an individual learning to use a transfemoral prosthesis to control hip and pelvic position while in single-limb stance on the prosthetic side, while slowly lifting the “intact” limb to place it on a stool or step placed in front of him or her. A transitional (quasimobile) task for this person might be practicing moving between sitting and standing position from various seating surfaces or heights.4 A body mobility task for the same individual might be to learn to use a cadence-responsive prosthetic knee unit by altering gait speed, changing direction, or navigating through a crowded public space.
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Figure 3-5 Examples of therapeutic activities for an individual learning to use bilateral transtibial prosthesis, based on a modified version of Gentile’s Taxonomy of Movement Tasks.




The next consideration is whether the task involves use of, or interaction with, a tool or object (i.e., is object manipulation part of the task?). In working with persons with spinal cord injuries to develop postural control in sitting, for example, therapists often use catching and throwing activities with balloons and balls of various weights, thrown at different speeds and in varying directions, to provide opportunity to master this body stability skill.109–111 Managing assistive devices (e.g., cane, crutches) during transfers or operating orthotic knee locks or prosthetic knee units during transfers are examples of object manipulation during transitional motor tasks. Learning to use an ambulatory assistive device (e.g., crutch walking in a four-point reciprocal pattern; managing crutches when ascending or descending stairs) is a prime example of a body mobility task that requires object manipulation.112,113

Characteristics of the Environment


The final component of the Shumway-Cook and Woollacott’s model of motor control is the setting, environmental context, or conditions in which the goal-directed movement takes place (Figure 3-6). The physical therapist must examine (and, during intervention, purposefully manipulate) the environmental context in which functional movement occurs. Is the physical environment comfortable to be in while taking part in exercise and other rehabilitation interventions? Is it visually interesting and stimulating but not too distracting or challenging? Is the motor task occurring in an environment that is predictable (i.e., in a closed environment), or is there a degree of variability and possibility of change external to the individual (i.e., an open environment) that will require the individual to monitor and respond more carefully while performing the task?114–116 Therapists must also consider the social-emotional context of the environment that is rooted in the interpersonal interaction: will the individual feel supported and encouraged as he takes risks and makes errors as part of the development of skill in salient activities? Or does the emotional environment contribute to anxiety about receiving negative criticism or a fear of failure?117,118
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Figure 3-6 In considering the role of the environment on motor performance, the therapist must understand the challenges that it presents, the social-emotional context that might influence the individual’s ability to move, and the physical characteristics of the movement space that affect the individual’s safety and ability to move. Therapists often manipulate the social-emotional context by providing physical support and encouragement to create a situation where it is safe for the individual to attempt difficult movement and risk failure (error) as part of the motor learning process.




For the therapeutic application of environmental variables, therapists can consider both macroenvironmental influences (e.g., actual physical conditions that influence task demand, the therapeutic setting, or the involvement of family members), as well as microenvironmental influences (e.g., the level of visual and auditory “noise” present in the therapy room or variations in surfaces over which a client may be sitting or walking). Mastery of a motor task within a single, simple environment does not directly translate into safe performance of the same task under more complex and demanding environmental conditions. Navigating up and down a set of training steps in the physical therapy gym does not mean that the individual with stroke or paraplegic-level spinal cord injury will be functional and safe on a wet, leaf-covered, uneven brick staircase (with no railings) when entering or leaving his best friend’s house or favorite neighborhood hangout.119,120


When working with persons with acquired brain injury functioning at the Rancho Los Amigos cognitive continuum of 4 (confused and agitated), 5 (confused inappropriate), or 6 (confused appropriate), therapists must provide a structured and predictable environment for functional and rehabilitative activities, so that the demands of the environment do not exceed the individual’s ability to monitor and respond to the challenges that the environment presents.121–123 A complex environment can be overwhelming to the individual recovering from brain injury; the structured environment provides opportunity to complete key tasks with minimal frustration and behavioral complications. However, the complexity of the environment must be gradually increased as the individual prepares for discharge. Being able to cross the street safely at a crosswalk with real traffic is a more complex task than managing curbs and walking over a distance in the rehabilitation gym.


Gentile’s taxonomy provides an organizational strategy for intervention planning by rehabilitation professions working with individuals with musculoskeletal or neuromuscular impairments and limitations in performing functional activities. The primary goal of a man who has had a recent stroke may be to climb stairs so that he can return to his home, where the bedroom and bathroom are upstairs. In the early stages of rehabilitation, it may be necessary to first concentrate on static postural control and controlled weight shifting in sitting and standing on a firm support surface (body stability, no object manipulation, predictable environment). As the quality and control of these motor tasks become more consistent, intervention expands to include ambulation in the parallel bars (body mobility, no object manipulation, unvarying environment), then with an assistive device in a quiet hallway (body mobility, object manipulation, predictable environment), and finally in a busy rehabilitation gym in which the individual must anticipate and react to others in the environment (body mobility, object manipulation, changing environment). As postural control becomes more efficient on level surfaces, task demand is increased by increasing speed or attempting more challenging surfaces such as stairs, inclines, and stepping over obstacles; this may initially occur in a relatively predictable environment but must eventually occur in an “open” situation in which the individual must dynamically react to or navigate around other persons and objects.


Skill Acquisition Models


Movement has also been examined from the behavioral perspective, with a focus on quality of motor performance and acquisition of skilled behavior. Researchers with this perspective are interested in the influence of cognitive-information processing and cognitive psychology on motor behavior. They concentrate on the acquisition of skill, the learning processes associated with skills, and the refinement process of skills across applications. Early on, studies of skill acquisition focused on orientation to the task; as the field developed and expanded, focus shifted toward understanding the process of skill development. This led to formulation of the concepts of motor memory and schema. Adams’ theory of feedback-based learning was a catalyst for later research, which gave rise to Schmidt’s schema theory for motor learning.


Current motor control theory has become a blend of the various bodies of study presented in this section, integrating neurophysiological, dynamic systems/ecological, and behavioral models. This shared interest gave rise to the study of motor learning, which is concerned with the adaptation and application of movement strategies to altered or novel functional, behavioral, and environmental contexts.


Theories of motor learning


Although models of motor control focus on how the biological system organizes and adapts movement as it occurs, models of motor learning consider how the individual comes to understand and consistently perform a particular behavioral task. The outcome of effective motor learning is mastery of skilled behaviors so that the individual can function appropriately in his or her physical and social environment. Most models of motor learning are founded on four distinct notions about learning:



1. Motor learning is a dynamic process that leads to acquisition of ability for skilled actions.


2. In order for motor learning to occur, there must be an opportunity to practice and build experience. Making errors is a necessary part of the learning process; as learning occurs motor memories are established.


3. Motor learning itself cannot be observed directly; it is inferred by observation of changes in motor behavior that become consistent over time.


4. Learning produces relatively permanent changes in the capability for skilled behavior, by building motor memory; as a result, what has been learned can be applied or adapted when altered task or environmental constraints occur.




In order to effectively master a novel motor task or recover from disease-disrupted motor function, the individual must52,124:



• Develop sensory and perceptual strategies for collecting information relevant to the task at hand and the environment in which is occurring


• Understand key features of the task, the performance environment, and any tools required to complete the task successfully


• Activate the components of the motor control system (anticipatory, guiding, corrective, and reactive) necessary for skillful performance of the task


• Apply (transfer) knowledge of the task, environment and tools in order to adapt skilled motor performance to situations that are different from the one in which learning took place




Rehabilitation professionals must be careful to distinguish between the concepts of motor learning and motor performance. Motor performance is the observable action or behavior that can be measured (rated) qualitatively or quantitatively by an observer.41 As health care professionals who focus on function, therapists are quite skilled at examining motor performance, and determining whether an individual is moving normally or is coping with some form of movement dysfunction. Physical therapists use both subjective ratings (e.g., ratings of perceived exertion; using the terms “poor, fair, good, normal/excellent” to describe static postural control, dynamic balance ability, or endurance), and objective performance-based scales and measures (e.g., self-selected and fast walking speeds, Timed Up and Go times, Functional Reach distances, Dynamic Gait Index scores, 6-minute walk test distance, Gross Motor Functional Measure scores, among many others).125–131


In contrast, motor learning refers to the process that leads to changes in the quality, consistency, and efficiency of motor performance of a given individual. This process is not easily measured except by considering consistency or how other dimensions of performance of the task change over time. Comparisons of baseline performance to postintervention performance indicate changes in quality of performance. Although motor performance tends to transiently improve after a single practice session, we cannot be confident that learning has occurred until performance becomes consistent after multiple sessions over a period of time.132,133 Improvement in motor performance to the level of consistency infers that effective motor learning has occurred. Motor learning has occurred when the task can be accomplished in various ways as situations demand.

Evolution of Models of Motor Learning


Initial models of motor learning were published in the early 1970s, the most prominent being Adams’ closed-loop theory and Schmidt’s schema theory.134,135 Both models assume that, as a result of the motor learning process, the brain develops generalized motor programs: rules for timing and sequencing of muscle activity for key tasks.132 The closed-loop theory proposes that sensory information generated from movements occurring during performance of functional tasks provides feedback necessary to build the memory and perceptual traces that guide and refine subsequent performance of the task.134 In contrast, schema theory suggests that an open-loop process occurs, in which a general set of rules for a particular movement is developed (motor recall and sensory recognition schema) over time. Such schemas allow the individual to continuously compare actual outcomes of movement with anticipated (feedforward)/predicted outcomes via error detection and correction mechanism.135,136 According to schema models, variability of practice must occur to establish and strengthen the movement schema over time.137,138


In the 1990s, Newell proposed an alternative ecological model of motor learning (resonant with Bernstein’s dynamic systems model of motor control) that suggests individuals use a problem-solving approach to discover the optimal strategy to produce the task (performance) given both environmental and task influences.139,140 By exploring the perceptual motor workspace during practice, individuals begin to recognize salient sensory/perceptual cues as they explore movement options that might lead to successful task completion. In viewing a demonstration, perceptual information helps the learner better understand the nature of the task and task-related movements that need to be mastered. Perception during (knowledge of performance) and perception after (knowledge of results) task-related movement provides intrinsic feedback that assists the problem solving process in the development of optimal strategies for the task at hand. Therapists can provide augmented information (explicit cues and extrinsic feedback) to facilitate an individual’s search for optimal strategies. In this way, the perception (salient cues about the task and the environmental) and action (adaptive motor performance of the task.) are linked so that task-relevant connection is established.145


Refer to Shumway-Cook and Woollacott132 and Schmidt and Lee128 for a more detailed discussion of these theoretical models.

Temporal Considerations


Motor learning has also been explained through a temporal perspective in which learning occurs in stages over time. Various three- and two-stage models have been proposed to describe the process for acquisition of a skill and for adaptability or generalization/transfer of the skill (Table 3-1).




Table 3-1


Comparison of Concepts in the Major Models of Motor Learning











	Models

	Descriptive Stages/Movement Characteristics









	THREE-STAGE MODELS





	Fitts and Posner142


	COGNITIVE
Early skill acquisition through trial and error; performance highly variable to find most effective strategy for task

	ASSOCIATIVE
Refinement of skill; performance less variable and more efficient

	AUTONOMOUS
Low attention necessary for task; transfer or adapting skill to other environments; performance of skill during multiple task demands





	Vereijken, Whiting, and Beek54


	NOVICE
Discovery of task constraints; restriction of degrees of freedom to simplify task

	ADVANCED
Release of some degrees of freedom to coordinate movement; adapt tasks to environmental demands

	EXPERT
All degrees of freedom released; exploitation of mechanical forces to complement environmental forces





	Larin144
(Refers to children)

	DISCOVERY
Verbal-cognitive stage; physical and verbal guidance necessary

	INTERMEDIATE
Motor stage; independent performance, greater consistency

	AUTONOMOUS
Skilled performance; economy of effort; task adaptable to environment





	Shumway-Cook, Woollacott Systems Model132


	STAGE 1
Co-contraction to constrain degrees of freedom to reduce the number of body segments or joints to be controlled during movement

	STAGE 2
Gradual release of degrees of freedom of limb segments results in gradual increase in control and flexibility of the body during movement

	STAGE 3
Mastery of the skilled movement with automaticity and variability during performance, allowing adaptation and transfer of skill in response to changing conditions/demands





	TWO-STAGE MODELS





	Gentile148


	EXPLICIT LEARNING
Attainment of action-goal; conscious mapping of the movement’s structure; rapid stabilization of performance

	IMPLICIT LEARNING
Dynamics of force generation; active and passive force components finely tuned unconsciously; gradual change in performance





	Manoel and Connolly147


	ACQUISITION
Formulation of the action plan; understanding task and how to accomplish it; stabilization of action

	ADAPTATION
Task and environment interaction; task is fluid with range of options to cope with new situations; breakdown of stable task and reorganization for new action plans
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Three-stage models generally describe the earliest stage as the discovery stage, in which an understanding of the nature of a task is developed through trial and error, sometimes with guidance.54,128,137–144 In this initial stage of motor learning, the need for attention is high, and there is significant trial and error-related variability in task performance early on, with an eventual understanding or selection of the best plan for the task for that individual. Once a plan has been settled on, the second stage of motor learning focuses on refinement of the performance; error during performance decreases while efficiency of performance increases, but attention is still required and distraction is often problematic, interfering with performance.145 In the third and final stage of motor learning, the individual can generalize or adapt the learned skill to changing environmental demands; much less attention to task is required, and the task can be performed effectively in various ways under multiple environmental demands.


Building on the work of Lereijken and colleagues, Shumway-Cook and Woollacott describe a system-oriented three-stage model, integrating principles of dynamic systems motor control, human development, and the ecological model of motor learning.132,144 Early in motor learning, individuals constrain (freeze) the degrees of freedom among limb segments (joints) involved in the task as a means of reducing task difficulty; this freezing cocontraction around joints results in relatively accurate movement, although the movment typcially has a high energy cost.146 As learning occurs, there is a tendency to “unfreeze” joints sequentially such that movement becomes more fluid and energy-efficient. With mastery, the individual employs freedom of movement to fluidly perform the task and can adapt to changing characteristics of the environment.147


Two-stage models of motor learning focus on (1) acquisition of the skill and (2) adaptation or application of the skilled motor behavior.148 The initial phase consolidates the first two components of the three-stage models: Acquisition and refinement of performance occur within the same stage. Variability of performance occurs through internal demands within the individual’s attempts to find and select a preferred action/strategy before refinement. In the second stage performance is variable due to external demands of the environment: The person must adapt the task accordingly; this is quite similar to the final component of each of the three-stage models.149

Implicit and Explicit Aspects of Motor Learning


To understand the process of motor learning, it is important to consider the principles underlying all learning processes: how new information is translated into memory to become useful. One can think about learning as the process of acquiring new information and new skills; memory then is the product or outcome of the learning process.150 Learning is one of the major drivers of plasticity within the CNS, stimulating formation of new synapses as well as refinement of existing neural connections throughout the brain.151,152 This plasticity is evident as information is moved from our short term (working) memory into initial long term memory stores which become better established, and more resistant to disruption, with practice and experience (Figure 3-7).153
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Figure 3-7 The gradual shift from short term (acquisition) to long term (retention) learning and memory is reflected in a move along the continuum of neural modifiability. Short-term changes, associated with an increased synaptic efficiency, persist and gradually give way to structural changes, the underpinnings of long-term learning. (From Shumway-Cook A, Woollacott MH [eds]. Motor Control: Translating Research into Clinical Practice, 4th ed. Philadelphia: Wolters Kluwer Lippincott Williams & Wilkins, 2012. p. 84.)




Learning theorists describe two major categories of learning: implicit (nondeclarative) and explicit (declarative) learning (Figure 3-8).154 Both categories lead to functional and physiological changes in synapses of involved areas of the spinal cord, brainstem, and forebrain.155 One aspect of motor learning falls into the category of implicit procedural learning: it requires trial and error (discovery) in a relevant and functional context.155 Consistently improved task performance over time and situation provide evidence of effective procedural learning. Neural structures thought to be necessary for implicit procedural learning include cortex of the frontal and parietal lobes, nuclei of the basal ganglia, and cerebellar cortex and nuclie.156–158 Recent work has also identified that the hippocampus in involved in perceptual components of procedural learning.159 Explicit (declarative) learning is founded on attention and conscious thought and can be described or demonstrated by the learner.160 Neural structures involved with explicit learning include prefrontal cortex, cingulate gyrus (limbic system), head of the caudate nucleus, medial temporal lobes, and hippocampus.161 The hippocampus plays a key role in motor learning because it contains a cognitive-spatial map of the typical areas in which humans function.166 Early motor learning is strengthened, as evidenced by changes in output of the primary motor cortex, when explicit learning of sequences is associated with implicit learning.162–164
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Figure 3-8 Learning is the process of acquiring information or skill while memory is the product of the learning process. Traditionally, the learning process has been described as having two separate domains: explicit or declarative learning, which is primarily involved in acquisition of knowledge about facts and events, and implicit or nondeclarative learning. Much of motor learning falls into the category of procedural implicit learning: the mastery of skills and habits. Recent research evidence using functional magnetic resonance imaging suggests that there are interactions between explicit and implicit processes (arrow) regardless of whether the focus is on fact or movement.




Once sequential aspects of the task are well understood, the need to pay close attention during motor performance diminishes, and the skill becomes less effortful as it transitions toward automaticity.165 As automaticity increases, the ability to attend to simultaneous tasks also increases.166,167 There is growing evidence that the transition from early motor learning of complex, sequentially organized tasks to automaticity requires more time and practice as a person ages.168–171 Encouragement and feedback that focus on building perceptions of capability (self-efficacy) with respect to better performance than peers appears to enhance motor learning in both young and older adults.172,173


Key motor learning concepts that physical therapists working with individuals new to prosthetic or orthotic use include practice conditions and schedule; the role of variability, contextual interference, and feedback on skill acquisition; development of automaticity of performance; as well as retention and transfer of the newly learned motor skill (Box 3-2).128,132 Each is discussed in the following section.




Box 3-2


Summary of the Dimensions or Characteristics of Practice




• Contextual interference: The work of keeping many options available in working memory over time when involved in discovering solutions to movement problems during the acquisition of skill in motor learning.


• Blocked: A single motor behavior (task) is repeated multiple times in unchanging environmental conditions. Performance improves within the practice session, but less than optimal retention across sessions.


• Random (variable): Practice of the targeted motor task is interspersed or embedded within trials of different motor behaviors. Although performance in a single practice session is less consistent, there is better retention of skills across practice sessions and environmental conditions.


• Serial: A series of separate (related or unrelated) tasks is performed in the same sequence for multiple trials.


• Massed: Time for active practice exceeds rest time between trials


• Distributed: Time for active practice is less than rest time between trials


• Part task training: Each component of a motor behavior is practiced separately. Assists accuracy or efficiency of performance of the single-task component.


• Whole task training: The entire motor behavior is practiced as a single task. Enhances the individual’s ability to problem solve and adapt task performance across practice sessions and differing environmental conditions.






The importance of practice


Common to all models of motor learning is the concept of practice: Motor learning cannot occur unless the individual has an opportunity to gain experience through repeated attempts (both successful and unsuccessful) at accomplishing the desired movement task.174 Much of the research literature in the area of motor learning is devoted to exploration of practice and the optimal conditions or configurations in which it occurs. Conditions of practice can be classified or designed in several different ways. The type of practice used can influence the efficacy of motor learning that occurs, as well as its carryover or generalizability to similar tasks or environmental conditions.

Variability


In a complex and variable world, there are innumerable ways to respond to challenges that are encountered. Over the life span, typically developing individuals explore many movement options to accomplish salient task goals, developing a set of action plans that demonstrate both automaticity in performance and adaptability to variations in task or environmental constraints (i.e., the mastery of bipedal locomotion, over different surfaces, at various speeds, in closed versus open environments).175,176 Discovery learning and the feedback/feedforward provided by error during repeated practice across conditions with differing constraints allows the individual to develop an understanding (perception) of the common elements of the task wherever and whenever it is performed.174,177,178 This perception provides the flexibility to select from a range of task-specific options and adapt movement in response to variations encountered in daily life; variability in skilled movement is an adaptive resource responsive to variation in environmental demands.179


The movement patterns of individuals with neurological or neuromuscular dysfunction, however, often demonstrate hypervariability or hypovariability.176,180 Too much or too little variability is problematic: Perception of the nature of the task and of interaction between task and environment may be limited or altered, and acquisition of skill may be challenged by the constraints associated with altered muscle performance and motor control.181–183 Functionally, this contributes to a reduced ability to adapt (vary) performance in response to changing environmental conditions. The rigidity characteristic of Parkinson disease, for example, creates “super stability” of the trunk and extremities that interferes with mobility (locomotion) and postural control when task conditions change (i.e., the need to increase speed, walk through doorways, or to walk on inclines).181,184 In persons with stroke, impaired ability to move the involved upper extremity was accompanied by difficulty recognizing action of the corresponding limb when observing others or a computer model.185 In persons with right hemisphere stroke, impairments of attention and perception challenge the ability to develop the set of task-specific movement options necessary for adaptive function in response to variations in environment and context.186,187 While implicit motor learning can be successful after a stroke, movement during acquisition stages is often slower and more variable in both blocked and random practice conditions.188 Variability in movement is also altered in children with hypertonic and dyskinetic cerebral palsy, and in those with developmental coordination disorder.179,182,189


In rehabilitation, therapists set up opportunities for discovery motor learning for patients that are designed to enhance the likelihood of discovering, from among all possible movement options, the set of movements most likely to result in successful task performance.175,176 This is accomplished by manipulating the environmental and task constraints in relevant and meaningful ways to actively engage the individual in iterations of the task, with the goal of promoting both perceptual understanding and a usable set of action options for completing the task.175,190,191

Practice Conditions: Blocked, Random, or Serial?


One way to describe practice is by whether it occurs in a blocked or random sequence. Blocked practice (also known as constant practice) is characterized by separate but subsequent repeated trials of the same task.132,174 For blocked practice, the task is repeated under consistent environmental conditions. Modified blocked practice involves repeating the motor task three or more times in one condition before altering conditions or context in which practice of the same task is repeated. During blocked practice, the individual concentrates on performance of a single task; this focus reduces overall demand on working memory. As a result, quality of performance tends to improve substantially over successive bouts of blocked practice. In healthy adults, acquisition of skill appears to be effective (performance becomes more accurate over a single practice session) with blocked practice, however retention of the skill over time and transfer of the skill to differing conditions is not as strong.192 Blocked practice appears to have a positive impact on retention of skill for children younger than 10 years; this is thought to be a function of emergence of information processing capability in late childhood and early adolescence.193,194


For the individual with transfemoral amputation working on stance control on the prosthetic limb, a blocked practice session might include stepping up onto a stool with the intact limb for 10 trials (repetitions), while standing in the parallel bars. The level of difficulty of the activity could be advanced by setting up an additional practice session, asking the individual to perform a similar task while supporting himself or herself with a straight cane to a practice curb or step outside the parallel bars. Theoretically, practice in the parallel bars would provide a model to use when performing a similar activity outside the parallel bars.


Random practice (also described as variable practice) is characterized as practicing a set of tasks in which order and perhaps difficulty of tasks varies across bouts of practice.132,174 Because of the variation encountered during random practice, there is less improvement of performance in a given practice session (compared with blocked practice); however, there is greater retention of what has been learned over time. Theoretically, random practice creates contextual interference (the work of keeping many options available in working memory over time) that actually enhances learning and mastery over time despite poorer immediate performance.174,192 While this may be counterintuitive, the efficacy of contextual interference on mastery of complex movement tasks is well supported.195–199 One of the proposed mechanisms for enhanced retention in random practice is increased attentional demand that results in better use of perceptual understanding to prepare for movement.197,199 The degree of similarity of tasks (distraction) undertaken during a practice session can also be a source of contextual interference; greater attention is required to discriminate between tasks with similar but distinct characteristics.198 The improvement of retention occurs even when the context or characteristics of the task are somewhat altered; thus random variable practice may enhance transfer of learning.174


To practice the primary task of stance phase stability using a random practice order, the individual with a transfemoral prosthesis would be involved in an ongoing session of gait training. As this person walked the length of the parallel bars (or across the gym), he or she might be asked to step up onto a stool or over an obstacle at a different point in the walk and to change direction or speed on randomly delivered commands. The walk itself might be repeated 10 times (practice trials), with a step up onto or over the stool and changing speed and direction at a different point in each of the 10 trials of walking. These trials of stepping up or over and altering speed and direction do not occur sequentially but instead are interspersed throughout the entire ambulation event.


A third practice condition called serial practice can be thought of as a blending of the blocked and random practice order. Serial practice is a collection of different tasks performed sequentially, from a designated starting point to a defined ending point, always occurring in the same order, and repeated as a whole set of movement tasks.132,174


In a serial practice session for an individual learning to use a transfemoral prosthesis, the therapist may instruct him or her to repeat a specific sequence of movements such as the following:




1. Rise from a seated position and take three steps toward an obstacle in your pathway.


2. Step over the stool (obstacle) with your intact (right) foot, bringing your prosthetic limb around the object in a small arc.


3. Complete three more gait cycles and turn around to the right.


4. Walk back toward the obstacle, stepping over it with the prosthesis first on the return.


5. Continue walking back to the chair, turn, and sit down.


6. Rise to standing once again, and repeat the entire sequence until you have done it a total of × number of times.





The original task of stepping onto the stool with the right foot has been embedded into a series of different (but somewhat related) tasks performed in the same order over multiple trials.


Another way to classify practice is by the relative period of time spent in active practice versus rest time between practice sessions. In conditions of massed practice, there is more time spent over a practice trial than there is rest time between trials. Fatigue may be a factor in decreases in performance over repeated practice sessions if rest periods are insufficient. In conditions of distributed practice, the amount of practice time is less than or equal to the amount of rest time between trials.132,174 Given evidence of better retention and transfer of skills with longer rest periods between practice trials (i.e., distributed practice), rest appears to be more than a period of physical recovery; it may also enhance consolidation of perceptual schemas and action rules associated with the skill that has been practiced into memory.200 What is not yet understood is how much practice time and how much rest is optimal for tasks of different complexity or learners with various resources or impairments.

Part vs. Whole Task Training


Many functional tasks have sequential, recognizable subcomponents. The task of rising from a chair, for example, may require moving forward toward the edge of the seat, changing foot position, leaning forward to shift body weight from the ischial tuberosities toward the feet, lifting off the seat, accelerating quickly upward into standing, and then establishing postural control in the upright position.201 The task of walking can be divided into stages including weight acceptance in early stance, stability during single limb stance, preparation for swing at the end of stance, and initiation through completion of limb advancement during swing phase.202 When working with individuals who have neurological, neuromuscular, or musculoskeletal related movement dysfunction, therapists often use task analysis to determine what subcomponents of the task are problematic. The therapist might opt to practice the problematic components of the task to build skill before attempting the entire task (part to whole training) or to practice the entire task repeatedly (whole task training). In partial task training, the task is divided into separate parts, and each part is explained or modeled as distinct components of the task, while in whole task training the entire task is explained verbally or modeled (demonstrated) in entirety from beginning to end. The decision to structure training as part versus whole is influenced by level of difficulty of the task; the degree that the individual has already mastered some of the task components; the individual’s ability to attend to the task, his or her level of motivation and frustration; and safety considerations as the task is attempted. Tasks that are serial in nature lend themselves in part to whole training; spending time practicing complex or difficult task components (ending the session by putting all of the components together to perform the whole task) often leads to better retention and transfer than the same amount of time spent practicing the entire task.174,202,203 Tasks that are continuous, such as carrying a tray while walking through the cafeteria, are not as easily separated into components because of the degree of coordination and interplay necessary among task components. When coordination, timing, and interaction must be learned, whole task training appears to be more efficacious.174,203,204

Relationships: Practice, Retention, and Transfer


The effectiveness of the various practice conditions on motor learning has been the subject of many studies in psychology, movement science, and rehabilitation. As we consider the evidence that these studies present to us (to determine their clinical relevance and possible application), it is important to note the specific outcome of practice that is being investigated. Are the researchers focused on change in quality of performance during practice trials (i.e., skill acquisition within a session) or in carryover of understanding of the task from one practice session to another (i.e., postpractice performance or retention over time)? This distinction is particularly important for rehabilitation professionals to keep in mind.


How, then, do rehabilitation professionals determine whether the interventions they have implemented have resulted in effective motor learning and skill development? Rather than focusing on improvement in a single session, we look instead at the development of automaticity and the ability to adapt performance across sessions and circumstances. Although performance over repeated trials within a practice session is often observed, this is not a reliable indicator that motor learning has occurred. Consistency in motor behavior (as the product of the learning process) across sessions and over time suggests that there has been retention (consolidation), a relatively permanent change in motor behavior. The ability to transfer what has been learned and apply the set of movement options across situations appears to be related to the opportunity to practice under a variety of environment conditions and constraints.


Scientists who study motor learning hypothesize that individuals who develop flexible learning strategies through random practice and whole-task training are better able to transfer learned skills to novel situations. This is critical for the individuals we care for, who will ultimately need to perform skills beyond the rehabilitation practice environment (rehabilitation settings) as they return to the real world environment of their homes and community. Keeping this in mind, rehabilitation professionals need to carefully consider and choose the practice conditions that will lead to the best possible functional outcomes for individuals for whom they care.


Intrinsic and Extrinsic Feedback


A second key concept in motor learning paradigms centers on the provision of feedback during practice trials (Box 3-3).205 As movement occurs, it generates intrinsic (inherent) feedback that the CNS (especially the cerebellum as a system interested in coordination and error control) compares with the sensation that it “anticipates” (feedforward) will or should result from the movement. Extrinsic (augmented) feedback refers to information about the movement performance that is provided by an external source before, during, or after the movement. If rehabilitation professionals understand the “what, when, why, and how” of extrinsic feedback (and combine them with appropriately structured practice), they will be much more effective in facilitating motor learning as well as the individual’s ability to problem solve or adapt a motor skill. Rehabilitation professionals must determine what type of information is most appropriate (knowledge of performance or knowledge of results) for the individual they are working with, as well as how and when the feedback would best be provided (feedback mode and schedule).




Box 3-3


Definitions for Feedback in Motor Learning





Basic definitions



• Intrinsic (inherent): Sensations generated by movement of the body itself, monitored by sensory receptors (exteroception, proprioception, vestibular, visual, auditory), and transmitted to the brainstem and brain via sensory pathways.


• Extrinsic (augmented): Information provided about the movement task by sources external to the individual who is moving. Extrinsic feedback can be provided by another individual (e.g., the therapist or coach), or by an external device (e.g., biofeedback, other types of signals) that would not necessarily be present during usual performance of the task. It can be provided before, during, or after movement.





Dimensions of extrinsic feedback



• Knowledge of performance (KP): Information about the quality of the movement, provided during or following performance.


• Knowledge of results (KR): Information about the outcome (success) of the movement or task, provided after it has been completed.





Variations of extrinsic feedback



• “Feedforward”: Prompts or clues provided prior to movement to assist the learner’s active engagement in problem solving or preparation for the motor task.


• Concurrent: KP information about the movement provided as it occurs.


• Terminal: KP or KR information provided after the movement task has been completed. This can be provided either as soon as the movement is finished (immediate) or after a period of time (delayed).


• Distinct: KP or KR information about one specific practice trial.


• Accumulated (summary): KP or KR information that reflects multiple attempts to perform the task or movement.





Channels used for extrinsic feedback



• Verbal: Questions or statements made by the therapist or coach about the movement.


• Nonverbal: Gestures and facial expressions made by the therapist or coach; touch or guidance used to direct or redirect attention or movement; lights, whistles, or other sounds used to guide or influence the learning during or following the movement.





Timing for extrinsic feedback



• Consistent (100%): KR or KP distinct information provided after every practice trial.


• Reduced (50%, 33%, 25%): KR or KP distinct or summary information provided after every other, every third, or every fourth practice trial.


• For poor trials: Providing feedback for trials with large errors during practice.


• For good trials: Providing feedback for trials with relatively small or few errors during a practice trial.







To initiate a therapy session, the therapist may ask an individual how he or she might approach a functional motor problem, and what they expect will happen when performing a task: for example, “We’re going to practice moving from the bed to the chair. How can you prepare to do this? What is the first thing you need to do? Are you ready to do it?” This provides extrinsic augmented feedforward information aimed at engaging the person in the exploration of probable solutions for the initial steps of the transfer task. If the therapist asks the person to assess what he or she felt or experienced during the performance, they are providing concurrent extrinsic feedback. If the therapist asks or comments on performance after the task is completed, they are providing terminal extrinsic feedback. Therapists provide extrinsic feedback, sometimes without careful thought, in each intervention encounter when they say “Good job!” or “Did that work out the way you expected?” or “What might you do differently next time you try this?” In providing extrinsic information, the therapist calls the person’s attention to, and enhances the use of, intrinsically generated feedback (or sometimes the substitution of an alternative source of information in the presence of sensory impairment).

Knowledge of Performance and Knowledge of Results


Extrinsic information can provide the individual who is learning a new motor strategy or skill with either knowledge of results (KR), information about the outcome of the movement (i.e., whether it was successful), or knowledge of performance (KP), information about the quality or execution of the movement (accuracy of the performance).205 Much of the research on feedback in motor learning has focused on KR (outcome); however, in rehabilitation, we often use KP (quality; e.g., “Do you think that you were leaning far enough forward as you began to stand up?”) to help individuals recognize and respond to movement errors.


Evidence in the literature suggests that, although KR does not necessarily lead to better performance during practice conditions, this type of augmented feedback information contributes to better task performance during retention tests.133,205 The individual learning a new skill may benefit most by considering whether he or she has accomplished a movement goal (KR), especially in early and mid stages of motor learning, rather than how accurately or efficiently the goal was attained (KP). Early on, details about quality of performance may interfere with the individual’s developing understanding of the nature of the task and ability to sort through possible strategies that might be used. In later stages of motor learning, when focus shifts to refinement or improved precision of performance, KP is probably a more appropriate and powerful form of feedback information, as long as the task is consistently accomplished.206


It appears that augmented and intrinsic KP feedback leads to better quality and consistency of performance during practice, but perhaps to less accurate performance in retention tests.165,205 Although KP may not enhance retention as much as hoped, it has been found to be both effective and necessary in the acquisition of complex motor tasks, as compared with mastery of simple motor tasks.206,207

How and when Should Feedback be Used?


Another thread within the motor learning research literature explores the efficacy of different frequencies and timing in the provision of augmented information. Providing too much anticipatory prompting before initiation of the task or excessive feedback as the task proceeds and is completed can actually be detrimental to the learning process. Frequent KR-focused feedback, provided on almost each trial of the task, often contributes to dependence on external guidance and ultimately degrades performance on retention tests. Summarized KR-focused feedback given at infrequent intervals (after multiple trials) appears to improve performance during practice, as well as on retention testing.208–210 Delaying the timing of KR appears to have a positive effect on performance during practice, as well as on retention tests. Providing feedback after trials that are relatively successful appears to enhance motor learning more than when trials are full of error.211–213 Researchers have noted that KR, like random practice and whole training methods, better prepares individuals for adapting motor performance to changing environmental demands, resulting in better performance on retention tests. These findings are consistent across individuals with no neurological impairment; adults with stroke, head injury, and Parkinson’s disease; children with cerebral palsy and developmental delay; and persons with mild cognitive impairment and early dementia.214–219 There is gathering evidence that allowing individuals to pace or control feedback frequency also has a beneficial impact on the retention (effectiveness) of what has been learned.220–222

What Modality for Feedback is Appropriate?


Extrinsic feedback (augmented information) can be provided in a number of ways, using the visual system (e.g., demonstration and modeling, targets and other visual cues); the auditory system (e.g., informational verbal prompts or questions, use of tone of voice); and somatosensory-tactile systems (e.g., manual contacts, tapping/sweeping motions, compression of limb segments to cue stability response, traction/elongation of limb segments to cue mobility, appropriate resistance to guide movement).


Early in the motor learning process, therapists judiciously use all three modalities, keeping in mind that early stages of motor learning are periods of experimentation and trial/error as the individual becomes familiar with the nature of the task and problem solves strategies that lead to accomplishment of the task. Although it is tempting to explicitly direct and “tell” someone with movement dysfunction how to move more efficiently, prompting by using questions often can more effectively engage the individual in an active learning process. It appears that certain tasks are more responsive to particular modalities of feedback than others.223,224 In persons with stroke, for example, visual feedback about weight distribution is useful for balance activities and auditory feedback about force production positively impacts on learning the sit to stand transition; efficacy of verbal and kinesthetic is not as well understood.225,226


Simple tasks appear to be learned more easily following demonstration or physical practice, with or without KP-focused feedback. The learning of more cognitively and motorically complex tasks, on the other hand, benefitted from a combination of demonstration and practice with KP feedback.226 Many studies suggest that an external focus of attention (success or quality of the movement) has a more beneficial effect on motor learning than an internal (kinesthetic) focus of attention during practice.227–230


As individuals move into the later stages of motor learning, therapists must be aware of the need to wean the amount and frequency of augmented information as the individual moves toward becoming adept at the task. In the final stages of motor learning, augmented information becomes less and less essential or effective, as mastery of the motor task is achieved.

Using Normative Feedback


There is increasing evidence that providing information that is normative (social-comparative) has a positive impact on motor learning.227 Providing feedback that suggests that the individual is doing as well or better than others in similar situations, when paired with KR information about outcomes of the individual’s actual practice, appears to improve trial-to-trial performance as well as retention.231,232 Making a statement at the start of a therapy session focused on a difficult motor task indicating persons facing similar challenges typically do well and are able to master the task with practice enhances the individual’s expectations of their own ability (self-efficacy) and reduces anxiety associated with risk of failure; this enhances motor learning as well.233

Mental Practice and Imagery


Another resource available to assist the process of motor learning is the incorporation of mental practice and imagery into therapeutic interventions. Mental practice is defined as the imagined execution of a task-related movement without actual movement or muscle activation.234 Mental practice of a motor task is thought to activate the same areas and networks of the CNS that actual movement does, especially if the task has been previously practiced.234,235 Growing evidence in both the human performance and rehabilitation literature indicates that mental practice and the use of imagery enhance learning effects of physical practice and improves motor performance and retention.236–238 Mental practice and motor imagery that focus on ease and quality of movement have been found to be particularly helpful in acquisition of motor skills in persons recovering from acute and chronic stroke.239,240


Imagery and mental practice appear to have a more powerful influence on improving performance during skill acquisition; their impact on retention of skills is not as well understood. This has implications for application to practice in therapeutic settings. Given high-volume patient case loads and the realities of multiple patients per therapist during sessions, mental imagery can be an effective tool for maintaining involvement of the client in the activity even when the therapist is attending to other patients.

Role of Sleep in Motor Learning


Newly acquired motor memory becomes more stable (more resistant to disruption or interference) during sleep.241 The procedural memory consolidation process appears to reduce the need for neocortical (prefrontal lobe) input into the neuronal representation of the movement, making it easier to recall the movement and increasing efficacy of retention.242 While early research suggested that consolidation during sleep actually improved learning (off-line learning) and enhanced motor performance, more recent work proposes that it instead provides protection against forgetting by counteracting both physical and neuronal fatigue associated with practice.243,244 Whichever perspective will prove to be accurate, it appears that sleep is a key component in the motor learning process.


The positive effect of sleep on retention of newly learned skills appears to be true for motor skills that have been physically practiced as well as those reinforced by mental imagery, in both persons who are healthy and in persons with CNS pathology.245,246 It is important that opportunity for uninterrupted overnight sleep for offline consolidation of motor memory is a key component of the rehabilitation process for persons with stroke.247,248 Individuals with prefrontal lobe damage (e.g., after traumatic brain injury), who typically are quite challenged by novel motor tasks presented during rehabilitation, appear to benefit significantly from the opportunity for off-line learning and memory consolidation that occurs during a night of sound sleep.248

Importance of Patient/Client-Centered Goals


Rehabilitation goals focus on improving an individual’s ability to participate in meaningful activities. One aspect of the motor learning process that is often taken for granted is the salience of the task to the learner; therapists may assume that the goals that they have developed for a given patient (e.g., to walk 150 feet safely and efficiently using an assistive device and a prosthesis or orthosis) are consistent with the goals of the individual with whom they are working, when in fact there may be a mismatch.249,250 Emerging evidence suggests that focusing on the tasks that are most meaningful to the individual enhances motivation and attention, necessary components of the motor learning process as well as facilitators of neural plasticity and recovery after brain injury.251,252 A sense of empowerment and increasing self-efficacy contributes to efficacy of learning when an individual works toward a goal that is particularly meaningful to that person.253–255


How does a rehabilitation professional assist an individual to identify salient personal goals and use these goals to inform design of appropriate opportunity for motor learning (Figure 3-9)? Framing goals at the level of activity and participation is the first step.256 The next is to ensure that stated goals reflect consensus (as much as possible) of the patient and the health professional.257 Such consensus is a key influence on the relationship between the patient and the health professional; being “on the same page” creates a level of trust that provides a solid foundation for risking failure in the rehabilitation learning environment.257 Goals for motor learning are most effective if they reflect both expertise of the therapist and expectations of the individual beginning rehabilitation; at times, reaching consensus requires patient and family education as well as negotiation about priorities.258–260 Effectively defined goals are (1) specifically related to the task to be accomplished or mastered; (2) measurable (i.e., use quantifiable metrics of distance, time, effort or difficulty, and frequency of performance), (3) ambitious yet achievable within the forecasted episode of care; (4) relevant, realistic, and congruent with the individual’s potential and expectations; and (5) include a timeline for achievement.261 Establishing clearly stated and measurable goals provides a framework for assessment of outcomes of interventions, as well as revision or progression of activities that will further improve functional capacity and ability to participate in meaningful activity. Such attention to early establishment of functional goals has been found to positively affect on outcome of rehabilitation for children with cerebral palsy and persons with spinal cord injury, stroke, and traumatic brain injury.262–267


[image: image]
Figure 3-9 A patient-centered model for setting goals for effective motivation and facilitation of motor learning in rehabilitation. Initial efforts focus on building consensus between patient and therapist on establishment of appropriate meaningful goals, and articulation of such goals so that they can be later used to assess outcomes. Given understanding of motor learning, motor control, neuroplasticity, and recovery of function, the therapist then designs and implement task-specific, goal-directed rehabilitation interventions. Both the patient and therapist use agreed upon goals as markers of efficacy of intervention, and modify or progress therapeutic activities and practice based on achievement of the goals.




Neural Plasticity in Motor Control and Motor Learning


Rehabilitation professionals are on the cusp of significant expansion in the understanding of the neurobiological/physiological basis of recovery after neurological and neuromuscular injury.268,269 The developing science suggests that we can use our understanding of motor control and motor learning to drive neural plasticity in both acute and chronic stages of many neurological and neuromuscular diseases.270–273 This science also challenges us to reevaluate whether our interventions are sufficient, in terms of therapeutic approach, intensity, and duration, to trigger the neuroplastic changes that will improve function and quality of life.274–276


The term neural plasticity refers to the dynamic ability of the brain to structurally and functionally reorganize neural circuits in response to activity and environmental demand: such plasticity occurs during development in children, during adulthood as one masters new motor skills and builds knowledge base, as well as after any type of brain injury or insult.271,276 Plasticity is driven by (i.e., is dependent on) the process of learning, whether it be focused on new knowledge or skills, or relearning of skills disrupted by illness or injury. While the mechanisms underlying neuroplastic change are not fully understood, exposure to learning opportunities of sufficient intensity and duration contributes to remapping of motor, perceptual, and communication areas within the brain.271–273,277 Early in rehabilitation, as the effects of inflammation and edema associated with CNS infarct or injury diminish, activity-based interventions may help revive and restore function in neural structures that were initially compromised; this is neural recovery.278 Even if there is potential for neural recovery, at times the effort required to activate recovering neural circuits is intensely difficult and frustrating. Without encouragement and opportunity to practice, function may continue to be compromised due to learned nonuse of a body part.279 As rehabilitation progresses, continued activity-based interventions may facilitate recruitment of intact neighboring neural structures to supplement function of damaged brain structures. Even though this is actually a mechanism of neural compensation, it may be perceived by the individual, family, and rehabilitation professionals as functional recovery at the level of WHO-ICF levels of body function and activity.271 If brain injury has been so extensive that alternative ways of performing key functional tasks is necessary, retraining leads to functional compensation.271


Medical management of newly injured or compromised brains has traditionally focused on preventing or limiting secondary sequelae that result from insult, whether traumatic, ischemic, or infectious. Refer to Shumway-Cook & Woollacott, 2012, pp. 93-99 for a summary of the brain’s cellular and functional responses to injury.155 While evolving pharmacological or interventional strategies (e.g., transcranial stimulation) now target recovery of function, rehabilitation based on principles of motor learning is currently the most powerful facilitator or neural plasticity.270,280,281 The behavioral, sensory/perceptual, and cognitive aspects of functional and skilled movement appear to effectively trigger neuroplastic processes in damaged brains, in ways much like occurs in developing brains.270


Kleim and Jones270 have developed a set of 10 principles that translates current best evidence about experience-dependent neural plasticity from animal and human basic science studies to inform development of motor learning-based interventions for clinical rehabilitation practice (Table 3-2). Discussion of each principle follows.




Table 3-2


Kleim and Jones’ Principles of Experience-Dependent Neural Plasticity








	Principle

	Description









	Use it or lose it

	Failure to drive specific brain functions can lead to functional degradation





	Use it and improve it

	Training that drives a specific brain function can lead to enhancement of that function





	Specificity

	The nature of the training experience dictates the nature of the plasticity





	Repetition matters

	Induction of plasticity requires sufficient repetition





	Intensity matters

	Induction of plasticity requires sufficient training intensity





	Time matters

	Different forms of plasticity occur at different times during training





	Salience matters

	The training experience must be sufficiently salient to induce plasticity





	Age matters

	Training induced plasticity occurs more readily in younger brains





	Transference

	Plasticity in response to one training experience can enhance the acquisition of similar behaviors





	Interference

	Plasticity in response to one experience can interfere with acquisition of other behaviors








Adapted with permission from Kleim JA, Jones TA. Principles of experience-dependent neural plasticity: implications for rehabilitation after brain damage. J Speech Lang Hear Res 2008;51(1): S225-S239.




Use it or Lose it


Basic science research has clearly demonstrated that impaired performance and eventual loss of skill and ability is likely if neural circuits are not consistently activated by functional activity. This is the underlying assumption of the learned nonuse theory that forms the foundation for constraint-induced therapy targeting upper extremity use for adults and children with hemiplegia.282,283 A similar principle has been described as an explanation for decline in muscle performance and endurance associated with sedentary lifestyle and bed rest.284 Early in rehabilitation, individuals with CNS dysfunction or disease may discover compensatory or alternative movement strategies that are less difficult or frustrating given their altered brain function, and the resulting paresis or altered muscle tone.11 Moving differently also impacts muscle performance and flexibility, making development of secondary impairments more likely. Thus, over time, not only does neural circuitry necessary for normal movement degrade, but also the individual’s physical resources for movement change. Both of these factors reinforce the altered or abnormal movement pattern and the loss of premorbid skill and activity.

Use it and Improve it


Animal models consistently show that, in both nonimpaired and impaired circumstances, consistent or extended training induces cortical plasticity as evidenced by reorganization of cortical motor and sensory mapping and synaptogenesis.285 The expectation is that behavioral experience will optimize neural plasticity in humans as well.273 Participating in extended training (i.e., practice, experience) of specific skills and functions enhances performance in areas of the brain associated with those functions; this is the outcome expectation for constraint-induced therapy and task-specific paradigms used in stroke, brain injury, and spinal cord injury rehabilitation programs.282,286,287

Specificity is Significant


In humans, the acquisition of particular motor skills (e.g., finger tapping) through physical practice leads to changes in neural activity only in particular areas of motor cortex and cerebellum (e.g., areas mapped to hand and fingers) as evidenced on functional magnetic imaging.288 This demonstrates that the training experience that leads to acquisition of a specific behavioral skill determines the resulting type and extent of plasticity. Task-specific training has been evaluated extensively as an intervention for recovery of upper extremity function and of locomotion after stroke.289,290 It is important to note, however, that neuroplastic changes associated with training of one skill does not necessarily contribute to improvement in other skills or changes in other areas of the brain. Nonskilled movement appears to have little, if any, impact on neural plasticity.

Repetition, Repetition, Repetition


One successful performance of a motor task does not mean that the task has been skillfully mastered. In motor learning, evidence of mastery is the transition to automaticity.105,166 An individual moves toward automaticity only after many practice sessions. Sufficient repetition of new or relearned behaviors is necessary for neuroplastic changes to become well established. The underlying assumption is that the outcome of such repetition is the establishment of neural circuitry that makes the effectively learned behavior less likely to decay over time, when practice is infrequent.270 The role of repetition for driving learning and neural plasticity is a critical one. Body weight–supported treadmill (TM) training is designed to provide opportunity for repeated practice of locomotion that would not be possible in overground walking early in rehabilitation after stroke and spinal cord injury.291,292 TM training has the added benefit of inducing cardiopulmonary/cardiovascular fitness, adding to overall resources for movement available to the individual whose CNS dysfunction may carry an associated secondary risk of deconditioning.

Intensity is Important


In persons without brain injury, training intensity (dose, number of repetitions, number of practice sessions) influences both degree and stability of the neuroplastic change induced by practice.270 Both constraint-induced therapy for upper extremity rehabilitation, and treadmill training for recovery of locomotion are high-intensity interventions. While the optimal “dosage” for rehabilitation intervention is not well defined and may differ across diagnoses, it is clear that outcomes of intervention are influenced by dose, with high-intensity programs having the largest effect.293 Current rehabilitation practice models do not always provide the number of repetitions or dose intensity that might be necessary to induce neural plasticity and cortical reorganization.294 Much of the research on intensity of intervention has involved persons who are medically stable, in the chronic period after their neurological event. These individuals appear to tolerate intense interventions with little adverse consequence. What is not well understood, however, is whether there may be sensitivity to overuse in newly injured brains that is detrimental after a threshold level of repetitions is exceeded.270,295 In the absence of guidelines about level intensity for persons with recent CNS insult, careful monitoring for signs of activity intolerance of the brain and body (e.g., fatigue, irritability, distractibility, change in attention or alertness, as well as greater than anticipated decrement in performance, among others) may assist the therapist in keeping the intensity of intervention within safe ranges.

Time and Timing


There are many molecular, cellular, structural, and physiological contributors to the process of neuroplasticity; the relationships and timing of changes at each of these levels continues to be explored.270 Consolidation of motor memory, for example, requires “off-line” time after practice for a newly learned skill to be effectively retained.281 As in development, there may be windows of opportunity within the typical pattern of recovery when interventions targeting neuroplasticity are likely to be most effective.295,296 Delaying intervention (or providing intervention at suboptimal levels of intensity) may allow abnormal compensatory movement patterns to become established; and rendering rehabilitation less effective.270 Certainly, there is much more investigation needed regarding when neuroplasticity focused rehabilitation intervention would be best implemented during the course of recovery following CNS insult.

Salience is Substantial


Even a well-practiced activity will not successfully induce neural plasticity unless it is perceived as meaningful and important to the individual. Motivation, attention, and the ability to learn are influenced by the relevance of and perception of potential reward associated with a movement task.297,298 Participation in rehabilitation interventions modelled on motor learning in the context of neural plasticity requires considerable investment and effort on the part of the patient. If the goal and level of effort needed to achieve it outweigh the perceived potential benefits or rewards of participation, is it any wonder that little will be accomplished in terms of skill development or facilitation of neural plasticity? It is essential that there be discussion and, optimally, consensus between the individual and the therapist about the likelihood of improved functional performance at a level that the individual perceives as valuable and important as a result of intervention. Salience (meaningfulness) appears to impact motor learning and recovery via the cholinergic system of the basal forebrain.299

Considering the Life Span


While the brain is clearly most “plastic” in early life during periods of rapid motor, perceptual, and cognitive development, the brains of older adults continue to be responsive to experience-driven catalysts of neural plasticity.300–302 Rich physical, emotional, and cognitive experiences over the life span appear to protect the older individual against decrements in brain function typically thought to be the result of aging.303,304 There are differences in the process of motor learning and neural plasticity, however, at both ends of the life span. Children may require longer periods of practice and a more gradual reduction in frequency of feedback for effective motor learning than adults to effect neuroplastic change and consolidation of newly learned skills.305 Older adults also require longer periods of practice and increased number of repetitions, especially if attempting to replace competing compensatory movement strategies after CNS insult.306 When compared with younger adults, efficacy of the motor learning process (and by extension, neural plasticity) appears to be somewhat less for older adults in both acquisition and retention of skilled sequential movements and retention.307 This may be associated with age-related declines in visuospatial working memory and of attentional focus.308 Nevertheless, older adults with stroke and other CNS diseases do respond to appropriately targeted complex motor skill training, demanding environmental contexts, and exercise interventions in both acquisition and reinforcement of skilled movement.291,309–311

Transference


Kleim and Jones270 describe transference as the ability of plastic changes in one set of neural circuits to enhance concurrent or future neuroplastic changes in other neuronal circuits. Adding repetitive transcranial magnetic stimulation to physical practice of salient motor skills appears to enhance acquisition and retention of motor skills and promote more extensive return of function during acute and chronic stages while recovering from a stroke.312,313 Animal studies suggest that living and functioning in complex enriched environments may also potentiate neuroplastic changes in the cortex after brain injury.314 In humans, both enriched environments and physical exercise appear to have a potentiating neuroplastic effect on the damaged brain, brainstem, cerebellum, or spinal cord, contributing to angiogenesis mediated by the release of brain-derived neurotrophic factors during activity.315,316 Repetitive physical activity and exercise during rehabilitation has the potential to enhance neural plasticity, as well as to improve muscle performance and cardiovascular/cardiopulmonary conditioning.

Interference


Just as some neuroplastic changes enable reorganization in the process of transference, they also may block, interfere with, or otherwise impede operation or reorganization of other circuits, with a negative impact on the ability to learn.270 Kleim and Jones270 define interference as the ability of plasticity in a particular neural circuit to impede the generation of novel circuits or enactment of established circuits. How does this translate into rehabilitation? The clearest example is the detrimental impact that self-discovered compensatory movement strategies (a neuroplastic change in which persons with stroke have learned to move functionally using alternate movement strategies) on learning more effective strategies of movement during therapy.317,318 This interference has also been demonstrated in persons with acute or chronic pain who have learned to move in ways that avoid discomfort but are not kinematically effective and are associated with likelihood of additional dysfunction.319,320


Neuroplastic interference as described by Kleim and Jones is a different concept than the contextual interference that occurs during random practice discussed earlier in the chapter as a facilitator of motor learning. Contextual interference occurs as a result of the need to keep many options that might solve a motor problem available in working memory over time.174,192 The increased attentional demand associated with contextual interference appears to augment, rather than interfere, with the learning (and hence the neuroplastic) process.197–199 From a motor learning perspective, neuroplastic interference might occur if the type of practice or feedback provided during a rehabilitation session is not appropriate for a learner’s specific needs or characteristics.321,322 Another example of neuroplastic interference might be the impact of learning of an additional novel complex motor task soon after practice of a newly learned complex motor task; having little “off-line” time may interfere with motor memory consolidation of the newly learned task.323,324


Aerobic Exercise, Neuroplasticity, and Neuroprotection


Exercise may be a rehabilitation professional’s most potent tool for facilitating neural plasticity. Fitness (aerobic) exercise causes a cascade of events, at both molecular and cellular levels, that support the health and development of neural circuits.325 This is thought to be due to the interplay of central and peripheral mechanisms supporting energy metabolism and homeostatis.326,327 During and for a short time following a bout of aerobic exercise, the level of circulating neurotrophic factors increases, and is more available for support of neuroplastic and neuroprotective changes in the brain.325,328 Resistance (strengthening) exercise does not lead to the degree of increase in neurotrophic factors that aerobic exercise does.329 While rehabilitation professionals typically endorse aerobic exercise as a means of building functional capacity and activity tolerance, we may not be as aware of the role that aerobic exercise may play in readiness of the brain to learn. These are two powerful reasons that aerobic activity should be included in plans of care for all persons with CNS dysfunction, as well as any individual who must develop new motor skills (e.g., learning to walk with a prosthesis).


Participation in treadmill training during rehabilitation after stroke or incomplete spinal cord injury enhances motor learning and neural plasticity in several ways: it is task-specific, provides repetitive practice at high dosage, builds cardiovascular/cardiopulmonary fitness and (as a result) readies the brain for functional modification of neural circuits.291,325 Aerobic fitness is associated with greater neuroplasticity and better cognitive performance in persons with multiple sclerosis.330,331 There is growing evidence that aerobic exercise can enhance motor performance and possibly slow progression of mobility impairment in persons with Parkinson’s disease.332–334 A bout of fitness exercise appears to transiently improve cognitive function in older adults, and participation in habitual cardiovascular fitness appears to have a neuroprotective effect on cognition and the ability to learn in later life.335–337 The neuroplastic and neuroprotective effect of aerobic conditioning also appears to improve or stabilize cognitive function and learning in persons with mild cognitive impairment and dementia.338–342


Given current evidence about the ability of aerobic exercise to potentiate and protect brain health and function, rehabilitation programs that fail to incorporate a fitness or conditioning component may miss the opportunity to enhance motor learning and recovery of function. This applies to persons with neurological problems, as well as those who may be learning to use an orthosis or prosthesis as a result of neuromuscular and musculoskeletal impairment from trauma, overuse, or disease.


Application: case examples


The following case examples are presented as opportunities for readers to apply the information presented in this chapter. Readers are urged to take time to develop an appropriate plan of care/therapeutic intervention within the framework of the ICF Model, using the interactive person-task-environment (systems) framework of motor control and principles of therapy/activity-driven neuroplasticity, in the context of the modified version of Gentile’s Taxonomy of Movement Tasks presented in the chapter, and principles of goal-setting, practice and feedback for effective motor learning/acquisition of skills that have been discussed.

Questions to Consider


The authors suggest that readers consider the following strategies and questions to guide their planning.

Functional Considerations



• What tasks or activities are most appropriate or important to address in developing a physical therapy plan of care for the individual described in the case? (Prioritize three or four tasks to be targeted by physical therapy intervention.)


• How can the therapist incorporate the goals and priorities of the person into the development of goals and plan of care?



Motor Control Considerations



• What resources/buffers and impairments/constraints does this individual bring to the situation? In what ways are these helpful or constraining, given the person’s neuromotor and musculoskeletal condition, cognitive and emotional status, and level of fitness?


• What is the nature of the tasks that have been selected (stability, mobility, or quasimobility with or without object manipulation)? What are the foundational skills necessary to perform the task? What skills or abilities may be difficult, given the impairments/constraints described in the case?


• Under what environmental conditions would this individual be best able to function at this time (closed/predictable versus open/variable)? In what type of environment does this individual need to be able to eventually function? How might you manipulate activities and environmental conditions to achieve function in the real environment?


• What is the emotional context of the environment? Can you manipulate the emotional context to facilitate better learning conditions? Does your patient require more “emotional press” to problem solve with you on the task? Does your patient require a stressful environmental context to be reduced in order to have an appropriate ready-to-learn context?


• How might you organize/prioritize a sequence of activities, using the modified Gentile’s Taxonomy of Movement Tasks (Stability/Transitional/Mobility), to prepare or progress the individual toward safe independent function in the least restrictive environment?



Motor Learning Issues


Identify the purpose of the task trials that will be designed by the therapist:



• Is this a task that needs to be acquired (or reacquired post-amputation or post-incidence) or is this a task that needs to be refined?


• In what stage of motor learning is the individual as related to the above defined task?


• Does the individual have an understanding or familiarity with the task, or is it completely novel?


• Is current task performance sufficient for the task to be functional?


• Is performance efficient or optimal?


• Is performance automated or variable? Can the individual use a variety of multiple motor strategies to accomplish or address this task?


• Can the person respond to changing environmental variables or task demands that warrant adaptability in performance?


• Can this task be broken into discrete parts? Would it be better to practice the task as a whole? Why or why not?


• Is performance of a particular part of the task problematic (mechanics of the task, fluidity between the components of the task)?


• Is performance of the task as a whole problematic (completion, speed, endurance)?




On the basis of your thoughts about the task trials, identify the best practice conditions for achieving the desired outcome:



• Is the primary goal of practice retention of motor behavior across practice sessions or improving performance within a practice session?


• Which practice condition or combination of practice conditions (blocked, random, or serial; massed or distributed; part- or whole-task training) would you use to assist retention of the skill? Why have you chosen these strategies?


• Which practice condition or combination of practice conditions (blocked, random, or serial; massed or distributed; part- or whole-task training) would assist improved performance? Why have you chosen these strategies?


• How might contextual interference influence the learning process?


• What type of augmented information should be included during practice of the tasks to achieve the desired outcome?


• What modes of information should be used for this individual (visual cues and demonstration, verbal prompting, physical prompt/facilitation)? Why has this augmented information strategy or combination of strategies been selected?


• What effect will the information have on the client’s ability to recognize errors and self-correct motor behavior?


• What delivery scheme (KR or KP) should be used to provide augmented feedback?


• What is the anticipated effect of the selected delivery scheme (KR or KP) on retention versus performance of the motor skill being targeted?


• Can visual imagery or mental practice enhance the performance? What images would a rehabilitation professional want the client to visualize? What effect will imagery have on performance and on retention of the motor skill?


• What components can the client practice mentally? What effect will mental practice have on performance and on retention of the motor skill?


• How can the therapist incorporate understanding of neural plasticity into goal-directed activity and intervention?




What aspects of the task are most vulnerable to degradation associated with learned non-use?



• How do activities and tasks included in the plan of care solidify the desired neuroplastic changes to enhance recovery of function?


• Are the activities and tasks included in the plan of care sufficient in repetition and intensity to influence neural plasticity?


• What evidence is available to guide decisions about potential windows of opportunity to time intervention for optimal neuroplastic effect in patients with similar diagnoses?


• Are the activities and tasks included in the plan of care important (salient) and meaningful to the patient, so that both experience- and motor learning–related neural plasticity is likely to occur?


• How should the plan of care be influenced by the age of the patient, in terms of facilitation of motor learning and neural plasticity?


• What additional medical interventions, environmental conditions, or principles of exercise can potentiate motor learning and neural plasticity for recovery of function?


• Are there other factors or activities that may interfere with effective motor learning and neural plasticity for recovery of function? How might the plan of care be modified to reduce the influence of these interfering factors?





Summary


This chapter explores the concepts that shape current understanding of human motor control, focusing on the dynamic and adaptive characteristics of the body as a biological system. Rehabilitation professionals use their understanding of (1) an individual’s resources and characteristics, (2) environmental conditions, and (3) the nature and constraints of functional tasks to develop appropriate interventions aimed at improving or adapting individuals’ abilities to move effectively, in ways that are safe and efficient, to accomplish what is important for them to do.


The chapter also considers the process of motor learning, the ways in which individuals come to understand and approach a novel task or adapt a familiar task in differing environmental conditions or following injury or illness that changes personal resources. Using their understanding of the stages of motor learning, the purpose of augmented information, types and timing of feedback/feedforward information, and types of practice conditions and other factors that enhance motor learning, physical therapists and other rehabilitation professionals can construct interventions that will effectively enhance retention of motor learning or refine performance for persons with movement dysfunction.


The chapter concludes with a discussion of the emerging field of neuroplasticity, which links recovery of motor control and motor learning, considering rehabilitation as a mechanism to trigger neural plasticity and recovery of function after insult or injury to the CNS. As understanding of neuroplasticity grows, rehabilitation professionals must reevaluate whether the interventions designed to enhance motor learning are sufficient to also drive neural plasticity and recovery of function for persons recovering from events and diseases that impact the structure and function of the brain.





Case Example 1


Adult with Right Hemiparesis Who Is Learning to Use an Ankle-Foot Orthosis and Ambulatory Assistive Device


A. F. is a slightly obese 78-year-old African-American woman with a history of type 2 diabetes mellitus who had an ischemic stroke of the L middle cerebral artery 3 weeks ago. A computed tomography scan revealed a lacunar-shaped infarct from an embolic occlusion of a deep branch of the middle cerebral artery serving the internal capsule. A. F. was recently transferred to a skilled nursing facility for rehabilitation, particularly to address transfers and ambulation. She had just received a prefabricated solid ankle AFO before her arrival. She says that the brace is intended to help control her “bad knee” and “lazy foot” position so she can walk better. She has not had much opportunity to use the orthosis and is concerned that it may actually make it more difficult for her to walk. She indicates that she prefers to use a rolling walker, although her therapist in the hospital insisted she use a straight cane.


Chart review, interview, and physical therapy examination reveal the following:



• Psychosocial: A. F. lives alone in a two-story walk-up apartment. Her immediate family lives out of state. She retired 10 years ago from a position as a legal secretary and is heavily involved in the outreach ministry of her evangelical church.


• Baseline vital signs: heart rate: 82 beats per minute; blood pressure: 132/94 mmHg; respiratory rate: 16 breaths per minute.


• Cognitive status: alert and oriented times 3.


• Communication: some slurring of words; has trouble finding the words she wants to say, but comprehension appears intact.


• Vision: intact; typically wears trifocals.


• Sensory system: cranial nerves intact, normal responses to light touch, pin prick, proprioception all extremities.


• Neuromotor status:


• Tone: moderate spasticity of right (R) upper extremity (UE) and lower extremity (LE); 1+ on the Modified Ashworth Scale.


• Range of motion (ROM): Passive ROM within normal limits for all extremities.


• Strength: L extremities 4+/5 throughout.


• R UE: shoulder elevation 2+/5; hand grip 2/5; elbow flexion 2/5; R LE: function strength grades include ankle pf 3/5; ankle dorsiflexion 1/5; knee extension 2+/5; knee flexion 3/5; hip flexion 3/5; hip extension 3/5; hip abduction 3/5; and hip adduction 3+/5.


• Postural control: able to sit upright against gravity, asymmetrical weight distribution with more weight borne on left side. Anticipatory posture changes are adequate when reaching toward right, inadequate when reaching toward left. Stands with supervision; requires verbal and tactile cues to bear weight on R LE.


• Functional activities: rolls independently to both sides; supine to sit over edge of bed with supervision; transfers from bed to wheelchair with supervision; sit to stand transitions with supervision.


• Ambulation: uses straight cane with moderate assist, requiring both verbal cueing and physical prompt to improve loading response on right leg and to minimize genu recurvatum during forward advancement over right foot.




Design a physical therapy plan of care that will focus on development of motor skills necessary for safe and efficient locomotion using the AFO and straight cane.





Case Example 2


Child with Cerebral Palsy Who Has Just Received New (Bilateral) Articulating Ankle-Foot Orthoses


T. D. is a delightful 2½-year-old-boy with cerebral palsy with moderate severity spastic diplegia. He was born prematurely at 27 weeks’ gestation and remained in the neonatal intensive care unit for 10 weeks. By the time he was 18 months old, there were increasing indications of developmental delay and abnormal motor control. He currently attends an early intervention program (EIP), receives individual home visits from a physical therapist, and attends a therapeutic play group run by an educator and occupational therapist weekly.


EIP examination findings include the following:



• Social: T. D. lives with both parents and an older brother in a two-story, single-family home. He interacts well with his family members and is on target for social development. He plays side by side with peers and occasionally interacts with them appropriately.


• Cognition: T. D. scores age appropriately for cognitive tasks including cause and effect, object permanence, means to end, early numeration, and sorting by categories. His play with objects includes variety and imagination.


• Language: T. D.’s comprehension, expression, and pragmatic use of language are on target for his age. He has an extensive vocabulary and uses language appropriately in various situations.


• Fine motor/ADLs: T. D.’s reach, grasp, and release skills are within the age-expected range. Bimanual skills and object manipulation are also on target. Feeding skills are appropriate; T. D. uses utensils and drinks from a cup as expected for his age. His dressing skills are slightly below age expectations largely due to balance concerns in standing for putting on pants.


• Gross motor: T. D.’s gross motor skills fall below age expectations. He has been walking independently with bilateral solid ankle-foot orthoses (AFOs) for 6 months. He can walk on multiple terrains including tile or wood floors, carpets, grass, asphalt, and woodchips. He has some difficulty with stairs, requiring a railing or one hand held. Tripping and falling are issues with increasing speeds during ambulation and with attempts at running. T. D.’s mother is most concerned about his safety in ambulation at this point.




T. D. was having increasing difficulty with squatting and transitions into and out of standing from the floor. When discussing the problem, the rehabilitation team decided that articulating AFOs would increase the availability of ankle range of motion for these transition tasks. T. D. just received bilateral articulating AFOs with a plantar flexion stop set at 10 degrees. He is currently having trouble descending stairs in the new orthoses, refusing to go down stairs unless both hands are held. He also has increased frequency of tripping outside while ambulating on the grass and rock driveway at home.


Design a physical therapy plan of care to help him master locomotion and transitional activities with the less-constraining articulating AFOs in the environments of a typical 2½-year-old.







Case Example 3


Child with Congenital Upper Limb Deficiency Learning to Use a Myoelectric Prosthesis


T. L. is a 3-year-old girl who has had a congenital right upper extremity limb deficiency since birth. She has an intact humerus and musculature of the upper limb with a functional elbow joint. Her forearm is incomplete with a shortened ulna, missing radius, and no wrist or hand complex. T. L. has been wearing a prosthesis with a passive terminal device since she was 6 months old and uses her prosthesis well in mobility tasks and to stabilize objects against her body or a support surface during bimanual activities. T. L. began a preschool program 2 months ago and has adjusted well to socialization. She engages in play with her peers appropriately. She has good functional use of her left upper extremity (intact limb) and uses the residual limb to assist herself in tasks, particularly for stabilizing objects.


T. L. has been working with her prosthetist and therapists to learn to use a two-channel (voluntary closing/voluntary opening) myoelectrically controlled terminal device for the past 2 weeks. When she wears the myoelectric prosthesis throughout the day, she primarily uses it as she did her previous passive prosthesis. She has not attempted to use the “hand” for play or ADLs unless prompted by her parents or therapists. During her therapy sessions, she is intrigued with her new ability to open and close her “hand” but is inconsistent in controlling force of grasp and has difficulty initiating release. In today’s session, she practiced picking up 1-inch blocks and placing them in a bowl, achieving the desired result in two of five trials. She was unsuccessful (and became frustrated) at picking up pegs that were much narrower than the blocks. The rehabilitation team’s goals for T. L. include functional use of the prosthesis for grasp and release of household objects for feeding and self-care and school objects for play and participation in preschool activities. The team would like to increase the use of bimanual manipulation of various-sized objects.


Design a rehabilitation plan of care to help T. L. master grasp and release of objects of various sizes and levels of durability in activities meaningful for a 3-year-old child.





Case Example 4


Adolescent with Transtibial Amputation Working on Returning to Competition in Track Events


W. P. is a 16-year-old junior in high school who has been a star track athlete since he was a freshman. He currently holds his high school records in the 100-meter and 200-meter events, which he achieved during his sophomore year. He also finished third in the state championships that same year.


Three months ago during the summer, W. P. was seriously injured when the garden tractor/lawnmower he was operating rolled over and down an embankment as he was making a fast turn while mowing the lawn. He sustained deep lacerations to his right foot and lower leg from the mower’s blade, as well as third-degree burns from the muffler. His injured limb was pinned under the tractor in a pile of leaves and debris. In the emergency department, trauma surgeons thought he did not meet criteria for limb salvage and performed a long, open transtibial amputation. After an intensive course of antibiotics, W. P. returned to the operating room 1 week later for closure to the standard transtibial level, with equal anterior/posterior flaps. When his residual limb healed without difficulty, W. P. was fit with a patellar tendon–bearing prosthesis, with a sleeve and pin suspension, and a Seattle Systems, Inc., dynamic response foot. He quickly mastered ambulation without an assistive device and returned to school in the winter of his junior year.


W. P. is eager to return to track for his senior year. His prosthetist has fabricated a special prosthesis for him to wear in competition, an Otto Bock Healthcare Sprinter prosthetic foot designed for track and field athletes. He has begun training for his events and is pleased that he can run again. He has two goals: to decrease his performance time (hoping to meet the records he set last year) and to become much more efficient at leaving the starting block. He wants to master the new prosthesis this year so he can concentrate on conditioning for his senior year.


Develop a prosthetic training regimen focusing on improving his performance as he prepares to return to track competition.
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An Evidence-Based Approach to Orthotic and Prosthetic Rehabilitation



Kevin Chui, Rita A. Wong and Michelle M. Lusardi





Learning Objectives


On completion of this chapter, the reader will be able to do the following:



1. Describe the basic principles of evidence-based practice and apply these principles to orthotic and prosthetic rehabilitation.


2. Ask well-formulated, clearly defined, and clinically important questions applicable to orthotic and prosthetic rehabilitation.


3. Efficiently locate meaningful research specific to orthotic and prosthetic rehabilitation.


4. Critically appraise the evidence for validity and clinical importance.


5. Use the orthotic and prosthetic research evidence to make evidence-based clinical judgments that affect your practice.


6. Describe strategies to encourage practitioners to engage in greater use of evidence to inform their clinical decision making and thus practice.



What is evidence-based practice?


Providing effective health and rehabilitative care requires that practitioners be well informed about advances in assessment, medical management, technology, theory, and rehabilitation interventions. Relying on past experience or on the opinion of experts is not enough. An effective health care provider must also regularly update his or her knowledge base by accessing the ever-growing information generated by clinical researchers and their basic science colleagues.1 Providers in all health care disciplines face a number of challenges, however, in efficiently and accurately locating, appraising, and applying scientific evidence in the midst of their increasingly hectic clinical practice schedules.2–4 Health care providers who routinely use such skills and strategies demonstrate an evidence-based approach to patient care. This chapter provides guidance to the practitioner in overcoming these challenges to engaging in evidence-based practice (EBP).


David Sackett, MD, the father of evidence-based medicine, described this approach as the “integration of best research evidence with clinical expertise and patient values.”4 EBP is a broader concept that applies Sackett’s physician-oriented concepts to a wide range of health professions.4 Both models identify three major elements of evidence that are interactive and valuable, as well as a set of skills necessary to integrate each resource into an effective and informed clinical decision (Figure 4-1). The three major elements are the following:




1. Best available information from up-to-date, clinically relevant research


2. The skilled and experienced practitioner who can accurately perform diagnostic procedures and interventions, integrate findings to efficiently determine correct diagnosis, and engage in reflective clinical practice


3. The integration of the patient’s and family’s issues, concerns, and hopes into the care plan





[image: image]
Figure 4-1 Model of three essential and interactive components necessary for effective evidence-based health care approach to guide clinical decision making, as well as the dimensions of each.




All three elements are equally important for an effective clinical decision making process; optimal health care outcomes are grounded on integration of perspectives and priorities that each source of information brings to bear.


To make an informed clinical decision, the evidence-based rehabilitation professional must possess the skills to do the following:



1. Effectively search for and access relevant scientific evidence in the professional literature.5


2. Assess the strength and value of the scientific evidence that will support the decision to be made.6


3. Apply results of an accurate clinical examination, as well as the evidence from the literature, in the process of diagnosis, evaluation, prognosis, and development of an appropriate plan of care.7


4. Assess and incorporate the patient’s or client’s values, knowledge, preferences, and motivation into the intervention and anticipated outcomes.8






The process of evidence-based practice


EBP is essentially an orientation to clinical decision making that incorporates the best available sources of evidence into the process of assessment, intervention planning, and evaluation of outcomes. The skill set necessary for effective EBP develops over time, with practice and experience.


An EBP approach to the scientific literature is a systematic process with four primary steps1,4,9:



1. Posing a well-formulated, clinically important question


2. Locating meaningful research that is well targeted to the question (i.e., developing effective and efficient search strategies)


3. Critically appraising the available evidence for validity and clinical importance


4. Using the findings to make an evidence-based clinical judgment about examination or intervention options on the basis of the clinical relevance of the information applied to the needs of the individual patient



Step 1: formulating an answerable clinical question


The questions posed by researchers and the questions posed by clinicians, while similar in many respects, are asked and answered at quite different levels. Research questions combine information from groups (samples) of individuals to develop evidence about relationships among characteristics, effectiveness of examination strategies, or effectiveness of intervention strategies for the group as a whole.10 In contrast, clinical questions seek to apply this knowledge to a single person with individual characteristics.4,5,9 For example, clinicians ask, “Which examination strategy will provide the information most important for the clinical decision-making process for this particular individual?” and “Which intervention is likely to have the optimal outcome for this particular individual?”


The first essential step in the EBP process is developing a well-formulated, clinically important question. Sackett identifies two categories of clinical questions: broad background questions and specifically focused foreground questions.4
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Step 1: PREPARE & NEGOTIATE (come to agreement)
* Identify salient/meaningful task or behavior
* Describe individual’'s and therapist's expectations
« Discuss and agree upon priorities
« Use task analysis to identify baseline abilities and potential problems

M |

Step 2: DEFINE THE GOAL (articulate anticipated outcomes)
« ICF model: activity and participation level

« Be Specific: what task is to be mastered?

* Make it Measurable (quantifiable: time, distance, frequency)
« Attainable, yet ambitious
.

Realistic and relevant

NOILVAILOW

Timed (defined target date for achievement)

Potential Modifiers:

« Disease-related constraints and impact of comorbidities

« Cognitive, physiological and psychological resources and constraints
« Availability of physical assistance and social supports.

Step 3: PREPARE FOR INTERVENTION (develop a plan of care)
Design mmwm for effective motor learning of tasi/behavior
environment

e e e

I
I
[
I
I
l
I
Consider p 'rssswnmmw:nmmmmafmnmmm I
Step 4: CARRY OUT GOAL-DIRECTED ACTIVITY (implement the plan) |
« Provide effective modeling and social-comparative feedback
* Provide adequate practice to facilitate motor learning and plasticity
« Provide appropriate extrinsic feedback for stage of motor learning |
« Provide opportunity for mental practice and imagery
« Progress level of challenge and opportunity for variability in practice |
and performance
I
I
I
I
I
I

GOAL DIRECTED ACTION

« Physical and t mlsrmimn
+ Environmental culture and characteristics (e.g., adequacy of time)

EVALUATION
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Models

Descriptive Stages/Movement Characteristics

THREE-STAGE MODELS

Fitts and COGNITIVE ASSOCIATIVE AUTONOMOUS
Posner'#* Early skill acquisition through trial and error; Refinement of skill; performance less variable and Lowattention necessary for task; transfer or adapting skill to other
performance highly variable to find most effective more efficient environments; performance of skill during multiple task demands
strategy for task
Vercijken, NOVICE ADVANCED EXPERT
Whiting, and Discovery of task constraints; restriction of Release of some degrees of freedom to coordinate All degrees of freedom released; exploitation of mechanical forces
Beek™ degrees of freedom to simplify task movement; adapt tasks to environmental demands to complement environmental forces
Larin'+ DISCOVERY INTERMEDIATE AUTONOMOUS
(Refers to Verbal-cognitive stage; physical and verbal Motor stage; independent performance, greater Skilled performance; economy of effort; task adaptable to
children) guidance necessary consistency environment
Shumway-Cook, | STAGE 1 STAGE 2 STAGE 3
Woollacott Co-contraction to constrain degrees of freedom to Gradual release of degrees of freedom of limb Mastery of the skilled movement with automaticity and variability
Systems reduce the number of body segments or joints to segments results in gradual increase in control and during performance, allowing adaptation and transfer of skill in
Model' be controlled during movement flexibility of the body during movement response to changing conditions/demands
TWO-STAGE MODELS
Gentile'** EXPLICIT LEARNING IMPLICIT LEARNING
Attainment of action-goal; conscious mapping of Dynamics of force generation; active and passive force components finely tuned unconsciously; gradual change in
the movement's structure; rapid stabilization of performance
performance
Manoel and ACQUISITION ADAPTATION
Connolly'*? Formulation of the action plan; understanding task Task and environment interaction; task is fluid with range of options to cope with new situations; breakdown of stable task
and howto accomplish it; stabilization of action and reorganization for new action plans
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CHALLENGES

(Closed vs. open)
Predictability
Distractions

Variability

Complexity

PHYSICAL
CHARACTERISTICS

Lighting and acoustics
Spacing of equipment
Flooring characteristics
Room temperature.
Background noise
Visual surround

SOCIAL-EMOTIONAL
CONTEXT

Stress, anxiety, fear
Safety, and support
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CLOSED ENVIRONMENT

No
variability

BODY STABILITY

Stand in prosthesis
unsupported in the
parallel bars in a

Stand in prosthesis
unsupported while
putting on jacket in a

TRANSITION
(Quasi-mobility)

Practice the sit-to-
stand transition from
a single chair with
larmrests in a quiet PT

Practice the sit to
stand transition from
the same chair while

managing axillary

BODY TRANSPORT

Walk the length of
the parallel bars at
comfortable speed,

Walk forward with
crutches using a 2-
point gait pattern in

right in random order

quiet PT gym

quiet PT gym quiet PT gym ym e turn around, repeat | an empty hallway
Transfer between
Stand in prosthesis in |Stand in prosthesis in T’Vj"‘:;elgr:‘;if"&:;‘:’“ seating surfaces of | Practice steppingin | Walk up to a closed
paralel bars with | parallel bars catching [ 275880 08 different heights | different directions | door, opening it, and
variability | diagonal weight shifts|  ball from different E Slinailo et ané while holding a full | and distances in the walking through
oncommand |directions and speeds| 9 glass of water in a parallel bars while using a cane

OPEN ENVIRONMENT

No
variability

Remain standing
upright as people
walk by at regular

intervals from similar

directions

Retrieve an object
repeatedly from the
same spot on the
floor in a corner of a
busy PT gym

Practice moving from
standing to sitting
using arms in a pre-
positioned chair in
the cafeteria of the
rehabilitation hospital

Move from standing
to sitting and vice
versa from a rocking
chair while managing
crutches

Practice ascending
and descending a set
of training stairs in
the corner of a busy
PT gym

Approach and ascend|

a full flight of stairs in

a quiet hallway, using
bilateral canes

Remain upright while
standing in line in a
busy public area

Retrieve various
randomly dropped
objects throughout
an active PT gym

Rise repeatedly from
a seat in the movie
theater so that other
people (of various
height and weight)
can move past into
the row

Scoot sideways while
sitting, managing the
blankets on a soft
mattress so that
grandchildren can
climb into bed to
hear a story

Ascend and descend
stairs using the railing
in a busy public space

Walk from car to
supermarket door,
pushing the grocery
cart across the busy
parking lot
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Ftiology and Level: Traumatic Dysvascular

Parameter Transtibial Transfemoral Transtibial Transfemoral
Waters et al, 1976***
Walking speed (m/min) | 71 52
O, rate (mL/kg/min) 12.4 10.3
O, cost (mL/kg/m) 0.16 0.20

Torburn et al, 1995

Walking speed (m/min) | 82.3 —
O, rate (mL/kg/min) 17.7 —
O, cost (mL/kg/m) 0.22 —
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