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INTRODUCTION 
 
 

The NRH Neuroscience Research Center (NRC) grant has enabled the National 
Rehabilitation Hospital (NRH) to create the infrastructure to support core elements 
associated with the development of a true Neuroscience Research Center. These 
elements include new staffing; collaborating with other organizations; developing related 
projects; facilities construction; supporting pilot projects; and the NRC Guest Lecture 
series.  
 
Active Collaborations with other organizations: 

• National Institutes of Health (NIH) 
• Uniformed Services University Health Sciences (USUHS) 
• Georgetown University Medical Center/GUH 
• Catholic University of America 
• The Washington DC Veteran’s Affairs Medical Center 
• National Institute on Disability and Rehabilitation Research (NIDRR) 
• The Miami Project 
• The Rehabilitation Institute of Chicago (RIC) 
• University Maryland 
• Children's National Medical Center 
• Emory University 
• University of Southern California 
• Johns Hopkins University 
• University of Wisconsin 
• University of Maryland 

 
Developing related projects 
 
Currently performing: 

• NIDRR- National Capital Spinal Cord Injury Model System 
• NIDRR- Rehabilitation Research and Training Center for Spinal Cord Injury 
• NIH-  

o Transcranial Direct Current Stimulation study in individuals with stroke. 
o National Capital Area Rehabilitation Research Networks 
o Stroke Disparities Program 1 U54 NS057405-01 (C. Kidwell, PI) 
o Interdisciplinary Comprehensive Arm Recovery Evaluation Stroke Initiative 

(I-CARE) 1U01NS056256-01A2 
• NIH Training Grants 

o Dr. Timea Hodics MD—Funded 2007  1 K23 HD050267 
o Dr. Michelle Harris-Love PT PhD--applied 
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Facilities Construction 
 
The effort to create a geographically defined Neuroscience Research Center at NRH 
devoted to rehabilitation-related neuroscience research has made major 
accomplishments : 

1. Modification and expansion of the originally proposed 2-stage physical space 
plan. After careful thought with both a commissioned architect and the hospital 
administration, it was decided to modify the originally proposed 2-stage space 
plan by expanding it from 2,000 square feet on each floor for a total of 
approximately 4,000 square feet for a total of approximately 5,000 square feet on 
one floor. This allowed the consolidation of most of the research activities into 
one contiguous and concentrated area. Approximately 2,200 square feet of the 
new 5,000 square feet was devoted to neuroscience research.  This was in 
addition to the approximately 1,000 square feet current occupied by the 
neuroscience research center staff. The new physical space for the 
Neuroscience Research Center is indicated in Figure 1 below. 
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Figure 1. Neuroscience Research Center / Research Division physical space 
layout. 
 

2. Obtained the capital funds for the construction of the new physical space. NRH 
had over  for construction and renovation of the new physical space, 
which did not include the construction funds budgeted in the current cooperative 
agreement.  

3. Completion of the construction plans for the new physical space. Through the 
efforts of the commissioned architect and NRH administration, the construction 
plans for the new physical space were completed and submitted to the DC 
government, approved and construction completed. 

 
Development of the NRC Research Capacity 
 
With these new infrastructure pieces collaboratively developed, the neuroscience 
research community at NRH has developed considerably. The focus has been on areas 
important to health care in general, but also on aspects of neuroscience relevant to the 
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needs of service men and women and their families. This multidisciplinary group 
includes neurologists, physiatrists, physical occupational and speech therapists, 
biomedical engineers, economists, consumers, and statisticians. Funding has been 
obtained from the National Institutes of Health, NIDRR, the Veterans Administration, 
and other sources. Almost all of the funded work has direct relevance to the needs of 
service men and women or their families. Many of these projects underwent 
development as a direct or indirect result of the NRC. 
 
Accomplishment of Research Goals 
  
Four specific themes were outlined in the original proposal: 

1. High resolution neurobehavioral and neuromotor assessment 
2. Mechanisms underling recovery from neurological illness and injury 
3. Treatment of neurologic disease and injury 
4. Pilot studies 

 
The remainder of this report will describe the research projects and their results, each of 
which addresses one or more of the above themes. 
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BODY 
 
Project A1:   A Computerized Neuropsychological Battery for Parkinson’s 

Disease: Application for Population Surveillance, Early 
Detection, and Monitoring Disease Progression 

 
Parkinson’s disease (PD) is a neurodegenerative disorder that presents with a specific 
set of motor symptoms, including tremor, rigidity and bradykinesia. PD also typically 
affects cognition and mood similar to that observed in other subcortical 
neurodegenerative diseases. Approximately 1% of the population over age 50 suffers 
from PD. Although 40% of patients with PD are between the ages of 50 and 60, there is 
evidence the “early-onset” PD is on the rise, with an estimated 10% of recently 
diagnosed patients under age 40. Current therapies for PD focus on amelioration of PD 
symptoms and slowing disease progression. Future therapies, however, will focus on 
arresting and even reversing the disease process. Since substantial neuropathologic 
change, as indicated by greater than 60% loss of dopaminergic neurons, typically 
precedes manifestation of clinical symptoms in PD, future therapies likely will create a 
compelling need for early identification in order to permit initiation of treatment prior to 
the occurrence of extensive CNS insult. The early loss of dopaminergic neurons in PD 
suggests that subtle neurocognitive changes and subclinical motor symptoms may be 
seen early in the disorder, possibly before the onset of symptoms necessary for a 
clinical diagnosis. A test battery sensitive to subtle cognitive dysfunction and subclinical 
motor symptoms would aid in early detection of PD and monitoring of disease 
progression. The DoD-developed Automated Neuropsychological Assessment Metrics 
(ANAM) provides a well-developed starting point. Sensitivity of this measure to cognitive 
change has been demonstrated in sports concussion, fatigue, exposure to altitude, 
systemic illness, and pain secondary to headache.  
 
The primary objective of the study was to develop an effective and highly efficient 
computerized testing system for population surveillance, early identification, and clinical 
monitoring in PD, using ANAM as the cognitive component. PD symptom specific 
measures of mood and motor functioning will be added to the current ANAM test 
battery. Special emphasis was placed on measures that target the earliest subclinical 
symptoms of PD that would normally go undetected in the typical neurological exam. 
Not only did this new ANAM battery the first of its kind to focus on subtle cognitive 
change in neurodegenerative disease, it continued to be both cost- and time-efficient 
and able to be universally administered using a simple computer and mouse interface. 
 
The primary progress was the identification of settings and patient populations to be 
used for validating the procedures and instruments developed in this proposal. This has 
included incorporating Parkinson's disease and movement disorders clinical programs 
which simply were nonexistent at the time the original proposal was written. For 
example, as described in greater detail below, the Washington Hospital Center recently 
has developed clinical programs for Parkinson's disease and movement disorders, 
including deep brain stimulation and other advanced services, and two of the physicians 
directing these services, Drs. Lin and Levine, have joined this project as investigators.  
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The following elements of the originally proposed motor tasks were completed. First, a 
"shell" providing a common foundation and infrastructure for the motor tasks has been 
designed and created. This shell is cosmetically similar to the existing ANAM shell and 
is designed so that the user (subject or patient) experiences continuity when moving 
from the existing ANAM cognitive tasks to the presently developed motor tasks. While 
these tasks can be integrated within the current ANAM shell using the "alias" feature of 
the .lst file, these tasks will be submitted to Kathy Winter, SPAWAR, to optimize 
integration within existing ANAM technology. 
 
An overall strategy and architecture for motor task development was developed in order 
to maximize compatibility across newly developed tests and facilitate future 
modifications. Consistent with ANAM philosophy, the motor test development strategy 
emphasizes flexibility for the examiner to modify test parameters and to select and 
aggregate specific motor tests into "batteries." Following development of the framework, 
 the first motor task was prototyped. This task, the Alternating Two-point Target 
Acquisition subtest (ATPTA) has been completed. 
 

 
 

Figure 1 
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Another element of test design strategy and architecture has focused on data structure 
and design, and automation of transfer of test data from data files to databases. Tests 
are designed using three programming logic groups, or "layers": user interface logic, 
business logic, and data logic. This was done so that future changes, whether they be in 
test parameters, operating systems, data management systems, etc., would not require 
complete redesign of the test, but only redesign of the specific logic section. We also 
have completed design and programming of preliminary templates for each logic 
section. These templates specify code requirements for new subtests, such that the 
additional motor tasks in our proposal already have a code "template" to assure that 
they will integrate seamlessly into our framework, as well as to provide a development 
map to expedite and increase the efficiency with which the additional tests will be 
developed. Moreover, since motor tasks can yield a nearly infinite number of test 
"scores," we have identified a set of preliminary output variables, listed below: 

 
 
In addition to task development, progress was made regarding developing several 
approaches to validating the tests. A test validation protocol was written and approved 
by the Medstar IRB. The protocol emphasizes demonstration of test sensitivity to the 
symptoms of Parkinson's disease using pre-and post-treatment symptom comparisons, 
both following pharmacologic and deep-brain magnetic stimulation. Specifics of study 
design and subject recruitment have been finalized with our new collaborators at the 
Washington Hospital Center, Drs. Mark Lin and Zachary Levine. In addition to 
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assessing the efficacy of the newly developed motor tasks, the protocol included the 
cognitive and affective symptoms common to Parkinson's disease.  
 
Report pilot data was collected on 40 subjects, and 13 of those subjects served as age, 
education, and gender-matched controls. Currently, pilot data has been collected on 71 
subjects, and 20 of those subjects serve as age, education, and gender-matched 
controls. All of the 51 subjects with Parkinson's disease have been tested at least once 
and can be used in the cross-sectional arm of the study. Of these 51 subjects, 24 have 
been tested two or more times, on or off medication, and 11 have been tested pre-and 
post deep brain stimulation surgery. 
 
Two databases were developed. The first has been within COMPASS in order to store 
of the voluminous data generated by the computerized tests within the battery and 
facilitate creation of summary scores used for clinical and research interpretation of the 
results of each subtest within the COMPASS battery. The second database included 
subject demographics, their status with respect to disease parameters, medication and 
surgical status, and other variables useful for describing each subject. This second 
database is used for data analysis and generation of publishable data. 
 
 
Project B1:   The Impact of Self-Awareness on Functional Outcomes 

Following Moderate and Severe Traumatic Brain Injury 
 
The purpose of this study was to examine the relationship of self-awareness following 
traumatic brain injury (TBI) to functional outcome six months after inpatient 
rehabilitation. It was hypothesized that self-awareness was a salient variable affecting 
functional outcome. The study represented one of a series of follow-up studies designed 
to gain further understanding of self-awareness deficits following brain injury.  
 
 
Project B2:   Gait Restoration in Stroke and Incomplete SCI Patients Using 

the Lokomat Robotic Treadmill System 
 
The primary objectives of this study were two fold. For the stroke leg of the study, our goal 
was to determine whether robotic-assisted gait training using the Lokomat (Hocoma AG, 
Volketswil Switzerland) improved walking capabilities to a greater extent than conventional 
gait training in sub-acute, hemiparetic stroke survivors. Here, 50 individuals were tested at 
NRH, randomly assigned to either the Lokomat or conventional group. Each subject 
received 24, 1 hour training sessions over a 10-week period. Outcomes were measured at 
weeks 0, 4, 8, and 20, and included over-ground walking speed, 6-minute walk test 
(endurance), Ashworth (spasticity) and quality of life measures. We hypothesized that 
because the Lokomat would deliver more intensive, consistent gait training, overall walking 
ability and lower extremity motor function would improve more in the robot group than in the 
conventional trained subjects. 

In the SCI portion of the study, our primary objective of this project was to determine 
whether long-term robotic-assisted locomotor training improves the overall health and quality 
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of life of subjects with complete loss of motor function following spinal cord injury. After 
lesions to descending spinal pathways that result in a complete loss of motor function, 
patients often experience spasticity, loss in bone density, and a number of other secondary 
complications. We believe that intensive locomotor training with the Lokomat robotic gait 
orthosis (Hocoma, Inc., Zurich Switzerland) will lead to reductions in these negative health 
complications since this therapy promotes dynamic loading of the bones, increases in 
circulation, and continuous ranging of joint motion. As a result, we postulate that subjects 
who train on the device will experience improvements in health status and consequently 
improvements in quality of life.  
 
 
Project C1:  Stroke Performance Recovery and Outcomes Study 
 
Stroke Performance Recovery and Outcomes Study examined specific patient 
characteristics and rehabilitation interventions and their relationship to outcomes. All 
together, six inpatient rehabilitation facilities in the U.S. and one in New Zealand 
contributed detailed patient-level data on 1,291 patients-approximately 200 
consecutively admitted stroke patients from each site. The study entailed the 
development of a detailed taxonomy of interventions, the creation of extensive in-depth 
data collection protocols, the creation of a study database, data analyses, publications, 
presentations, and project spin-offs to exploit the database. The study was made 
possible by a cohesive leadership team, the commitment by participating clinical sites, 
and a number of volunteer investigators who have joined the study as it became better 
known throughout the country and aboard. 
 
 
Project C2:   Role of Eye Movements in Activities of Daily Living 
 
This was a feasibility study with the long-term goal of identifying and characterizing 
deficits in the integration of manual and gaze behavior, by individuals recovering from 
brain injury, in activities of daily living, in order to target rehabilitative and assistive 
interventions. The immediate goals of this pilot were to determine whether the body-
worn, mobile eye tracking technology can be used without itself unduly affecting 
people’s behavior, and, whether data acquired by using this technology shows promise 
of uncovering and providing a way to quantify, interesting difference between the gaze 
behavior of brain injured individuals and non-disable controls.  
 
The two main objectives for this study included development and feasibility of a 
wearable eye-tracking system.   
 
Development of a wearable system that tracks gaze-angle, records the scene, relates 
gaze to target and yields accurate, objective data included a review of existing 
technology and determining whether to replicate current systems used by other 
investigators.  
 
The device selected for the project was one of the mobile systems manufactured by 
Applied Science Laboratories (ASL), the Mobile 501. This device is designed for use in 
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situations in which the wearer must have complete freedom of movement. The control 
unit, optional VCR, and video transmitter are mounted in a backpack, and a heavy 
power belt is worn around the waist.  
 
The data consists of videotape showing the position of a cursor, representing point of 
gaze, superimposed on the videotape of the scene in front of the wearer. This image is 
also transmitted to the scene monitor for review by the system operator. The Mobile 501 
system is shown in Figure 2 below. 
 

 
FIGURE 2 THE ASL MOBILE 501 SYSTEM. 

 
Trials of the system to develop skill and assess comfort resulted in the identification of 
aspects that were not comfortable. Modification was made to the battery belt and back 
pack. The modifications allow the pack to have an even distribution of weight, while the 
straps hold it close to the body to reduce moment arm and improve comfort. See figure 
3. 
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FIGURE 3 THE SYSTEM AS MODIFIED FOR USE IN THIS PROJECT. 

 
A technique was developed to allow rapid, reliable calibration in the Independence 
Square kitchen. Also, methods were developed to keep the considerable amount of 
equipment specific to the project (including additional lamps, in place of bright overhead 
lighting that produced overexposed video) organized and able to be deployed and 
repacked rapidly.  
 
Feasibility test of the system with healthy controls and with patients who have marked 
executive function deficits have been initiated 
 
Data Reduction: 
Each frame of video (collected at 30 frames/sec) in which the face of the participant is 
visible is being processed to obscure the face and render the individual non-identifiable. 
 
A method has been developed for enumerating and noting order and duration of 
fixations on objects during performance of each task, and for similar categorization of 
manual behaviors. This method is being used to reduce the data on the videotapes.  
 
 
Project D1:   Determining the Psychometric Properties of the NRH 

Pragmatic Communication Skills Rating Scale 
 
Speech-language pathologists (SLP) completed the NRH Pragmatic Communication 
skills Clinician Rating Scale as part of their evaluation of right-hemisphere stroke 
survivors. Family members or significant others were asked to fill out the version of the 
same scale that has been designed for their use. Both of these rating scales have been 
used clinically without benefit of reliability or validity testing. Reviews of work done with 
this scale to date had been extremely encouraging, with the caveat that the 
psychometric properties of the Scale need to be examined. The objective of this project 
was to determine the reliability and validity of the clinician scale in order to contribute to 
the profession, current clinical practice and the ability to conduct applied research 
regarding pragmatic communication changes after stroke in a multi-cultural population. 
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Project D2:   Metabolic Studies in Individuals with Chronic Spinal Cord 
Injury:  The Effects of an Oral Anabolic Steroid and 
Conjugated Linoleic Acid  

 
This study investigated the effects of Oxandrolone in individuals with chronic spinal cord 
injury (SCI). Oxandrolone is an oral anabolic steroid that has been shown to increase 
lean body mass and improve pulmonary function in this population. A total of ten 
subjects were studied to determine if Oxandrolone improved lean body mass and 
pulmonary function in individuals with T4-C4-ASIA A or B SCI of at least one year 
duration. We obtained liver function tests (LFTs), lipid panel, pulmonary function test 
(PFTs), and dual x-ray absorbtiometry (DEXA) for body composition analysis on 
subjects as a baseline, during and immediately after the intervention and then three 
months later to determine if any changes are maintained. For the intervention, 
participants took eight weeks of Oxandrolone 10 mg BID. Subjects were closely 
monitored for any adverse events related to the study medication during clinic visits and 
by regular weekly telephone contact and pre-and post-treatment differences were 
calculated and baseline values were compared to control and other tetraplegic 
populations.  
 
 
Project D3:   Development and Clinical Validation of a Children's Version of 

the Automated Neuropsychological Assessment Metrics 
(ANAM) 

 
Every day children experience illnesses, injuries, or take medicines that may change 
their ability to think quickly and remember things. This study adapted and validated a 
group of computerized tests, called the Automated Neuropsychologic Assessment 
Metrics (ANAM), in order to inform doctors and other health care providers when a child 
had a change in his or her cognitive functioning. The ANAM battery was originally 
developed by the US Army to measure changes in thinking abilities in adults. While 
ANAM has been used with young adults and adolescents in high school, it has not been 
used with children younger than 13 and a comparable measure in this age group does 
not exist. 
 
The study included three stages. The first stage included development and pilot testing of 
a pediatric version of ANAM (ped-ANAM) with children between the ages of 10-12, to 
demonstrate that children at this age can understand and complete the test. During the 
second stage, a group of middle school children (between the ages of 10-12) took ped-
ANAM. This phase of the study established expected levels of performance in normally 
developing children and test for differences in performance between boys and girls and 
across the three age ranges. In the last stage of this project, sensitivity of ped-ANAM to 
detect cognitive change in two pediatric clinical groups examined a series of single 
subject studies.  
 
The specific aims of the study were: 
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• Develop and test the feasibility of a pediatric version of the Automated 
Neuropsychological Assessment Metrics (ped-ANAM) to be used with children ages 
10 – 12. 

• Evaluate the psychometrics of ped-ANAM, including measures of test-retest 
reliability, practice effects, and concurrent validity with neuropsychological testing. 

• Determine the normative performance and typical variability of ped-ANAM across 
ages 10 - 12. 

• Examine developmental trends and sex differences observed on ped-ANAM. 
• Demonstrate the sensitivity of ped-ANAM to detect cognitive change related to 

medication in children with Attention Deficit Hyperactivity Disorder being treated with 
psychoactive medications for attentional impairment.  

• Demonstrate the use of ped-ANAM to monitor cognitive recovery in children who 
have sustained a mild traumatic brain injury. 

 
 
Project D4:   “Does Constraint-Induced Movement Therapy Improve Upper 

Extremity Motor Function in Individuals Following Stroke?” 
 
Stroke has recently been estimated to affect 730,000 persons per year in the United 
States, with cost estimates ranging from 13-30 billion dollars.(1)  Although most stroke 
survivors partially recover, recovery often leaves the individual with significant 
sensorimotor and cognitive deficits. Constraint Induced Movement Therapy(CIMT) (2;3) 
is a strategy of rehabilitation as applied to hemiparesis consists of directing the patient’s 
direct attention and effort to the use of the affected upper extremity (UE). Redirection 
occurs by engaging in exercises designed to increase attention, strength and functional 
use on the affected side while immobilizing the unaffected upper extremity (UE) for 
several hours a day to discourage its use. Compensatory strategies involving the 
unaffected side are discouraged. A series of small studies has examined CIMT in the 
chronic setting; most studies have been guardedly positive, but none has been 
designed to yield Level I data for evidenced-based practice(4-7). EXCITE(8), a trial of 
CIMT in the 90-180 day window (PI Wolf) does not examine persons beyond the period 
of spontaneous recovery.   
 
The long term goal was to gather the data necessary to design a subsequent 
multicenter RCT of CIMT for various chronic stroke subpopulations. The protocol that 
was used in this study was based heavily on one developed by the PI at Washington 
University in St. Louis for the VECTORS (Very Early Constraint Treatment for Recovery 
from Stroke) study, an NINDS funded study of CIMT during the inpatient rehabilitation 
phase of stroke care. That study completed accrual without any safety issues. The 
primary result of VECTORS was reported in the 2007 International Stroke Conference. 
The group that received CIMT did equally well as the group that received a dose-
matched traditional treatment. Thus, CIMT was shown to be safe and effective, but not 
superior to traditional treatment in the inpatient setting. VECTORS only enrolled 
subjects with pure motor hemiparesis, and specifically excluded persons with 
substantial sensory loss and neglect.  However, in the chronic stroke population, this 
was the group that responded best to CIMT (VanderLee, 1999).  
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Project E1:   Annual Project Conference  
 
The Stroke Outcomes Conference showcased findings from the Stroke Performance 
Recovery and Outcomes Study more popularly known as the Post-Stroke Rehabilitation 
Outcomes Project (PSROP) and encouraged participants to explore how study findings 
could contribute to additional research, practice implications, and policy implications. 
Over 20 publications from the PSROP have appeared in the peer-reviewed literature, 
including 12 articles in the Archives of Physical Medicine and Rehabilitation 
Supplement, December 2005. This Supplement was provided to each conference 
participant. PSROP used a practice-based evidence (PBE) approach. The purpose of 
this conference was to discuss study methods, key findings, best practices, and new 
opportunities for multi-center studies both in the US and abroad.   
 
 
Project E1:  Workshop on current and future aspects of Upper – Limb Amputation 

Rehabilitation and Prosthetic Training.  
 
The National Rehabilitation Hospital (NRH) Neuroscience Research Center organized a 
workshop addressing the current issues associated with upper limb amputation 
rehabilitation, along with the numerous challenges encountered with upper – limb 
prosthetic training. The meeting served as a forum to discuss future research endeavors 
that could advance the field of upper extremity amputee care and prosthetic use. The 
event was open to the public and was attended by consumers, clinical specialists (i.e. 
Occupational Therapist & Physical Therapist), Physicians, Researchers, and 
Prosthetists. 
 
 
Project E2:   Expert Panel on Neuroprotectant Treatment of Mild Brain Injury 
 
The panel reviewed candidate neuroprotectants in order to produce one of two actions: 
1) a state-of-the-art literature review of neuroprotectants, with the conclusion that none 
are promising for current clinical trials, or, 2) the identification of one or more promising 
neuroprotectants, with the conclusion that a clinical trial should be undertaken. In the 
event of the latter conclusion, the literature review will serve as the introduction for a 
clinical trial research proposal. 
 
 
Project E3:   Expert Panel to Explore Feasibility of Neuro-imaging Studies 
 
There has been very little work to date addressing the anatomic substrates of self-
awareness in adults with brain injury. Functional neuro-imaging has become widely 
used in research applications, though clinical uses for this technology remains very 
limited at this point. The purpose of this project was to consult with experienced 
investigators in the area of functional neuro-imaging, with the goal of determining the 
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feasibility of applying such techniques to self-awareness studies following brain injury.  
Consultations were be done on the basis of individual contacts rather than a convened 
panel. A written summary of conclusions that emerge from this project were prepared, 
and used to guide possible future functional neuro-imaging studies. 

 
 
SUMMARY OF CONFERENCE PRESENTATIONS  
Sections of this conference’s executive summary were used to complete this report. 
 
Introduction to Stroke Outcomes Conference (G DeJong) 
Dr. Edward Healton, Medical Director at NRH, joined Dr. Gerben DeJong in welcoming 
conference participants to this dissemination conference and acknowledged the many 
contributions of facilities that participated in the Post-Stroke Rehabilitation Outcomes 
Project. 
Participating facilities: 

• The National Rehabilitation Hospital 
• The University of Pennsylvania Medical Center 
• LDS Hospital Rehab Center 
• Legacy Health System 
• Loma Linda University Medical Center 
• Stanford University Hospital 
• Wellington/Kenepuru Hospitals 

 
The U.S. Army & Materiel Command and the National Rehabilitation Hospital 
Development Office provided funding for this working conference.  Staff support was 
provided by the NRH Development Office, the NRH Research team, and ISIS-ICOR. 
 
The conference began with an introduction of research methods used in the PSROP, 
provided details about the sentinel findings, and most importantly, set the stage for 
continued research, practice, and policy, implications, and international collaborations.   
 
Going Beyond the Holy Grail of the RCT (S Horn) 
 
The PSROP uses a practice-based evidence (PBE) method that examines current 
practice variations to identify best practices.  The PBE study methodology provides a 
naturalistic view of rehabilitation practice by examining what happens in the process of 
care and allows us to disassemble the components to determine how and to what 
degree each component contributes to outcomes.  Most previous studies have looked at 
post-stroke rehabilitation in the aggregate without disassembling the components to 
determine which specific components contribute to the outcome.  This method enables 
researchers, working with clinicians, to identify the processes of care that work best for 
specific types of patients. 
  
A PBE study is non-experimental, inclusive, and pragmatic in that it follows the 
outcomes of treatments prescribed to patient populations undergoing routine care.  It 
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can study simultaneously outcomes of a large variety of treatments and ask complex 
questions regarding treatment sequence effects and conditional effectiveness.   
 
Unlike the randomized controlled trial, PBE bases its approach on local clinical 
knowledge to connect outcomes with detailed process steps.  PBE data allow an 
investigation of the effectiveness of treatment combinations on outcomes while 
controlling for patient differences.  It also permits a discovery of practices associated 
with better functional and clinical outcomes at lower cost. 
 
PSROP Taxonomy, Methods and Baseline Results (J Gassaway) 
 
The PBE approach used in the PSROP exemplified participatory action research.  It 
assembled a clinical practice team (CPT), which included physicians, physical and 
occupational therapists, speech and language pathologists, nurses, social workers, 
psychologists, and recreational therapists (direct care providers) from each participating 
facility to develop the study design, define variables, and provide clinical expertise to the 
analysis process.   
 
The global study questions were: 
 

1. Which patient characteristics are associated with improved post-stroke 
outcomes? 

2. Controlling for patient characteristics, which treatment interventions or 
combinations are associated with improved outcomes? 

3. What is the optimal intensity and duration of various post-stroke treatment 
interventions? 

 
The clinical practice team determined relevant outcomes: change in FIM score, 
discharge FIM score, change in severity of illness, discharge severity of illness, 
discharge disposition, mortality, repeat stroke, deep vein thrombosis, anemia, 
pulmonary embolism, falls, pneumonia, and mental disorders.  Patient variables 
included age, gender, race, payer source, type and side of stroke, stoke location, 
admission FIM (total, motor, cognitive), case-mix group (CMG), admission severity of 
illness, acute care hospital length of stay (LOS), and date/time of stroke symptom onset.  
The main process variables were rehabilitation LOS, medications, nutrition, pain 
management, time to first rehabilitation, oxygen use, and specific therapy activities and 
interventions including their intensity, frequency, and duration of therapy interventions. 
 
Approximately 200 patients from each of the six US sites were admitted consecutively 
during the data collection period (March 2001-March 2003).  Two data collection 
methods were used.  The first was point-of-care documentation.  Clinicians were trained 
to complete point-of-care documentation forms (developed by the clinicians themselves) 
for each therapy session, nursing shift, and interaction/assessment for each study 
patient.   The second data collection method was post discharge chart review.  Data 
abstractors reviewed chart documentation for Comprehensive Severity Index (CSI) and 
other patient, process, and outcome variables. 
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Analytical approaches included bivariate analysis, Pearson and Spearman correlation, 
and multiple regression analysis.  Clinical experts from the CPT participated iteratively 
in the analysis process by suggesting ways to aggregate and explore the data.  They 
also provided clinical advice about how to interpret study findings.   
 
Major Findings 

• Significant site variation was found in many patient variables: race, payer, stroke 
risk factors, type and side of stoke, FIM scores, severity of illness, and CMG. 

• Significant site variation also was seen in process variables:  rehabilitation LOS, 
PT intensity, OT intensity, SLP intensity, tube feeding use, and medication use. 

• When time spent in specific therapy activities per day (rather than total time 
spent per day by a therapist type) was allowed to enter regression equations, the 
explanatory power to predict specific outcomes increased.  

Implications / Next Steps 
 • Additional analyses of PSROP database are warranted. 
 • Findings should be put into practice and studied in an implementation project. 
 
The Leap-Frog Hypothesis:  Is Early and More Aggressive Therapy Better? (B 
Conroy) 
 
A major consistent finding throughout PSROP analysis was the association of early and 
more functionally complex treatments with improved outcomes.  Examples include earlier 
engagement in neurodevelopmental activities, earlier use of psychotropic medications, 
earlier engagement in upright activities, and earlier use of gait activities.  A more detailed 
description of findings within specific disciplines can be found in the workgroup summaries 
below. 
 
Analysis outputs were shared to demonstrate the complexity of regression analyses that 
control for many patient and process variables.  The Clinical Practice Team was 
challenged to suggest analyses that would disprove specific findings, e.g., how more gait 
training in the first three hours of physical therapy was associated with more improvement 
in functional FIM or use of opioid medication was associated with better outcomes.  
However, the findings of early use of more functionally complex treatments were 
consistent throughout analyses that included challenges from the Clinical Team.  
 
Major Findings  

• More time in high-level therapy activities in the first 3 or 4 hours of rehabilitation 
therapy, e.g., more gait for low-level ambulators (FIM walk score = 1 on 
admission) was associated with greater likelihood of higher discharge FIM walk 
score and of being discharged to home 

• Use of opioid analgesics was associated with better outcomes 
• Use of antipsychotic and/or antidepressant medications associated with better 

functional outcomes. 
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Practice Implications 
 • Get patients into upright, gait training situations as early as possible. 
 • Make more frequent use of atypical antipsychotic medicines for patients who may 

have agitation or nighttime confusion 
 • Physicians can feel more comfortable using narcotic analgesics 

• Physicians change style of documentation to portray education and counseling 
components rather than just physical assessments, e.g., BP and diabetes are 
controlled 

Next Steps 
 • Determine predictive validity of findings: implement PSROP findings and 

evaluate whether outcomes observed are those predicted 
 
WORKGROUP PRESENTATIONS AND DISCUSSION 
 
Conference participants self-selected one of two workgroups to discuss specific PSROP 
findings, especially whether earlier and more aggressive treatment is better, and 
recommendations for practice, policy, and research.  Each workgroup presentation is 
summarized below. 
 
Physical and Occupational Therapy (N Latham & L Richards) 
 

Findings  
• More functionally complex therapy earlier in the rehabilitation process is 

associated with better functional recovery, even for patients with low admission 
FIM scores.  Gait activities initiated within the first three hours for patients 
admitted at FIM walk level 1 were associated with greater likelihood of attaining 
FIM walk level 4 or higher on discharge and to be discharged to home. 

• Over 80% of PSROP patients were discharged to the community, however, the 
majority of them received no community mobility training. 

• OTs spend much time in Basic Activities of Daily Living (BADLs) and upper 
extremity (UE) control and very little time in higher-level intervention activities. 

• There is no significant difference in mean time spent on UE dressing and UE 
control. 

Additional analyses suggested for PSROP Data  
• Describe the patient populations who receive more functionally complex therapy 

in greater detail. To do this, we must first define ‘functionally complex therapy.’  
Current regression models use amounts of time spent in specific activities in 
blocks of therapy after admission; we need to define thresholds for amount of 
time spent in complex therapy – any time, minimum two hours, etc.  Patient 
factors to allow to enter in these analyses include cognitive impairment, aphasia, 
height/weight, family support, etc. 
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• Analyze interventions within activities to help better understand therapy-specific 
intervention components within each activity. Conduct additional analyses of 
incremental interventions. 

• Determine if patients who received less functionally complex treatments were 
admitted on Fridays. 

• Analyze the data to determine if a sampling of POC forms, e.g., take every fourth 
encounter, gives the same information [multiplied by 4] as data contained in all 
the forms to determine if an implementation study would require the same 
amount of documentation. 

• Analyze psychological factors in PSROP more carefully. 
• Determine if the definition of OT community mobility training could explain why 

this OT activity was used so seldom? 
Notes:  
a. Current regression analyses allowed many patient variables to enter the models, 

but they were not significant in predicting specified outcomes.  These patient 
variables include: lesion location, stroke location and type (hemorrhagic vs. 
ischemic), aphasia, cognitive impairment, height/weight, race, age, etc. 

b. Type of therapist (aide, PTA, etc.) was examined but much data were missing.  
Also, analyses were performed at the patient level in blocks of therapy time; 
several different types of therapists can treat individual patients.  To examine 
therapy provider type we would have to consider session-level analyses rather 
than blocks of 3 or 4 hours of therapy. 

New and additional studies 
• Include persons with stroke in long-term acute care and SNF facilities. 
• Develop a portfolio for measures of impairments that are more descriptive than 

the Functional Independence Measure (FIM).  The therapy workgroup noted that 
the FIM does not reflect adequately a patient’s true functional status; 
recommended looking beyond the FIM in evaluating functional status.  

• How do PT and OT influence longer term functional and participation outcomes? 
• Do facility resources (supplies, equipment, staffing) affect choice of therapy? 
• How can an OT restore impairment function vs. teaching compensatory 

techniques with constraints in the length of stay?  
 

Implications for practice and policy including accreditation 
• Medicare and policymakers use FIM as standard measure of function.  A better 

tool could, and should, be developed. 
 
Speech and Language Pathology (B Hatfield) 
 

Findings  
• There is a greater likelihood of a better outcome when mid-level and cognitive 

linguistically complex activities (including high-level problem solving) are done in 
the first three-hours of treatment. 
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Additional analysis of PSROP Data  
• Examine aphasia, dysphagia, and dysarthria for associations with outcomes.  

Implications for practice and policy including accreditation 
 • Patients with low linguistic ability on admission appear to benefit from high-level 

tasks early in treatment; may need more cueing/assistance to complete tasks. 
Next steps 

• Correlate findings with standardized test scores for admission and discharge  
 
Timing of Initiation of Rehabilitation after Stroke (D Ryser & R Smout) 

Findings  
• Earlier transfer to rehabilitation is associated with better discharge function (for 

moderate (CMG 104-107) and severe stroke (CMG 108-114)) and a shorter LOS 
(for moderate stroke). 

• Earlier transfer is not the largest determinant of functional outcome but it is the 
one, beside rehabilitation LOS that can be modified. The severe stroke group 
had the strongest association between earlier transfer and better outcomes, 
suggesting that early rehabilitation transfer does not harm the injured brain. 

Additional analysis of PSROP Data  
• Analyze ischemic stoke patients separately from hemorrhagic stroke patients. 

Perhaps ischemic stroke patients do not need diagnostics typically obtained in 
acute care. 

• Identify patients with specific comorbidities that may benefit from earlier 
admission to rehabilitation.   

• Examine Elliot Roth’s study about what contributes to time from onset of stroke 
symptoms to rehabilitation and replicate with PSROP data if possible. 

Implications for practice and policy including accreditation 
• Encourage Medicare, VA, DOD health plans and other health plans to facilitate 

earlier admission. 
• Allow rehabilitation providers to admit patients directly from the ER without 

reimbursement penalization. 
• Bring ambulatory rehabilitation teams into stroke units. 

 
Nursing – Going Beyond the Commode (L Sims & R Hill) 
 

Findings  
• More RN analyses of functional ability and more RN discharge planning time are 

associated with shorter lengths of stay. 
• More time spent on RN activity of community reentry is associated with longer 

lengths of stay. 
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Additional analysis of PSROP Data  
• Examine the amount of time spent in specific nursing activities and how this 

relates to outcomes.  Establish a nursing “block” of time similar to the approach 
used with therapists 

• Examine the number of times nurses bring an issue to a doctor’s attention.  Many 
nurses did not include this in the team process but we could look on the MD 
forms to see the amount of time spent in nursing discussion. 

New and additional Studies 
• Determine if nursing interventions, especially education, are related to better six-

month outcomes. 
• Obtain a better understanding of which nursing practices affect outcomes.  Much 

of the nurse’s time is consumed by tasks that do not impact the outcomes we 
studied. 

• Capture the “out of bed” time spent sitting up. 
• Improve methods of collecting nursing data. 

Implications for practice and policy including accreditation 
• Nursing could become involved in initial ongoing assessment processes such as 

dysphagia screening traditionally done by therapists.  Nurses would continue to 
monitor status throughout the stay. 

• Make efforts to obtain funding to work with patients after they are discharged. 
 
Exploration of Medication Use and Outcomes (B Conroy) 

Findings  
• Opioid narcotic use was associated with better outcomes. 
• Antipsychotic and/or antidepressant medication use was associated with better 

functional outcomes. 
• SSRI use was associated with better functional outcomes (the newer SSRIs are 

better than the older SSRIs) 
Additional Analysis of PSROP Data  

• Examine the affect of fatigue the day following hypnotics. 
• Examine how age and use of narcotics are associated with the occurrence of 

falls. 
• Examine how opioid timing and dosing are associated with the pain scale.  Are 

there associations with use patterns?  What kind of pain is treated with opioids?  
Does site variation continue when combined with use patterns? 

• Add timing to the Zyprexia analyses. 
• Examine behavior changes relative to the start and stop of neurostimulant use. 

Are poorer outcomes associated with patients who need neurostimulants from 
the onset (belief that they won’t get better)? 

 
Enteral Nutrition as a Rehabilitation Outcome (D Gines & R James)  
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Findings  
• Patients who were tube fed had better outcomes (including patients with 

pneumonia).  Tube feeding patients may allow time for adequate nutrition.  
Patients may rush their meals because therapy or other interventions take 
precedence.   

• There was significant site variation in enteral feeding support and in monitoring 
nutritional status. 

 
Additional analysis of PSROP Data  

• Associate behaviors, tube feeding practice (yes/no), and medication use (ativan 
vs. anxiolytics) with specified outcomes. 

• Distinguish between types of feeding tubes used.  
• Determine if each site had a stroke visitor program. 
• Examine BUN/creatinine to determine hydration status. 
• Examine the effect of tube feeding in combination with SLP/Nursing therapeutic 

feeding. 

New and additional Studies 
• Explore differences in nutritional intake for comparable patients who do and do 

not receive tube feeding by collecting complete intake data. 
• Explore causes of aspiration to assess the association of tube feeding and 

pneumonia.  Include oral care details because the bacterial source for most 
aspiration pneumonia is saliva. 

Implications for practice and policy including accreditation 
• Encourage each rehabilitation unit to have their own protocol for nutrition 

management.  Enforce routine monitoring of nutrition status (weight, intake, 
tolerance, labs per unit protocol). 

• Increase staff training/recognition of the importance of nutrition as a rehabilitation 
therapy. 

• Ensure that prescribed diets fit the ability of the patient to eat thereby ensuring 
the reaching of goals (including kcal counts) or early supplementation of PO (TF 
or other) if goals not met. 

 
 
SUMMARY OF CONFERENCE PRESENTATIONS: INTERNATIONAL STUDIES 
 
Stroke Rehabilitation Practice in New Zealand and the U.S. (H McNaughton)  
The European CERISE Study (K Putman) 
 
A detailed analysis was performed on the comparison of recovery between the PSROP 
six US-centers and the two centers in New-Zealand (NZ).   NZ patients were older, less 
independent, and more likely to live alone prior to stroke compared to US patients. On 
admission, US patients were more severely disabled compared to NZ patients.  
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Structure and processes of care were compared also. The average length of stay of US 
patients was significantly shorter compared to NZ patients but they received more 
therapy (in total hours).  Significant differences were not seen on the total FIM score but 
discharge disposition was more likely to be home for US patients.  The question on 
long-term efficiency remains unanswered as long-term comparison is yet to be done.  
 
The Collaborative Evaluation of Rehabilitation In Stroke across Europe study - CERISE 
(2002-2006) focused on the comparison of functional and motor outcome between five 
stroke rehabilitation units (SRU) in four countries. Case-mix differences on admission 
were found between the SRUs and were explained partly by different appraisals of 
clinical characteristics of the patients. Also non-clinical patient characteristics and 
factors related to referring networks determined who was admitted to the SRU. After 
controlling for case-mix, significant differences in motor and functional recovery were 
found between the SRUs. Large differences were found for average time stroke patients 
spent in therapy. The proportion of time occupational therapists and physiotherapists 
spent on direct patient care was very different between the SRUs. One of the underlying 
reasons was found in the amount of time spent on administration, team conferences, 
and ward rounds. Content of individual OT and PT sessions was also studied but only 
few differences between units were found. It is likely that the differences in recovery 
between SRUs are linked with differences in process of care rather than with 
differences in clinical interventions. 
 

Need for international research 
Stroke rehabilitation services are embedded in health care systems creating contextual 
constraints with various (dis)incentives that vary across countries.  SRUs organize their 
services to provide the best possible care within these constraints. Therefore, much 
variation in the organization of inpatient care can be expected between countries. This 
makes an international, straightforward comparison on outcome difficult. On the other 
hand, these variations create an opportunity to study organizational issues in relation to 
functional and motor outcome.  
 
International comparisons needs to be taken further than outcome comparison at 
discharge. Long-term effects of treatment in specialized stroke units are studied 
frequently by measuring outcome 2 to 10 years after stroke onset. Differences in 
outcome between groups of patients are attributed to differences in treatments during 
the post-acute period. However, supporting services during the period between 
discharge and the time of outcome measures are not documented. Consequently, 
interpretation can be biased because of the unknown input of services in the post-
discharge period.  
 
In the PSROP study, the PBE approach enabled examination of patient characteristics, 
processes of care, and outcome measurements simultaneously. This comprehensive 
measurement framework provided a basis for meaningful analyses of associations 
between process and outcome, controlling for patient differences. The PBE 
methodology can offer a solution for a context-sensitive approach in international 
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comparison. One step has already been made in the form of concrete collaboration 
between the PSROP-study and CERISE-study. Both databases are combined enabling 
analysis of the effect of structure and process of care on functional outcome in a larger 
sample and to acquire new insights on the interactions between these elements in the 
care process.  
 
Plan:   

Continued analysis of PSROP database 
• Describe the patient population who receive more functionally complex therapy in 

greater detail. To do this, we must first define ‘functionally complex therapy.’  
Current regression models use amounts of time in specified activities; we need to 
define thresholds for amount of time spent in complex therapy – any time, 
minimum two hours, etc. 

• Analyze interventions within activities to help us better understand therapy-
specific intervention components within each activity. 

• Analyze PSROP data to determine if a sampling of point-of-care documentation 
forms, e.g., take every fourth encounter, gives the same information [multiplied 
by 4] as data contained in all the forms to determine if an implementation study 
would require the same amount of documentation. 

• Examine psychosocial factors more carefully.  Include potentially motivating 
factors, such as family complexity and social support.  Look at patients with 
perception deficits separately form those without perception deficits. 

• The therapist workgroup suggested using the term “more complex treatment” or 
“more functionally complex treatment” instead of “more aggressive treatment” 
would better describe rehabilitation services. 

 

Additional research implications /suggestions 
• Allocate funding for an implementation study of PSROP findings. 
• Conduct multi-setting studies that include inpatient rehabilitation facility (IRF), 

long-term acute care (LTAC), and skilled nursing facility (SNF) patients. 
• Develop a portfolio for measures of impairments that are more descriptive than 

the Functional Independence Measure (FIM).  The therapy workgroup felt that 
the FIM does not reflect a patient’s true functional status; a different or new 
functional assessment tool would facilitate measures of  level of function and 
progress. 

• Use randomized control trials to test and determine predictive validity of select 
findings. 

• Include a consistent measure of stroke severity, e.g., NIH Stroke Scale.  CMGs 
are a measure of disability severity, not stroke severity.  The NIH Stroke Scale 
used frequently, e.g., daily, could help measure and control for natural recovery. 

Practice implications 
 • Initiate high-level therapy interventions early in the rehabilitation process, even  
  for low-level functioning patients. 
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 • Make more frequent use of atypical antipsychotic medicines for patients who may  
  have agitation or nighttime confusion. 
 • Physicians can feel more comfortable using narcotic analgesics. 

Policy Implications 
• Encourage CMS, VA, DOD health plans (e.g. Tri-Care) and other health plans to 

fund earlier rehabilitation. 
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KEY RESEARCH ACCOMPLISHMENTS 
 
 

Project A1: A Computerized Neuropsychological Battery for Parkinson’s 
Disease: Application for Population Surveillance, Early Detection, 
and Monitoring Disease Progression 

 
• Comparing subjects pre-medication and post-medication the results for Finger 

Tapping speed show significance at the p<.02 level for tapping speed, and for 
intertap interval at the p<.04 level.  

• Regarding the Target Acquisition task, the primary significant variable proved to 
be initiation time, which was significant at the p<.02 level. Data were analyzed 
using means and medians.  

• Parkinson's patients were strikingly variable in performance, with numerous 
outlier variables distorting the means.  

• We found that data analysis using medians produced far more stable and orderly 
results and recommend that this be the method of choice for future research. 

 
 
Project B1: The Impact of Self-Awareness on Functional Outcomes Following 

Moderate and Severe Traumatic Brain Injury 
 

• Completed data collection and established database for subsequent analyses. 
• 70 subjects enrolled in spite of the fact that the study research assistant left NRH 

for other employment.   
• All data have been entered into the SPSS database for pending analysis and 

manuscript preparation 
• Presentation of a peer-reviewed poster at a national neuropsychology 

conference. 
• The self-awareness instrument (FSAS) is both reliable and practical for use in 

clinical practice by clinicians across a range of disciplines.   
• Self-awareness deficits early following brain injury can be effectively assessed 

using the FSAS, which allows for further understanding of the phenomenon as 
well as systematic measurement of the efficacy of interventions to address 
awareness.   

• Preliminary data analyses suggest that early assessment of awareness using the 
FSAS is predictive of functional outcome and self-awareness six months later.   

 
 
Project B2: Gait Restoration in Stroke and Incomplete SCI Patients Using the 

Lokomat Robotic Treadmill System 
 
• For the stroke component, we enrolled and trained 39 subjects at NRH while the 

Rehabilitation Institute of Chicago enrolled 23 subjects.   
• The data from this study has been analyzed and accepted for publication in 

Neurorehabilitation and Neural Repair.   

28



• We are in the process of writing a follow up paper that will report a co-variate 
analysis of the data. This will include looking at the influence of age, initial level 
of impairment, and time post-stroke to study entry on outcomes both within and 
across subject groups.   

• The goal is to submit this manuscript by the end of 2008. 
• For the SCI leg of this study, we trained a total of 3 individuals with SCI.  We 

have completed the analysis of the data and are now preparing a manuscript.  
We have a first draft completed and anticipate submitting this for publication by 
September 1, 2008. 

 
 
Project C1: Stroke Performance Recovery and Outcomes Study 

 
• Our project team hosted the Stroke Outcomes Conference at the National 

Rehabilitation Hospital on September 8-9, 2007 
• Our project team hosted, Koen Putman, PT, PhD, a Fulbright Scholar from the 

Free University of Brussels. The Project team worked with Dr. Putman in merging 
his data from a 5-center (from 4 countries) stroke rehabilitation outcomes study 
(N=535) with data from the Stroke Performance Recovery and Outcomes Study 
(N=1,291).  We completed the data merge this past year and will begin to 
examine cross-country and cross-center practice and outcomes. 

 
 

Project C2: Role of Eye Movements in Activities of Daily Living 
 
• Several control participants were enrolled first, so that any difficulties with the 

procedure would come to light before experimental group participants took part. 
• 10 controls and one individual recovering from brain injury completed the study. 
• The data that had been analyzed thus far was intriguing, in that there is some 

indication of a relationship between Wisconsin performance considered primarily 
as an index of flexibility, and evidence from gaze behavior of planning, in what is, 
in all but one case, a non-clinical population! 

• We hope to determine whether this apparent relationship between test scores of 
EF and use of gaze in planning will hold up in this non-clinical population.  
However, it is only by testing groups known to be at risk for EF deficits that the 
value of this technology for investigation and rehabilitation of EF impairments can 
be explored. 

 
 
Project D1: Determining the Psychometric Properties of the NRH Pragmatic 

Communication Skills Rating Scale 
 

• Results of data for 27/50 subjects that were collected was submitted to the 
Clinical Aphasiology Conference 
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Project D2: Metabolic Studies in Individuals with Chronic Spinal Cord Injury:  The 
Effects of an Oral Anabolic Steroid and Conjugated Linoleic Acid  

 
• Mean lean body mass (LBM) increased by 4% in arms and 2% in total body 

while fat decreased by 0.7% in arms and 1.4% in total body during oxandrolone 
intervention.  

• At 20 weeks, LBM increased another 7.5% in arms and 2% in total body.  
• On average, weight increased 0.6 % and combined measures of PFTs improved 

2.2% during treatment.   
• High density lipoprotein (HDL) decreased 27%, low density lipoprotein (LDL) 

increased 32%, and LFTs increased 9.7-65 .6% while on therapy but trended to 
baseline at 20 weeks. 

 
 
Project D3: Development and Clinical Validation of a Children's Version of the 

Automated Neuropsychological Assessment Metrics (ANAM) 
 
• Creation and initial validation of computerized cognitive testing software platform 

to be used in pediatric populations. 
• Collection of initial normative data for this computerized battery on 47 children 

between the ages of 10-12. 
• Determination of feasibility and usability of administering this testing battery to 

children in this age range.  
• Determination of differences in performance based on gender and age. 
• Demonstration of construct validity through comparison with concurrently 

administered traditional neuropsychological testing. 
• Demonstration of utility and feasibility of using this computerized software in 

children with ADHD and traumatic brain injury. 
 
 

Project D4: “Does Constraint-Induced Movement Therapy Improve Upper 
Extremity Motor Function in Individuals Following Stroke?” 

 
• Gathered the data necessary to design a subsequent multicenter RCT of CIMT 

for various chronic stroke subpopulations.  
• CIMT was shown to be safe and effective in ameliorating motor impairments but 

not visuospatial impairments in persons with chronic neglect.   
 
 
Project E1: Annual Project Conferences 
 

• Significant site variation was found in many patient variables: race, payer, stroke 
risk factors, type and side of stoke, FIM scores, severity of illness, and CMG. 

• Significant site variation also was seen in process variables:  rehabilitation LOS, 
PT intensity, OT intensity, SLP intensity, tube feeding use, and medication use. 
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• When time spent in specific therapy activities per day (rather than total time 
spent per day by a therapist type) was allowed to enter regression equations, the 
explanatory power to predict specific outcomes increased.  

• More time in high-level therapy activities in the first 3 or 4 hours of rehabilitation 
therapy, e.g., more gait for low-level ambulators (FIM walk score = 1 on 
admission) was associated with greater likelihood of higher discharge FIM walk 
score and of being discharged to home 

• Use of opioid analgesics was associated with better outcomes 
• Use of antipsychotic and/or antidepressant medications associated with better 

functional outcomes. 
• More functionally complex therapy earlier in the rehabilitation process is 

associated with better functional recovery, even for patients with low admission 
FIM scores.  Gait activities initiated within the first three hours for patients 
admitted at FIM walk level 1 were associated with greater likelihood of attaining 
FIM walk level 4 or higher on discharge and to be discharged to home. 

• Over 80% of PSROP patients were discharged to the community, however, the 
majority of them received no community mobility training. 

• OTs spend much time in Basic Activities of Daily Living (BADLs) and upper 
extremity (UE) control and very little time in higher-level intervention activities. 

• There is no significant difference in mean time spent on UE dressing and UE 
control. 

• There is a greater likelihood of a better outcome when mid-level and cognitive 
linguistically complex activities (including high-level problem solving) are done in 
the first three-hours of treatment. 

• Earlier transfer to rehabilitation is associated with better discharge function (for 
moderate (CMG 104-107) and severe stroke (CMG 108-114)) and a shorter LOS 
(for moderate stroke). 

• Earlier transfer is not the largest determinant of functional outcome but it is the 
one, beside rehabilitation LOS that can be modified. The severe stroke group 
had the strongest association between earlier transfer and better outcomes, 
suggesting that early rehabilitation transfer does not harm the injured brain. 

• More RN analyses of functional ability and more RN discharge planning time are 
associated with shorter lengths of stay. 

• More time spent on RN activity of community reentry is associated with longer 
lengths of stay. 

• Opioid narcotic use was associated with better outcomes. 
• Antipsychotic and/or antidepressant medication use was associated with better 

functional outcomes. 
• SSRI use was associated with better functional outcomes (the newer SSRIs are 

better than the older SSRIs) 
• Patients who were tube fed had better outcomes (including patients with 

pneumonia).  Tube feeding patients may allow time for adequate nutrition.  
Patients may rush their meals because therapy or other interventions take 
precedence.   
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• There was significant site variation in enteral feeding support and in monitoring 
nutritional status. 

• The research team gained a deeper appreciation for the complexities associated 
with comprehensive rehabilitative care for the arm amputee.  

• Study outcome measures were modified based on input from attendees with UL 
amputation.  

• Workshop attendees were given community-based resources (i.e. support 
groups & recreation outlets) specific to the individual with upper limb loss. 

• Develop research protocol for functional imaging studies with subjects from self-
awareness project. 

• Initial contact has been made with neuroimaging lab at Georgetown University. 

32



REPORTABLE OUTCOMES 
 
Project A1:   A Computerized Neuropsychological Battery for Parkinson’s 

Disease: Application for Population Surveillance, Early 
Detection, and Monitoring Disease Progression 

 
An overall strategy and architecture for motor task development was developed in order 
to maximize compatibility across newly developed tests and facilitate future 
modifications. Consistent with ANAM philosophy, the motor test development strategy 
emphasizes flexibility for the examiner to modify test parameters and to select and 
aggregate specific motor tests into "batteries." Following development of the framework, 
the first motor task was prototyped. This task, the Alternating Two-point Target 
Acquisition subtest (ATPTA) has been completed. 
 
Another element of test design strategy and architecture has focused on data structure 
and design, and automation of transfer of test data from data files to databases. Tests 
are designed using three programming logic groups, or "layers": user interface logic, 
business logic, and data logic. This was done so that future changes, whether they be in 
test parameters, operating systems, data management systems, etc., would not require 
complete redesign of the test, but only redesign of the specific logic section. We also 
have completed design and programming of preliminary templates for each logic 
section. These templates specify code requirements for new subtests, such that the 
additional motor tasks in our proposal already have a code "template" to assure that 
they will integrate seamlessly into our framework, as well as to provide a development 
map to expedite and increase the efficiency with which the additional tests will be 
developed. Moreover, since motor tasks can yield a nearly infinite number of test 
"scores," we have identified a set of preliminary output variables. 
 
Access database was developed for purposes of data management and analysis.  
 
 
Project B1:   The Impact of Self-Awareness on Functional Outcomes 

Following Moderate and Severe Traumatic Brain Injury 
 
Access database was developed for purposes of data management and analysis.  
 
Publication and Presentations: 
 

• Garmoe, W., Newman, A. & O’Connell, M. Self-Awareness early following 
traumatic brain injury:  Comparison of brain injury and orthopedic impotents using 
the Functional Self-Assessment Scale (FSAS). Journal of Head Trauma 
Rehabilitation, 20(4), 348-358, 2005 

• Garmoe, W., & Newman, A. C. The Functional Self-Assessment Scale (FSAS) in 
• Measurement of Self-Awareness Early Following Severe Traumatic Brain Injury. 

Poster presented at International Neuropsychological Society (INS) annual 
convention, Portland, OR, February 2007. 
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Project B2:   Gait Restoration in Stroke and Incomplete SCI Patients Using 

the Lokomat Robotic Treadmill System 
 

We have published one manuscript on the stroke leg of the study and are now 
completing manuscripts on the SCI leg of the study and a follow up paper on the stroke 
results.  These will be completed by Sept 1, 2008 and Dec 31, 2008 respectively. 
 
Publication and Presentations: 
 A number of presentations and publications have resulted from pilot work done 
over the past funding cycle that was affiliated with this study: 
 
Journal Papers  
 

• J.Hidler, M. Zajacek, M. Carroll, E. Healton, and J. Dewald, “Reductions in 
differential control strategies at the hip and knee joints in acute stroke subjects,” 
Biomedical Engineering Conference, Washington DC, 2002 

• J. Hidler, D. Nichols, M. Pelliccio, K. Brady, D. Campbell, J. Kahn, and T.G. 
Hornby, “Multi-center randomized clinical trial evaluating the effectiveness of the 
Lokomat in sub-acute stroke.” In Review. 

• J. Hidler, W. Wisman, and N. Neckel, “Kinematic trajectories while walking within 
the Lokomat robotic gait-orthosis.” In Review. 

• R. Macko and J. Hidler, “Exercise after stroke and spinal cord injury: Common 
biological mechanisms and physiological targets of training.” Journal of 
Rehabilitation Research & Development, Invited Guest Editorial, vol. 45(2), pp. vii-
ix, 2008. 

• J. Hidler, L. Hamm, A. Lichy and S. Groah, “Automating activity-based 
interventions: the role of robotics”, Journal of Rehabilitation Research and 
Development Special Issue, vol. 45(2), pp. 337-344, 2008 (Co-edited issue with 
Richard Macko). 

• J. Hidler, M Carroll, and E. Federovich, “Strength and coordination in the paretic 
leg of individuals following acute stroke” IEEE Transactions on Neural Systems 
and Rehabilitation Engineering, 15:4, 526-534, December 2007. 

• N. Neckel, D. Nichols, M. Pelliccio, and J. Hidler, “Abnormal synergy patterns and 
weakness in individuals with chronic stroke.” Journal of NeuroEngineering and 
Rehabilitation, 3:17, 2006. 

• J. Hidler, D. Nichols, M. Pelliccio, and K. Brady, “Advances in the understanding and 
treatment of stroke impairment using robotic devices.” Top Stroke Rehabil, vol. 12(2): 21-
33, 2005. 

• J. Hidler, “Inverse-Dynamics Based Assessment of Gait using a Robotic 
Orthosis”, IEEE Engineering in Medicine and Biology Society, New York, NY, 
2006. 
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• N. D. Neckel, W. Wisman, and J. Hidler, "Limb alignment and kinematics inside a 
Lokomat robotic orthosis", IEEE Engineering in Medicine and Biology Society, 
New York, NY, 2006. 

• D. Nichols, N. Neckel, and J. Hidler, “Joint moments exhibited by chronic stroke 
subjects while walking  with a prescribed physiological gait pattern”.  APTA 2007 
Combined Sections Meeting, Boston, MA, 2007. 

• J. M. Hidler and A. Wall, “Changes in muscle activation patterns during robotic-
assisted walking” In review. 

• A. Ricamato and J. M. Hidler, "Quantification of dynamic properties of EMG 
patterns during gait.” In review. 

 
Conference Proceedings 
 
• J.Hidler, M. Zajacek, M. Carroll, E. Healton, and J. Dewald, “Reductions in 

differential control strategies at the hip and knee joints in acute stroke subjects,” 
Biomedical Engineering Conference, Washington DC, 2002 

• J.M. Hidler, M. Oursler, G. Cooper and E. Healton, “Robotic-assisted gain training 
for restoring motor function in the lower limbs following spinal cord injury.” 
KMRREC Conference, Parsippany, New Jersey, 2002 

• J M. Oursler, and J.M. Hidler, “Effects of walking speed and body-weight support 
walking ability in individuals with spinal cord injury,” APTA Annual Conference 
2003 

• J.M. Hidler, E. Healton, and M. Oursler, “Modulation of muscle activation patterns 
and reflex excitability with changes in walking speed and loading in individuals 
with spinal cord injury,” ASIA Conference, 2003 

• J Hidler, “Robotic-Assessment of Walking in Individuals with Gait Disorders”, IEEE 
Engineering in Medicine and Biology Society, submitted. 

• Wall and J. Hidler, “Alterations in EMG patterns during robotic-assisted walking”, 
Northeast Bioengineering Annual Conference, April 2004. 

 
Abstracts    

• A. Ricamato and J. Hidler, “A Tool to Quantify the Temporal and Spatial 
Properties of EMG Patterns during Gait”, ISEK Annual Conference, Accepted for 
June 2004. 

• A. Lichy, J. Hidler, J. Cisper, and A. Wall.  “Changes in muscle activation patterns 
during robotic assisted gait training.” APTA Annual Conference, Accepted for July 
2004. 

 
Invited Presentations 
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• “Contemporary Issues Surrounding Robotic-Assisted Locomotor Training”, 
Neural Prosthesis Seminar Series, Cleveland FES Center, Cleveland, Ohio, May 
2004. 

• “Advances in the understanding and treatment of stroke impairment using robotic 
devices”, CME Symposium - Stroke Rehabilitation: Outstanding Outcomes and 
Best Practices, National Rehabilitation Hospital, Washington, DC, May 2004. 

• “Emerging technologies for understanding and treating motor-impairment in 
stroke and spinal cord injury”, Neurosurgery Lecture Series, Washington Hospital 
Center, Washington DC, April 2004. 

• Segmental control of walking: locomotor capacity of the spinal cord, Woodway 
USA Gait Training Workshop, Washington, DC, November 10, 2002 

• Robotic-assisted treadmill training for restoring walking capability in spinal cord 
injury patients, National Institutes of Health, Rehabilitation Medicine Department 
Grand Rounds, September 6, 2002 

• “Loss of differential muscle control leads to weakness and discoordination in 
individuals with acute hemiparetic stroke”, IEEE Engineering in Medicine and 
Biology Society, Cancun, Mexico, September 2003. 

 
 
Project C1:   Stroke Performance Recovery and Outcomes Study 
 
Publications: 

• Gerben DeJong, Susan Horn, Julie Gassaway, Mary Slavin, & Marcel Dijkers 
(2003).  “Toward a Taxonomy of Rehabilitation Interventions:  Using an Inductive 
Approach to Examine the ‘Black Box’ of Rehabilitation.”  Archives of Physical 
Medicine & Rehabilitation.  55(April), 678-686.  

• Deutsche, Anne, Carl V. Granger, Roger C. Fiedler, Gerben DeJong, Robert L. 
Kane, Kenneth J. Ottenbacher, Allen W. Heinemann, John P. Naughton, 
Maurizio Trevisan (2005) “Outcomes and Reimbursement of Inpatient 
Rehabilitation Facilities and Subacute Rehabilitation Programs for Medicare 
Beneficiiaries with Hip Fracture.:  Medical Care. 43 (September) No. 9, 892-901. 

• DeJong, Gebern (2005). “Medicare Reform and the American Devolution.” 
Topics in Stroke Rehabilitation, 12 (2): 4-14. 

• DeJong, Gerben and Susan Horn (2004).  “Randomized Controlled Trials in 
Rehabilitation Research.”  New Zealand Journal of Disability & Rehabilitation 
Research.  Submitted. 

• Diane Jette, Nancy Latham, Randall Smout, Julie Gassaway, Mary Slavin, 
Susan Horn (2004) 

• Zorowitz, Richard D., Smout, Randall J., Gassaway, Julie A., Horn, Susan D. 
(2005). “Prophylaxis for and Treatment of Deep Venous Thrombosis After Stroke: 
The Post-Stroke Rehabilitation Outcomes Project (PSROP).”  Topics in Stroke 
Rehabilitation 12 (Fall), No. 4 1-10 

• Zorowitz, Richard D., Smout, Randall J., Gassaway, Julie A., Horn, Susan D. 
(2005). “Antiplatlet and Anticoagulant Medication Usage During Stroke 
Rehabilitation Outcomes Project (PSROP).”  Topics in Stroke Rehabilitation 12 
(Fall), No. 4 11-19 
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• Zorowitz, Richard D., Smout, Randall J., Gassaway, Julie A., Horn, Susan D. 
(2005). “Antiplatlet and Anticoagulant Medication Usage During Stroke 
Rehabilitation Outcomes Project (PSROP).”  Topics in Stroke Rehabilitation 12 
(Fall), No. 4 20-27 

• Zorowitz, Richard D., Smout, Randall J., Gassaway, Julie A., Horn, Susan D. 
(2005). “Neurostimulant Medication Usage During Stroke Rehabilitation: The 
Post-Stroke Rehabilitation Outcomes Project (PSROP).”  Topics in Stroke 
Rehabilitation 12 (Fall), No. 4 28-36 

• Zorowitz, Richard D., Smout, Randall J., Gassaway, Julie A., Horn, Susan D. 
(2005). “Usage of Pain Medications During Stroke Rehabilitation: The Post-
Stroke Rehabilitation Outcomes Project (PSROP).”  Topics in Stroke 
Rehabilitation 12 (Fall), No. 4 37-49 

• “Physical Therapy Interventions for Patients with Stroke in an Acute 
Rehabilitation Setting,” Journal of the American Therapy Association.  Submitted. 

• Guest editors. The study’s PI and co-PIs were the guest editors of a special 
supplement to the Archives of Physical Medicine & Rehabilitation, December 
2005 for 12 articles based on the findings of the Post-stroke Rehabilitation 
Outcomes Project (PSROP).  NRH investigators also authored the following 
articles in the supplement. 

• DeJong, Gerben, Susan D. Horn, Brendan Conroy, Diane Nichols, Edward 
Healton (2005). “Opening the Black Box of Post-stroke Rehabilitation:  Stroke 
Rehabilitation Patients, Processes, and Outcomes.”  Archives of Physical 
Medicine & Rehabilitation. 65(December),No. 12, Suppl 2, 1-7. 

• Horn, Susan D., Gerben DeJong, David Ryser, Peter Veazie, Jeffrey Teraoka 
(2005). “Another Look at Observational Studies in Rehabilitation Research: 
Going Beyond the Holy Grail of the Randomized Controlled Trial.” Archives of 
Physical Medicine & Rehabilitation 86(December), No. 12, Suppl2, 8-15. 

• Gassaway, J., Horn, S.D., DeJong, G., Smout, R., Clark, C., James, R. (2005). 
“Applying the CPI Approach to Stroke Rehabilitation: Methods and Baseline 
Results.” Archives of Physical Medicine & Rehabilitation (December), No. 12, 
Suppl 2, 16-33. 

• Maulden, Sarah, Julie Gassaway, Susan D. Horn, Randy Smout, Gerben 
DeJong (2005). “Timing of Initiation of Rehabilitation After Stroke.” Archives of 
Physical Medicine & Rehabilitation 86 (December), No. 12, Suppl 2, 34-40. 

• Latham, N., Jette D, Slavin M, Richards L, Smout R, Horn, S. Physical Theraphy 
During Stroke Rehabiltation for People with Different Walking Abilities. Archives 
of Physical Medicine & Rehabilitation 86(December), No. 12, Suppl 2, 41-50. 

• Richards, Laurie, Nancy Latham, Diane Jette, Laura Roseberg, Randy Smout, 
Gerben DeJong (2005). “Characterizing Occupational Therapy Practice in Stroke 
Rehabilitation.” Archives of Physical Medicine & Rehabilitation 86 (December), 
No. 12, Suppl 2, 61-72. 

• Conroy B, Zorowitz R, Horn S, Ryser D, Teraoka J, Smout R (2005).”An 
Exploration of Central Nervous System Medication Use and Outcomes in Stroke 
Rehabilitation.” Archives of Physical Medicine  Rehabilitation. 86(December), No. 
12, Suppl 2, 73-81. 

37



• James R, Gines D, Horn SD, Gassaway J, Smout R (2005). Nutrituion as a 
Rehabilitation Intervention. Archives of Physical Medicine  Rehabilitation. 
86(December), No. 12, Suppl 2, 82-92. 

• DeJong, Gerben, Susan D. Horn, Randy Smout, David Ryser (2005). “The Early 
Effects of the Inpation Rehabilitation Facility Prospective Payment System on 
Stroke Rehabilitation Case-mix, Practice Patterns, and Outcomes.” Archives of 
Physical Medicine Rehabilitation. 86(December), No. 12, Suppl 2, 93-100. 

• Horn, Susan D, Gerben DeJong, Randy Smout, Julie Gassaway, Roberta 
James, Brendan Conroy (2005). “Stroke Rehabilitation Patients, Practice and 
Outcomes:  Is Earlier and More Aggressive Better?” Archives of Physical 
Medicine Rehabilitation. 86(December), No. 12, Suppl 2, 101-114. 

• McNaughton Harry, Gerben DeJong, Randy Smout, John Melvin, Murray A. 
GBrandstater (2005).”A Comparison of Stroke Rehabilitation Pracitce and 
Outcomes Between New Zealand and United States Facilities.” Archives of 
Physical Medicine Rehabilitation. 86(December), No. 12, Suppl 2,115-120. 

 
 
Presentations:  
 
DeJong, G. “The Post-stroke Rehabilitation Outcomes Project.” A presentation made to 
the International Stroke Rehabilitation Congress sponsored by CERISE (Collaborative 
Evaluation of Rehabilitation in Stroke across Europe) hosted by the Catholic University 
at Leuven. Leuven, Belgium. February 11, 2006. 
 
September 8-9, 2008 Stroke Outcomes Conference  
National Rehabilitation Hospital 
Washington, DC  
 
 
Project C2:   Role of Eye Movements in Activities of Daily Living 
 
The two main objectives for this study include development and feasibility of a wearable 
eye-tracking system.   
 
Development of a wearable system that tracks gaze-angle, records the scene, relates 
gaze to target and yields accurate, objective data included a review of existing 
technology and determining whether to replicate current systems used by other 
investigators.  
 
The device selected for the project is one of the mobile systems manufactured by 
Applied Science Laboratories (ASL), the Mobile 501. This device is designed for use in 
situations in which the wearer must have complete freedom of movement.  The control 
unit, optional VCR, and video transmitter are mounted in a backpack, and a heavy 
power belt is worn around the waist.  
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The data consists of videotape showing the position of a cursor, representing point of 
gaze, superimposed on the videotape of the scene in front of the wearer. This image is 
also transmitted to the scene monitor for review by the system operator. The Mobile 501 
system is shown in Figure 2 below. 
 
 
Project D1:   Determining the Psychometric Properties of the NRH 

Pragmatic Communication Skills Rating Scale 
 
Publication and Presentations: 
Prior research in this area and the current research design and rationale were 
presented at the Washington Hospital Center’s Continuing Medical Education 
Symposium:   Stroke Rehabilitation:  Outstanding Outcomes and Best Practices, 
Washington, D.C., May, 2004. 
 
Barone, C., Hatfield, B. and Georgeadis. A. (2005) Management of communication 
disorders using family member input, group treatment and telerehabilitaion. Topics in 
Stroke Rehabilitation, 12(2), 47-54 
 
 
Project D2:   Metabolic Studies in Individuals with Chronic Spinal Cord 

Injury:  The Effects of an Oral Anabolic Steroid and 
Conjugated Linoleic Acid  

 
Treatment with oxandrolone in healthy subjects with tetraplegia was associated with 
modest improvement in PFTs and in arm and total body LBM which continued to 
increase at 20 weeks. Baseline body mass composition was similar to other reports for 
individuals with tetraplegia and with more fat and less LBM than in controls. Abnormal 
changes in serum lipids and LFTs during treatment indicate that reported benefits of 
using oxandrolone in this population must be carefully weighed against potential 
adverse effects, especially with long-term use.  
 
Publication and Presentations: 
 
The Effects of a Trial with an Anabolic Agent in Healthy Persons with Tetraplegia: Case 
Series 
 
 
Project D3:   Development and Clinical Validation of a Children's Version of 

the Automated Neuropsychological Assessment Metrics 
(ANAM) 

 
 Presentation of data to the ANAM Sports Concussion Working Group conference 

hosted at NRH in June 2006. 
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 Poster presentation and publication of abstract in conference proceedings at the 
National Academy of Neuropsychology to occur in October 2008 titled “Initial 
Validation of a Pediatric Version of ANAM.” 

 Poster presentation at the American College of Rheumatology meeting 2007 titled 
“Diagnosis Of Childhood-Onset Lupus Neurocognitive Impairment In A Clinical 
Setting: Usefulness Of Computer Based Testing And Self-Report.” 

 Poster presentation at the American College of Rheumatology meeting 2007 titled 
“The Pediatric Automated Neuropsychological Assessment Metrics (Ped-ANAM) in 
Childhood-onset Systemic Lupus Erythematosus (cSLE) - No Significant Practice 
Effect in First Three Trials.”  

 Study has led to fruitful collaborations with other institutions and research groups 
seeking to utilize pediatric computerized cognitive testing (e.g., St. Mary’s Kids 
Hospital in New York and Cincinnati Children’s Hospital). 

 Publication in peer reviewed journal, Arthritis Care and Research, based on study 
results and collaboration mentioned above: Brunner, H., Ruth, N.M., German, A., 
Nelson, S., Passo, M., Roebuck-Spencer, T.M., Ying, Y., Ris, D. (2007). Initial 
validation of the pediatric Automated Neuropsychological Assessment Metrics for 
childhood-onset systemic lupus erythematosus. Arthritis Care and Research, 57(7), 
1174-1182.  

 
Conclusion: 

 
Results indicated that children in this age group were able to understand and complete 
the battery with low failure rates, defined by accuracy rates < 60%. Children showed the 
greatest failure rates on a test of mental manipulation of spatial information. Few 
differences in test performance were seen between boys and girls and across age. 
Strong correlations were seen between ped-ANAM subtests and neuropsychological 
tests. Results of performance in clinical populations have been supported in pediatric 
samples with Lupus based on separate studies that came about based on this study. 
Analysis of patients with ADHD and traumatic brain injury is forthcoming. 
 
 
Project D4:   “Does Constraint-Induced Movement Therapy Improve Upper 

Extremity Motor Function in Individuals Following Stroke?” 
 
Preliminary results:  Both subjects enrolled in the study tolerated the treatment well and 
demonstrated gains in arm motor function after the 2 week study period.  Data were 
analyzed in conjunction with that collected at Washington University in St. Louis. Based 
on these analyses, we concluded that while CIMT was effective in ameliorating motor 
impairment, no effect on visuospatial neglect was detected.    
 
Other Reportable Outcomes 

• A stroke subject registry was developed.  This registry captures data collected 
during the course of clinical care.  These data are useful in identifying potential 
research subjects for subsequent research protocols, and for post hoc analyses.  
This database is an important new element of the NRC infrastructure. 
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• Preliminary data from this work was used to obtain funding for an NINDS-funded 
Phase III clinical trial on upper extremity restoration after stroke.  This clinical trial 
(I-CARE, 1U01NS056256-01A2) commences enrollment Fall 2008.  

 
Publication and Presentations: 
 

• Dromerick, AW, Schabowsky CN, Holley RJ, Monroe B, Markotic A, Lum PS.  
“Effect of Training on Upper-Extremity Prosthetic Performance and Motor 
Learning: A Single-Case Study.”  Archives of Physical Medicine & Rehabilitation. 
2008, 89(6): p.1199 -1204. 

• Schabowsky CN, Dromerick AW, Holley RJ, Monroe B, Lum P. (2008) “Trans-
radial upper extremity amputees are capable of adapting to a novel dynamic 
environment.” Experimental Brain Research, 2008, 188 (4). 
 

 
Project E1:   Annual Project Conference 
 
On May 14-15, 2004,  Brendan E. Conroy, MD, Medical Director, Stroke Recovery 
Program, National Rehabilitation Hospital,  convened the CME symposium, "Stroke 
Rehabilitation:  Outstanding Outcomes and Best Practices" which was designed to 
provide clinicians with a comprehensive, current and practical approach to post stroke 
management. This two-day symposium was jointly sponsored by Washington Hospital 
Center (WHC) and National Rehabilitation Hospital (NRH) and was held at NRH. The 
activity featured national speakers (Pamela W. Duncan, PhD, and Gerber DeJong, PhD, 
both of University of Florida, Brooks Center for Rehabilitation Studies; and, Susan J. 
Ryerson, PT, MA, National Rehabilitation Hospital, in addition to participating MedStar 
Health faculty).  The audience of approximately 125 attendees was a regional one of 
physicians, nurses, and allied health professionals, as well as physical therapists, 
occupational therapists, speech language pathologists, and case managers.  Those in 
attendance represented  the DC and Baltimore metropolitan areas and areas as far 
away as North Carolina, Missouri, Oklahoma, Massachusetts, and Tennessee.   
 
A workshop entitled "Upper Extermity Amputee Workshop" occurred at the NRH on the 
19th of May.  Professionals representing multiple institutions were invited to discuss the 
clinical, psychosocial, and research aspects of upper-limb amputation. Institutions 
represented included the National Institutes of Health (Dr. Lin), Walter Reed Army 
Medical Center (WRAMC), District Amputee Care Center, Catholic University, and the 
UpperEx Peer Support Network. 
 
The workshop was intended to provide a forum for consumers, clinicians, prosthetists, 
and researchers to discuss issues related to arm prosthetic use.  Issues discussed 
included recognizing current advancements in prosthetic technologies; understanding 
the innovative training approaches utilized by therapists at the WRAMC; analyzing the 
research studies being conducted at NRH and the National Institutes of Health involving 
arm prosthetic use. 
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Two common themes emerged from the workshop: 
 
1).  The ongoing need for further rehabilitation research into the neuroscientific 
elements of prosthetic arm use. 
 
2).  The importance of more collaboration between interested parties to address the 
issues associated with prosthetic use and arm amputation.      
 
Due to the success of this workshop, we intend to organize a similar event for the next 
calendar year.     
 
• As a result of this conference, a VA RRD Merit review proposal entitled 

“Developmental studies for clinical trials of upper extremity amputee training” and 
underwent a promising review and has been resubmitted. 

 
 
Project E2:   Neuroprotectant Conference 
 
The expert panel on neuroprotectant treatment of concussion was chaired by Dr. Kelly 
and consisted of the consultants listed above. Dr. Kelly met with each of the consultants 
at least twice both in person and electronically and produced a summary report which 
was delivered as a Grand Rounds at the National Rehabilitation Hospital, where it was 
recorded for Webcasting. 
 
The overall conclusion of the panel was that a number of promising substances or 
under development in laboratories and war in clinical trials with pharmaceutical 
companies but that there were no currently available substances that met the 
requirements of efficacy and safety for current use. It was felt that the most prudent 
course of action was to continue monitoring of this topic at six-month intervals, given 
that promising substances likely would be available in the near future. 
 
 
Project E3:   Neuropsychology Conference 
 
The Principal Investigator (Dr. Garmoe) attended fMRI workshops at the National 
Academy of Neuropsychology annual conference in 2003.  In addition, he met with Dr. 
Frank Hillary, an experienced fMRI researcher (who at the time was at Kessler), to 
discuss feasibility of fMRI designs.  Dr. Hillary affirmed the feasibility of fMRI protocols 
to investigate self-awareness, and possible collaboration was discussed.  In early 2004 
Dr. Garmoe initiated discussion with the director of the functional neuroimaging lab at 
Georgetown University (Dr. Zeffiro), who agreed to collaborate on designing studies.  
Following initial discussions, the project needed to be put on hold because of the priority 
of finalizing IRB approval for project B1 (which has been very lengthy through the Army 
IRB).   
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Other reportable outcome 
The long term result of this effort was the initiation of a joint NRH-Georgetown 
University functional imaging collaboration.  The first NRC subject underwent fMRI at 
Georgetown in Summer 2008.  Initiation of an fMRI capacity, led by Drs. Dromerick and 
Lum at NRH and Dr. Van Meter at Georgetown, was a major developmental milestone 
for the NRC.   
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CONCLUSION 
 

With the support of the USAMRMC, the Neuroscience Research Center at National 
Rehabilitation Hospital has achieved many successes, both those originally proposed 
as well as those subsequently developed in collaboration with USAMRMC as new 
information became available and as goals evolved.   
 
Substantial progress has been made in developing active and productive research 
collaborations with educational, research, and clinical institutions in the Washington DC 
area. These institutions are both Federal and non-Federal. Training of the next 
generation of rehabilitation researchers, graduate students and postdoctoral fellows in 
biomedical engineering and neuroscience, is ongoing. Physical infrastructure, 
particularly physical plant has been developed and is in productive use. Other forms of 
infrastructure such as clinical databases, engineering laboratory facilities, and small 
equipment have been developed or obtained, and are supporting subsequent funded 
projects. A large cohort of clinicians and research support staff has been trained and 
gained experience.   
 
Individual research projects have also been effective. Important findings from the work 
includes better and faster ways to assess the cognitive and motor status of persons with 
parkinsonism and traumatic brain injury, randomized controlled trials of treadmill training 
to restore gait after central nervous system injury, developmental work towards Phase 
III trials of motor restoration after stroke, and other clinically and scientifically important 
work. The subsequent federal funding obtained and publications attest to the impact of 
the NRC, and we anticipate that this growth and development will continue.   
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APPENDICES 
 
Project A1:   A Computerized Neuropsychological Battery for Parkinson’s 

Disease: Application for Population Surveillance, Early 
Detection, and Monitoring Disease Progression 

 
Parkinson’s Project: Proposed Prototype Tasks 
 
Finger Tapping Task (3 Conditions) 
 
1.   Simple Tapping.  
 
Description: Subject is instructed to tap a key as quickly as possible between 
designated start and stop points. The key pressed could be any key on the keyboard or 
the mouse button, depending on which of these options provide most accurate timing. 
This task will consist of several trials (most likely three 20-second trials for each hand).   
 
Symptomatology Targeted: Bradykinesia (slowed movement) and in coordination 
 
Variables Collected:  

o Number of keystrokes within a specified amount of time 
o Number of manual motor blocks (MMBs), defined as situation in which the time 

between two sequential taps is greater than mean inter-tap interval + 2 SDs 
o Total MMB period as a percentage of total exercise time 

 
2.  Paced Rhythmic Tapping.  
 
Description: Subject is instructed to tap a key (or mouse button) in synch with an 
irregular but repeated rhythm presented either auditorily or visually via the computer. 
This task will consist of several trials with each hand. 
 
Symptomatology Targeted: Coordination in the presence of an external cue. 
 
Variables Collected:  

o Number of keystrokes within a specified amount of time 
o Percentage of keystrokes that are within a correct window (±20msec?) of external 

tap 
o Time in msec between each tap 
o Amount of time key is held down for each tap 

 
3. Unpaced Rhythmic Tapping 
 
Description: Subject is presented with the rhythm displayed on the previous condition 
and then asked to simulate it over several trials without the external pace. 
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Symptomatology Targeted: Coordination when asked to follow a pattern utilizing only an 
internal cue. 
 
Variables Collected:  

o Number of keystrokes within a specified amount of time 
o Time in msec between each tap 
o Amount of time key is held down for each tap 

 
Target Acquisition (1 Condition) 
 
Description: Using the mouse, the subject is asked to maintain position on a starting 
point in the center of the screen. They are told to move as quickly as possible to a 
specific target when cued. Cued targets will occur randomly on the right or left side of 
starting point. For example, subject is told to click the square as quickly as possible 
when it flashes.  
 

Starting 
Point 

Squares are potential targets 

Cued Target

 
 
Symptomatology Targeted: Bradykinesia, coordination, tremor, poor initiation 
 
Variables Collected:  

o In order to measure initiation time, will designate a boundary around the starting 
point. Will measure time between presentation of the cue and time (msec) taken 
to cross this boundary. 

o Reaction time will be designated as time (msec) between presentation of cue and 
when subject clicks the target (whether correct or incorrect). 

o Reaction time for targets presented to the right of starting point. Same for targets 
to the left. 

o Movement time will be total reaction time minus initiation time. 
o Percentage of correct responses. Correct response will be those in which subject 

clicks within a defined boundary of the target. 
o Percentage of incorrect responses. Those responses that fall outside of the 

boundary (measures of coordination). 
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o Distance between target and incorrect response for each incorrect trial. Average 
of these distances will also be calculated. 

o I’d like to include acceleration time for trials to look at consistency but am not sure 
the best way to do this. For instance, I’d like to be able to differentiate between 
subjects who smoothly accelerate and select targets between those that reach 
the target in a “jerky” or “start-stop” manner. 

o I’d like to include some measure of tremor. Possibly by estimating a straight line 
from start point to target and looking at deviations from this line. Perhaps we 
could look at area under a curve using actual performance as the curve and a 
straight line as possible perfect performance. 

 
Alternating Two-Point Target Acquisition (4 Conditions) 
 
1.   Two-point target acquisition with fixed targets 
 
Description: Subject is presented with two fixed targets (e.g., two squares) and is told to 
alternately click as quickly as possible these two targets using the mouse over a period 
of 60 seconds. Several trials will be presented with only the dominant hand. 
 

Target 1 

Target 2 

 
 
Symptomatology Targeted: Bradykinesia, initiation, tremor, and incoordination 
 
Variables Collected:  

o Initiation time for initial start and average initiation over all trials. Variability of 
inititiation. 

o Average reaction time for all trials (and split out by right to left and left to right 
movement). Variance of reaction time 

o Movement time (as defined earlier) for initial trial and averaged over all trials. 
Variance of movement times. 

o Percentage of correct responses. Correct response will be those in which subject 
clicks within a defined boundary of the target. 

o Percentage of incorrect responses. Those responses that fall outside of the 
boundary. We should probably separate incorrect responses by incorrect 
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responses out of sequence by those out of target bounds (measures of 
coordination). 

o Distance between target and incorrect response for each incorrect trial out of 
target bounds. Average of these distances will also be calculated. 

o Number of times subject “freezes” on target (stays there > 2 SDs of their own 
reaction time). 

o Acceleration or average acceleration, as described above. 
o Measure of tremor, as described above.  
 

2.  Two-point tapping with moving targets 
 
Description: This task is similar to the above with the exception that the two targets will 
be moving vertically on the right and left sides of the screen (like pong but the subject is 
the ball and the targets are the paddles). The subject is told to alternately click as 
quickly as possible these two targets using the mouse over a period of 60 seconds. 
Several trials will be presented with only the dominant hand. 
 
Symptomatology Targeted: Bradykinesia, initiation, and incoordination. This task is 
intended to be harder than the first to test multiple levels of complexity and potentially 
elicit symptoms that were not present in the easier version. 
 
Variables Collected:  

o Initiation time for initial start and average initiation over all trials. Variability of 
initiation. 

o Average reaction time for all trials (and split out by right to left and left to right 
movement). Variance of reaction time 

o Movement time (as defined earlier) for initial trial and averaged over all trials. 
Variance of movement times. 

o Percentage of correct responses. Correct response will be those in which subject 
clicks within a defined boundary of the target. 

o Percentage of incorrect responses. Those responses that fall outside of the 
boundary. We should probably separate incorrect responses by incorrect 
responses out of sequence by those out of target bounds (measures of 
coordination). 

o Distance between target and incorrect response for each incorrect trial out of 
target bounds. Average of these distances will also be calculated. 

o Number of times subject “freezes” on target (stays there > 2 SDs of their own 
reaction time). 

o Acceleration or average acceleration, as described above. 
o Measure of tremor, as described above.  
o Measure of tremor, as described above.  
 

3. Two point target acquisition (fixed targets) with distractors 
 
Description: This task is similar to condition one (two target acquisition; targets are 
stationary) except that now distractors are present. Subjects are presented with two 
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fixed targets (e.g., two squares) in the midst of other shapes (e.g., circles) and are told 
to alternately click as quickly as possible these two targets using the mouse over a 
period of 60 seconds.  
 

Target 1 

Target 2 

 
 
Symptomatology Targeted: Motor symptoms targeted include, bradykinesia, initiation, 
and incoordination. Cognitive symptoms targeted include, slowed processing speed, 
slowed visual scanning, and poor selective attention. This task is intended to be harder 
than earlier conditions to test multiple levels of complexity and potentially elicit 
symptoms that were not present in the easier version. 
 
Variables Collected:  

o Initiation time for initial start and average initiation over all trials. Variability of 
inititiation. 

o Average reaction time for all trials (and split out by right to left and left to right 
movement). Variance of reaction time 

o Movement time (as defined earlier) for initial trial and averaged over all trials. 
Variance of movement times. 

o Percentage of correct responses. Correct response will be those in which subject 
clicks within a defined boundary of the target. 

o Percentage of incorrect responses. Those responses that fall outside of the 
boundary. We should probably separate incorrect responses by incorrect 
responses out of sequence by those out of target bounds (measures of 
coordination). 

o Distance between target and incorrect response for each incorrect trial out of 
target bounds. Average of these distances will also be calculated. 

o Number of times subject “freezes” on target (stays there > 2 SDs of their own 
reaction time). 

o Acceleration or average acceleration, as described above. 
o Measure of tremor, as described above.  

 
4. Two point fixed target acquisition with changed distractors 
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Description: This task is similar to condition three except that now the stimuli for targets 
and distractors are reversed. The two fixed targets are now circles in the midst of 
squares of varying sizes. Subjects are told to alternately click with the mouse as quickly 
as possible the two circles (ignoring the squares) over a period of 60 seconds.  

Target 1 

Target 2 

 
 
Symptomatology Targeted: Motor symptoms targeted include, bradykinesia, initiation, 
and incoordination. Cognitive symptoms targeted include, slowed processing speed, 
slowed visual scanning, poor selective attention, and cognitive inflexibility.  
 
Variables Collected:  

o Initiation time for initial start and average initiation over all trials. Variability of 
inititiation. 

o Average reaction time for all trials (and split out by right to left and left to right 
movement). Variance of reaction time 

o Movement time (as defined earlier) for initial trial and averaged over all trials. 
Variance of movement times. 

o Percentage of correct responses. Correct response will be those in which subject 
clicks within a defined boundary of the target. 

o Percentage of incorrect responses. Those responses that fall outside of the 
boundary. We should probably separate incorrect responses by incorrect 
responses out of sequence by those out of target bounds (measures of 
coordination). 

o Distance between target and incorrect response for each incorrect trial out of 
target bounds. Average of these distances will also be calculated. 

o Number of times subject “freezes” on target (stays there > 2 SDs of their own 
reaction time). 

o Acceleration or average acceleration, as described above. 
o Measure of tremor, as described above.  

 
Line or Form Tracing (2 Conditions) 
 
1. Form Tracing (Normal Feedback) 
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Description: For this task the subject is presented with the outlines of a shape and 
asked to trace the shape without crossing the line. Shapes traced include a circle, 
square, and star. Subject will be asked to complete each shape several times. 

 
Symptomatology Targeted: Motor symptoms targeted include, bradykinesia, tremor and 
incoordination. Cognitive abilities targeted include visuomotor integration and 
procedural learning. 
 
Variables Collected:  

o Time (msec) to complete the path. 
o Number of times individual makes an error. Errors are defined as deviation from 

the boundaries of the path 
o Magnitude of errors. Summed distance outside of path for all errors. 
o Percentage of time person correctly completing path.  
o Acceleration or average acceleration, as described above. This should 

include some measure of freezing behavior. 
o Measure of tremor, as described above.  
o To measure procedural learning, will calculate percentage change in time 

to complete for each trial (of same shape). Will also calculate percentage change 
in total number and magnitude or errors. 

 
2. Form Tracing (Normal Feedback) 
 
Description: This task is similar to condition one; however now the mouse will provide 
feedback as if the subject is performing in a mirror. That is, when the mouse is moved 
up, the cursor moves down, etc. The subject will again be asked to trace several forms 
without crossing the boundaries of the form, each over several trials.  
 
Symptomatology Targeted: Motor symptoms targeted include, bradykinesia, tremor and 
incoordination. Cognitive abilities targeted include visuomotor integration and 
procedural learning. 
 
Variables Collected:  

o Time (msec) to complete the path. 
o Number of times individual makes an error. Errors are defined as deviation from 

the boundaries of the path 
o Magnitude of errors. Summed distance outside of path for all errors. 
o Percentage of time person correctly completing path.  
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o Acceleration or average acceleration, as described above. This should 
include some measure of freezing behavior. 

o Measure of tremor, as described above.  
o To measure procedural learning, will calculate percentage change in time 

to complete for each trial (of same shape). Will also calculate percentage change 
in total number and magnitude or errors. 
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Project B2: Gait Restoration in Stroke and Incomplete SCI Patients Using the 
Lokomat Robotic Treadmill System 
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Abstract
Background: The presence of abnormal muscle activation patterns is a well documented factor limiting
the motor rehabilitation of patients following stroke. These abnormal muscle activation patterns, or
synergies, have previously been quantified in the upper limbs. Presented here are the lower limb joint
torque patterns measured in a standing position of sixteen chronic hemiparetic stroke subjects and sixteen
age matched controls used to examine differences in strength and coordination between the two groups.

Methods: With the trunk stabilized, stroke subjects stood on their unaffected leg while their affected foot
was attached to a 6-degree of freedom load cell (JR3, Woodland CA) which recorded forces and torques.
The subjects were asked to generate a maximum torque about a given joint (hip abduction/adduction; hip,
knee, and ankle flexion/extension) and provided feedback of the torque they generated for that primary
joint axis. In parallel, EMG data from eight muscle groups were recorded, and secondary torques
generated about the adjacent joints were calculated. Differences in mean primary torque, secondary
torque, and EMG data were compared using a single factor ANOVA.

Results: The stroke group was significantly weaker in six of the eight directions tested. Analysis of the
secondary torques showed that the control and stroke subjects used similar strategies to generate
maximum torques during seven of the eight joint movements tested. The only time a different strategy was
used was during maximal hip abduction exertions where stroke subjects tended to flex instead of extend
their hip, which was consistent with the classically defined "flexion synergy." The EMG data of the stroke
group was different than the control group in that there was a strong presence of co-contraction of
antagonistic muscle groups, especially during ankle flexion and ankle and knee extension.

Conclusion: The results of this study indicate that in a standing position stroke subjects are significantly
weaker in their affected leg when compared to age-matched controls, yet showed little evidence of the
classic lower-limb abnormal synergy patterns previously reported. The findings here suggest that the
primary contributor to isometric lower limb motor deficits in chronic stroke subjects is weakness.
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Background
Muscle weakness, or the inability to generate normal lev-
els of force, has clinically been recognized as one of the
limiting factors in the motor rehabilitation of patients fol-
lowing stroke [1,2]. In the lower limbs, this muscle weak-
ness can be attributed to disuse atrophy [3] and/or the
disruption in descending neural pathways leading to
inadequate recruitment of motorneuron pools [1,4-6]. It
has also been reported that weakness following stroke
may be the result of co-contraction of antagonistic mus-
cles [7-9]. Spasticity has also been proposed as an alterna-
tive explanation for lower limb impairments in
hemiparetic stroke [10,11], but more recent studies have
found that spasticity may not play a significant role in gait
abnormalities [12,13].

A well documented factor limiting the motor rehabilita-
tion of patients following stroke is the presence of abnor-
mal muscle activation patterns. Following stroke, some
patients lose independent control over select muscle
groups, resulting in coupled joint movements that are
often inappropriate for the desired task [14,15]. These
coupled movements are known as synergies and, for the
lower limb, have been grouped into the extension synergy
(internal rotation, adduction, and extension of the hip,
extension of the knee and extension and inversion of the
ankle) and the flexion synergy (external rotation, abduc-
tion, and flexion of the hip, flexion of the knee, and flex-
ion and eversion of the ankle) [16,17] with varying levels
of completeness [18] and dominance [19].

Much of the literature attempting to quantify these abnor-
mal muscle synergies is focused on the paretic upper limb
of stroke patients. In isometric conditions, it has been
shown that stroke patients have a limited number of
upper limb synergies available to them due to abnormal
muscle coactivation patterns [20]. In dynamic tasks,
abnormal synergy patterns exist in the paretic upper limb
between shoulder abduction with elbow flexion as well as
shoulder adduction with elbow extension [21]. These,
and other inappropriate upper limb muscle synergy pat-
terns were attributed to abnormal torque generation
about joints secondary to the intended, or primary, joint
axis during maximal voluntary isometric contractions
[22].

This analysis technique of quantifying torques at joints
secondary to the intended joint axis was applied to the
lower limbs of cerebral palsy patients in a seated position,
where abnormal secondary joint torques were expressed
during maximal hip and knee extension [23]. However, it
has been shown that gravity can influence the control of
limb movements by affecting sensory input [24] and alter-
ing task mechanics [25,26]. When acute (<6 weeks post-
injury) stroke subjects were placed in a functionally rele-

vant weight-bearing anti-gravity standing position, no
such abnormal secondary joint torque patterns during
maximal voluntary isometric contractions were found,
even though primary joint torques deficits were observed
[27].

The goal of this study was to quantify lower limb weak-
ness and coordination in chronic (> 1 year post-injury)
stroke patients in a functionally relevant standing posi-
tion. Subjects were asked to generate maximum isometric
contractions about a given joint while torques at joints
secondary to the desired exertion were simultaneously cal-
culated and recorded. This allowed us to quantify weak-
ness as a torque deficit and coordination as the generation
of any synergy patterns in the lower limbs of hemiparetic
stroke patients. Additionally, EMG activity of relevant
muscles was simultaneously recorded to quantify the
presence of abnormal muscle activation patterns.

Methods
Subjects
Sixteen subjects (9 male, 7 female) with hemiparesis
resulting from a single unilateral cortical or sub-cortical
brain lesion at least one year prior to testing participated
in this study along with sixteen (9 male, 7 female) neuro-
logically intact age-matched controls. Subjects were
excluded from the study if they were too severely impaired
to voluntarily move about the ankle, knee, and hip joints,
measured by a Fugl-Meyer lower limb score below 10 out
of 34. Subjects with a Fugl-Meyer lower limb score greater
than 30 out of 34 were deemed very highly functional and
excluded. The synergy control sub-score of the Fugl-Meyer
assessment was also used to characterize subjects. This
clinical score (0–22) reflects the ability to move within
(0–14), to combine (15–18), or to move out of (19–22)
classically defined dynamic synergy patterns. Although
some subjects scored high on the Fugl-Meyer lower limb
and synergy control sub-score, all subjects exhibited diffi-
culty in walking typical of hemiplegic stroke subjects. Sub-
jects were also screened for cognitive and communication
impairments and only those with Mini Mental State
Examination scores greater or equal to 22 were tested. All
subjects were excluded for any uncontrolled cardiovascu-
lar, neurological, or orthopaedic conditions, such as high
blood pressure, arthritis, or history of seizure, that would
inhibit exercise in a standing position. Informed consent
was obtained before testing and all protocols were
approved by the local institutional review boards. The
clinical characteristics of each subject group is shown in
Table 1.

Instrumentation
Each subject was placed in a custom setup that allowed for
the study of strength and coordination of the lower
extremities in a standing posture (Figure 1). The subject's
Page 2 of 11
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affected foot was securely placed inside a custom foot
retainer which in turn was connected to a 6-axis load cell
(JR3, Woodland CA). The foot retainer was angled down
30 degrees with respect to the horizontal so that all sub-
jects had an ankle angle of 100 degrees and a knee angle
of 135 degrees. Large foam bumpers were used to support
the subject's trunk during the exertions. Because the tests
were done with the subject in a standing posture, a har-
ness was placed around the subject's abdomen and
attached to an over-head body-weight support system in
order to prevent falls. No support was provided by the sys-
tem during the tests. Some subjects did, however, sit down
in the harness between trials to rest their support leg.
Additionally, a heart rate monitor was placed around the
subject's chest which was repeatedly checked during test-
ing by a physical therapist to ensure the exertions did not
elevate the subject's heart rate to unsafe levels. A monitor

for biofeedback was placed in front of the subjects to rein-
force exertions along each joint axis.

Electromyographic (EMG) recordings were collected
using a Bagnoli-8 EMG system (Delsys, Inc., Boston, MA)
with surface electrodes placed above the muscle belly's of
the tibilias anterior, gastrocnemius, biceps femoris, vastus
medialis, rectus femoris, gluteus maximus, gluteus
medius, and adductor longus, and a common reference
electrode placed on the patella. Electrode sites were
abraded with a rough sponge and cleaned with isopropyl
alcohol. The Ag-AgCl electrodes (contact dimension 10
mm × 1 mm, contact spacing 10 mm) were prepped with
adhesive stickers and electrode gel. The preamplifiers pro-
vided a gain of ×10+-2%, the amplifiers a gain selectable
from ×100 to ×10,000 with a bandwidth of 20–450 Hz.

Experimental Set-upFigure 1
Experimental Set-up. A. Subjects were secured in a standing position with foam bumpers pinching the hips from four sides 
and a safety harness prevented subjects from slipping down. The subject's foot was attached to a boot that was fixed to a six 
DOF load cell that would measure joint torques about the hip, knee and ankle. A monitor provided feedback on the torque 
generated in the primary joint direction. EMG activity was recorded from eight muscles. B. Photograph of experimental setup.

                                A                                                           B
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The common mode rejection ratio was >80 dB at 60 Hz
and the input impedance was >1015//0.2 ohm//pF.

EMG data, along with the forces and torques from the
load cell, were anti-alias filtered at 500 Hz prior to sam-
pling at 1000 Hz using a 16-bit data acquisition board
(Measurement Computing, PCI-DAS 6402, Middleboro,
MA) and custom data acquisition software written in Mat-
lab (Mathworks Inc. Natick, MA) and stored for later anal-
ysis.

Protocol
Subjects were asked to generate maximum voluntary tor-
ques (MVTs) about eight different joint directions (ankle,
knee, and hip flexion and extension, as well as hip abduc-
tion and adduction). For each joint direction, the subject
was allowed to practice until they understood the task,
after which three trials were recorded. Subjects were
watched closely to make sure that they maintained their
legs in the proper geometry. Trials were discarded and re-
collected if subjects attempted to change leg geometry in
order to achieve maximum torques. A minimum of one
minute rest period was given between each trial. The sub-
jects would start in a relaxed state and slowly ramp up to
a maximum which was held for approximately 4 seconds.
Visual feedback of the torque generated only along the
desired direction was provided by a speedometer style dis-
play on the monitor. The order of joint movements was
selected to minimize subject fatigue (hip adduction, knee

flexion, hip extension, ankle flexion, hip abduction, knee
extension, hip flexion, ankle extension). All subjects fol-
lowed the same order of selected joint torques. Verbal
encouragement and instructions were provided through-
out the experiment.

Data analysis
For each trial the MVT, or primary torque, as well as the
three secondary torques were measured along with the
EMG data from the eight selected muscles. The different
joint torques were computed by taking the forces and tor-
ques measured by the load cell (denoted frame {o}) and
transforming them back to the different joints using a
homogeneous transformation matrix [28]. From the load
cell, ankle torques can be calculated from:

where  is a 3 × 3 rotation matrix from {o} to {a},

 is a 3 × 3 skew matrix from {o} to {a}, and Fi

and Ti denote force and torque in each respective frame.

Ankle forces and moments can then be transformed back
to the knee as:
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Table 1: Clinical Characteristics of Subjects

Group Gender Age (years) Paretic Leg Tested Months Post-Stroke Synergy Control 
(max. = 22)

Fugl-Meyer Score %

Stroke Survivors F 30 R 39 13 79
F 36 R 26 21 88
F 48 R 13 21 68
F 51 L 54 21 91
F 53 L 36 6 53
F 57 L 26 20 53
F 64 R 14.5 9 88
M 44 R 149 17 71
M 50 R 194 16 53
M 50 R 29 14 56
M 55 R 34 10 68
M 56 R 30 15 47
M 59 L 13.5 16 44
M 63 L 23 11 47
M 68 L 20 19 47
M 69 R 18.5 11 76

Stroke 9 male 53.31 10 right leg 44.97 15 64.34
Average 7 female (+/-10.68) 6 left leg (51.18) (4.72) (16.46)

Control Average 9 male 7 
female

57.13 (+/-
8.85)

10 right leg 6 left leg / / /

Standard Deviation in parenthesis
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And from the knee to hip as:

The skew and rotation matrices are formed from anatom-
ical measurements while the subject is in the setup (shank
and thigh lengths, knee and shank angles).

A MVT was defined as the peak torque sustained for 200
ms observed across any one of the 3 trials for that primary
joint direction. The corresponding secondary torques
exerted along the other joint axes during the 200 ms MVT
window were also identified. For example, during maxi-
mum voluntary knee flexion exertions, secondary torques
consisted of those generated along the ankle flexion-
extension axis, hip flexion-extension axis, and hip abduc-
tion-adduction axis. Secondary torques generated during
all trials were normalized to the MVT measured for that
particular joint direction. Cases where a secondary torque
exceeded 100% MVT indicated that the subject generated
less torque while attempting to maximize that particular
direction than when they were trying to maximize a differ-
ent direction.

The EMG activity from the eight selected muscle groups
was band-pass filtered (20–450 Hz), full-wave rectified,
and then smoothed using a 200-point RMS algorithm.
Each EMG trace was then normalized to the maximum
EMG value observed across all trials for the respective
muscle. This allowed for muscle activity demonstrated
during the 200 ms MVT window to be expressed as the
percentage of peak activity observed in each muscle.

Statistical analysis
A single factor ANOVA was used to compare the means of
the chronic stroke subjects to the control subjects for each
of the eight primary joint torque directions. A single factor
ANOVA was used to compare the mean secondary tor-
ques, as well as the mean EMGs, between the stroke and
control groups. An independent Student's t-test was used
to identify secondary torques that were significantly
greater than zero (P < 0.05). Correlations (Pearson's, 2-
tailed) between joint torque were found by grouping all
data from the eight primary torque directions and com-
paring all instances of one torque direction with the activ-
ity at the other three joints. For example, all instances of
hip abduction were compared with the torques of the hip,
knee and ankle, regardless if it was flexion or extension.

Statistical analyses was performed with the software pack-
age SPSS (SPSS Inc, Chicago, IL) and a confidence level of
0.05 was used for all comparisons.

The role of co-activation of antagonistic muscles on
observed joint weakness was investigated by computing a
co-contraction index (CI) for each primary torque direc-
tion as follows:

where PCSA is the physiological cross sectional area of the
healthy adult muscle [29]. The total activity demonstrated
in the agonist muscle groups divided by the total muscle
activity demonstrated in the antagonistic muscle groups
results in the CI for that primary torque direction. One or
more of the eight muscles recorded from were regarded as
agonist/antagonist muscles for each primary torque direc-
tion (ankle flexor – tibilias anterior, ankle extensor – gas-
trocnemius, knee flexors – gastrocnemius and biceps
femoris, knee extensors – vastus medialis and rectus fem-
oris, hip flexor – rectus femoris and adductor longus, hip
extensors – gluteus maximus and biceps femoris, hip
abductor – gluteus medius, hip adductor – adductor lon-
gus and gluteus maximus). It was important to scale the
muscle activity by the PCSA since activity in large muscle
groups generated significantly higher forces than activity
in muscles with smaller cross-sectional area. The CI is a
simple numerical measure of how much co-activation of
antagonistic muscle groups subjects exhibit. Low CI
occurs when subjects simultaneously activate agonist and
antagonist muscle groups, whereas high CI is indicative of
low levels of co-contraction. High levels of co-contraction
(Low CI) would result in decreasing levels of torque
exerted at the joint. A single factor ANOVA test was used
to compare the mean CI values of the chronic stroke sub-
jects to the control subjects with a significance level of p <
0.05.

Results
Maximum voluntary torque
The maximum voluntary primary torques for the eight
joint directions are shown in figure 2. The stroke group
was significantly weaker (p < 0.05) for all joint directions
except for knee extension and hip flexion. The average
stroke hip flexion torque was less than the control group,
but with a higher variability. The average stroke knee
extension torque was actually larger than the control
group, but again, with a higher variability.

Secondary torque and EMG patterns
Figures 3 through 6 show the normalized secondary
torque patterns as well as the normalized EMG activity for
all control subjects and all but one stroke subject during
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the eight different primary directions. EMG data for one
stroke subject was improperly collected and has hence
been omitted. The stick figure diagrams illustrate the sec-
ondary torque generation that was significantly greater
than zero (P < 0.05). A more detailed discussion of the dif-
ferent joint directions is presented below.

Ankle flexion/extension
As illustrated in Figure 3, during ankle flexion, both con-
trols and stroke subjects generated knee extension and hip
flexion secondary torques. While generating maximal
ankle flexion, the stroke subjects had significantly less
tibilias anterior activity but significantly greater gastrocne-
mius, biceps femoris, gluteus maximus, and gluteus
medius activity. During maximal ankle extension exer-
tions, the stroke subjects generated a knee flexion second-
ary torque that was significantly higher than the control
subjects (p < 0.05). The EMG pattern on the right side of
figure 3 shows that the stroke subjects had significantly
less gastrocnemius muscle activity and significantly
greater tibilias anterior, biceps femoris, vastus medialis,
rectus femoris, gluteus maximus, and adductor longus
muscle activity during maximal ankle extension exertions.

Knee flexion/extension
During maximal knee flexion exertions, both groups gen-
erated ankle extension, hip extension and hip adduction
secondary torques that were not different from each other
(Figure 4). Interestingly, the stroke subjects had signifi-
cantly greater gluteus maximus, and gluteus medius activ-

ity during maximum knee flexion exertions despite the
fact that they did not produce larger hip extension second-
ary torque. For knee extension, both groups produced
ankle flexion, hip flexion and hip abduction secondary
torques however the ankle flexion secondary torque was
significantly larger in the stroke group, and significantly
greater than 100%. The hip flexion secondary torque was
also greater than 100% in the control group but not signif-
icantly different than the stroke group. The EMG pattern
illustrates that the stroke group had a greater gastrocne-
mius and biceps femoris activity during knee extension
MVT.

Secondary Torques During Ankle Flexion/ExtensionFigure 3
Secondary Torques During Ankle Flexion/Extension. 
The top graphs show the secondary joint torques for the 
stroke (red) and control (blue) groups expressed in %MVT 
for ankle flexion (left) and ankle extension (right). The stick 
figures show the primary joint direction (green) as well as the 
secondary torques of the control (blue) and stroke (red) for 
the secondary joint torques that are significantly greater than 
zero. Abduction is denoted as a circled dot (out of the page), 
adduction is denoted a circled X (into the page). The bottom 
graph shows the EMG activity for the stroke (red) and con-
trol (blue) groups expressed in % maximum value during 
ankle flexion MVT (left) and ankle extension MVT (right). 
Error bars represent 95% confidence interval. Significant dif-
ferences between groups (p < 0.05) are denoted *. Tib Ant – 
tibilias anterior, Gas – gastrocnemius, Bi Fem – biceps femo-
ris, Vast Med – vastus medialis, Rect Fem – rectus femoris, 
Glut Max -gluteus maximus, Glut Med – gluteus medius, Add 
Long – adductor longus.
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Maximum Voluntary TorquesFigure 2
Maximum Voluntary Torques. The maximum voluntary 
joint torques for the stroke (red) and control (blue) groups 
expressed in Newton meters for the eight primary directions 
ankle flexion through hip adduction. Error bars represent 
95% confidence interval. Significant differences (p < 0.05) are 
denoted *.
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Hip flexion/extension
Figure 5 illustrates the secondary torques generated during
hip flexion, where it can be seen that neither group gener-
ated significant secondary torques. However the stroke
group produced greater activity in the gastrocnemius,
biceps femoris, rectus femoris, gluteus maximus, and glu-
teus medius muscles. During hip extension MVT, both
groups produced a secondary knee flexion torque and the
control group produced additional ankle extension and

hip adduction secondary torques that were not signifi-
cantly different from the stroke. The EMG pattern in figure
5 shows that the stroke group had greater gastrocnemius
and gluteus medius activity during hip extension MVT.

Hip abduction/adduction
During hip abduction, the control group produced a hip
extension secondary torque while the stroke group pro-
duced a hip flexion secondary torque, the difference being
significantly different (Figure 6). During hip abduction
MVT, the stroke subjects had significantly greater gastroc-

Secondary Torques During Hip Flexion/ExtensionFigure 5
Secondary Torques During Hip Flexion/Extension. 
The top graphs show the secondary joint torques for the 
stroke (red) and control (blue) groups expressed in %MVT 
for hip flexion (left) and hip extension (right). The stick fig-
ures show the primary joint direction (green) as well as the 
secondary torques of the control (blue) and stroke (red) for 
the secondary joint torques that are significantly greater than 
zero. Abduction is denoted as a circled dot (out of the page), 
adduction is denoted a circled X (into the page). The bottom 
graph shows the EMG activity for the stroke (red) and con-
trol (blue) groups expressed in % maximum value during hip 
flexion MVT (left) and hip extension MVT (right). Error bars 
represent 95% confidence interval. Significant differences 
between groups (p < 0.05) are denoted *. Tib Ant – tibilias 
anterior, Gas – gastrocnemius, Bi Fem – biceps femoris, Vast 
Med – vastus medialis, Rect Fem – rectus femoris, Glut Max -
gluteus maximus, Glut Med – gluteus medius, Add Long – 
adductor longus.
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Secondary Torques During Knee Flexion/ExtensionFigure 4
Secondary Torques During Knee Flexion/Extension. 
The top graphs show the secondary joint torques for the 
stroke (red) and control (blue) groups expressed in %MVT 
for knee flexion (left) and knee extension (right). The stick 
figures show the primary joint direction (green) as well as the 
secondary torques of the control (blue) and stroke (red) for 
the secondary joint torques that are significantly greater than 
zero. Abduction is denoted as a circled dot (out of the page), 
adduction is denoted a circled X (into the page). The bottom 
graph shows the EMG activity for the stroke (red) and con-
trol (blue) groups expressed in % maximum value during 
knee flexion MVT (left) and knee extension MVT (right). 
Error bars represent 95% confidence interval. Significant dif-
ferences between groups (p < 0.05) are denoted *. Tib Ant – 
tibilias anterior, Gas – gastrocnemius, Bi Fem – biceps femo-
ris, Vast Med – vastus medialis, Rect Fem – rectus femoris, 
Glut Max -gluteus maximus, Glut Med – gluteus medius, Add 
Long – adductor longus.
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nemius and biceps femoris activity than the control sub-
jects. For hip adduction MVT, none of the secondary
torques were significantly different. The EMG pattern on
the right side of figure 6 illustrates how the stroke group
had greater gastrocnemius, vastus medialis, rectus femo-
ris, gluteus maximus, and gluteus medius activity than the
control subjects during hip adduction MVT.

Summary of secondary torques
For each group the secondary torques significantly greater
than zero for the eight primary joint directions (figures 3

through 6) are summarized in Table 2. For each primary
joint direction listed on the left, the secondary torques sig-
nificantly greater than zero are marked with an 'X'. Addi-
tionally, significant correlations (p < 0.05) between joint
torques within each group are marked with an 'O'. To find
these correlations all instances (primary or secondary) of
a torque were pooled and compared to the other three
joint torques. For example, all trials where ankle flexion
was present were pooled and ankle flexion was compared
to knee flexion/extension, hip flexion/extension, and hip
abduction/adduction. The arrangement of rows and col-
umns in Table 2 leads to the grouping of the primary joint
directions into synergies. These synergies are based on the
direction of the moment arm of the joint torque in the
sagittal plane. Ankle flexion, knee extension, and hip flex-
ion secondary torques are grouped as the Anterior Synergy
while ankle extension, knee flexion, and hip extension are
grouped as the Posterior Synergy. The frontal plane joint
torques of hip abduction and adduction are differently
grouped. Hip adduction is part of the posterior synergy in
the control group but not part of any synergy in the stroke
group. Hip abduction is part of the anterior synergy in the
stroke group but part of the posterior synergy in the con-
trol group.

Co-contraction index
Figure 7 shows the co-contraction index for the eight pri-
mary torque directions. The stroke group produced a sig-
nificantly lower index, and thus greater co-contraction of
antagonistic muscle groups during ankle flexion, ankle
extension and knee extension. This was especially true
during ankle extension where the stroke subjects exerted
significantly higher tibialis anterior activity than the con-
trol subjects.

Discussion
Primary joint torques
As expected, stroke subjects were weaker than age-
matched controls for ankle flexion and extension, hip
extension, abduction and adduction, and knee flexion.
Surprisingly there were no significant differences in hip
flexion and knee extension. Even more surprising was that
the stroke subjects were, on average, stronger than the
control group in knee extension. Median analysis con-
firms that this is not just the result of a few exceptional
stroke subjects. The median stroke knee extension torque
was 90.60 Nm while the median control knee extension
torque was 81.01 Nm. A closer inspection of the stroke
subjects that generated large knee extension or hip flexion
torques reveals that these stroke subjects were only
stronger in one joint direction, and often generated below
average MVT in the other joint directions tested. It is not
unreasonable for an ambulatory, active stroke subject to
use knee extension as part of a compensatory strategy, and

Secondary Torques During Hip Abduction/AdductionFigure 6
Secondary Torques During Hip Abduction/Adduc-
tion. The top graphs show the secondary joint torques for 
the stroke (red) and control (blue) groups expressed in 
%MVT for hip abduction (left) and hip adduction (right). The 
stick figures show the primary joint direction (green) as well 
as the secondary torques of the control (blue) and stroke 
(red) for the secondary joint torques that are significantly 
greater than zero. Abduction is denoted as a circled dot (out 
of the page), adduction is denoted a circled X (into the page). 
The bottom graph shows the EMG activity for the stroke 
(red) and control (blue) groups expressed in % maximum 
value during hip abduction MVT (left) and hip adduction MVT 
(right). Error bars represent 95% confidence interval. Signifi-
cant differences between groups (p < 0.05) are denoted *. 
Tib Ant – tibilias anterior, Gas – gastrocnemius, Bi Fem – 
biceps femoris, Vast Med – vastus medialis, Rect Fem – rec-
tus femoris, Glut Max -gluteus maximus, Glut Med – gluteus 
medius, Add Long – adductor longus.
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over time, have it be as strong, or stronger, than an age-
matched control.

Other factors influencing MVT, such as age, sex, or time
post stroke were checked, but no significant correlation

was found. However such conclusions are somewhat lim-
ited due to our sample size.

Secondary joint torque patterns
Abnormal coordination patterns in the upper limbs of
hemiparetic stroke subjects have been quantified as the
generation of torque in joints secondary to the primary
joint axis [22]. When this analysis of secondary joint tor-
ques was applied to the lower limbs of cerebral palsy sub-
jects, abnormal secondary torques were produced at the
hip and knee [23] which were consistent with the classi-
cally defined extension synergy [15,16,30]. Presented here
is evidence that such classically defined extension and
flexion synergy patterns are not present in the lower limbs
of chronic stroke subjects while in a functionally relevant
standing, weight bearing position.

Torque patterns of healthy subjects
When asked to generate MVTs along the hip, knee, and
ankle flexion and extension axes, the healthy control sub-
jects produced secondary torques in the directions that
were consistent with both the mechanical demands of the
task and the physical properties of the musculature of the
legs. For instance, when asked to generate a maximum
knee extension torque, healthy subjects produced second-
ary hip and ankle flexion torques. So the presence of pos-
itive secondary torques of hip and ankle flexion are
consistent with mechanical demands of the task. Not sur-
prisingly healthy subjects had a high level of rectus femo-

Table 2: Secondary Torque Synergies

Control Ankle 
Flexion

Knee 
Extension

Hip Flexion Hip 
Abduction

Hip 
Adduction

Ankle 
Extension

Knee 
Flexion

Hip 
Extension

Primary 
Torque

Ankle Flexion X X

Knee Extension X O X O X
Hip Flexion O

Hip Abduction X O X O
Hip Adduction X O X O O

Ankle Extension X
Knee Flexion X O X O X O
Hip Extension X O X O X O

Stroke

Ankle Flexion X O X O
Knee Extension X O X O X

Hip Flexion O O
Hip Abduction O O X O
Hip Adduction

Ankle Extension X
Knee Flexion X O O
Hip Extension O X O

Anterior Synergy Posterior Synergy

Co-contraction IndexFigure 7
Co-contraction Index. Cocontraction index for the eight 
primary joint torques. Larger values represent lower levels of 
cocontraction. Error bars represent 95% confidence interval. 
Significant differences between groups (p < 0.05) are denoted 
*.
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ris activity during knee extension MVT. The rectus femoris
is known as both a knee extensor and hip flexor so the
generation of secondary hip flexion during knee extension
is consistent with the physical properties of the leg muscu-
lature. This led to the grouping of the sagittal plane tor-
ques into two synergies. The posterior synergy consisted
of hip extension, knee flexion, and ankle extension while
the anterior synergy consisted of hip flexion, knee exten-
sion, and ankle flexion.

When asked to generate MVTs in the frontal plane joint
directions of hip abduction and adduction, healthy sub-
jects produced secondary torques that were not necessarily
consistent with the physical properties of the musculature
of the legs. The adductor longus is known as a hip flexor
as well as adductor, but during high levels of adductor
longus activity there was no production of significant hip
flexion torque. However, the lower fibers of the gluteus
maximus are known to adduct the hip [31] and during
high gluteus maximus activity, there were significant sec-
ondary hip adduction torques. To further classify the
torque patterns of healthy subjects in the frontal plane
(joint exertions of hip abduction and adduction) a sum-
mary chart of significant secondary torques and correlated
joint moments was constructed. Table 2 shows that hip
adduction torque was correlated to knee flexion torque
(marked 'O'), whereas hip adduction secondary torques
were present during knee flexion and hip extension MVTs
(marked 'X'). This led to classifying hip adduction as part
of the posterior synergy. Even though hip abduction sec-
ondary torques were produced during a MVT of an ante-
rior synergy component (knee extension) it has been
classified as part of the posterior synergy because hip
abduction torque was correlated to knee flexion and hip
extension. The presence of hip abduction secondary tor-
ques during ankle extension MVT further justifies the pos-
terior synergy classification.

Torque patterns of chronic stroke subjects
During MVTs in the sagittal plane, chronic stroke subjects
showed no evidence of the classic extensor and flexor syn-
ergies and behaved similarly to the healthy subjects. The
torque patterns of the chronic stroke subjects differed
from the healthy subjects only during hip abduction MVT.
While healthy subjects produced significant hip extension
torques, chronic stroke subjects produced significant hip
flexion torque. This abnormal coupling of hip abduction
and hip flexion is consistent with the classically defined
flexion synergy.

A closer investigation into the secondary torque patterns
generated during knee extension revealed that secondary
torques were sometimes larger than the torques generated
voluntarily. While we cannot conclude this origin for cer-
tain, we postulate that a strategy used to generate a MVT

may unknowingly involve certain levels of co-contraction
that would reduce the net torque. That is, it could be that
the agonist muscles may be more active and the antago-
nistic muscles more relaxed during a strategy used to gen-
erate a MVT about a different joint. This would result in a
net secondary torque that is larger than a net primary
torque. This is not too unusual in the case of chronic
stroke subjects generating secondary ankle flexion
moments twice as large as their voluntary maximums. The
majority of the stroke subjects had poor control at their
ankle and often struggled to produce substantial ankle
flexion torque. However while concentrating on knee
extension exertions, any small increase in a synergistic
ankle flexion exertions would be a rather large percentage.
The slight increase in tibilias anterior activity from 35.32
% maximum during ankle flexion MVT to 38.78% maxi-
mum during knee extension MVT further supports this.
Unfortunately this phenomena gets a little more unusual
when the levels of co-contraction are compared. A recalcu-
lation of ankle co-contraction index during knee exten-
sion MVT generation shows that there is a similar amount
of co-contraction about the ankle during both voluntary
ankle flexion (0.393 +/- 0.279 stdv) and voluntary knee
extension (0.396 +/- 0.378 stdv), although recordings of
the superficial leg muscles were made. It is likely that had
more muscles been recorded from (e.g. soleus) a better
understanding for the observed behavior could be
explained.

The interesting finding that in control subjects, hip flexion
secondary torques were greater than 100% MVT might be
explained by the activity of the rectus femoris. During hip
flexion MVT control subjects seamed to rely on moderate
levels of both rectus femoris (42% maximum) and adduc-
tor longus (52% maximum) to achieve hip flexion tor-
ques. But during knee extension MVT the rectus femoris
activity of the control subjects was higher (54% maxi-
mum). A recalculation of hip co-contraction index during
knee extension MVT shows that there is less co-contrac-
tion about the hip during voluntary knee extension (3.58
+/- 1.39 stdv) than during voluntary hip flexion (2.73 +/-
0.68 stdv). However these findings are not significantly
different and had more muscles been recorded from a bet-
ter understanding for the observed behavior could be
explained.

Weakness in chronic stroke
In a functionally relevant standing position, chronic
stroke subjects produced significantly lower torques in six
of the eight joint directions tested. Weakness in stroke has
been attributed to inadequate recruitment of motorneu-
ron pools [1,4,6] spasticity [10,11], disuse atrophy [3] and
the co-contraction of antagonists [7-9]. In an attempt to
quantify the amount of co-contraction during the genera-
tion of MVTs a co-contraction index was calculated. The
Page 10 of 11
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chronic stroke subjects produced significantly more co-
contraction during ankle flexion and ankle extension
which may partially explain the joint torque deficits in
those directions. But the stroke subjects produced signifi-
cantly more co-contraction during knee extension even
though they produced a similar level of torque. While
inadequate recruitment of motorneuron pools can not be
ruled out, it does appear that the co-contraction of antag-
onistic muscle groups may at least contribute to the
observed weakness in the chronic stroke subjects tested.
This is consistent with our previous work that demon-
strated significant co-activation of antagonistic muscle
groups in acute stroke subjects [27].

Conclusion
Presented here for the first time is a quantitative analysis
of lower limb weakness and synergy patterns of chronic
stroke subjects in a functionally relevant standing weight-
bearing position. In a standing position with added ves-
tibular inputs, stroke subjects showed little evidence of
the classic abnormal synergy patterns in seven of the eight
directions tested. The findings here suggest that the pri-
mary contributor to lower limb motor deficits in chronic
stroke subjects is weakness, which is at least partially due
to co-contraction of antagonistic muscles.
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The presence of robotic devices in rehabilitation centers is now becoming commonplace across the world, challenging
heath care professionals to rethink treatment strategies for motor impairment in hemiparetic stroke patients. In this article,
we will discuss some of the motivations for using these devices, review clinical outcomes following robotic-assisted training
in both the upper and lower extremities, and detail how these devices can provide quantitative evaluations of function. We
will also address the clinical issues that need to be considered when using robotic devices to treat stroke patients, and finally
a vision of where this field is heading will be discussed. Key words: gait, stroke, rehabilitation, robotics
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Over the last decade, the integration of
robotic devices into neurorehabilitation
centers across the world has reshaped

clinical strategies when considering treatment
options for individuals with motor impairments
resulting from neurological injuries. What began
as proof-of-concept testing in the 1990s has
evolved into widespread acceptance among many
researchers and clinicians. Today, robotic devices
are being used as rehabilitative tools for treating
physical impairments in both the upper and lower
limbs. Because these devices have precise
instrumentation that measures variables such as
position and forces, they are also being used to
diagnose and assess motor impairments such as
spasticity, tone, and strength with great accuracy.
Because they are driven with mechanical motors,
these devices can automate repetitive tasks such as
passive ranging, active reaching, and gait training
in time-unlimited durations. Furthermore, in
instances where more than one therapist is
necessary to provide a therapeutic intervention,
such as gait training a severely impaired acute
stroke patient, robotic devices may also help
reduce health care costs. It must be emphasized
that the goal of introducing rehabilitation robots
into clinics is not to replace physical and
occupational therapists, but rather robots are a
complement to existing treatment options.

Although there are numerous potential benefits
to adopting these technologies into the rehabilita-

tion setting, there are also some potential draw-
backs, including safety, clinician and patient ac-
ceptance, and the ability to bill for time on these
devices. Because rehabilitation robots come with
state-of-the-art technology, the up-front costs can
be overwhelming for smaller centers.

In this review article, we will discuss some of the
key findings and contemporary issues surrounding
the introduction of robotic devices into
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neurorehabilitation programs targeting hemi-
paretic stroke patients. First, the motivation and
potential benefits of using rehabilitation robotics
will be discussed. Then, clinical outcomes follow-
ing robotic training programs will be presented
and interpreted for both the upper and lower ex-
tremities. Next, we will discuss how these devices
can be used as diagnostic tools that provide quan-
titative evaluations of function. A discussion of the
clinical considerations that need to be taken into
account when using robotic devices to treat stroke
patients will be outlined, and finally a vision of
where this field is heading will be proposed.

Motivation

The idea of massed-practice therapy is not a new
concept in the world of rehabilitation profession-
als; it is used in various forms throughout occupa-
tional and physical therapy. One obvious limita-
tion with this type of intervention from a health
care cost perspective is that it is often quite labor
intensive, requiring one-on-one therapist–patient
interactions for highly impaired individuals. For
example, manual-assisted gait training often re-
quires multiple therapists, and even then it places
excessive physical demands on the therapists that
sometimes result in repetitive strain injuries, lower
back problems, and extreme fatigue. It would be
difficult if not impossible for even the most profi-
cient and skilled therapist to maintain high-quality
therapy across a full case load of patients who
require this type of attention.

One of the main motivations for developing re-
habilitation devices is to automate or assist inter-
ventions that normally require multiple therapists
or that are extremely physically demanding. For
example, during reach-to-grasp tasks, the robot
can provide visual cues to the patient and then
assist the movement if they are unable to complete
the task.1 As the patient regains function, the robot
can make the task more challenging by adding
resistance during the movements or perhaps add-
ing obstacles the patient must navigate through or
avoid. Because the movements are guided by an
actuated device, the number of reaches is not lim-
ited in time or duration.

Another potential benefit of integrating these

devices into rehabilitation clinics is that rehabilita-
tion robots are able to accurately measure and
track the patient’s impairments over the course of a
therapeutic intervention. Clinical scales such as
FIMTM,2* Ashworth,3 and others are subjective and
often suffer from poor interrater reliability.4 Ro-
botic devices can monitor or measure numerous
behaviors within a session and across sessions,
making it possible for the therapist to track im-
provements and also justify their time to health
care providers and payers.

There is little doubt that our population is aging;
it is projected that the size of the elderly popula-
tion (those 65 years or older) will rise from ap-
proximately 33+ million (12.7% of US population
in 1999) to 53 million in 2020 and 77 million by
2040.5 From a health care cost perspective, this
trend is troubling because, after the age of 55, the
probability of suffering a stroke doubles with each
decade,6 and more than half of all stroke survivors
are left with some long-term disability.6 In parallel,
economic pressures are forcing rehabilitation cen-
ters to treat patients in shorter periods of time.
Often patients are discharged while they are con-
tinuing to make functional gains. Because the du-
ration of inpatient stays at rehabilitation hospitals
is decreasing and the number of outpatient
therapy sessions is being continuously reduced, it
is imperative to optimize the therapy patients are
able to receive in the limited time window avail-
able to our clinicians and therapists.

Robot Therapy Clinical Outcomes

Since the concept of using robotic devices to
deliver goal-directed physical therapy was first ex-
plored through a number of small controlled stud-
ies in the mid 1990s,7,8 dozens of trials have been
conducted in both the upper and lower limbs.
Here, we present summaries of both upper and
lower limb studies that have looked at the effec-
tiveness of robotic rehabilitation in facilitating the
restoration of function in hemiparetic stroke survi-
vors (see also refs. 9, 10, and 11 for reviews).

*FIMTM is a trademark of the Uniform Data System for Medical
Rehabilitation, a divison of UB Foundation Activities, Inc.
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Upper limb robotic rehabilitation

Although there have been numerous devices de-
signed to deliver arm therapy in individuals with
neurological injuries, we highlight three that have
undergone extensive testing with hemiparetic
stroke subjects: MIT-MANUS,8,12,13 ARM-GUIDE,14

and MIME.15,16

MIT-MANUS

The MIT-MANUS was developed at the Massa-
chusetts Institute of Technology in the early
1990s12 with the goal of determining whether re-
petitive reaching exercises using a robotic device
can enhance recovery of the arm function in
hemiparetic stroke survivors. The MANUS, as
shown in Figure 1, allows subjects to execute
reaching movements in the horizontal plane. Dur-
ing movements, the device can assist or resist the
subject and monitor arm position and applied
forces. The manner in which the MANUS interacts
with the subject is intended to be safe, stable, and
compliant throughout the training paradigm.

A collection of cumulative studies utilizing the
MIT-MANUS have been published for acute8,13,17–19

hemiparetic stroke subjects with the goal of deter-
mining whether subjects who receive robotic-as-
sisted arm therapy coincident with their conven-

tional therapy make greater improvements in up-
per limb function than those who receive “sham”
robot therapy along with their conventional
therapy. In each of these studies, the robot-trained
subjects used the MANUS to reach toward various
targets across their workspace; if they were unable
to complete the movement, the robot assisted
them. On average, three packets of 20 repetitions
were done with the impaired limb, totaling 4–5
hours per week over a 7-week period. The sham
group received 1 hour of additional therapy per
week, where they used the device for 30 minutes
with their unimpaired arm and the other 30 min-
utes with their impaired arm. The motors on the
MANUS were not turned on so that if these sub-
jects did not complete their intended movement,
they used their unaffected limb to assist the af-
fected limb complete the task.

Evaluation of upper limb motor impairment and
ability to carry out functional tasks was done be-
fore and after the intervention and included the
FIM2; subset of the upper limb Fugl-Meyer (FM)
functional impairment scale20; strength in the bi-
ceps, triceps, anterior, and posterior deltoid
muscles using the Medical Research Council Mo-
tor Power (MP) scale; and Motor Status Score
(MSS) for the shoulder-elbow complex (MSS-SE)
and wrist-hand complex (MSS-WH).21

After testing 96 acute stroke subjects (average of 2

Figure 1.  MIT-MANUS (Interactive Motion Technologies, Cambridge, MA).
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weeks post stroke at enrollment) at the Burke Reha-
bilitation Hospital (White Plains, NY) through a
double-blinded study, it was found that the robot-
trained group demonstrated significantly greater
gains in elbow and shoulder motor function (MSS-
SE, p < .001) and elbow and shoulder strength (MP,
p < .005) than the sham control group. No signifi-
cant differences were between groups were ob-
served in Fugl-Meyer scores at the shoulder, elbow,
wrist, or hand nor were there differences in FIM or
motor function (MSS-WH) at the wrist and hand. A
3-year follow-up study evaluating 12 of the first 20
subjects enrolled in the study found that there were
no significant differences in any of the outcome
measures described earlier except for shoulder-el-
bow motor status score (MSS-SE, p < .05).

Recent studies have explored the idea of using
the MIT-MANUS in chronic subjects22,23 and have
found similar trends. That is, even in the chronic
stages of their injury, subjects are able to improve
shoulder and elbow function after training for 6
weeks with the robot. Furthermore, these gains
were sustainable for at least 4 months, which sug-
gests that long-term improvements in function are
achievable even in the chronic stages of stroke.

Even though these studies demonstrate func-
tional improvements in both acute and chronic
stroke subjects following training on the MIT-
MANUS arm robot, a few points of contention
need to be raised. First, in the acute studies pre-
sented here, the control group only received 1
hour of extra therapy per week while the robot-
trained group received approximately 5 hours. Of
this 1 hour of therapy, 30 minutes were spent
training the unimpaired arm. So it is questionable
whether true comparisons should be drawn be-
tween the two types of interventions. Further-
more, Volpe et al.18 noted that the control group
had significantly lower FIM motor and cognitive
scores, and, while not statistically significant, there
was a trend for the lesion volumes to be larger in
the control group than in the robot-trained group.
Each of these issues may raise questions about
whether robot therapy with the MIT-MANUS is
more effective than conventional therapy, but
there is little doubt that the robot-trained group
demonstrated statistically significant gains in func-
tion after repeated sessions with the device.

ARM-GUIDE

One possible limitation with the MIT-MANUS is
that it emphasizes training within the horizontal
plane. Subjects who trained on the MANUS did
demonstrate improvements in shoulder strength
and function, but some researchers have hypoth-
esized that training in a three-dimensional
workspace may enhance these functional gains.
Reinkensmeyer et al.14,24,25 developed a trombone-
like device called the Assisted Rehabilitation and
Measurement Guide (ARM-GUIDE) that allows
stroke subjects to reach along a rail, which in turn
can be positioned so that the subjects’ reaching
motion can be neutral to gravity or can work against
gravity (Figure 2). Like the MIT-MANUS, the de-
vice is actuated with a motor that can assist or resist
the subject’s motion and is also instrumented to
monitor hand position and speed. A 6-degree of
freedom force sensor is mounted just below the
handle so that forces exerted by the subject along
the rail and also orthogonal to the desired motion
can be quantified. The device can be adjusted in
the elevation and yaw axes, and the extent of the
movement can also be controlled. The device con-
tinues to be used as both a diagnostic tool (see the
section, “Robot Therapy Clinical Outcomes”) and
a treatment tool for addressing arm impairment in
hemiparetic stroke subjects.

A small controlled study was carried out that
compared long-term arm training on the ARM-
GUIDE to a control group that executed free-
reaching movements.26 In this study, a group of
chronic stroke subjects (more than 1-year post
stroke) were trained; six subjects used the ARM-
GUIDE and four acted as controls. The ARM-
GUIDE group reached toward targets arranged
across their reaching workspace with their im-
paired arm. In this setting, the ARM-GUIDE was
pointed toward the selected target; after receiving a
visual cue, the subject was instructed to try and
reach toward the target as fast as possible. If the
hand velocity of the subject followed a predeter-
mined hand trajectory, then the motor on the
ARM-GUIDE provided no assistance. However, if
the subject reached either too fast or too slow, the
device resisted or assisted the movement, respec-
tively. In this setting, the subjects’ goal was to
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follow a prescribed velocity path that spanned
their range of motion. Graphical feedback of their
hand position was provided during each reach.

The control group executed free reaching toward
targets arranged on a wall that were similar in direc-
tion as the targets used in the ARM-GUIDE group.
Here, the subjects were not constrained to move
along any path; they were simply asked to reach
toward the various targets at a comfortable speed.
Each trial began with the hand of their impaired arm
resting on their lap. A Flock of Birds (Ascension
Technology Corporation, Milton, VT) sensor was
placed on the back of the subjects’ hand to monitor
their reach trajectory. Visual feedback was also pro-
vided to this group after they completed a sequence
of reaches.

Both groups were trained 3 days per week for 8
weeks, totaling 24 sessions. Evaluations of perfor-
mance were done prior to and following training
using the Chedoke-McMaster Upper Extremity
Stroke Assessment Scale27 for monitoring arm
function and the Rancho Los Amigos Test28 for
evaluating each subject’s ability to carryout every-
day tasks. Subjects also carried out passive and
active tests on the ARM-GUIDE to measure passive

limb mechanics and voluntary reach range and
speed.

It was found that both subject groups improved
in the Chedoke-McMaster and Rancho Los Amigos
Tests; however, there were no statistical differ-
ences between the improvements across groups.
Furthermore, both groups demonstrated statisti-
cally significant improvements in active range of
reach and reaching speed and demonstrated de-
creased passive resistance to movement (p < .05).
However again, there were no statistical differ-
ences between groups, which indicated that both
therapeutic interventions had similar effects.

While this study only consisted of 10 chronic
stroke subjects, it raises questions about whether it
is the mode of therapy or the amount of therapy
that is ultimately important in restoring arm func-
tion to hemiparetic stroke subjects. It should be
noted that the starting impairment level in the
ARM-GUIDE group was slightly greater than that
of the control subjects, which may slightly skew
the results. However, it appears from this study
that the results can be interpreted in at least two
ways: robotic-assisted therapy is no more effective
than conventional therapy, or the type of robotic-

Figure 2.  Assisted Rehabilitation and Measurement Guide (ARM-GUIDE).
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assisted therapy used in this study is not optimal
for addressing arm impairment in this patient
population. This group is currently exploring a
variation of the ARM-GUIDE protocol to try and
address this issue.29

MIME

The final upper limb training protocol based on
robotic-assisted movements that will be discussed
was designed through a collaborative effort be-
tween the Veteran Administration Medical Center
in Palo Alto and Stanford University and is called
MIME (Mirror-Image Movement Enabler).1,15 The
robot utilized in this protocol, a PUMA 560 indus-
trial device (Staubli Corporation, Duncan, SC),
was modified so that it could interact with subjects
in a stable and repeatable manner. The subject’s
impaired limb was placed in a splint, which in turn
was connected to the robot through a 6-degree of
freedom force-torque sensor (Figure 3). This sen-
sor is able to measure the interaction forces be-
tween the subject and the device during reaching
tasks. The device is fully instrumented so that the
position of the subject’s limb can be inferred
through the robot’s position. The idea behind this
protocol was to explore the effectiveness of restor-
ing arm function in stroke subjects by having them
execute movements that mirror one another in
both of their upper limbs.

In these studies, four different modes of opera-
tion were explored. In the first mode, the subject’s
arm was passively moved by the robot from a
starting position to a target along some predeter-
mined kinematic trajectory. During these move-
ments, the subject was asked to relax the paretic
limb and allow the device to passively move the
arm. In the second mode of therapy, the subject
would attempt to move to a target while the robot
would stabilize the limb. The subject was only
allowed to move in the direction of the target and
not back toward the starting position. If the subject
attempted to move toward the target and could not
make it, the robot would support the limb and
assist the movement. In the third mode of opera-
tion, the robot was programmed to provide some
viscous resistance as the subject reached for the
targets across the workspace. Finally, the fourth
mode of training was developed to be bimanual in
nature, where the subject would reach for symmet-
ric targets using both arms at the same time, one
connected to the robot and the other connected to
a position-sensing digitizer. Here, the motion of
the unimpaired forearm dictated the range and
rate of the movements of the impaired arm that
was assisted by the robot. The idea was that in the
bimanual mode the subject had full control over
the path and rate of movements of both arms.

To evaluate the effects of these robot modes of
therapy in comparison to NeuroDevelopmental

Figure 3.  Mirror Image Movement Enabler (MIME).
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Therapy (NDT), 27 chronic stroke subject (more
than 6 months post stroke) were tested, where
each subject received 24 one-hour sessions over a
2-month period.11 For the robot group, subjects
practiced shoulder and elbow movements that
were assisted by the robot. Here, targets were
placed away from the subject so that the emphasis
was placed on reaching movements to various
points in the workspace. All subjects spent ap-
proximately 12 minutes in bimanual mode, 5 min-
utes in passive mode, and the remainder of the
session in practicing active-assisted or active-re-
sisted modes depending on their functional level.
For the control group, subjects were trained using
NDT; the subjects practiced various tasks with
their arm that focused on functional or self-care
tasks.

Evaluations of intervention effects were done at
months 0, 1, and 2 and at a 6-month follow-up
session and included Fugl-Meyer testing,20 Barthel
Index,30 FIM,2 and maximum strength testing un-
der isometric conditions. Evaluation of active
reach was also examined by having the subject
make reaches to targets positioned at various
places in a three-dimensional space, during which
arm position and orientation were quantified using
a lightweight, instrumented forearm splint.

Following 24 sessions of training, it was found
that the subjects who received MIME therapy
made statistically higher gains in proximal arm
function (Fugl-Meyer scores), strength (elbow ex-
tension, shoulder flexion, and shoulder abduction
and adduction), and the amount of active reach.
The robot group made statistically faster gains in
proximal arm function during the 2 months of
training; however, at the 6-month follow-up, there
were no statistical differences in function between
the two groups. No changes were found between
subjects in distal arm function or ability to perform
activities of daily living (ADLs; Barthel Index or
FIM).

In a similar study that only focused on subjects
trained using the MIME protocol,16 it was found
that the amount of work the subjects were able to
perform during active reaches had significantly
increased. In subjects with low levels of function,
the extent of reach had improved; in high-func-
tioning subjects, the movement velocity was sig-
nificantly higher. Improvements in elbow and

shoulder muscle activation patterns were also ob-
served in subjects who performed reaches against
gravity, but no improvements were noted during
table-top movements.

Preliminary summary: arm devices

This study, like the MIT-MANUS study, pro-
vides evidence that training with a robotic device
can improve arm function in hemiparetic stroke
subjects, but it is task specific. That is, both of
these studies found that proximal arm function
improved more rapidly and to a greater extent in
the robot group, however distal arm function did
not experience these same gains. Both devices
used in these studies emphasize proximal tasks,
so it is not surprising that changes in wrist and
hand function were no different from those in the
control groups.

What is somewhat disappointing in these stud-
ies is that subjects experienced improvements in
function according to scales such as Fugl-Meyer
and Motor Status Score, but changes in the sub-
jects’ ability to perform ADLs were no greater in
the robot-trained group than they were in the
control groups. One has to consider which aspect
of recovery is more important to the consumer; the
ability to perform things at home that would make
them more independent or tests that are supposed
to be indicative of their ability to perform ADLs.
We postulate that future studies using these and
other robotic devices must demonstrate clear ben-
efits to the subjects’ ability to perform ADLs, other-
wise acceptance of these devices by the clinical
community and the consumer will be significantly
compromised.

Lower limb robotic rehabilitation

The concept of body weight–supported locomo-
tor training is now being used extensively in most
neurorehabilitation centers and is demonstrating
promising results. Over the last 10 years, it has
been shown that subjects who receive body
weight–supported treadmill training after spinal
cord injury 31–33 and stroke34–36 demonstrate im-
proved EMG activation patterns,31,37 more natural
walking characteristics,35 are able to bear more
weight on their legs,32 and demonstrate functional
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improvement in walking ability.33,37 Furthermore,
there are also reports of reductions in spasticity33

and increases in cardiopulmonary efficiency38 after
body weight–supported locomotor training.

The major drawback of manual-assisted loco-
motor training is that it places large physical de-
mands on the therapists, which limits the consis-
tency and duration of training sessions.
Furthermore, from a health care cost basis,
manual-assisted locomotor training is quite expen-
sive, as it often requires multiple therapists to
properly administer. To address these limitations,
a number of robotic gait trainers have been devel-
oped, all having the goal of delivering time-unlim-
ited, consistent gait training in individuals with
neurological injuries. We highlight two such de-

vices that are currently being used in various clin-
ics around the world: the Lokomat39 and the Gait
Trainer.40

Lokomat gait orthosis

The Lokomat robotic gait orthosis has been in
development since the mid 1990s in order to auto-
mate the delivery of locomotor training for indi-
viduals with neurological injuries.39 This system is
comprised of a treadmill, a body weight–support
system, and two lightweight robotic arms that
attach to the subject’s legs (Figure 4). The
Lokomat is fully programmable, including con-
trol of knee and hip kinematic trajectories, the
amount of assistance the system provides to the

Figure 4.  Lokomat gait orthosis (Hocoma AG, Volketswil, Switzerland).
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subject, and the speed at which the subject am-
bulates. This high-level dynamic control is
achieved by small direct current (DC) motors and
linear ball screw assemblies at the hip and knee
joints that are tightly synchronized with the tim-
ing of the treadmill. Hip and knee angles are
monitored through high-precision potentiom-
eters while dorsiflexion is provided at the ankle of
the subject through two passive elastic straps.
Unloading of the patient is achieved by connect-
ing the shoulder straps on a harness to a counter-
weight system. Furthermore, force sensors
mounted in series with the motors sense the
amount of resistance/assistance the subject is gen-
erating while walking in the device, which can be
used as biofeedback for motivational purposes.
The Lokomat is an FDA-approved medical device.

Because the Lokomat has only been commer-
cially available since 2002 (Hocoma AG,
Volketswil, Switzerland), no large-scale studies
have been published comparing the effects of
Lokomat gait training to conventional gait training
in hemiparetic stroke subjects. A multicenter study
currently being conducted by the National Reha-
bilitation Hospital and the Rehabilitation Institute
of Chicago is investigating this question in sub-
acute stroke subjects (less than 6 months post
stroke), where it is anticipated that the results of
more than 100 participants will be reported in the
fall of 2007. That study is being sponsored by the
National Institute on Disability and Rehabilitation
Research (NIDRR) under Rehabilitation Engineer-
ing Research Center (RERC) “Machines Assisting
Recovery from Stroke (MARS).”

Mechanized Gait Trainer

Another robotic device that targets gait training
in stroke subjects is the Gait Trainer40,41 developed
in Germany, which works very similarly to tradi-
tional elliptical trainers. In this setting, the
subject’s feet are strapped to two footplates, which
in turn are connected to a linkage system that
moves the foot through a trajectory quasi-similar
to the gait cycle. The foot is always connected to
the platforms, and the positioning and loading of
the foot on the Gait Trainer is comparable to the
stance and swing phases of the gait cycle, with a
ratio of 60% and 40% for each phase, respectively.

The stride length and phase durations can be ad-
justed by using different gear ratios on the linkage
system, while the step velocity is modulated be-
tween 0 to 1.12 m/s. Furthermore, the linkages
connected to the footplates are connected to a
motor that can provide varying levels of assistance
throughout the gait cycle, ranging from full sup-
port when the subject provides no assistance to
little or no support when the subject actively pro-
pels his or her legs. Similar to the Lokomat, the
forces generated by the subject can be used as
biofeedback during training.

A randomized crossover design was performed
to evaluate the effectiveness of using the mecha-
nized Gait Trainer in a group of nonambulatory
stroke subjects (n = 30; 4–12 weeks poststroke).36

Subjects enrolled in the study were randomly as-
signed to one of two groups: a group that received
treatments A-B-A and a group that received treat-
ments B-A-B. Intervention A consisted of 15–20
minutes of daily locomotor training on the Gait
Trainer for 2 weeks; intervention B consisted of the
same doses of therapy only on the treadmill. In the
robot and treadmill interventions, a portion of the
subject’s body weight was supported using an
overhead unloading system. Furthermore, assis-
tance with weight shifts and leg kinematics (e.g.,
foot placement and knee control) was provided by
a therapist in both groups as required for each
subject. Evaluations of walking ability consisted of
the Functional Ambulation Category (FAC),42 gait
velocity, and Rivermead Motor Assessment
Score,43 and ankle spasticity was quantified using
the modified Ashworth scale.3 Assessments were
performed by an independent evaluator blinded to
the subject’s treatment group before training,
weekly, and finally at a 6-month follow-up visit.

After 6 weeks of therapy, both the A-B-A group
and B-A-B group demonstrated improvements in
walking ability (FAC), walking speed, and
Rivermead scores. FAC scores were found to be
statistically higher in the A-B-A group than the B-
A-B group, however there were no group differ-
ences in walking speed or Rivermead scores. No
changes in ankle spasticity were found in either
group. By the 6-month follow-up evaluation, none
of the outcome measures were statistically differ-
ent across groups.

For the robot intervention, therapy sessions
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could be carried out by one therapist even in
highly impaired subjects; whereas for the treadmill
training intervention, sometimes three therapists
were needed to properly train low-functioning
subjects. This likely cost productivity highlights
one of the benefits of robotic rehabilitation, par-
ticularly with the current health care economic
pressures.

A potential limitation with the Gait Trainer is
that the system does not directly control the knee
or hip joints nor is the trunk supported. In acute
stroke subjects, weakness across the knee and hip
joints often results in poor joint stability, so that
hyperextension may occur unless otherwise con-
trolled by a therapist or trainer. Furthermore, be-
cause the subject’s feet are always attached to the
pedals, unnatural cutaneous inputs to the bottom
of the feet may alter sensory inputs normally expe-
rienced during gait. Nevertheless, the outcomes of
this study provide promising indications that ro-
botic-assisted gait training may result in positive
returns in walking ability.

Preliminary summary: gait training devices

Although there are limited experimental results
supporting the effectiveness of robotic-assisted de-
vices in restoring walking function in hemiparetic
stroke subjects, the need for gait-specific devices is
of high importance because training subjects with
significant motor impairment is labor intensive
and often requires multiple therapists. If devices
such as the Lokomat or Gait Trainer can replicate
results in neurological subjects that are similar to
the results experienced after manual-assisted loco-
motor training, the cost benefits of robotic devices
may ultimately help facilitate their adoption into
rehabilitation centers.

Quantifying Impairment Using Robotic
Devices

The section “Robot Therapy Clinical Outcomes”
highlighted various studies of the effectiveness of
robotic devices as therapeutic tools for upper and
lower limb rehabilitation, but these devices are
also well-suited to quantify motor function and
impairments in hemiparetic stroke subjects. Be-
cause all of the devices discussed previously are

fully instrumented with sensors that measure limb
position, velocities, and forces, these variables can
be used to study impairment with a high degree of
precision. Furthermore, this information can also
be used to track recovery and perhaps even dose
therapy. By better understanding the mechanisms
underlying impairment, more effective treatments
may ultimately be developed. In this section, we
discuss a few examples of robotic devices used to
evaluate arm and leg function in hemiparetic
stroke survivors.

Previously, we highlighted the MIT-MANUS
(Figure 1) as a therapeutic tool for aiding in the
recovery of arm function in stroke subjects. The
MIT-MANUS has also been used to track changes
in smoothness during arm movements8,44 and the
ability to execute continuous arm movements.45

Both of these characteristics, smoothness and con-
tinuity, are inherent characteristics of coordinated
human movement.46 In these studies, stroke sub-
jects were instructed to either make point-to-point
linear movements or draw a circle. The resulting
hand movements were examined for the number
of corrective movements made, the shape of the
velocity profile, and other metrics of smoothness.
It was found that throughout the course of recov-
ery, stroke subjects demonstrate improvements in
their ability to execute smooth, continuous move-
ments that are similar to nonneurologically im-
paired subjects. For example, Krebs et al.8 showed
that prior to robot training, when subjects at-
tempted to draw circles, the shape of the circle was
highly distorted and a large number of corrective
movements were made. However, through the
progression of the intervention, the shape of each
movement became more circular and the velocity
profile began resembling a bell-shape with less
corrective movements, both being normal charac-
teristics.

Reinkensmeyer et al.24,25 utilized the ARM-
GUIDE (Figure 2) to study active and passive
restraints exhibited by chronic stroke subjects dur-
ing guided reaching. Subjects were instructed to
reach as far and as fast as possible along the guide
and to try not to push up or down or left or right
against the device. The arm was also moved
through the entire range of motion by the device
while the subject relaxed in order to evaluate pas-
sive tissue properties. It was found that during ac-

79



32 TOPICS IN STROKE REHABILITATION/SPRING 2005

tive reaches subjects generate large and significant
forces against the rail perpendicular to the desired
movement. These forces were consistent with the
synergy patterns previously reported in chronic
stroke subjects.47,48 Furthermore, it was found that
passive tissue constraints were significantly higher
in the impaired arm and that deficits in active reach
extent were attributable to spasticity and weakness.
These studies demonstrate the utility of robotic de-
vices to investigate the mechanisms underlying arm
dysfunction in stroke subjects.

Techniques are also being developed to evaluate
walking ability and gait impairments using robotic
devices.49 The goal of this work is to establish the
optimal set of training parameters, such as walking
speed and level of body weight support, for maxi-
mizing the effectiveness of the therapy. A standard
Lokomat (Figure 4) has been modified in two
distinct ways. First, the cuffs that couple the
subject’s legs to the Lokomat have been custom-
ized to contain 6-degree of freedom load sensors
that allow for the accurate measurement of the
assistance or resistance the device provides the
subject. Second, a split belt treadmill that resides
under the Lokomat contains sensors that allow for
the calculation of ground reaction forces and cen-
ters of pressure. Utilizing the leg–Lokomat interac-
tion forces, the ground reaction forces, and the
kinematic data (e.g., position and velocity of the
legs), a modified inverse-dynamics technique is
used to estimate the ankle, knee, and hip moments
the subject generates under any set of training
parameters. Combining this information with elec-
tromyographic (EMG) information, the role of im-
pairments such as weakness, spasticity, and abnor-
mal synergies on walking ability can be studied,
and the set of training parameters through which
the subject steps to generate the best joint mo-
ments and muscle activation patterns can be iden-
tified. The goal is to train subjects under condi-
tions that may lead to higher returns in walking
ability after long-term locomotor training.

Clinical Considerations When Incorporating
Robotic Devices into Rehabilitation Centers

A major consideration of most facilities with
regard to using robotics will be the cost effective-
ness of treatment. The purchase of robotic systems

such as the Lokomat or MIT-MANUS presents a
significant expense for any clinical facility. There
are numerous administrative costs related to clini-
cal use of the robotic as well. Therapists and aides
must be trained to use the equipment safely and
effectively; this is nonreimbursable time for the
department. Training not only involves learning
how to properly set-up the patients into the device
but also gaining a detailed understanding of both
the hardware and software that accompany the
robot. Once the proper fit has been determined, an
aide might be able to perform any necessary set-up
of the robot prior to the patient getting into the
robotic system, but the therapist should check the
set-up before any training begins.

Unlike most physical therapy settings where a
therapist might see more than one patient at a
time, robotic training currently requires one-on-
one treatment. While this may soon change for
some devices (see the section, “Future Direc-
tions”), currently group therapy with these devices
is not possible and therefore impacts department
revenue. In some robotic devices, particularly the
gait trainers, an additional person in the lab is
often necessary for efficiency and safety purposes.
For example, due to co-morbidities in the patient
populations using the Lokomat (typically SCI,
CVA, and TBI), blood pressure, cardiac, or dia-
betic issues can arise during training sessions. Al-
though training can be accomplished safely with
one person, it often requires a minimum of two
people to get a patient safely out of the device
when time is critical. With the proven benefit of
robotics, the potential to increase referrals to
therapy and the increased revenue generated from
those referrals might offset some costs.

In addition to cost issues, there are numerous
treatment considerations with robotic therapy.
For such interventions to be used in the clinic,
the benefit must be established through ongoing
clinical research trials. Currently, a motor learn-
ing approach is the generally accepted method to
retraining movement with neurologically im-
paired individuals. Motor learning theory has
been incorporated into therapy practice since the
1990s when Carr and Shepard advocated its use
with NDT.50 Regardless of the treatment philoso-
phy, in general the adopted strategy is a principle
of active, high repetition, task-specific practice.
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Before bringing a robot into the clinic as a train-
ing tool, a clinician might ask if the robot can
provide these needed practice conditions. Thera-
pists will also want to know that adequate and/or
varied learning conditions can be provided with a
robotic device.

Another hurdle to overcome before robotics be-
come a standardized treatment tool may be accep-
tance from the clinicians themselves. Therapists
pride themselves on their ability to use their hands
for evaluation and treatment. Their hands are the
“tools of the trade.” Clinicians may feel that the
robot eliminates this aspect of practice that they
feel is implicit to their profession. Other clinicians
may fear that new technology could replace them
in the clinic. Yet, the ability to assess and plan for
the patient’s individual needs is still dependent on
the therapist’s expertise and judgment. Robotics
are technologies that are developed to assist thera-
pists in attaining optimal outcomes for patients. In
treatment, a robot may replace the therapist’s
hands to assist with heavy, challenging, or repeti-
tious movement and ease physical strain on the
therapist. A robot could also be used as a tool to
allow for massed or varied practice of a difficult
movement task. The therapist’s hands and eyes
will continue to provide the information that is
used to evaluate the patient’s movement strategies.
Data from the robot can quantify what clinicians
may be seeing and feeling (see the section, “Quan-
tifying Impairment Using Robotic Devices”) and
can provide them with objective information on
current performance that can be compared to past
and future performance.

Future Directions

Whereas the last decade has taken rehabilitation
robotics from concept to reality, the upcoming
years will test these devices with extreme rigor to
determine whether they should be considered as
daily treatment options across various patient
populations. Furthermore, advances in technology
will result in these machines becoming lighter and
more powerful, perhaps opening up new opportu-
nities and therapies. Before devices like those pro-
filed in this article can be made more effective, we
must first understand which interventions best
promote recovery. Once a particular mode of in-

tervention has been shown to be effective, it only
makes sense to then wonder whether a robotic
device can help deliver it more effectively. The
design and construction of devices that are not
based on evidence-based practice or on solid
therapeutic principles shown to be effective will
surely lead to failure.

Robotic devices must also overcome the cost
hurdles discussed in the section “Clinical Consid-
erations When Incorporating Robotic Devices into
Rehabilitation Centers.” Krebs et al.13 proposed
that the MIT-MANUS could be used in a classroom
fashion, where one therapist could oversee mul-
tiple patients who were each using the device.
Such practice is currently being performed in Aus-
tria with the Lokomat, where one technician si-
multaneously trains more than one subject at a
time on two devices side by side. Ultimately, the
safety of these devices must be shown to be such
that the occurrence of patient injuries is no higher
than what is seen routinely in clinics.

We must also evaluate patient satisfaction and
therapist satisfaction with the clinical use of reha-
bilitation robots. Krebs et al.8 surveyed their re-
search subjects; even though all subjects felt that
the robot training was productive and assisted
their recovery, they all preferred the therapist to
the robot. Even though clinical rehabilitation ro-
bots mostly work in tandem with therapists rather
than autonomously, issues such as patient com-
fort, anxiety, and tolerance must be taken into
account.

Finally, we propose that clinical acceptance in
this field will come only after well-controlled stud-
ies are performed demonstrating the effectiveness
of robotic devices. For each device, these studies
will need to identify which patients are appropri-
ate and will likely demonstrate improvements in
function, training parameters, training dosages,
and other determinants surrounding the therapeu-
tic intervention. To date, we have relied on heuris-
tic rules for establishing parameters and dosing the
therapies, because there were little or no founda-
tions from which to work. Now that there is a
growing body of literature in the field of rehabilita-
tion robotics, our next steps must be to design,
build, and test devices based on evidence and not
assumption.
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Exercise after stroke and spinal cord injury:
Common biological mechanisms and physiological 
targets of training

INTRODUCTION

Over the past decade, various novel exercise therapies have emerged as a
unifying approach to improving physiological fitness and physical function
for individuals with neurological mobility impairments. Inspired initially by
seminal studies in spinalized cats, models of locomotor relearning have
advanced from bench to bedside in human spinal cord injury (SCI) and been
applied to the study of exercise rehabilitation for individuals with hemipa-
retic stroke. Hence, a new and rapidly evolving science of clinical exercise
physiology is now being established in neurological disability, with stroke
and SCI constituting the leading edge in clinical and translational research.
Out of this research, several common themes in conceptual training strate-
gies and mechanisms of exercise-mediated adaptations are emerging that
appear mutually informative to stroke and SCI investigators. This special
issue of the Journal of Rehabilitation Research and Development is dedi-
cated to veterans disabled by stroke and SCI and aims to advance our under-
standing of the biological mechanisms by which exercise may improve
health and function following central nervous system (CNS) injury.

The general message is that exercise models can be targeted to affect
multiple physiological systems that determine long-term health and func-
tional outcomes in both stroke and SCI. Exercise therapy can be considered
a multisystem model that includes the key domains of adaptations in CNS
sensorimotor control; cardiovascular-metabolic health; and body composi-
tion, including bone health (Figure).

This issue highlights the multisystem model of exercise-mediated adap-
tations by examining selected, promising exercise intervention models for
stroke and SCI, which are outlined in the remainder of this editorial.

EXERCISE-MEDIATED NEUROPLASTICITY IN STROKE AND 
SPINAL CORD INJURY

The model of task-oriented exercise training is based on advances in our
understanding that task-repetitive training can potentially alter CNS plasticity
at multiple levels, even years after a disabling neurological event. While brain
plasticity and motor learning during upper-limb stroke rehabilitation have
received the most study, convincing evidence now exists that lower-limb
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motor control and locomotion are modifiable by exer-
cise training. Forrester et al. (p. 205) review new evi-
dence for neural plasticity, through which ankle and
knee motor control are modifiable with task practice
in patients with chronic hemiparetic stroke. Patterson
et al. (p. 221) underscore the clinical relevance by
providing the first report of the long-term effects
(6 months) of progressive treadmill training on gait
temporal-distance parameters in 39 patients with
chronic stroke. Their data show that treadmill training
improves selected gait temporal-distance parameters
(but not symmetry) and ambulation across a number
of different gait demand conditions, consistent with
locomotor learning. Lynskey et al. (p. 229) provide a
translational research overview of animal and human
data on neuroplasticity after SCI, the potential for
exercise-mediated neuroplasticity, and molecular
mechanisms that may help bridge the gap between
animal research and human intervention. Their prom-
ising conclusions are that activity-dependent plasticity
is possible across multiple levels of the neuroaxis—
spinal, cortical, and subcortical—and that multiple
strategies, including electrophysiological stimulation
and pharmacological and/or gene therapy can poten-
tially enhance plasticity processes, defining directions
for future mechanistic research.

CARDIOVASCULAR HEALTH BENEFITS
OF EXERCISE

Based on animal studies in spinalized cats, vari-
ants of treadmill training have emerged as models for
locomotor relearning in SCI and stroke rehabilitation.
These training models are also targeted at improving
other outcomes, including cardiometabolic health.
Hicks and Martin Ginis (p. 241) provide a compre-
hensive overview of studies showing that exercise
training improves lipid profiles, glucose tolerance,
and psychological well-being. Similarly, Ivey et al.
(p. 249) provide evidence that treadmill training in
patients with chronic stroke improves not only ambu-
latory function but also fitness and cardiometabolic
health even decades after stroke. Collectively, these
findings support a rationale for regular exercise to
reduce insulin resistance and improve cardiovascular
health and fitness for individuals with SCI- and
stroke-related disabilities.

STRUCTURAL-METABOLIC CHARACTER-
ISTICS OF MUSCLE AND BONE HEALTH 
AFTER STROKE AND SPINAL CORD INJURY

After SCI, major structural and metabolic abnor-
malities exist in skeletal muscle, including gross mus-
cular atrophy and a major shift to a fast, myosin
heavy-chain muscle molecular phenotype that fosters
insulin resistance. In patients with stroke, Hafer-
Macko et al. (p. 261) report remarkably similar abnor-
malities in hemiparetic muscle linked to increased
expression of tumor necrosis factor-! in the inflam-
matory pathway, a common denominator for atrophy
and insulin resistance. McKenzie et al. (p. 273) report
results of the first human genome survey in skeletal
muscle of stroke patients that profiled families and
included 116 genes that differ in expression between
hemiparetic and nonparetic leg muscle. These find-
ings suggest that a fundamental metabolic shift
toward anaerobic metabolism in hemiparetic skeletal
muscle is accompanied by abnormalities in gene
expression for muscle contractile proteins, inflamma-
tory mediators, cell cycling, and signal transduction.

Figure.
Exercise therapy as multisystem model that encompasses adaptations in
central nervous system sensorimotor control; cardiovascular-metabolic
health; and body composition, including bone health.
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Dudley-Javoroski and Shields (p. 283) provide an
overview of the major skeletal muscle and bone
abnormalities and their rapid time course after SCI.
They report the promising finding that early func-
tional electrical stimulation elicits appropriate
mechanical load, preserving muscle mass and trabecu-
lar bone integrity, which is important for preventing
fractures in this population. Unfortunately, bone
health has received much less attention in the stroke
population. Eng et al. (p. 297) clearly define stroke as
a model of disuse osteoporosis with an alarmingly
high fall rate and fracture risk. These investigators out-
line the evidence that structured exercise potentially
improves indexes of balance, preserves femoral neck
bone density, and improves trabecular bone content. In
addition, this novel community-based exercise inter-
vention holds promise for community translation.

INNOVATIVE EXERCISE MODELS

So that implementation of exercise programs that
improve care for individuals with disabilities can be
expanded, models must be customized across a broad
range of deficit severities and be extended to the com-
munity. As Rimmer et al. (p. 315) outline, individuals
with stroke have numerous environmental and per-
sonal barriers to exercise, including cost, access, and a
lack of confidence that expertise or appropriate pro-
grams are available in their community. Macko et al.
(p. 323) report a pilot study of adaptive physical
activity conducted in Italy to improve basic mobility

function for older individuals with chronic stroke. Stu-
art et al. (p. 329) propose exercise models designed for
community translation that may have public policy
implications as we consider how to better address the
long-term health and wellness of individuals with
chronic neurological disability.

ADVANCED TECHNOLOGIES FOR
DELIVERING ACTIVITY-BASED EXERCISE

Throughout this issue, the underlying theme is that
activity-based interventions have widespread health
benefits ranging from changes in neural behavior to
enhanced muscle and bone function. Unfortunately,
delivering such interventions to individuals after
stroke and SCI is difficult because of the severity of
their motor impairments. Hidler et al. (p. 337) discuss
the introduction of robotics into rehabilitation and how
these devices can deliver mass-practice therapies. Pre-
liminary evidence is also provided demonstrating the
cardiovascular benefits of robotics-based gait training
in individuals after SCI.
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Abstract—We have seen a continued growth of robotic
devices being tested in neurorehabilitation settings over the last
decade, with the primary goal to improve upper- and lower-
motor function in individuals following stroke, spinal cord
injury, and other neurological conditions. Interestingly, few
studies have investigated the use of these devices in improving
the overall health and well-being of these individuals despite
the capability of robotic devices to deliver intensive time-
unlimited therapy. In this article, we discuss the use of robotic
devices in delivering intense, activity-based therapies that may
have significant exercise benefits. We also present preliminary
data from studies that investigated the metabolic and cardiac
responses during and after 6 months of lower-limb robotic
training. Finally, we speculate on the future of robotics and
how these devices will affect rehabilitation interventions.

Key words: activity-based rehabilitation, cardiovascular, gait,
Lokomat, metabolic response, rehabilitation, robotics, spinal
cord injury, treadmill training, walking therapy.

INTRODUCTION

In the articles of this special Journal of Rehabilita-
tion Research and Development (JRRD) issue, we have
presented numerous examples of how effective activity-
based therapies can improve important health qualities in
individuals following stroke and spinal cord injury (SCI).
For example, following long-term manual-assisted tread-
mill training, individuals with incomplete SCI demon-
strate lower total cholesterol and low-density lipoprotein,

increased muscle mass, and a muscle fiber-type conver-
sion to more fatigue-resistant type IIa and I fibers (see
Hicks and Martin Ginis, p. 241, this issue). Similar
improvements can be observed in stroke patients, where
improvements in cardiovascular performance, muscle
endurance, and functional gait can be realized with exer-
cise-based interventions (Hafer-Macko et al., p. 261, this
issue). What these and other studies have demonstrated is
that with appropriate interventions, individuals with
neurological injuries can realize important cardiovascular
and metabolic benefits of exercise-based interventions
beyond simply improvements in function.

While exercise is clearly important to the health and
well-being of individuals after stroke, SCI, and frankly
most neurological disorders, many of these individuals
cannot participate in conventional exercise programs

Abbreviations: ASIA = American Spinal Injury Association,
BWS = body weight support or body weight-supported,
CVD = cardiovascular disorder, DC = direct current, DVT =
deep venous thrombosis, FES = functional electrical stimula-
tion, HR = heart rate, JRRD = Journal of Rehabilitation
Research and Development, NRH = National Rehabilitation
Hospital, RER = respiratory exchange ratio, SCI = spinal cord
injury, VE = ventilation, VO2 = oxygen consumption.
*Address all correspondence to Joseph Hidler, PhD; Depart-
ment of Biomedical Engineering, Pangborn Hall, 104b, The
Catholic University of America, 620 Michigan Ave NE,
Washington, DC 20064; 202-319-5095; fax: 202-319-4287.
Email: hidler@cua.edu
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because of significant motor impairments. Therefore,
while walking on a treadmill may benefit an individual’s
cardiovascular performance, the safety risks to someone
with balance and stability deficits outweigh the potential
benefits. One possible solution is to use interventions that
are safer and reduce demands on coordination and bal-
ance. For example, functional electrical stimulation
(FES) has been shown to be quite beneficial in building
muscle mass and slowing the progression of bone min-
eral loss in SCI (Dudley-Javoroski, p. 283, this issue).
Studies have reported similar effects that have used FES-
based bicycling in SCI, perhaps most notably the
reported gains in health and well-being that Christopher
Reeve experienced [1]. The limitations with such inter-
ventions are that they may not always be possible (e.g.,
sensate subjects may not tolerate electrical stimulation)
and they do not necessarily allow for the practice of func-
tional, coordinated movements. While pedaling a bicycle
could surely be seen as a precursor to gait [2], functional
walking needs to occur at some point. If an intervention
could be designed that promotes intensive exercise in the
context of a functional task (e.g., gait), improvements in
both function and overall health may be realized. To this
end, robotic devices may be one possible solution.

The original focus of robotics-based interventions
was to take advantage of the fact that the central nervous
system is quite plastic (Lynskey et al., p. 229, this issue)
so that with intensive, task-specific movements, individ-
uals with stroke and SCI can regain function and perhaps
some level of independence. Significant evidence sug-
gests that robotic therapy improves upper- and lower-
limb function after SCI [3–4] and stroke [5]. Ironically,
little has been reported on the exercise benefits individu-
als may experience following robotic therapy, particu-
larly in gait. In this article, we review robotic technology,
outline the potential benefits of using these devices for
exercise-based interventions, and present some early evi-
dence that suggests robotic-based interventions can have
positive exercise benefits in individuals with neuro-
logical injuries.

REHABILITATION ROBOTIC DEVICES

Rehabilitation robotic devices come in many forms,
none of which resembles The Terminator in the famous
Arnold Schwarzenegger movie. While most rehabili-
tation robots attempt to re-create therapeutic interven-

tions that are often used in the clinic, such as reaching
movements or grasping objects, some robots offer greater
capacities that would be daunting for a physical therapist
to deliver. One cannot doubt that robots targeting the
upper limbs may provide exercise benefits if they allow
subjects to practice repetitive reaching under some level
of resistance. However, one could argue that other less-
sophisticated interventions could provide the same bene-
fits for a fraction of the cost. We therefore propose that
the role of upper-limb robots will likely continue to focus
on improving motor function rather than exercise bene-
fits. While this role may be true for the upper limb, for
which subjects can perform interventions in a seated and
therefore safe position, providing gait-training interven-
tions poses additional challenges.

As outlined in the articles by Macko et al. (p. 323)
and Hicks and Martin Ginis (p. 241) in this JRRD issue,
treadmill training following stroke and SCI has signifi-
cant cardiovascular and muscular effects. Yet providing
such an intervention to individuals with poor balance and
stability provides added risks, particularly if the intensity
of the intervention is near the individual’s limits. Robotic
gait trainers provide an excellent alternative because they
add a component of safety for the patient and therapist
that allows individuals to train at higher intensity levels
for longer durations. While we highlight the Lokomat
(Hocoma AG; Volketswil, Switzerland) robotic gait-
orthosis in an article by Colombo et al. [6], we need to
stress that many other gait-training systems are now being
developed that parallel the Lokomat [7–10].

The Lokomat was developed in the late 90s to help
automate manual-assisted body weight-supported (BWS)
treadmill training. The device, as shown in Figure 1, is
an exoskeleton that attaches to the outside of the sub-
ject’s legs and assists the subject as he or she ambulates
on the treadmill. Small direct current (DC) motors drive
the hip and knee joints while dorsiflexion is provided at
the ankle with two elastic straps. The latest version of the
Lokomat control software allows for variable robot assis-
tance, ranging from full passive mode in which the
device moves the subject’s legs through a prescribed tra-
jectory to a compliant mode in which the robot provides
no active assistance. Recently, a pediatric Lokomat ver-
sion was released to the public that allows children
approximately 4 to 12 years of age to participate in gait-
training programs.

The major benefits of training with the Lokomat are
that patients can practice intensive gait training early
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after their injuries in a safe and controlled environment.
DeJong and colleagues recently published a longitudinal
study that looked at factors important to stroke outcomes
[11–12]. They found that early interventions (e.g., time
postinjury) and intensity were factors that strongly corre-
lated with gains in function. These two factors, early
training and intensity, are supported by the Lokomat.
First, because of the BWS system, subjects can practice
walking much earlier in their rehabilitation program,
since the risk of falling is eliminated. This added security
allows individuals to begin walking as soon as they are
medically stable, which is important not only for func-
tional returns but also for prevention of secondary com-
plications such as deep venous thrombosis (DVT),

muscle atrophy, cardiovascular deterioration, and pneu-
monia. One could also argue that getting subjects to walk
early after their injuries can have positive psychological
effects. Second, the intensity of the training can be
graded by adjusting of the BWS level, changing the
walking speed, and varying the amount of robot assis-
tance. Each of these training parameters place additional
cardiovascular demands on the individual and can be
altered both within and across training sessions. In addi-
tion, unlike treadmill training sessions that may be
limited by therapist fatigue, training sessions on robotic
devices like the Lokomat are time-unlimited, since they
are actuated by DC motors.

Most of the studies to date have focused on the lower-
limb robotic devices as clinical training tools that
improve walking ability, yet they have overlooked the
added exercise benefits of the intervention. The U.S. Sur-
geon General recommends that “persons of all ages
should include physical activity in a comprehensive pro-
gram of health promotion and disease prevention and
should increase their habitual physical activity to a level
appropriate to their capacities, needs, and interest,” and
this is echoed by the National Cholesterol Education
Panel, American Heart Association, Centers for Disease
Control and Prevention, American Diabetes Association,
American College of Sports Medicine, and others. Unfor-
tunately, the reality is that diminished levels of fitness
account for a large part of accelerated cardiovascular dis-
order (CVD) and increased body fat after SCI [13–20]
and 25 percent of young, healthy persons with SCI have a
level of fitness insufficient to perform essential activities
of daily living [21]. We know that fitness and well-being
are improved in persons with SCI by exercise condition-
ing [13,22–27] and higher levels of fitness are associated
with reduced CVD risk [28–34]. Furthermore, several
reports have highlighted the beneficial effect of exercise
conditioning in persons with risk factors for CVD [28–
29,32–34]. Here, we highlight three studies that have
investigated metabolic and cardiac responses in SCI dur-
ing robotic-assisted gait training, as well as some prelimi-
nary work investigating changes in cardiovascular
performance after long-term robotic gait training.

METABOLIC AND CARDIAC RESPONSES
DURING ROBOTIC GAIT TRAINING IN SCI

Israel et al. published a recent study that compared
muscle activation patterns and metabolic responses in

Figure 1.
Lokomat (Hocoma AG; Volketswil, Switzerland) robotic gait orthosis.
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individuals with incomplete SCI who walked on a tread-
mill with either therapist assistance or Lokomat assis-
tance [35]. Twelve individuals classified as C or D on the
American Spinal Injury Association (ASIA) Impairment
Scale [ASIA, 2004] were tested on two separate sessions.
In one session, two therapists assisted the subject as he or
she ambulated on a treadmill under 30 to 40 percent
BWS. Each therapist provided enough assistance so that
the subject could clear his or her toe during swing and
achieve adequate knee extension during stance. In a sepa-
rate test session, each subject walked under the same lev-
els of BWS, but the Lokomat assisted rather than the
therapists. One should note that in these tests, the Loko-
mat was run in passive mode. In this mode, the Lokomat
moves each subject’s legs through a prescribed trajectory
regardless of the subject’s intensions (akin to a continu-
ous passive machine). Each subject was asked to walk
“with the robot” and try to match the machine’s move-
ments to the best of his or her ability. For both treadmill
(therapist-assisted) and Lokomat sessions, muscle
activity was collected from tibialis anterior, soleus,
medial gastrocnemius, vastus lateralis, rectus femoris,
and medial hamstrings. Metabolic measurements
included rates of oxygen consumption (VO2) and carbon
dioxide production, while metabolic cost (or equivalent
power) was calculated from these metrics.

The investigators found that during therapist-assisted
treadmill walking, individuals with incomplete SCI dem-
onstrated significantly greater VO2 and metabolic cost
than during Lokomat-assisted training. On average, sub-
jects achieved VO2 levels of 14.0 ± 3.9 mL/kg/min when
walking on the treadmill with the therapist’s assistance,
but only 9.0 ± 2.4 mL/kg/min when walking with Loko-
mat assistance. For power measures, subjects generated
approximately 3.1 ± 1.4 W/kg when walking with thera-
pist assistance but only 1.9 ± 0.8 W/kg with Lokomat
assistance. (Measurements are mean ± standard deviation
unless stated otherwise.) While significant differences
were observed in metabolic parameters for treadmill and
Lokomat walking, in general, no significant differences
were found in muscle activation patterns in six lower-
limb muscles (for amplitude or timing of activity) during
the gait cycle.

We should reiterate that metabolic differences were
observed between therapist-assisted and Lokomat-
assisted walking trials when subjects were instructed to
walk as the device walked and match the kinematic tra-
jectory prescribed by the Lokomat. However, in separate

trials in which subjects were asked to maximize their
effort during therapist- and Lokomat-assisted trials, no
differences were found in metabolic parameters or mus-
cle activation patterns.

The results from Israel et al.’s study indicate that simi-
lar muscle activation patterns and metabolic responses can
be achieved in the Lokomat when compared with thera-
pist-assisted training [35]. However, this finding only
applies when the appropriate instructions or training con-
ditions are given to the subject. This finding exposes a
serious limitation with robotics. That is, if too much BWS
or robotic assistance is provided to the subject or if the
instructions are not clear, the subject may become compla-
cent and allow the robot to assume a greater workload. As
a result, the cardiovascular demands on the subject will
decrease dramatically. In therapist-assisted treadmill train-
ing, this decreased effort level is not an issue, since thera-
pists can continuously sense how much effort they are
providing the subject and therefore indirectly measure the
subject’s effort level. This finding clearly emphasizes that
therapists need to know the robot equipment, understand
how to change parameters to continuously challenge the
subjects, and be able to assess when the workload is inap-
propriate for the subject’s abilities.

Nash and colleagues investigated metabolic and car-
diac responses during Lokomat training in a 25-year-old
female subject with a motor complete C3 to C4 (third to
fourth cervical vertebrae) chronic SCI [36]. In this study,
they measured VO2, minute ventilation (VE), and heart
rate (HR) during seated resting and supported standing
and while walking 40 minutes in the Lokomat. They
found that the resting VO2 of 50 mL/min increased
immediately at the onset of walking to 118 mL/min,
while VE increased from 7.2 L/min in rest to 9.6 L/min
during walking. HR also increased from 76 bpm during
rest to 93 bpm during Lokomat walking.

The findings in this study indicate that even in motor
complete SCI with lesions interrupting vagus and phrenic
nerve pathways, significant cardiac responses can be elic-
ited. While the investigators speculated that the increased
metabolic response was attributed to reflex activity gener-
ated by stretching the muscles, this claim cannot be vali-
dated, since muscle activity was not recorded in this
experiment. What this study does highlight is strength of
robotic gait trainers. Since the robot can stabilize the lower
limbs during training, individuals with no function below
their injury level can be trained for extended durations.
Although therapists could administer similar interventions,

90



341

HIDLER et al. Automating activity-based interventions

whether they could maintain consistency over an extended
training session is questionable. Additionally, therapists
engaged in treadmill training paradigms have reported
repetitive strain injuries and lower back problems. Train-
ing individuals with motor complete SCI may have addi-
tional health benefits beyond cardiovascular conditioning,
such as prevention of DVT, improved circulation, slowing
of bone mineral loss, and improved psychological state.
Unfortunately, no studies to date have reported such
effects, so these potential benefits are speculative at this
point.

CHANGES IN METABOLIC AND CARDIAC 
RESPONSES FOLLOWING LONG-TERM 
ROBOTIC-ASSISTED GAIT TRAINING IN SCI

While the studies just described investigated within-
session changes in metabolic and cardiac responses during
robotic-assisted walking, they did not investigate whether
people with SCI will experience a cardiovascular or meta-
bolic training effect following repeated training sessions.
A randomized controlled trial is currently underway at the
National Rehabilitation Hospital (NRH) in Washington,
DC, and the Miller School of Medicine, University of
Miami, to quantify the effects of 6 months of robot-
assisted BWS treadmill training on selected measures of
fitness in persons with SCI. Subjects are people with
ASIA C or D traumatically induced SCI between 1 and
6 months postinjury.

Subjects are randomized to either exercise training
using robot-assisted BWS treadmill training or usual reha-
bilitative care. The experimental group participates in
72 Lokomat training sessions lasting 1 hour, three times a
week for 6 months. Here, subjects walk in the Lokomat at
an initial training speed of 1.9 km/h, progressing to a max-
imum of 3.2 km/h. During the training sessions, the levels
of BWS and robot assistance are decreased as tolerated at
each training session so that weight-bearing and workload
can be increased. Subjects walking in the Lokomat are
encouraged by the physical therapist and a computer-
based biofeedback system to actively move the robotic
legs. Subjects in the experimental group often begin Loko-
mat training while they are inpatients, where the Lokomat
training supplements the standard physical therapy they
receive at NRH or The University of Miami. Since these
subjects often continue outpatient therapy following their
discharge, the Lokomat training simply supplements their

usual care until they complete their outpatient therapy pro-
gram. At that time, subjects only receive Lokomat train-
ing. The control group receives the same inpatient and
outpatient therapy programs; however, they do not receive
the supplemental Lokomat therapy.

Changes in metabolic responses are assessed for both
groups at baseline and again at 3 and 6 months (Figure 2).
A resting 12-lead electrocardiogram is performed and ana-
lyzed for rate, rhythm, and contraindications to exercise
testing throughout the evaluation session [37]. Metabolic
responses to exercise are continuously monitored by the
open-circuit method on a metabolic analyzer as described
by Nash et al. [36]. Resting metabolism and HR are
measured for 6 minutes with the subject in the seated posi-
tion, for controlling metabolic and chronotropic responses
to the upright position, and after 6 minutes of BWS stand-
ing. The subject then ambulates in the Lokomat at the
matched subpeak work rate of 1.8 km/h with the least BWS

Figure 2.
Metabolic testing in Lokomat (Hocoma AG; Volketswil, Switzerland).
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tolerated for 6 minutes. Both the 3- and 6-month follow-up
metabolic tests are repeated at the same speed (1.8 km/h)
and same percent BWS provided during the initial testing.

To date, five subjects have been trained on the Loko-
mat and four subjects have been assigned to the control
group. The age range for the sample is 24 to 59 years, with
an average age of 44.1 years. The Table summarizes
interim trends for the subjects trained on the Lokomat.

The working hypothesis is that with the use of a stan-
dardized work rate on the Lokomat for all three tests, an
exercise training effect in the intervention group would be
reflected by lower resting and peak HRs, VO2, and respi-
ratory exchange ratio (RER) values on the 6-month test
compared with the baseline test. Data from the 6-month
test demonstrated a dramatic decrease in resting and peak
HRs but a modest increase in VO2 accompanied by a
small decrease in RER at peak exercise. By comparison,
mean values in the usual group for resting HR and peak
HR decreased only 8.4 and 1.4 percent, respectively,
while peak VO2 increased 5.1 percent on the final test.
While no statistical conclusions can be made from this
small set of data, the trend indicates that a training effect
may have been achieved after 72 sessions of Lokomat
walking.

CONCLUSIONS AND FUTURE DIRECTIONS

While the future of robotics in neurorehabilitation
programs is still unclear, early evidence suggests that
interventions such as robotic-assisted gait training may
improve gait as well as cardiovascular and metabolic per-
formance. Some of the advantages of robotics devices in
delivering intensive therapy have been outlined, such as
the capability to train for longer time periods, at higher

intensities, and in a well-controlled environment. How-
ever, using robotic devices has some disadvantages.
These devices are very expensive, they sometimes break
down and require routine service, and perhaps the biggest
disadvantage, they do not have the same “feel” as thera-
pists do. That is, for interventions such as therapist-
assisted treadmill training, the therapist can continuously
monitor important characteristics of the training, such as
the subject’s effort level, spastic contractions, and
fatigue. While robots have high-resolution sensors that
can also monitor such events, they currently are not pro-
grammed to do so. We hope that next-generation robots
will have better monitoring capabilities and interact
much more, providing “as needed” assistance. Integrat-
ing advanced concepts such as virtual reality [38] and
quantifying impairments such as weakness and spasticity
[39] has already begun. Adding measures of cardiac and
metabolic responses would surely make these devices
well-rounded additions to rehabilitation clinics.
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Strength and Coordination in the Paretic Leg of
Individuals Following Acute Stroke

Joseph M. Hidler, Member, IEEE, Marti Carroll, and Elissa H. Federovich

Abstract—The goal of this study was to determine whether acute
stroke survivors demonstrate abnormal synergy patterns in their
affected lower extremity. During maximum isometric contractions
with subjects in a standing position, joint torques generated simul-
taneously at the knee and hip were measured, along with associ-
ated muscle activation patterns in eight lower limb muscles. Ten
acute stroke survivors and nine age-match controls participated in
the study. For all joints tested, stroke subjects demonstrated sig-
nificantly less maximum isometric torque than age-matched con-
trol subjects. However, the synergistic torques generated in direc-
tions different than the direction that was being maximized were
not significantly different between the two groups. According to
electromyography (EMG) data, it was found that stroke subjects
activated antagonistic muscle groups significantly higher than the
control group subjects, suggesting that deficits in joint torque may
be at least partially attributable to co-contraction of antagonistic
muscles. Our findings suggest that a primary contributor to lower
limb motor impairment in acute hemiparetic stroke is poor vo-
litional torque generating capacity, which is at least partially at-
tributable to co-contraction of antagonistic muscles. Furthermore,
while we did not observe abnormal torque synergy patterns com-
monly found in the upper limbs, muscle activation patterns dif-
fered between groups for many of the directions tested indicating
changes in the motor control strategies of acute stroke survivors.

Index Terms—Hemiparesis, muscle, spasticity, stroke, synergies.

I. INTRODUCTION

THERE are a number of mechanisms which may be respon-
sible for gait abnormalities in individuals following stroke,

including weakness [1], [7], [8], [32], [34], [35], [37], spas-
ticity [5], [6], [15], [28], [26], [33], abnormal muscle activations
[11], [14], [21], [24], [25], [29], and changes in joint mechanical
properties such as passive tone [21], [30], [31]. Unfortunately,
there is little consensus on how each of these behaviors con-
tributes to abnormal motor function and consequently walking
deficits following stroke (for a detailed review, see [8]).

In the upper limb of chronic stroke survivors, there is a strong
presence of abnormal synergistic torque patterns that signifi-
cantly reduce limb coordination and control during both static

Manuscript received April 22, 2006; revised August 13, 2007; accepted au-
gust 22, 2007. This work was supported funded by the Whitaker Foundation
(Arlington, VA; PI: J. Hidler) and by the U.S. Army Medical Research Acquisi-
tion under Award DAMD 17-02- 2-0032. This information does not necessarily
reflect the position or the policy of the Government. No official endorsement
should be inferred.

J. Hidler is with the Biomedical Engineering Department, Catholic Univer-
sity, Washington DC 20064 USA and with the National Rehabilitation Hospital,
Washington DC 20064 USA (e-mail: hidler@cua.edu).

M. Carroll and E. Federovich are with the Physical Therapy Department, Na-
tional Rehabilitation Hospital, Washington DC 20064 USA (e-mail: martha.car-
roll@medstar.net; elissa.federovich@medstar.net).

Digital Object Identifier 10.1109/TNSRE.2007.907689

[2], [18] and dynamic [3], [4], [36] tasks. In the context of this
work, synergy patterns are defined as the set of joint moments
generated throughout the limb of interest for a given task. For
example, Reinkensmeyer et al. [36] showed that when chronic
stroke patients performed reaching movements along a linear
rail, they often exerted significant forces perpendicular to the
intended direction of movement which were consistent with the
upper limb synergy patterns described by Brunnstrom [12]. Beer
et al. [4] demonstrated similar patterns under dynamic condi-
tions where stroke subjects exhibited strong elbow flexion and
shoulder external rotation torques when abducting the arm and
strong elbow extension and shoulder internal rotation torques
when adducting the arm. These studies demonstrate that deficits
in motor control are at least partially attributed to abnormal
synergy patterns or equivalently, an inability to generated muscle
forcesandsubsequently joint torquesappropriate foragiven task.

Multidimensional abnormal synergy patterns in the lower ex-
tremities were first quantified by [38] for individuals with cere-
bral palsy (CP). In this study, subjects were asked to execute
maximum hip and knee flexion and extension exertions, during
which secondary torques generated at adjacent joints were si-
multaneously quantified. It was found that individuals with CP
demonstrated significant knee extension moments while max-
imizing hip extension and generated significant hip extension
during knee extension exertions. Both of these strategies were
different than age-matched controls and were consistent with
the classically defined extension synergy commonly associated
with individuals with CP.

In our previous work [34], we quantified lower limb isometric
strength (e.g., peak volitional joint torques at the ankle, knee,
and hip), torque synergy patterns, and muscle activation patterns
in individuals with chronic stroke in a standing posture. This al-
lowed us to assess important motor behaviors in a functional po-
sition, including vestibular inputs and the necessity to stabilize
the trunk in order to maintain an upright position. In our exper-
imental setup, we were able to quantify synergy patterns by in-
vestigating the joint torques generated in adjacent joints or axes
while attempting to maximize the isometric joint torque along
a different joint or axis. We found that the synergistic torque
patterns used by both control subjects and stroke subjects were
similar during ankle, knee, and hip exertions, however lower
limb strength was significantly less in stroke subjects in six of
eight exertion directions tested. We also found that stroke sub-
jects tended to co-activate antagonistic muscles, which was at
least one of the mechanisms causing deficits in strength.

While our previous work demonstrates that in the chronic
stages of stroke, subjects do not exhibit abnormal synergy pat-
terns in their lower extremities but do co-activate antagonistic
muscles and have excessive deficits in strength, it is still un-

1534-4320/$25.00 © 2007 IEEE95
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TABLE I
CHARACTERISTICS OF STROKE AND CONTROL SUBJECTS

known how these impairments develop throughout the stages of
stroke recovery. By testing acute stroke survivors, motor deficits
can be quantified at the early stages of their injury, and then sub-
sequent tracking of the development of these impairments can
be observed over time.

In this study, our goal was to quantify peak volitional iso-
metric knee and hip torques and multiaxial synergy patterns
acute stroke subjects generate in their affected lower extremity.
Additionally, by examining the muscle activation patterns ex-
hibited during these exertions, we are able to better understand
the potential causes of weakness and deficits in coordination,
which may advance our understanding of lower limb motor im-
pairments in individuals with acute stroke.

II. METHODS

A. Subjects

We tested ten acute hemiparetic stroke survivors (seven male,
three female) and nine age-matched control subjects (five male,
four female; mean age: 58.4 years), with details of both groups
listed in Table I. Stroke inclusion criteria included unilateral le-
sion of the cortex or subcortical white matter with an onset less
than six weeks prior to testing. Subjects were excluded from
the study if they presented with severe osteoporosis, contrac-
ture limiting range of motion, cardiac arrhythmia, or significant
cognitive or communication impairment which could impede
the understanding of the purpose of procedures of the study.
All experimental procedures were approved by the Institutional
Review Board of Medstar Research. Informed consent was ob-
tained prior to each test session.

Motor function was evaluated in the paretic lower extremity
using the Fugl-Meyer (FM) scale [23], which ranges from 0 to
34 with the maximum score indicating no observable deficits in
function. In order to study hemiparetic stroke patients with mild
to moderate impairment levels, we targeted subjects having a
FM score in the range of 10–30.

Fig. 1. Experimental setup for testing isometric torque at the knee and hip
joints. A cast was placed around the subject’s lower leg, and then clamped into a
custom fixture extending from the load cell. The subject’s trunk was supported
with large bumpers around the pelvis.

B. Experimental Apparatus

The novel test apparatus used in this study was custom
built, allowing for the simultaneous measurement of strength
and coordination in the leg with subjects in the standing
position. The device, as illustrated in Fig. 1, consists of a
6-degrees-of-freedom (DOF) load sensor (JR3 Inc., Wood-
land, CA) mounted to a custom frame, which has 4-DOF of
adjustability. The subject’s leg was rigidly connected to the
load cell by casting the lower leg with Delta-Lite fiberglass
casting (Johnson & Johnson, Piscataway, NJ) and then placing
an aluminum clamp around the cast which in turn was mounted
to the load cell. A vertical shank support extending from the
aluminum ring was used to minimize varus–valgus movements
at the knee [Fig. 1(b)]. Because testing was done with the sub-
ject in the standing position, the subject was placed in a harness
and attached to a body-weight support system (Woodway USA,
Waukesha, WI) in order to eliminate the risks for falls. No
support was provided by the system during each trial, however
between trials, subjects often sat in the harness like a swing in
order to minimize fatigue in their legs. Additionally, the trunk
was stabilized in the anterior–posterior and medial–lateral
planes using large bumpers that pressed on the abdomen, lower
back, and on each side of the pelvis [Fig. 1(a)]. The bumpers
were compressed so that during the experiment, the geometry
of the subject’s leg did not change during the exertion portion of
the trial. The subject’s leg was positioned so that the knee and
hip joints were flexed approximately 40 and 30 , respectively.

Surface electromyography (EMG) were recorded differ-
entially from the gastrocnemius, medial hamstrings, rectus
femoris, gluteus medius, gluteus maximus, adductor longus,
vastus medialis, and vastus lateralis muscles using a Bagnoli-8
EMG system (Delsys, Inc., Boston, MA). Forces and torques
from the load cell, and all EMG data were anti-alias filtered
at 500 Hz prior to sampling at 1000 Hz using a 16-bit data
acquisition board (Measurement Computing, PCI-DAS 6402,
Middleboro, MA) and custom data acquisition software written
in Matlab (Mathworks Inc., Natick, MA).96



528 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 15, NO. 4, DECEMBER 2007

C. Protocol

The maximum isometric torque at the hip and knee joints
of each subject was measured in eight different directions,
namely hip flexion–extension, hip abduction–adduction, hip
internal–external rotation, and knee flexion–extension. Before
collecting any data, each subject was allowed to practice gen-
erating maximum isometric contractions along the preferred
direction a minimum of three times. Following a rest period, the
subject was then asked to produce their maximum torque for the
joint being tested. During practice and each experimental trial,
a visual display that looked like a speedometer was shown to
the subject. Subjects were instructed to rotate the speedometer
as far as possible, thereby observing the generation of their
maximum torque. The movement of the speedometer was only
sensitive to the torque being generated along the preferred
direction in order to emphasize the direction of torque exertion.
Each torque exertion lasted approximately 4–5 s, followed
by a 1-min rest period. Verbal reinforcement was provided
throughout the experiment to encourage the subject to exert
their maximal effort.

A total of three trials were run for each of the primary direc-
tions, totaling 24 trials. Eight test epochs, with each epoch con-
sisting of three trials for each direction, were applied sequen-
tially. The order in which the primary direction was selected
was randomized, with 1-min breaks in between trials. This pro-
cedure was implemented to minimize bias associated with the
order in which torque direction was tested. The paretic leg was
tested in all of the stroke subjects, while we randomized which
leg was tested (e.g., dominant/nondominant) in the age-matched
control group. It should be noted that we were unable to test the
unimpaired stroke leg since this would have required stroke sub-
jects to stabilize themselves for the duration of the study on their
affected leg, which was not possible.

D. Data Analysis

The forces and torques measured at the load cell were trans-
formed back to the subject’s knee and hip joints in order to pro-
vide real-time visual feedback to the subject during each trial
and for post experimental analysis. With the load cell positioned
behind the subject just above the ankle, forces and torques gen-
erated at the knee and hip joints were calculated using the tech-
nique described in the [16].

For each of the eight torque directions tested, the maximum
volitional primary torque generated along the intended
direction was identified as the peak torque sustained for 200 ms
observed across the three trials (Fig. 2). This smoothing tech-
nique helped to eliminate spikes in torque if the subject jerked
their limb during a specific exertion. The magnitude of the cor-
responding secondary torques Ts exerted along the other direc-
tions produced at the time of occurrence of was also
identified. For example, during maximum hip flexion exertions,
secondary torques consisted of those generated along the knee
flexion-extension axis, hip abduction–adduction axis, and hip
internal–external rotation. Secondary torques generated during
all trials were normalized to the maximum primary torque mea-
sured for that particular joint axis and direction such that sec-
ondary torques were expressed as a percentage of volitional

Fig. 2. Example tracing of joint moments generated simulataneously at the hip
and knee joints during a knee flexion task, along with two corresponding EMG
traces (rectus femoris and hamstrings). The shaded region indicates a 200-ms
time window which was used to identify maximum exertions along the primary
torque direction. Secondary torques and muscle activation levels generated at
the time of the max could then be identified.

max. In cases where secondary torques exceeded 100%, this in-
dicated that the subject generated less torque while attempting
to maximize that particular direction than when they were trying
to maximize a different direction.

EMG activity from each muscle was band-pass filtered
(20–450 Hz), full-wave rectified, and then smoothed using a
200-point root mean square (rms) algorithm. EMG activity for
each trial was normalized to the maximum EMG value observed
across all trials for each respective muscle. This allowed for
muscle activations demonstrated during maximum exertions
to be expressed as the percentage of peak activity observed in97
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each muscle. The magnitude of EMG activity for each muscle
was identified at the time the primary torque was
generated.

E. Muscle Cocontraction Index

It has been previously reported that weakness following
stroke may result from subjects simultaneously activating their
antogonist muscles, which would negate a portion of the power
generated by the agonist muscle groups [13], [24]. In order to
determine whether any observed weakness could be attributed
to the co-activation of antagonistic muscles, we computed a
co-contraction index (CI) for each primary torque direction as
follows:

(1)

where PCSA is the physiological cross sectional area of the
muscle [10], and are the indices of each respective agonist
and antogonist for each joint tested. Here, the co-contraction
index is the total activity demonstrated in the agonist muscle
groups divided by the total muscle activity demonstrated in the
antagonistic muscle groups for each primary torque direction.
Scaling the muscle activity by the PCSA is important since ac-
tivity in large muscle groups will generate significantly higher
forces than activity in muscles with smaller cross-sectional area.
In essence, the CI indicates how much co-activation of antago-
nistic muscle groups subjects exhibit, where a higher CI is in-
dicative of higher agonist muscle activity (versus antagonist);
while a low CI is indicative of abnormally elevated antagonist
activity. The latter would result in decreasing levels of torque
exerted at the joint since the antagonist muscle groups would
counteract some of the power generated by the agonist muscle
groups.

F. Statistical Analysis

The maximum primary torque exerted by the stroke and con-
trol subjects in each of the eight directions was compared using
a single-factor ANOVA. Differences in the amplitude of muscle
activations exhibited during each maximum exertion direction
were examined by comparing the normalized EMG for each
muscle between groups using a Student t-test.

We also investigated how stroke subjects generate synergistic
joint torques adjacent to the primary joint axis, which is an in-
direct measure of coordination. Using the normalized torque
each subject generated as secondary torques during each of the
eight primary torque directions, a single-factor ANOVA was
used to compare torque synergies between the stroke and con-
trol groups. All statistical tests were done with .

III. RESULTS

A. Primary Torque

During isometric maximum exertions at the hip and knee
joints, acute hemiparetic stroke subjects exerted significantly
less torque than age-matched control subjects in all directions
tested . Fig. 3 illustrates the mean maximum iso-
metric joint torques for each direction tested along with the

Fig. 3. Maximum primary isometric torques for the control and stroke subjects
(black = control; white = stroke). (� indicates p < 0:05).

TABLE II
MAXIMUM ISOMETRIC JOINT TORQUE IN EACH GROUP

95% confidence interval. It can be seen that deficits in strength
in the stroke subjects range from 11% of control subjects to
48.8%. The mean joint torques are listed in Table II, expressed
in absolute terms and as a percentage of torque generated by
age-matched control subjects. It should be noted that the per-
centage of female controls subjects in the control group (44%)
was slightly higher than in the stroke group (30%) which may
underestimate the true strength deficits in the acute stroke group.

B. Secondary Torques and EMGs

As described in Section II-D, during maximum primary ex-
ertions at the hip and knee joints, the corresponding torques ex-
erted at adjacent joints and/or axes were quantified. These sec-
ondary torques demonstrate the synergy patterns subjects utilize
throughout the lower limb in order to maximize the joint torque
along the primary direction. Results are reported during primary
exertions along the hip flexion–extension, hip abduction–ad-
duction, and knee flexion–extension axes. No differences were
found in the synergy patterns expressed by the stroke subjects
when compared to the control subjects during maximal hip in-
ternal or hip external rotation.98
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Fig. 4. Secondary torques generated during hip flexion (column a) and hip extension (column b) along with normalized muscle activity. No significant differences
were found in secondary torques for either direction while differences in muscle activation levels were more prominent during hip flexion than hip extension
between groups. Error bars indicated 95% confidence interval. (black = control; white = stroke) (� indicates p < 0:05).

While generating maximum voluntary hip flexion torque,
both control and stroke subjects also generated hip adduction
and hip external rotation. As shown in Fig. 4(a), there was
substantial variability in the amount of secondary torques
produced during maximum hip flexion, however there were no
significant differences in secondary torques between subject
groups. Interestingly, when maximizing hip flexion torque,
there were trends for muscle activity to be higher in the stroke
subjects in most of the lower limb muscles, with significant
differences occurring in the gastrocnemius, rectus femoris,
hamstrings, and gluteus maximus .

During maximal hip extension exertions, both groups ex-
hibited hip adduction and knee flexion secondary torques
[Fig. 4(b)]. There were no significant differences in secondary
torques between the two groups. Similar to hip flexion exertions,
there were trends for higher muscle activations in numerous
muscles spanning both the hip and knee joints, although only
rectus femoris was found to be significantly different between
the two groups.

While attempting to maximize hip abduction torque, control
subjects tended to generate simultaneous secondary torques
along the hip flexion, hip internal rotation, and knee flexion
directions [Fig. 5(a)]. Conversely, stroke subjects had a ten-
dency to generate hip extension and knee extension secondary
torques. Differences in these synergy patterns were not sig-
nificant, presumably due to the high variability in secondary
torques. Muscle activation patterns were again higher in many

of the lower limb muscles in the stroke subjects when compared
to the control group, where significant differences were found
in adductor longus and hamstrings. The excessive activity in
the adductor longus activity was surprising since this muscle
opposes abduction of the leg. This co-activation of antagonistic
muscle groups was consistent across subjects and most direc-
tions (see Section III-C).

During maximal hip adduction exertions, both groups tended
to generate hip flexion, hip external rotation, and knee flexion
secondary torques. There were no differences in the magnitude
of the secondary torques between groups. There were trends for
muscle activity to be higher in most lower limb muscles with
significant differences found in the rectus femoris, hamstrings,
and gluteus medius.

While generating maximal knee flexion exertions, both
stroke and control subjects generated simultaneous hip ex-
tension, hip adduction, and hip internal rotation secondary
torques [Fig. 6(a)]. There were no significant differences in
the secondary torques between groups. Interestingly, there was
substantially more muscle activity in the rectus femoris in the
stroke subjects despite it being a strong antagonist to knee
flexion. Co-activation of antagonistic muscles are discussed in
more detail in Section III-C.

During maximum knee extension exertions, both stroke and
control groups generated substantial hip flexion secondary
torques [Fig. 6(b)]. However, the control subjects generated
simultaneous hip abduction and hip external rotation, while99
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Fig. 5. Secondary torques generated during hip abduction (column a) and hip adduction (column b) along with normalized muscle activity. No significant differ-
ences were found in secondary torques for either direction. Slight differences in the extent of muscle activity were observed in some muscles, which was direction
dependent. Error bars indicated 95% confidence interval. (black = control; white = stroke) (� indicates p < 0:05).

Fig. 6. Torques generated at the hip during knee flexion (column a) and extension (column b) along with normalized muscle activity at the time of the max.
Similar to hip maximums, no differences in secondary torques were observed between subject groups, while some muscle activation levels were different. Error
bars indicated 95% confidence interval. (black = control; white = stroke) (� indicates p < 0:05).
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Fig. 7. Muscle co-contraction index for both groups. For hip extension, hip ab-
duction and knee extension, stroke subjects generated significantly more muscle
activity in their antagonistic muscles (lower co-contraction index = more an-
tagonistic activity, see text for details). � indicates p < 0:05.

stroke subjects generated simultaneous hip adduction and hip
internal rotation torques. Similar to knee flexion, stroke sub-
jects exhibited higher muscle activity in the antagonists (e.g.,
hamstrings).

C. Muscle Cocontraction Index

We examined the amount of muscle co-activation during
maximal exertions in both groups to determine whether ob-
served weakness may be the result of excessive co-activation
of antagonistic muscle groups. As described in Section II-E,
the amount of co-activation was determined for each direction
tested as the ratio of agonist activity to antagonist activity,
scaled by the physiological cross sectional area of each muscle.
With the exception of hip flexion, stroke subjects activated
their antagonist muscles much stronger than the age-matched
control subjects, as illustrated in Fig. 7. Significant differences
in the co-contraction indices were found between groups for
hip extension, hip abduction, and knee extension
while trends for differences were found in hip adduction and
knee flexion. These results demonstrate that co-activation of
antagonistic muscle groups during maximum isometric con-
tractions might be at least partially responsible for the observed
torque deficits described in Section II-B-1.

IV. DISCUSSION

The results from this study demonstrate that acute stroke
subjects experience profound reductions in torque generating
capacity in the lower extremities, however for the most part,
synergy patterns represented through concomitant secondary
torques were not different than age-matched controls. The
novel aspects of this experimental setup used to test strength
and synergy patterns in hemiparetic stroke subjects was that
subjects were in a standing posture which is similar to the
posture they would be in during gait. As a result, subjects were
required to maintain a certain level of balance, vestibular inputs
were present, and from an experimental point of view, torques
could be measured along both the intended joint of interest as

well as adjacent joints and axes. In addition, because the task
was isometric rather than isokinetic where reflex responses
could be elicited, confounding factors such as spasticity could
be minimized. Thus these tests provide detailed insight into
strength and synergy patterns of hemiparetic stroke patients in
a functional posture (e.g., upright standing) which advances
studies that have previously looked at strength deficits at iso-
lated joints in a seated position [1], [35].

Since the subjects tested in this study were very acute (mean
time poststroke: 22 days), it is not surprising that major torque
deficits in all directions tested were found. This weakness ap-
pears to be at least partially attributable to co-activation of an-
tagonistic muscle groups, which has been found in previous
studies that evaluated joint strength in isolation and in a seated
position [13], [22], [24]. Other studies have reported that there
were no differences in the level of co-activation in stroke sub-
jects when compared to age-matched control subjects; however
these studies tested subjects in a seated position [17], [35]. We
contend that testing subjects in a standing posture increases the
complexity of the task by requiring them to maintain balance
and posture, perhaps revealing deficits in motor function that
emerge only during functional tasks.

In the present study, subjects were asked to exert their max-
imal effort during isometric contractions. Kautz and Brown [11]
also showed that with increased pedaling speed and therefore
greater mechanical demands of the task, stroke subjects demon-
strated poorly controlled muscle activation patterns. Perhaps the
combination of standing test posture and the high demands of
the task were sufficient to expose the poor muscle control in the
stroke subjects.

While deficits in strength in the stroke subjects were not
surprising, the lack of differences in secondary torques (or
equivalently similar synergy patterns) was unexpected. Pre-
vious studies have demonstrated that in the upper limb of
chronic stroke survivors, significant abnormal synergy patterns
lead to decreases in motor function [2], [18]–[20]. These studies
showed that stroke patients exhibit certain neural constraints
resulting in a loss of independent joint control. For example,
when subjects generate static shoulder abduction torques
they also generate elbow flexion torques whereas during the
generation of shoulder adduction elbow extension torques are
generated in the paretic arm [18]–[20]. We did not observe
similar abnormal synergy patterns despite using the same ex-
perimental approach, which could be the result of two distinct
differences between the current study and previous work. First,
the subjects tested here were very acute, averaging less than
30 days poststroke while the studies described above tested
chronic stroke subjects (great than 1 year poststroke). It could
be such that the abnormal synergy patterns had not expressed
themselves so acute to the injury [12], [39]. The second key
difference is that the synergies reported by [18]–[20] were in
the upper limb while the focus of this work was the lower limb.
Deficits in upper limb function are usually greater following
stroke, which could explain the lack of differences in torque
synergy patterns in our study.

Across nearly all conditions, stroke subjects activated their
muscles to a larger percentage of their maximum than did the
control subjects. Tang and Rymer [37] reported increased levels
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of EMG activity per unit force in paretic elbow flexors com-
pared with the nonparetic side, postulating that more motor units
were needed to be recruited to achieve a particular level of force
due to decreases in motor unit discharge rates. Similar results
have been reported in the lower limb [40]. Elevated muscle ac-
tivity would result in higher metabolic costs and consequently
increase the rate of fatigue, a behavior often noted in stroke sur-
vivors.

The results in this study parallel our findings in chronic
stroke subjects [34], where both acute and chronic subjects
demonstrate significant weakness at least partially due to
co-contracting antagonistic muscle groups, and that secondary
torques are similar to controls. We expected that the excessive
weakness in the acute stages of stroke would lead to abnormal
synergy patterns in the chronic stages of injury, however this
behavior was not found. We believe that the isometric nature of
the experimental setups used in these studies simplifies the task
such that perhaps these abnormal synergies are not exposed. We
are currently looking at these behaviors under more complex
dynamic conditions, where subjects are forced to plan and
execute movement trajectories.

Our findings indicate that following acute stroke, individuals
experience profound weakness in their paretic leg that is accom-
panied by the loss of normal muscle activation patterns. The
findings that acute stroke subjects tend to co-activate their ago-
nist-antagonist muscles to a higher degree than control subjects
may be a control strategy implemented to compensate for weak-
ness or instability.
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Project C1:  Stroke Performance Recovery and Outcomes Study 
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Legend: 
 
Task 1 
 
• Window 
• Trashcan 
• Soap 
• Sink 
• Soap Holder 
• Running water 
• Right hand 
• Left hand 
• Paper towel 
• Faucet handle 
• Faucet 
• Other object 
• Lost point 
 

Steps required to complete task. 
 

1. Turn on the water 
2. Rinse hands before soaping 
3. Gather soap 
4. Soap hands under water 
5. Place soap back 
6. Rinse hands after soaping 
7. Turn off faucet 
8. Shake water from hands 
9. Gather towel 
10. Dry hands 
11. Throw towel away 
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OPENING THE “BLACK BOX” OF STROKE REHABILITATION 

AND WHAT IT MEANS FOR REHABILITATION RESEARCH 
 
 The proposed editors and authors are pleased to submit their proposal for the 2005 ACRM Supplement in 
the Archives of Physical Medicine & Rehabilitation, hereafter, the Archives supplement.  We propose a thematic 
supplement that seeks to tear off the cover of stroke rehabilitation’s proverbial black box using the experience of an 
unparalleled major multi-site stroke outcomes study.  The proposed supplement provides a discipline-by discipline 
characterization of stroke rehabilitation practice and their effects on stroke rehabilitation outcome.  The supplement 
also examines practice variation in medications and nutrition, international variation, and the effect of excess body 
weight on stroke rehabilitation practice and outcome.  
 
 Equally important, and perhaps more so from the standpoint of rehabilitation research theory and practice, 
the proposed supplement addresses fundamental issues in rehabilitation research design and epistemology.1  The 
proposed supplement will present an alternative to the research paradigm that dominates biomedical research and 
one that rehabilitation research has sought to emulate.  We believe that the experiences of the multi-site stroke study 
noted above offers an approach that, in many instances, may be better suited to the multi-disciplinary and the multi-
factoral nature of the rehabilitation enterprise. 
   
 The proposed editors and authors comprise a pre-existing team of investigators and clinical experts who 
already have a strong and abiding working relationship that bodes well for the success of the proposed supplement.  
This team has delivered on every aspect on one of the most demanding research protocols in rehabilitation research 
history.  We stand ready to deliver on the proposed supplement as well. 
 

THEME AND ITS IMPORTANCE 
 
 One of the great challenges in rehabilitation has been the ability to characterize the multi-faceted and multi-
disciplinary interventions that comprise the rehabilitation process.  “What does rehabilitation actually do?” one 
might ask.  Historically, rehabilitation has tried to answer this question mainly by specifying its outcomes—
enhanced function, discharge to home, participation in family and community life—instead of its processes.  And 
rightfully so.  A field needs to know first and foremost what its goals and intended outcomes are.  For many years, 
the field presumed that by keeping its eye on the prize, i.e., the outcome, that the processes of care would self-
organize to achieve the desired outcomes. 
 
 Events over the last two decades have brought increasing attention to the process of care as well as the 
outcome of care.   First is the increased focus on practice guidelines and evidence-based practice as in the case of the 
AHCPR Post-stroke Practice Guideline project.  Second is the increased use of non-hospital settings for 
rehabilitation care that has forced the question of what makes the process of care in one setting different than 
another.  Third is the increased concern about the quality of care, i.e., the absence or presence of sentinel processes 
of care.  Fourth is the increased scrutiny of third-party payers regarding the duration and process of care.  And fifth 
is the inception of prospective payment for post-acute rehabilitation that has forced providers to re-examine their 
processes of care in order to deliver care more efficiently. 
 

                                                           
 
 
 
 

References 
 
1 Epistemology refers to “the study or a theory of the nature and grounds of knowledge especially with reference to 
its limits and validity” (Merriam-Webster on-line dictionary at http://www.m-w.com/cgi-bin/dictionary. 
 

105

http://www.m-w.com/cgi-bin/dictionary


 In each of these instances, rehabilitation providers have been limited by the lack of a taxonomy to 
characterize rehabilitation processes, the lack of an adequate documentation system to capture what actually 
transpires in the treatment setting, and the lack of a research paradigm and corresponding research method that could 
capture the diversity and range of rehabilitation practice. 
 
 This Archives supplement addresses these challenges and presents an alternative approach to the research 
paradigms that dominate research today.  We use the vehicle of a very large multi-center observational study in 
stroke rehabilitation to address and illustrate the challenges and alternatives that are currently available to 
rehabilitation research today.  We do not seek to be definitive in all our observations but we do seek to illustrate how 
one very large data-intensive stroke rehabilitation study is managing to break through many of the barriers that have 
limited rehabilitation research in the past.   

 
RELEVANCE TO ACRM’S MISSION 

“ The mission of the American Congress of Rehabilitation Medicine 
(ACRM) is to promote the art, science, and practice of rehabilitation 
care for people with disabilities. This mission challenges us to be 
responsive to the rapidly changing environment of health care and the 
increasing diversity of rehabilitation service delivered by healthcare 
professionals from all disciplines and venues within the continuum of 
rehabilitation care.  . . . ACRM recognizes the urgent need for an 
organization that will address the crucial issues of outcomes, efficacy of 
treatment, managed care, best practices, and reimbursement . . .”  

 The proposed supplement fits squarely with ACRM’s mission.  It addresses rehabilitation practice and uses 
scientific methods to understand practice variation in one rehabilitation impairment group, namely stroke survivors 
who comprise 20% of all inpatient rehabilitation admissions.  We believe that the proposed supplement breaks new 
ground in rehabilitation methods and approaches and for the first time will really be able to provide a detailed 
characterization of stroke rehabilitation intervention. 

 
LITERATURE REVIEW 

 

Over the years, rehabilitation has expended enormous intellectual energy conceptualizing 
models of disability, identifying relevant outcome domains, and developing outcome measures, 
including psychometric and clinometric research on validity, reliability, scaling, and 
interpretation of these measures.  By contrast, little energy has been expended on issues related 
to the processes of care and interventions used in rehabilitation.  The input side (patient, 
treatment, and environment characteristics) has not been subjected to the same level of 
conceptual and methodologic rigor as the output side in the effectiveness equation:  There has 
been little systematic disaggregation (conceptualizing, measuring, and counting) of interventions 
used in rehabilitation.  While there is research of individual treatments, focusing on their 
effectiveness either as “stand alone” interventions in an outpatient setting or as part of a larger 
package of inpatient or outpatient services, there is little research that investigates the 
contribution of all individual components of a rehabilitation program to the outcomes, 
individually and combined.   
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Typically, outcomes research or effectiveness research has examined 
“unopened” packages of services, gross settings of care, or organizational milieus (e.g., 
rehabilitation team culture).  Most previous studies have examined rehabilitation in the 
aggregate; investigators have looked at rehabilitation as a whole, such as comparing 
outcomes of patients treated in hospital rehabilitation centers versus those treated in 
skilled nursing facilities.2,3 Quantifying the amount of therapy that a patient receives 
usually does not go beyond length of stay or hours of each type of therapy 
delivered.4,5,6  Rarely are individual interventions examined in the context of the 
array of interdisciplinary interventions used and within the structural arrangements (such 
as care settings) in which care is delivered.  In the case of stroke rehabilitation, for 
example, no study has investigated the effects of multiple aspects of stroke 
rehabilitation simultaneously, although some explorations of the effects of structural 
process characteristics of the treatment environment have been published.

entire 

and 

ilitation.   

                                                          

7,8,9,10  In 
short, we have yet to disassemble the “black box” of rehab

 
As a result of our failure to disaggregate, we cannot identify those interventions that truly contribute to 

rehabilitation outcomes.  Even if we could distinguish the “active ingredients” in rehabilitation, we would still 

need to quantify them, which depends on adequate measurement.  Each intervention presents its own 

 
2 Keith RA, Wilson DB, Gutierrez P. Acute and subacute rehabilitation for stroke: a comparison. Arch Phys Med 
Rehabil 1995;76:495-500. 
 
3 Kramer AM, Steiner JF, Schlenker RE, Eilertsen TB, Hrincevich CA, Tropea DA, Ahmad LA, Eckhoff DG.  
Outcomes and Costs after Hip Fracture and Stroke:  A Comparison of Rehabilitation Settings.  JAMA (1997); 
277(5): 396-404. 
 
4 Heinemann AW, Hamilton B, Linacre JM, Wright BD, Granger C. Functional status and therapeutic intensity 
during inpatient rehabilitation. Am J Phys Med Rehabil. 1995 Jul-Aug;74(4):315-26. 
 
5 Heinemann AW, Kirk P, Hastie BA, Semik P, Hamilton BB, Linacre JM, Wright BD, Granger C.  Relationships 
between disability measures and nursing effort during medical rehabilitation for patients with traumatic brain and 
spinal cord injury. Arch Phys Med Rehabil. 1997 Feb;78(2):143-9. 
 
6 Baker JG, Fiedler RC, Ottenbacher KJ, Czyrny JJ, Heinemann AW. Predicting follow-up functional outcomes in 
outpatient rehabilitation. Am J Phys Med Rehabil. 1998 May-Jun;77(3):202-12. 
 
7 Reker DM, Hoenig H, Zolkewitz MA, Sloane R, Horner RD, Hamilton BB, Duncan PW. The structure and 
structural effects of VA rehabilitation bed service care for stroke. J Rehabil Res Dev. 2000 Jul-Aug;37(4):483-91. 
 
8 Reker DM, Duncan PW, Horner RD, Hoenig H, Samsa GP, Hamilton BB, Dudley TK. Postacute stroke guideline 
compliance is associated with greater patient satisfaction. Arch Phys Med Rehabil. 2002 Jun;83(6):750-756. 
 
9 Hoenig H, Sloane R, Horner RD, Zolkewitz M, Reker D. Differences in rehabilitation services and outcomes 
among stroke patients cared for in veterans hospitals. Health Serv Res. 2001 Feb;35(6):1293-318. 
 
10 Duncan PW, Horner RD, Reker DM, Samsa GP, Hoenig H, Hamilton B, LaClair BJ, Dudley TK. Adherence to 
postacute rehabilitation guidelines is associated with functional recovery in stroke. Stroke. 2002 Jan;33(1):167-77. 
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measurement challenge and rehabilitation interventions often are not mutually exclusive.  For example, a 

physical therapist may combine motor learning strategies with balance training while working with a patient on 

sit-to-stand activities.  Both are important related components of therapy and sometimes difficult to 

differentiate.  Separating the effects of individual interventions and their multiple interactions is an analytical 

and statistical challenge.  Rehabilitation practitioners claim that rehabilitation is an interdisciplinary process that 

is more than the sum of its parts.  That may be the case, but without identifying and measuring the parts, we 

cannot begin to evaluate the whole.  Some parts may not be necessary, or can be substituted for one another.  

Optimal interventions may be different for various diagnoses, admission functional levels, or co-morbidities.  

 
Several have called for a taxonomy of treatments that will bring greater clarity and more precision to 

describing and quantifying what happens in the rehabilitation process, and thus serve as the basis for measuring 
interventions used in conjunction with outcomes.11 12 13 14 15  In fact, the matter of a taxonomy of rehabilitation
interventions has been the subject of many recent conversations in rehabilitation research especially within the 
ACRM as noted by the vigorous discussions of the ACRM Task Force on Rehabilitation Taxonomy.  Some have 
labeled this extended conversation as a rehabilitation zeitgeist.  The proposed supplement is not primarily about 
rehabilitation taxonomy development, however.  That is the subject of another soon-to-be-published paper that 
emerged from the study that motivates this proposal. The proposed supplement does report on how a stroke 
rehabilitation taxonomy became an inevitable byproduct of the attempt to identify more clearly and precisely the 
interventions that comprise the stroke rehabilitation process (Paper 3).  It certainly is not the only taxonomy—and a 
different taxonomy might emerge using a different level of resolution.  Nonetheless, the taxonomy used in this 
supplement is one developed by many clinicians working within and across disciplines with colleagues and 
researchers from several different sites. 

 

n 

                                                          

 
Armed with a workable taxonomy, one can begin to examine what actually transpires in the rehabilitation 

process—within disciplines, across disciplines, and across sites of care.  Studies  
suggest that there is large variation in stroke rehabilitation practice.16 17 18 19 20 21 22 23 24 25  There is also variatio
practice between countries.26 27 28  Unfortunately, many of these studies report on only one domain of therapy, such 

 
11 Dijkers MP. A taxonomy of rehabilitation interventions: Feasibility and development suggestions. Presentation at 
the 2001 annual meetings of the American Congress of Rehabilitation Medicine, Tucson, AZ, October 25-28, 2001. 
 
12 Dijkers, MP.  ACRM presentation in October 2003 
 
13 Hart, T.  ACRM presentation in October 2003 and presentation to the NIH National Advisory Board on Medical 
Rehabilitation Research in December 2003. 
 
14 Whyte J, Hart T.  It’s more than a black box; it’s a Russian doll: Defining rehabilitation treatments.  Am J Phys 
Med Rehabil 20003; 82:639-652. 
 
15 DeJong G, Horn S, Gassaway J, Dijkers M, Slavin S. Toward a taxonomy of rehabilitation interventions:  using an 
inductive approach to examine the ‘black box’ of rehabilitation. Archives of Physical Medicine & Rehabilitation (in 
press), 2004. 
 
16 Kwan J, Sandercock P. In-hospital care pathways for stroke: a Cochrane systematic review. Stroke 2003; 34: 587-
8. 
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as gait training or activities of daily living (ADL).29  Rarely do studies examine the full range of therapeutic 
interventions simultaneously.  

 

 The multi-factorial character of rehabilitation interventions has proved daunting in rehabilitation research.  
Building on our introductory observations and at the risk of oversimplification, one can characterize rehabilitation 
effectiveness or outcomes research as existing along a continuum.  At one end of the continuum, rehabilitation 
research attempts to compare bundled packages of services without differentiating the content of the package.  As 
noted earlier, a classic comparison is the comparison between the outcomes of rehabilitation care in skilled nursing 
facilities (SNF) versus care provided in inpatient rehabilitation facilities (IRFs).  No clear differentiation of 
individual therapies is made at this aggregate level of analysis.  At the other end of the continuum, rehabilitation 
research attempts to examine the efficacy of a single intervention (or closely but limited array of interventions) 
compared to another single intervention or to placebo or sham intervention as in the case of a randomized controlled 
trial (RCT). 

 
                                                                                                                                                                                           
17 Jette D, Smout R, James R, Gassaway J, Horn S. (unpublished manuscript). Physical therapy interventions for 
patients with stroke in an acute rehabilitation setting. 
 
18 Hoenig H, Duncan PW, Horner RD et al. Structure, process, and outcomes in stroke rehabilitation. Med Care 
2002; 40: 1036-47. 
 
19 Duncan P, Richards L, Wallace D et al. A Randomized, Controlled Pilot Study of a Home-Based Exercise 
Program for Individuals With Mild and Moderate Stroke. Stroke 1998; 29: 2055-2060. 
 
20 Walker M, Drummond JG, Sackley C. Occupational therapy for stroke patients: A survey of current practice. 
British Journal of Occupational Therapy 2000; 63: 367-372. 
 
21 Sackley CM, Lincoln N. Physiotherapy treatment for stroke patients: A survey of current practice. Physiotherapy 
Theory and Practice 1996; 12: 87-96. 
 
22 Duncan P, Studenski S, Richards CL et al. A Randomized Clinical Trial of Therapeutic Exercise in Sub-Acute 
Stroke. in press. 
 
23 Ballinger C, Ashburn A, Low J, Roderick P. Unpacking the black box of therapy -- a pilot study to describe 
occupational therapy and physiotherapy interventions for people with stroke. Clin Rehabil 1999; 13: 301-9. 
 
24 Snels I, Beckerman H, Lankhorst GJ, Bouter L. Treatment of hemiplegic shoulder pain in the Netherlands:  results 
of a national survey. Clin Rehabil 2000; 14: 20-7. 
 
25 Rothi L. A reminiscence of the first two years, current practice, and a renewal of our purpose. Invited presentation 
at the Academy of Neurologic Communication Disorders and Sciences. Washington, DC, 2000. 
 
26 Ogiwara S. Physiotherapy in stroke rehabilitation: a comparison of bases for treatment between Japan and 
Sweden. Journal of Physical Therapy 1997; 9: 63-69. 
 
27 Nilsson L, Nordholm LA. Physical therapy in stroke rehabilitation: bases for Swedish physiotherapists' choice of 
treatment. Physiotherapy Theory and Practice 1992; 8: 49-55. 
 
28 Lennon S. Physiotherapy practice in stroke rehabilitation: a survey. Disabil Rehabil 2003; 25: 455-61. 
 
29 Booth J, Davidson I, Winstanley J, Waters K. Observing washing and dressing of stroke patients: nursing 
intervention compared with occupational therapists. What is the difference? J Adv Nurs 2001; 33: 98-105. 
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 The proposed supplement will argue that this dichotomy, at one level, presents a false choice—a choice 
made necessary in the absence of a taxonomy that can adequately characterize rehabilitation care.   Yes, there have 
been studies that have been conducted near the middle of this continuum as in studies that examine the differential 
effects of hours of physical or occupational therapy affect outcome.  In the final analysis, this middle-ground type of 
study remains inherently unsatisfying because it does not characterize what therapists in fact do during the therapy 
encounter.  Single-bullet RCTs also remain unsatisfying due to their logistical challenges and the opportunity for 
generalization.  More importantly, there simply is not enough money in the nation’s entire biomedical research 
budget to examine all the variation of practice in rehabilitation care. 

 

 The proposed supplement presents an alternative to this false-choice state of affairs. We do not deny the 
important role that other types of research can have but we believe that rehabilitation research has not taken full 
advantage of multivariate statistical approaches that can power today’s observational studies.  With the aid of a 
taxonomy, large clinical databases, and partnering with front-line clinicians, researchers can finally address some of 
the methodological limitations that have bedeviled rehabilitation research all of these years.  We do not suggest that 
the evidence resulting from our research is necessarily definitive.  “[O]ne . . . feature of medical evidence is its 
inherently provisional nature. . .  [E]vidence is emergent and therefore expected to change with time.”30 

 

Objectives 

 

 In short, the proposed supplement has several objectives: 

 

1. Addresses some of the larger epistemological issues in rehabilitation and biomedical research (Paper 
2); 

 

2. Introduces the concept of a clinical practice improvement (CPI) study and where it fits in the pantheon 
of rehabilitation research (Paper 2);  

 

3. Describes how a CPI approach has been operationalized and applied in a multi-site stroke 
rehabilitation study (Paper 3);  

 

4. Uses CPI to characterize rehabilitation practice and practice variation and explain rehabilitation 
outcomes (Papers 4-8); 

 

5. Explain the impact of the IRF-PPS on stroke rehabilitation practice using the study’s ability to actually 
characterize rehabilitation practice (Paper 9); 

 

6. Apply CPI to help understand the role of obesity in stroke rehabilitation practice and outcome (Paper 
10); 

 

7. Characterize some international differences in stroke rehabilitation practice and their differential 
effects on outcomes (Paper 11); and 

 

8. Determine the extent to which rehabilitation practices that affect outcomes at discharge also affect 
longer-term 6-month outcomes (Paper 11). 

 

                                                           
30 Ross EG.  Seven characteristics of medical evidence.  J Evaluation in Clinical Practice 2000; 6: 2, 93-97. 
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The proposed supplement concludes with brief commentaries from several leaders in the field of rehabilitation and 
stroke rehabilitation who can address the epistemologic, methodologic, clinical, and policy issues raised by the 11 
papers presented in the supplement. 

   
INTENDED AUDIENCE 

 
 This supplement addresses fundamental issues of concern to all ACRM and rehabilitation stakeholders—
researchers, providers, large purchasers, and payers—who are concerned with issues related to evidence-based 
practice in stroke rehabilitation.  It is not designed to address the decision needs of consumers although it will 
address issues facing consumers who may want to understand the nature of evidence-based practice and how it can 
help inform their choices about rehabilitation alternatives. 
  
Content  
 
1. Gerben DeJong, Brendan Conroy, Edward Healton, Susan Horn.  “Introduction to this Archives 

Supplement.”  3 published pages 
 

This will be a brief overview of purpose and scope of the supplement and how the 
supplement unfolds from paper to paper.  This article will also reference our earlier 
previously in-press work on stroke rehabilitation taxonomy. 

 
2. Susan Horn, Gerben DeJong, David Ryser, Peter Veazie, Jeff Teraoka, et al. “Another Look at 

Observational Studies in Rehabilitation Research:  Going Beyond the Holy Grail of the Randomized 
Controlled Trial.”  [This is a more theoretical paper].  12 published pages. 

 
The randomized controlled trial (RCT) is considered the gold standard in bio-medical 
research.  It is held as the highest level of evidence for efficacy and best practice or what 
Miettinen calls “all purpose RCTism.”31  The RCT is, unfortunately, an expensive and 
unwieldy, if not clumsy, tool for discovering and establishing best practice in 
rehabilitation.  RCTs work well when the intervention is singular, the timing is well 
established, and the dosage is fairly clear.  RCTs do not work as well with rehabilitation 
where the interventions are multi-faceted and multidisciplinary, where timing is in doubt, 
and the dosage will have to vary with patient tolerance and other factors.  In short, RCTs 
do not lend themselves well to black-box research.  There simply is not enough money in 
the biomedical research world to subject all the variations of rehabilitation practice to an 
endless array of RCTs. In the interim, we have to rely more on observational studies that 
are more naturalistic and where the interventions are not as contrived for experimental 
purposes.  Many argue that observational cohort studies are well down the hierarchy of 
scientific evidence.  This paper challenges this assumption by introducing the concept of 
a clinical practice improvement (CPI) study.  One of the strengths of CPI studies is its 
attention to defining and characterizing the black box of clinical practice.  One downside 
is that CPI studies require demanding data collection protocols but the upside is that they 
offer the one of the best opportunities to uncover best practices more quickly and still 
achieve many of the advantages that RCTs are presumed to have.  The paper juxtaposes 
RCT and CPI approaches, evaluates their relative advantages and disadvantages, and 
discusses their implications for rehabilitation research and evidence-based practice. 

                                                           
31 Miettinen O.  Commentary on Gupta.  J of Evaluation in Clinical Practice 2003; 9:123-127. 
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3. Julie Gassaway, Susan Horn, Crystal Clark, Mary Slavin, and other interested parties.  

“Applying the CPI approach to Stroke Rehabilitation:  Methods Used to Define and Evaluate the Black 
Box of Stroke Rehabilitation.”  10 published pages. 

 
This paper provides an introduction to the research methods used in the Post-stroke Rehabilitation Outcome Project.    It discusses how the 
CPI approach was operationalized in the case of a multi-site stroke rehabilitation outcomes study, the results of which are discussed in 
subsequent papers.  One of the singular contributions of the PSROP has been its attention to defining and measuring the interventions used 
in stroke rehabilitation, i.e., characterizing the interventions in the proverbial black box.   The study attempted to address not only the 
variation in practice but also the variation in language and vocabulary the study uncovered when it attempted to describe stroke 
rehabilitation practice.  The paper also describes the project’s clinical sites, study  population, the participation of clinicians in identifying 
practice parameters, the data collection protocols, and the database that is the basis for the papers that follow. 

 
Note:  There is one combined abstract for Papers 4, 5, & 6.  See bullet following Paper 6. 
 
4. Diane Jette, Randal Smout, Nancy Latham, Gerben DeJong, Diane Nichols, Jaime Lees, Adam 

Procino, Brad Zollinger, Shelley Howe, Murray Brandstater, Marti Carroll, et al.  “Characterizing 
Physical Therapy Practice in Stroke Rehabilitation.  8 published pages. 

 
5. Nancy Latham, Randal Smout, Diane Jette, Lori Richards, Cathy Goodman, Lauren Rosenberg, 

Heather Welch, Murray Brandstater, Gerben DeJong, et al.  “Characterizing Occupational Therapy 
Practice in Stroke Rehabilitation.”  8 published pages. 

 
6. Brook Hatfield, Randal Smout, Janice Coles, Debbie Millet, Joyce Maughn, Andrew Dodds, et al.  

“Characterizing Speech and Language Therapy in Stroke Rehabilitation.”  8 published pages. 
 
• There is currently little research to describe the specific therapy interventions that are used in 

stroke rehabilitation, and how the use of these interventions changes over a rehabilitation episode.  Most 
studies to date have included only gross descriptions of stroke therapy interventions, such as the minutes of 
therapy provided by each profession.  Our ability to describe specific physical therapy (PT), occupational 
therapy (OT) and speech language pathology (SLP) interventions has been hampered by the lack of clear 
definitions of therapy interventions.  To overcome this problem, a taxonomy of interventions used in PT, 
OT and SLP was created for the Post Stroke Rehabilitation Outcomes Project (PSROP).  The PSROP 
provides enormous detail about the treatments and therapeutic activities that therapists used throughout the 
entire length of stay on a rehabilitation unit.  The aim of these three papers is to describe the interventions 
that were used by PT, OT and SLP and to describe how these interventions changed during the initial, 
middle and final third of each patient’s therapy episode.  The analyses for these three papers will be carried 
out in parallel, to allow comparisons about how the nature of the interventions, including the type of 
activities, the duration of the sessions and the frequency that each intervention was selected varies over 
time and across the therapy professions.  These papers will provide information about the specific 
interventions and activities that PT’s, OT’s and SLP’s use in stroke rehabilitation with more detail and 
precision than any previous publications. 

 
7. Brendan Conroy, Richard Zorowitz, Susan Horn, Jeff Teraoka, Jim Young, David Ryser, Sarah 

Maulden, Andrew Dodds, Jeff Randle, et al..  “Variation in Use of Medications in Stroke 
Rehabilitation.”  8 published pages. 

 
The PSROP uncovered significant variation in the use of medications from one clinical 
site to another that cannot be explained due to patient differences but to differences in 
physician preferences (that may also be shaped by drug formularies and other factors).  
There appears to be wide variation in outcome associated with variation in medication 
use and this paper explores the associations between drug therapy and outcomes and its 
implications for practice and future validation studies. 
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8. Sarah Maulden, Randy Smout, Susan Horn, et al..  “Nutrition as a Rehabilitation Intervention.”  8 
published pages. 

 
Malnutrition’s association with poor outcomes was reported as far back as 1936.32 Hospital associated 
malnutrition was reported in the middle and late 1970’s.33 34  Early enteral feeding in trauma patients has 
been espoused for nearly two decades.  Traditional rehabilitation therapies require much time and effort by 
stroke patients who often have attendant swallowing difficulties.  Nutrition is rarely regarded as a 
rehabilitation intervention.  Yet, we observed that nutritional support varied greatly from patient to patient 
and from site to site.  This paper characterizes differences in the timing and the amount of nutritional intake 
and their relationship to intensiveness of therapy and rehabilitation outcomes. 

 
9. Gerben DeJong, David Ryser, John Melvin, Susan Horn, et al.  “The Impact of the Inpatient 

Rehabilitation Facility Prospective Payment System (IRF-PPS) on Stroke Rehabilitation Practice.”  9 
published pages. 

 
The PSROP was conducted over a 3-year period from 2001-2003, a period that predates 
and postdates the implementation of the IRF-PPS in 2002.  We were able to observe 
significant differences in practice patterns including changes in lengths of stay.  More 
importantly, we are able to observe very specifically how PPS affected the mix, intensity, 
and duration of individual therapies.  In short, this paper reports on how PPS has 
reshaped the black box of stroke rehabilitation. 

 
10. Crystal Clark et al.  “The Effect of Body Weight on Rehabilitation Practice and Outcomes.”  8 

published pages. 
 

Recent studies have clarified the relationship between obesity and stroke. While the 
relationship between obesity and coronary artery disease, diabetes, and 
hypertension have been well established, the evidence establishing obesity as an 
independent risk factor for stroke has only recently been established. Abdominal 
obesity appears to predict the risk of stroke in men and obesity and weight gain 
appear to be risk factors for ischemic stroke in women.35  As obesity’s independent 
role in stroke has come to light, there appears to be a need for basic statistics on the 
prevalence of obesity in stroke patients, its impact on rehabilitation practice, and its 
effect on rehabilitation outcomes. 

 

This paper provides bodyweight and/or body mass index (BMI) on over 750 stroke 
patients enrolled in the Post Stroke Rehabilitation Outcomes Project (PSROP). The 
PSROP enrolled over 1218 patients from 7 clinical sites of diverse geographic 

                                                           
32 Studley HO.  Percentage of weight loss: a basic indicator of surgical risk in patients with chronic peptic ulcer.  
JAMA 1936: 106:458-60. 
 
33 Weinsier RL, Hunker EM, Krumdieck CL, Butterworth CE.  Hospital malnutrition: a prospective evaluation of 
general medical patients during the  course of hospitalization.  Am. J. Clin. Nutr. 1979; 32:418-26. 
 
34 Bistrian, BR, Blackburn GL, Vitale J, Cochran D, Naylor J.  Prevalence of malnutrition in general medical 
patients. JAMA 1976; 235:1567-70. 
 
35 Seung-Han S. Abdominal obesity and risk of ischemic stroke. Stroke 2003; 34:1586-1592. 
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representation to gather information on the critical patient, provider, and process 
elements associated with optimal outcomes in post-stroke rehabilitation.  To date, 
the evidence linking bodyweight to rehabilitation outcomes has been primarily 
limited to cardiopulmonary rehabilitation and therapy following orthopedic 
procedures. In these areas a higher BMI was associated with relative quadriceps 
weakness which impacts on patient-level outcomes.36   Using bivariate and 
multivariate analyses, we examine the impact of bodyweight and/or BMI on care 
processes and practices, as well as selected outcomes (length of stay, FIM, 
complications, and discharge location) in this multi-site rehabilitation study.  

 
11. Harry McNaughton, Gerben DeJong, Nancy Latham, Phillip Beatty, Melinda Neri, John Melvin, 

Murray Brandstater, et al..  “International Variation in Stroke Rehabilitation Practice and their Impact on 
Short- and Long-term Outcomes.”  10 published pages. 

 
One of the PSROP’s 7 clinical sites is in New Zealand.  The study uncovered significant 
differences in practice patterns between the New Zealand site and the 6 American sites.  
One strength of the CPI approach—compared to RCTs, for example—is its ability to 
uncover and accommodate wide practice variation.  This paper makes 2 sets of 
comparisons:  The first compares NZ with the U.S. centers combined making adjustments 
for case-mix differences; the second compares NZ with one of the U.S. centers that also 
obtained 6-month outcome data.  The paper describes variation in case mix, practice 
patterns, and outcomes.  The New Zealand site is also one of two sites in the study that 
acquired data on 6-month outcomes.  Hence, the paper also examines the impact on 
longer-term outcomes that relate to activity and participation.  We may decide to make 
the matter of longer-term outcomes a separate paper.   

  
12. John Melvin, Edward Healton, Pamela Duncan, Alan Jette, et al.  “Commentary.” 2 published 

pages for each commentary. (Unlike the papers listed above, the proposed commentators are examples of 
the kinds of expertise we wish to invite as potential commentators.) 

 
This portion of the supplement will include a series of short commentaries by experts in 
the field.  The commentaries will be preceded by a short summary of the papers’ sentinel 
findings and their collective implications for rehabilitation research, practice, and policy.   

 

 

 

Qualifications of Guest Editors 
 

 The three proposed editors have worked together intensely over the last 4 years in 
developing the Post-stroke Rehabilitation Outcomes Project (PSROP) and have collaborated on 
several manuscripts that are now finding their way into the literature.  They enjoy a high degree 
of mutual trust and sharing of responsibility.  Dr. DeJong and Dr. Horn had a previous 

                                                           
36 Silva M. Knee strength after total knee arthroplasty.  J Arthroplasy 2003 Aug; 18(5): 605-11. 
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professional relationship more than 20 years ago.  Drs. DeJong and Horn are experienced writers 
and editors; Dr. Conroy’s strengths are in editing.  

 

 Gerben DeJong, PhD is the Associate Director for Health Policy & Health Services 
Research with the University of Florida Brooks Center for Rehabilitation Studies.  He also serves 
as a professor in the Department of Health Services Administration within the University of 
Florida’s College of Health Professions and concurrently serves as a Senior Fellow with the 
NRH Neuroscience Research Center.  Prior to coming to the University of Florida in 2002, Dr. 
DeJong served for 16 years (1985-2001) as the Director of Research for the National Rehabilitation 
Hospital (NRH) in Washington, DC and as the Founding Director of hospital’s Center for Health & 
Disability Research located in the MedStar Research Institute.  While at NRH, he served as a 
professor in the Department of Family Medicine at Georgetown University.  From 2001-2002, Dr. 
DeJong served as a Senior Fellow with the NRH Center for Health and Disability Research while 
based in Prague in the Czech Republic.  During his tenure with NRH and the MedStar Research 
Institute, Dr. DeJong also served as the Co-director of the federally funded Research and Training 
Center (RTC) on Managed Care & Disability (1997-2002) and previously served as the Director of 
the RTC on Medical Rehabilitation and Health Policy (1993-97).  Dr. DeJong's academic training is 
in economics and public policy studies (MA and MPA, University of Michigan; PhD, Brandeis 
University).  His main research interests are in health outcomes, health care utilization, health 
payment policy, evidence-based practice in rehabilitation, disability policy, income maintenance 
policy, and national health policy.  He is the author or co-author of more than 200 papers on health, 
income maintenance, disability, and medical rehabilitation. 

 
 Susan D. Horn, PhD is Senior Scientist with the Institute for Clinical Outcomes 
Research (ICOR) and Vice President for research for International Severity Information Systems, 
Inc. (ISIS), and Adjunct Professor in the Department of Medical Informatics at the University of 
Utah School of Medicine in Salt Lake City.  From 1968-1991, Dr. Horn was a full-time faculty 
member at The Johns Hopkins University in Baltimore, Maryland.  From 1991-1995, she was 
senior scientist at Intermountain Health Care in Salt Lake City.  In 1982, Dr. Horn and 
colleagues began developing the Comprehensive Severity Index (CSI®), with inpatient, 
ambulatory, hospice, rehabilitation, and long-term care components for adult and pediatric 
patients.  CSI software collects disease-specific, physiologic severity data for Clinical Practice 
Improvement (CPI) and risk-adjusted outcomes.  Dr. Horn has conducted CPI projects in cost-
containment practices in HMOs, pediatric severity of illness, asthma, and bronchiolitis, GI 
surgery, congestive heart failure, pressure ulcers in long-term-care, ambulatory diabetes, hospice, 
post-stroke rehabilitation, falls, and women’s health.  She has authored over 140 publications on 
statistical methods, health services research, severity measurement, clinical practice 
improvement, and quality of care.  Dr. Horn edited Clinical Practice Improvement Methodology: 
Implementation and Evaluation, 1997.   She is the PI for the NIDRR-funded Post-Stroke 
Rehabilitation Outcomes Project that is addressing the need for scientific data supporting the 
effectiveness of rehabilitation treatments.  Dr. Horn earned a B.A. in mathematics at Cornell 
University and a Ph.D. in statistics at Stanford University. 

 
Brendan Conroy, MD has been intimately involved in the development and management of the Post-

Stroke Rehabilitation Outcomes Project (PSROP) since its inception.  He has been the Medical Director of the 
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National Rehabilitation Hospital’s Stroke Rehabilitation Program since January of 1998.  He is Board Certified in 
Physical Medicine and Rehabilitation.  He has been involved in several other stroke rehabilitation research projects 
on the use of medications and natural substances, the provision of rehabilitation services using telemedicine 
technology, and the use of robotics in stroke rehabilitation (e.g., Lokomat/Robotic Gait Training, self-powered Self 
Range of Motion for plegic arms).  He has authored several published papers and chapters. 

 
Qualifications of contributing authors 
 

See Appendix A for an alphabetical listing of individual author bios.  See Appendix B 
for letters of commitment from individuals authors.  Some bios and letters of commitment are 
not included.   
 
ACTION PLAN:  PROJECT TEAM, PROPOSED CONFERENCE, TIMETABLE, AND 

FUNDING (FEASIBILITY AND PROBABILITY OF SUCCESS) 
 
 Project Team 
 
 The proposed editors and nearly all of the proposed authors have worked together as a project team for 3 or 
more years under the auspices of the Post-stroke Rehabilitation Outcome Project (PSROP) cited earlier.  Some of 
the proposed authors joined the project team somewhat later in its history but all are committed to its success and the 
publication of its findings.  The overall Project Team meets each Friday morning via conference call and subteams 
of clinicians and investigators meet on an as-needed basis.  We propose to continue the weekly conference calls for 
the Project Team as a whole and propose additional as-needed teams for select topics.  True to the ACRM spirit of 
interdisciplinary rehabilitation, the Project Team, i.e., the proposed authors, consists of physicians, therapists, 
nurses, and others from each of the 7 stroke rehabilitation sites and an array of several other investigators who have 
gravitated toward the project over time.  The PSROP has succeeded in fostering ownership and commitment among 
Project Team members, the individual clinical sites, and among proposed authors that bode well for the success of 
the proposed supplement.  
 
 The proposed authors met as a group in Washington, DC this past July to map out potential papers, possible 
authors, and subteams to work on individuals papers.  
 
 Funding & sponsorship 
 
            The original PSROP was funded under the auspices of a NIDRR-funded project as part of the Rehabilitation 
Research and Training Center on Medical Rehabilitation Outcomes at Boston University’s Sargent College (PI: A 
Jette, PhD) with subcontracts to the Institute on Clinical Outcomes Research (ICOR) (S Horn, PhD) and the National 
Rehabilitation Hospital Center for Health & Disability Research (G DeJong).  The NRH group was fortunate to 
obtain supplemental funding for the project from the National Blue Cross Blue Shield Association and through the 
NRH Neuroscience Research Center with a grant from the Department of Defense funded under a cooperative 
agreement with the U.S. Army & Materiel Command (Cooperative Agreement Award # DAMD17-02-2-0032, 
Cheryl R. Miles, project officer). 
 
 The NRH Neuroscience Center has agreed to sponsor a national conference in late 2004 or in 2005 that will 
feature the papers proposed here.  The NRH Neuroscience Center will support Dr. Conroy’s participation in this 
effort and Dr. DeJong’s editorial role under a subcontract to the University of Florida Brooks Center for 
Rehabilitation Studies.  The NRH Neuroscience Center will also provide a limited support to ICOR to conduct 
additional analyses pursuant to the preparation of the proposed papers.  Because of NRH’s overall financial support 
for the supplement under the auspices of its Neuroscience Research Center and the conference tie-in, it will be 
identified as a sponsor for the supplement.  If ACRM and the Archives approve our application, we will also seek 
support from two other organizations—a federal source and a private one that will remain unmentioned for now.  
We believe that the proposed financial backing for the proposed supplement will help to ensure the success of the 
proposed supplement. 
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Timetable 

 
 The ACRM RFP already provides the timeline for the external review that will commence in February 
2005 but leaves it to the proposed editor(s) to specify the timeline for February 1, 2004 to 2005.  Figure 1 outlines 
our proposed timeline for this period. 
 

 
Task 

Feb 
2004 

Mar 
2004 

Apr 
2004

May 
2004 

June 
2004

Jul 
2004 

Aug 
2004

Sept 
2004 

Oct 
2004 

Nov 
2004 

Dec 
2004

Jan 
2005 

Feb 
2005

 
Guest editors notify authors 

             

 
Editors send out author guidelines 

             

 
Authors provide written commitment 

             

 
Editors recruit potential reviewers 

             

 
Authors submit first drafts (staggered) 

             

 
Editors send manuscripts for internal rev 

             

 
Reviewers rate & return first drafts 

             

 
Authors prepare second draft 

             

 
Editors edit second draft 

             

 
Editors submit manuscript for external rev 

             

Timeline 
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Project D2:   Metabolic Studies in Individuals with Chronic Spinal Cord 
Injury:  The Effects of an Oral Anabolic Steroid and 
Conjugated Linoleic Acid  

 
 
 

Title: The Effects of a Trial with an Anabolic Agent 
in Healthy Persons with Tetraplegia: Case Series 

 
 

Lauro S. Halstead, M.D1.; Suzanne L. Groah, M.D., M.S.P.H.1; 
Larry F. Hamm, Ph.D.2; Lorraine Priestley, RN1; Alexander Libin, Ph.D.1 

 
Presented at the 34th Annual Meeting of the American Spinal Injury Association, 

San Diego, CA 
 

1National Rehabilitation Hospital; 2George Washington University Medical Center, Washington, D. C. 
 
 

Abstract 
 

The Effects of a Trial with an Anabolic Agent in Healthy Persons with Tetraplegia: Case Series 
 
Lauro S. Halstead, M.D1.; Suzanne L. Groah, M.D.; M.S.P.H.1; Larry F. Hamm,Ph.D.2; Lorraine Priestley, 
RN1; Alexander Libin, Ph.D.1 
 
1National Rehabilitation Hospital; 2George Washington University Medical Center, Washington, D. C. 
 
Objective: Describe our experience in treating medically stable individuals with tetraplegia with an oral 
anabolic steroid. 
 
Design: Prospective longitudinal treatment with oxandrolone in an outpatient setting.   
 
Participants/methods: Oxandrolone 20mg/day was administered for 8 weeks to 10 subjects with motor 
complete tetraplegia. DEXA scans, pulmonary function tests (PFTs), serum lipids, and liver function tests 
(LFTs) were obtained at baseline and 4, 8, 12, and 20 weeks during and after treatment.  Pre-and post-
treatment differences were calculated and baseline values were compared to control and other tetraplegic 
populations.  
 
Results: Mean lean body mass (LBM) increased by 4% in arms and 2% in total body while fat decreased 
by 0.7% in arms and 1.4% in total body during oxandrolone intervention. At 20 weeks, LBM increased 
another 7.5% in arms and 2% in total body. On average, weight increased 0.6 % and combined measures 
of PFTs improved 2.2% during treatment.  High density lipoprotein (HDL-c) decreased 27%, low density 
lipoprotein (LDL-c) increased 32%, and LFTs increased 9.7-65 .6% while on therapy but trended to 
baseline at 20 weeks. 
 
Conclusion: Treatment with oxandrolone in healthy subjects with tetraplegia was associated with modest 
improvement in PFTs and in arm and total body LBM which continued to increase at 20 weeks. Baseline 
body mass composition was similar to other reports for individuals with tetraplegia and with more fat and 
less LBM than in controls. Abnormal changes in serum lipids and LFTs during treatment indicate that 
reported benefits of using oxandrolone in this population must be carefully weighed against potential 
adverse effects, especially with long-term use.  
 

243



Support: This project was funded in part by a grant from the Department of Defense Award No. DAMP-
17-02-2-0032. 
 
Introduction 
 
     Individuals with acute spinal cord injury (SCI) undergo a catabolic phase characterized by nitrogen 

wasting and loss of lean body mass (LBM).  With time and the inactivity associated with SCI, significant 

changes in body composition occur with an increase in fat mass and a decrease in muscle mass.  In 

addition to these changes, most individuals with SCI incur some degree of pulmonary insufficiency due to 

the neurologic impairment.  

     The acute loss of muscle mass is one contributing factor to the profound alterations in body 

composition seen in long-term SCI. Another factor is the reduction in body cell mass of 34% in 

paraplegics and 49% in tetraplegics.1 Spungen et al.2 used DEXA to assess body composition and found 

significant decreases in regional and total body lean tissue percentages in males with paraplegia and 

tetraplegia compared with controls. Overall, individuals with SCI can expect to lose approximately 3.2% of 

their total lean body mass (LBM) per decade compared with 1% per decade in the able-bodied 

population.3   

     In addition to a loss of LBM, most individuals with SCI incur some degree of pulmonary insufficiency. 

Linn et al.4 quantified the loss of pulmonary function in subjects with SCI compared with able-bodied 

controls.  Forced vital capacity (FVC) was 45% of predicted for those with C4 SCI, 81% of predicted when 

the injury was at the T5 level, and 95% of predicted for those with T12 SCI.  This decreased pulmonary 

function results in pulmonary complications that are the most common cause of death and the second 

leading cause of morbidity in long-term SCI. 5, 6 

     Anabolic steroids have been shown to reduce nitrogen wasting in HIV and severe burns and be 

beneficial in chronic obstructive disease (COPD). Preliminary data using one drug in this class, 

oxandrolone, suggest they might also be beneficial in reducing or minimizing some of the complications 

following SCI. A retrospective case series described 9 individuals with SCI who had non-healing pressure 

ulcers. After being treated with oxandrolone for 1 to 12 months (20mg/d) and glutamine, 8 of 9 patients 

had healed wounds.7 In a small pilot study examining pulmonary function after a 1-month course of 
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oxandrolone (20mg/d), individuals with chronic SCI gained an average of 1.4 kilograms, had improved 

combined spirometry measures of 9%, and reported less dyspnea.8 

     The purpose of this report is to expand on this experience with oxandrolone and describe the effect of 

an 8 week course of 20 mg/day on body composition, BMI, and pulmonary function in tetraplegic 

subjects. 

Methods 

Subjects 

     Men with SCI were recruited from the outpatient clinic population at the National Rehabilitation 

Hospital using fliers and word of mouth. Eligible men were between the ages of 18 and 65, at least one 

year post injury, had a motor complete injury between C4 and C8, had access to reliable transportation, 

and could be readily reached by telephone.  Individuals were excluded who had an active pulmonary 

infection or pressure ulcer, a history of liver disease, heart disease, diabetes mellitus, were taking 

warfarin, dantrolene sodium, carbamazepine or lipid lowering agents.  Institutional review board (IRB) 

approval was obtained from the MedStar IRB and all subjects provided informed consent prior to enrolling 

in the study. 

Design  

     Ten subjects took 20 mg oxandrolone daily in divided doses for 8 weeks.  They were then followed for 

an additional 12 weeks.  During this 20 week period, they were seen in the clinic on 5 occasions: week 1 

(baseline), 4, 8, 12 and 20. Prior to taking the first dose of oxandrolone, the following baseline 

measurements were obtained: height and body weight, urinalysis, complete blood count, metabolic panel, 

lipid profile, a dual x-ray absorptiometry (DEXA), and pulmonary function tests (PFTs).  The metabolic 

panel included the following liver function tests: serum aspartate aminotransferase (AST), alanine 

aminotransferase (ALT), lactic dehydrogenase (LDH), and albumin (ALB). The lipid profile included total 

cholesterol (TC), high density lipoprotein cholesterol (HDL-c), triglycerides (TRIG), and calculated low-

density lipoprotein cholesterol (LDL-c). Except for height and urinalysis, these tests were repeated at 

each of the subsequent 4 visits.   

     The body mass index (BMI) was calculated by dividing the weight (kg) by the height (m2). DEXA 

examinations provided measures of body composition for lean body mass (LBM) and body fat (BF) for the 
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total body and upper extremities.  Using the BMI classification, subjects were placed in one of the 

following categories: Below Normal (<18.5), Normal (18.5-24.9), Overweight (25.0-29.9), or Obese (30.0-

34.9).9 Pulmonary function measurements were obtained with subjects seated in their wheelchairs using 

open-circuit spirometry equipment (model TrueOne 2400, Parvo Medics, Sandy, UT).  A minimum of 3 

trials were performed according to the recommendations of the American thoracic Society.10  The values 

for forced vital capacity (FVC), forced expired volume in one second (FEV1), the ratio of FEV1/FVC, peak 

expiratory flow rate (PEFR), and maximum ventilator volume (MVV) were obtained and the best efforts for 

FVC, FEV1, and MVV were recorded. Spirometry results were reported as absolute values and compared 

to standards for tetraplegic individuals.11  

     Subjects were called once weekly at home to monitor drug compliance, health status, and possible 

adverse drug effects.  Interval health history and physical exams were performed at each of the 5 clinic 

visits.   

Statistical Analyses 

Statistical analyses based on General Linear Model, non-parametric Friedman Rank ANOVA, and 

Estimated Marginal Means time were performed using SPSS program. Repeated measures methods 

were used to analyze within-subject variance associated with change in study variables from baseline to 

post-treatment 

Results 

     All subjects had tetraplegia: 7 were American Spinal Injury Association (ASIA) neurological class A 

and 3 were ASIA class B (ref). The mean age was 32.5 years (range: 23-50) and the mean duration of 

injury was 8.8 years (range: 2-26).  

     Total body composition showed a small but significant mean percent increase in LBM of 1.9 (p=0.018) 

after 8 weeks of therapy and a small mean percent decrease in BF of -1.3 that did not reach significance 

(p=0.09).  Although the average baseline value for LBM in the arms increased by 4.0 percent while on 

oxandrolone, the change was not significant (p=0.22). BF in the arms decreased slightly by -0.4 percent 

during the same interval (Table 1). Twelve weeks following the course of oxandrolone (study week 20), 

there was an additional mean percent increase over that observed at 8 weeks in LBM in the arms of 7.5 

percent and in total body of 2.0 percent. 
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     The mean BMI at baseline was 24 .9 (range: 14.4-32.7) and after 8 weeks of treatment with 

oxandrolone the BMI decreased slightly to an average of 24.7 while the range tightened to 16.0-31.2. 

Baseline BMIs were as follows: 2 subjects were in each of the Below Normal  and Overweight categories 

and 3 were in each of the Normal and Obese  categories.  After intervention, the average BMI increased 

for Below Normal subjects by 12.8 % and decreased for the Obese group by 6.1%.  There was no change 

in the Normal individuals and a small increase from baseline of 1.5% in the Overweight subjects (Table 

2). None of the changes in BMI were significant.   

     Pulmonary function tests prior to taking oxandrolone were on average 82.6% of the values reported for 

other tertaplegics.11 Mean percent changes following treatment increased for FVC, FEV1, and MVV (3.3, 

2.6, and 9.3, respectively) and decreased by 3.4 for PEFR but these changes did not reach significance 

(Table 3). 

     Lipid profile and LFTs were normal in all subjects at baseline.  These tests became abnormal or 

trended toward abnormal while on oxandrolone with the exception of triglycerides and albumin which 

changed on average less than 1%.  The mean values for LDL-c and TC increased after treatment by 32.1 

and 11.5%, respectively, and HDL-c declined on average -26.8%.  There was an increase from baseline 

after 8 weeks of oxandrolone in the mean values for ALT (65.5%), AST (44.5%), and LDH (9.7%).  Only 

the changes in LDL-c and HDL-c were significant (p=0.013, p=0.017, respectively). Changes in ALT, 

AST, and LDH were not significant.  By week 20, or 12 weeks after completing the course of oxandrolone, 

all of the lipid tests and LFTs returned to baseline or the normal range.  

     Normal laboratory values for lipids and LFTs are: TC 100-200 mg/Dl, TG 10-149 mg/dL, LDL-c 0-99 

mg/dL, HDL-c 40-85 mg/dL, ALT 13-51IU/L, AST 10-42 IU/L, LDH 313-618IU/L, and ALB 3.5-4.8 mg/dL.   

Discussion 

     This group of healthy subjects with chronic tetraplegia had BMIs that ranged from 14.4 to 32.7. 

Because the BMI is an easy and quick number to calculate, it has become a valuable and widely used 

yardstick for classifying individuals with respect to obesity and related risk factors for morbidity and 

mortality. In 1988, the World Health Organization defined obesity as > 22% BF.9 However, as this study 

and others have shown, the BMI has serious limitations when used to identify obesity in populations with 

SCI.12 This is especially true with tetraplegics where the BMI classification can be quite misleading.  For 
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example, the 5 subjects reported here who had BMIs in the Below Normal and Normal categories at 

baseline had a mean total body fat of 32.4% of their weight. This kind of finding results in what can be 

termed "Below normal or normal BMI obesity".   

     The shift in body composition is especially evident when compared to able-bodied controls.  Table 4 

summarizes data for regional and total body composition from our study, a second group of tetraplegics 

and a control population.2 The subjects we studied had almost 1.5 times the percent BF and only 83 

percent LBM when compared to these controls. Similar body composition abnormalities have been 

reported in other groups of tetraplegics, ranging from 25.5 to 35.0 % BF.2, 13,14 The reason for this shift in 

body composition despite a “below normal” or "normal" BMI has been well documented. 15-18 Following 

SCI, muscle begins to atrophy and is replaced with fat which also accumulates around the abdominal 

viscera producing “central obesity”.  In addition, there is compelling evidence that the DEXA scans used 

to determine body composition in both clinical and research settings underestimate the amount of fat 

present in individuals with SCI.19 This disproportionate accumulation of fat in individuals with SCI has 

serious implications for long term morbidity and mortality.12 In particular, there is a growing body of 

evidence that demonstrates the role of adipocytes in leading to the metabolic syndrome (defined as 

obesity plus 2 of the following conditions: dyslipidemia, hypertension, and  insulin resistance).12, 20  

         

  Despite the presence of a large percent BF in our subjects, baseline lipids were normal. After treatment 

with oxandrolone, there were abnormal changes in the serum lipids as well as the LFTs.  On average, the 

LDL-c increased by 32.1% and the HDL-c declined by -26.8%.  Mean LFTs changes were greatest for 

AST which increased 44% and ALT which increased by 65.5%. Spungen et al.8, in a group of 10 subjects 

with tetraplegia, reported a significant increase in ALT and a significant decrease in HDL-c after treatment 

with oxandrolone for 4 weeks.  Other LFTs and serum lipids increased only slightly from baseline.  Time 

for the abnormal values to return to normal was not described. In our series, abnormal serum lipids and 

LFTs returned to baseline or close to baseline in the normal range by 20 weeks. Whether long-term use 

of oxandrolone might result in more pronounced laboratory abnormalities or underlying pathologic tissue 

changes needs to be explored further if oxandrolone is to be used as a therapeutic agent in the clinical 

setting. 
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     Although we did observe an increase in 3 of 4 PFTs, none of the changes were statistically significant.  

This is in contrast to the study by Spungen et al.8 which found a significant improvement in FVC, FEV1, 

and forced inspiratory vital capacity (FIVC) in a group of 10 subjects with tetraplegia treated with 

oxandrolone 20mg/day for 1 month. 

     We conclude that treatment with the anabolic agent oxandrolone 20mg/day for 8 weeks can provide 

short-term positive effects in subjects with tetraplegia that are associated with modest improvement in 

PFTs and in arm and total body LBM. In addition, abnormal changes in serum lipids and LFTs during 

treatment with oxandrolone indicate that reported benefits of using anabolic steroid in the tetraplegic 

population must be carefully weighed against potential adverse effects, especially with long-term use.  
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Tables 
 
 

Table 1: Arm and Total Body Composition at Baseline 
 and After 8 Weeks on Oxandrolone   
        
   Total Body    
        
 Baseline  8 week  % Change  
 Mean+/-SD  Mean+/-SD     
        
LBM (kg) 48.7+/-8.5  49.6+/-7.0  1.9*   
        
BF (kg) 26.7+/-12.4  26.3+/-12.7 -1.3**   
        
        
   Arms     
        
LBM (kg) 5.6+/-2.5  5.9+/-1.8  4.1**   
        
BF (kg) 2.3+/-1.5  2.3+/-1.6  -0.4**   

                Abbreviations: LBM, Lean body mass; BF, Body fat. 
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                *P<.02. 
                **Not statistically significant. 
 
 

 
 
     Table 2: BMI Classification at Baseline  
  and Following Treatment with Oxandrolone* 
        
        

BMI Category N Baseline  Week 8  
 Mean 
% Chg 

   Mean  Mean   
        

Below NL 
(<18.5) 2 14.9  16.8  12.8 

        
Normal 

(18.5-24.9) 3 23.7  23.7  0 
        

Overweight 
(25.0-29.9) 2 27.1  27.5  1.5 

        
Obese 

(30.0-34.9) 3 31.2  29.3  -6.1 
     *BMI= Body Mass Index (kg/m2 )    

 

 

 Table 3: Pulmonary Function Results at Baseline 
         and After 8 Weeks of Oxandrolone  
       
  Baseline  8 Week      Mean % Chg 
       
FVC (L)  2.75+/-0.90 2..84+/-0.84 3.3 
       
FEV1 (L)  1.94+/-0.95 1.99+/-0.88 2.6 
       

FEV1/FVC % 62.23  

 
 
 

60.78  
 

- 2.3 
       
PEFR (L)  3.81+/-2.41 3.68+/-2.58            - '3.4 
       
MVV (L)  82.19+/-23.60 89.82+/-29.17   9.3 
Abbreviations: FVC, forced vital capacity; FEV1, forced expiratory volume in 1 second; 
PEFR, peak expiratory flow rate; MVV, maximum ventilatory volume. 
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  Table 4: Comparison of Regional and Total Body Composition 
in Two Groups of Tetraplegics with Controls 

       
  Tetras*   Tetras** Controls* 
  (n=66)   (n=10) (n=100) 
       
                                Arms 
       
LBM (kg)  4.94   5.63 7.17 
       
BF (kg)  3.16   2.34 1.63 
       
  
                                           Total Body 
       
LBM (kg)  42.26   48.65 58.82 
       
BF (kg)  24.11   26.67 18.74 
       
 
Abbreviations: LBM, Lean body mass; BF, Body fat. 
*Reference 2. 
**This study. 
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Project D3:   Development and Clinical Validation of a Children's Version of 
the Automated Neuropsychological Assessment Metrics 
(ANAM) 

 
Abstracts for poster presentations for the D3 Project – Roebuck Spencer: 
 
To be presented at the National Academy of Neuropsychology, October 2008 

Initial Validation of a Pediatric Version of ANAM 

Roebuck-Spencer, T.M., Kenealy, L., Gioia, G., & Bleiberg J. 

Objective: The Automated Neuropsychological Assessment Metrics (ANAM) has been 
shown to be effective in tracking recovery of cognitive functioning following concussion 
and cognitive effects of medications. ANAM has been used down to age 13 but no 
standard version exists for children. The current study sought to develop and validate a 
pediatric version of ANAM (ped-ANAM). 

Method: Ped-ANAM was modified so that test directions, format, and stimuli were 
appropriate for middle school age children. Subtests included in the battery were similar 
to the adult version and included measures of simple- and choice-reaction time, visual 
spatial discrimination, working memory, and learning and memory. Ped-ANAM was 
administered to a group of normally developing children between the ages of 10 and 12 
(n=47). Children, recruited from the community, took ped-ANAM and a battery of 
neuropsychological tests. Parents completed behavioral questionnaires. 

Results: Results indicated that children in this age group were able to understand and 
complete the battery with low failure rates, defined by accuracy rates < 60%. Children 
showed the greatest failure rates on a test of mental manipulation of spatial information. 
Few differences in test performance were seen between boys and girls and across age. 
Strong correlations were seen between ped-ANAM subtests and neuropsychological 
tests. 

Conclusions: This study provides initial validation of ped-ANAM with normative 
reference data for 10-12 year olds. Results indicate that this test is appropriate for 
children within this age range. Future studies will examine the feasibility of using ped-
ANAM with clinical samples and the ability of this battery to track cognitive change over 
time. 

253



 
Presented in 2007 at the American College of Rheumatology Meeting: 
 
Diagnosis Of Childhood-Onset Lupus Neurocognitive Impairment In A Clinical 
Setting: Usefulness Of Computer Based Testing And Self-Report  
 
Author Block: Natasha M. Ruth1, Tresa M. Roebuck-Spencer2, T. Brent Graham1, 
Thomas A. Griffin1, Alexei A. Grom1, Murray H. Passo1, Douglas M. Ris1, Hermine I. 
Brunner1. 1Cincinnati Children's Hospital, Cincinnati, OH; 2National Rehabilitation 
Hospital, Washington, DC  
 
Purpose: 1) To determine the prevalence of neurocognitive involvement (NCI) in 
children with cSLE as measured by formal neurocognitive testing; 2) to assess the 
usefulness of the computer based pediatric Automated Neuropsychological Assessment 
Metrics (pANAM) and the Self Assessment Neuropsychiatric Questionnaire (NSAQ) for 
identifying children with NCI in a clinical setting. 
Methods: A random sample of cSLE patients (n= 24) and age & gender matched 
controls (best-friends or JIA patients) were studied. For cSLE patients information on 
disease activity, damage, medication use, and the results of standard of care (SOC) 
laboratory testing were obtained. The NSAQ (46 items; yes/no answers) adapted from a 
previously published NCI self-report questionnaire, and the p-ANAM were completed by 
all subjects (duration 30- 45 min), while only those with cSLE underwent formal 
neurocognitive testing assessing various aspects of cognition (FNCT). NCI was defined 
as a z-score in 2 cognitive domains between -1.0 and -1.99 or < -2.0 in 1 cognitive 
domain on FNCT. 
Results: Forty percent (24/60) of all cSLE patients followed at the center were sampled 
(mean age:15; range:10-22 yrs, Caucasian:Non-Caucasian = 13 :11). NCI was present 
in 10 of 24 cSLE patients. The prevalence of NCI in cSLE was significantly higher than 
in normative populations (42% vs. 20.5%; p=.032). Compared to those without NCI, 
there was a trend towards a higher prevalence of renal disease and higher disease 
activity among cSLE pts with NCI (6/10 vs. 4/14), however none of the SOC tests 
including antiphospholipid and anti-dsDNA antibodies, medication, or global damage 
differed between the two groups. On many of the pANAM subtests, the “throughput 
score” (representing the product of speed and accuracy of task performance) was 
moderately correlated with the FNCT results (p<.05). Conversely, the NSAQ was 
neither sensitive nor specific for identifying pts with NCI. Several of the pANAM subtests 
were significantly different between cSLE patients and controls including: simple 
reaction time (p=.01), procedural reaction time (p=.01), logical reasoning symbolic 
(p=.07), memory search (p=.03). 
Conclusions: There is a high prevalence of NCI among children with cSLE. The 
diagnosis of NCI in cSLE is difficult in the clinical setting suggesting that screening tools 
for NCI are required. Although self-assessment questionnaires are thought to be useful 
for adults with SLE, this appears not to be true for children. Similar to the ANAM 
developed for adults, the pANAM appears useful for detecting NCI in a clinical setting.  
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Presented in 2007 at the American College of Rheumatology Meeting: 
 
The Pediatric Automated Neuropsychological Assessment Metrics (Ped-ANAM) in  
Childhood-onset Systemic Lupus Erythematosus (cSLE) - No Significant Practice 
Effect in First Three Trials  
 
Deborah M. Levy, Tresa M. Roebuck-Spencer, Cynthia Aranow, Hermine I. 
Brunner.  
 
Purpose: The Pediatric Automated Neuropsychological Assessment Metrics (Ped-
ANAM; short version) is a computerized neuropsychological battery of tests used to 
assess neurocognitive function of children > 10 years, requiring 15 to 25 min for 
completion. Preliminary study suggests that it can be used in childhood-onset Systemic 
Lupus Erythematosus (cSLE). Our objective was to assess for initial practice effects 
when the Ped-ANAM is administered to children and adolescents with cSLE.  
 
Methods: Thirty-nine subjects with cSLE completed the Ped-ANAM three times during 
one study visit. Each  test completion required approximately 15 to 25 minutes. All data 
was captured by software and a subject’s neurocognitive function was based on Ped-
ANAM performance parameters: mean (std dev) of time to correct response, accuracy, 
speed and throughput (accuracy multiplied by speed) for each subtest. 
 
Results: No subject had ever completed the Ped-ANAM prior to their study visit. 
Subjects (M : F = 8 : 31) had a median age of 16.9 yrs (range 10.2 – 21.7 yrs) and a 
median disease duration of 3.2 yrs (range 0.3 to 12.4 yrs). This predominantly inner-city 
population was 62% (24/39) Hispanic, 15% (6/39) African-American, 8% (3/39) Asian, 
and 15% (6/39) Other (White or Mixed ethnicity). After accounting for multiple tests, 
Kruskal Wallis non-parametric Analysis of Variance suggested that there were no 
important absolute differences in the performance parameters between trials, other than 
for “Spatial Processing (SPD)” SPD-accuracy (p=.0009) and SPD-throughput score 
(p<.0001). The SPD subtest tests spatial analysis, requiring the subject to determine if 
two bar graphs, one presented upright and one rotated 90 degrees, are the same or 
different. Between trials one and three, performance on  two subtests declined (p=NS), 
possibly an intereference effect from previous trials. Consistency of Ped-ANAM 
performance was further assessed by intraclass correlation scores (ICC). Performance 
parameters’ ICC ranged between 0.58 and 0.95 (strong agreement) for all parameters 
except for those pertaining to the “Simple Reaction Time” subtest (ICCs: 0.38 - 0.46; 
moderate agreement).  
 
Conclusions: cSLE subjects who newly completed the Ped-ANAM had a minimal initial 
practice effect. This supports the Ped-ANAM having high test-retest reliability, further 
improving its usefulness for the assessment of neuropsychological functioning of 
children and young adults with cSLE. Unlike the Adult version of the ANAM, there may 
be no learning effect of the Ped-ANAM in a population of young people with cSLE; other 
populations (non-diseased controls and younger subjects) must be tested.      
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Purpose: The Pediatric Automated Neuropsychological Assessment Metrics (Ped-ANAM; short version) is a computerized neuropsychological 
battery of tests used to assess neurocognitive function of children > 10 years, requiring 15 to 25 min for completion. Preliminary study 
suggests that it can be used in childhood-onset Systemic Lupus Erythematosus (cSLE). Our objective was to assess for initial practice effects 
when the Ped-ANAM is administered to children and adolescents with cSLE.

Methods: Thirty-nine subjects with cSLE completed the Ped-ANAM three times during one study visit. Each  test completion required 
approximately 15 to 25 minutes. All data was captured by software and a subject’s neurocognitive function was based on Ped-ANAM 
performance parameters: mean (std dev) of time to correct response, accuracy, speed and throughput (accuracy multiplied by speed) for each 
subtest.

Results: No subject had ever completed the Ped-ANAM prior to their study visit. Subjects (M : F = 8 : 31) had a median age of 16.9 yrs (range 
10.2 – 21.7 yrs) and a median disease duration of 3.2 yrs (range 0.3 to 12.4 yrs). This predominantly inner-city population was 62% (24/39) 
Hispanic, 15% (6/39) African-American, 8% (3/39) Asian, and 15% (6/39) Other (White or Mixed ethnicity). After accounting for multiple tests, 
Kruskal Wallis non-parametric Analysis of Variance suggested that there were no important absolute differences in the performance 
parameters between trials, other than for “Spatial Processing (SPD)” SPD-accuracy (p=.0009) and SPD-throughput score (p<.0001). The SPD 
subtest tests spatial analysis, requiring the subject to determine if two bar graphs, one presented upright and one rotated 90 degrees, are the 
same or different. Between trials one and three, performance on two subtests declined (p=NS), possibly an intereference effect from previous 
trials. Consistency of Ped-ANAM performance was further assessed by intraclass correlation scores (ICC). Performance parameters’ ICC 
ranged between 0.58 and 0.95 (strong agreement) for all parameters except for those pertaining to the “Simple Reaction Time” subtest (ICCs: 
0.38 - 0.46; moderate agreement).

Conclusions: cSLE subjects who newly completed the Ped-ANAM had a minimal initial practice effect. This supports the Ped-ANAM having 
high test-retest reliability, further improving its usefulness for the assessment of neuropsychological functioning of children and young adults 
with cSLE. Unlike the Adult version of the ANAM, there may be no learning effect of the Ped-ANAM in a population of young people with cSLE; 
other populations (non-diseased controls and younger subjects) must be tested.

The Pediatric Automated Neuropsychological Assessment Metrics (Ped-ANAM) in 
Childhood-onset Systemic Lupus Erythematosus (cSLE) - No Significant Practice Effect in First Three Trials

Deborah M. Levy1, Tresa M. Roebuck-Spencer2, Cynthia Aranow3, Hermine I. Brunner4.
1Morgan Stanley Children’s Hospital of New York-Presbyterian, Columbia University Medical Center, New York, NY; 2National Rehabilitation Hospital, Washington, DC; 3The 

Feinstein Institute for Medical Research; 4Cincinnati Children's Hospital, Cincinnati, OH

• At present, there is no universally accepted method to determine cognitive dysfunction in 
patients with childhood-onset SLE (cSLE)

• Initial data suggests that the Pediatric version of the Automated Neuropsychological  
Assessment Metrics (Ped-ANAM) may be a valid tool to assess neurocognitive dysfunction  
in cSLE

• Traditional neuropsychological testing requires 3 or more hours of testing with a licensed 
psychologist; the Ped-ANAM can be completed in 15 – 25 minutes, and can be repeated 
frequently without a significant learning curve

• Researchers studying the adult version of the ANAM report an initial learning curve during 
the first three trials

• Patients with cSLE followed at the Morgan Stanley Children’s Hospital of New York- 
Presbyterian were eligible to enroll in a longitudinal observational cohort of 
neurocognitive function

• 49 cSLE patients completed the Ped-ANAM three times in a row during one study visit

• Subject’s neurocognitive function was based on Ped-ANAM performance parameters: mean 
(std dev) of time to correct response, accuracy, speed and throughput (accuracy multiplied by 
speed) for each subtest

Statistical analysis (using SAS) included linear mixed models for multiple observations 
with Tukey’s post-hoc analysis to account for multiple tests.  Intraclass Correlations 
(ICCs) were  determined to ensure adequate test-retest reliability over multiple trials

cSLE SubjectscSLE Subjects
N= 49N= 49

GenderGender

Age in years Age in years 
(median, range)(median, range)

Disease Duration in years (median, Disease Duration in years (median, 
range)range)

Ethnicity Ethnicity 
HispanicHispanic
AfricanAfrican--AmericanAmerican
CaucasianCaucasian
AsianAsian
Other (mixed race/ethnicity)Other (mixed race/ethnicity)

13 Male (27%)13 Male (27%)
36 Female (73%)36 Female (73%)

16.0 (10.2 16.0 (10.2 –– 21.7)21.7)

3.1 (0.3 3.1 (0.3 –– 12.4)12.4)

31 (63%)31 (63%)
7 (14%)7 (14%)
5 (10%)5 (10%)
5 (10%)5 (10%)
1 (2%)1 (2%)

ABBREVIATIONS
SRT – Simple Reaction Time  
PRO – Procedural Reaction Time  
CDS – Code Substitution 
CDD – Code Substitution Delayed 
MSP – Matching to Sample  
SPD – Spatial Processing 
STN – Sternberg Memory Search 
MTH – Mathematical Processing

CUMC IRB #AAAB2133

ABSTRACTABSTRACT

BACKGROUNDBACKGROUND

PURPOSEPURPOSE

METHODSMETHODS

RESULTSRESULTS

CONCLUSIONSCONCLUSIONS

• To determine the presence of initial practice effects when the Ped-ANAM is 
repeatedly administered to children and adolescents with cSLE.

ANAM Subtest Description of Task

Code Substitution 
(CDS)

Decide if a symbol/digit pairing is 
consistent with pairings presented in a 
“code” above

Code Substitution 
Delayed (CDD)

Presented 15 – 20 minutes after CDS.  
Decide if a presented symbol/digit 
pairing is consistent with the earlier 
presented “code”

Matching to Sample 
(MSP)

Select which of two designs match a 
target design presented five seconds 
earlier

Mathematical 
Processing (MTH)

Decide whether the solution to a two 
step math problem (eg 3 + 2 = 5) is 
correct or incorrect

Procedural Reaction 
Time (PRO)

A stimulus is presented on the screen, 
(a 2, 3, 4, or 5), must hit left mouse 
button if a “2” or “3”, right mouse button 
if a “4” or “5”

Sternberg Memory Test 
(STN)

Memorize a string of 6 letters and later 
determine whether individually 
presented letters were included in the 
original string

Spatial Processing 
(SPD)

Examine two bar graphs, one 
presented upright and one rotated 90 
degrees, then decide if the two bar 
graphs are the same are different.

Simple Reaction Time 
(SRT)

Measures simple reaction time in 
response to a stimulus (*)

PEDIATRIC ANAM
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PedANAM Subtest

Trial #1
Trial #2
Trial #3

CDSTP CDDTP MSPTP MTHTP PROTP SPDTP STNTP SRTTP1 SRTTP2

ICC 0.755 0.672 0.817 0.896 0.736 0.551 0.698 0.642 0.650

• A minimal learning effect was observed overall, except for the Code Substitution 
Delayed subtest – this learning effect may wane if more time is introduced between 
testing sessions

• There was a high test-restest reliability between trials, with Intra-class Correlations 
(ICCs)  > 0.5 for throughput scores of all PedANAM subtests
• Together with previous published research this suggests that 
the PedANAM may be a suitable ad-hoc screening tool for 
neurocongitive functioning
• Longer-term learning effects and responsiveness to change 
require further evaluation

Table 1:  Demographics

Figure 1:  Examples of stimuli presented in 
PedANAM and explanation of Subtests

Table 2:  Intraclass Correlations for Throughput scores for Trials 1- 3
All ICCs indicated Strong Agreement between trials, indicating consistent effort 
(test-retest reliability) by study participants (ICC > 0.50 = “Strong Agreement”)
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Figure 2:  Ped-ANAM Subtest Results over Trials 1 – 3 Using Mixed Models
Significant differences of Accuracy and Throughput scores between trials are indicated 
(p<.05 after Tukey’s post-hoc correction).  Symbols defined in legend above. 
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Initial Validation of the Pediatric Automated
Neuropsychological Assessment Metrics for
Childhood-Onset Systemic Lupus Erythematosus
HERMINE I. BRUNNER,1 NATASHA M. RUTH,1 APRIL GERMAN,1 SHANNEN NELSON,1

MURRAY H. PASSO,1 TRESA ROEBUCK-SPENCER,2 JUN YING,3 AND DOUGLAS RIS1

Objective. To evaluate the concurrent validity and diagnostic accuracy of the pediatric Automated Neuropsychological
Assessment Metrics (Ped-ANAM) when used in childhood-onset systemic lupus erythematosus (SLE).
Methods. Formal neuropsychological testing and the Ped-ANAM were performed on 27 children with SLE who had not
been previously diagnosed with neuropsychiatric SLE. Performance when completing the 10 Ped-ANAM tests was based
on accuracy (AC), mean time to correct response, coefficient of variation of the time required for a correct response (CVc),
and throughput. Formal neuropsychological testing was used as a criterion standard for diagnosing neurocognitive
dysfunction (NCD; yes/no).
Results. NCD was common and present in 16 (59%) of 27 participants. Ped-ANAM performance parameters were often
moderately correlated with the Z scores on formal neuropsychological testing. The NCD group differed significantly (P <
0.05) from the normal cognition group in 3 Ped-ANAM tests: CVc with mathematical processing (MTH-CVc), AC with
continuous performance test (CPT-AC), and CVc with spatial processing (SPD-CVc). Areas under the receiver operating
curves (AUCs) ranged between 0.75 and 0.84 when each of these parameters (CPT-AC, MTH-CVc, SPD-CVc) was used to
identify NCD independently. The AUC was improved to 0.96 for the combined assessment.
Conclusion. The Ped-ANAM has concurrent validity when used in children with SLE. Initial validation suggests that the
Ped-ANAM could be a useful screening tool for NCD in children with SLE.

KEY WORDS. Cognitive functioning; Systemic lupus erythematosus; Children; Automated Neuropsychological Assess-
ment Metrics.

INTRODUCTION

Both children and adults with systemic lupus erythema-
tosus (SLE) frequently report cognitive problems, and
many studies have documented significant cognitive defi-

cits with traditional neuropsychological test batteries
(1,2). Most studies find cognitive deficits on tests measur-
ing attention/concentration, cognitive flexibility, free-re-
call memory, and speed of information processing, sug-
gesting the presence of a subcortical cognitive syndrome
(3). Signs of neurocognitive dysfunction (NCD) in persons
with SLE are often subtle and difficult to ascertain in daily
clinical practice. Nonetheless, NCD has detrimental effects
on patient quality of life (4), and thus constitutes an im-
portant disease feature.

The diagnosis of NCD with SLE is made by standardized
neuropsychological testing (1). However, formal neuropsy-
chological testing is costly, time intensive, and not readily
accessible in daily clinical practice. Therefore, computer-
administered performance applications to test cognition
have been explored in recent years, apparently offering a
promising approach to evaluating cognitive function in
patients with various diseases (3,5–8). One of these appli-
cations is the Automated Neuropsychological Assessment
Metrics (ANAM), designed as a clinical subset of a library
of automated neurocognitive and performance tasks that
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provides a means of assessing cognitive functioning seri-
ally over repeated administrations (9). The ANAM has
been found to be suitable for testing the cognitive abilities
of adults with SLE and requires no prior knowledge about
the use of computers (3,10). The usefulness of the recently
developed pediatric version of the ANAM (Ped-ANAM)
(11) for testing the cognition of patients with childhood-
onset SLE has not been investigated and was the focus of
our study. The study objectives were to investigate the
concurrent validity of the Ped-ANAM and to assess the
usefulness of the measure to screen for NCD in childhood-
onset SLE.

PATIENTS AND METHODS

Patients. With approval of the institutional review
board of a tertiary care center, we recruited patients diag-
nosed with SLE (12) prior to the age of 16 years from the
pediatric rheumatology clinic. To be included in the
study, participants had to lack a diagnosis of a preexisting
disease that might negatively affect cognition other than
SLE, including, but not limited to, attention deficit disor-
der, chronic headaches, and developmental delay. The
latter was defined as placement in a special education
classroom or a prior diagnosis of a learning disability by a
health care professional.

Study procedures. The medical records of the partici-
pants were reviewed for the following information: age at
the time of the study, race, sex, disease duration, medica-
tion use at the time of the study, and ever positive for
antiphospholipid antibodies or lupus anticoagulant; dis-
ease activity was measured by the Systemic Lupus Ery-
thematosus Disease Activity Index (13,14), and disease
damage by the Systemic Lupus International Collaborating
Clinics/American College of Rheumatology Damage Index
(15,16). We also recorded whether there was a history of
neuropsychiatric SLE as diagnosed by the treating pediat-
ric rheumatologist or by formal neuropsychological test-
ing.

Measures. Pediatric Automated Neuropsychological
Assessment Metrics. The Ped-ANAM was recently de-
signed for use in children �10 years of age (11). Although
the traditional ANAM has been used in individuals as
young as 13 years, it is primarily intended for older ado-
lescents and adults because for some of the ANAM tasks,
the reading level and stimuli presented are considered too
complex for younger children. Therefore, the Ped-ANAM
was adapted from the traditional ANAM to allow for the
testing of younger individuals. Because many of the tasks
in the Ped-ANAM are almost identical to the traditional
ANAM, the Ped-ANAM can also be administered to older
children, adolescents, or even adults. The strength of the
Ped-ANAM is that it can be used for testing cohorts that
encompass a wide range of ages, or cohorts with partici-
pants that cross traditional age categories, e.g., childhood,
adolescence, and adulthood. The administration of the
Ped-ANAM requires 30–40 minutes. Like the ANAM, the

Ped-ANAM was designed for repeated testing (9).
The Ped-ANAM system is a library of tests and batteries

designed for a broad spectrum of clinical and research
applications (6,17) (Table 1) for assessing sustained con-
centration and attention, mental flexibility, spatial pro-
cessing, cognitive-processing efficiency, arousal/fatigue
level, learning, recall, and working memory. Some mea-
sures used in the Ped-ANAM are based on traditional
cognitive tasks and in some cases are similar to familiar
neuropsychological tests. Nevertheless, differences in im-
plementation may affect what the test measures. For ex-
ample, the Ped-ANAM simplifies the patient-computer in-
terface by limiting patients’ responses to 1 of 2 mouse
buttons. Therefore, modifying tasks to permit binary re-
sponses (e.g., yes/no, same/different, greater than/less
than) may modify the cognitive demands of the tasks and
produce differences in tasks that otherwise might appear
similar. Other Ped-ANAM tests are unique and not mod-
eled based on traditional paper and pencil tests. Therefore,
concurrent validity studies are crucial to help define the
nature of the automated tests and to assist in their inter-
pretation.

Since Ped-ANAM tasks are automated, they also pro-
duce scores capturing response time and performance ef-
ficiency. Patient efficiency in completing a specific test is
reflected in the accuracy (AC), e.g., the percentage of cor-
rectly answered questions on the test, whereas the speed of
completion is represented by the mean reaction time re-
quired to present a correct answer (MNc). The test’s
throughput (TP) score synthesizes the information on pa-
tient efficiency and speed in one single parameter (TP �
AC / MNc � 60). We also calculated the coefficient of
variation of the time required to a correct response (CVc;
standard deviation of reaction time to present a correct
response divided by MNc) in an attempt to measure with-
in-patient consistency when performing a specific Ped-
ANAM test.

Formal neuropsychological testing battery. Standard-
ized neuropsychological testing by a trained psychometri-
cian was performed within 10 days of completing the
Ped-ANAM. In the absence of a generally accepted neuro-
psychological battery for the assessment of neurocognitive
functioning in children with SLE and based on the pub-
lished literature of adults with SLE, we used a neuropsy-
chological battery to measure various cognitive domains:
memory, psychomotor speed, visuoconstructional pro-
cessing, attention, and executive functioning. The specific
standardized tests administered by a trained psychometri-
cian were as follows: memory: Stories Subtest of the Chil-
dren’s Memory Scale, Immediate and Delayed Recall Tri-
als (18) (for participants age �17 years: Logical Memory
Subtest of the Wechsler Memory Scale III, Immediate and
Delayed Recall Trials [19]), and Rey Osterrieth Complex
Figure (ROCF), Immediate Recall and Delayed Recall Tri-
als (20,21); psychomotor speed: Trail Making Test Part A
(22), and Color naming, Color reading Subtests of the Delis
Kaplan Executive Function System (23); visuoconstruc-
tional processing: Copy Trial of the ROCF (20,21); and
attention/executive functioning: Trail Making Test Part B
(22), and Color/Word Inhibition, Inhibition/Substitution
of the Delis Kaplan Executive Functioning System (23).
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Table 1. Automated Neuropsychological Assessment Metrics pediatric battery (Ped-ANAM)

Ped-ANAM subtest* Abbreviation Subtest description

1. Simple reaction time SRT 20-item measure of reaction time. The test presents a simple stimulus on the screen
(*) and the participant is required to press the left mouse key as quickly as
possible following the presentation of the stimulus. This test is repeated at the
end of the battery to assess both within-session reliability and the effect of
fatigue on SRT performance.

2. Procedural reaction
time

PRO 20-item measure of choice reaction time. The test presents a stimulus on the
screen, a 2, 3, 4, or 5. The participant is required to press the blue (left) mouse
key if a 2 or 3 is presented or the red (right) mouse key if a 4 or 5 is displayed.

3. Code substitution and
code substitution
delayed

CDS and CDD The learning portion of this test assesses attention, concentration, and learning. In
this test, a key containing a string of 9 symbols and 9 digits is displayed across
the upper portion of the screen. Symbols and numbers are paired with a unique
number located below a specific symbol. During the task, a “test” pair (i.e., a
symbol and digit) is presented at the bottom of the screen, below the key
containing the correct symbol number pairs. The objective is to indicate if the
“test” pair matches the associated pair in the key at the top of the screen. The
subject is instructed to try to remember the symbol-number pairs as they will be
asked to recall them later. The delayed recall portion of this test is an explicit
recognition memory task administered later in the test battery. For this subtest,
the subject is presented only with a “test” pair and asked to remember whether
the this symbol/number pairing is correct based on the earlier presented key.

4. Logical reasoning LRS This test consists of a practice and a real test in which the subject must decide if
sentences presented on the screen make sense or not. Responses consist of
pressing the blue (left) button if the sentence makes sense and the red (right)
button if the sentence does not.

5. Spatial processing SPD Spatial processing is a test of spatial analysis and requires subjects to examine 2
bar graphs, one presented upright and one rotated 90°. They are then asked to
decide if the 2 bar graphs are the same or different.

6. Continuous
performance test

CPT This is a test of sustained attention and working memory. Participants are asked to
monitor a randomized sequence of numbers, 1–9. The numbers are presented one
at a time in the center of the screen. Participants are asked to press a response
button indicating whether or not the number presented on the screen matches
the number that immediately preceded it. The subject is instructed to press the
blue (left) mouse button if the number matches the previous stimuli or the red
(right) button if the number does not match the previous stimuli.

7. Mathematical
processing

MTH Mathematical processing is a test of arithmetic, attention, and processing speed.
The subject is required to decide if a math problem presented on the screen is
correct or incorrect. Each problem includes one mathematical operation (addition
or subtraction) on single-digit numbers. The subject is instructed to indicate if
the problem is correct by pressing the blue (left) button or if the problem is
incorrect by pressing the red (right) button.

8. Matching grids MTG Matching grids is a test of visuospatial discrimination. Two 4 � 4 grids are
displayed side by side on the screen. The subject must then decide if the grids
are exactly the same or different. The subject presses the blue (left) button if the
grids are the same and the red (right) button if the grids are different.

9. Matching to sample MSP Matching to sample is a test of short-term memory, attention, and visuospatial
discrimination. The subject is presented with a single design to study and
remember. The design then disappears and the screen goes blank. Following a
brief delay, 2 more designs appear on the screen. The subject must then decide
which of the 2 designs matches the original. The subject presses the blue (left)
button if the left comparison grid matches the original and the red (right) button
if the right comparison grid matches the sample grid.

10. Sternberg memory
search

STN This is a test of sustained attention and working memory. Participants are
presented with a set of 6 letters called the memory set (“secret code” in the
pediatric version). They are allowed as long as they need to memorize the letters.
Upon beginning the test, the code is removed from the screen and single letters
begin appearing one at a time on the screen. The subject must then decide if the
letter on the screen was contained in the secret code. The subject is instructed to
press the blue (left) mouse button if the letter matches any of the letters in the
secret code or the red (right) button if the letter does not match the code.

* All tests with the exception of CDD and the second version of SRT are preceded by a practice session that provides feedback to enhance learning.
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Criterion standard: definition of neurocognitive dys-
function. Under consideration of patient age, published
norms were used to score the participants’ performance on
each of the formal neuropsychological tests with results
being expressed as Z scores (a Z score [SD] of 0 [1] corre-
sponds to the mean � SD scores of a normal healthy
population). The Z scores of the tests included in the
formal neuropsychological battery that assessed a given
cognitive domain (memory, psychomotor speed, visuocon-
structional processing, attention/executive functioning)
were averaged. Participants with at least 2 average Z scores
between �2 and �1 were considered to have NCD. Simi-
larly, children with at least 1 average domain Z score of �2
or lower were classified to have NCD. All other partici-
pants were classified to have normal cognition, e.g., no
NCD.

Statistical analysis. Demographic and clinical charac-
teristics were summarized by median (range) for numeri-
cal variables and frequency (in percentage) for categorical
variables. Nonparametric Wilcoxon’s rank sum tests and
Pearson’s chi-square tests were used to compare medians
and frequencies between SLE patients with and without
NCD. All neuropsychological test scores (Z scores) and the
Ped-ANAM test parameters (AC, MNc, CVc, and TP) were
summarized by both median (range) and mean � SEM.
Given the relatively small number of participants included
in this study, we used both parametric and nonparametric
models to compare means and medians between the 2
NCD groups, e.g., participants with or without NCD. In
particular, we used parametric analysis of covariance
models to compare means after adjusting for demographic
differences (age, race) between the 2 NCD groups, and
nonparametric Wilcoxon’s rank sum tests to compare me-
dians (no adjustment). For each formal neuropsychologi-
cal test score (Z score) separately, the relationship to the
Ped-ANAM test parameters (AC, MNc, CVc, TP) was as-
sessed using partial Pearson’s correlation coefficients and
Spearman’s correlation coefficients, after adjusting for dif-
ferences in age. To support sufficient concurrent validity,
we expected that there was a larger than expected number
of significant correlation coefficients (P � 0.05) between
the Ped-ANAM parameters and the Z scores on formal
testing (10).

The odds of NCD were predicted in multivariate logistic
regression models, using each Ped-ANAM test parameter
as a predictor and adjusting for demographic characteris-
tics (age and race). Ped-ANAM test parameters that
showed a significant difference between NCD groups and
were significant predictors of odds of NCD were further
assessed for their diagnostic accuracy using receiver oper-
ating characteristic (ROC) curves (24). An overall sensitiv-
ity (or specificity) given all possible specificities (or sensi-
tivities) was evaluated using area under the ROC curve
(AUC) analysis. The AUC (range 0–1) considers both the
sensitivity and specificity of a diagnostic test over the
range of possible values. Tests with AUC values �0.5 are
not suited for diagnosing NCD (25). The overall sensitivity
(specificity) is considered almost perfect, good/substan-

tial, and fair/moderate if the AUC is 0.9–1.0, 0.70–0.89,
and 0.51–0.69, respectively (24,26).

The diagnostic accuracy of the Ped-ANAM for NCD
(present/absent) was assessed for the best parameter cutoff
values (based on ROC analysis) of a given Ped-ANAM
parameter and expressed as sensitivity/specificity for
NCD. Finally, the accuracy of combinations of Ped-ANAM
parameters was determined by classification and regres-
sion tree (CART) analysis (27). Using CART analysis, a
diagnostic score was developed.

P values less than 0.05 were considered statistically
significant. If P values from parametric and nonparametric
models did not agree in the same comparison, a more
conservative (or a larger) P value was preferred. Analyses
were performed using SAS software, version 9.1 (SAS
Institute, Cary, NC). The CART analysis was performed
using SYSTAT software, version 11.0 (Systat, Point Rich-
mond, CA). ROC curves were plotted using Splus software,
version 6.2 (Insightful, Durham, NC).

RESULTS

Study participants and formal neuropsychological test-
ing. English was the first language for all 27 study partic-
ipants. The median age at the time of the study was 16.5
years (mean � SD 15.6 � 3.6, range 10–21). Most partici-
pants were female (n � 26), 13 patients (48%) were white,
and none of the participants was Hispanic. None of the
patients had problems understanding the Ped-ANAM in-
structions provided. Based on the results of the formal
neuropsychological testing, 16 (59%) of 27 participants
were considered to have NCD. Participants without NCD
were more often white than those with NCD (64% versus
38%; P � not significant [NS]). Participants without NCD
were also somewhat older than those with NCD (median
[range] age 17 years [13–21] versus 13 years [10–20]; P �
NS). Additionally, the median disease duration was 4
years (range 1–6) for patients without NCD and 2 years
(range 1–6) for patients with NCD (P � NS). Compared
with participants with NCD, there was a trend toward a
lower prevalence of renal disease among participants
without NCD (56% versus 33%; P � NS), whereas the 2
groups of patients were similar in disease activity, damage,
presence of anti–double-stranded DNA antibodies, history
of antiphospholipid antibodies, and mean dose of daily
prednisone. Differences in performance on formal neuro-
psychological testing per NCD group are summarized in
Table 2. Significant differences between NCD groups were
only noted for the ROCF copy trial (P � 0.01) and the
ROCF immediate recall trial (P � 0.05).

Concurrent validity analysis. We expected that partic-
ipants with NCD would show inferior performance param-
eters when completing the Ped-ANAM as compared with
those without NCD. Irrespective of performance parameter
(AC, MNc, CVc, TP), there was a general trend toward
participants with NCD performing worse as compared
with those without NCD. However, the differences be-
tween NCD groups only reached significance for mathe-
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matical processing (MTH), spatial processing (SPD), and
the continuous performance tests (CPT) (Table 3).

Both Spearman’s and Pearson’s correlation coefficients
were calculated, with Spearman’s coefficients often sup-
porting a closer relationship between Ped-ANAM tests and
the formal neuropsychological battery. Significant correla-
tions often persisted, irrespective of the analytic approach
chosen and the Ped-ANAM parameter considered. Only
Pearson’s correlation coefficients are shown in Table 4,
providing a conservative estimate of the relationship be-
tween formal testing and the Ped-ANAM parameters. We
found 92 correlations that were significantly associated
(P � 0.5) with the formal Z scores of the neuropsycholog-
ical battery. Based on the number of correlations calcu-
lated (n � 392), we would expect �17.7 significant corre-
lations by chance alone using a P value of 0.05, supporting
the concurrent validity of the Ped-ANAM (10). For reasons
not well understood, the formal neuropsychological tests
most closely correlated with Ped-ANAM parameters did
not discriminate well between participants with versus
those without NCD.

Predictive analysis. To identify Ped-ANAM tests that
are especially suitable to identify NCD in childhood-onset
SLE, we calculated odds ratios using multivariate logistic
models (outcome: NCD yes/no) that adjusted for age dif-
ferences between groups. Our results suggested that the
CVc with MTH and SPD (MTH-CVc and SPD-CVc, respec-
tively) and the AC with CPT (CPT-AC) were significant
predictors of NCD. Specifically, the odds of having NCD
increased by 21% or 18% in response to every 1% increase
of MTH-CVc or SPD-CVc, respectively. Conversely, the

odds of NCD decreased by 22% as a result of a 1% increase
of CPT-AC.

Diagnostic accuracy analysis. The above-mentioned
Ped-ANAM test parameters (CPT-AC, MTH-CVc, SPD-
CVc) were further assessed for their diagnostic accuracy of
NCD. The ROC curves of CPT-AC, MTH-CVc, and SPD-
CVc when used individually are shown in Figures 1A, 1B,
and 1C, respectively. The AUC was 0.84 for CPT-AC, 0.75
for MTH-CVc, and 0.79 for SPD-CVc, indicating good to
substantial accuracy.

Based on CART analysis, cutoff values for CPT-AC,
MTH-CVc, and SPD-CVc were determined to be at 88.75%,
24.04%, and 38.92%, respectively. For CPT-AC �88.75%,
the corresponding sensitivity and specificity for the pres-
ence of NCD were 62.5% and 100%, respectively; for
MTH-CVc �24.04%, the sensitivity and specificity were
87.5%/60%, respectively; and for SPD-CVc �38.92%, the
sensitivity and specificity were 37.5%/100%, respectively.
Thus, none of the 3 Ped-ANAM parameters by themselves
had high sensitivity and concomitantly high specificity,
leading us to explore the diagnostic value of combinations
of Ped-ANAM parameters using CART analysis. A diag-
nostic score (range 1–4) was developed using CART ana-
lysis, with a lower (higher) score indicating higher (lower)
likelihood of NCD (score � 1 if CPT-AC �88.75%; score �
2 if CPT-AC �88.75% but MTH-CVc �24.04% and SPD-
CVc �39.82%; score � 3 if CPT-AC �88.75% and MTH-
CVc �24.04% but SPD-CVc �39.82%; and score � 4 if
both CPT-AC �88.75% and MTH-CVc �24.04%). As
noted above, a cutoff at score 1 had 62.5% sensitivity and
100% specificity for NCD, whereas a cutoff at score 2 had

Table 2. Formal neuropsychological testing Z scores*

Formal
neuropsychological

battery subtests

Participants with neurocognitive impairment
(n � 16)

Participants without neurocognitive
impairment (n � 11)

Mean � SEM Median (min, max) Mean � SEM Median (min, max)

CMS-I �0.23 � 0.29 �0.17 (�2.67, 2.00) 0 � 0.28 0.17 (�2.00, 1.33)
CMS-D 0 � 0.28 �0.33 (�2.00, 2.33) 0.17 � 0.26 0.33 (�1.33, 1.67)
ROCF-C �1.59 � 0.35† �2.00 (�2.50, 1.50)‡ 0.63 � 0.25 1.00 (�1.50, 1.00)
ROCF-I �1.08 � 0.28§ �0.80 (�3.50, 0.60)¶ �0.19 � 0.19 �0.20 (�1.10, 0.90)
ROCF-D �0.99 � 0.24 �0.90 (�3.50, 0.40) �0.43 � 0.23 �0.40 (�1.50, 0.70)
Trail-A �1.05 � 0.60 �0.30 (�5.09, 1.87) 0.01 � 0.42 0.30 (�3.40, 2.60)
Trail-B �1.17 � 2.54 �0.16 (�6.00, 2.09) 0.17 � 0.20 0.15 (�0.80, 1.30)
CW-I 0.16 � 0.22 0.33 (�1.67, 1.33) 0.33 � 0.22 0.67 (�1.0, 1.33)
CW-IS �0.10 � 0.21 0.00 (�2.00, 1.33) 0.28 � 0.30 0.50 (�1.67, 1.67)
CW-CN 0.42 � 0.24 0.33 (�1.00, 2.67) 0.33 � 0.21 0.33 (�1.33, 1.33)
CW-R 0.36 � 0.15 0.50 (�0.67, 1.67) 0.47 � 0.18 0.33 (�0.33, 1.33)

* CMS-I � Stories Subtest of the Children’s Memory Scale, Immediate Recall Trials; CMS-D � Stories Subtest of the Children’s Memory Scale, Delayed
Recall Trials; ROCF-C � Rey Osterrieth Complex Figure, copy trial; ROCF-I � Rey Osterrieth Complex Figure, immediate recall trial; ROCF-D � Rey
Osterrieth Complex Figure, delayed recall trial; Trail-A � Trail Making Test Part A; Trail-B � Trail Making Test Part B; CW-I � Delis Kaplan Executive
Functioning System, Color-Word—interference subtest; CW-IS � Delis Kaplan Executive Functioning System, Color-Word—interference/substitution
subtest; CW-CN � Delis Kaplan Executive Functioning System, Color-Word—color naming subtest; CW-R � Delis Kaplan Executive Functioning
System, Color-Word—color reading subtest.
† Significant difference of means between impaired and nonimpaired groups with P � 0.01 using parametric analysis of covariance (ANCOVA) models
adjusted for age, sex, and race.
‡ Significant difference of means between impaired and nonimpaired groups with P � 0.01 using nonparametric Wilcoxon’s rank sum tests.
§ Significant difference of means between impaired and nonimpaired groups with P � 0.05 using parametric ANCOVA models adjusted for age, sex,
and race.
¶ Significant difference of means between impaired and nonimpaired groups with P � 0.05 using nonparametric Wilcoxon’s rank sum tests.
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a sensitivity of 81.25% and a specificity of 100% for NCD
in the study population. A cutoff of score 3 had 100%
sensitivity and 60% specificity, and a cutoff of score 4 had
a sensitivity and specificity of 100% and 40%, respec-
tively. Taken together, the AUC for NCD when using this
CART score was 0.96.

DISCUSSION

We studied the usefulness of the Ped-ANAM in diagnosing
NCD in childhood-onset SLE. The results of this study
suggest that this computer-administered performance test
is feasible, has concurrent validity, and appears to be a
promising screening tool for NCD.

Neuropsychiatric SLE is thought to be more common in
children as compared with adults, with up to 95% of
children manifesting at least 1 symptom of neuropsychi-
atric SLE and NCD being present in up to 55% (2,28). NCD
may be transitory (29) or persistent over years (30) and can
occur in patients without clinical disease activity (31,32).
Because symptoms are often subtle, the identification of
NCD is sometimes difficult, requiring formal neuropsycho-
logical testing for its diagnosis. In an effort to allow effi-
cient screening for NCD in a clinical setting, we explored
the usefulness Ped-ANAM (11). Similar to previous stud-

ies in adults with SLE using the ANAM, a large number of
the Ped-ANAM parameters were correlated with patient
performance in formal testing (3,10), supporting the con-
current validity of the Ped-ANAM. Several Ped-ANAM
parameters appeared especially suitable for discriminating
groups of participants with versus without NCD from each
other.

The ANAM has been used to demonstrate cognitive
difficulties in numerous clinical populations, and in-
creased reaction time is the most common finding (10,33).
In this study, the MNc and TP values of the NCD group did
not significantly differ from those of the normal cognition
group. Rather, there was lower accuracy (AC) and higher
within-patient variability in the time required to produce a
correct response (CVc) with NCD. These results suggest
that accuracy and consistency were more affected in this
sample than speed of processing. Whether this finding is
sample specific should be confirmed in future studies.
Nonetheless, AC values were generally high, even with
NCD. High AC values of Ped-ANAM tests are intended by
the developers of the metrics to ensure that most individ-
uals can complete the Ped-ANAM successfully (feasibil-
ity). However, given the pronounced negative skewness of
the AC values for all Ped-ANAM tests and the fact that AC
values changed with NCD, it is likely that the ability to

Table 3. Automated Neuropsychological Assessment Metrics pediatric battery (Ped-ANAM) subtest performance*

Parameter/
test

Participants with neurocognitive impairment
(n � 16)

Participants without neurocognitive
impairment (n � 11)

Mean � SEM Median (min, max) Mean � SEM Median (min, max)

CVc (%)
CDD 50.40 � 8.20 39.42 (20.22, 135.66) 51.11 � 11.54 40.69 (27.11, 148.51)
CDS 32.99 � 2.17 32.03 (21.07, 50.69) 31.29 � 2.39 29.66 (18.83, 45.68)
CPT 27.10 � 1.95 25.25 (13.87, 46.66) 24.78 � 1.65 25.09 (13.05, 33.92)
LRS 28.25 � 2.38 23.84 (17.45, 48.11) 22.43 � 1.26 22.60 (15.22, 27.54)
MSP 44.57 � 3.44 43.42 (27.54, 77.59) 47.72 � 4.98 44.73 (32.92, 87.27)
MTG 27.59 � 2.39 25.31 (16.14, 50.25) 25.04 � 2.09 25.04 (14.49, 34.73)
MTH 31.46 � 1.97† 30.98 (20.72, 45.40)‡ 24.78 � 2.23 22.33 (15.98, 38.82)
PRO 22.55 � 1.66 21.04 (12.46, 34.41) 17.81 � 0.89 18.09 (14.60, 22.53)
SPD 39.05 � 2.01† 38.017 (28.51, 53.42)‡ 30.31 � 2.29 30.01 (18.43, 42.52)
STN 32.69 � 3.72 30.65 (14.38, 70.05) 31.99 � 5.39 23.77 (13.69, 63.84)
SRT1 25.53 � 2.93 24.30 (7.54, 54.51) 20.23 � 3.27 19.46 (7.72, 36.43)
SRT2 34.42 � 6.93 27.84 (8.98, 113.52) 20.68 � 3.56 18.54 (10.26, 46.16)

AC (%)
CDD 87.39 � 2.87 88.89 (55.56, 100.00) 80.86 � 6.83 91.67 (36.67, 100.00)
CDS 96.01 � 0.66 95.83 (91.67, 100.00) 92.92 � 4.38 98.61 (50.00, 100.00)
CPT 81.17 � 3.75† 87.50 (46.25, 97.50)‡ 94.09 � 1.14 93.75 (88.75, 100.00)
LRS 97.19 � 0.91 100.00 (90.00, 100.00) 98.18 � 1.01 100.00 (90.00, 100.00)
MSP 88.89 � 3.09 91.16 (50.00, 100.00) 85.00 � 4.72 90.00 (40.00, 95.00)
MTG 94.37 � 1.57 95.00 (80.00, 100.00) 95.00 � 1.65 95.00 (85.00, 100.00)
MTH 90.93 � 2.47† 95.00 (70.00, 100.00)§ 99.09 � 0.91 100.00 (90.00, 100/00)
PRO 91.56 � 3.58 95.00 (40.00, 100.00) 96.36 � 1.36 100.00 (90.00, 100.00)
SPD 88.75 � 1.61 90.00 (70.00, 95.00) 90.90 � 1.31 90.00 (85.00, 95.00)
STN 93.33 � 1.66 93.33 (76.67, 100.00) 95.45 � 2.21 96.67 (76.67, 100.00)

* Performance parameters MNc (mean reaction time required to present a correct answer) and TP (throughput) are not presented because all the means
are insignificant between the 2 groups of participants. CVc � coefficient of variation of time to correct response; AC � accuracy; see Table 1 for
additional definitions.
† Significant difference of means between impaired and nonimpaired groups with P � 0.05 using parametric analysis of covariance (ANCOVA) models
adjusted for age, sex, and race.
‡ Significant difference of means between impaired and nonimpaired groups with P � 0.05 using nonparametric Wilcoxon’s rank sum tests.
§ Significant difference of means between impaired and nonimpaired groups with P � 0.01 using nonparametric Wilcoxon’s rank sum tests.
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identify NCD and possibly the responsiveness to change
could be improved if some of the Ped-ANAM test items
had higher difficulty levels, resulting in decreased skew-
ness of distribution of AC values. Given the versatility of
the Ped-ANAM, this hypothesis could be easily tested after
changing the respective test settings of the metrics.

In this convenience sample of patients diagnosed with
childhood-onset SLE, only 3 of the 10 Ped-ANAM tests
(SPD, CPT, MTH) appeared to be especially informative for
the presence of NCD. Given the size of the study popula-
tion and the recruitment strategy used, it appears prema-
ture to eliminate the other Ped-ANAM tests from future
studies in children with SLE. Because sensitivity and
specificity of a measure depend on the prevalence of a
condition in the studied population, estimates of sensitiv-

ity, specificity, and the AUC determined in this study will
likely differ when the Ped-ANAM is used in other pediat-
ric SLE cohorts. Nonetheless, we think that the Ped-
ANAM is a useful screening tool for NCD because the
frequency of NCD among the study participants was com-
parable with that in previous studies (2,28), and all study
participants were clinically asymptomatic for NCD, mak-
ing a diagnosis of NCD conceivably more difficult than that
of overt impairment. However, severe NCD can more eas-
ily be identified in a clinical setting and the objectives of
the study were to assess the potential of the Ped-ANAM to
screen for mild, clinically hard to diagnose NCD.

It is interesting that the ROCF measures discriminated
between the cognitively impaired and unimpaired groups,
but had few significant correlations with the ANAM pa-

Table 4. Comparison of Automated Neuropsychological Assessment Metrics pediatric battery (Ped-ANAM) performance
parameter and formal neuropsychological tests*

Ped-ANAM
parameter

Formal neuropsychological battery†

CMS-I CMS-D ROCF-I ROCF-D ROCF-C Trail-A Trail-B CW-I CW-IS CW-CN CW-R

MNc
CDD �0.52‡ �0.49§ �0.24 �0.18 �0.19 �0.32 �0.31 �0.48§ �0.40 0.12 0.06
CDS �0.46§ �0.50§ �0.41§ �0.34 0.06 �0.51§ �0.42§ �0.57‡ �0.43§ �0.48§ �0.52‡
CPT �0.25 �0.33 �0.30 �0.16 0.06 �0.24 �0.08 �0.54‡ �0.44§ �0.46§ �0.43§
LRS �0.61‡ �0.56‡ �0.35 �0.25 �0.41§ �0.14 �0.08 �0.53‡ �0.42§ �0.43§ �0.39
MSP �0.23 �0.19 0.25 0.19 0.24 �0.07 0.00 �0.23 0.20 �0.37 �0.08
MTG �0.40 �0.41§ �0.22 �0.06 �0.15 �0.06 0.03 �0.30 �0.08 �0.28 �0.11
MTH �0.57‡ �0.61‡ �0.26 �0.18 �0.26 �0.32 �0.24 �0.39 �0.43§ �0.39 �0.20
PRO �0.38 �0.41§ �0.26 �0.16 0.13 �0.42§ �0.41§ �0.42§ �0.49§ �0.41§ �0.41§
SPD �0.24 �0.21 �0.07 �0.06 0.08 �0.37 �0.22 �0.27 �0.06 �0.30 �0.21
STN �0.34 �0.45§ �0.19 �0.15 0.07 �0.17 0.01 �0.31 �0.25 �0.49§ �0.24

CVc
CDS �0.53‡ �0.58‡ �0.10 �0.03 0.07 �0.27 �0.27 �0.38 �0.27 �0.07 0.00
CPT �0.48§ �0.53‡ 0.04 �0.02 �0.18 0.06 0.04 �0.08 �0.12 0.17 0.31
LRS �0.40 �0.30 �0.23 �0.13 �0.48§ �0.07 �0.04 �0.39 �0.34 �0.18 �0.11
MTG �0.45§ �0.55‡ �0.19 �0.14 �0.05 �0.38 �0.38 �0.23 �0.33 �0.15 0.16
PRO �0.23 �0.33 �0.47§ �0.48§ �0.11 �0.40 �0.35 �0.17 �0.29 0.10 0.05

AC
CPT 0.45§ 0.52‡ 0.14 0.02 0.33 0.08 0.19 0.23 0.52‡ �0.09 �0.08
MTG �0.34 �0.26 �0.31 �0.15 �0.39 0.21 0.22 0.02 �0.22 0.04 0.02
MTH 0.44§ 0.46§ 0.12 0.02 0.08 0.35 0.38 0.68‡ 0.60‡ 0.27 0.23
SPD 0.54‡ 0.49§ 0.00 0.04 0.18 0.29 0.45§ 0.40 0.56‡ 0.08 �0.02

TP
CDD 0.55‡ 0.60‡ 0.29 0.26 0.13 0.33 0.31 0.38 0.54‡ �0.10 �0.06
CDS 0.45§ 0.54‡ 0.42§ 0.39 �0.01 0.50§ 0.42§ 0.52‡ 0.51‡ 0.39 0.41§
CPT 0.51‡ 0.66‡ 0.35 0.20 0.18 0.26 0.21 0.53‡ 0.74‡ 0.24 0.20
LRS 0.58‡ 0.52‡ 0.46§ 0.36 0.48§ 0.20 0.06 0.57‡ 0.45§ 0.38 0.44§
MTH 0.54‡ 0.62‡ 0.30 0.22 0.22 0.45§ 0.31 0.45§ 0.55‡ 0.34 0.18
PRO 0.28 0.41§ 0.26 0.22 0.20 0.24 0.17 0.30 0.45§ �0.22 �0.13
SPD 0.36 0.32 0.16 0.13 0.04 0.43§ 0.28 0.42§ 0.21 0.30 0.19
STN 0.34 0.54‡ 0.21 0.24 �0.08 0.22 0.04 0.27 0.38 0.21 0.00

* Values are the partial Pearson’s correlation coefficient after adjustment for age. Ped-ANAM performance parameters without significant correlations
to the respective formal neuropsychological test are not presented in the table. CMS-I � Stories Subtest of the Children’s Memory Scale, Immediate
Recall Trials; CMS-D � Stories Subtest of the Children’s Memory Scale, Delayed Recall Trials; ROCF-I � Rey Osterrieth Complex Figure, immediate
recall trial; ROCF-D � Rey Osterrieth Complex Figure, delayed recall trial; ROCF-C � Rey Osterrieth Complex Figure, copy trial; Trail-A � Trail
Making Test Part A; Trail-B � Trail Making Test Part B; CW-I � Delis Kaplan Executive Functioning System, Color-Word—interference subtest;
CW-IS � Delis Kaplan Executive Functioning System, Color-Word–interference/substitution subtest; CW-CN � Delis Kaplan Executive Functioning
System, Color-Word—color naming subtest; CW-R � Delis Kaplan Executive Functioning System, Color-Word—color reading subtest; MNc � mean
reaction time required to present a correct answer; CVc � coefficient of variation of time to correct response; AC � accuracy; TP � throughput; see
Table 1 for additional definitions.
† Z score values are correlated with Ped-ANAM performance parameters.
‡ Significant correlation coefficient with P � 0.01.
§ Significant correlation coefficient with P � 0.05.
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rameters. Although speculative, this result may suggest
somewhat different ways in which these tests are sensitive
to NCD. The ROCF is considered a complex, multicompo-
nential test that reflects several latent neuropsychological
processes (visuoconstruction, visuoperception, graphomo-
tor coordination, executive functions, memory) while un-
deremphasizing rapid and efficient processing speed. Con-
versely, the ANAM tends to be simpler (fewer
neuropsychology components) with a premium placed on
speed and efficiency. If correct, then the prediction of NCD
would be maximized by combining both types of tests.
Addressing this issue, however, is beyond the scope of the
current study and will need to be addressed in more detail
in future investigations.

A limitation of our study may be that many participants
were older than 16 years at the time of the study. In
particular, we do not know the youngest age at which the
Ped-ANAM can be administered. The youngest participant
of the present study was 10 years old and did not have any
difficulty performing the Ped-ANAM tasks. Due to the
small number of younger participants, a subanalysis strat-
ified by age was not possible. Nonetheless, we suspect that
suitable cutoff values of Ped-ANAM parameters best
suited for diagnosing NCD are dependent on patient age.

However, this effect could not be tested in this initial
validation study.

In summary, the Ped-ANAM, when used in childhood-
onset SLE, has concurrent validity and promising sensitivity
and specificity to diagnosing NCD. The results of this study
require confirmation in a larger group of children with SLE to
verify the measurement properties of the Ped-ANAM. Al-
though the ANAM is thought to be devoid of a training effect,
additional research is necessary to confirm the consistency
(test–retest reliability) of the Ped-ANAM. Additionally, the
ability of the Ped-ANAM to capture clinically relevant
change in cognition requires further investigation.
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Figure 1. Receiver operating characteristic curve (ROC) analysis. ROC curves were con-
structed and are depicted for A, accuracy of continuous performance test (CPT-AC), B,
coefficient of variation of reaction to correct response time of math processing test (MTH-
CVc), and C, coefficient of variation of reaction to correct response time of spatial processing
test (SPD-CVc) to assess the usefulness of these parameters when used by themselves. D, Test
results of the 3 Automated Neuropsychological Assessment Metrics pediatric battery (Ped-
ANAM) parameters are used in combination based on the results of the classification and
regression tree model. The area under the ROC curve (AUC) for the combined assessment of
CPT-AC, MTH-CVc, and SPD-CVc results in an AUC of 96.25%. Score � 1: CPT-AC �
88.75%; score � 2: CPT-AC � 88.75% but MTH-CVc � 24.04% and SPD-CVc � 39.82%;
score � 3: CPT-AC � 88.75% and MTH-CVc � 24.04% but SPD-CVc � 39.82%; score � 4:
both CPT-AC � 88.75% and MTH-CVc � 24.04%. Sens � sensitivity; Spec � specificity.
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Project D4:   “Does Constraint-Induced Movement Therapy Improve Upper 
Extremity Motor Function in Individuals Following Stroke?” 

 
 
Upper extremity amputees adapt to their prostheses during reaching movements, but exhibit abnormalities with their 

intact arm 

Keywords: Amputee, Prosthetics, Reaching, Vision, Proprioception, Motor Control 

Metzger AM, Lum PS, Schabowky CN, Holley RJ, Monroe B and Dromerick AW 

Abstract 

 This study investigated the role of vision in upper extremity reaching movements of unilateral below elbow 

prosthetic users. Subjects used a robotic manipulandum to reach to two targets, one contralateral and one ipsilateral, 

located in a horizontal plane. These trials were performed with both the prosthetic arm and the intact arm. Visual 

guidance was then eliminated from the environment and the subjects had to reach to the same targets, relying on 

their sense of proprioception. Endpoint error, trajectory error and variability were calculated and compared to that of 

control subjects. We predicted that performance of the prosthetic device would be less accurate than controls and 

that the intact arm would be comparable to normal performance. Contrary to our hypothesis, results showed no 

significant difference between the performance of the prosthetic arm and the controls in the vision and no-vision 

conditions. Analysis did however reveal significant abnormalities in performance of the intact limb.  When 

compared to controls, the intact arm of the prosthetic users had significantly larger medial endpoint errors for the 

ipsilateral target without visual guidance (P = 0.001). This was consistent with data from the intact arm in the vision 

condition, where a significantly larger medial trajectory error (P = 0.003) was found.  In the vision condition, this 

trajectory error was corrected with visual feedback, which allowed the subjects to correct their errors and complete 

the reach without endpoint error. The intact arms also demonstrated significantly higher variability in their reaching 

endpoints in the no-vision condition. (P = 0.010). These findings regarding the prosthetic arm reveal an adaptation to 

the altered inertial properties of the arm.  The findings regarding the intact arm may reflect the cortical 

reorganization that occurs after amputation of a limb, which is consistent with recent theories regarding hemispheric 

lateralization of motor control.  
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Abstract This study investigated differences in adapta-

tion to a novel dynamic environment between eight trans-

radial upper extremity (UE) prosthetic users and eight

naive, neurologically intact subjects. Participants held onto

the handle of a robotic manipulandum and executed

reaching movements within a horizontal plane following a

pseudo-random sequence of targets. Curl field perturba-

tions were imposed by the robot motors, and we compared

the rate and quality of adaptation between the prosthetic

and control subjects. Adaptation was quantitatively asses-

sed by peak error, defined as the maximum orthogonal

distance between an observed trajectory and an ideal

straight trajectory. Initial exposure to the curl field resulted

in large errors, and as the subjects adapted to the novel

environment, the errors decreased. During the early phase

of adaptation, group differences in the rate of motor

adaptation were not significant. However, during late

learning, both error magnitude and variability were larger

in the prosthetic group. The quality of adaptation, as

indicated by the magnitude of the aftereffects, was similar

between groups. We conclude that in persons with trans-

radial arm amputation, motor adaptation to curl fields

during reaching is similar to unimpaired individuals. These

findings are discussed in relation to mechanisms of motor

adaptation, neural plasticity following an upper extremity

amputation (UEA), and potential motor recovery therapies

for prosthetic users.

Introduction

Most amputees do not become proficient users of their

prosthesis and only a small percentage become skilled

and consistent prosthetic users (Dudkiewicz et al. 2004;

Nielsen et al. 1989). The National Center for Health Sta-

tistics reports 30–50% of amputees do not wear their

prosthetic hand on a regular basis. The identified concerns

include lack of education about options and care, lack of

training, discomfort, poor cosmetics, and cost (Nielsen

1991; Melendez and LeBlanc 1988). Investigating deficits

in motor control following an upper extremity amputation

may identify some of the many reasons why upper

extremity amputees do not embrace current prosthetic

devices. This work may lead to better training methods,

and improved training may have an important role in

ameliorating the high rate of treatment failure.

Trans-radial upper extremity amputation (UEA) causes

deficits in both the musculoskeletal and neural systems

making previously effortless tasks more difficult. In
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unimpaired persons, these tasks involve intact function and

communication between the neural and musculoskeletal

systems that result in smooth coordination of multiple

joints. Such performance implies that the nervous system

accounts for the biomechanical properties of the arm,

including geometry, mass and inertia, to send proper acti-

vation signals to muscles in both a predictive (feedforward)

and corrective (feedback) manner. Once these signals have

been received, muscles produce the required forces to

complete the current task.

Following UEA, not only is a physical segment of the

body lost, but also sensory information concerning state of

the musculoskeletal system is impaired due to lost muscle

spindles, Golgi tendon organs, and cutaneous skin recep-

tors. Loss of distal proprioception presumably requires

prosthetic users to heavily rely on the slower, less

automated visual feedback process, increasing the com-

putational load for prosthetic integrated motor control

(Soede 1982). There is also evidence of neural reorgani-

zation in both the somatosensory (Flor et al. 1995; Grüsser

et al. 2001) and motor (Hall et al. 1990; Cohen et al. 1991)

cortices following amputation. Specifically, studies have

shown that adjacent representations tend to ‘‘invade’’ the

recently deafferented hand representation area (Roricht

et al. 1999; Irlbacher et al. 2002). Such neural plasticity can

be frequently accompanied by a painful or nonpainful

sensation that the missing hand is still present, commonly

known as phantom limb phenomena (Wall and Gutnick

1974). Although the effects of amputation on the muscu-

loskeletal and neural systems are well documented, it is

unknown how these changes may affect motor control and

learning.

To investigate and develop beneficial training tech-

niques for UEA prosthetic users, it is important to consider

recent findings in motor learning. Humans have the ability

to quickly adapt to changes in external forces caused by a

large variety of dynamic environments and tools encoun-

tered on a daily basis. Contemporary motor adaptation

studies have focused on the use of robotics to examine the

ability to adapt to novel dynamic environments. In this

setting, subjects perform reaching tasks in force fields

applied to the hand via a robotic manipulandum. These

forces alter the dynamics of a reaching task, greatly dis-

torting previously straight hand trajectories. With practice,

the central nervous system learns to compensate for the

perturbing forces by altering the feedforward commands

initiating the reaching movements. These feedforward

commands are the result of an internal model of the force

field that develops during repeated exposure to the novel

environment (Shadmehr and Mussa-Ivaldi 1994; Lackner

and Dizio 1994). This is achieved by recalling the pertur-

bation strengths and resulting hand-path errors of the

preceding reaching movement(s) to update the internal

model and eventually straighten subsequent reaching

movements (Thoroughman and Shadmehr 2000; Scheidt

et al. 2001).

Though impedance control strategies (stiffening the

arm) could explain this phenomenon (Schabowsky et al.

2007; Franklin et al. 2003; Milner and Franklin 2005), the

existence of aftereffects supports the idea of internal

models. An aftereffect occurs when the perturbing field is

unexpectedly removed during a ‘‘catch trial.’’ The hand

path of an aftereffect tends to resemble a mirror image of

the distorted hand path caused by initial force field

exposure. This implies that subjects are actively predict-

ing and compensating for the novel environment rather

than simply stiffening their arm (Flanagan and Wing

1997). As the internal model develops, aftereffects

become larger (Conditt et al. 1997). Thus, repetition (i.e.

practice) leads to improved adaptation to a novel dynamic

environment.

Numerous motor tasks are learned in a similar fashion

and these internal models can then be recalled under the

appropriate conditions (Brashers-Krug et al. 1996; Shad-

mehr and Brashers-Krug 1997; Caithness et al. 2004).

Investigating motor adaptation can also have direct

implications to therapeutic practice. For instance, similar

experiments have investigated stroke victims’ impaired

ability to predict and adapt to changes in external

loads (Patton et al. 2006; Scheidt and Stoeckmann 2007)

and it is thought that this impairment may be a key hin-

drance to motor recovery (Takahashi and Reinkensmeyer

2003).

Our group is interested in investigating UE prosthetic

users’ ability to formulate internal models while adapting

to a novel dynamic environment. Proper adaptation

requires internal models of both the novel environment and

the limb segments used in the task. We chose to first study

the simplest case: internal model formation during tasks

involving intact joints in persons with below-elbow

amputations. We ask: does distal amputation of the upper

extremity and subsequent neural reorganization compro-

mise internal model formation? Consequently, could

therapy sessions specifically designed to promote accurate

internal model formation through repetition be effective for

this population?

Materials and methods

Subjects

Sixteen subjects, eight controls and eight trans-radial upper

extremity (UE) prosthetic users, were examined. All sub-

jects signed an informed consent form prior to admission to

the study. Every protocol was approved by the National

Exp Brain Res
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Rehabilitation Hospital’s Internal Review Board for Pro-

tection of Human Subjects. Under this paradigm, the

experimental group’s prosthetic arms were tested. Six

dominant and two non-dominant limbs were tested in each

group (for the prosthetic group, dominance refers to the

pre-injury state). The average age of the two subject groups

were not significantly different (P [ 0.05).

Table 1 summarizes the prosthetic users’ clinical data.

The mean subject age was 50.2 ± 14 years and all UEA

participants were at least two years post amputation. Six

subjects had amputations on the right forearm, while two

subjects had amputations on the left forearm. Seven

prosthetic users wore body powered devices and one

subject wore a myoelectric prosthetic device. The injury

of Subject 2 occurred at 6 months of age, before domi-

nance was established. All other subjects were right

handed prior to injury. An occupational therapist exam-

ined clinical proprioception by requiring subjects to

identify the direction of imposed movements of the elbow

without vision. Also, cutaneous sensation was assessed

with Semmes-Weinstein monofilaments. All subjects had

clinical proprioception and cutaneous sensation at the site

of injury.

Prosthetic arms

This experiment tested only below-elbow amputees. A

trans-radial prosthetic device is attached to the stump of

the user’s residual limb. The prosthetic device replaces

the missing distal forearm, wrist and hand. Wrist move-

ment is controlled by manually positioning and locking

the end effector at different angles. The end effector of

the body-powered devices is actively opened by a cable

system that is driven by contralateral shoulder girdle

movement. Protracting the shoulder contralateral to the

prosthetic arm draws on the cable to open the hook.

Shoulder retraction closes the hook. To ensure that

prosthetic users constantly gripped the manipulandum’s

handle, the cable system was detached so the hook grip-

ped onto the handle firmly throughout the test session

(elastic bands around the hook provided the grip force).

For the myoelectric user, the myoelectric controls were

deactivated to ensure that the hook gripped the handle at

all times. None of the degrees of freedom used for normal

arm reaching movements were compromised to control

the prosthetic devices.

To confirm that the inertial properties of the prosthetic

arm were different from a normal limb, we measured the

mass, center of mass and moment of inertia (pendulum

method) of a typical body-powered prosthesis and com-

pared these values with tabulated values for the forearm

and hand of a 180 lb male with forearm length that mat-

ched the forearm length of the prosthesis (Winter 1990).

The center of mass of the prosthesis was nearly identical to

that of the human forearm and hand. However, the mass

and moment of inertia of the prosthesis were only 49% and

39% of a normal human limb, respectively. If the residual

stump is added to the prosthesis, the mass and moment of

inertia of the prosthesis-stump would increase closer to

normal; however, the center of mass of the prosthesis-

stump moves closer to the elbow compared to that of the

normal limb.

Experimental setup

This study used the planar, two degree of freedom

robot, InMotion2 (Interactive Motion Technologies, Inc,

Cambridge, MA, USA). Reaching movements occurred

within a 70 cm 9 40 cm workspace. As an added safety

measure, LED sensors (World Beam Q12 series, Banner

Engineering Corp.) were positioned about the perimeter of

the workspace. If the handle of the robot moved outside of

Table 1 Prosthetic group clinical summary

Subject Age

(years)

Chronicity

(years)

Nine Hole

Peg Test (s)

Prosthetic type Phantom sensation Stump

proprioception

Amputated

arma

1 36 2.8 109.22 Body powered—hook Yes; sensation and pain Intact Left, ND

2 51 50 103.41 Body powered—hand No Intact Right, N/A

3 42 5.6 80 Body powered—hook Yes; sensation and pain Intact Right, D

4 46 2 118.485 Body powered—hook No Intact Left, ND

5 67 45 45.265 Body powered—hook No Intact Right, D

6 68 53 42.17 Body powered—hook No Intact Bilateral

7 61 40 63 Body powered—hook Yes; sensation and no pain Intact Bilateral

8 31 12.4 114.5 Myoelectric—hook Yes; sensation and pain Intact Right, D

a Dominance is denoted by a D (dominant arm) and ND (nondominant arm). Amputation of Subject 2 occurred at 6 months of age before

dominance was established
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the designated workspace, the sensors would trigger an

emergency stop and turn off the motors. Custom programs

(Matlab 7.1, XPCtarget 2.8; The MathWorks Inc, Natick,

MA, USA) were used to control the robot. Also, an inverse

dynamics algorithm was used to partially compensate for

the inertia of the robot links, dramatically decreasing the

intrinsic anisotropy of the robot. The forces applied to the

hand by the robot were measured with a force sensor

during the movements used in this study. With inertial

compensation, the peak resistance force imposed by the

robot was reduced from 13.5 to 7.5 N. Most importantly,

the maximum difference between peak forces in the 3

tested movement directions was reduced from 9 to 3 N and

lateral forces never exceeded ±1 N.

Subjects seated in an adjustable chair held onto the

handle of the robot and executed reaching movements

within a horizontal plane. For comfort, the handle was

positioned slightly below shoulder height. All participants

were fitted with a shoulder harness that consisted of two

shoulder straps attached together by a waist strap. All three

straps were tightened to a snug but comfortable position.

This harness minimized any torso movement and ensured

that reaching movements were performing predominantly

by glenohumeral and elbow joint rotations. A splint sup-

ported the subject’s forearm and/or prosthesis and straps

restricted wrist rotation. Figure 1a and b illustrates how the

prosthetic group and control group subjects gripped the

robot handle. The end effector (hook) grasped the cylin-

drical handle firmly and two Velcro straps attached the

forearm to the splint. The forearm, hand/gripper and splint

can be considered a rigid body in all subjects. The splint is

attached to the robot, which provides support against

gravity and allows movement in the horizontal plane. Each

subject was positioned with the shoulder in 60� of hori-

zontal adduction (O–S) and the elbow flexed 60� (O–E) as the

subject held the handle in the start position. Subjects per-

formed reaching movements while viewing an eye level

computer screen and could see their arm throughout this

experiment.

Under some conditions, the robot created a velocity

dependent force field, or curl field. To produce this field,

the robot applied forces (Fx, Fy) to the handle that were

orthogonal to its velocity (vx, vy) (Eq. 1). All tested arms

experienced a counterclockwise (CCW) field (Fig. 1d).

CCW curl field)
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Fy

" #
¼ 0 20

�20 0

� �
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� �
ð1Þ

Experimental tasks

Subjects performed consecutive ‘‘center out and back’’

reaching movements following a pseudorandom sequence

of targets. Throughout this experiment, handle position and

the desired targets were displayed (real time) as colored

C 
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Fig. 1 a Picture of the arm

support for intact arm. b The

same arm support being used by

an amputee. c Top view of the

experimental setup: Testing

began with subjects holding a

robotic manipulandum (not

shown) at a central start point

oriented along the subject’s

midline. Subjects were

positioned so that O–S and O–E

were 60�. Target AM, target AL

and target P were positioned at

45�, 135� and 270� relative to

the medial-lateral axis. d Forces

exerted by robot while subjects

performed reaching movements

within the novel dynamic

environment (counterclockwise

field)
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circles with diameters of 1 cm. Three targets were posi-

tioned 10 cm radial to a start position that was oriented

along the subject’s midline. When testing the right arm,

target AL (anterior–lateral), target AM (anterior–medial),

and target P (posterior) were positioned at 45�, 135� and

270� relative to the medial–lateral axis (Fig. 1c). The

10 cm movements were approximately 42% of the maxi-

mum reach in these directions. To induce perturbation

effect symmetry, target AL and target AM were switched

when the left arm was tested. Each subject was instructed

to perform rapid reaching movements to the target. Only

the ‘‘center out’’ reaching movements were analyzed and

the return movements were not considered. Feedback was

provided to encourage subjects to perform reaching tasks

with consistent peak tangential velocities. After a trial, the

target circle changed color: white signaled that the reaching

movement fell within the desired peak tangential velocity

range (45–55 cm/s); green and red signaled that move-

ments were too slow or fast, respectively. All movements

were included in the analysis even if they were outside of

the target velocity range. The monitor was vertical and

‘‘up’’ represented forward in the workspace. Also, dis-

tances were scaled down by a factor of 2/3 on the monitor.

Every subject performed reaching movements under

three conditions. Subjects executed a total of 30 reaching

movements within the null field to become familiarized

with the experimental setup and practice reaching within

the desired peak tangential velocity range. Under this

condition, the motors were active but only provided com-

pensation for the inertia of the robot links. After

familiarization, subjects completed a total of 120 trials

within the curl field. During this training condition, the curl

field was active for both center out and return movements.

Finally, subjects performed a total of 90 reaching move-

ments in the third condition. This final condition produced

the same curl field, but introduced catch trials. Occurring

pseudo-randomly (mean = 1 of 6 trials), the catch trials

removed the curl field and induced aftereffects by unex-

pectedly reintroducing subjects to the null environment.

Prosthetic subjects were evaluated by the Nine Hole Peg

Test, a standardized clinical assessment of arm motor

control (Mathiowetz et al. 1985). This test requires subjects

to place nine pegs (9 mm diameter and 32 mm long) into

nine holes and then remove the pegs from the holes. The

outcome measure of this evaluation is the amount of time

required to place and remove all nine pegs (Table 1).

Data analysis

For each reaching task, custom software recorded the

position of the handle measured by the robot’s encoders.

These signals were digitally differentiated and low

pass Butterworth-filtered (fS = 1 kHz, fC = 30 Hz, second

order) to yield hand tangential velocity. The initiation and

cessation of movement was defined as 5% of the maximum

tangential velocity. Adaptation was quantitatively assessed

by peak error, defined as the maximum orthogonal distance

between an observed trajectory and an ideal straight tra-

jectory. Typically, the peak error occurred at maximum

tangential velocity and within the first 200 ms of the

movement.

In all three experimental conditions, analysis focused on

the peak velocity and the time and magnitude of the peak

error. For every subject in all conditions, target specific

mean values of each metric were calculated. To analyze

null field performance, repeated-measures two-way

ANOVA was performed with target direction as the within

factor and limb type (prosthetic, intact) as a between sub-

jects factor. Motor adaptation analysis was separated into

early and late learning. Since the majority of the adaptation

occurred during the first 30–40 trials in the curl field, early

learning analysis focused on these trials. For each target,

the peak errors during early learning were analyzed with

repeated-measures two-way ANOVA. The within-subject

factor was trial number and the between-subject factor was

limb type. Each subject’s performance during late learning

was quantified by the mean and standard deviation of the

peak errors from all late learning trials; then group differ-

ences were analyzed with two-tailed, unpaired t-tests. The

rationale and justification for compartmentalizing the

motor adaptation time course into early and late learning

phases is provided in the results section. Aftereffects were

compared with repeated-measures two-way ANOVA with

target direction as the within factor and limb type (pros-

thetic, intact) as a between subjects factor. For all repeated-

measures ANOVAs, Mauchly’s test of sphericity was used

to validate the assumption of sphericity. If the assumption

of sphericity was not valid, the Greenhouse–Geisser cor-

rection factor was used. Significant effects were further

examined with Bonferroni-corrected T-tests.

Results

Analysis of reaching movement performance during the

null field experiment showed no significant differences

between the prosthetic group and control group (Fig. 2a).

Without the robot’s interference, both groups were capable

of performing smooth, straight reaching movements

in close proximity to the desired peak velocity range

(45–55 cm/s). Overall, the mean peak velocities for the

prosthetic and control groups were 43.3 ± 1.4 and

45.7 ± 1.0 cm/s (mean ± SE) (Fig. 2b). Repeated-mea-

sures two-way ANOVA indicated the limb type effect

(P = 0.11) and the target direction 9 limb type interaction

(P = 0.57) were not significant. The mean peak errors for
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the prosthetic and control groups in all directions were

0.70 ± 0.03 and 0.67 ± 0.04 cm, respectively. Repeated-

measures two-way ANOVA found that limb type

(P = 0.71) and the target direction 9 limb type interaction

were not significant (P = 0.64). The mean time of peak

error for the prosthetic and control groups were 182 ± 4

and 165 ± 6 ms, and fell within the time before voluntary

reaction could cause significant error correction. Thus, both

groups performed reaching movements in the null field

with comparable speed and accuracy.

For the curl field experiment, the prosthetic and control

groups performed reaching movements with similar

velocities. Mean peak velocities for the prosthetic

(48.4 ± 1.8 cm/s) and control (50.7 ± 0.84 cm/s) groups

were within the desired range of 45–55 cm/s. Repeated-

measures two-way ANOVA indicated that effect of limb

type (P = 0.28) and the target direction 9 limb type

interaction were not significant (P = 0.89). To assess the

within-subject variability in peak velocity, 99% confidence

intervals on velocity were calculated for each subject

during the adaptation phase. The size of these intervals

were smaller than the target range of 10 cm/s, ranging from

5.7 to 3.4 cm/s. The mean time of peak error for the

prosthetic group (188 ± 5 ms) and control group

(176 ± 4 ms) were not significantly different. This data

shows that all subjects’ reaching movements within the

curl field were exposed to equivalent perturbation forces.

Figure 3b displays the group averages of the entire time

course of adaptation. Visual inspection shows that the

majority of error is corrected during the first 30–40

reaching movements within the force field. This period is

commonly deemed the early learning phase. Following

early learning of the dynamic environment, late learning

consisted of a plateau of fairly steady peak errors. The

perturbation effects of the dynamic force field are depen-

dent on movement direction and workspace location. This

explains the seemingly large variance during motor adap-

tation as subjects reached to different targets. To account

for the directionally dependent perturbation effects, further

analysis of the rate of adaptation was target specific.

Figure 4 illustrates the target specific, mean reaching

trajectories of both the prosthetic group and control group.

For averaging and visualization purposes, the trajectories

performed by the left arm toward target AL and target AM

were rotated and aligned with the corresponding targets for

the right arm. Inspection of this figure highlights the sim-

ilar response to the dynamic force field between groups.

Typically, the first exposure to the force field induced the

largest peak error. After performing a number of reaching

movements within the force field, peak error was greatly

reduced and the final exposure trajectories resembled null

field trajectories (recall Fig. 2a). Also, mean aftereffect

responses during catch trials closely resembled a mirror

image of the initial exposure trajectories.

Figure 5 presents the entire time course of motor

adaptation for each target direction. For all targets, the

majority of error reduction occurred during the first ten

reaching movements (the first 35 consecutive reaching

movements). During this interval, approximately 89% of

the total error correction had been achieved. Accordingly,

the first ten reaching movements toward each target were

designated as the early learning phase and all subsequent

trials deemed the late learning phase.

The early learning phase of motor adaptation was ana-

lyzed using repeated-measures two-way ANOVA. For all

target directions, the limb effect was not significant

(P [ 0.41; post hoc power was 0.09, 0.09 and 0.13 for the

A

B

Fig. 2 a Mean reaching movement trajectories for both the prosthetic

and control groups. The prosthetic group was capable of performing

stereotypical straight, smooth reaching movements toward all targets.

b Mean peak velocities separated by direction
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three directions), indicating that peak error magnitudes

were similar between groups. The effect of trial number

was significant for all targets (P \ 0.001), signifying that

motor adaptation was taking place and errors were

decreasing with each additional exposure to the dynamic

environment. Also, the trial 9 limb type interaction was

not significant for any direction (P [ 0.15; post hoc power

was 0.7, 0.19 and 0.24 for directions AL, AM and P,

respectively), demonstrating that the pattern of error dec-

rement was similar for both the prosthetic and control

groups.

Late learning adaptation levels were examined by cal-

culating each subject’s mean error over the entire late

learning period (trials 36–120). Late learning errors were

significantly larger (P = 0.008) in the prosthetic group

(1.43 ± 0.07 cm) compared to the control group (1.11 ±

0.07). Late learning errors in the prosthetic group were

28 ± 3% larger than controls. Late learning performance

variability was assessed by examining the within-subject

standard deviations in the peak error data. Error variability

was significantly higher (P = 0.01) in the prosthetic

group (0.70 ± 0.04 cm) than in the control group

(0.55 ± 0.03 cm). Late learning variability in the prosthetic

group was 27 ± 3% larger than controls.

A complementary analysis was performed on the after-

effect errors induced by the catch trials during the final

experiment. Figure 6a illustrates the mean peak velocities

for each target. Movements performed during the catch trials

resulted in mean peak velocities of 54.8 ± 1.4 and

57.2 ± 2.2 cm/s for the prosthetic and control groups.

Repeated-measures two-way ANOVA of the peak velocities

Force Field Peak Velocity by Direction

0

10

20

30

40

50

60

AL
 
AM

 
P

direction

pe
ak

 v
el

oc
ity

 (
cm

/s
)

Control

Prosthestic

A 

B 

 Motor Learning Time Course

0

1

2

3

4

5

0 40 60 80 100 120

trials

er
ro

r 
(c

m
)

Control

Prosthetic

20

Fig. 3 a Mean peak velocities separated by direction. Peak velocities

were directionally dependent for both groups. b Mean learning

patterns for both the prosthetic group and control group. Further

analysis of motor learning was target specific

-10 -5 0 5 10
-15

-10

-5

0

5

10

centimeters

Control Mean Trajectories

 

ALAM

P

ce
nt

im
et

er
s

-10 -5 0 5 10
-15

-10

-5

0

5

10

centimeters

ce
nt

im
et

er
s

Prosthetic Mean Trajectories

 

ALAM

P

1st Exposure Final Exposure Mean Aftereffect

A

B

Fig. 4 The mean trajectories across subjects of the first exposure, last

exposure and aftereffect for the reaching movements in the AL, AM,

and P targets in the (a) control group and (b) prosthetic group.

Nondominant arm reaching trajectories were rotated for averaging

and visualization purposes

Exp Brain Res

123

273



indicated no differences between the prosthetic and control

groups; the limb type effect (P = 0.64) and the target

direction 9 limb type interaction (P = 0.82) were not sig-

nificant. Repeated-measures two-way ANOVA of the

aftereffect errors indicated that the limb effect (P = 0.8,

post hoc power = 0.06) and the direction 9 limb interac-

tion were not significant (P = 0.12, post hoc power = 0.43)

(Fig. 6b). The direction effect was significant (P \ 0.001),

and Bonferroni-corrected t-tests indicated that aftereffects

were largest in the AM direction (P \ 0.001) and smallest in

the AL direction (P \ 0.03).

To minimize the possible effects of between-group

differences in limb inertia, we calculated the ratio of the

catch trial errors (mean of first three catch trials) to initial

curl field errors (mean of first three curl field exposures).

When averaged over all directions, the magnitude of these

ratios were 1.16 ± 0.08 for the prosthetic group and

1.06 ± 0.07 for the control group. A repeated-measures

two-way ANOVA of these ratios found that the limb effect

was not significant (P = 0.40), and the direction 9 limb

interaction was not significant (P = 0.41). This indicates

that the groups’ aftereffect magnitudes were equivalent.

We examined 95% confidence intervals on the metrics

that showed no significant group differences, rate of early

learning and size of aftereffects. Results indicated that with

95% confidence, the prosthetic group aftereffects were

within 0.41 cm of controls, which represents a group dif-

ference of less than 12.4% (normalized by the average

control group after effects). To quantify learning rates in

each subject, exponential fits were performed on peak

errors as a function of trial number. The learning rates were

highly variable across subjects (range of 0.02–0.17), and

while learning rates were not significantly different

between groups, the high variability resulted in large

confidence intervals. Based on the current data set, there

was 95% confidence that the learning rate of the prosthetic

group was within 0.057 of controls, which represents a

group difference of less than 63% (normalized by the

average control group learning rate).

Correlation analysis was performed between subject

characteristics (Nine Hole Peg Test, chronicity) and
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performance variables (late learning error, late learning

variability, aftereffect size) in the prosthetic group. Scores

on the Nine Hole Peg Test ranged from 118 s for poor

users to times approaching 40 s for highly functional users.

For comparison, normative values for 46 to 55-year-old

males range from 18–20 sec (Oxford Grice et al. 2003).

There was a significant correlation between time on the

Nine Hole Peg Test and size of aftereffects (r = 0.86,

P = 0.04, Bonferoni-corrected for multiple correlations),

indicating that subjects with poorer functional ability had

larger aftereffects. None of the other correlations were

significant.

Discussion

This study investigated differences in motor adaptation

between trans-radial UE prosthetic users and a control

group. In most of the measures we examined, we found that

the performance of these two groups was comparable.

Without the robot’s interference, the prosthetic group was

capable of performing smooth, straight reaching move-

ments toward multiple targets within a predefined peak

velocity range. During early learning in the curl field, the

rate of error reduction was no different between groups.

However, during late learning, the prosthetic group

exhibited significantly greater error magnitude and vari-

ability. Aftereffect errors, an indicator of the quality of the

developed internal model, were similar among groups as

well. Our interpretation of these results is that, while per-

forming rapid, planar reaching movements, the trans-radial

UE prosthetic users’ ability to adapt to novel environments

is largely intact. The following discussion relates our

results to the mechanisms of motor adaptation, post-

amputation neural plasticity, and motor recovery therapy.

Is the prosthetic device incorporated into the internal

model of the arm?

Throughout development the CNS learns to use handheld

tools in dynamic tasks, such as using a hammer. Sensory

information and practice are critical to the development of

the internal models of the arm and the tool needed to

perform these tasks. While it is possible that amputees can

use similar learning processes to incorporate the prosthesis

into the internal model of the arm, several factors might

make this process difficult. While adults are clearly adept

at learning the dynamics of new tools, there is little evi-

dence that the adult CNS can easily relearn an internal

model of an arm which has been altered so dramatically,

such as with the loss of the forearm and hand. The pros-

thesis itself can be considered a tool that interfaces with the

stump instead of a hand. However, the stump is not

specialized for such a task and provides far less cutaneous

sensory input than a hand. For example, the density of

cutaneous mechanoreceptors in the fingertips is 20 times

larger than in the arm (Weinstein 1968). Thus, the quality

of cutaneous sensory information from the stump may not

be adequate to develop models of the prosthesis. However,

there were no group differences in the null field, early

learning or aftereffect size, suggesting that these sensory

losses do not play a large role in adaptation, or that

amputees effectively compensated for their sensory losses

by relying on other modalities such as vision.

Another factor which may hinder integration of the

prosthetic limb is limited usage. In unilateral amputees,

usage of the amputated arm decreases immediately as the

uninjured arm is now used for all tasks that can be done

with one arm. The amount of practice required to relearn

new models of the residual arm and prosthesis may be

much greater than what amputees typically receive. In the

acute stages, attempting to move the arm using poor

internal models may contribute to user rejection of the

prosthesis. A similar phenomenon, called ‘‘learned non-

use’’ is believed to occur in the acute stages of stroke

(Dromerick et al. 2006).

The mass and moment of inertia of the prosthesis were

only 49 and 39% of a normal human limb, yet the kine-

matics in the null field were no different between groups.

One possible interpretation of this result is that the ampu-

tees have incorporated the altered inertial properties of the

prosthetic device into the internal model of the arm. In

order to perform straight, rapid reaching motions, the CNS

must excite the appropriate muscles in a feedforward

fashion to produce the desired motion and also counter

interaction torques about adjacent joints (Gribble and Ostry

1999). This requires the brain to account for the inertial

properties of the arm, and to accurately predict the neces-

sary forces for a specific task. In a previous study of rapid

shoulder–elbow reaching movements, alteration of the

inertial properties of the forearm by addition of a 1.2 kg

mass resulted in dramatically misdirected movements with

large peak errors (Sainburg et al. 1999). The movements of

the amputees in the null field were not misdirected, sug-

gesting they had adapted to the prosthetic arm. The lack of

kinematic abnormalities in the null field also suggests that

amputees have adapted to the altered muscle power and

geometry at the elbow after the amputation (Meimoun et al.

2000). Incorporation of below-knee prostheses into the

internal model of the leg have also been reported (Hill et al.

1999).

Late learning abnormalities

There was increased error variability in late learning in the

prosthetic users. Increased variability is present in many

Exp Brain Res

123

275



neurologically-based motor disabilities (Sanger 2006;

Cirstea and Levin 2000; Verbessem et al. 2002;

McNaughton et al. 2004; Adamovich et al. 2001) and likely

represents an impairment of the CNS that negatively

affects ability to use the arm effectively in everyday

activities in these populations. Cortical reorganization after

amputation is well documented and may have been a cause

of the increased variability if one considers that reorgani-

zation after amputation is an abnormality of the CNS.

There have also been reports of increased motor variability

as a result of neck–shoulder pain (Madeleine et al. 2007),

and after extended periods of unweighting or bedrest in the

lower limbs (Clark et al. 2007; Yoshitake et al. 2007).

Increased variability in terms of force fluctuations are also

observed in the elderly, and can be partially ameliorated

with increased activity levels (Enoka et al. 2003). There-

fore, decreased arm use after amputation is another

possible explanation for the increased variability in late

learning.

There was also increased error magnitude in late

learning in the amputees. There is substantial evidence that

kinematic error drives motor adaptation in curl field envi-

ronments (Shadmehr and Brashers-Krug 1997; Scheidt

2000; Milner and Hinder 2006; Burdet et al. 2004).

Increased error in late learning in the prosthetic group may

represent a decreased sensitivity to kinematic errors during

late learning. It is noteworthy that the errors in late learning

were significantly larger than during baseline movements

in the null field (142% larger in the prosthetic group). One

explanation is that below a certain error level, the CNS

stops adapting and errors no longer decrease. This level of

‘‘acceptable’’ error appears to be higher in the prosthetic

users, perhaps a consequence of decreased arm usage.

Interestingly, the two bilateral amputees had the smallest

late learning errors, presumably because they were forced

to use the limb in everyday activities much more than the

unilateral amputees.

Possible effects of usage history

Amputees who were higher functioning with the prosthetic

arm, as determined by the Nine Hole Peg Test, also tended

to have smaller aftereffects. We expected the opposite

result, that higher functioning subjects would be capable of

more complete internal models of the force field, and have

correspondingly larger aftereffects. One possible explana-

tion relates to the type of activities performed by the

prosthetic limbs. Independent of whether the amputated

arm was the dominant or nondominant limb before injury,

it is clear that the prosthetic arm is used predominantly as a

nondominant limb in everyday tasks, such as stabilizing a

jar while the uninjured limb opens the lid. We have shown

previously that smaller aftereffects are present in the

nondominant limb compared with the dominant limb in

neurologically normal subjects (Schabowsky et al. 2007).

Furthermore, the higher functioning subjects reported using

their prosthetic limb more often than lower functioning

subjects. Thus, it is possible the higher functioning pros-

thetic limbs were used most often, and behaved as

nondominant limbs in terms of aftereffect size, because the

history of usage consisted entirely of nondominant limb

tasks. Pre-injury dominant limbs that were rarely used after

amputation, performed poorly on the Nine Hole Peg Test,

and continued to behave as dominant limbs after amputa-

tion in terms of aftereffect size. Recent evidence has shown

that limb dominance effects motor performance, with the

dominant limb being more effective at feedforward

dynamic tasks while the nondominant limb is more suited

for performing static positioning tasks (Wang and Sainburg

2007; Duff and Sainburg 2007). Results of this study

suggest some of these differences can be reversed with

usage history.

Neural plasticity following amputation

and its implications on motor adaptation

Motor adaptation requires an accurate model of the arm

dynamics and the external environment. The neural con-

tributors of this model are distributed throughout the brain

and motor adaptation studies have shown that disruption of

specific cortical regions compromises different aspects of

the motor learning process. One study indicated that dis-

ruption of the primary motor cortex (M1) by transcranial

magnetic stimulation (TMS) between the null field exper-

iment and the adaptation experiment compromised

consolidation, the transition of short term memory into a

long term state (Richardson et al. 2006). Another study

investigated the role of the posterior parietal cortex (PPC)

during motor learning (Della-Maggiore et al. 2004). This

experiment demonstrated that the PPC is responsible for

online (after movement initiation) corrections and that

disruption of the PPC via TMS caused a late learning phase

of significantly larger error. Another group investigated the

role of the cerebellum during adaptation and found that it

played a key role in updating the internal model while

adapting to a novel environment (Smith and Shadmehr

2005). These studies show that a number of cortical and

sub-cortical structures play crucial, but different, roles

during adaptation and that disrupting participating regions

can compromise many aspects of motor adaptation. Such

evidence would lead one to predict that neural reorgani-

zation following amputation may lead to deficits in motor

adaptation.

Cortical reorganization following upper limb amputation

and its association with phantom limb pain has been

extensively studied (for a review, see Flor et al. 2006);
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however, its implications to motor control and prosthetic

device training are also important. Imaging studies have

found evidence that phantom limb pain is correlated with the

invasion of adjacent cortical regions into the motor and

somatosensory domains of deafferented limbs (Karl et al.

2001; Irlbacher et al. 2002). Whereas nonpainful phantom

limb phenomena was represented by more distributed reor-

ganization in posterior parietal cortex with increased activity

in the SI and decreased activity in SII (Flor et al. 2000).

Based on this review of previous work, it is clear that

several brain areas important for adaptation undergo reor-

ganization after amputation. Although our experimental

paradigm does not allow direct conclusions on the effects

of cortical reorganization on performance of our task, it is

interesting that the prosthetic subjects’ exhibited larger late

learning error magnitude and variability. During a similar

task, TMS disruption of the posterior parietal cortex of

normal participants resulted in larger late learning errors

(Della-Maggiore et al. 2004) and phantom limb studies

have shown cortical reorganization in the posterior parietal

cortex (Flor et al. 2000) for many upper extremity ampu-

tees. This correlation implies that cortical reorganization

following amputation may have implications on motor

control of the prosthetic limb in this task.

Therapeutic implications and the potential for novel

prosthetic device training protocols

The current focus in UEA healthcare is the development of

improved surgical techniques, pain management and pros-

thetic technology (Esquenazi 2004; Pasquina et al. 2006); but

there is very little emphasis on prosthetic training. Studies

have shown that although a majority of UEA patients rely on

their prostheses for both personal and professional activities

(Millstein et al. 1986; Wright et al. 1995), about one third

complain of inadequate number of therapy visits (McCarthy

et al. 1998). A decade long statewide survey showed a policy

shift toward increasingly shorter acute care hospital stays

and lower rates of discharge to inpatient rehabilitation with

60% of amputee patients discharged directly home (Dill-

ingham et al. 1998). A subsequent survey showed that the

length of inpatient rehabilitation significantly enhanced the

ability of patients with amputation to function in their daily

activities, increased vitality, and reduced residual limb pain

(Pezzin et al. 2000). Such studies imply that prosthetic

training following UEA is largely beneficial, both func-

tionally and personally, and may further increase acceptance

of prosthetic devices. Unfortunately, there are no substantial

studies investigating optimal prosthetic training techniques.

Two promising training methods for recovery of motor

function following brain injury are constraint-induced

therapy (CIT) and robot-assisted rehabilitation. Both CIT

(Wolf et al. 2006; Wu et al 2007) and robotic therapy (Lum

et al. 2002; Hidler et al. 2005; Krebs et al. 2002) have shown

encouraging therapeutic potential, and both rely on task-

specific repetitive training. Although much of this work has

focused on the stroke population (Dromerick et al. 2006;

Lum et al. 2006), the concept of providing task-specific,

repetitive exercises to enhance function and discourage

maladaptive ‘‘learned disuse’’ may be successfully applied

to the prosthetic user population. Further research is required

to develop optimal prosthetic device training protocols.

The mechanism which may underlie task-specific,

repetitive ADL training is motor learning. Our experiment

shows that motor adaptation, a form of motor learning, is

preserved in trans-radial prosthetic users during a simpli-

fied planar reaching task. While control of the shoulder and

elbow does play an important role in ADLs, we acknowl-

edge that control of the terminal device is the limiting

factor in this amputee population. Therefore, we do not

advocate motor therapy using this paradigm, but instead

see it as a means of testing for learning impairments that

might limit the effectiveness of task-specific, repetitive

ADL training. The goal of this first study was to evaluate

learning ability in a well-established paradigm that

involved control of the intact joints of the prosthetic arm.

Future studies will evaluate adaptation ability during

grasping tasks using prosthetic grippers.

Conclusion

The UE amputee community faces daunting challenges and

many obstacles that hinder functional use of a prosthetic

device. Our results demonstrate that prosthetic users

maintain the ability to acquire motor skill and adapt to

environmental perturbations. We suggest that developing

and enhancing internal models for performance of multiple

functional tasks via repetitive task specific training may

yield improved motor recovery for prosthetic users.
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ABSTRACT. Dromerick AW, Schabowsky CN, Holley RJ,
onroe B, Markotic A, Lum P. Effect of training on upper-

xtremity prosthetic performance and motor learning: a single-
ase study. Arch Phys Med Rehabil 2008;89:1199-204.

Objectives: To examine the impact of a new prosthesis on
n experienced and highly motivated prosthetic limb user, to
valuate the effects of training and the ability of clinical mea-
ures to detect change, and to gain insight into the mechanisms
y which improvement occurs.
Design: A single-case study.
Setting: An outpatient clinic.
Participant: A bilateral high-arm amputee (right shoulder

isarticulation, left above elbow).
Interventions: Provision of new prosthesis and occupational

herapy.
Main Outcome Measures: Action Research Arm Test, box

nd block test of manual dexterity, Jebsen-Taylor Hand Func-
ion Test, and speed and accuracy of reaching movements with
nd without visual guidance.

Results: In this experienced prosthesis user, provision of
new prosthesis led to an immediate worsening in func-

ional limitation. With training, the subject recovered his
aseline status and then exceeded it in both proximal and
istal function. All study clinical measures detected change,
ut the change detected varied as much as 300-fold depend-
ng on the measure chosen. The clinical improvements were
ssociated with modest improvements in the speed of reach-
ng but not the accuracy of reaching under visual guidance.
mprovements in reaching accuracy without visual guidance
ere seen after 10 trials, suggesting that some motor learn-

ng had occurred.
Conclusions: Provision of a new prosthesis can cause func-

ional decline even in an experienced user; this decline can be
eversed with training. There is wide variability in sensitivity to
hange among functional limitation measures. Although some
raining-related improvements may have been due to increased
peed and accuracy of reaching without visual guidance, skill
n prosthesis use also plays a role.

Key Words: Amputation; Arm; Clinical trials; Occupational
herapy; Rehabilitation.
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PPER-EXTREMITY (UE) amputation is an uncommon
condition that has received new attention because of a new

ohort of amputees resulting from recent military actions and
ecause of its utility in studying aspects of neuroplasticity.
uch effort has been directed toward the development of

mproved prosthetic limb technology, control mechanisms that
nclude direct central nervous system interfaces,1 and even
issue engineered limbs; these approaches hold great promise.

In contrast, clinical research in UE prosthesis training has
agged. Few if any systematically collected data regarding the
ffectiveness of prosthetic limb training are available; most
raining techniques are based on expert recommendation and
linical judgment.2 There are survey data suggesting that
raining is associated with better prosthesis use,3 but a substan-
ial randomized controlled trial of prosthetics or prosthetic limb
raining techniques has yet to be performed. Despite willing-
ess to pay the high cost of prosthetic limbs, many payers do
ot support training in the use of these complex body-worn
ools and do not require training as part of arm amputee care.

cCarthy et al4 found that one third of patients who had
uffered a UE injury including amputation reported lack of an
dequate number of therapy visits, but no such data are avail-
ble specifically for arm amputees. In a large survey5 of UE
nd lower-extremity amputees, merely 25% of those surveyed
ndicated receiving rehabilitation services in the past year.
lose to 20% of the respondents reported an inability to access
are when needed, with cost cited as the most common limi-
ation.5

We undertook a single-case study of UE prosthetic limb
raining to explore several issues regarding UE prosthetic limb
raining. First, in an experienced prosthesis user, could provi-
ion of a new prosthesis with a different control mechanism
ause a measurable decline in performance? Second, could
raining lead to measurable improvements in prosthetic limb
erformance, and how well would currently published UE
unctional limitation measures detect change? Finally, if pros-
hetic limb performance improved, was it associated with im-
rovements in raw speed and accuracy or from improvements
n some other aspect of prosthesis use such as proprioception or
he strategy used to accomplish the task?

METHODS
This study was approved by the local human studies com-
ittee.

articipant
The subject was a 15-year-old boy referred for prosthetic

eevaluation. Three years prior, he had sustained a right shoul-
er disarticulation and a left proximal one third transhumeral
mputation from an electrical injury. He had no medical history

nd was right-hand dominant before the injury. There were

Arch Phys Med Rehabil Vol 89, June 2008
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1200 TRAINING EFFECT ON UPPER-EXTREMITY PROSTHETIC PERFORMANCE, Dromerick

A

ealed scars from burns of the residual limbs and part of the
pper chest, in addition to scars from the surgical amputations.
he subject reported decreased sensation directly over the scar

issue but denied phantom sensation. Cognitive testing per-
ormed at school showed no abnormalities.

The patient’s previous prosthesis was a joined right passive
houlder disarticulation prosthesis and a left hybrid switch-
ontrolled externally powered transhumeral prosthesis. The
houlder disarticulation side consisted of a passive hand, fric-
ion wrist, passive elbow, and passive shoulder. The left side
onsisted of a body-powered elbow (through left glenohumeral
exion), passive wrist, switch-controlled hand (through left
umeral abduction), and chin nudge control for elbow lock
nd/or unlock. The prosthesis was limited by the patient’s
nability to don and doff it independently, the overall weight,
ifficulty with positioning the terminal device, and the inability
f the device to separate glenohumeral flexion from humeral
bduction, which caused the hand to open while performing
eaching movements. The subject reported having moderate
ifficulties with the previous prosthesis at school with self-
eeding of finger foods; he reported being unable to use utensils
uring self-feeding. Further, he reported using a cuff on his
esidual left limb to assist with brushing teeth and writing. He
lso stated he uses his feet to operate his computer, play video
ames, and manage the remote control for his television.

tudy Measures
Jebsen-Taylor Hand Function Test. The Jebsen-Taylor
and Function Test (JTHFT)6 is a standardized assessment that
easures the amount of time needed to perform 7 hand-based

asks. The tasks vary according to the degree of complexity.
ubtests include writing, simulated page turning, lifting small
ommon objects, simulated feeding, stacking checkers, lifting
arge light objects, and lifting large heavy objects. We admin-
stered the JTHFT with the subject standing in front of a table
6.2cm (30in) high.
Action Research Arm Test. The Action Research Arm

est (ARAT)7 is an impairment level measurement tool that
ssesses the functional impairments of the UEs. The assess-
ent incorporates 19 items that are divided into 4 subscales:

rasp, grip, pinch, and gross movement. The ARAT uses
rdinal scoring for each subtest item: 0 describes no move-
ent, and a score of 3 signifies normal movement. Item scores

re summed to form a subtest score and then a full-scale score.
maximum score of 57 represents normal movement.
Box and block test of manual dexterity. The box and

lock test of manual dexterity (Sammons Preston)a evaluates a
erson’s ability to transfer 2.54-cm (1-in) blocks from 1 side of
partition to the other within 1 minute.8 In this case, the

articipant performed the test while standing.
After demonstration, the patient was allowed to practice for

5 seconds and then began testing.

rocedures
Prosthetic intervention. After a multidisciplinary evalua-

ion, we chose to primarily address the transhumeral amputa-
ion on the left. A hybrid device was chosen; this device
onsisted of a body-powered elbow controlled through gleno-
umeral flexion combined with a myoelectrically controlled
lectric wrist and hand. This strategy provided control of the
erminal device that was independent from the body-powered
lbow as well as proper positioning of the terminal device for
unctional activities. A traditional above-elbow, figure-of-8
uspension was used to ease donning, and a donning sleeve

llowed consistent tissue elongation for proper electromyo- d

rch Phys Med Rehabil Vol 89, June 2008
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raphic control. The patient was unable to use a traditional
lbow lock cable, so a chin nudge control was used to lock and
nlock the elbow. The only usable muscle signal was the
edial biceps; using a 4-channel processor (Otto Bock

3E195),b this biceps signal was used to control an electric
rist rotator (Otto Bock 10S17)b and transcarpal hand (Otto
ock 8E44 transcarpal hand DMC plus).b

Prosthetic limb training and collection of clinical
easures. The patient underwent evaluation in a specialty

utpatient therapy setting as part of the baseline multidisci-
linary evaluation and after fitting of a new diagnostic pros-
hesis. All evaluations were performed by the treating occupa-
ional therapist, and testing occurred in the same order at each
ime point. An initial evaluation with the prior prosthesis was
erformed at day 0, designated as t0. Time 1 (t1) was the
valuation on the first fitting of the new prosthesis, performed
n day 7. Evaluation on t1 was performed before any training
n the new device. During the next 8 weeks, the subject
nderwent 13 sessions of prosthesis training, totaling 19.25
ours of therapy in the clinic. Training included proximal
trengthening, prosthesis training drills, neuromuscular re-ed-
cation using MyoBoy,a and therapeutic activities focused on
roblem solving and learning adaptive techniques. Therapy
voided the tasks specifically tested on the clinical measures.
linical measures were obtained approximately midway (t2

11.25h of therapy]) through training and at completion (t3).
Objective evaluation of prosthetic limb performance. To

upplement the clinical measures with a more quantitative
valuation of prosthesis performance, we studied reaching
ovements using a planar, 2 degrees-of-freedom robot.c The

oal of this instrumented evaluation was to measure reaching
peed, accuracy, and the role of visual guidance in using the
rosthetic limb. Tasks for these purposes have been developed
or the able-bodied and for persons with stroke and other
eurologic disorders,9-12 and these tasks were adapted to the
apabilities of the prosthetic arm. The motors of the robot were
ontrolled by custom programsd that minimized resistance to
ovement; an inverse dynamics algorithm partially compen-

ated for the inertia of the robot links. As an added safety
easure, light-emitting diode sensorse were positioned about

he perimeter of the workspace. If the handle of the robot
oved outside of the designated workspace, the sensors would

rigger an emergency stop and turn off the motors.
The patient sat in an adjustable chair, held onto the handle of

he robot, and executed reaching movements within a horizon-
al plane. During the reaching tasks, full-trunk motion was
llowed because he used substantial trunk motion as a com-
ensatory mechanism. A splint supported the prosthetic fore-
rm and restricted wrist rotation. The experimental task re-
uired the patient to perform reaching movements alternating
etween 2 start positions toward a single target position under
conditions, with and without visual guidance, with the elbow

ocked. The 2 start positions were positioned 15cm radial to a
arget that was oriented along the subject’s midline. The ipsi-
ateral start position and contralateral start position were posi-
ioned at 45° and 135° relative to the mediolateral axis (fig 1).
he patient was instructed to perform rapid, ballistic reaching
ovements to the target. Feedback was provided to encourage

he subject to perform reaching tasks with consistent peak
angential velocities. After a trial, the target circle changed
olor: white signaled that the reaching movement fell within
he desired peak tangential velocity range (.35–.45m/s); green
nd red signaled that movements were too slow or fast,
espectively.

Throughout the vision condition, handle position and the

esired targets were displayed (real time) as colored 1-cm
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ircles on a computer monitor. The patient’s performed 20 total
eaching movements, alternating between the ipsilateral start
osition and contralateral start position under this condition.
uring the no-vision condition, the patient’s vision of both the

ested arm and the monitor handle position was occluded and
nly the target circle was visible. After completing a reaching
ovement, the monitor handle position became visible, pro-

iding accuracy feedback. The patient performed 40 total
eaching movements under this condition.

ata Analysis
Results of each clinical evaluation are presented. The per-

entages of change presented in table 1 were calculated by
ubtracting the score at the later time point from the earlier time
oint and dividing by the score at the earlier time point. The
inematic data were evaluated across sessions using t tests of
eans. Two comparisons were performed: (1) testing with the

ld prosthesis versus the first test session with the new pros-
hesis (t0 vs t1); and (2) the first and last test session with the
ew prosthesis (t1 vs t3). A Bonferroni adjustment factor of 2
as applied for multiple comparisons. Dependent variables
ere peak tangential velocity, endpoint error magnitude, and

ndpoint variability. For each reach, the endpoint location was
efined as the point where the tangential velocity dropped
elow 5% of the peak velocity. Endpoint error magnitude was
efined as the distance between the endpoint location and the
arget. Endpoint variability was calculated as the average of the
Euclidean) distance between each trial’s endpoint position and
he mean endpoint position for all the trials to a specific target.
ndpoint variability is an estimate of the size of the distribution
f endpoint positions about the intended target.

ig 1. Schematic of the robotic manipulandum experimental task
esign. The subject’s hand started at 1 of the alternating start
ositions (ipsilateral [IPS], contralateral [CON]) and he performed
eaching movements toward the target.

Table 1: J

Item
Pretest, Old

Prosthesis (t0)

Writing 71
Page turning 87
Lifting large light objects 51
Lifting large heavy objects 52
Lifting small objects Unable
Simulated feeding Unable
Stacking checkers Unable
OTE. Values are in seconds.
Before prosthesis training.

282
RESULTS

linical Evaluations
The results of the clinical evaluations are presented in figure
and tables 1 and 2. Each displays performance at the pretest
ith the prior prosthesis (t0), with the new prosthesis on initial
resentation and before training (t1), approximately midway
hrough training (t2), and at completion of training (t3).

At the pretest time point (t0), tested with the prior prosthesis,
he subject was able to accomplish at least portions of most
ssessment tasks on the box and block test and the ARAT.
owever, testing with the JTHFT showed substantial difficul-

T Scores

Baseline, New
rosthesis (t1)*

11 Hours
Training (t2)

19 Hours
Training (t3)

78 102 60
Unable 189 99

106 41 14
45 30 17

232 424 207
32 20 16

156 175 154

A

B

Total ARAT & Box and Block
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Box and block

ARAT Scores (by Subtests)
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re

Grasp

Grip

Pinch

Gross Mvmt.

ig 2. (A) ARAT total and box and block test scores. (B) ARAT
ubscale scores. Time points: t0, old prosthesis; t1, new prosthesis,
retraining; t2, new prosthesis, 11 hours training; t3, new prosthe-
is, 19 hours training. Abbreviation: Mvmt, movement.
THF

P
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A

ies, with 3 of 7 tasks not possible and the rest requiring at least
0 seconds to complete. Thus, with the old prosthesis, the
ubject was substantially disabled.

The baseline evaluation (t1) occurred on the day of fitting
f the new prosthesis, before any training. Compared with
he pretest evaluation, performance was worse on most
linical measures. The exceptions were items where perfor-
ance was near the measurement floor and did not decline

urther, such as the ARAT grip and pinch subscales, and
ome tasks on the JTHFT that were impossible with the prior
rosthesis but became possible with the new prosthesis.
hese data indicate that an experienced UE prosthesis user
an suffer an overall decline in performance when presented
ith a new prosthesis.
The next time point (t2) was collected 28 days after fitting;

uring this period the patient participated in 11.25 hours of
ccupational therapy (OT). Thus, differences between t3 and t2
epresent the summation of improved technical capacity of the
ew prosthesis, spontaneous learning by an experienced pros-
hesis user, and formal OT training. Scores on the total ARAT
nd the box and block test were improved compared with both
1 (baseline with new prosthesis) and t0 (prior prosthesis).
nspection of the ARAT subscale scores (see fig 2) shows that
ost improvement occurred in grasp and gross movement, a

mall amount in grip, and none in pinch. Results of the JTHFT
valuation were more mixed, in that there were clear improve-
ents in the more proximal and gross motor performance

lifting large light and heavy objects, simulated feeding) but a
ecline in more distal and fine motor tasks. Our clinical im-
ression was that the decline may have been related to diffi-
ulties in learning the most effective ways to use the myoelec-
rically controlled wrist and hand.

The final time point was t3, occurring 45 days after fitting,
nd the subject had participated in a further 8 hours of therapy,
ringing the total formal therapy time to 19.25 hours. Any
mprovements between t2 and t3 are likely to have resulted
rimarily from training, because by t2, the subject had been
xposed to the new prosthesis for several weeks, allowing
mple time for self-directed learning. There were no large
ifferences in performance as measured by the ARAT total or
he box and block test. However, the JTHFT detected substan-
ial improvements in all 7 tasks, including those in which
erformance had not declined between t2 and t1.
Table 1 presents the percentage of change detected by each

linical measure, compared across the time points. Inspection
hows that in 3 of 4 comparisons there was simultaneous
mprovement in some measures and worsening in others. In the
omparison that evaluated the total effect of the intervention, t3

Table 2: Percentage Improvement as D

Measure t1 vs t0 (%)

ARAT total �43
Box and block test �67
JTHFT
Writing �10
Page turning NA
Large light objects �108
Large heavy objects Became able
Small objects Became able
Feeding Became able
Checkers Became able

OTE. Values are percentage change.
bbreviation: NA, not applicable.
ersus t1, the percentage change varied by 300-fold. t

rch Phys Med Rehabil Vol 89, June 2008
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obotic Manipulandum
The subject was able to achieve the targets with visual

uidance, and accuracy did not vary across sessions. Peak
peeds for evaluations t0, t1, and t3 were 14.2�0.8, 19.1�0.5,
nd 22.2�0.7cm/s, respectively. These speed gains between
essions were significant (t0 vs t1: P�.01 for both movements;
1 vs t3: P�.03 for ipsilateral start position; P�.1 for contralat-
ral start position). In the no-vision condition, speed gains were
nly apparent when starting from the ipsilateral start position;
eak speed increased from 17.5�0.8 to 22.4�0.7cm/s between
1 and t3 (P�.001).

In the condition where visual guidance was removed, the kine-
atic errors increased and the subject rarely achieved the target

ntil it reappeared on the visual display. Inspection of the data
howed that endpoint errors decreased over the course of the 20
rials in each direction. This would be expected because knowl-
dge of results in terms of endpoint error was provided after
ach trial. Therefore, we analyzed error magnitude and vari-
bility in the first 10 trials separately from the second 10 trials.
o changes in error magnitude or variability were found across

essions when analyzing the first 10 reaching movements in
ach direction. However, there were significant performance
mprovements during the training period (t1 vs t3) when ana-
yzing the second 10 trials in each movement direction (fig 3).
n both directions, error magnitude was reduced (P�.05).

hen starting from the contralateral direction, error variability
as reduced with training (P�.02).

DISCUSSION
There are case reports in the literature regarding high bilateral

mputees and the clinical interventions performed on them.13-15

hese reported improvements in function but were qualitative,
id not use kinematic assessments, and did not examine the
echanisms that led to improvement.
We found that presentation of a new prosthesis caused an

mmediate decline in function as measured using clinical
cales, even in an experienced prosthesis user without an intact
imb to compensate. There were no associated declines in
peed and accuracy under visual guidance as measured with the
inematic measures. This result suggests that the clinical de-
erioration had more to do with other factors, presumably skill
n using a new tool. Although this study design cannot deter-
ine how much self-trained function could have been gained in

he absence of therapy, it does support the need for some type
f prosthesis training, even in experienced users. The magni-
ude and type of prosthesis changes that should trigger formal
raining remains to be experimentally determined. The indica-

ined With Different Clinical Measures

t2 vs t1 t3 vs t2 t3 vs t1

57 5 64
350 �11 300

�31 40 23
NA 48 NA

61 66 87
33 44 62

�82 51 11
38 20 50

�12 12 1
eterm
ions for formal training might also vary by patient character-
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stics, including concordance of hand dominance, cognitive
mpairments, or age. However, combining this preliminary
nding with the well-known learning curve for skill acquisition

n a new task,16 it seems to us hard to justify denial of training
hen a substantially new prosthesis is provided.
Training led to improvement in clinical performance within
month, and further training led to even more gains in pros-

hesis performance. These later gains (t3 vs t2) were both
roximal and distal, as measured with the JTHFT. The kine-
atic evaluation provided insights into the mechanisms under-

ying changes in the clinical evaluations in that speed gains
uring the training period were apparent; these may have
ontributed to the improvements in the clinical scales. In the
rst 10 movement trials in the no-vision condition, the subject
id not improve his performance across sessions, suggesting
hat improvements in the clinical scales were not related to
ore effective use of proprioceptive input. However, the sub-

ect appeared to use error feedback more effectively in later
essions, which may reflect improved motor learning processes
s a result of the training.

tudy Limitations
Our results also provide preliminary evidence for the utility

f UE measures developed in other disabling conditions and
how that the apparent response to treatment varied widely
epending on which measure was chosen. Developing better
raining methods will eventually require clinical trials, and
alid measures with known psychometric properties are a key
spect of trial methods.17 In this study, we chose the box and
lock test because it is the most commonly used measure in the
E amputee literature, allowing comparison with other studies

nd with clinicians’ own experiences. We selected the other
easures from another much more common cause of moderate

o severe UE dysfunction, stroke. Our results suggest that the
se of these more well-known and more psychometrically
eveloped measures is feasible in amputees and that they are
ble to detect change. We were surprised by the wide variabil-
ty of clinical change in the functional limitation measures
ften used in UE assessments, confirming the need for further
tudies with larger sample sizes. As in stroke, investigators will
ace the challenge of determining to what extent any improve-
ent in functional limitation leads to improvements in every-

ig 3. (A), (B) The subject’s performance improved between tests 1 a
ignificant differences between test sessions were determined with
P<.05.
ay use.18

284
CONCLUSIONS
In an experienced and highly motivated UE amputee, fitting

f a new prosthesis was associated with an immediate decline
n functional limitation as measured with several clinical
cales, despite improved speed of movement of the affected
imb. Training was associated with improved functional limi-
ation and speed of movement, but accuracy of movement was
ot changed. Testing of movement of the affected limb without
isual guidance showed no evidence of improvement with
raining during early trials, but later trials did show evidence of
earning. There was wide variation of the apparent response to
reatment depending on which time point was evaluated and
hich measure was used. Further studies will require larger

ample sizes, more objectively specified treatment protocols,
nd clinical measures with known psychometric properties in
E amputees.
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