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Abstract 
Recent technological advances have led to the development of small wearable 
microelectronic sensors (accelerometers) that detect motion, gravitational ac-
celeration, and velocity with six degrees of freedom (forward-backward, up- 
down, and side-to-side plus rotational vectors). We have used these motion 
sensors to create new analytical tools called biokinetographs (BKGs). BKGs 
allow for more precise screening, diagnosing, monitoring, assessment and 
predicting of function of elderly people as they ambulate using sophisticated 
analysis of the unique electronic motion signature of each person. Remarkable 
visual differences in “functional walking signatures” are evident on the BKGs 
between fallers and non-fallers. This presentation will summarize our current 
efforts to translate this new technology into novel clinical and research tools 
for improving function, reducing injurious falls, and diagnosing orthopedic 
and neurological conditions for elderly people. 
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1. Introduction 

The specific goal of this research is to use our patentedanalytic technology to 
conveniently and unobtrusively assess overall health status and well-being by 
way of a characteristic, qualitative biokinetic (BKG) signature. For human beings 
motion is a window bridging our inner and outer lives. Our movements on the 
purely physical plane have resonance within our inner being and reality. Like-
wise, our inner state is mirrored through our movements: the springing gait of 
optimism, the fine tremor of anxiety, or the slow shuffle of dejection. Our mo-
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tions affect and reflect our health status. In addition, immobility increases our 
risk of diseases such as osteoporosis, heart disease, stroke, diabetes mellitus, and 
possibly malignancy. Alterations in movement can result from anatomic changes 
(perhaps influenced by genetics), illness factors, environmental conditions and 
lifestyle circumstances including obesity, nutritional factors, and psychobeha-
vioral factors such as anxiety and depression, as illustrated in Figure 1. 

The interpretation of movement plays an essential role in the clinical practice 
of numerous medical specialties (e.g., pediatrics, sports medicine, geriatrics, 
physical medicine and rehabilitation, neurology, rheumatology, orthopedics, and 
several others). For example, the Up and Go test, in which a person (usually an 
elderly adult) is asked to get up out of a chair and walk across the room is rich in 
affective, cognitive, physical performance and diagnostic information from a ge-
riatrician’s point of view. These motion-based assessments are often communi-
cated as subjective clinical impressions by an expert observer. Attempts to more 
fully explicate what the clinician perceives have captured very little of the ex-
traordinary breadth of sensory information that is being processed during these 
expert evaluations. For example, efforts to objectify the Up and Go test by timing 
it remain unsatisfactory, because there is far more meaningful information in the 
process of ambulation than walking speed [1]-[9]. Accurate, precise, objective 
motion data provide significantly deeper insights into an individual’s affective, 
cognitive, and physical performance status than pedometers or step counters. 

LifeGait, Inc. has developed the conceptual framework, analytic strategy and 
biokinetic sensing devices to extend the field of motion analysis in a manner 
 

 
Figure 1. Biokinetic tracing (BKG) of an elderly woman showing components of the gait 
cycle. HS is heel strike, TS is toe strike, TO is toe off, OHS is opposite heel strike and 
OTO is opposite toe off. Factors shown in the boxes around the tracing may produce 
characteristic changes in the BKG waveforms analogous to the diagnostic utility of wave-
form changes seen on the EKG such as the ST segment elevation seen during a myocardi-
al infarction. 
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analogous to the way the EKG informs modern cardiology. Consider the evolu-
tion of the EKG and its impact. In 1887, British physiologist Augustus D. Waller 
of St Mary's Medical School, London published the first human electrocardio-
gram on a technician in his laboratory [10]. At the turn of the century, the EKG 
was viewed as an interesting clinical tool but it was impractical clinically as sub-
jects had to place their limbs in saline solution and have the reading recorded 
with a galvanometer. Nonetheless the scientific community quickly recognized 
the potential of the new device and the value of the electrocardiogram was pub-
licly acknowledged in 1924 when Willem Einthoven won the Nobel Prize for its 
invention. Since that time, innumerable patterns of electrical cardiac activity 
have been validated to reflect heart injury (discrete ST segment elevation), peri-
cardial inflammation (diffuse ST segment elevation), muscle irritability (ectopic 
contractions), electrical malfunction (heart block), electrolyte imbalance (for 
example, the peaked T waves of hyperkalemia), hypothermia (Osbourne J 
waves), and many other physical and emotional conditions. We now have struc-
tured stress tests to evaluate one’s risk for heart disease, pacemakers to restore 
abnormal heart rates and even implanted defibrillators to save lives from other-
wise lethal arrhythmias. Heart function reflected by the EKG can be conti-
nuously monitored in the home, operating room, over the internet and even in 
outer space. Our task is more ambitious because we are not interested in charac-
terizing the performance of a single organ, albeit an elegant muscular hydraulic 
pump. Rather, we are interested in interpreting the integrated movement pat-
terns of the head, trunk and extremities as patterns reflective of health and ill-
ness. 

Motion capture systems that provide accuracy and precision have existed for a 
number of years. For example, the gold standard for accessing the quality (as 
opposed to the quantity) of lower extremity movement evaluation (walking) is 
the clinical balance and gait laboratory. However, such systems possess several 
limitations due primarily to their cost and lack of portability. We have the ana-
lytic strategy for a portable and inexpensive motion-capture technology that 
emphasizes wear ability, longevity, accuracy, and precision. Refinements in digi-
tal movement-recording wearable technology can reproduce the salient meas-
ures obtained in the balance and gait laboratory, allowing ultra-sensitive, unob-
trusive, continuous monitoring of human movement (including simultaneous 
monitoring of head, arm, waist, and leg movements) as well as characteristics of 
the physiologic and ambient environment such as temperature, and heart rate. 
These digital technologies are capable of collecting similar quality data to that 
provided by established motion-capture systems, but their portability and 
low-cost enable non-invasive and continuous motion data collection over an ex-
tended period of time and in the subjects’ own environment. 

Pilot studies have shown that systematic analysis of BKG waveforms can tease 
apart the various clinical, environmental, motivational, mental, and mechanical 
components and relate them to human movement. This analysis has enabled us 
to identify specific neurological and orthopedic conditions. Eventually we will 
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develop personal movement signatures that can be gathered longitudinally to 
analyze the individual’s age-specific performance trajectory and to develop 
norms and biokinetic indices for human performance analogous to the growth 
charts used by pediatricians to identify children with developmental abnormali-
ties or the intelligence quotients used by psychologists. Deviations from these 
norms can provide an early warning of functional change before disabilities be-
come permanent and are evident through traditional evaluations. This know-
ledge could be particularly valuable for concussions and sports related injuries 
and will stimulate new families of intervention strategies based on an improved 
awareness of the specific mechanisms underlying dysfunction. 

2. Our Framework 

We propose to systematically elucidate an entirely new approach to the analysis 
of human movement (digital biokinetics) derived from the BKG sproduced by 
miniature noninvasive, unobtrusive, digital sensors to understand the physical, 
psychological, cognitive, environmental, lifestyle and disease inputs to move-
ment. The ultimate goal is to identify unique movement signatures that indicate 
either successful or unsuccessful integration of affective, cognitive, and physical  
 

 
Figure 2. The intellectual framework linking the digital technology, computational analy-
sis, the databaseand validation and dissemination. 
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performance and to establish objective, ultra sensitive biomarkers of health and 
illness (again analogous to the utility of the waveforms on the EKG in clinical 
care). This will result in innovative, objective BKG measures of health, early 
identification of pre-disease pathways, new disease treatments, and co-morbidi- 
ties assessments based, in part on individual biokinetic performance. 

This new intellectual framework can provide an integrative model and sensi-
tive metrics for the understanding and measurement of movement across the li-
fespan. While we can use our new technology to generate huge quantities of data 
on young and elderly people and their circumstances, having mountains of un-
refined data is not the same as having useful information or knowledge of prac-
tical utility. We need to convert the data into useful information to assist in 
making helpful decisions. Moreover, the integration of the information will vary 
for different purposes. For example, a clinician seeing frail elderly patients will 
require a different data reduction strategy than the family of a healthy older 
person interested in monitoring health status. 

3. The Implications of This Framework 

Motion is a fundamental aspect of life. The quickening fetal movement is the 
first clear sign to the expectant mother that she carries new life. And at the other 
extreme of the life course, terminal illness is often heralded by progressive im-
mobility. Patterns of human movement change throughout life from the uncer-
tain steps of the toddler, to the insecure swagger of the adolescent, to the self- 
assured gait of responsible adulthood, and the progressive unsteadiness of geria-
tric frailty. 

For the first time in human history, infants in fortunate nations like ours can 
expect to live well into their 70s. The opportunity to live into old age, once the 
province of the very few, is now a realistic expectation for each of us. But with 
this historic and unprecedented expectation of longevity comes the personal re-
sponsibility for our lifestyle choices and the impact of our decisions on our fu-
ture health and function. Conversely our increasingly sophisticated informa-
tion-based society is promoting a parallel change in the nature of human mo-
tion. For example, our dietary, educational, and recreational choices in child-
hood and adolescence may profoundly affect the nature and rate of expression of 
chronic illness in later life. The sedentary, fast food eater in youth may be in-
vesting in a future of chronic diseases coping with the complications of diabetes 
mellitus, osteoporosis and cardiovascular disease and dealing prematurely with 
the loss of independence [11]-[17]. 

The conveniences of contemporary society have substantially changed our 
requirements for movement. For the majority of citizens in modern societies, it 
is no longer necessary to walk even short distances in order to conduct all em-
ployment and daily activities, and this sedentary trend is leading to increased 
risk for coronary heart disease, adult-onset diabetes, hypertension, colon cancer, 
osteoporosis, anxiety, and depression. The profound implications of these 
changes in motion have been documented in a study that tracked the amount of 
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daily walking performed by a cohort of Amish men and related the findings to 
the incidence of heart disease. Walking was quantified with simple widely avail-
able and inexpensive technology (a pedometer) that could become one of our 
future ongoing assessment tools. These observations strongly suggest that our 
health and well-being are affected not only by our participation in regular exer-
cise, but more profoundly by the nature of our society which has facilitated a se-
dentary life style. The monitoring, interpretive analysis and relational assign-
ments of movement patterns we plan to develop are meant to assist in the diag-
nosis, prognosis, and design of therapeutic interventions to comprehensively 
address just these social concerns. 

Understanding the epidemiology of motion from youth through maturity is 
an urgent social and scientific priority. The percentage of people with disabilities 
severe enough to need assistance increases sharply with age: 10% for those 65 - 
74 years old, 16.9% of those 75 - 79 years old and over 33% for those ages 80 and 
over. With the elderly population expected to double in size by 2040, the sheer 
number of individuals facing dependency is staggering. But a person’s ability to 
manage everyday routines cannot be determined confidently from the names of 
the specific diseases he or she may have or from the length of the medical prob-
lem list. For example, an octogenarian with systolic hypertension, congestive 
heart failure, maturity-onset diabetes mellitus, severe osteoarthritis and a past 
history of hip fracture might be a vigorous, independent community volunteer, 
or a frail, highly dependent resident of a nursing home. The systematic study of 
movement and activity patterns in young, middle-aged, and elderly age groups, 
in elite athletes, and in individuals with known chronic diseases such as Alzhei-
mer’s disease, hip osteoarthritis, or stroke will advance our systematic scientific 
understanding to yield insights to help us all reduce our risk of future depen-
dency. 

Established motion-capture gait laboratories (such as Video Camera Systems) 
have been proven to provide highly accurate motion data. However, their cost 
and lack of portability present major problems that make them non-conducive 
to the comprehensive longitudinal motion studies necessary for Digital Bioki-
netics. For example: 
• Because a subject is being actively monitored (i.e. he/she is acutely aware of 

the data collection), the data collected is tainted. While helpful, the measures do 
not reflect normal, unconscious mobility in the subjects’ own environment. 
• Only a brief snapshot of overall motion is available for analysis. Variability 

in function even over a few minutes (analogous to the insights contained in the 
heart rate variability contained in the continuous rhythm strip of the EKG) 
cannot be assessed, much less over an extended period of time. Any longitudinal 
study using such technology would allow for only coarse analysis – the subject’s 
motion at a certain date and time and the trends from a series of such collec-
tions. This is a major limitation, as it is quite likely that many interesting insights 
into motion and its relationship with affective, cognitive, and physical perfor-
mance status may only be extracted from the fine-grained analysis provided by 
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continuous data collection. In addition, continuous data collection would pro-
vide access to motion events (e.g. concussion, falls, injuries, tremors, etc.) that 
would likely be missed by clustered collection. 

• The cost of these motion-capture systems requires that the data collection 
be serial. Even if a queue of subjects were constantly streaming into the labora-
tory (a logistical impossibility), the ability to capture data of only one subject at a 
time is a severe limitation. 

• The laboratory evaluation is expensive, requiring additional people such as 
technicians to schedule, monitor, and record the assessments. 

4. Examples 

Figure 3 contrasts a healthy subject with three other subjects with clinical condi-
tions affecting gait and who are known fallers. Remarkable visual differences in 
“BKG walking signatures” are evident among fallers and non-fallers. 

Some movement vector components seem to be influenced by neuro-muscu- 
lar factors (such as peripheral neuropathy or foot drop) and others by mechani-
cal anatomic factors (such as previous hip fracture, osteoarthritis or amputa-
tion). In addition, psycho-behavioral conditions (anxiety and depression) seem 
to affect aspects of human motion as detected by these sensitive devices. These 
factors are of great interest with regard to their relationship to biokinetic signa-
tures. 
 

 
Figure 3. BKG ankle acceleration tracings for four individuals (a healthy non-faller and 
three fallers with differing clinical conditions). Note the extraordinary differences in the 
movement signatures. We quantitatively objectify these differences by implementation 
into intelligent interpretive analytical algorithms. 
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Spectral analyses (Fast Fourier Transform) of the gait acceleration data shows 
that the most fit (least vulnerable elderly adults) have high peak amplitudes, 
representing a vigorous and steady gait. The most vulnerable subjects have much 
lower peak amplitudes, whereas moderately vulnerable subjects have interme-
diate values (F = 11.7, p < 0.002). The dispersion of gait kinetic energy, as meas-
ured by the number of frequencies in the spectral analysis, also discriminates 
among the least, moderately and most vulnerable subjects (F = 8.65, p < 0.006). 
The most vulnerable subjects have more than twice the number of frequencies as 
the least vulnerable subjects who have the lowest number of frequencies. 

Figure 4 dramatically illustrates this finding. The peak amplitude of the 
healthy elderly adult is 0.4 g with a dominant peak at 2 Hz. In strong contrast, a 
frail faller has peak amplitude that is 3 orders of magnitude lower and is barely 
visible on the same axis dimension. When the axis is adjusted so that the spectral 
distribution is evident, the peak amplitude at 0.6 Hertz is much lower, at 
about.003g with a mounded distribution of energy centering at about 1.5 Hertz. 
 

 
 

 
Figure 4. Spectral analysis (Fast Fourier Transforms) of gait accelerations in a normal 
nonfaller (left panel) and a faller (right panel). Note the remarkable amplitude differences 
and the scattered pattern of the faller; features expected to contribute great utility to intel-
ligent algorithm design. 
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The distribution of frequencies is much more dispersed with extremely low am-
plitudes and higher frequencies. So, the faller is slower and moves with far less 
regularity and force than the nonfaller whose movements are faster and highly 
regular. While simple timing with a stopwatch can reveal that the nonfalleris 
walking more quickly than the faller, the BKG tracing provides far more mea-
ningful information about the quality of the motion and precise metrics for such 
concepts as balance, sway, consistency, steadiness and force, which are evident 
to the clinician observing gait but not readily quantified by clinical assessment 
alone. 

5. Conclusions 

We have created the BKG analytic framework for low-cost, portable motion- 
capture technologies that enable non-invasive and continuous motion data col-
lection for a large number of subjects over an extended period of time. Wireless 
nodes distributed across the body at points of interest can store and/or transmit 
velocity, acceleration, torque, orientation, and position data, which can collec-
tively be processed remotely for motion analysis. The nodes are inexpensive, 
unobtrusive, wearable, durable, and user-friendly, yet continuously collect accu-
rate, precise data. All types of motion on any part of the body can be collected 
and analyzed, including simultaneous monitoring of head, arm, trunk, waist, 
and leg movements. We are also developing and integrating biological and am-
bient monitoring systems that can help add context to the collected motion 
data. 

Life Gait’s proprietary approach to the systematic analysis of human move-
ment allows us to determine the effects of environmental and psychosocial chal-
lenges experienced throughout life as such as concussion; identify the affective, 
cognitive and physical inputs to motion in health and illness; identify individuals 
at risk for changes in function and independence; develop BKG indices for adult 
and geriatric function (analogous to the pediatrician’s growth indices of height, 
weight, and head circumference); and discover very early motoric signs of im-
pending diseases such as Chronic Traumatic Encephalopathy, Alzheimer’s dis-
ease, Parkinson’s disease, stroke, osteoarthritis of the hip and knee, and many 
others. Our intention is as in cardiovascular disease, for future investigators to 
be able to define the burden of illness; modify the specific affective, cognitive 
and physical risk factors for functional decline; establish programs of disability 
prevention; develop remedial programs for those with irreversible losses; and 
create various restorative strategies using motoric indices as an essential com-
ponent of an individual’s health profile. The need for more precise, predictive 
and objective markers of health status across the lifespan benefits the entire cross 
section of societal concerns: (1) individuals interested in health promotion, (2) 
families and caregivers, (3) healthcare workers, (4) hospitals, (5) long-term care 
institutions, (6) payers such as insurance companies, and (7) a wide variety of 
clinical and research settings. Effectively all facets of society will derive benefits 
from the success of these proposed activities. 
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