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(57) ABSTRACT

Methods, devices, and systems according to present prin-
ciples provide ways to diagnose frailty and assess the severity
of its clinical status—e.g., non-frail, pre-frail, and frail, espe-
cially as measured and quantified during activities of daily
living. Systems and methods according to present principles
objectively quantify physical activity behaviors and identify
specific motor tasks, which indicate clinical frailty syndrome
behaviors such as flopping, cautious-sitting, non-uniform
walking fluctuations, cognitive decline, slowness, weakness,
and exhaustion. Additionally, the systems and methods allow
improved sensitivity and specificity of frailty identification
by further assessing physiological parameters such as heart
rate, respiration rate, and skin temperature in response to, or
recovery from, specific activities.
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METHOD, DEVICE, AND SYSTEM FOR
DIAGNOSING AND MONITORING FRAILTY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of priority of US
Provisional Patent Application Ser. No. 61/971,153, filed
Mar. 27, 2014, entitled “METHOD, DEVICE, AND SYS-
TEM FOR DIAGNOSING AND MONITORING
FRAILTY”, owned by the owner of the present application
and herein Incorporated by reference in its entirety.

STATEMENT OF FEDERAL FUNDING

[0002] This invention was made with government support
under Grant No. R42 AG032748 awarded by NTH. The gov-
ernment has certain rights in the invention.

FIELD

[0003] This invention generally relates to body movement
monitoring systems, and more particularly to systems which
relate to measuring and evaluating frailty.

BACKGROUND

[0004] The geriatric syndrome of “frailty” is one of the
greatest challenges facing our aging population, and is asso-
ciated with adverse health outcomes, dependency, institution-
alization and mortality. Frailty prevalence increases with age,
with up to 30% of the population meeting frailty criteria by
age 90. The US population of (frail) elders is rapidly growing,
and health care utilization and associated costs among this
population account for a disproportionate amount of US
health care costs. In geriatric care, prevention, early diagno-
sis, intervention and management of frailty are critical and
growing challenges.

[0005] Beyond the geriatric population, frailty as a clinical
syndrome has also been observed in select younger patients.
In particular, those with underlying chronic viral infections
such as HIV have been found to be frail. Similarly, patients
with chronic renal insufficiency on dialysis have been diag-
nosed as frail, as well as adult survivors of childhood cancers.
Hence frailty is becoming increasingly recognized as a dis-
tinct clinical syndromic state, in a wide range of patients, over
a wide range of ages.

[0006] Frailty syndrome (FS) or just “frailty’ is a clinically-
recognized syndrome and phenotype in which an individual
develops a reduced tolerance and capacity to deal with stres-
sors. Frailty manifests as a limited capacity to maintain
homeostasis and is characterized by a clinical state of age-
related biological vulnerability to stressors and decreased
physiological reserves with alterations in energy metabolism,
decreased skeletal muscle mass and quality, and altered hor-
monal and inflammatory functions. FS is also associated with
excess functional decline, dependency, increased healthcare
utilization, hospitalization, institutionalization, and death.
[0007] An unmet need exists in developing devices, meth-
ods and systems to diagnose frailty, to determine its stages
and severity, to monitor its status and/or change over time,
and to differentiate it from other debilitating diseases or from
simple age-related functional decline.

[0008] This Background is provided to introduce a brief
context for the Summary and Detailed Description that fol-
low. This Background is not intended to be an aid in deter-
mining the scope of the claimed subject matter nor be viewed
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as limiting the claimed subject matter to implementations that
solve any or all of the disadvantages or problems presented
above.

SUMMARY

[0009] Systems and methods, according to present prin-
ciples, are directed towards an ambulatory system which in
one implementation (1) measures and quantifies parameters
related to the user’s postures and movement; (2) evaluates the
user’s frailty status; and (3) evaluates various symptoms asso-
ciated with aging, including cognitive decline and physi-
ological response deficit. The systems and methods generally
employ a movement or motion sensor, e.g., accelerometer,
GPS sensor, or the like, along with an optional physiological
sensor and/or audio sensor. The motion sensor allows classi-
fication of spontaneous daily physical activity, and may be
implemented as part of a smart phone, smart watch, dedicated
device, or other sensor, including wearable sensors. The
optional sensors may be used to measure heart rate, respira-
tion rate, skin temperature, and so on. As noted the sensors
may be wearable, and may combine with a processor that
performs a method detailed herein that allows identification
of frailty status during activities of daily living.

[0010] The significance of the measurement and evaluation
relates to the desire to focus therapeutic efforts accurately
based upon a correct underlying condition. Accurate diagno-
sis of emergent frailty offers the potential for therapeutic
intervention, which may alter the progression of this pheno-
type with hopes for a return towards normalcy or complete
recovery.

[0011] Among others, systems and methods according to
present principles may be associated with several fields.

[0012] For example, in the field of elderly care, physical
therapy, inpatient care, and home tele-monitoring, systems
and methods according to present principles find several
important uses, including providing quantification of frailty
status based on monitoring of an elderly person’s physical
activity (PA) during his or her everyday life. This information
may be useful for several reasons: first, PA monitoring can
accurately determine the user’s state of frailty and healthy
physiological and cognitive status. For example, the systems
and method can detect early deteriorations in frailty and cog-
nition due to various health conditions, e.g. development of
infections, medication side effects, loss of muscle mass, inap-
propriate diet, etc. Second, PA monitoring provides valuable
information about responses to interventions, e.g. exercise,
diet, medication, etc. Third, PA monitoring can evaluate the
risk of complication to an intervention, e.g., whether the user
can support a surgical intervention, etc. This information may
significantly aid clinicians to tailor and personalize the type
of intervention based on the frailty status of the user. Fourth,
monitoring of frailty status can be used to identify risk of
falling of the user. This information may further aid health
care providers in the optimization of logistics and attention
required for the user. Fifth, assessment of the effects of new
drugs, pain treatments, new rehabilitation, and diet are sig-
nificantly advanced through monitoring of the subject’s
frailty status through the monitoring of the user’s physical
activity and other user parameters during his or her everyday
life. Systems and methods according to present principles
may also find use in remote monitoring and tele-care of
people suffering from various diseases, such as Alzheimer’s,
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cognitive impairment, arthritis, stroke, etc., as well as of those
recovering and rehabilitating from diseases, accidents, and
medical procedures.

[0013] In the field of clinical research and studies, systems
and methods according to present principles may provide
valuable insight into mechanisms and factors influencing
frailty status by quantifying the subject’s PA, frailty related
parameters, and user’s vulnerability in all contexts, including
everyday life.

[0014] Inthe field of drug development, systems and meth-
ods according to present principles may be employed to study
the role of various drugs and treatment procedures on physi-
cal activity and frailty status of people during clinical studies.
[0015] In the fields of rehabilitation and physical therapy,
systems and methods according to present principles provide
valuable feedback on the user’s improvement or enhance-
ment in activity behavior and change in frailty and cognitive
status.

[0016] In the fields of diet and weight management, sys-
tems and methods according to present principles provide
intelligent feedback to the user about his or her daily energy
expenditure and changes in muscle mass and strength.
[0017] In the fields of acute care and in hospital applica-
tions, frailty evaluation using systems and methods according
to present principles provide valuable information to person-
alize the type of surgical or non-surgical intervention as well
as in selection of appropriate diet, medication, and required
care attention. In addition, it provides valuable information to
nurses to optimize the intensity and amount of resource allo-
cation to provide care to an inpatient population.

[0018] While specific examples of benefits and advantages
are provided above, other benefits and advantages may also
inure to various implementations of the invention, and not all
benefits and advantages need be met in any particular imple-
mentation.

[0019] Specific indicators of frailty are now described.
[0020] Frailty Status
[0021] Aging is associated with progressive homeostatic

dysregulation of the complex human system, resulting both
from decreased function in multiple physiological systems,
as well as loss of layers of feed forward and feedback mecha-
nisms among interacting systems. Frailty results when these
interconnected physiological systems cross a threshold of
aggregate diminution in functioning. This diminution can
result from aging-related physiological changes, and may be
exacerbated by disease. Aggregated physiological dysfunc-
tion, and compromise of stress response mechanisms, under-
lie the frailty phenotype. The frailty phenotype has been
operationalized and validated as the presence of three or more
ofthe five following factors: low strength, low energy, slowed
motor performance, low physical activity, or unintentional
weight loss. Pre-frailty is associated with one or two of the
above factors, and non-frailty with zero factors. Without
wishing to be bound by theory, it is thought that this clinical
syndrome is a result of dysregulated energetics linked to an
increasingly homeostenotic physiology, including a proin-
flammatory state, anemia, abnormal hormonal levels, micro-
nutrient deficiencies, sarcopenia, and possibly, decrements in
neuromuscular control. Frail elders are at increased risk of
poor clinical outcomes, including increased healthcare utili-
zation, loss of independence, institutionalization and mortal-
ity, as well as the associated increased costs. Though frailty is
known to be potentially remediable with physical therapy
(PT), it remains unknown where in the frailty trajectory, or
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which specific rehabilitative components, are most remedi-
able to intervention. Identification of early markers of frailty
would allow early intervention and rehabilitation, prior to
progression to a frail state beyond remediation.

[0022] Furthermore, gross clinical measures such as the
“Timed Get Up and Go” test do not constitute precise early
indicators of frailty. Examples of such early indicators
include patterns of total daily activity or specific postural
decrements. Interventions to date have focused on physical
therapy; however, the relationship between individual decre-
ments and specific PT interventions remains unknown
because frailty measures are insensitive to the targeted inter-
vention. Clinimetrically sound objective frailty measures are
required to better identify and measure frailty and frailty
outcomes. More precise early indicators of pre-frailty, and
more specific measures of frailty components, are of key
importance to enable targeted remediation. Remote methods
are also desirable to track/identify elders at risk in the home
environment while performing activities of daily living
(ADLs).

[0023] Outcome measures that capture the dynamic nature
of frailty, using a continuous or ordinal scoring systeni, may
be of higher utility in tracking change in frailty status over
time, as the same may provide more quantifiable results and
thus enable and promote classification and stratification.
[0024] Remote activity monitoring according to present
principles provides one particularly well-suited method to
achieve this goal, as the same allows sensitive and specific
characterization of patterns oftotal daily activity and specific
postural decrements during ADL. This information may be
employed for targeted intervention and outcome measure-
ment, as well as for in-home remote monitoring to indicate
decrements in overall activity and risk of frailty, as well as to
provide effective intervention.

[0025] The systems and methods according to present prin-
ciples may in one implementation employ accelerometer data
to identify the type of postural transfer and which therefore
enables long-term, autonomous, and real-time operation of
the system. In some implementations such employment may
be performed without the need of filtering.

[0026] in another implementation, systems and methods
according to present principles allows accurate characteriza-
tion of frailty related symptoms including one or more of
slowness, weakness, flopping, exhaustion, and cognitive
decline during activities of daily living. Without wishing to be
bound by theory, these parameters may be valuable to allow
better characterization of frailty, which in turn can provide
clinical feedback to help identify the pathway of development
of frailty and to personalize the type of intervention required
to, in some cases, began or allow or promote the reversal of
frailty.

[0027] Inaddition, in yet another implementation, the sys-
tems and methods according to present principles character-
ize the response of heart rate to a dynamic activity, as well as
recovery of heart rate in response to a static activity subse-
quent to a dynamic activity. This information can be
employed to identify frailty status without using sophisti-
cated algorithms, and thus can be implemented in a low-cost
and low-power processor to identify frailty status during
activities of daily living in a convenient fashion.

[0028] In one aspect, the invention is directed towards a
system to identify the presence and degree of frailty compris-
ing: a wearable sensor module, configured to be attached to a
person, the sensor comprising an accelerometer component
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configured to generate signals in response to motion or move-
ments of the body, the signals comprising at least a frontal
acceleration signal; and one or more processor circuits pro-
grammed to: identify a sit to stand or stand to sit postural
transfer based onidentifying a dynamic pattern before or after
a peak detected in the frontal acceleration pattern; and derive
information related to frailty status including non-frail, pre-
frail, and frail, by identifying flopping, slowness, weakness,
or exhaustion.

[0029] Implementations of this system may include one or
more of the following. The sensor module may further
include an accelerometer component configured to measure
vertical accelerations, and the one or more processor circuits
may be further programmed to identify a dynamic and a static
activity based on standard deviation of the vertical or frontal
accelerations in a pre-defined interval pre or post of a postural
transfer. The one or more processor circuits may be further
programmed to identify a standing posture if'a dynamic activ-
ity and a static activity are identified immediately after and
before a postural transfer, respectively. The one or more pro-
cessor circuits may be further programmed to identify a sit-
ting posture if a static activity and a dynamic activity are
identified immediately after and before a postural transfer,
respectively. The one or more processor circuits may be fur-
ther programmed to measure a speed of low intensity move-
ment based on integration of acceleration during a static
activity and then removing the slope of integration during a
pre-defined interval.

[0030] The one or more processor circuits may be further
programmed to measure a speed of a high intensity movement
based on integration of acceleration during a dynamic activity
and then removing the drift of integration using a high pass
filter during a pre-defined interval. The one or more processor
circuits may be further programmed to identify frailty status
by measuring a number of flopping events occurring within a
pre-defined interval by identifying the number of immediate
transfers from a dynamic activity to a static activity with a
transfer speed of greater than a pre-defined threshold. The one
or more processor circuits may be further programmed to
identify frailty status by measuring slowness of movement as
characterized by measuring the duration, or magnitude of
acceleration, or magnitude of velocity, for completing a pos-
tural transfer or a dynamic activity. The one or more processor
circuits are further programmed to identify frailty status by
measuring weakness as characterized by measuring the stan-
dard deviation of frontal or vertical accelerations or magni-
tude of speed during a dynamic activity. The one or more
processor circuits may be further programmed to identify
cautious-sitting by detecting a sequence of a dynamic activity
followed by a static activity followed by stand to sit postural
transfer. The one or more processor circuits may be further
programmed to identify frailty status by measuring a number
of cautious-sitting events occurring within a pre-defined
interval.

[0031] The one or more processor circuits may be further
programmed to identify frailty status by measuring exhaus-
tion as characterized by measuring the slope and change in
speed or acceleration of movement during cyclic activities
such as walking, consecutive sit to stand postural transfers, or
consecutive body joint flexion and extension. The one or
more processor circuits may be further programmed to iden-
tify frailty status based on measuring a cognitive problem as
characterized by measuring non-uniformity of step-to-step
walking speed by measuring fluctuations in the walking
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speed. The one or more processor circuits may be further
programmed to measure body sway based on measuring
acceleration and speed during standing posture. The one or
more processor circuits may be further programmed to iden-
tify frailty status by characterization of body sway during
open-loop and closed-loop conditions. The one or more pro-
cessor circuits may be further programmed to identify open-
loop and closed-loop conditions by measuring a body sway
fluctuation curve as estimated by the time series average of
square value of body sway during a series of progressive time
intervals during standing, wherein the open-loop and closed-
loop conditions are separated by identifying best linear fits on
the body sway fluctuation curve.

[0032] The one or more processor circuits may be further
programmed to identify frailty status by linear or non-linear
combination of two or more parameters measured as
described above.

[0033] The wearable sensor module may be configured to
be attached to the upper body of a person. The sensor module
may be further configured to measure a vertical acceleration
signal.

[0034] Inanother aspect, the invention is directed towards a
system to identify the presence and degree of frailty compris-
ing: a wearable sensor module, configured to be attached to a
person, the sensor comprising an accelerometer component
configured to generate signals in response to motion or move-
ments of the body, the signals comprising at least a frontal
acceleration signal, and a sensor to measure heart rate or
electrocardiogram (ECG) pattern; and one or more processor
circuits programmed to: identify a sit to stand or stand to sit
postural transfer based on identifying a dynamic pattern
before or after a peak detected in the frontal acceleration
pattern; and derive information related to frailty status includ-
ing non-frail, pre-frail, and frail, by identifying flopping,
cautious-sitting, slowness, weakness, or exhaustion. The one
or more processor circuits may be further programmed to
identify frailty based on identifying premature junctional
contractions (PJC) episodes through electrocardiogram
monitoring. The frailty status could be then identified by
measuring the number and duration of PIC episodes during a
pre-defined time interval.

[0035] Implementations of this system may include one or
more of the following. The one or more processor circuits
may be further programmed to identify, confirm and define
frailty status based on measuring rate and magnitude of
change in heart rate from a static activity to a dynamic activity
occurring in a predefined interval and with a pre-defined
duration. The one or more processor circuits may be further
programmed to identify frailty status based on measuring rate
and magnitude of changes in heart rate from a dynamic activ-
ity to a static activity occurring in a predefined interval and
with a pre-defined duration.

[0036] In yet another aspect, the invention is directed
towards a system to identify the presence and degree of frailty
comprising: a wearable sensor module, configured to be
attached to a person, the sensor comprising an accelerometer
component configured to generate signals in response to
motion or movements of the body, the signals comprising at
least a frontal acceleration signal, and a sensor to measure
respiration rate; and one or more processor circuits pro-
grammed to: identify a sit to stand or stand to sit postural
transfer based onidentifying a dynamic pattern before or after
a peak detected in the frontal acceleration pattern; and derive
information related to frailty status including non-frail, pre-
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frail, and frail, by identifying flopping, cautious-sitting, slow-
ness, weakness, or exhaustion.

[0037] Implementations of this system may include one or
more of the following. The one or more processor circuits
may be further programmed to identify frailty status based on
measuring rate and magnitude of change in respiration rate
from a static activity to a dynamic activity occurring in a
predefined interval and with a pre-defined duration. The one
or more processor circuits may be further programmed to
identify frailty status based on measuring rate and magnitude
of change in respiration rate from a dynamic activity to a static
activity occurring in a predefined interval and with a pre-
defined duration.

[0038] In yet another aspect, the invention is directed
towards a system to identify the presence and degree of frailty
comprising: a wearable sensor module, configured to be
attached to a person, the sensor comprising an accelerometer
component configured to generate signals in response to
motion or movements of the body, the signals comprising at
least a frontal acceleration signal, and a sensor to measure
audio; and one or more processor circuits programmed to:
identify a sit to stand or stand to sit postural transfer based on
identifying a dynamic pattern before or after a peak detected
in the frontal acceleration pattern; and derive information
related to frailty status including non-frail, pre-frail, and frail,
by identifying flopping, cautious-sitting, slowness, weak-
ness, or exhaustion.

[0039] Implementations of this system may include one or
more of the following. The one or more processor circuits
may be further programmed to identify whether the user is
talking based on measuring a magnitude of audio and a
change in upperbody acceleration or respiration rate. The one
or more processor circuits may be further programmed to:
measure a gait difference including a change in speed, or
cadence, or step-to-step duration variation between the con-
ditions where the user is talking and when the user is not
talking. The one or more processor circuits may be further
programmed to identify frailty status if the walking difference
between conditions with and without talking exceeds a pre-
defined threshold.

[0040] Other advantages and features of the invention will
be apparent from the description that follows, including the
drawings and claims.

[0041] This Summary is provided to introduce a selection
of concepts in a simplified form. The concepts are further
described in the Detailed Description section. Elements or
steps other than those described in this Summary are possible,
and no element or step is necessarily required. This Summary
is not intended to identify key features or essential features of
the claimed subject matter, nor is it intended for use as an aid
in determining the scope of the claimed subject matter. The
claimed subject matter is not limited to implementations that
solve any or all disadvantages noted in any part of this dis-
closure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042] The foregoing and other objects, features, and
advantages of the invention will be apparent from the follow-
ing detailed description of invention, as illustrated in the
accompanying drawings, in which like reference numerals
designate like elements throughout. Elements are not to scale
unless otherwise noted.

[0043] FIG. 1 illustrates exemplary methods used to deter-
mine frailty status based on scoring one of more elements
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related to user’s flopping frequency, slowness, weakness,
exhaustion, cognition, physiological response to activities,
physiological recovery from activities, response to distrac-
tion, and balance problems.

[0044] FIG. 2 illustrates methods used to classify activities
including dynamic and static activities as well as postural
transition from sit to stand or stand to sit.

[0045] FIG. 3 illustrates methods used to identify flopping.
[0046] FIG. 4illustrates methods used to identify cognitive
problems via assessing non-uniformity in gait fluctuations or
changes in performance of walking in response to talking.
[0047] FIG. Sis anillustration of an exemplary definition of
non-uniformity in gait fluctuation.

[0048] FIG. 6 is an illustration of gait speed fluctuation for
atypical frail subject (Data 1, filled circle points) and a typical
non-frail subject (Data 2. empty circle points). Using tradi-
tional gait variability assessment, e.g., the standard deviation
of gait speed fluctuation, the two cases are difficult to distin-
guish.

[0049] FIG. 7 is an illustration of non-uniformity in gait
fluctuation for a typical frail case (Data 1, dashed line trace)
and a typical non-frail case (Data 2, solid line trace). Using a
non-uniformity approach, the two cases can be separated.
[0050] FIG. 8isan illustration of heart rate response to, and
heart rate recovery from, a dynamic activity for a frail case
(dashed line trace) and for a non-frail case (solid line trace).
[0051] FIG. 9illustrates methods used to identify failure in
physiological response and recovery response to a dynamic
activity.

[0052] FIG. 10 illustrates methods used to identify postural
instability via characterization ofbalance during standing and
further characterization of open loop and closed loop strate-
gies.

DETAILED DESCRIPTION

[0053] The following descriptions and examples illustrate
some exemplary embodiments of systems and methods
according to present principles in detail. Those of skill in the
art will recognize that there are numerous variations and
modifications of the systems and methods that are encom-
passed by its scope. Accordingly, the description of certain
exemplary embodiments should not be deemed to limit the
scope of the present invention.

[0054] Systems and methods according to present prin-
ciples provide ways for performing one or more of the fol-
lowing tasks during a subject user’s everyday life: 1) moni-
toring the user’s physical activity; 2) assessing and
identifying frailty-related activity biomarkers including
slowness, weakness, flopping, cautious-sitting, exhaustion,
and cognitive decline during activities of daily living; 3)
evaluating one or more physiological responses including
heart rate, heart rate variability, respiration rate, and skin
temperature to dynamic and static activities; and 4) identify-
ing frailty status using one or more activity biomarkers and
physiological responses to activities. The second, third, and
fourth tasks may be based on the results obtained from the
first.

[0055] The system includes a sensing module (SM), which
may be attached to the user’s body for measuring body move-
ments. In one implementation, the sensing module includes
one to three axial accelerometers. In one exemplary configu-
ration, at least one accelerometer is configured to measure
acceleration in the frontal direction, which is defined to be the
direction perpendicular to the frontal plane of the user.
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[0056] The SM may also include optional physiological
and audio sensors, which are configured to measure physi-
ological data (e.g. heart rate, respiration rate, skin tempera-
ture) and/or audio signals.

[0057] Sensors may include any sensing elements which
allow the measurement of body motions including in particu-
lar acceleration, velocity, position, or orientation. Such may
include sensors based on Micro-Electro-Mechanical Systems
(MEMS) technology (e.g. piezo-resistive, or electromagnetic
sensors) or optical sensors (e.g. camera based systems, laser
sensors, etc), or any other type of motion tracking sensors.
SM may include those measuring from single to multiple
degrees of freedom, including X, y, z, pitch, roll, yaw or any
combination thereof. The sensors may be wearable, such as
on eyeglasses, apparel, watches, or the like.

[0058] The SM may also include a data-storage system for
storing the measured data. An optional on-board communi-
cations system provides the SM the capability to transmit the
collected data and/or analyzed signals through either wired or
wireless links for storage and/or further offline analysis. Data
storage may include any type of memory such as static or
dynamic random-access memory, or non-volatile memory.
Other types of data storage will also be understood, including
data storage on a means on the user, e.g., flash storage, for
later transmission or downloading to a computing device.

[0059] In one implementation, the system can display
frailty status using an embedded multiple color LED or digi-
tal screen indicating frailty status. Other types of displays will
also be understood. In addition, the system may remotely
display relevant information such as frailty status, e.g., non-
frail, pre-frail, frail, or a score of frailty status, history of
frailty status, as well as status and history of each measured
parameter, e.g., physical activities, flopping, slowness, weak-
ness, cognition, exhaustion, cognitive problem, physiological
response problem, physiological recover problem, response
to distraction problem, and balance problem. Each of the
measured parameters may be displayed either in a binary
fashion, e.g., 0=healthy, 1=problem or unhealthy, or mapped
to ascoring system, e.g., ona scale from O to 5, where a higher
number indicates more deviation from a healthy status. The
data can be transferred via Bluetooth, WiFi, other radio fre-
quency protocols, and any other means of data communica-
tion.

[0060] Analysis of the measured signals may be carried out
entirely on board the SM, partially on board the SM and
partially at other location(s), or entirely at other location(s). If
the analysis is carried out, whether partially or fully, on board
the SM, the SM also includes a microprocessor that fully or
partially performs the described methods. Certain alternative
embodiments can utilize a computer system other than a
microprocessor to perform the methods described herein. For
example, an application-specific integrated circuit (ASIC)
can be used to perform some or all of the described methods.

[0061] In another configuration the system may include a
group, collection assembly, or ensemble of sensors that may
be placed on multiple locations on the body. These sensors
may function individually, collectively, or with cross-talk. An
array of sensors may be located on multiple locations on the
body. Sensors may also be located within the body—either in
orifices, e.g., mouth, ear, urethra, vagina, anus or in the body
corpus, e.g. as subcutaneous, intradermal, intramuscular, or
via percutaneous or surgical placement.
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[0062] Monitoring the User’s Physical Activity

[0063] Monitoring the user’s physical activity may include
monitoring and assessing the user’s postures, dynamic activi-
ties, static activities, as well as frailty-related parameters. To
this end, systems and methods according to current principles
may compute various parameters associated with the user’s
frailty and cognitive status from the data recorded by the SM
as illustrated in the flowchart of FIG. 1. The assessed param-
eters may include flopping (step 104), slowness (step 106),
weakness (step 108), exhaustion (step 110), cognitive prob-
lems (steps 112 and 120). and physiological problems (steps
115 and 117).

[0064] FIG. 1 also illustrates various other sensors, which
may be employed, as well as other aspects. For example,
physiology sensors 113 may be employed to measure an
electrocardiogram (ECQG), heart rate, respiration rate, tem-
perature, blood pressure, or the like, and the same may feed
into physiologic data, especially pertaining to physiological
recovery determinations in step 116. Audio sensors 118 may
be employed to identify when a user is speaking, and such
may be employed when testing in step 119 if gait is altered
when the user is speaking Activity sensors such as acceler-
ometers 101 may be employedto determine user activity in an
activities classification step 102. An accelerometer, or alter-
natively another sensor, such as a GPS or the like, may be
employed to determine if the user is lying down, sitting,
standing, performing dynamic activities, or performing static
activities. Such activities classification may feed into step 103
of determining flopping, step 105 of determining speed or
slowness, step 107 of determining weakness or jerkiness of
movement, step 109 of determining decline in performance
due to exhaustion, step 111 of determining non-uniformity of
walking speed, indicating a potential cognitive problem, step
114 of determining physiological responses to dynamic activ-
ity, and step 119 of determining gait alteration in response to
speaking. In one or more of these cases it will be understood
that such measurements may be compared to threshold values
thl to th10 in the determination of frailty, as indicated in the
figure,

[0065] Use of accelerometers in place of gyroscopes, and
using the characterization of dynamic and static activities pre
and post a postural transfer by systems and methods accord-
ing to present principles, allows for long-term autonomous
operability and low cost of the system. The associated chal-
lenges introduced by this replacement, however, include
extracting meaningful data associated with frailty and cogni-
tivedecline from commonly-noisy accelerometer signals dur-
ing everyday living activities. In addition, using supplemen-
tary sensors for measuring physiological response and
recovery to and from a dynamic activity, as well as using
audio sensors to measure activity performance deterioration
due to talking, may enhance the accuracy of frailty classifi-
cation during activities of daily living.

[0066] The method corresponding to the flowchart of FIG.
1 may be employed to indicate how information from various
sensors can lead to the determination of the problems noted,
e.g., flopping, slowness, etc. In most cases a signal from an
activity sensor 101 is employed, and in certain cases a sensor
for measuring a physiological parameter 113 is also used. An
audio sensor 118 may also be used in special circumstances,
in particular for the identification of gait alterations when the
user is talking. The activity sensor 101 may be employed and
used in a step of activities classification 102, which may in
turn be employed to detect various activity-based move-
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ments, and to determine variables appropriate for frailty mea-
surement and evaluation. Particular variables are described in
greater detail below, but it will be noted that the determination
of the various variables flows into a model 123 from which the
determination and evaluation of a subject user’s frailty is
categorized, classified, or stratified, e.g., into a non-frail con-
dition 124, a pre-frail condition 125, or a frail condition 126.
[0067] The flowchart of FIG. 2 demonstrates how dynamic
activity, static activity, and postural transfers (in this case,
SI-ST and ST-SI) are detected during everyday moments. The
algorithms use a signal from a frontal accelerometer 201, e.g.,
the frontal accelerometer signal (Af). As shown in FIG. 2, the
algorithm performs the following steps on the frontal accel-
erometer signal to determine occurrence and type of postural
transitions, as well as dynamic and static activities, which are
believed to be of key importance in the evaluation of frailty
status.

[0068] In step 202, acceleration data as measured by the
activity sensor 201 undergoes a process of segmentation.
[0069] Then, in steps 203, 205, 206, 207, and 208, the
standard deviation of the frontal accelerometer signal (STD)
is computed and used to identify the time of occurrence and
duration of dynamic (T,) or static (T) activity bouts. In
particular, and in one implementation, if the standard devia-
tion varies by greater than a predetermined amount, the activ-
ity is determined to be a dynamic activity. In this implemen-
tation, if the standard deviation is less than a predetermined
threshold, then the activity is determined to be a static activity.
[0070] Thepeak in the frontal accelerometer reading is then
detected to identify the time of postural transfer (T,) in step
204.

[0071] The sequence of dynamic and static activities pre
and post a postural transfer within a pre-defined time interval
is then evaluated in steps 209, 210, 211, and 212. For
example, if the sequence is dynamic activity, then postural
transfer, then static activity, and the time differential between
the dynamic activity and the static activity is less than a
predetermined amount, then the postural transfer is charac-
terized as standing-to-sitting (ST-SI). As another example, if
the sequence is static activity, then postural transfer, then
dynamic activity, and the time differential between the static
activity and the dynamic activity is less than a predetermined
amount, then the postural transfer is characterized as sitting-
to-standing (SI-ST).

[0072] Specific frailty indications shown in FIG. 1 are now
described in greater detail.

[0073] Identification of Flopping

[0074] Flopping (determined in step 104 in FIG. 1) is iden-
tified or defined as the occurrence of a sudden postural trans-
fer between a dynamic activity to a prolonged static activity or
an immediate transfer from a dynamic activity to a sitting or
lying posture followed by a prolonged static activity. The
flowchart of FIG. 3 illustrates different steps which may be
employed in one exemplary method to identify flopping.
First, in steps 302 and 303, bouts of static and/or dynamic
activity are identified. In step 304, the time of occurrence of
postural transfers to sitting or lying are identified through an
activity sensor, or sensor module (step 301) as described
previously. Flopping can then be identified via several
approaches. Two exemplary approaches are described in the
following: 1) if a prolonged static activity occurred immedi-
ately after a dynamic activity, as determined by steps 305 and
307; or 2) if a postural transfer occurred immediately after a
dynamic activity followed by a prolonged static activity, as
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determined by steps 306 and 308. By analysis of steps 307
and 308, the amount of flopping may be identified in steps 309
and 310. A frail person is identified by the total numbers of
flopping events occurring in a predefined period of time, and
in particular if the total number in the predefined period of
time is greater than a threshold, in which case the subject user
is identified as frail in step 311. Any postural changes may be
classified as flopping, e.g., sit to stand. walk to sit, sitto lying,
and so on, and combinations of these may be measured in the
same time period. Cautious-sitting could be identified by
identifying a sequence of dynamic activity followed with a
static activity with duration exceeding a pre-defined threshold
followed by a stand to sit or stand to lying postural transfer.

[0075] Identification of Slowness:

[0076] Slowness is identified by time required to execute
specific motor tasks such as sitting to standing, lying to sit-
ting, initiation of walking, turning, elbow flexion and exten-
sion, etc. A frail person may be identified when execution of
a specific motor task exceeds a predefined threshold defined
for that specific task.

[0077] In more detail, slowness may be identified by the
time, velocity, and acceleration required to execute a pre-
defined dynamic activity. Some of the dynamic activities of
interest include but are not limited to high energy activities as
identified by dynamic activities with a measured standard
deviation of greater than a pre-defined threshold, cyclic
activities (e.g. walking, climbing or descending stairs, turn-
ing, etc) as identified by the occurrence of repetitive accel-
eration peaks during a dynamic activity, SI-ST, ST-SI, initia-
tion of walking, etc. Specific motor tasks such as sit-to-stand,
lying-to-sit, initiation of walking, turning, elbow flexion and
extension, etc., may also be included. The velocity of a
dynamic activity may be estimated by integration of accel-
eration in a pre-defined interval followed by application of a
high pass filter, which may be used to remove the drift due to
integration. If the standard deviation of acceleration during
the interval of integration is lower than a threshold, e.g., for
velocities during static or low-intensity activities, the drift of
integration may be removed by subtracting a best fit line from
the integrated signal instead of using a high pass filter. This
technique is useful to prevent filtering the useful data related
to the speed of movement. A frail person is identified when
execution ofa specific dynamic activity exceeds a pre-defined
threshold or when the velocity and/or acceleration to execute
a specific dynamic activity is below a pre-defined threshold.
[0078] Identification of Weakness:

[0079] Weakness is identified by measuring jerkiness of
movement during transfer from one posture to another, or
when starting a walking or turning activity. The jerkiness of
movement can be measured by the coefficient of variation
(standard deviation/average value) of a kinematic parameter,
e.g., speed. In addition, weakness may be identified by a
limited range of motion of a specific joint, e.g., knee, or a
specific body segment e.g., trunk. A frail person is generally
identified by increased weakness.

[0080] In more detail, weakness during activities of daily
living is identified when the jerkiness of movement while
executing a pre-defined dynamic task exceeds a pre-defined
threshold. The jerkiness of movement can be identified by
measuring the standard deviation of acceleration signals in
different directions and in a pre-defined interval. Some of the
dynamic activities of interest to identify weakness include,
but are not limited to, high energetic activities, cyclic activi-
ties, e.g. walking, climbing or descending stairs, turning, etc,
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SI-ST, ST-SI, initiation of walking, initiation of postural
transfer, etc. A frail person is identified when the number of
identified weakness events exceeds a pre-defined threshold.
[0081] Identification of Exhaustion:

[0082] Exhaustion is identified by a lack of consecutive
activities during a predefined time interval, such as a low
number of consecutive steps, few postural transfers, limited
trunk bending, few elbow flexions or extensions, or the like.
[0083] Exhaustion is identified by measuring changes in
the quality of performance of pre-defined dynamic activities
that are repeated consecutively. Quality of performance may
be identified by measuring speed, acceleration, and timing,
for the execution of a pre-defined dynamic task. Some of the
dynamic activities of interest to identify exhaustion include,
butare not limited to, cyclic activities, e.g., walking, climbing
or descending stairs, turning, etc., consecutive SI-ST or ST-SI
postural transfer, body segment flexion and extension, etc.
Quality of performance may be quantified further by measur-
ing the rate of reduction in speed and acceleration for per-
forming consecutive dynamic activities, e.g. walking, turn-
ing, consecutive body segment flexion and extension, etc. A
frail person is identified when the number of identified
exhaustion events exceeds a pre-defined threshold.

[0084] Identification of Cognitive Problem:

[0085] Cognitive problems during activities of daily living
may be identified using several approaches. Two exemplary
ones are described below.

[0086] Method 1: In a first method, cognitive impairment is
assessed by identification of non-uniformity of walking speed
fluctuation (step 111 in FIG. 1). The act of walking itself is
recognized when at least three consecutive acceleration peaks
are identified within a pre-defined interval during a dynamic
activity. Referring to FIG. 4, the recognition of walking is
performed by an activity sensor 401 such as an accelerometer
which by sensing movement determines in step 402 that
dynamic activity is occurring. In step 403, whether the
dynamic activity is walking is determined. The identified
acceleration peaks, which satisfy a time difference between
two consecutive peaks, are considered as walking steps. Fluc-
tuation assessment is performed when at least 10 seconds of
a walking and five steps of walking are recognized during
activities of daily living, which is determined in step 404.
[0087] Non-uniform walking fluctuations are defined
based on uneven gait acceleration and deceleration compared
to amean value. In more detail, the fluctuations are estimated
based on mapping a step-to-step gait fluctuation to a right
triangle shape where the location of its vertices are estimated
using minimun, maximum, and mean, of gait parameters.
The hypotenuse value may be assumed to represent the non-
uniformity of gait fluctuation (NUVA) and the two other sides
represent lower band (LDV) and higher band (HBV) of gait
variability. A frail person is identified by high non-uniformity
of gait fluctuation and long HPV.

[0088] Specifically, non-uniformity in walking, e.g., fluc-
tuations, are assessed by measuring, in step 405, and map-
ping, in step 406, the vector of consecutive step velocity or
step time for each walking step (SV(1)) to a triangle as illus-
trated by the graph 500 of FIG. 5. The y-values A (501 in FIG.
5) and B (502 in FIG. 5) are estimated using the following
formulas:

[0089] Point A: Imax(SV(0)-mean(SV(0)
[0090] Point B: Imin(SV(i))-mean(SV(0)!
[0091] Where, ‘max’ and ‘min’ represent maximum and

minimum values of vector of SV(i).
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[0092] The x-values C (503 in FIG. 5), D (504 in FIG. 5),
and E (505 in FIG. 5) are estimated using the following
formulas:

[0093] Point C: Min (SV(1))

[0094] Point D: Mean (SV(i))

[0095] Point E: Max(SV(i))

[0096] As noted, the hypotenuse length (506 in FIG. 5)

represents the non-uniformity of gait fluctuation (NUVA) and
the two sides of the hypotenuse represent a lower band (LBYV,
508 in F1G. 5) and a higher band (HBV, 510 in FIG. 5) of gait
variability. In other words, the hypotenuse, representing a
measure of the variation in the subject user’s gait, provides a
sensitive measure for variation. This approach for estimating
gait variability is generally more sensitive to cognitive defi-
cits than measuring a standard deviation or coefficient of
variation of gait variability. Consequently, in this method, the
sides of the triangle are estimated (NUVA, LBV, and HBV) in
step 407.

[0097] FIG. 6illustrates two typical cases, one subject with
acognitive problem (Data 1, indicated by 601 and represented
by closed circles) and one without a cognitive problem (Data
2, indicated by 602 and represented by open circles). Both
subjects have the same mean value of step velocity, indicated
by 603, and almost the same standard deviation of step veloc-
ity, indicated by 604 and 605. Thus measuring standard devia-
tion or coefficient of variation as defined by standard devia-
tion divided by mean value multiplied by 100 is not sensitive
enough to evaluate cognitive deficit and thus cannot be used.
However, as illustrated in FIG. 7, after mapping to a triangle
shape as described above, NUVA, indicated by 703 and 704,
and HBV values, indicated by 705 and 706, allow discrimi-
nating between two subjects, one with a cognitive deficit,
indicated by 701, and another subject without a cognitive
deficit, indicated by 702.

[0098] Referring back to FIG. 4, in steps 408 and 409,
walking is classified as a high non-uniform walking fluctua-
tion (NUWF) when either or both of NUVA and HBV exceed
a pre-defined threshold. In steps 410 and 411, a subject is
identified as having a cognitive problem if the number of
NUWEF exceeds a pre-defined threshold.

[0099] Method 2: For identifying a user’s cognitive prob-
lem using another exemplary method, an optional sensor 412,
configured to measure an audio signal, is required. In this
method, during walking, the audio sensor is used to evaluate
whether the subject is talking (i.e., dual task) or not (i.e.,
single task) in step 413. To ensure that the source of the audio
signalis the subject, the information from a chest acceleration
signal may also be evaluated to confirm that the identified
soundis coming from the user. Then, in steps 414 and 415, the
performance of walking during identified single task walking
bout(s) and dual task walking bout(s) are recorded during a
pre-defined interval (e.g., 24 hours) and compared. If the
walking performance during dual tasks is lower than a pre-
defined threshold, which may be based on the individual’s
single task walking performance, as determined in steps 416,
417, and 417, then the user is classified as a subject with a
cognitive problem. Walking performance can be character-
ized using gait variability by the method described above, or
using a traditional method based on standard deviation of
walking speed fluctuation, step time, step velocity, etc.
[0100] Based on the number of walking bouts identified as
having high gait speed fluctuations, as determined by method
1 above, or the magnitude of gait performance deterioration
during dual task conditions, as determined by method 2
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above, the frailty status of the user can be identified (steps 111
and 120 in FIG. 1). In FIG. 4, if a cognitive problem is
identified at step 411, and if the number of cognitive problem
events is greater than a threshold or greater than a threshold
over a predetermined duration of time, as calculated by step
418, then the user may be determined to be frail in step 419.
[0101] Wandering is another variable related to frailty.
Wandering can be characterized by short walking bouts
among standing bouts. A frail person may be identified by the
ratio of the total number of walking bouts to the total number
of standing bouts, recorded in a predefined time interval.
[0102] Identification of Physiological Problems:

[0103] Frailty may also be identified by other physiological
responses including abnormal physiological responses to
activities such as a sudden increase in respiration rate,
changes in skin temperature, or the like, in response to spe-
cific physical activities, e.g., rising from a chair, turning,
sitting on a bed, or the like.

[0104] Physiological biomarkers associated with frailty
may also be monitored during activities of daily living by
adding one or more optional sensors which are able to moni-
tor heart rate and/or other parameters. A similar approach can
be also implemented by adding sensors able to measure res-
piration rate, skin temperature, etc. Alternatively, heart rate
could be directly measured by an accelerometer attached on a
pre-defined location such as noise, wrist, ear, etc., and con-
figured to to capture heart beat via measurement of an accel-
eration pattern.

[0105] For example, FIG. 8 illustrates a typical heart rate
response of a frail subject in trace 802 and that of a non-frail
subjectin trace 801. The dynamic activities of interest are (but
are not limited to): SI-ST, ST-SI, cyclic activities, e.g. walk-
ing, turning, climbing stairs, high energetic dynamic activi-
ties, etc. Heart rate response is characterized by assessing the
slope of heart rate increase in response to a high energetic
activity, e.g., sit to stand, and/or recovery after executing a
high energetic activity. Accordingly, a frail person is gener-
ally identified by a slow response and a slow recovery.
[0106] An algorithm which may be employed according to
present principles to identify frail subjects has been summa-
rized in the flowchart of FIG. 9. A physiological sensor 906 is
employed to measure a physiological parameter, ¢.g., a heart
rate response to a dynamic activity, in step 907, followed by a
measurement of a heart rate recovery over a static activity in
step 908. In this way, a physiological response problem may
be identified by characterization of a heart rate response to a
pre-defined dynamic activity with a consistent duration, e.g.,
the duration of a dynamic activity may be greater than a
pre-defined threshold, and the standard deviation of accelera-
tion during each sub-period, e.g., 5 seconds, of this period
may also be greater than a pre-defined threshold. These steps
are illustrated by steps 901, 902, 903, and 904.

[0107] Another criteria which may be employed to deter-
mine a dynamic activity of interest is the occurrence of a
prolonged static activity with predefined characteristics
immediately after the dynamic activity of interest. Examples
of said predefined characteristics include, but are not limited
to, a duration longer than a pre-defined threshold, and a stan-
dard deviation of acceleration during this period (e.g., every 5
seconds) less than a pre-defined threshold. This step corre-
sponds to step 905 in FIG. 9. When a sequence of dynamic
and static activities of interest is identified during activities of
daily living, the heart rate response is assessed during both
detected dynamic and static activities in steps 907 and 908.
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Some of the characteristics of the heart rate response to a
dynamic activity are (but are not limited to) the rate of
increase in heart rate from the start of the activity to the time
at which the maximum heart rate occurs (e.g., magnitudes
803 and 804), the magnitude of the increase in heart rate in
response to the dynamic activity (e.g., magnitudes 807 and
808), and so on. Some of the characteristics of heart rate
recovery during the static period immediately after a dynamic
period (shaded area 803) are (but are not limited to): the rate
of heart rate reduction from the time of occurrence of the
maximum heart rate to the time of occurrence of the maxi-
mum reduction in heart rate during the static period (e.g.,
magnitudes 805 and 806), and the magnitude of maximum
reduction in heart rate during the static activity (e.g., magni-
tudes 809 and 810), etc. The dynamic activities of interest are
(but are not limited to): SI-ST, ST-SI, cyclic activities, e.g.,
walking, turning, climbing stairs, high energetic dynamic
activities, etc.

[0108] A physiological response to a dynamic activity of
interest is considered to be a problem response if (1) the
magnitude and slope of response to the dynamic activity are
lower than a threshold; and (2) recovery during the static
period after termination of the dynamic activity is lower than
athreshold. These parameters are determined in steps 909 and
910 in FIG. 9. In steps 911 and 912, a subject is identified as
frail if the number of identified physiological problems dur-
ing a defined period (e.g., 24 hours) exceeds a pre-defined
threshold. It will be understood that such parameters as given
above are purely exemplary and that variations of the same
will be apparent to one of ordinary skill in the art given this
teaching.

[0109] Identification of Open-Loop and Closed-Loop Con-
ditions
[0110] Postural instability is associated with frailty syn-

drome and increased risk of falling. Balance requires open-
loop (OL) postural muscle control, and closed-loop (CL)
vestibular, visual, proprioceptive and somatosensory cues for
regulation of balance. Diminishment in muscle performance
increases subject dependency to sensory feedback, i.e., CL
strategy, and thus reduces the time interval that the subject
may be able to retain an OL postural control strategy. In other
words, for a frail individual to ambulate, he/she needs to rely
on additional feedback signals, e.g., visual, vestibular, and
somatosensory feedback; whereas a non-frail individual may
not need these additional inputs (and thus sufficiently func-
tion in open loop mode).

[0111] Systems and methods according to present prin-
ciples propose identifying OL and CL postural strategies
during activities of daily living and separately characterizing
balance during OL and CL. FIG. 10 illustrates one exemplary
algorithm as a solution. First, an activity sensor such as an
accelerometer 1000 identifies a standing period during activi-
ties of daily living (T, ) in step 1001. Only those standing
periods are considered for OL and CL characterization that
are long enough, e.g., with duration greater than 10 seconds,
as determined in step 1002, and determined as sufficiently
standing, e.g., the standard deviation of acceleration during
T, ,una 18 lower than a predefined threshold, as determined in
step 1003, and the posture is determined as upright, e.g., the
absolute value of vertical acceleration is close to one unit of
gravity, as determined in step 1004.

[0112] In step 1005, the method identifies open-loop and
closed-loop strategies. The OL-CL method may be employed
along with, or as part of, the systems and methods according
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to present principles. In summary, body sway during T, is
estimated by measuring the value of body acceleration, body
velocity (integration of body acceleration), or body position
(integration of body velocity), resulting in Standg, .. The
square of displacement (Ar,)* between successive Stand,,
data points separated in time by a specified time-interval (At)
are calculated. The squared displacements (Ar,)* are then
averaged over the specified time-interval (At), ranging from 0
to 10 seconds (0=At=10 sec), to provide a plot of mean square
Standy,,,,,, displacement (Ar”) versus At according to the fol-
lowing formula:

N-m
(Ar)?
2 _ i=1
(&%), = (N—m)
[0113] where N is the number of data points for the first 10

seconds of Stand,,,,, data series, and for a given At, m is the
number of data intervals. Using this approach, OL and CL
conditions are identified by fitting two best linear fits to
Stand,,,,,, displacement (Ar?) data. The determined body
swaying may then be the basis for step 1006, where the
balance of the subject user during open loop and closed loop

conditions is characterized.

[0114] In step 1010, a subject user is identified to have a
poor balance and consequently to be frail if the duration of OL
strategy is less than a predefined threshold, as determined in
step 1007, and has poor balance during OL and CL, as deter-
mined in steps 1008 and 1009. Balance during OL and CL
conditions can be characterized by measuring the range of
sway, speed of change in sway magnitude, and acceleration
change in sway magnitude, e.g., using steps within step 1006.

[0115] Combination of Measured Parameters to Classify
Frailty
[0116] In other implementations, the sensitivity and speci-

ficity of frailty classifications can be enhanced even further by
employing a combination of parameters described above
using a linear combination of factors, e.g., multivariable
regression model, or a non-linear, e.g., neural network, model
(step 123 in FIG. 1). For example, each of the measured
parameters may be scaled to a score of zero to five, where a
higher number indicates a higher degree of problem. Then,
each parameter may be weighted and combined with other
parameters using a linear or non-linear model to identify the
final score of frailty. The following equation demonstrates an
example of such a combination:

Frailty Score=41X1+42X2+43X3+ . . . +48X%,

[0117] where Al=flopping score, A2=slowness score,
A3=weakness score, Ad=exhaustion score,
AS5=physiological response score, A6=physiological recov-
ery score, A7=activity response to distraction score, and
A8=postural instability score, and Xi are the weightings.

[0118] The final score may be mapped to a scale of zero to
five, where a higher number indicates more severity in frailty
status. If an additional notion of physiological parameters
emerged, those parameters could be added to the classifica-
tion model described above.

[0119] Systems and methods according to present prin-
ciples not only allow identification of frailty during activities
of daily living during unsupervised conditions, such may also
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be implemented during supervised conditions including in-
home, in-laboratory and in-clinic conditions.

EXAMPLES OF USE

Example One

[0120] The system was used to evaluate a 74 year old man,
who has general functional decline over the last six months.
The system evaluated his frailty status, and all parameters
were interrogated with the following readout: flopping
received a score of 5, slowness received a score of 3, exhaus-
tion received a score of 3, cognitive problems received a score
of 0, physiological response received a score of 2, physiologi-
cal recovery received a score of 4, response to distraction
received a score of 0, and balance received a score of 4. The
model overall gave a score of 3 and classified the subject as
pre-frail.

Example Two

[0121] The system was also used to evaluate a 80 year old
female, who has chronic lung disease, was a former smoker,
and who had multiple history of falls during the previous year.
No evidence for cancer or other acute elements were identi-
fied. Using the monitor, the following results emerged: flop-
ping received a score of 4; slowness received a score of 3,
exhaustion received a score of 5, cognitive problems received
a score of 3, physiological response received a score of 5;
physiological recovery received a score of 4, response to
distraction received a score of 3, and balance received a score
of 4. The model overall gave a score of 4.5 and classified the
subject as frail.

[0122] Using systems and methods according to present
principles, a physician or clinician can analyze a frailty of the
subject user accurately and effectively. It is further noted that
such analysis is generally individualized, computationally-
intensive, and is not capable of being performed in the
absence ofan appropriate computing environment to measure
the individual’s response to a sufficient number of perfor-
mance impact variables. By performing the steps described
above, and subsequent analysis, the computing environment
performing these steps operates in a more efficient manner as
the computing environment is able to “home in on” a classi-
fication, stratification, or categorization of frailty fora userin
a rapid manner.

[0123] The system and method may be fully implemented
in any number of computing devices. Typically, instructions
are laid out on computer readable media, generally non-
transitory, and these instructions are sufficient to allow a
processor in the computing device to implement the method
of the invention. The computer readable medium may be a
hard drive or solid state storage having instructions that, when
run, are loaded into random access memory. Inputs to the
application, e.g., from the plurality of users or from any one
user, may be by any number of appropriate computer input
devices. For example, users may employ a keyboard, mouse,
touchscreen, joystick, trackpad, other pointing device, or any
other such computer input device to input data relevant to the
calculations. In particular systems and methods according to
present principles, data may be input visually via cameras,
physiological sensors such as those measuring heart rate, skin
conductance, and the like, accelerometers, GPS devices, and
the like. Data may also be input by way of an inserted memory
chip, hard drive, flash drives, flash memory, optical media,
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magnetic media, or any other type of file—storing medium.
The outputs may be delivered to a user by way of a video
graphics card or integrated graphics chipset coupled to a
display that maybe seen by a user. Alternatively, a printer may
be employed to output hard copies of the results. Given this
teaching, any number of other tangible outputs will also be
understood to be contemplated by the invention. For example,
outputs may be stored on a memory chip, hard drive, flash
drives, flash memory, optical media, magnetic media, or any
other type of output. It should also be noted that the invention
may be implemented on any number of different types of
computing devices, e.g., personal computers, laptop comput-
ers, notebook computers, net book computers, handheld com-
puters, personal digital assistants, mobile phones, smart
phones, tablet computers, and also on devices specifically
designed for these purpose. In one implementation, a user of
asmart phone or Wi-Fi—connected device downloads a copy
of the application to their device from a server using a wire-
less Internet connection. An appropriate authentication pro-
cedure and secure transaction process may provide for pay-
ment to be made to the seller. The application may download
over the mobile connection, or over the WiFi or other wireless
network connection. The application may then be run by the
user. Such a networked system may provide a suitable com-
puting environment for an implementation in which a plural-
ity of users provide separate inputs to the system and method.
In the below system where frailty monitoring systems are
contemplated, the plural inputs may allow plural users to
input relevant data at the same time.

[0124] While the invention has been described with respect
to certain embodiments, it should be clear to one of ordinary
skill in the art, given the teachings and disclosures made
herein, that the invention is much broader than the embodi-
ments shown. The invention is susceptible to modifications in
the methods and materials. Accordingly, the description rep-
resents some, but not all, representations, and therefore the
scope of this invention is to be limited only by the claims
appended to this description.

1. A system to identify the presence and degree of frailty
comprising:

asensor. configured to be attached to or worn by a person,

the sensor having an accelerometer configured to gen-
erate signals in response to motion or movements of the
person; and

one or more processor circuits configured to analyze one or

more signals from the accelerometer, the processor cir-
cuits configured to determine information about frailty
status including at least a determination as to whether
the person is non-frail, pre-frail, or frail.

2. The system of claim 1, wherein the information about
frailty status is transmitted wireless in real time or at pre-
defined periods of time to a receiver.

3. The system of claim 1, wherein the accelerometer is
configured to measure a frontal acceleration pattern, and
wherein said one or more processor circuits are further pro-
grammed to identify a sit to stand or stand to sit postural
transfer based onidentifying a dynamic pattern before or after
a peak detected in the frontal acceleration pattern.

4. The system of claim 1, wherein said one or more pro-
cessor circuits determine information about frailty status by
identifying flopping, cautious sitting, slowness, weakness, or
exhaustion.

5. The system of claim 1, wherein the sensor further
includes an accelerometer configured to measure vertical
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accelerations, and wherein said one or more processor cit-
cuits are further programmed to: identify a dynamic and a
static activity based on a standard deviation of a vertical or a
frontal acceleration in a pre-defined interval, including a pre-
defined interval before and after a postural transfer.

6. The system of claim 5, wherein said one or more pro-
cessor circuits are further programmed to identify a standing
posture if a dynamic activity and a static activity are identified
immediately after and before a postural transfer, respectively.

7. The system of claim 5, wherein said one or more pro-
cessor circuits are further programmed to identify a sitting
posture if a static activity and a dynamic activity are identified
immediately after and before a postural transfer, respectively.

8. The system of claim 5, wherein said one or more pro-
cessor circuits are further programmed to measure a speed of
low intensity movement based on an integration of accelera-
tion during a static activity followed by a removal of drift of
integration.

9. The system of claim 5, wherein said one or more pro-
cessor circuits are further programmed to measure a speed of
a high intensity movement based on an integration of accel-
eration during a dynamic activity followed by a removal of
drift of integration.

10. The system of claim 5, wherein said one or more
processor circuits are further programmed to identify frailty
status by measuring a number of flopping events occurring
within a pre-defined interval by identifying a number of
immediate transfers from a dynamic activity to a static activ-
ity with a transfer speed of greater than a pre-defined thresh-
old.

11. The system of claim 5, wherein said one or more
processor circuits are further programmed to identify frailty
status by measuring a number of cautious-sitting events
occurring within a pre-defined interval by identifying a
sequence of a dynamic activity followed by a static activity
longer than a pre-defined threshold followed by a postural
transfer to sitting or lying.

12. The system of claim 5, wherein said one or more
processor circuits are further programmed to identify frailty
status by measuring slowness of movement as characterized
by a duration or magnitude of acceleration, or a magnitude of
velocity, during a postural transfer or a dynamic activity.

13. The system of claim 5, wherein said one or more
processor circuits are further programmed to identify frailty
status by measuring weakness as characterized by a standard
deviation of a frontal or a vertical acceleration or a magnitude
of speed during a dynamic activity.

14. The system of claim 1, wherein said one or more
processor circuits are further programmed to identify frailty
status by measuring exhaustion based on measurement of a
rate of change and a total change in speed or acceleration of
movement during cyclic activities, consecutive sit to stand
postural transfers, or consecutive body joint flexions and
extensions.

15. The system of claim 1, wherein said one or more
processor circuits are further programmed to identify frailty
status by measuring non-uniformity of step-to-step walking
speed.

16. The system of claim 1, further comprising a sensor to
measure heart rate or an electrocardiogram.

17. The system of claim 16, wherein said one or more
processor circuits are further programmed to identify, con-
firm and define frailty status based on measuring one or more
of a rate of change of heart rate or heart rate variability, and a
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magnitude of change in heart rate or heart rate variability
during a transition from a static activity to a dynamic activity.

18. The system of claim 16, wherein said one or more
processor circuits are further programmed to identify frailty
status based on measuring one or more of a rate of change of
heart rate, a magnitude of change in heart rate, and a change
of heart rate variability during a transition from a dynamic
activity to a static activity.

19. The system of claim 16, wherein said one or more
processor circuits are further programmed to identify frailty
status based on measuring a duration or a number or prema-
ture junctional contractions (PJC) episodes during a pre-
defined time interval.

20. The system of claim 1, further comprising a sensor to
measure respiration rate.

21. The system of claim 20, wherein said one or more
processor circuits are further programmed to identify frailty
status based on measuring one or more of a rate and magni-
tude of change in respiration rate from a static activity to a
dynamic activity.

22. The system of claim 20, wherein said one or more
processor circuits are further programmed to identify frailty
status based on measuring one or more of a rate and magni-
tude of change in respiration rate from a dynamic activity to
a static activity.

23. The system of claim 1, further comprising a sensor to
measure audio.

24. The system of claim 23, wherein said one or more
processor circuits are further programmed to identify whether
the person is talking based on measuring one or more of a
frequency of audio, a magnitude of audio, a change in upper
body acceleration, or a change in respiration rate.

25. The system of claim 23, wherein said one or more
processor circuits are further programmed to measure a dif-
ference in one or more of the following parameters of gait
between when the person is talking and when the person is not
talking: speed, cadence, or step-to-step variation in step dura-
tion.

26. The system of claim 23, wherein said one or more
processor circuits are further programmed to identify frailty
status based said differences in one or more parameters of gait
between when the user is talking and when the user is not
talking.

27. The system of claim 1, whetein said one or more
processor circuits are further programmed to measure body
sway based on measurements of acceleration and speed dur-
ing a standing posture.

28. The system of claim 27, wherein said one or more
processor circuits are further programmed to identify frailty
status by characterization of body sway during open-loop and
closed-loop conditions.

29. The system of claim 27, wherein said one or more
processor circuits are further programmed to identify open-
loop and closed-loop conditions by measuring a body sway.
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30. The system of claim 1, wherein said one or more
processor circuits are further programmed to identify frailty
status by a linear or non-linear combination of two or more
parameters.

31. The system of claim 1, wherein the wearable sensor is
configured to be attached to the upper body of a person.

32. The system of claim 1, wherein the sensor is further
configured to measure a vertical acceleration signal.

33. A method for categorizing frailty status of a person,
comprising:

receiving one or more signals from an accelerometer, the

one or more signals including at least one acceleration
signal in response to motion or movements of a person;
and

determining information about frailty status including at

least a determination as to whether the person is non-
frail, pre-frail, or frail.

34. The method of claim 33, wherein the acceleration sig-
nal is a frontal acceleration signal, and further comprising
identifying a sit to stand or stand to sit postural transfer based
on identifying a dynamic pattern before or after a peak
detected in the frontal acceleration pattern.

35. The method of claim 33, further comprising identifying
information about frailty status by identifying flopping, slow-
ness, weakness, or exhaustion.

36. The method of claim 34, wherein the acceleration sig-
nal is a vertical acceleration signal, and further comprising
identifying a dynamic and a static activity based on a standard
deviation of a vertical or a frontal acceleration in a predefined
interval, including a predefined interval before or after a
postural transfer.

37. The method of claim 36, further comprising identifying
frailty status by measuring weakness as characterized by a
standard deviation of a frontal or a vertical acceleration or a
magnitude of speed during a dynamic activity.

38. The method of claim 33, further comprising identifying
frailty status by measuring exhaustion based on measurement
of a rate of change and a total change in speed or acceleration
of movement during cyclic activities, consecutive sit to stand
postural transfers, or consecutive body joint flexions and
extensions.

39. The method of claim 33, further comprising identifying
frailty status by measuring non-uniformity of step-to-step
walking speed.

40. The method of claim 33, further comprising identify-
ing, confirming and defining frailty status based on measuring
one or more of a rate of change of heart rate or heart rate
variability, and a magnitude of change in heart rate or heart
rate variability during a transition between a static activity
and a dynamic activity.

41. The method of claim 33, further comprising identifying
frailty status based on measuring one or more of a rate and
magnitude of change in respiration rate between a static activ-
ity and a dynamic activity.
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