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Fig. 13. Representative example of PPG benchmarking data acquired while (a) patient was at rest and (b) patient was riding a
bicycle against a graded resistance.

ally benchmarked with both the Nellcor sensor and with arte-tients indicated no discomfort (no worse than wearing a hat) at
rial blood gas samples analyzed by a CO-Oximeter. The ringiny time during the testing of the device.
sensor data used for comparison were the raw, unprocessed
sensor data. No additional postprocessing algorithms werérototype C
used to improve the quality of the measured signals. The local pressurization and motion detection methods de-
In general, it was found that the ring sensor and the Nellcoiscribed previously have been implemented for further im-
sensor had comparable stability and resolution while the paprovement. Figure 15 shows the schematic of the Prototype C
tient was at rest. However, the ring sensor was found to have ang sensor. Both transmittal (PD-A) and reflective (PD-B)
significantly more stable signal than the Nellcor fingertip PPGs were mounted on the sensor band. The former is placed
pulse oximeter while the patient was riding the bicycle on top of a locally pressurizing mechanism with an adjustable
(Figure 13). setscrew. The latter is mounted on the low-pressure side in
In addition to added waveform stability, the ring sensororder to detect motion.
demonstrated superior performance under motion conditions To evaluate how a pressure applied to the finger base in-
while monitoring the patient’s oxygen saturation as is shownterferes with blood circulation, the blood flow toward the
in Figure 14. Further, each patient was asked to fill out a surfingertip was measured by using Nellcor's PPG senser at
vey before, during, and after each trial. The survey consistedached to the fingertip. For the purpose of comparing the lo
of a simple comfort rating system for the ring sensor. The pa<al pressurization with the traditional cuff pressurization, a
finger cuff that generates a uniform pressure all
around the finger circumference has been built

105 : . . . Motion Causes Falsely Low and used for experiments. Figure 16 shows the
| | | | Nellcor S,0, Measurements S|multaneous. measurements of _the fingertip
i i | Ring | : . : : PPG and a fmggr base PPG using the pres
' Nellcor !Sensor ! ! ! ! sure-controlled finger cuff. As the cuff pres

100 F===-+ i f-oo- A Fo-==- 1o P Fo-- sure increased, the amplitude of the finger base

PPG increased. The fingertip PPG (i.e., the
blood circulation toward the fingertip) was not
influenced up to a certain cuff pressure, but it
sharply decreased when the cuff pressure ex-
ceeded a threshold level. This significant de
crease happened for the cuff pressure between
A e 80 mmHg and 120 mmHg. Figure 17 shows the

| | same measurements using the Prototype C ring
i i sensor with the local pressurization mecha-
; | nism. As the local pressure increased, the ring
8 10 12 14 16 18 sensor output increased in amplitude, but the
Time (m) fingertip PPG did not show any tangible differ
ence. As the local pressure was further in
Fig. 14. Unlike the Nellcor sensor, the ring sensor was able to more accurately ~ creased, the ring sensor output gradually
follow the oxygen saturation trend of the patient due to improved waveform  decreased. The fingertip PPG did not change
stability during patient motion. even for this excessive local pressure. The ex
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act value of the local pressure is not available due to difficul-
ties of instrumentation, but the nominal pressure given by
the normal force divided by the pressurized area was 120
mmHg when the maximum output amplitude was reached.
Since the finger consists of a network of veins and arteries,
pressurizing a small spot, S mm in diameter, at the finger
base does not significantly affect the overall circulation
within the finger.

These results clearly indicate that it is possible to achieve a
design that can meet the critical, conflicting design require-
ments for out-of-hospital environments. By developing a
thorough understanding of both the physiology of the relevant
signals and the mechanisms through which these signals can
be acquired, it is possible to design a wearable biosensor that
can offer cost-effective, acceptable diagnostic test character-
istics that are effective over a broad range of novel health ap-
plications outside of traditional clinical monitoring settings.

Survey of Applications for Ring Sensor Technology

There are a number of promising applications for PPG and
pulse oximetry-related WBS technologies. Applications
range from real-time catastrophe detection to management of
chronic medical conditions and regimen compliance. The
scope of these applications are described below, with focused
consideration of surveillance for the catastrophe of Sudden
Infant Death Syndrome (SIDS), as well as the long-term man-
agement of hypertension and chronic heart failure. Overall,
WBS technology stands to make a major impact by taking
surveillance for numerous cardiovascular/pulmonary condi-
tions outside of traditional medical settings.

Catastrophe Detection

In one class of applications, the goal is to detect a physiologic
catastrophe (meaning the development or progression of a
dangerous or unstable state) and trigger a timely response that
improves outcomes. WBS, in conjunction with diagnostic al-
gorithms and some specific response (which might be human
or automated in nature), stand to ameliorate physiologic ca-
tastrophes occurring outside conventional clinical environ-
ments. For instance, WBS can play an important role in the
wireless surveillance of people during hazardous operations
(military, fire-fighting, etc.), or such sensors can be dispensed
during a mass civilian casualty occurrence. In an overcrowded
Emergency Department, patients who are in the waiting room
for hours with an undifferentiated medical complaint will re-
ceive state-of-the-art physiologic monitoring. For hospital in-
patients who require CV monitoring, current biosensor
technology typically tethers patients in a tangle of cables. For
convalescing patients in a hospital, or a rehabilitation center,
there would no longer be a dichotomy between optimal
bed-bound monitoring and optimal rehabilitation consisting
of ambulation and a full scope of physical activities. Given the
physical freedom when monitored by WBS, inpatients may
experience less physical deconditioning, and these two factors
together may impact the not insignificant problem of
dangerous inpatient falls in the elderly (an incidence on the
order of 1-5% per admission [32], [33]).

WBS measuring circulation could also be used to monitor
geriatric subjects living alone, offering an automatic 911 call
in the event of a catastrophe and peace of mind for the subject
and concerned family the rest of the time. The dissemination
of new automated defibrillators for the home, such as the re-
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cently FDA-approved Philips Electronics” HeartStart model,
means that the general public will be increasingly able to re-
spond to victims of life-threatening arrhythmias when such
catastrophes are detected. SIDS demonstrates the potential
power and liability of WBS technology implemented in a
home monitoring system. SIDS, the leading cause of death in
infants less than 1 year of age, afflicts several thousand infants
per year in this country [34], [35]. Unfortunately, the precise
pathophysiology of SIDS remains unknown, and it is likely
due to a range of etiologies that cannot be distinguished post-
mortem. Over 25 years ago, new initiatives were taken to im-
plement home cardiopulmonary monitoring for high-risk
infants [36], [37]. In one series, the impact of home monitor-
ing appeared powerful, as 12 of 50 monitored high-risk in-
fants received resuscitation for life-threatening events. At that
time, though, there was a significant issue of false alarms due
to imperfect technology solutions and inaccurate parental as-
sessment of the infant’s health [38], [39]. In the Collaborative
Home Infant Monitoring Evaluation (CHIME) study, it was
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Fig. 15. The schematic of the Prototype C ring sensor.
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Fig. 16. The effects of cuff-induced pressure changes moni-
tored at the fingertip and the finger base—cuff pressure
changes completely occlude blood flow.
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noted that apnea and bradycardia are relatively common
events for healthy infants (this study of 1,079 infants was not
large enough to address the impact on mortality of home mon-
itoring on SIDS because the disease incidence is between 0.5
and 1.0 per 1,000) [40]. It seems that WBS technology might
offer a powerful solution to the leading cause of death of U.S.
infants, but it will require acceptable WBS hardware and diag-
nostic algorithms that identify endangered infants in time for
their parents and/or emergency medical service to make a use-
ful intervention. Such a system will also be judged on its rate
of financially (and emotionally) expensive false alarms, since
automated alarms will likely trigger expensive and stressful
medical evaluations.

Chronic Medical Conditions

WBS may enable a new paradigm in the management of
long-term CV disease, enhancing the titration of therapies and
detecting disease progression. Moreover, it has been suggested
that serious noncompliance occurs in from 30 to 60% of outpa-
tients on a medication regimen [41], [42]. If there is a measur-
able physiologic signature of missed medications, a monitoring
system could offer friendly reminders to patients when lapses
are detected. Continuous monitoring also enables caregivers to
gather accurate data about patients’ home physiologic states, as
it has been suggested that patients measuring their own blood
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Fig. 17. The effects of local pressure changes monitored at
the fingertip and the finger base—no significant change in
the downstream circulation.
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pressure may leave out unsatisfactory numbers [43]. Similarly,
measurement of heart rate changes indicative of exertion might
serve to track compliance with an exercise regimen, thus moti-
vating patient adherence to an exercise regimen, given the ben-
efits of even low-level physical activity [44]. Potential utility of
long-term WBS monitoring for management of hypertension
and chronic heart failure are discussed below.

Hypertension

Hypertension is a major risk factor for cardiovascular (CV)
disease, and though disease prevalence is quite subject to the
diagnostic criteria used, hypertension afflicts on the order of
25% of the American population [45], [46]. Currently, the
diagnosis of hypertension is made using discrete values of
the waveform’s peak (systolic) and trough (diastolic) pres-
sure values, measured over a small number of cycles, which
are assumed to be representative of the subject’s chronic vas-
cular state. Yet an approach relying on discrete ABP mea-
surements, especially those acquired in a clinical setting, is
problematic and often inaccurate [47], [48]. Despite the
magnitude of the CV risks of hypertension, present medical
approaches to treating the condition have not been shown to
fully reduce the risk [49], [50]. The discrete approach for
measuring ABP may very well put some patients at risk for
undertreatment or overtreatment with medication [51]-[54].
Itis possible that there are intrinsic limitations to the discrete
approach to ABP characterization.

In contrast, multiple studies have suggested the benefit of
ambulatory blood pressure measurement (the ABP is mea-
sured repeatedly in the outpatient setting to produce a 24-hour
time-course) as compared to standard clinic and home mea-
surements, for risk stratification and predicting morphologic
changes in the left ventricle [55]-[58]. There is evidence that
treatment is more effective when titrated to ambulatory blood
pressure versus conventional measurement strategies [59].
Typically, though, a cuff-based technique is employed, which
limits the subject’s activities or limits the reliability of the
measurements when the subject is active [60], [61]. In con-
junction with novel diagnostic algorithms able to analyze long
time-series of data, a truly wearable ABP biosensor stands to
improve the efficacy of medical treatment. As noted in section
2.2, there is presently no adequate WBS solution for this ap-
plication, but it has been demonstrated that measures of arte-
rial compliance, closely related to hypertension, can be
extracted from the plethysmograph and PPG [62]-[64]. Given
the potential for the Asada group’s ring sensor to meet the de-
sirable design criteria necessary for a robust WBS modality,
there is reason to give future attention to the PPG and other
ABP surrogates in future studies of the efficacy of ambulatory
and long-term ABP monitoring.

Congestive Heart Failure Management

Another potential application for chronic surveillance using
WS is the management of heart failure. This chronic disease
is characterized by episodic, acute exacerbations that fre-
quently lead to costly inpatient admissions. In the 1990s, an
average hospitalization cost approximately US$10,000, ver-
sus US$4,000 for average annual outpatient care expenditures
[65]. By the year 2007 heart failure is projected to afflict 10
million Americans [66]. Yet most patients admitted with acute
heart failure have an identifiable precipitant, and it seems rea-
sonable to hypothesize that a majority of these precipitants
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(such as medication noncompliance, and dietary indiscretion,
accounting for about 64% of the cases in one series [67])
might be detected by continuous home monitoring well be-
fore the exacerbation necessitated the costly hospital admis-
sion. There are a constellation of clinical symptoms
associated with worsening heart failure, including increased
dyspnea with exertion, increased dyspnea with recumbent po-
sitioning (orthopnea or paroxysmal nocturnal dyspnea), and
increasing peripheral edema. Certainly it has been recognized
that management of advanced heart failure patients calls for
“intensive home monitoring” [68]. Ultimately, the utility of
WBS in screening for heart failure exacerbation rests in the
sensitivity of the sensor measurements to identify these afore-
mentioned abnormalities using one or multiple modalities, in-
cluding oximetry, plethysmography, extremity conductance,
microphony, etc. Given that WBS technology enables contin-
uous monitoring, one specific advantage is that it allows de-
tection of transient phenomena, such as transient hypoxia
with exertion or recumbent positioning. WBS technology is
an appealing potential solution to intensive home monitoring,
as abnormal sensor measurements could prompt further
diagnostic and therapeutic measures.
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