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1
EVALUATION OF PERIPHERAL ARTERIAL
DISEASE IN A PATIENT USING AN
OSCILLOMETRIC PRESSURE SIGNAL
OBTAINED AT A LOWER EXTREMITY OF
THE PATIENT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation No. 61/385,620 filed on Sep. 23, 2010 and entitled
“EVALUATION OF PERIPHERAL ARTERIAL DISEASE
IN A PATIENT USING AN OSCILLOMETRIC PRESSURE
SIGNAL OBTAINED AT A LOWER EXTREMITY OF
THE PATIENT?”, the entirety of which is incorporated herein
by reference.

BACKGROUND

Atherosclerosis of the lower extremities, also known as
peripheral arterial disease (PAD), is a highly prevalent con-
dition affecting about 5% of adults over 50 years of age and
about 15% of adults over 70 years of age in the United States.
A typical symptom of PAD is pain in the legs during exertion
that is relieved with rest. However, other degrees of PAD are
possible ranging from mild to severe. Patients with PAD may
be entirely asymptomatic.

One method of diagnosing PAD is to compare the blood
pressure values from two patient extremities in the upper and
lower limbs (e.g., leg and arm blood pressure values). This
method is generally referred to herein as an extremity blood
pressure ratio (EBPR) examination. The most common
EBPR examination for the diagnosis of PAD is the ankle
brachial index (ABI) examination. The ABI exam compares a
blood pressure value from the brachial artery in a patient’s
arm with a blood pressure value from the patient’s ankle.
When the ankle and arm systolic pressure values are obtained,
the ratio of ankle pressure to arm pressure is normally greater
than 1.0. An ankle/brachial ratio (ABI) that is 0.9 or less is
considered abnormal and indicates the presence of significant
PAD in the patient. The ABI value may reflect the severity of
PAD in the index limb (for example ABI values 0f 0.9-0.7 are
consistent with mild disease, ABI values of 0.7-0.4 are con-
sistent with moderate disease, and ABI values of less than 0.4
are consistent with severe PAD).

A variety of techniques may be used in order to determine
blood pressure values for an EBPR procedure. For example, a
sphygmomanometer (e.g., a blood pressure cuff) may be
placed around an extremity of the patient and inflated to
occlude blood flow through an artery. A trained health care
provider may, for example, use a stethoscope to listen for
Korotcoff sounds associated with the return of blood flow in
the artery during deflation of the blood pressure cuff'to deter-
mine systolic and diastolic pressure within the artery. Other
techniques to determine blood pressure values have been
developed that may employ a Doppler ultrasound blood flow
detector rather than a stethoscope to determine when blood
flow returns to the artery (systolic pressure). However, theuse
of a Doppler ultrasound blood flow detector still requires
trained health care providers in order to operate the detector
correctly.

Another technique for determining an indicated blood
pressure value includes obtaining a pressure signal that oscil-
lates in a manner that corresponds to fluctuations in limb
blood volume during deflation of a blood pressure cuff as
blood flow returns to an occluded artery. This signal may be
referred to as an oscillometric signal. The oscillometric signal
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can be processed to obtain a mean arterial pressure (MAP)
and indicated values of systolic and diastolic pressure. This
practice has been widely accepted for measurement of blood
pressure in the arms of patients in clinical practice. However,
use of the oscillometric technique for determining blood pres-
sures in the lower extremities of patients has been questioned,
particularly in cases where the patient is suffering from some
degree of PAD.

SUMMARY

Against this background, it has been recognized by the
present inventor(s) that the use of oscillometric techniques
may facilitate a quick determination of the presence and/or
severity of PAD in a patient. The use of oscillometric tech-
niques may be accomplished by personnel lacking the skill
level and special training needed for traditional means of
measuring blood pressure values (e.g., using a stethoscope,
Doppler ultrasound blood flood detector, or the like). How-
ever, prior attempts to provide systems that utilize oscillom-
etric techniques to arrive at lower extremity blood pressure
values and/or evaluate the severity of PAD in a patient fail to
recognize the need to account for the effects of PAD when
using such oscillometric techniques. Thus, the lack of reli-
ability of previous oscillometric techniques in determining
the severity of PAD in a patient may be overcome using the
present invention.

The present invention generally involves classification ofa
patient into one of a plurality of diagnostic classes. The clas-
sification of patients into an appropriate diagnostic class may
be based on an oscillometric signal in the lower extremity
obtained from the patient. The classification of the patient
may provide information regarding the severity of PAD
present in the patient and/or provide information for calcu-
lating an indicated blood pressure value at a lower extremity
of the patient based upon the diagnostic class to which the
patient belongs. “Severity of PAD” in the patient is intended
to describe a range of potential severities including, for
example, no PAD, mild PAD, moderate PAD, and severe
PAD. As such, the use of “severity of PAD” is not intended
imply that PAD is necessarily present in the patent as, for
example, “no PAD” is a potential state encompassed by
“severity of PAD.” The classification of the patient into one of
the diagnostic classes allows for determination and reporting
of the ABI. In turn, evaluation of a patient for PAD may be
accomplished such that the evaluation is more cost effective
to conduct, accessible to more patients, and reliably admin-
istrable by less highly trained personnel. For example, the
present invention may be used in large scale patient screening
(e.g., at health fairs, at pharmacies, community centers, etc.).

Accordingly, a first aspect includes a method for determin-
ing an indicated blood pressure in a lower extremity of a
patient. The method includes obtaining an oscillometric pres-
sure signal at a location on the lower extremity. A maxinum
amplitude of the oscillometric pressure signal is determined.
The method further includes multiplying the maximum
amplitude by a selected lower extremity characteristic ratio to
obtain an adjusted amplitude within the oscillometric pres-
sure signal corresponding with an indicated blood pressure in
the lower extremity. The selected lower extremity character-
istic ratio is selected from a plurality of ratio values such that
a first ratio value is selected from the plurality of ratio values
if the patient is in a first diagnostic class, and a second ratio
value is selected from the plurality of ratio values if the patient
is in a second diagnostic class. The first diagnostic class may,
for example, correspond with patients having moderate to
severe PAD, and the second diagnostic class may, for
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example, correspond with patients having mild to no PAD.
The method also includes determining the indicated blood
pressure in the lower extremity from the adjusted amplitude.

A second aspect includes a system operable to determine
an indicated blood pressure value at a lower extremity of a
patient. The system includes a first pressure applicator posi-
tionable at a location on the lower extremity of a patient. The
first pressure applicator is controllable to apply a pressure to
occlude blood flow in a portion of the lower extremity and to
reduce the pressure applied thereby to permit blood flow to
return in the portion of the lower extremity. The system also
includes a processor in operative communication with the
first pressure applicator. Additionally, the system includes a
first pressure transducer in operative communication with the
first pressure applicator to obtain a first oscillometric pressure
signal from the lower extremity as pressure applied by the
first pressure applicator to the lower extremity is reduced. The
first pressure transducer is also in operative communication
with the processor. The system further includes a blood pres-
sure determination module executable by the processor. The
blood pressure determination module is operable to detect a
maximum amplitude of the first oscillometric pressure signal
and multiply the maximum amplitude of the first oscillomet-
ric pressure signal by a selected lower extremity characteris-
tic ratio to provide an adjusted amplitude associated with the
first oscillometric pressure signal to obtain an indicated blood
pressure value in the lower extremity. The system also
includes a selection module executable by the processor. The
selection module is operable to select the selected lower
extremity characteristic ratio from a plurality of ratio values
such that a first ratio value is selected from the plurality of
ratio values if the patient is in a first diagnostic class and a
second ratio value is selected from the plurality of ratio values
if the patient is in a second diagnostic class.

A third aspect includes a method of determining corre-
sponding indicated blood pressure values in an upper extrem-
ity and a lower extremity of a patient. The method includes
determining an indicated blood pressure value in the upper
extremity of the patient using an oscillometric technique. An
upper extremity characteristic ratio is used in determining the
indicated blood pressure value in the upper extremity from an
oscillometric pressure signal obtained at a location on the
upper extremity. The method further includes determining an
indicated blood pressure value in the lower extremity of the
patient using an oscillometric technique. A selected lower
extremity characteristic ratio is used in determining the indi-
cated blood pressure value in the lower extremity from an
oscillometric pressure signal obtained at a location on the
lower extremity. The selected lower extremity characteristic
ratio differs from the upper extremity characteristic ratio.
Additionally, the selected lower extremity characteristic ratio
is selected from a plurality of ratio values such that a first ratio
value is selected from the plurality of ratio values if the patient
is in a first diagnostic class, and a second ratio value is
selected from the plurality of ratio values if the patient is in a
second diagnostic class.

A fourth aspect includes a system operable to detect one or
more characteristics useful for characterizing a patient into a
first diagnostic class characterized as having a first severity of
peripheral arterial disease (PAD) and a second diagnostic
class characterized as having a second severity of PAD. The
system includes a first pressure applicator positionable at a
first location on a lower extremity of the patient to occlude
blood flow in a portion of the lower extremity. The system
also includes a processor in operative communication with
the first pressure applicator and the second pressure applica-
tor. The system also includes a first pressure transducer in
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4

operative communication with the first pressure applicator to
obtain a first oscillometric pressure signal from the lower
extremity as pressure applied by the first pressure applicator
to the lower extremity is reduced under control of the proces-
sor. The first pressure transducer is also in operative commu-
nication with the processor. The system also includes a clas-
sification module executable by the processor, the
classification module being operable to compare the first
oscillometric pressure signal to a lower extremity threshold
value to classify a patient into one of the first diagnostic class
and the second diagnostic class.

A fifth aspect includes a method for detecting one or more
characteristics useful for characterizing a patient into a first
diagnostic class characterized as having a first severity of
peripheral artery disease (PAD) and a second diagnostic class
characterized as having a second severity of PAD. The
method includes obtaining an oscillometric pressure signal at
a location on a lower extremity of the patient, determining a
maximum amplitude for the oscillometric pressure signal to
provide a maximum amplitude value for the oscillometric
pressure signal, and comparing the maximum amplitude
value to a lower extremity threshold value. The method also
includes characterizing the patient as being in one of the first
diagnostic class and the second diagnostic class at least par-
tially based on the comparing step.

A sixth aspect includes a computer program product that
determines an indicated blood pressure value in a lower
extremity of a patient. The computer program product
includes a computer readable medium having computer read-
able program code embodied therein. The computer readable
program code includes computer readable program code
enabling a processor to receive an oscillometric pressure sig-
nal obtained at a location on a lower extremity of a patient,
computer readable program code enabling a processor to
determine a maximum amplitude of the oscillometric pres-
sure signal, and computer readable program code enabling a
processor to multiply the maximum amplitude by a selected
lower extremity characteristic ratio to obtain an adjusted
amplitude within the oscillometric pressure signal corre-
sponding with an indicated blood pressure in the lower
extremity. The selected lower extremity characteristic ratio is
selected from a plurality of ratio values such that a first ratio
value is selected from the plurality of ratio values if the patient
is in a first diagnostic class, and a second ratio value is
selected from the plurality of ratio values if the patient is in a
second diagnostic class. The computer program product also
includes a computer readable program code enabling a pro-
cessor to determine the indicated blood pressure in the lower
extremity from the adjusted amplitude.

A seventh aspect includes a computer program product that
characterizes a condition of a patient. The computer program
product includes a computer readable medium having com-
puter readable program code embodied therein. The com-
puter readable program code includes computer readable pro-
gram code enabling a processor to receive an oscillometric
pressure signal obtained at a location on a lower extremity of
the patient, computer readable program code enabling a pro-
cessor to determine a maximum amplitude of the oscillomet-
ric pressure signal to provide a maximum amplitude value of
the oscillometric pressure signal, computer readable program
code enabling a processor to compare the maximum ampli-
tude value to alower extremity threshold value, and computer
readable program code enabling a processor to characterize
the patient as being in one of a first diagnostic class and a
second diagnostic class at least partially based on the com-
parison of the maximum amplitude value to the lower extrem-
ity threshold value.
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Refinements of the features and additional features may be
applicable to any of the various aspects presented herein. The
refinements and additional features may be used individually
or in any combination by any of the various aspects herein. As
such, the features may be, but are not required to be used
together in any combination.

For example, in one embodiment, a transform of an oscil-
lometric pressure signal may be performed. The transform
may be a Fourier transform, an RMS calculation, or other
appropriate mathematical transform. The transform may be
used to assist in analyzing an oscillometric signal in any of the
aspects recited above. For instance, the transform may pro-
duce a frequency domain representation of the oscillometric
pressure signal. In one embodiment, the transform is per-
formed on a window of interest of an oscillometric pressure
signal (e.g., such as a portion of the signal surrounding a
maximum amplitude of the oscillometric pressure signal). In
other embodiments, the classification of a patient into a diag-
nostic class may be based on comparison of the oscillometric
pressure signal (such as a portion or characteristic thereof) to
a threshold value or to another oscillometric pressure signal
(such as an oscillometric pressure signal obtained at an upper
extremity of the patient). The diagnostic classes into which
patients are classified may correspond to different severity of
PAD in the patient.

In still other embodiments, indicated blood pressure values
may be used in an EBPR examination. For instance, an ABI
may be calculated using indicated blood pressure values. In
an embodiment, various portions of information (e.g., blood
pressure information, classification information, or other
appropriate information) may be communicated to a user. For
instance, information may be displayed on a display that is
interpretable by a user.

The foregoing aspects as well as other aspects and advan-
tages will be apparent upon review of the following Detailed
Description when taken in conjunction with the accompany-
ing figures.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the present inven-
tion and further advantages thereof, reference is now made to
the following Detailed Description, taken in conjunction with
the drawings, in which:

FIG. 1 is a schematic view of an embodiment of a system
operable to determine one or more indicated blood pressure
values in various extremities of a patient and an ABI.

FIG. 2 is a more detailed schematic view of the embodi-
ment of the system shown in FIG. 1 operable to determine one
or more indicated blood pressure values in various extremi-
ties of a patient and an ABI.

FIG. 3A is a graphical representation of an exemplary cuff
pressure curve and oscillometric signal useful for determin-
ing an indicated blood pressure value in an extremity of a
patient.

FIG. 3B is a graphical representation of an exemplary
frequency domain representation of a portion the oscillomet-
ric signal of FIG. 3A within a window of interest defined in
FIG. 3A.

FIG. 4 depicts a flowchart of an embodiment of a process
for determining one or more indicated blood pressure values
in various extremities of a patient and an ABIL.

FIGS. 5A-C depict a flowchart of another embodiment of a
process for determining one or more indicated blood pressure
values from an oscillometric signal.
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FIG. 6 is a front view of embodiment of a device operable
to determine one or more indicated blood pressure values in
various extremities of a patient and an ABI.

DETAILED DESCRIPTION

FIG. 1 is a schematic view of an embodiment of a system
100 operable to determine one or more indicated blood pres-
sure values in a patient 150. The system 100 may include a
number of pressure applicators that may be positioned at
various locations with respect to the patient 150. The pressure
applicators may be operable to occlude blood flow in the
vasculature (e.g., arteries) of the patient adjacent to the pres-
sure applicator. In one embodiment, the pressure applicators
may be controllably inflatable blood pressure cuffs. Other
pressure applicators may be used that are operable to control-
lably occlude blood flow in the arteries of the patient and
controllably release the applied pressure to allow blood flow
in the arteries to return.

For instance, in one embodiment, the system may include
four cuffs (110, 120, 130, 140) that may be positioned with
respect to thearms and legs of the patient 150 on both the right
and left sides of the patient 150. In this regard, the system 100
may be operable to determine indicated blood pressure values
at each of these corresponding locations. The locations on the
patient 150 may broadly be categorized into locations on an
upper extremity or a lower extremity of the patient 150. The
upper extremity of the patient generally refers to the arms,
head, and upper torso of the patient 150, while the lower
extremity of the patient generally refers to the legs and lower
body of the patient 150.

Specifically, the system 100 may include a first cuff 110
positionable on the right arm of the patient 150. The first cuff
110 may be in fluid communication with a control module
200 by way of first pneumatic tubing 112 such that the first
cuff 110 is inflatable to controllably occlude the blood flow in
the portion of the right arm of the patient 150 adjacent to the
first cuff 110. For example, the flow of blood in the brachial
artery in the patient’s right arm may be occluded by inflating
the first cuff 110. In other embodiments, a cuff (not shown)
may be in operative communication with the control module
200 such thatonly data collected by the cuffis transmitted and
no fluid communication is provided between the cuff and the
control module 200. For example, the cuff itself may include
a controller that controls inflation and deflation of the cuff
without being in fluid communication with the control mod-
ule 200. The cuff may be in operative communication with the
control module 200 such that data may be passed between the
cuff and the control module 200. For instance, the cuff and
control module 200 may include a wireless or wired commu-
nications channel to transmit data between the cuff and the
control module 200.

A second cuff 120 may be positionable on the left arm of
the patient 150. The second cuff 120 may be in fluid commu-
nication with the control module 200 by way of second pneu-
matic tubing 122 such that the second cuff 120 is inflatable to
controllably occlude the blood flow in the portion of the left
arm of the patient 150 adjacent to the second cuff 120. For
instance, the brachial artery in the patient’s left arm may be
controllably occluded by inflating the second cuff 120. A
third cuff 130 may be positionable on the right leg of the
patient 150 (e.g., at the patient’s ankle). The third cuff 130
may be in fluid communication with the control module 200
by way of third pneumatic tubing 132 such that the third cuff
130 is inflatable to selectively occlude the blood flow in the
portion of the right leg of the patient 150 adjacent to the third
cuff 130. For example, the third cuff 130 may controllably
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occlude blood flow in the dorsalis pedis or posterior tibial
arteries in the right leg of the patient 150 upon inflation of the
third cuff 130. Further still, a fourth cuff 140 may be posi-
tionable on the left leg of the patient 150 (e.g., at the left ankle
of the patient 150). The fourth cuff 140 may be in fluid
communication with the control module 200 by way of fourth
pneumatic tubing 142 such that fourth cuff 140 is inflatable to
controllably occlude the blood flow in the portion of the left
leg of the patient 150 adjacent to the fourth cuff 140. For
example, the blood flow in the dorsalis pedis or posterior
tibial arteries may be occluded in the left leg of the patient 150
upon inflation of the fourth cuff 140.

The control module 200 may be operable to control the
inflation and deflation of each cuff (110, 120, 130, 140) indi-
vidually. Thus, each cuff (110, 120, 130, 140) may be inde-
pendently used in determining an indicated blood pressure
value at respective locations in the patient corresponding to
the location of the cuffs (110, 120, 130, 140). In one embodi-
ment, the cuffs on the right side of the patient (e.g., the first
cuff 110 and third cuff 130) may collectively be used in
determining an indicated blood pressure value in the upper
extremity and an indicated blood pressure value in the lower
extremity of the patient 150. Similarly, the left side cuffs (e.g.,
the second cuff 120 and fourth cuff 140) may collectively be
used in determining an indicated blood pressure value in the
upper extremity and an indicated blood pressure value lower
extremity of the patient 150. In any regard, indicated blood
pressure values at each location corresponding to a cuff may
be determined.

The control module 200 is shown in greater detail in FIG.
2. As described with reference to FI1G. 1, the first cuff 110 may
be in fluid communication with the control module 200 by
way of first pneumatic tubing 112. Also, a first pump 216 and
a first control valve 218 may also be in fluid communication
with the first cuff 110. In this regard, the first pump 216 may
be operable to inflate the first cuff 110 to occlude blood flow
at the location of the first cuff 110 as described above. A first
pressure transducer 202 may monitor the pressure in the first
cuff 110 to prevent over pressurization of the first cuff 110
during inflation. In one embodiment, a maximum upper infla-
tion limit of the first cuff may be about 280 mmHg. The first
control valve 218 may be operable to control the pressure in
the first cuff 110 so as to decrease the pressure in the first cuff
110 over a period of time. In this regard, the first control valve
218 may decrease the pressure in the first cuff 110 in a
substantially linear manner over a desired pressure range
(e.g., between an upper inflation pressure limit and a lower
deflation pressure limit). In other embodiments, the control
valve 218 may decrease the pressure in the first cuff 110 in an
incremental, stepwise manner. The first pressure transducer
202 may further be operable to monitor the pressure in the
first cuff 110 during the controlled decrease in pressure in the
first cuff210. The instantaneous pressure in the arteries of the
patient fluctuates with the heartbeat of the patient, which may
influence the pressure in the first cuff 110 as detected by the
first pressure transducer 202. This detected fluctuating pres-
sure may produce a pressure signal corresponding to the
measured pressure in the first cuff 110. This pressure signal
may be normalized to compensate for the gauge pressure in
the first cuff 110. Thus, a portion of the pressure signal may be
removed to produce an oscillometric pressure signal associ-
ated with the location of the first cuff 110.

The second cuff 120, the third cuft 130, and the fourth cuff
140 may also be operated in a manner similar to that described
above with regard to the first cuff 110 to produce oscillomet-
ric signals associated with the locations corresponding to the
second cuff 120, third cuff 130, and fourth cuff 140, respec-
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tively. In this regard, the second cuff 120 may be in operative
communication with a second pump 220, a second control
valve 222, and a second pressure transducer 204. The third
cuff 130 may be in operative communication with a third
pump 224, a third control valve 226, and a third pressure
transducer 206. The fourth cuff 140 may be in operative
communication with a fourth pump 228, a fourth control
valve 230, and a fourth pressure transducer 208. In other
embodiments, more than one cuff may be in operative com-
munication with a single pump, a single control valve, and/or
a single pressure transducer. As such, fewer pumps, control
valves, and/or pressure transducers may be provided in other
embodiments of a control module.

Each of the pressure transducers (202, 204, 206, 208) may
be operable to measure a pressure signal observed in a corre-
sponding one of the cuffs (110, 120, 130, 140). The pressure
transducers (202, 204, 206, 208) may be analog or digital
transducers capable of producing analog or digital outputs. As
shown in FIG. 2, the pressure transducers (202, 204,206, 208)
may be analog pressure transducers that provide an analog
output corresponding to the measured pressure in each cuff
(110, 120, 130, 140).

As discussed above, a cuff (not shown) may be provided
that is operative to communicate data to a control module. In
this regard, a pump, control valve, and pressure transducer
may be provided with the cuff at the location on the patient.
The cuff may comprise a contained unit capable of control-
ling inflation and deflation of the cuff and monitoring the cuff
pressure. As such, data may be transmitted (e.g., via wires or
wirelessly) between the control module 200 and the cuff (e.g.,
the control module 200 may transmit a “start” signal to begin
operation of the cuff and the cuff may transmit pressure
readings to the control module 200). In this regard, the control
module 200 may be a computing device (e.g., a laptop or
desktop computer) operable to receive data from and/or trans-
mit data to the cuff. Such a computing device may execute
computer readable program code stored on a computer read-
able medium (e.g. a hard drive, a flash memory, an optical
drive, a floppy drive, etc.) in order to perform various pro-
cessing of the data as described herein.

The control module 200 may include a first filter 210 and a
second filter 212. The first filter 210 may be in operative
communication with the first pressure transducer 202 and the
second pressure transducer 204. The second filter 212 may be
in operative communication with the third pressure trans-
ducer 206 and the fourth pressure transducer 208. In other
embodiments, each pressure transducer may have a separate
filter to which the output of the pressure transducer is pro-
vided or different arrangements between the pressure trans-
ducers and filters may be provided. However, in the embodi-
ment shown in FIG. 2, it may be that only one of the first and
second cuffs (110, 120) are inflated at any one time, and only
one of the third and fourth cuffs (130, 140) are inflated at any
one time. Thus, as discussed above, values may be deter-
mined for the left side and right side of the patient separately
(e.g., at different instances) such that not all four cuffs (110,
120, 130, 140) are inflated simultaneously.

In any regard, the filters (210, 212) may be operable to
perform desired filtering of a received signal (e.g., high pass,
low pass, and/or band pass filtering). In the embodiment
shown in FIG. 2, this may include providing analog filters
capable of filtering analog signals. Additionally or alterna-
tively, digital filtering may be employed to perform the
desired filtering of a signal. In this regard, the filters 212 and
214 may comprise hardware filters or software filters capable
of performing the desired filtering of the received signal.
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The control module 200 may also include an analog to
digital (ND) converter 214. The ND converter 214 may be
operable to digitize an analog signal. The ND converter 214
may comprise multiple A/D converters that are provided for
multiple channels corresponding to multiple pressure signal
inputs received from the pressure transducers (202, 204, 206,
208) by way of the filters (212, 214). In turn, the A/D con-
verter 214 may provide a digital signal to a processor 250
included in the control module 200. The digital signal may
include a multiplexed signal containing pressure signal data
for each pressure transducer (202, 204, 206, 208). In the case
where digital pressure transducers are provided, an ND con-
verter 214 may not be necessary.

The processor 250 may comprise one or more processors
operable to control various functionalities of the system 100.
For example, the processor 250 may include one or more
general purpose microprocessors capable of executing
machine readable code stored on a memory 270 in operative
communication with the processor 250. The processor 250
may, for example. include one or more application specific
integrated circuits (ASICs). The processor 250 may, for
example, include one or more field programmable gate arrays
(FPGAs). Further still, a combination of the foregoing (gen-
eral purpose microprocessors, ASICs, FPGAs) may be
employed. In the case where multiple processors are pro-
vided, the multiple processors may include individual pro-
cessors dedicated to specific functionalities of the system
100. For instance, a processor may be provided for perform-
ing mathematical transforms (e.g., a Fourier transform) of
signals as will be discussed further below. Additionally, indi-
vidual processors may be provided that include video control
processors, interface control processors, pressure check pro-
cessors, or other specific functionalities provided by specific
processors.

Further still, various modules may be provided that are
executable by the processor 250 to perform various function-
alities of the system 100. For instance, in one embodiment of
the system 100, a blood pressure determination module 272
may be provided. The blood pressure determination module
272 may be operable to perform various operations on an
oscillometric signal to obtain an indicated blood pressure
value at least partially based on the oscillometric signal. The
operation associated with the blood pressure determination
module 272 is described in greater detail below. Additionally,
a selection module 274 may be executable by the processor
250. The selection module 274 may be operable to select an
appropriate characteristic ratio from a plurality of ratio values
based on the classification of a patient into one of a plurality
of diagnostic classes. Again, the operation associated with the
selection module 274 is described in further detail below.
Also, a transform module 276 may be executable by the
processor 250. The transform module 276 may be operable to
transform an oscillometric signal utilizing a mathematical
transform. The operation associated with the transform mod-
ule 276 is described in greater detail below. Additionally, a
classification module 278 may be executable by the processor
250. The classification module 278 may be operable to clas-
sify a patient into a diagnostic class. For instance, the classi-
fication module 278 may analyze an oscillometric signal to
classify a patient into a diagnostic class. The operation of the
classification module 278 is described in greater detail below.
These modules may be provided as hardware (e.g., ASICs,
FPGAs, etc.) and/or as software in the form of machine read-
able code stored on the memory 270 and executable by the
processor 250, as is depicted in FIG. 2.

The control module 200 may further include a removable
storage interface 260. The processor 250 may be in operative
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communication with the removable storage interface 260 to
transfer data thereto. As such, data may be transferred
between the system 100 and a removable storage medium
(not shown) that may in turn be transported to and used by
other devices.

Also, the control module 200 may include a network inter-
face 280. The network interface 280 may be a wired or wire-
less interface capable of communicating with a network (e.g.
a wide area network, a local area network, an intranet, the
Internet, etc.). In this regard, the control module 200 may be
operable to receive data (e.g., patient data) by way of the
network interface 280 and/or transmit data (e.g., patient data)
via the network interface 280.

The control module 200 may also include a display 290.
The processor 250 may be in operative communication with
the display 290 to control the functionality thereof. The dis-
play 290 may be operable to display information including,
but not limited to, the status of the system 100, indicated
blood pressure values obtained at locations of the patient
corresponding to the cuffs (110, 120, 130, 140), ratios of
various indicated blood pressure values, error messages, or
other pertinent data. The display 290 may be a touch screen
display operable to also receive inputs from a user. The sys-
tem 100 may also include a separate input device (not shown)
operable to receive inputs from a user.

The system 100 may be operable to determine an indicated
blood pressure value at each location at which a cuff (110,
120,130, 140) is attached. An indicated blood pressure value
for each location may be determined by performing one or
more analytical processes on an oscillometric pressure signal
obtained at each respective location by monitoring oscilla-
tions of the pressure in the corresponding cuff as the cuff is
deflated and blood flow returns to the vasculature adjacent to
the cuff. While some prior systems may have employed oscil-
lometric techniques to arrive at an indicated blood pressure
value in the brachial artery of a patient, such prior oscillom-
etric techniques have been found to be inadequate to deter-
mine indicated blood pressure values in the lower extremities
of patients. A description of an oscillometric technique that
overcomes the inadequacies of prior systems is presented
below.

FIG. 3A depicts a graphical representation of an exemplary
oscillometric signal 320 associated with a location on an
extremity of a patient. The graphical representation depicted
in FIG. 3A may not be to scale. In the top portion of FIG. 3A,
cuff pressure curve 310 indicates the pressure over time in the
cuff. In order to obtain the oscillometric signal 320 shown in
the bottom portion of FIG. 3A, the pressure in the cuff is
generally raised to a level above that of the systolic blood
pressure. As such, the cuff may occlude blood flow in the
portion of the patient adjacent to the cuff. While the blood
flow is occluded in the adjacent portion, the patient’s pulsatile
arterial flow causes oscillations in the pressure 310 within the
cuff. The pressure signal obtained from the cuff may be
normalized to remove the portion of the signal attributable to
the gauge pressure in the cuff. The result may be a normalized
oscillometric pressure signal 320. The pressure 310 within
the cuff may be incrementally lowered such that once the
pressure in the vasculature of the patient is greater than the
cuff pressure 310, blood flow returns to the vasculature of the
patient adjacent to the cuff. This may result in a change in
amplitude of the oscillatory signal 320. It has been found that
the amplitude of the oscillometric signal 320 is typically at a
maximum amplitude 340 when the cuff pressure 310 is at the
mean arterial pressure (MAP) 380 of the patient’s vasculature
adjacent to the cuff. Thus, determining the maximum ampli-
tude 340 of the oscillometric signal allows for correlation
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with the cuff pressure 310 to arrive at the patient’s MAP 380
in the location adjacent to the cuff.

In addition, a characteristic ratio may be applied to the
maximum amplitude 340 of the oscillometric signal 320 to
arrive at an adjusted amplitude value 360. This adjusted
amplitude value 360 may be located within the oscillometric
signal 320. The adjusted amplitude value 360 may then be
correlated to the cuff pressure 310 to arrive at an indicated
blood pressure value 370. For instance, for a brachial blood
pressure measurement, standard characteristic ratios have
been established to produce accurate indications of systolic
blood pressure values (e.g., a characteristic ratio of 0.50 of the
MAP amplitude may be used to obtain a systolic brachial
blood pressure indication). In this regard, the adjusted ampli-
tude value 360 may, at least in part, depend upon the charac-
teristic ratio applied to the maximum amplitude 340.

However, characteristic ratios used for the upper extremi-
ties of a patient do not always remain accurate if used for the
lower extremities. Moreover, some prior attempts to arrive at
a single characteristic ratio for determining an indicated
blood pressure value at the lower extremity of patients have
failed.

The system 100 shown and described above may be oper-
able to perform a process whereby an oscillometric signal
obtained at the lower extremity of a patient is analyzed (e.g.,
by a selection module and/or classification module) and used
to classify the patient into one of at least two diagnostic
classes. In the case where the oscillometric signal is associ-
ated with a lower extremity location, a different ratio value
may be provided for each diagnostic class. Thus, an indicated
blood pressure for the lower extremity may be determined
utilizing a selected lower extremity characteristic ratio that is
selected from a plurality of ratio values at least partially based
on the diagnostic class into which the patient is classified.
Once the indicated blood pressure value for the lower extrem-
ity has been derived, it may be used inan EBPR examination.
For instance, an ankle-brachial pressure index (ABI) may be
calculated. The ABI may be useful in determining the pres-
ence and/or severity of PAD in a patient.

The lower extremity characteristic ratio for each diagnostic
class may, for example, be empirically derived. For instance,
a study was conducted with patients whose diagnostic class
was established as being in one of a plurality of classes (e.g.,
patients with severe/moderate PAD in one class and patients
with mild/no PAD in a second class). The patients were tested
using a Doppler based technique to determine blood pressure
values at a location at the lower extremity of the patient. An
oscillometric signal was also obtained for each patient at the
same location. Corresponding data from the Doppler based
technique and the oscillometric technique were correlated
and statistical methods were employed (e.g., a linear regres-
sion) to define a relationship between the collected data.
Other statistical methods (e.g., methods other than a linear
regression) may have been employed to arrive at a definition
of the relationship of the data. The data obtained via the
Doppler based technique and the oscillometric technique may
be plotted such that the amplitude of the oscillometric signal
at the Doppler systolic pressure is represented on the x-axis
and the maximum amplitude of the oscillometric signal is
represented on the y-axis. In this regard, a best fit line may be
established on the plot such that the slope of this best fit line
represents the best fit characteristic ratio for the data. As
patients of various known diagnostic classes are tested,
appropriate ratio values for each diagnostic class may be
determined using this technique. Based on the aforemen-
tioned study, for a lower extremity location (e.g., an ankle), a
characteristic ratio within a first range (e.g., from about 0.67
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to 0.73) may be employed for patients in a first diagnostic
class (e.g., corresponding to severe/moderate PAD) and a
characteristic ratio with a second range (e.g., from about 0.56
to 0.63) may be employed for patients in a second diagnostic
class (e.g., corresponding to mild/no PAD). Based on the
aforementioned study, even narrower ranges of the lower
extremity characteristic ratios may be desirable (e.g., from
about 0.69 to 0.71 for patients in the first diagnostic class and
from about 0.57 to 0.59 for patients in the second diagnostic
class). In this regard, a lower extremity characteristic ratio of
about 0.70 may, for example, be used for patients in the first
diagnostic class (e.g., corresponding to severe/moderate
PAD) and a lower extremity characteristic ratio of about 0.58
may, for example. be used for patients for the second diag-
nostic class (e.g., corresponding to mild/no PAD). As used
herein, in connection with a numerical range or a numeric
value, the term “about” is intended to prevent restriction to a
strict numerical range or exact numeric value. Rather, the
term “about”is intended to describe insubstantial differences
in numeric values based upon the context and technology
with which the term “about” is used.

Returning to FIG. 3A, when analyzing the oscillometric
signals in accordance with the foregoing, it may be useful to
perform processing on the oscillometric signal. For instance,
a window of interest 390 (e.g., surrounding the maximum
amplitude 340) may be defined in the oscillometric signal
320. The data from the oscillometric signal 320 within the
window ofinterest 390 may be used to calculate a mathemati-
cal transform of the oscillometric signal 320 (e.g., the trans-
form may produce a frequency domain representation of the
oscillometric signal 320 within the window of interest 390).
One example of such a transform 330 is shown in FIG. 3B.
The transform 330 may be a Fourier transform (e.g., a discrete
Fourier transform or a fast Fourier transform (FFT)). From
the transform 330, various values may be determined that
may be useful in processes that are described below. For
instance, a maximum magnitude 332 of the transform 330
may be determined. The maximum magnitude 332 may occur
at a fundamental frequency 334. These values are described
below with greater detail with reference to FIGS. 4 and 5

FIG. 4 depicts a process 400 that may be performed to
determine one or more indicated blood pressure values in a
patient. One or more blood pressure cuffs (e.g., cuffs 110,
120, 130, 140 described with reference to FIGS. 1 and 2) may
be positioned (402) at various locations on a patient. For
instance, in one embodiment, cuffs may be positioned (402)
on at least an upper extremity and a lower extremity of the
patient. The cuffs may be inflated (404) to occlude blood flow
in corresponding arteries adjacent to each of the cuffs. The
cuffs may subsequently be controllably deflated (406). Dur-
ing the inflation (404) and deflation (406), the pressure in
each cuff may be monitored to obtain (408) an oscillometric
pressure signal corresponding to the measured pressure in
each cuff as described above with reference to FIG. 3. One or
more of the respective oscillometric signals may be processed
such that various values may be calculated (410) for the
oscillometric signals obtained at 408. For instance, a fre-
quency and amplitude value may be calculated (410) for one
or more of the oscillometric signals. With reference to FIG.
3B, the frequency may comprise the fundamental frequency
334 and the amplitude may be derived from the maximum
magnitude 332. In this regard, the calculation (410) may also
include calculating a transform (e.g., a discrete Fourier trans-
form or an FFT) of one or more of the oscillometric signals.

The calculation (410) may be performed on a window of
interest of an oscillometric signal. For instance, a window of
interest may be identified surrounding the maximum ampli-
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tude of the oscillometric signal in the time domain. In turn, the
calculation (410) may involve analyzing or petforming a
transform on only the portion of the oscillometric signal
within the window of interest. In this regard, the calculation or
processing requirements may be reduced and extraneous sig-
nals (e.g., artifacts) not likely to be useful in the processing of
the oscillometric signal may be ignored from the oscillomet-
ric signal.

The process 400 may also include one or more forms of
signal validation. This may help to increase the probability
that the oscillometric signal to be analyzed is a valid signal.
For instance, the amplitude calculated (410) may be analyzed
to determine (412) if the amplitude is above some minimum
threshold value. A signal that does not include an amplitude
that exceeds the minimum threshold value may not be ana-
lyzable. For instance, the cuff from which the signal was
obtained may not have been properly positioned on the
patient or the physiology of the patient may not have pro-
duced an analyzable signal. Additionally, the frequency of the
oscillometric signal may be analyzed to determine (414) if the
signal has a valid frequency. The frequency of the oscillom-
etric signal may roughly correspond to the heart rate of the
patient. Thus, frequency values that are outside the bounds of
a normal heart beat may indicate an oscillometric signal that
is not analyzable. For instance, if the frequency is to too high
or too low, the accuracy of subsequent analysis based on the
oscillometric signal may be inaccurate. In one embodiment,
the acceptable frequency range may be not less than about 40
oscillations per minute and not greater than about 120 oscil-
lations per minute. Signal validation (e.g., steps 412, 416)
may be performed for one or more of the oscillometric signals
that are obtained.

The process 400 may also include determining (416) if the
location of the cuff from which the oscillometric signal was
obtained is at a lower extremity or an upper extremity of a
patient. In one embodiment, dedicated cuffs may be provided
for the upper extremity and the lower extremity of the patient.
Also, a user may enter information regarding the cuff loca-
tion.

In the case of an oscillometric signal obtained at an upper
extremity, the process 400 may include calculating (418) an
indicated blood pressure value for the upper extremity. This
may involve multiplying the maximum amplitude value of the
oscillometric signal in the time domain by an upper extremity
characteristic ratio to produce an adjusted amplitude value.
This adjusted amplitude value may be located within the
oscillometric signal and correlated to a corresponding pres-
sure measured in the cuff corresponding to the adjusted
amplitude as shown and described above with reference to
FIG. 3A. The upper extremity characteristic ratio used to
calculate (418) an indicated blood pressure value for an upper
extremity may, in one embodiment, be about 0.52.

In the case where it is determined (416) that the oscillom-
etric signal originated from a lower extremity of the patient,
the process 400 may include classifying (420) the patient into
adiagnostic class. In one embodiment, two diagnostic classes
may be established into which patients may be classified
(420). The classification (420) of a patient into a diagnostic
class may be based upon calculated values from the oscillo-
metric signal obtained at the lower extremity. For instance, if
the amplitude of the oscillometric signal (e.g., as determined
from the magnitude at the fundamental frequency of an FFT
of the portion of the oscillometric pressure signal within a
window of interest) at the lower extremity is below a certain
threshold, the patient may be classified (420) into a first
diagnostic class, whereas if the maximum amplitude of the
oscillometric signal at the lower extremity is above a certain
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threshold, the patient may be classified (420) into a second
diagnostic class. The threshold value used to classify patients
may be a fixed value (e.g., an empirically derived value) or
based upon another measured or calculated value. For
instance, the threshold value used in the classification (420)
may, in one embodiment, be based upon the amplitude of an
oscillometric signal obtained at an upper extremity of the
patient. In this regard, the patient may be classified into a
diagnostic class based on whether the amplitude of the oscil-
lometric signal obtained at the lower extremity is less than or
greater than a certain percentage of the amplitude of the
oscillometric signal obtained at the upper extremity.

The process 400 may also include selection (422) of a
selected lower extremity characteristic ratio from a plurality
of ratio values for use in the calculation (424) of an indicated
blood pressure value at the lower extremity. The selection
(422) may be based upon the classification (420) of the patient
into a diagnostic class. As an example, each diagnostic class
may be correlated with a corresponding ratio value. Thus, the
selection (422) may depend on the diagnostic class into which
the patient is classified (420). The diagnostic classes may be
based upon an indication of moderate to severe PAD in the
patient for the first diagnostic class and an indication of mild
to no PAD in the patient for the second diagnostic class.

In one embodiment, the first diagnostic class, correspond-
ing to the case where the amplitude of the oscillometric signal
obtained at the lower extremity falls below a threshold value,
may have a corresponding ratio value not less than about 0.67
and not greater than about 0.73. For instance, the ratio value
of the first diagnostic class may be in the range of about 0.69
to 0.71. In one embodiment, the ratio value for the first diag-
nostic class is about 0.70. The second diagnostic class, cor-
responding to the case where the amplitude of the oscillom-
etric signal obtained at the lower extremity exceeds the
threshold value, may have a corresponding ratio value not less
than about 0.56 and not greater than about 0.63. For instance,
the ratio value of the second diagnostic class may be in the
range of about 0.57 to 0.59. In one embodiment, the ratio
value for the second diagnostic class is about 0.58. In turn,
after the selection (422) of a selected lower extremity char-
acteristic ratio, the selected ratio may be used to calculate
(426) an indicated blood pressure value at the lower extremity
in a process as described above with respect to FIG. 3,
wherein the characteristic ratio used is the selected lower
extremity characteristic ratio.

In one embodiment, the indicated blood pressure value
calculated (418) for the upper extremity and the indicated
blood pressure value calculated (424) for the lower extremity
may be used to further calculate (426) an EBPR. The EBPR
may subsequently be displayed (428) or communicated to a
user. In one embodiment, the lower extremity cuff may be
located adjacent to an ankle of the patient such that the indi-
cated blood pressure value for the lower extremity is obtained
at the ankle. The upper extremity cuff may be located on an
upper portion of the arm of the patient such that the indicated
blood pressure value for the upper extremity is obtained for
the brachial artery in the patient’s arm. Thus, the calculation
(426) may produce an ankle-brachial pressure index (ABI)
that may in turn be used to evaluate the presence and/or
severity of PAD in the patient.

In another embodiment, the process 400 shown in FIG. 4
may not involve calculation of quantitative indicated blood
pressure values or blood pressure ratios. For instance, the
classification (420) of the patient into a diagnostic class may
provide information regarding the presence and/or severity of
PAD inthe patient. As stated above, classification into the first
diagnostic class may be an indication of moderate to severe
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PAD in the patient. Thus, even if a quantitative value for an
indicated blood pressure value or blood pressure ratio is not
determined, the process 400 may involve indicating the class
into which the patient is classified or an indication that the
patient may be suffering from PAD and/or the severity of PAD
in the patient. This information alone may be valuable to a
user when trying to determine if and/or to what severity the
patient is suffering from PAD. For instance, an indication that
mild to no PAD may be presented to a user if the patient is
classified (420) into the second diagnostic class and an indi-
cation of moderate to severe PAD may be presented to a user
if the patient is classified (420) into the second diagnostic
class regardless of whether quantitative values of indicated
blood pressure or ABI are calculated.

Another example of a process 500 for determining one or
more indicated blood pressure values, an ABI, or an indica-
tion as to the presence and/or severity of PAD in a patient is
shown in FIGS. 5A-C. The following discussion of FIGS.
5A-C may reference certain variables used in the process 500.
These variables may be measured or calculated. For example,
as shown and described with reference to FIG. 3B, a Fourier
transform (e.g., an FFT) may be applied to an oscillometric
signal to determine one or more of the variables shown and
described with reference to FIGS. SA-C. With further refer-
ence to FIGS. 3A and 3B, in one embodiment, a window of
interest 390 of an oscillometric pressure signal may be ana-
lyzed to arrive at the variables used in the process 500. Vari-
ables corresponding to the upper extremity oscillometric sig-
nal may be designated with the subscript “arm,” while
variables corresponding to the lower extremity oscillometric
signal may be designated with the subscript “ank.” The value
FFTamp may represent an amplitude (e.g., a maximum
amplitude) at the fundamental frequency 334 of the oscillo-
metric signal within a window of interest as determined from
an FFT of the oscillometric signal. The value of FFTamp may
be calculated from the maximum magnitude value 332 shown
in FIG. 3B. In one embodiment, known techniques may be
used to calculate the amplitude at the fundamental frequency
from the maximum magnitude value 332. The amplitude at
the fundamental frequency may correspond with the value
FFTamp as used in the process 500. The value FFTfreq may
represent the fundamental frequency 334 of the oscillometric
signal within the window of interest 390 as determined from
the FFT 330 of the oscillometric signal. The value OSCfreq
may be the frequency of the oscillometric signal as deter-
mined by a peak detection technique in the time domain (e.g.,
represented as the oscillometric signal 320 with reference to
FIG. 3A). The variable PRESup may correspond to a detected
condition wherein the upper inflation pressure limit of the
cuff was not sufficient to determine an indicated blood pres-
sure. The variable PRESdown may correspond to a detected
condition wherein the lower deflation pressure limit of the
cuff was not sufficient to obtain an indicated blood pressure.
One or more of the frequency variables may be calculated
(e.g., during the calculation step 410 of the method depicted
in FIG. 4).

Turning to FIG. 5A, the FFTamp value (e.g., derived from
the oscillometric signal) may be analyzed to determine (502)
if it is above a minimum threshold value. The minimum
threshold value may represent the minimum amplitude
required to achieve an accurate result. Furthermore, an
FFTamp value below the minimum threshold value may be
indicative of an incorrectly installed cuff or a patient whose
physiology is such that the signal obtained at a cuff cannot be
analyzed.

If the value for FFTamp is less than the minimum threshold
value, the process 500 may terminate and an indication that
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the oscillometric signal is not analyzable may be displayed
(504). Alternatively, if the FFTamp value of the oscillometric
signalis above the minimum threshold value, the process may
include determining (506) if a PRESdown condition was
detected. As described above, the cuff may be controllably
deflated through a pressure range between an upper inflation
pressure limit and a lower deflation pressure limit. The PRES-
down condition may be triggered when the lower deflation
pressure limit to which the cuff is deflated is not sufficiently
low to allow unobstructed flow of blood in the arteries adja-
cent to the cuff. The PRESdown condition may be detected
when the oscillometric signal indicates a maximum ampli-
tude of the signal has not yet been reached when the cuff is
deflated to the lower deflation pressure limit.

If the PRESdown condition is not detected (506), the pro-
cess 500 may proceed. If the PRESdown condition is detected
(506), it may be determined (508) if the lower deflation pres-
sure limit is set above a minimum value, For instance, in one
embodiment, the minimum value of the lower deflation pres-
sure limit is about 40 mmHg. If the lower deflation pressure
limit is set above the minimum value, the deflation pressure
limit is reduced (510) and the process 500 may be restarted
with the lower deflation pressure limit reduced. If, on the
other hand, the lower deflation pressure limit is at the mini-
mum lower deflation pressure limit, the process 500 may end
and an indication that the oscillometric signal is not analyz-
able may be displayed (504).

The process 500 may also include a determination (510) of
whether the oscillometric signal being analyzed is obtained at
a lower extremity or an upper extremity. As stated above,
dedicated cuffs may be used to obtain upper and lower
extremity measurements, and/or a user may be prompted to
input the location of a given cuff.

In the case where the oscillometric signal being analyzed
was obtained at an upper extremity, it may be determined
(512)if the value for FFTamp(arm) is below an upper extrem-
ity threshold value specific to signals obtained at an upper
extremity. The upper extremity threshold value may be a
value for the amplitude of the oscillometric signal that is
greater than the minimum threshold used at 502. If the
FFTamp(arm) value is below the upper extremity threshold
value, the process 500 may terminate and an indication that
the oscillometric signal is not analyzable may be displayed
(504). Again, an FFTamp(arm) value below the upper extrem-
ity threshold value may indicate that the signal in not analyz-
able (e.g., due to the physiology of the patient, an artifact in
the signal, or an error). If, however, the value for FFTamp
(arm) is above the upper extremity threshold value, the pro-
cess 500 may proceed to determine (514) if a PRESup con-
dition is detected. The PRESup condition corresponds to a
case where an upper inflation pressure limit of a cuff was not
sufficient to fully occlude the flow of blood in one or more
arteries adjacent to the cuff. The PRESup condition may be
detected when the adjusted amplitude (e.g., obtained by
applying an appropriate characteristic ratio to a maximum
amplitude) cannot be located in the oscillometric signal.

If a PRESup condition is detected, it is determined (516) if
the upper inflation pressure limit is set below a maximum
value for the upper inflation pressure limit. In one embodi-
ment, the maximum value for the upper inflation pressure
limit may be about 280 mmHg. If the upper inflation pressure
limit is set at the maximum value, the process 500 may ter-
minate and an indication that the oscillometric signal is not
analyzable may be displayed (504). In contrast, if available,
the upper inflation pressure limit is increased (518) and the
process 500 may restart. If, at 514, it is determined that a
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PRESup condition was not detected, the process 500 may
proceed to step 527 shown in FIG. 3B, which is described in
more detail below.

In the case where it is determined (511) that the oscillom-
etric signal is obtained at a lower extremity of the patient, the
process 500 may include analyzing the oscillometric signal to
determine (520) if the value for FFTamp(ank) is below a
lower extremity threshold value. The lower extremity thresh-
old value may be greater than the minimum threshold used at
502 and greater than the upper extremity threshold value used
at 512. This determination (520) of whether the value of
FFTamp(ank) is above or below the lower extremity threshold
value may provide an indication of the presence and/or sever-
ity of PAD in the patient. An FFTamp(ank) value below the
threshold value may indicate the patient belongs to a first
diagnostic class (e.g., an FFTamp(ank) value below the lower
extremity threshold may indicate moderate to severe PAD in
the patient). In contrast, an FFTamp(ank) value above the
threshold value may indicate the patient belongs to a second
diagnostic class (e.g., an FFTamp(ank) value above the lower
extremity threshold may indicate mild or no PAD in the
patient). As described above with reference to FIG. 4, an
indication as to the severity of PAD in a patient may be
presented based upon the determination (520) into which
diagnostic class the patient belongs. In this regard, even if a
quantitative value of an indicated blood pressure value is not
determined, the process 500 may include indicating to a user
the diagnostic class to which the patient belongs. This infor-
mation may be valuable to a user in determining the severity
of PAD in the patient.

The lower extremity threshold value may be empirically
derived based on an analysis of patients known to be suffering
from PAD and patients known to be not suffering from PAD.
In other embodiments, the lower extremity threshold value
may be variable and determined by other measurements or
calculations in the process 500. For instance, the lower
extremity threshold value may be at least partially based on an
analysis of an oscillometric pressure signal obtained at an
upper extremity of the same patient. Regardless of how the
lower extremity threshold value is derived or determined, the
patient may be classified into a first diagnostic class 522
(characterized in FIG. 5A as Phasel=1) or a second diagnos-
tic class 524 (characterized in FIG. 5A as Phase1=0) based
upon whether the value of FF Tamp(ank) is above or below the
lower extremity threshold value. In any regard, the process
may continue to step 527, shown in FIG. 5B.

Turning to FIG. 5B, the oscillometric signal may be ana-
lyzed to determine (527) if the oscillometric signal has a valid
frequency value. The FFTfreq value (e.g., as determined
using an FFT 330 of an oscillometric signal as shown with
respect to FIG. 3B) may correspond with the heartbeat of the
patient. Additionally, a range of values of valid frequencies
may be provided for the FFTfreq value that roughly corre-
spond to a normal range of patient heart rates. For example,
the range of acceptable values for FFTfreq may be not less
than about 43 oscillations (beats) per minute and not greater
than about 120 oscillations (beats) per minute. If the FFTfreq
value falls outside of this acceptable range, the process 500
may terminate and an indication that the oscillometric signal
is not analyzable may be displayed (504). On the other hand,
if the FFTfreq value is within the valid range, the process 500
may continue and it may be determined (528) if the oscillo-
metric signal is obtained at a lower extremity.

In the case where the oscillometric signal is obtained at an
upper extremity of the patient, the FFTfreq(arm) value may
be stored (530) for future reference in the process as will be
described further below. Furthermore, the indicated blood
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pressure value in the upper extremity may be calculated
(532). The calculation (532) of the indicated blood pressure
value in the upper extremity may use an upper extremity
characteristic ratio to arrive at the indicated blood pressure
value in the upper extremity. This upper extremity character-
istic ratio may comprise a traditional characteristic ratio
known in the art that is used to determine brachial indicted
blood pressure values in an oscillometric process. As such,
the upper extremity characteristic ratio may be about 0.52.

If, in contrast, it is determined (528) that the oscillometric
signal is derived from a lower extremity of the patient, the
process 500 may involve determining (534) if the FFTfreq
(ank) value (e.g., the fundamental frequency of the signal) is
equal to the OSCfreq(ank) value (e.g., the frequency of the
signal using peak detection in the time domain). As stated
above, the OSCfreq(ank) value may be derived using a tech-
nique applied to the oscillometric signal different from the
technique applied to the oscillometric signal used to deter-
mine FFTfreq(ank). In this regard, the determining (534) may
provide additional means of signal validation. For example, if
the two values are not equal, it may indicate some signal
corruption (e.g., due to an artifact, noise, etc.). If the two
values are within plus or minus a specified number of oscil-
lations (beats) per minute (e.g., +/-15 beats per minute), the
two values may be determined to be equal and the process 500
may proceed to step 542 shown in FIG. 5C, which is
described in more detail below.

If the FFTfreq(ank) and OSCfreq(ank) values are not
equal, and it is determined (538) that the patient was classified
into the first diagnostic class 522, the process 500 may termi-
nate and an indication that the oscillometric signal is not
analyzable may be displayed (504). This may be because the
oscillometric pressure signal derived from a patient may not
have characteristics sufficient to continue the process 500 to
arrive at reliable results. Moreover, the classification of the
patient into the first diagnostic class 522 may provide a reli-
able indication as to the presence and/or severity of PAD in
the patient. Thus, as described above, an indication as to the
presence and/or severity of PAD in the patient or an indication
of abnormal results may be displayed without quantitative
values. If, instead the patient is not in the first diagnostic class
522, the OSCfreq(ank) value may be indicated (540) as being
out of range. The indication (540) that OSCfreq(ank) is out of
range may be used elsewhere in the process 500. In any
regard, the process may proceed to step 542 shown in FIG.
5C. The process 500 may continue in the case of the patient
being classified into the second diagnostic class 524 because
the derived signal may have characteristics that are more
likely to produce reliable results.

Turning to FIG. 5C, it may be determined (542) if a valid
value for FFTfreq(arm) has been stored at 530 in FIG. 5B. If
no FFTfreq(arm) value has been stored, it may be determined
(544) if the patient has been classified into the first diagnostic
class 522. If the patient is in the first diagnostic class 522, the
process may be suspended (546) until an FFTfreq(arm) value
is later determined (e.g., on a subsequent cycle of one of the
upper extremity cuffs). If the patient is not in the first diag-
nostic class 522, the process 500 may continue to step 552
which is described in greater detail below.

If it is determined (542) that an FFTfreq(arm) value has
been stored, the process 500 may proceed with a determina-
tion (548) as to whether the FFTfreq(ank) value is equal to the
FFTfreq(arm) value that was stored. The comparison of these
frequency values for the upper extremity and the lower
extremity may provide an indication as to whether the cuffs
are correctly positioned on a patient or whether an error has
occurred. As the FFTfreq(arm) and FFTfreq(ank) values may
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both be dependent upon the heart rate of the patient, these two
values are likely not to be significantly different for a normal
patient where the cuffs are correctly placed. In the instance
that these values are significantly different (e.g., more than
+/-15 oscillations per minute apart), it may be that the cuffs
are not correctly positioned or not positioned on the patient at
all. However, if the values are within, for example, +/-15
oscillations per minute, the signals may be deemed to be
equal. Ifthe values of FF Tfreq(ank) and FFTfreq(arm) are not
equal, the process 500 may terminate and an indication that
the oscillometric signal is not analyzable may be displayed
(504). In contrast, if the values are equal, it may be deter-
mined (550) into which diagnostic class the patient is classi-
fied for the purpose of selecting an appropriate selected lower
extremity characteristic ratio that may in turn be used to
determine an indicated blood pressure value.

If the patient is in the second diagnostic class 524 as
described at either of steps 544 or 550, the process 500 may
include determining (552) if a PRESup condition is detected.
If the PRESup condition is not detected, the characteristic
ratio for the second diagnostic class may be selected and an
indicated blood pressure value may be calculated (554) using
the selected lower extremity characterization ratio (e.g., of
about 0.58 for the second diagnostic class). If a PRESup
condition is detected, it may be determined (556) if the upper
inflation pressure limit for the cuff is set to the maximum
value for the upper inflation pressure limit. If the upper infla-
tion pressure limit is set to the maximum value, the process
500 may terminate and an indication that the oscillometric
signal is not analyzable may be displayed (504). If the upper
inflation pressure limit is not set to the maximum value, the
upper inflation pressure limit may be increased (558) and the
process may restart.

If it is determined (550) that the patient is in the first
diagnostic class 522, it may be determined (560) if the OSC-
freq(ank) value is out of range as determined at 540 with
reference to FIG. 5B. If the value for OSCfreq(ank) is out of
range, the process 500 may include indicating (562) the pro-
cess resulted in an abnormal result. This may be an indication
thatinthe patient is likely suffering from PAD. The indication
(562) that the patient is likely suffering from PAD may not
include a quantitative indicated blood pressure value for the
lower extremity, but rather may indicate, based on the oscil-
lometric signal analysis, an abnormal result may provide
some indication as to the severity of PAD in the patient.

If, on the other hand, the value for OSCfreq(ank) is not out
of range, it may be determined (564) ifa PRESup condition is
detected. If a PRESup condition is detected, the process 500
may include indicating (562) the severity of PAD in the
patient. Again, the indication (562) may not include a quan-
titative value for an indicated blood pressure value in the
lower extremity of the patient. [f a PRESup condition was not
detected, a selected lower extremity characteristic ratio of
about 0.7 may be selected (568). This selected lower extrem-
ity characteristic ratio may be used to calculate an indicated
blood pressure value for the lower extremity. The indicated
blood pressure value for the lower extremity may in turn be
used with an indicated blood pressure value for the upper
extremity (e.g., as arrived at using the characteristic ratio
determined at step 532) to calculate an ABI value. It may be
determined (566) if the calculated ABI value is greater than
0.75.1f so, anindication (562) of PAD may be presented (e.g.,
without displaying the quantified value of the calculated
ABI). Ifthe patient’s ABI value is determined (566) to be less
than 0.75, the calculated ABI may be displayed (570) to a
user.
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FIG. 6 depicts one embodiment of a control module 200
where a display 290 thereof can be seen. FIG. 6 also shows the
connection of pneumatic tubes 112, 122, 132, and 142 to the
control module 200. Furthermore, a removable storage intet-
face 260 can be seen. In the embodiment depicted in FIG. 6,
the removable storage interface 260 may comprises a USB
port capable of receiving a removable storage device (e.g., a
flash drive).

The display 290 may also include a “START” button 602 to
initiate performance of a process (e.g. the process 400 and/or
process 500 shown and described with respect to FIGS. 4 and
5, respectively) to obtain an oscillometric signal at each of
one or more cuffs (e.g., as shown with reference to FIGS. 1
and 2). The display 290 may also include a display of values
for right ABI 604 and left ABI 606. Additionally, values for
the right upper extremity indicated blood pressure value 608
and left upper extremity indicated blood pressure value 610
may be displayed, if determined. Further still, the right lower
extremity indicated blood pressure value 616 and the left
lower extremity indicated blood pressure value 608 may be
displayed, if determined. Also, the control module 200 may
display additional patient information (e.g., left and right
pulmonary vascular resistance (PVR) values).

While various embodiments of the present invention have
been described in detail, further modifications and adapta-
tions of the invention may occur to those skilled in the art.
However, it is to be expressly understood that such modifica-
tions and adaptations are within the spirit and scope of the
present invention.

What is claimed is:

1. A system operable to determine presence of peripheral
artery disease using an oscillometric blood pressure value
obtained at a lower extremity of a patient, said system com-
prising:

a first pressure applicator positionable at a location on the
lower extremity of a patient, said first pressure applica-
tor being controllable to apply a pressure to occlude
blood flow in a portion of the lower extremity and to
reduce the pressure applied thereby to permit blood flow
to return in the portion of the lower extremity;

a first pressure transducer in operative communication with
said first pressure applicator to obtain a first oscillomet-
ric pressure signal from the lower extremity as pressure
applied by the first pressure applicator to the lower
extremity is reduced;

a second pressure applicator positionable at a location on
an upper extremity of a patient, said second pressure
applicator being controllable to apply a pressure to
occlude blood flow in a portion of the upper extremity
and to reduce the pressure applied thereby to permit
blood flow to return in the portion of the upper extrem-
y;

a second pressure transducer in operative communication
with said second pressure applicator to obtain a second
oscillometric pressure signal from the upper extremity
as pressure applied by the second pressure applicator to
the upper extremity is reduced;

a processor in operative communication with said first
pressure transducer and with said second pressure trans-
ducer;

a selection module executable by said processor, said
selection module operating when executed by said pro-
cessor to compare the first oscillometric pressure signal
obtained by the first pressure transducer to the second
oscillometric pressure signal obtained by the second
pressure transducer to characterize the patient into one
of a first diagnostic class and a second diagnostic class,
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said selection module also operating when executed by
said processor to select a lower extremity characteristic
ratio from a plurality of ratio values such that a first ratio
value is selected from the plurality of ratio values if the
patient is characterized by the selection module as being
in the first diagnostic class and a second ratio value is
selected from the plurality of ratio values if the patient is
characterized by the selection module as being in the
second diagnostic class; and

ablood pressure determination module executable by said
processor, the blood pressure determination module

operating when executed by said processor (a) to detect
a maximum amplitude of the first oscillometric pressure
signal obtained by the first pressure transducer and (b) to
multiply the detected maximum amplitude of the first
oscillometric pressure signal by the selected lower
extremity characteristic ratio to provide an adjusted
amplitude associated with the first oscillometric pres-
sure signal to obtain an indicated blood pressure value in
the lower extremity, the blood pressure determination
module also operating when executed by said processor
(%) to detect a maximum amplitude of the second oscil-
lometric pressure signal obtained by the second pressure
transducer and (y) to multiply the detected maximum
amplitude of the second oscillometric pressure signal by
aselected upper extremity characteristic ratio to provide
an adjusted amplitude associated with the second oscil-
lometric pressure signal to obtain an indicated blood
pressure value in the upper extremity,

the processor being operable to calculate a ratio between
the indicated blood pressure value in the lower extremity
obtained by operation of the blood pressure determina-
tion module executed by said processor and the indi-
cated blood pressure value in the upper extremity
obtained by operation of the blood pressure determina-
tion module executed by said processor to produce a
blood pressure ratio for evaluating the presence of
peripheral artery disease in the patient.

2. The system of claim 1, wherein at least one of the blood
pressure determination module and the selection module
comprises machine readable code stored on a memory in
operative communication with said processor, and wherein
said processor is operable to execute said machine readable
code to execute said at least one of the blood pressure deter-
mination module and the selection module.

3. The system of claim 1, further comprising:

a transform module executable by said processor to trans-
form the first oscillometric pressure signal into a fre-
quency domain representation of the first oscillometric
pressure signal, and wherein the blood pressure deter-
mination module operates when executed by said pro-
cessor to utilize the frequency domain representation of
the first oscillometric pressure signal in determining the
maximum amplitude at the fundamental frequency of
the first oscillometric pressure signal.

4. The system of claim 1, wherein the upper extremity
characteristic ratio is different than the selected lower extrem-
ity characteristic ratio.

5. The system of claim 1, wherein the indicated blood
pressure values in the upper and lower extremities comprise
systolic pressure values.

6. The system of claim 1, wherein the location on the lower
extremity comprises an ankle of the patient, and the location
on the upper extremity comprises an arm of the patient.

7. The system of claim 6, wherein the blood pressure ratio
comprises an ankle-brachial pressure index (ABI).
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8. The system of claim 1, wherein said blood pressure
determination module operates when executed by said pro-
cessor to determine said maximum amplitude of the first
oscillometric pressure signal within a window of interest of
the first oscillometric pressure signal.

9. The system of claim 1, wherein the processor is in
operative communication with the first pressure applicator
and with the second pressure applicator.

10. A system operable to determine presence of peripheral
artery disease using an oscillometric blood pressure value
obtained at a lower extremity of a patient, said system com-
prising:

a first pressure applicator positionable at a location on the
lower extremity of a patient, said first pressure applica-
tor being controllable to apply a pressure to occlude
blood flow in a portion of the lower extremity and to
reduce the pressure applied thereby to permit blood flow
to return in the portion of the lower extremity;

a first pressure transducer in operative communication with
said first pressure applicator to obtain a first oscillomet-
ric pressure signal from the lower extremity as pressure
applied by the first pressure applicator to the lower
extremity is reduced;

a second pressure applicator positionable at a location on
an upper extremity of a patient, said second pressure
applicator being controllable to apply a pressure to
occlude blood flow in a portion of the upper extremity
and to reduce the pressure applied thereby to permit
blood flow to return in the portion of the upper extrem-
ity;

a second pressure transducer in operative communication
with said second pressure applicator to obtain a second
oscillometric pressure signal from the upper extremity
as pressure applied by the second pressure applicator to
the upper extremity is reduced;

a processor in operative communication with said first
pressure transducer and with said second pressure trans-
ducer;

a selection module executable by said processor, said
selection module operating when executed by said pro-
cessor to compare the first oscillometric pressure signal
obtained by the first pressure transducer to a threshold
value to characterize the patient into one of a first diag-
nostic class and a second diagnostic class, said selection
module also operating when executed by said processor
to select a lower extremity characteristic ratio from a
plurality of ratio values such that a first ratio value is
selected from the plurality of ratio values if the patient is
characterized by the selection module as being in the
first diagnostic class and a second ratio value is selected
from the plurality of ratio values if the patient is charac-
terized by the selection module as being in the second
diagnostic class; and

a blood pressure determination module executable by said
processor, the blood pressure determination module
operating when executed by said processor (a) to detect
a maximum amplitude of the first oscillometric pressure
signal obtained by the first pressure transducer and (b) to
multiply the detected maximum amplitude of the first
oscillometric pressure signal by the selected lower
extremity characteristic ratio to provide an adjusted
amplitude associated with the first oscillometric pres-
sure signal to obtain an indicated blood pressure value in
the lower extremity, the blood pressure determination
module also operating when executed by said processor
(x) to detect a maximum amplitude of the second oscil-
lometric pressure signal obtained by the second pressure
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transducer and (y) to multiply the detected maximum
amplitude of the second oscillometric pressure signal by
aselected upper extremity characteristic ratio to provide
an adjusted amplitude associated with the second oscil-
lometric pressure signal to obtain an indicated blood
pressure value in the upper extremity,

the processor being operable to calculate a ratio between
the indicated blood pressure value in the lower extremity
obtained by operation of the blood pressure determina-
tion module executed by said processor and the indi-
cated blood pressure value in the upper extremity
obtained by operation of the blood pressure determina-
tion module executed by said processor to produce a
blood pressure ratio for evaluating the presence of
peripheral artery disease in the patient.

11. The system of claim 10, wherein at least one of the
blood pressure determination module and the selection mod-
ule comprises machine readable code stored on a memory in
operative communication with said processor, and wherein
said processor is operable to execute said machine readable
code to execute said at least one of the blood pressure deter-
mination module and the selection module.

12. The system of claim 10, further comprising:

a transform module executable by said processor to trans-
form the first oscillometric pressure signal into a fre-
quency domain representation of the first oscillometric
pressure signal, and wherein the blood pressure deter-
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mination module operates when executed by said pro-
cessor to utilize the frequency domain representation of
the first oscillometric pressure signal in determining the
maximum amplitude at the fundamental frequency of
the first oscillometric pressure signal.

13. The system of claim 10, wherein the upper extremity
characteristic ratio is different than the selected lower extrem-
ity characteristic ratio.

14. The system of claim 10, wherein the indicated blood
pressure values in the upper and lower extremities comprise
systolic pressure values.

15. The system of claim 10, wherein the location on the
lower extremity comprises an ankle of the patient, and the
location on the upper extremity comprises an arm of the
patient.

16. The system of claim 15, wherein the blood pressure
ratio comprises an ankle-brachial pressure index (ABI).

17. The system of claim 10, wherein said blood pressure
determination module operates when executed by said pro-
cessor to determine said maximum amplitude of the first
oscillometric pressure signal within a window of interest of
the first oscillometric pressure signal.

18. The system of claim 10, wherein the processor is in
operative communication with the first pressure applicator
and with the second pressure applicator.
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