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1
DIAGNOSING PERIPHERAL VASCULAR
DISEASE BY MONITORING OXYGEN
SATURATION CHANGES DURING AN
ISCHEMIA PHASE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This patent application is a continuation of U.S. patent
application Ser. No. 11/782,371, filed Jul. 24, 2007, and a
continuation-in-part of U.S. patent applications Ser. Nos.
11/782,198,11/782,383, and 11/782,394, all filed on Jul. 24,
2007.The *198, 371, and *383 applications are continuation-
in-parts of U.S. patent application Ser. No. 10/838,142, filed
May 3, 2004 and issued as U.S. Pat. No. 7,247,142 on Jul. 24,
2007, which claims priority to U.S. provisional patent appli-
cation 60/468,003, filed May 5, 2003. The *394 application is
a continuation of the *142 application. These patent applica-
tions are incorporated by reference.

BACKGROUND OF THE INVENTION

The present invention relates to methods of diagnosing
peripheral vascular disease (PVD) using measured changes in
oxygen saturation in tissue. More specifically, the invention
relates to diagnosing peripheral vascular disease from an
analysis of oxygen saturation during recovery from ischemia
(reduced or stoppage of blood flow).

Peripheral vascular disease is a condition that is exempli-
fied by a narrowing of blood vessels to internal organs and
muscles. Patients with peripheral vascular disease are four
times more likely to have a myocardial infarction and three
times more likely to have a stroke. The five year mortality rate
for people with peripheral vascular disease is 30 percent.
Peripheral vascular disease affects 20 percent of the elderly
and 40 percent of diabetics.

It has been estimated that 8-12 million people in the United
States are affected with this disease and the numbers are
growing at a rate of five percent a year. Although these num-
bers show that peripheral vascular disease is a fairly common
disease, peripheral vascular disease is often not diagnosed or
is misdiagnosed. It has been estimated that 71 percent of
physicians overlook a peripheral vascular disease condition
in their patients.

It would be beneficial to have innovative techniques for
diagnosing peripheral vascular disease. Additionally, it
would be beneficial to have techniques of diagnosing periph-
eral vascular disease with relatively high accuracy rates.

BRIEF SUMMARY OF THE INVENTION

The present invention provides innovative techniques for
diagnosing peripheral vascular disease. Peripheral vascular
disease is diagnosed through measurements of oxygen satu-
ration. In a specific implementation, peripheral vascular dis-
ease is diagnosed based on changes in oxygen saturation in
tissue. Ischemia is induced, and then measurements of
changes in oxygen saturation in tissue are made. Based on
changes in oxygen saturation during the induced ischemia
phase, a diagnosis is provided of whether a patient has or does
not have peripheral vascular disease.

Techniques of the invention may be incorporated in devices
or systems of the invention. For example, a device of the
invention may use a technique or any combination or tech-
niques described and then display a diagnosis of peripheral
vascular disease (e.g., provide a visual indication on a screen
of a positive or negative test result).
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Generally, oxygen saturation in tissue of a patient is moni-
tored as part of a postocclusive reactive hyperemic (PORH)
test. For example, blood flow to a limb can be reduced or
stopped utilizing a pressure cuff. The oxygen saturation ofthe
limb can be monitored before, during, or after ischemia. The
changes in oxygen saturation observed during the monitoring
are then used to diagnose whether the patient has peripheral
vascular disease. In this manner, not only can peripheral
vascular disease be readily diagnosed, the accuracy of the
diagnoses can be relatively high. Some specific embodiments
of the invention are described below.

In an embodiment, a method of diagnosing peripheral vas-
cular disease includes: Oxygen saturation in tissue of a
patient is measured during an ischemia phase. The oxygen
saturation in the tissue during ischemia is then analyzed. The
patient is diagnosed as having peripheral vascular disease
according to changes in the oxygen saturation in the tissue
during the ischemia phase. In some embodiments, the
changes can be a rate of change of oxygen saturation or a time
for oxygen saturation to reach a specific percentage, or both.

In an embodiment, a method of diagnosing peripheral vas-
cular disease includes: Oxygen saturation in tissue of a
patient is measured during an ischemia phase. A rate of
change of oxygen saturation during ischemia is calculated.
The patient is diagnosed as having peripheral vascular disease
if the rate of change crosses a threshold. In some embodi-
ments, the rate of change can be calculated at a midpoint of
the ischemia phase.

In an embodiment, a method of diagnosing peripheral vas-
cular disease includes: Oxygen saturation in tissue of a
patient is measured during an ischemia phase. A time for
oxygen saturation to reach a specified percentage during the
ischemia phase is calculated. The patient is diagnosed as
having peripheral vascular disease if the time for oxygen
saturation to reach a specified percentage crosses a threshold.

In an embodiment, a method of diagnosing peripheral vas-
cular disease includes: measuring oxygen saturation in tissue
of a patient during an ischemia phase; analyzing the oxygen
saturation in the tissue during the ischemia phase; and diag-
nosing the patient as having peripheral vascular disease
according to changes in the oxygen saturation in the tissue
during the ischemia phase.

In an embodiment, an apparatus for diagnosing peripheral
vascular disease includes: a device to cause ischemia in tis-
sue; a probe that measures oxygen saturation in the tissue of
a patient during an induced ischemia phase; and a computer,
connected to the probe, that analyzes the oxygen saturation in
the tissue during the ischemia phase and diagnoses the patient
as having peripheral vascular disease according to the oxygen
saturation in the tissue during the ischemia phase.

In an embodiment, a method of diagnosing peripheral vas-
cular disease includes: measuring oxygen saturation in tissue
of a patient during an ischemia phase; calculating a rate of
change of oxygen saturation during the ischemia phase; and
diagnosing the patient as having peripheral vascular disease if
the rate of change crosses a threshold.

In an embodiment, an apparatus for diagnosing peripheral
vascular disease includes: a probe that measures oxygen satu-
ration in tissue of a patient during an ischemia phase; and a
computer, connected to the probe, that calculates a rate of
change of oxygen saturation during the ischemia phase and
diagnoses the patient as having peripheral vascular disease if
the rate of change crosses a threshold.

In an embodiment, a method of diagnosing peripheral vas-
cular disease includes: measuring oxygen saturation in tissue
of a patient during an ischemia phase; calculating a time for
oxygen saturation to reach a specified percentage during the
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ischemia phase; and diagnosing the patient as having periph-
eral vascular disease if the time for oxygen saturation to reach
a specified percentage crosses a threshold.

In an embodiment, an apparatus for diagnosing peripheral
vascular disease includes: a probe that measures oxygen satu-
ration in tissue of a patient during an ischemia phase; and a
computer, connected to the probe, that calculates a time for
oxygen saturation to reach a specified percentage during the
ischemia phase and diagnoses the patient as having peripheral
vascular disease if the time for oxygen saturation to reach a
specified percentage crosses a threshold.

Other features and advantages of the invention will become
readily apparent upon review of the following description in
association with the accompanying drawings, where the same
or similar structures are designated with the same reference
numerals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of a computer system and probe
for measuring oxygen saturation in tissue.

FIG. 2 illustrates a block diagram of a computer system
that can be utilized in association with embodiments of the
invention.

FIG. 3 shows a graph of oxygen saturation over time
through induced ischemia and subsequent recovery.

FIG. 4 shows a flow chart of a process of diagnosing
peripheral vascular disease according to one embodiment of
the invention.

FIG. 5 shows a graph including the rate of change of
oxygen saturation during recovery from ischemia.

FIG. 6 shows a bar graph of various patients and diagnoses
of peripheral vascular disease utilizing the rate of recovery of
oxygen saturation.

FIG. 7 shows results of diagnoses of patients for peripheral
vascular disease utilizing the rate of recovery of oxygen satu-
ration.

FIG. 8 shows a graph including the time for oxygen satu-
ration to recover to a specified percentage during recovery
from ischemia.

FIG. 9 shows a bar graph of various patients and the diag-
noses of peripheral vascular disease utilizing the time for
oxygen saturation to recover a specified percentage.

FIG. 10 shows a graph of patients and their oxygen satu-
ration recovery over time.

FIG. 11 shows results of diagnoses of patients for periph-
eral vascular disease utilizing the time oxygen saturation to
recover a specified percentage.

FIG. 12 shows a flow chart of another process of diagnos-
ing peripheral vascular disease according to the invention.

DETAILED DESCRIPTION OF THE INVENTION

In the description that follows, the present invention will be
described in reference to embodiments that diagnose periph-
eral vascular disease utilizing changes in oxygen saturation in
tissue during recovery from ischemia. However, embodi-
ments of the invention are not limited to any particular envi-
ronment, application, or implementation. For example,
although different techniques of monitoring changes in oxy-
gen saturation will be described, the invention is not limited to
the specific embodiments described below. Therefore, the
description of the embodiments that follows is for purposes of
illustration and not limitation.

FIG. 1 shows an example of a system for diagnosing
peripheral vascular disease. A computer system 1 is con-
nected to aprobe 3. Probe 3 is typically placed in close contact
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to a patient’s tissue in order to collect data that can be ana-
lyzed by computer system 1 in order to determine oxygen
saturation in the tissue.

In some embodiments, the system for measuring oxygen
saturation in tissue is as described in U.S. patent application
Ser. No. 09/877,515, filed Jun. 7, 2001, which issued as U.S.
Pat. No. 6,587,703 on Jul. 1, 2003, which is incorporated by
reference. For example, the oxygen saturation system can use
continuous wave spectroscopy (CWS) to determine absolute
values of concentrations of oxygenated and deoxygenated
hemoglobins in a patient’s tissue. In other embodiments,
other systems for measuring oxygen saturation in tissue can
be utilized.

FIG. 2 shows a block diagram of components that can be
present in computer systems that implement embodiments of
the invention. A computer system 1 includes a processor 103
that executes instructions from computer programs (includ-
ing operating systems). Although processors typically have
memory caches also, processor 103 utilizes memory 105,
which can store instructions or computer code and data.

A fixed storage (e.g., hard drives or drives) 107 can store
computer programs and data such that it is typically persistent
and provides more storage when compared to memory 105. A
removable storage 109 provides mobility to computer pro-
grams and/or data that are stored thereon. Examples of
removable storage are floppy disks, tape, CD-ROM, flash
memory devices, and the like.

Memory 103, fixed storage 107, and removable storage
109 provide examples of computer readable storage media
that can be utilized to store and retrieve computer programs
incorporating computer codes that implement the invention,
data for use with the invention, and the like. Additionally, a
data signal embodied in a carrier wave (e.g., in a network
including the Internet) can be the computer readable storage
medium. An input 111 allows a user to interface with the
system. Input can be done through the use of a keyboard, a
mouse, buttons, dials, or any other input mechanism. An
output 113 allows the system to provide output to the user.
Output can be provided through a monitor, display screen,
LEDs, printer, or any other output mechanism.

A network interface 115 allows the system to interface with
anetwork to which it is connected. The system bus architec-
ture of computer system 1 is represented by arrows 117. The
components shown in FIG. 2 can be found in many computer
systems. However, components can be added, deleted, and
combined. Thus, FIG. 2 is for illustration purposes and not
limitation.

FIG. 3 shows a graph of oxygen saturation through induced
ischemia and subsequent recovery. The measurements were
obtained as follows.

A subject was laying supine in a resting state. Sensors were
positioned over the anterior tibialis muscle flat against the
skin with minimal coupling pressure. Initial oxygen satura-
tion measurements were then taken.

Occlusion of anterior blood flow to a lower limb was
induced by inflating a cuff to 30 millimeter of mercury above
systolic pressure. Cessation of blood flow was confirmed with
a doppler. Occlusion was maintained for five minutes and
then the occlusion was removed so that blood flow was rap-
idly restored. During this time, oxygen saturation was con-
tinuously monitored and recorded as indicated in the graph.

The graph in FIG. 3 can be broken into many different
phases as shown. A prebaseline phase is where the cuff was
not inflated and the subject was at rest. This stage shows the
oxygen saturation level as a baseline before occlusion.
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An accumulation phase is at the beginning of occlusion
immediately following the cuff inflation, which causes oxy-
hemoglobin accumulation in the tissue.

An ischemic phase is the period following the accumula-
tion phase while the cuff remained inflated and oxygen was
being consumed. As shown, oxygen saturation steadily
declines during this phase.

A recovery phase is the beginning post occlusive period,
immediately following the cuff deflation, while fresh arterial
blood is returning and oxygen saturation increases rapidly. As
shown, oxygen saturation rose higher than the pre baseline
oxygen saturation (called “overshooting”).

A hyperemia phase was the last phase of a post occlusive
reactive hyperemic (PORH) test. In the hyperemia phase,
oxygen saturation decreased from its peak due to overshoot-
ing and reached the post occlusive baseline phase.

Embodiments of the invention utilize changes in oxygen
saturation during recovery from induced ischemia to diag-
nose peripheral vascular disease. FIG. 4 shows a flowchart of
a process of diagnosing peripheral vascular disease utilizing
changes in oxygen saturation during the recovery.

At a step 301, oxygen saturation in tissue of a patient
during recovery from ischemia is measured. The oxygen satu-
ration in the tissue during the recovery is analyzed at a step
303.

Atastep 305, the patient is diagnosed as having peripheral
vascular disease according to changes in the oxygen satura-
tion during the recovery. The changes in oxygen saturation
can be measured in various ways.

In one embodiment, the changes in oxygen saturation are
measured by the rate of change of oxygen saturation during
recovery from ischemia. FIG. 5 shows a graph of the rate of
recovery of oxygen saturation during recovery. As shown, the
rate of change is measured at a midpoint in the recovery
phase.

FIG. 6 shows a bar graph of the rate of change of oxygen
saturation during recovery for various patients. As shown,
healthy patients have typically a higher rate of change of
oxygen saturation during recovery. Accordingly a diagnosis
of peripheral vascular disease can be made based on whether
the rate of change oxygen saturation crosses a threshold (in
this case is below a threshold), such as is shown in FIG. 6.

FIG. 7 shows results utilizing this technique for diagnosing
peripheral vascular disease. As shown, there were ten true
positives, eight true negatives, no false negatives and only one
false positive.

In another embodiment, the change in oxygen saturation
during recovery is measured by the time for oxygen saturation
to recover a specified percentage. FIG. 8 shows a graph of the
time needed for oxygen saturation to recover 80 percent of the
oxygen saturation through the recovery phase.

FIG. 9 shows a bar graph of the time for oxygen saturation
to recover to a specified percentage during recovery for vari-
ous individuals. As shown, patients with peripheral vascular
disease demonstrated more time was taken to recover oxygen
saturation to 80 percent. Accordingly, peripheral vascular
disease can be diagnosed according to whether the time for
oxygen saturation to recover a specified percentage crosses a
threshold (in this case is above a threshold) as shown in FIG.
9.

FIG. 10 shows a graph of the oxygen saturation in tissue of
patients over time for patients without peripheral vascular
disease and with peripheral vascular disease. As shown,
patients without peripheral vascular disease typically recover
oxygen saturation more quickly than patients with peripheral
vascular disease.

FIG. 11 shows results from varies patients utilizing this
technique for diagnosing peripheral vascular disease. As
shown, there were eight true positives, nine true negative,
zero false positives and only two false negatives.
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Although the preceding has described different methods
for measuring changes in oxygen saturation during recovery,
the invention can utilize any methods of measuring any
changes oxygen saturation. Additionally, one or more differ-
ent methods of measuring changes in oxygen saturation dur-
ing recovery can be combined in order to provide diagnoses
for peripheral vascular disease.

FIG. 12 shows a flow chart of another process of diagnos-
ing peripheral vascular disease. At a step 401, oxygen satu-
ration in tissue of a patient during recovery from ischemia is
measured. A rate of change of oxygen saturation during the
recovery is calculated at a step 403. The rate of change can be
calculated as described previously. At a step 405, a time for
oxygen saturation to recover a specified percentage during the
recovery is calculated. The time can be calculated as dis-
cussed previously.

At a step 407, the patient can be diagnosed as having
peripheral vascular disease if the rate of change and the time
for oxygen saturation to recover cross thresholds. By utilizing
multiple methods of measuring changes in oxygen saturation
during recovery, greater accuracy in diagnosing peripheral
vascular disease can be obtained.

This description of the invention has been presented for the
purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise form
described, and many modifications and variations are pos-
sible in light of the teaching above. The embodiments were
chosen and described in order to best explain the principles of
the invention and its practical applications. This description
will enable others skilled in the art to best utilize and practice
the invention in various embodiments and with various modi-
fications as are suited to a particular use. The scope of the
invention is defined by the following claims.

The invention claimed is:

1. A method of diagnosing peripheral vascular disease by
causing a body part of a patient to experience occlusion,
which comprises an ischemia phase, the method comprising:

measuring oxygen saturation in tissue of the patient during

the ischemia phase;

analyzing the oxygen saturation in the tissue during the

ischemia phase; and

diagnosing the patient as having peripheral vascular dis-

ease according to changes in the oxygen saturation in the
tissue during the ischemia phase.

2. The method of claim 1 wherein the analyzing the oxygen
saturation comprises calculating a rate of change of oxygen
saturation during the ischemia phase.

3. The method of claim 2 wherein the rate of change is
calculated at a midpoint of the ischemia phase.

4. The method of claim 2 wherein the diagnosing the
patient comprises determining if the rate of change crosses a
threshold.

5. The method of claim 1 wherein the analyzing the oxygen
saturation comprises calculating a time for oxygen saturation
to reach a specified percentage during the ischemia phase.

6. The method of claim 5 wherein the diagnosing the
patient comprises determining if the time for oxygen satura-
tion to reach a specified percentage crosses a threshold.

7. The method of claim 1 wherein the analyzing the oxygen
saturation comprises:

calculating arate of change of oxygen saturation during the

ischemia phase; and

calculating a time for oxygen saturation to reach a specified

percentage during the ischemia phase.

8. The method of claim 7 wherein the diagnosing the
patient comprises determining if the rate of change and the
time for oxygen saturation during the ischemia phase cross
thresholds.
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9. A method of diagnosing peripheral vascular disease by
causing a body part of a patient to experience occlusion,
which comprises an induced ischemia phase, the method
comprising:

measuring oxygen saturation of tissue of the patient during
the induced ischemia phase; and

diagnosing the patient as having peripheral vascular dis-
ease based on changes in the oxygen saturation of the
tissue during the induced ischemia phase.

10. The method of claim 9 comprising:

providing a visual indication of a positive diagnosis of
peripheral vascular disease on a display when a mea-
sured rate of change in the oxygen saturation during the
induced ischemia phase crosses a threshold value.

11. The method of claim 9 comprising

providing a visual indication of a positive diagnosis of
peripheral vascular disease on a display when a mea-
sured time for the oxygen saturation to crosses a per-
centage value during the hyperemia phase exceeds a
specific time value.

12. The method of claim 9 comprising:

providing a visual indication of a positive diagnosis of
peripheral vascular disease on a display when a mea-
sured time, from a starting time value to an ending time
value, for the oxygen saturation to cross a percentage
value exceeds a specific time value, wherein the ending
time is within the induced ischemia phase.

13. The method of claim 9 comprising:

providing a visual indication of a positive diagnosis of
peripheral vascular disease on a display when a mea-
sured time, from a starting time value to an ending time
value, for the oxygen saturation to cross a percentage
value exceeds a specific time value, wherein the starting
time is within the induced ischemia phase.

14. A system for diagnosing peripheral vascular disease

comprising:

a probe comprising a first detector input;

acomputer, coupled to process signals received via the first
detector input, to determine changes in oxygen satura-
tion in tissue of a patient;

a cuff, controllable by the computer and attachable to the
patient, wherein the cuff causes a body part of the patient
to experience occlusion, which includes an induced
ischemia phase; and

a display, coupled to the computer, wherein the computer
makes a diagnosis of peripheral vascular disease based
on oxygen saturation changes in the tissue during the
induced ischemia phase, and the display provides a
visual indication of a positive diagnosis of peripheral
vascular disease.

15. The system of claim 14 wherein the probe comprises a
second detector input and a source output, and a first distance
between the first detector input and the source output is dif-
ferent from a second distance between the second detector
input and the source output.

16. The system of claim 14 wherein the probe comprises a
second detector input, a first source output, and a second
source output, and a first distance between the first detector
input and the first source output is different from a second
distance between the second detector input and the second
source output.

17. The system of claim 14 wherein the probe comprises a
second detector input, a first source output, and a second
source output, and a first distance between the first detector
input and the first source output is substantially the same as a
second distance between the second detector input and the
second source output.

8

18. A system for diagnosing peripheral vascular disease
comprising;

a probe comprising a first detector input;

a computer, coupled to process signals received via the first
5 detector input, to determine changes in oxygen satura-

tion in tissue of a patient and make a diagnosis of periph-

eral vascular disease based on the oxygen saturation

changes during induced ischemia; and

a display, coupled to the computer, to provide a visual
indication of a positive diagnosis of peripheral vascular
disease,

wherein the diagnosis of peripheral vascular disease is
positive when the computer determines a rate of change
in the oxygen saturation crosses a threshold value during
induced ischemia.

19. A system for diagnosing peripheral vascular disease

comprising;

a probe comprising a first detector input;

a computer, coupled to process signals received via the first
detector input, to determine changes in oxygen satura-
tion in tissue of a patient and make a diagnosis of periph-
eral vascular disease based on the oxygen saturation
changes during induced ischemia; and

a display, coupled to the computer, to provide a visual
indication of a positive diagnosis of peripheral vascular
disease,

wherein the diagnosis of peripheral vascular disease is
positive when a measured time for the oxygen saturation
to cross a percentage value during induced ischemia
exceeds a specific time value.

20. A system for diagnosing peripheral vascular disease

comprising:

a probe comprising a first detector input;

a computer, coupled to process signals received via the first
detector input, to determine changes in oxygen satura-
tion in tissue of a patient and make a diagnosis of periph-
eral vascular disease based on the oxygen saturation
changes during induced ischemia; and

a display, coupled to the computer, to provide a visual
indication of a positive diagnosis of peripheral vascular
disease,

wherein the diagnosis of peripheral vascular disease is
positive when a measured time, from a starting time
value to an ending time value, for the oxygen saturation
to cross a percentage value exceeds a specific time value,
and the ending time is within the induced ischemia
phase.

21. A system for diagnosing peripheral vascular disease

comprising:

a probe comprising a first detector input;

a computer, coupled to process signals received via the first
detector input, to determine changes in oxygen satura-
tion in tissue of a patient and make a diagnosis of periph-
eral vascular disease based on the oxygen saturation
changes during induced ischemia; and

a display, coupled to the computer, to provide a visual
indication of a positive diagnosis of peripheral vascular
disease,

wherein the diagnosis of peripheral vascular disease is
positive when a measured time, from a starting time
value to an ending time value, for the oxygen saturation
to cross a percentage value exceeds a specific time value,
and the starting time is within the induced ischemia
phase.
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