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December 15, 2016, and U.S. Provisional Application No. 62/528,794, entitled “System and
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Waveform”, filed July 5, 2017, the entire contents of which are incorporated herein by

reference and relied upon.

BACKGROUND

[0002] Conventional methods of establishing blood volume and related metrics
regarding patient condition have relied upon highly invasive measurements, such as central
venous pressure (herein “CVP”), pulmonary artery pressure, and/or capillary pressure. Such
CVP measurements require the insertion of a catheter, specifically for the purpose of
measuring blood pressure, within the central portion of the patient’s circulatory system. In
addition to being highly invasive, the insertion of a catheter solely for the purpose of pressure
monitoring increases the complexity of treatment and raises the risk of complications, such as
infection. Additionally, CVP measurements are believed to be slower to change in response
to certain acute conditions, as the circulatory system attempts to compensate for blood
volume disequilibrium (particularly with respect to hypovolemia) by protecting blood volume
levels in the central circulatory system at the expense of the periphery. For example,
constriction in peripheral blood vessels may reduce the effect of fluid loss on the central
system, thereby masking blood loss for a period of time in conventional CVP measurements.
Such masking can lead to delayed recognition and treatment of patient conditions, resulting in
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[0003] To address the issues associated with CVP measurements, the use of peripheral
intravenous analysis (PIVA) has been developed, as described in U.S. Patent Application No.
14/853,504 (filed September 14, 2015 and published as U.S. Patent Publication No.
2016/0073959) and PCT Application No. PCT/US16/16420 (filed February 3, 2016, and
published as WO 2016/126856). Such PIVA techniques measure peripheral venous pressure
(PVP) using intravenous (IV) lines, such as IV tubing which may or may not be attached to a
saline drip, infusion pump, or dialysis pump. In addition to utilizing existing IV lines, the
PIVA techniques also include transformation of the PVP measurements into the frequency
domain to identify a respiratory rate frequency (Fy) equal to the respiratory rate of the patient
and a heart rate frequency (F;) equal to the heart rate of the patient. Although the PIVA
techniques previously disclosed provide an excellent indication of heart rate and blood volume
status in certain situations, the disclosure herein further improves upon the previously
disclosed PIVA techniques to address challenges related to other situations, improve accuracy,

provide earlier warnings of potential problems, and identify additional patient conditions.

SUMMARY

[0004] In light of the present disclosure, and without limiting the scope of the
disclosure in any way, in a first aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a blood volume evaluation system
for monitoring a patient using a measurement associated with a peripheral venous pressure
(PVP) within a peripheral vein of a circulatory system of the patient includes a PVP sensor
and an evaluation unit. The PVP sensor includes a transducer disposed adjacent to or
connected to an intravenous (IV) tube in fluid connection with the peripheral vein and
configured to generate an electronic signal associated with the PVP. The evaluation unit
includes a computer processor communicatively connected to the PVP sensor to receive the
electronic signal and a memory storing non-transitory computer-readable instructions that,
when executed by the computer processor, cause the evaluation unit to obtain a time-domain
PVP signal, including a plurality of values of the electronic signal over a sample period. The
evaluation unit then applies a transformation to the time-domain PVP signal to generate a
frequency-domain PVP signal. The evaluation unit then identifies a plurality of frequencies
associated with local maxima of the frequency-domain PVP signal, including a heart rate

frequency (F;) and a harmonic frequency (Fp) at a harmonic of the heart rate frequency. The
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evaluation unit then calculates a blood volume metric based at least in part upon the heart rate
frequency (F;) and the harmonic frequency (Fy).

[0005] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is an indication of
one of the following: hypovolemia, hypervolemia, or euvolemia.

[0006] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume evaluation system further
includes an IV tube and a fluid source. The IV tube is in fluid connection with the peripheral
vein by a venous access device. The venous access device includes a terminal end that is
inserted at an access point into the peripheral vein of the circulatory system of the patient and
a connecting end that connects to a primary portion of the IV tube. The fluid source is in
fluid connection with the primary portion of the IV tube to provide fluid to the circulatory
system of the patient via the venous access device.

[0007] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the evaluation unit further controls a rate of
flow of the fluid from the fluid source based upon the blood volume metric, or administers a
vasopressor or vasodilator drug to the patient from the fluid source.

[0008] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the fluid source includes or is in fluid
connection with a pump and the evaluation unit controls the rate of flow of the fluid from the
fluid source by adjusting operation of the pump.

[0009] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the venous access device is a catheter.

[0010] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transducer is disposed within a portion of
a venous access device inserted within the peripheral vein, the venous access device being a
part of or connected to the [V tube.

[0011] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume evaluation system further
includes an alarm unit configured to present alarms to a user, where the instructions further
cause the evaluation unit to communicate an alarm indicator to a presentation unit when the
blood volume metric indicates the blood volume of the patient is abnormal, the alarm

indicator causing the presentation unit to present an alarm.



WO 2018/112354 PCT/US2017/066689

[0012] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the alarm includes a recommendation of an
action to be taken in response to the determined blood volume metric.

[0013] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the frequencies are determined by
identification of the local maxima of the frequency-domain PVP signal.

[0014] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the electronic signal is an electronic pressure
signal indicative of pressure within the IV tube.

[0015] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transducer of the PVP sensor is a pressure
sensor and is disposed in fluid connection with the interior of the IV tube and the interior of
the IV tube is in fluid connection with the circulatory system of the patient via the peripheral
vein.

[0016] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, obtaining the time-domain PVP signal
includes receiving and storing the plurality of values of the electronic signal over the sample
period.

[0017] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, obtaining the time-domain PVP signal
includes receiving the electronic signal as an analog signal, sampling the plurality of values
of the electronic signal periodically during the sample period, and storing the plurality of
values of the electronic signal over the sample period.

[0018] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the sample period is a fixed duration that is
continuously updated on a rolling basis as new values of the electronic signal are obtained.

[0019] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[0020] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the harmonic frequency (Fy) is a first
harmonic frequency (F») identified as the frequency associated with a local maximum of the
frequency-domain PVP signal nearest to a frequency that is twice the heart rate frequency

(F1).
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[0021] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F») is within a
frequency band centered on the frequency that is twice the heart rate frequency (F;) with a
band width of twenty percent of the heart rate frequency (F).

[0022] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F») is identified
using a bandpass filter using the frequency band.

[0023] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the frequencies further include one or more
additional harmonic frequencies associated with additional harmonics of the heart rate
frequency (F1).

[0024] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the one or more additional harmonic
frequencies are identified as frequencies associated with the local maxima of the frequency-
domain PVP signal nearest to integer multiples of the heart rate frequency (F).

[0025] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is further determined
at least in part based upon at least one of the one or more additional harmonic frequencies.

[0026] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a harmonics ratio between the harmonic frequency (Fy) and the at least
one of the additional harmonic frequencies.

[0027] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a harmonic ratio between the heart rate frequency (F;) and the harmonic
frequency (Fp).

[0028] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a change in the harmonic frequency (Fy).

[0029] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon an increase or decrease in a magnitude of the frequency-domain PVP

signal associated with the harmonic frequency (Fy).
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[0030] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon the increase or decrease in the magnitude beyond a predetermined
threshold associated with a baseline magnitude for the harmonic frequency (Fp).

[0031] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the baseline magnitude is determined by the
evaluation unit based upon previously obtained pressure measurements from the PVP sensor
at a time period preceding the sample period.

[0032] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the sample period is a fixed duration that is
periodically updated by obtaining new values of the electronic signal.

[0033] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, a device for measuring and evaluating blood
volume of a patient includes a PVP sensor and an evaluation unit. The PVP sensor includes a
transducer configured to generate an electronic signal associated with a pressure within a
peripheral vein of a circulatory system of the patient. The evaluation unit includes a
computer processor communicatively connected to the PVP sensor to receive the electronic
signal and a memory storing non-transitory computer-readable instructions that, when
executed by the computer processor, cause the evaluation unit to obtain a time-domain PVP
signal, including a plurality of values of the electronic signal over a sample period. The
evaluation unit further applies a transformation to the time-domain PVP signal to generate a
frequency-domain PVP signal. The evaluation unit then identifies a plurality of frequencies
associated with local maxima of the frequency-domain PVP signal, including a heart rate
frequency (F;) and a harmonic frequency (Fy) at a harmonic of the heart rate frequency. The
evaluation unit then calculates a blood volume metric based at least in part upon the heart rate
frequency (F;) and the harmonic frequency (Fy).

[0034] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transducer of the PVP sensor is a pressure
sensor in fluid connection with the peripheral vein via an intravenous (IV) tube and the
electronic signal is an electronic pressure signal generated by the pressure sensor.

[0035] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transducer is disposed within a portion of
a venous access device inserted within the peripheral vein, the venous access device being a

part of or connected to the [V tube.
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[0036] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the device further includes a fluid source in
fluid connection with an IV tube to provide fluid to the circulatory system of the patient via
the IV tube, where the instructions further cause the evaluation unit to (i) control a rate of
flow of the fluid from the fluid source via the IV tube based upon the blood volume metric or
(ii) cause the fluid source to administer a vasopressor or vasodilator to the patient via the [V
tube based upon the blood volume metric.

[0037] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the device further includes a pump in fluid
connection with an I'V tube to provide fluid to the circulatory system of the patient via the IV
tube, where the instructions further cause the evaluation unit to adjust operation of the pump
based upon the blood volume metric.

[0038] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the device further includes an alarm unit
configured to present alarms to a user, and where the instructions further cause the evaluation
unit to communicate an alarm indicator to a presentation unit, the alarm indicator causing the
presentation unit to present an alarm.

[0039] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the alarm indicator includes a
recommendation of an action to be taken in response to the determined blood volume metric.

[0040] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is an indication of
one of the following: hypovolemia, hypervolemia, or euvolemia.

[0041] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, obtaining the time-domain PVP signal
includes receiving and storing the plurality of values of the electronic signal over the sample
period.

[0042] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, obtaining the time-domain PVP signal
includes: receiving the electronic signal as an analog signal, sampling the plurality of values
of the electronic signal periodically during the sample period, and storing the plurality of

values of the electronic signal over the sample period.
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[0043] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the sample period is a fixed duration that is
continuously updated on a rolling basis as new values of the electronic signal are obtained.

[0044] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the sample period is a fixed duration that is
periodically updated by obtaining new values of the electronic signal.

[0045] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[0046] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the harmonic frequency (Fu) is a first
harmonic frequency (F,) identified as the frequency associated with a local maximum of the
frequency-domain PVP signal nearest to a frequency that is twice the heart rate frequency
(Fo).

[0047] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F») is within a
frequency band centered on the frequency that is twice the heart rate frequency (F;) with a
band width of twenty percent of the heart rate frequency (F).

[0048] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F») is identified
using a bandpass filter using the frequency band.

[0049] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the plurality of frequencies further include one
or more additional harmonic frequencies associated with additional harmonics of the heart
rate frequency (F).

[0050] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the one or more additional harmonic
frequencies are identified based upon the local maxima of the frequency-domain PVP signal
as frequencies associated with the local maxima of the frequency-domain PVP signal nearest
to integer multiples of the heart rate frequency (F;).

[0051] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is further determined

at least in part based upon at least one of the additional harmonic frequencies.
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[0052] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a harmonics ratio between the harmonic frequency (Fy) and the at least
one of the additional harmonic frequencies.

[0053] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a change in the harmonic frequency (Fg).

[0054] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon an increase or decrease in a magnitude of the frequency-domain PVP
signal associated with the harmonic frequency (Fy).

[0055] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon the increase or decrease in the magnitude beyond a predetermined
threshold based upon a baseline magnitude for the harmonic frequency (Fp).

[0056] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the baseline magnitude is determined by the
evaluation unit based upon previously obtained pressure measurements from the PVP sensor
at a time period preceding the sample period.

[0057] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, a method of measuring and evaluating blood
volume of a patient using a measurement associated with a peripheral venous pressure (PVP)
within a peripheral vein of a circulatory system of the patient includes monitoring, by a
transducer of a PVP sensor, a physical phenomenon associated with the PVP within the
peripheral vein of the circulatory system of the patient. The method includes generating, by
the PVP sensor, an electronic signal associated with the PVP over a sample period, the values
of the electronic signal over the sample period forming a time-domain PVP signal. The
method includes applying, by a processor of an evaluation unit, a transformation to the time-
domain PVP signal to generate a frequency-domain PVP signal. The method includes
identifying, by the processor of the evaluation unit, a plurality of frequencies associated with
local maxima of the frequency-domain PVP signal, including a heart rate frequency (F;) and
a harmonic frequency (Fp) of the heart rate frequency. The method includes calculating, by
the processor of the evaluation unit, a blood volume metric based at least in part upon the

heart rate frequency (F;) and the harmonic frequency (Fy).
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[0058] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the method further includes establishing a
fluid connection between the transducer and the peripheral vein via an intravenous (IV) tube
and a venous access device, where a terminal portion of the venous access device is inserted
within the peripheral vein and a connecting portion of the venous access device connects to
the IV tube, and where the physical phenomenon is a pressure of a fluid within the [V tube.

[0059] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transducer is disposed within a portion of
a venous access device inserted within the peripheral vein and the physical phenomenon is
the PVP within the peripheral vein.

[0060] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is an indication of
one of the following: hypovolemia, hypervolemia, or euvolemia.

[0061] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the method further includes generating, by the
processor of the evaluation unit, an alarm indicator when the blood volume metric indicates
the blood volume of the patient is abnormal and causing, by the processor of the evaluation
unit, an alarm to be generated by an alarm unit in response to the alarm indicator.

[0062] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the alarm includes a recommendation of an
action to be taken in response to the determined blood volume metric.

[0063] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the method further includes controlling, by the
processor of the evaluation unit, a rate of flow of a fluid from a fluid source into the
circulatory system of the patient based upon the blood volume metric.

[0064] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the method further includes controlling, by the
processor of the evaluation unit, administration of a vasopressor or vasodilator drug in a fluid
from a fluid source into the circulatory system of the patient based upon the blood volume
metric.

[0065] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the method further includes controlling, by the
processor of the evaluation unit, a rate of flow of a fluid from a pump by adjusting operation

of the pump.
10



WO 2018/112354 PCT/US2017/066689

[0066] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, where the plurality of frequencies are
determined by identification of local maxima of the frequency-domain PVP signal.

[0067] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the time-domain PVP signal is formed by the
processor of the evaluation unit by receiving and storing a plurality of the values of the
electronic signal over the sample period.

[0068] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the method further includes communicating,
from the PVP sensor to the evaluation unit, the electronic signal, and sampling, by the
processor of the evaluation unit, the values of the electronic signal periodically to form the
time-domain PVP signal.

[0069] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the sample period is a fixed duration that is
continuously updated on a rolling basis as new values of the electronic signal are obtained.

[0070] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[0071] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the harmonic frequency (Fyy) is identified as
the frequency associated with a local maximum of the frequency-domain PVP signal nearest
to a frequency that is twice the heart rate frequency (F;).

[0072] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the harmonic frequency (Fy) is a first
harmonic frequency (F,) within a frequency band centered on the frequency that is twice the
heart rate frequency (F;) with a band width of twenty percent of the heart rate frequency (F)).

[0073] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F») is identified
using a bandpass filter using the frequency band.

[0074] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the plurality of frequencies further include one
or more additional harmonic frequencies associated with additional harmonics of the heart

rate frequency (F).
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[0075] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the one or more additional harmonic
frequencies are identified as the frequencies associated with local maxima of the frequency-
domain PVP signal nearest to integer multiples of the heart rate frequency (F).

[0076] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is further determined
at least in part based upon at least one of the additional harmonic frequencies.

[0077] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a harmonics ratio between the harmonic frequency (Fy) and the at least
one of the additional harmonic frequencies.

[0078] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a change in the at least one of the additional harmonic frequencies.

[0079] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon a change in the harmonic frequency.

[0080] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon an increase or decrease in a magnitude of the frequency-domain PVP
signal associated with the harmonic frequency (Fy).

[0081] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the blood volume metric is determined based
at least in part upon the increase or decrease in the magnitude beyond a predetermined
threshold based upon a baseline magnitude for the harmonic frequency (Fp).

[0082] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the baseline magnitude is determined by the
evaluation unit based upon previously obtained pressure measurements from the PVP sensor
at a time period preceding the sample period.

[0083] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the electronic signal is a pressure signal
indicating a measured pressure associated with the PVP within the peripheral vein.

[0084] In an aspect of the present disclosure, which may be combined with any other

aspect listed herein unless specified otherwise, calculating the blood volume metric based at
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least in part upon the heart rate frequency (F) and the harmonic frequency (Fy) includes the
equation c + P; x¢; + P, x ¢y, where ¢, ¢;, and ¢, are constants, where P; is the magnitude of
the heart rate frequency (F), and where P; is the magnitude of a first harmonic frequency
(F») of the harmonic frequency (Fp).

[0085] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, a device for measuring and evaluating
systemic vascular resistance of a patient includes a peripheral venous sensor and an
evaluation unit. The peripheral venous sensor includes a transducer configured to generate an
electronic signal associated with pressure within a peripheral vein of a circulatory system of
the patient. The evaluation unit includes a computer processor communicatively connected to
the peripheral venous sensor to receive the electronic signal and a memory storing non-
transitory computer-readable instructions that, when executed by the computer processor,
cause the evaluation unit to obtain a time-domain peripheral venous signal, including a
plurality of values of the electronic signal over a sample period. The evaluation unit then
applies a transformation to the time-domain peripheral venous signal to generate a frequency-
domain peripheral venous signal. The evaluation unit identifies one or more frequency peaks
associated with local maxima of the frequency-domain peripheral venous signal, including a
respiratory frequency (Fy), a heart rate frequency (F;), a first harmonic frequency (F») of the
heart rate frequency, a second harmonic frequency (F;) of the heart rate frequency, and
additional harmonic frequencies (F4, Fs, ... Fn) associated with frequency peaks higher than
the second harmonic frequency (F3). The evaluation unit determines a systemic vascular
resistance based at least in part upon a change of the one or more frequency peaks, a change
of one of the frequency peaks relative to another one of the frequency peaks, or a difference
between or ratio of any two of the frequency peaks.

[0086] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the device includes an intravenous (IV) tube,
where the peripheral venous sensor is in fluid connection with the peripheral vein via the IV
tube, a fluid source in fluid connection with the IV tube to provide fluid to the circulatory
system of the patient via the IV tube, and where the instructions further cause the evaluation
unit to control a rate of flow of the fluid from the fluid source based upon the systemic
vascular resistance.

[0087] In an aspect of the present disclosure, which may be combined with any other

aspect listed herein unless specified otherwise, the fluid source includes or is in fluid
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connection with a pump, and controlling the rate of flow of the fluid from the fluid source
includes adjusting the operation of the pump.

[0088] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the device further includes an alarm
presentation unit configured to present alarms to a user, and where the instructions further
cause the evaluation unit to communicate an alarm indicator to the alarm presentation unit,
the alarm indicator causing the alarm presentation unit to present an alarm.

[0089] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, obtaining the time-domain peripheral venous
signal includes receiving and storing the plurality of values of the electronic signal over the
sample period, and the transformation is applied periodically.

[0090] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, obtaining the time-domain peripheral venous
signal includes: receiving the electronic signal as an analog signal, sampling the plurality of
values of the electronic signal periodically during the sample period, and storing the plurality
of values of the electronic signal over the sample period, and the transformation is applied
periodically.

[0091] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the sample period is a fixed duration that is
continuously or episodically updated on a rolling basis as new values of the electronic signal
are obtained.

[0092] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[0093] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F») is identified
as the frequency peak nearest to a frequency that is twice the heart rate frequency (Fi).

[0094] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F,) is within a
frequency band centered on the frequency that is twice the heart rate frequency (F;) with a

band width of twenty percent of the heart rate frequency (F1).
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[0095] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the first harmonic frequency (F,) and the
second harmonic frequency (F3) is identified using a bandpass filter using the frequency band.

[0096] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the one or more additional harmonic
frequencies (Fi, Fs, ... Fy) are identified as the frequency peaks nearest to integer multiples of
the heart rate frequency (Fy).

[0097] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, where the change in the at least one of the first
harmonic frequency (F,) or the second harmonic frequency (Fs) is an increase or decrease in
magnitude beyond a predetermined threshold based upon a baseline magnitude for the first
harmonic frequency (F2) or the second harmonic frequency (Fs), respectively.

[0098] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the baseline magnitude is determined by the
evaluation unit based upon previously obtained measurements from the peripheral venous
sensor at a time period preceding the sample period.

[0099] In an aspect of the present disclosure, which may be combined with any other
aspect listed herein unless specified otherwise, the systemic vascular resistance is updated
based at least in part upon a change in frequency peak of at least one of the respiratory
frequency (Fo), the heart rate frequency (F;), the first harmonic frequency (F,), the second
harmonic frequency (F3), and additional harmonic frequencies (F4, Fs, ... Fx) associated with
frequency peaks higher than the second harmonic frequency (Fs) in response to the fluid
provided to the circulatory system of the patient via the IV tube.

[00100] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a systemic vascular resistance
evaluation system includes a peripheral venous sensor and an evaluation unit. The peripheral
venous sensor is in fluid connection with an intravenous (IV) tube and a fluid source. The
peripheral venous sensor includes a transducer configured to generate an electronic signal
associated with IV fluid pressure within the primary portion of the IV tube, where the
intravenous (IV) tube includes or is in fluid connection with a venous access device, the
venous access device including a terminal end that is inserted at an access point into a
peripheral vein of a circulatory system of a patient and a connecting end that connects to the

IV tube, and where the fluid source is in fluid connection with the [V tube to provide fluid to
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the circulatory system of the patient via the venous access device. The evaluation unit
includes a computer processor communicatively connected to the peripheral venous sensor to
receive the electronic signal and a memory storing non-transitory computer-readable
instructions that, when executed by the computer processor, cause the evaluation unit to
obtain a time-domain peripheral venous signal, including a plurality of values of the
electronic signal over a sample period. The evaluation unit applies a transformation to the
time-domain peripheral venous signal to generate a frequency-domain peripheral venous
signal. The evaluation unit identifies one or more frequency peaks associated with local
maxima of the frequency-domain peripheral venous signal, including a respiratory frequency
(Fo), a heart rate frequency (F;), a first harmonic frequency (F) of the heart rate frequency, a
second harmonic frequency (F;) of the heart rate frequency, and additional harmonic
frequencies (Fq4, Fs, ... Fy) associated with frequency peaks higher than the second harmonic
frequency (F3). The evaluation unit determines a systemic vascular resistance based at least
in part upon a change of the one or more frequency peaks, a change of one of the frequency
peaks relative to another one of the frequency peaks, or a difference between or ratio of any
two of the frequency peaks.

[00101] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the system includes an alarm
presentation unit configured to present alarms to a user, where the instructions further cause
the evaluation unit to communicate an alarm indicator to the alarm presentation unit when the
systemic vascular resistance is abnormal, the alarm indicator causing the alarm presentation
unit to present an alarm.

[00102] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the evaluation unit controls a rate of
flow of the fluid from the fluid source based upon the systemic vascular resistance.

[00103] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the fluid source includes or is in
fluid connection with a pump, and the control of the rate of flow of the fluid from the fluid
source includes adjusting the operation of the pump.

[00104] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the venous access device is a

catheter.
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[00105] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the frequency peaks are determined
by identification of local maxima of the frequency-domain peripheral venous signal.

[00106] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain
peripheral venous signal includes receiving and storing the plurality of values of the
electronic signal over the sample period, and the transformation is applied periodically.

[00107] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain
peripheral venous signal includes: receiving the electronic signal as an analog signal,
sampling the plurality of values of the electronic signal periodically during the sample period,
and storing the plurality of values of the electronic signal over the sample period, and the
transformation is applied periodically.

[00108] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the sample period is a fixed duration
that is continuously or episodically updated on a rolling basis as new values of the electronic
signal are obtained.

[00109] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[00110] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the first harmonic frequency (F») is
identified as the frequency peak nearest to a frequency that is twice the heart rate frequency
(Fo).

[00111] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the first harmonic frequency (F») is
within a frequency band centered on the frequency that is twice the heart rate frequency (F)
with a band width of twenty percent of the heart rate frequency (F;).

[00112] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the first harmonic frequency (F,)
and the second harmonic frequency (F3) is identified using a bandpass filter using the

frequency band.
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[00113] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the one or more additional harmonic
frequencies (Fa, Fs, ... Fy) are identified as the frequency peaks nearest to integer multiples of
the heart rate frequency (F;).

[00114] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the at least one of the
first harmonic frequency (F;) or the second harmonic frequency (F;) is an increase or
decrease in magnitude beyond a predetermined threshold based upon a baseline magnitude
for the first harmonic frequency (F») or the second harmonic frequency (Fs), respectively.

[00115] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline magnitude is
determined by the evaluation unit based upon previously obtained measurements from the
peripheral venous sensor at a time period preceding the sample period.

[00116] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the systemic vascular resistance is
updated based at least in part upon a change in frequency peak of at least one of the
respiratory frequency (Fy), the heart rate frequency (F)), the first harmonic frequency (F), the
second harmonic frequency (F3), and additional harmonic frequencies (F4, Fs, ... Fn)
associated with frequency peaks higher than the second harmonic frequency (F3) in response
to the fluid provided to the circulatory system of the patient via the IV tube.

[00117] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a method of measuring and
evaluating systemic vascular resistance of a patient includes generating, by a transducer of a
peripheral venous sensor, an electronic signal associated with pressure within a peripheral vein
of a circulatory system of the patient over a sample period, the values of the electronic signal
over the sample period forming a time-domain peripheral venous signal. The method includes
applying, by a processor of an evaluation unit, a transformation to the time-domain peripheral
venous signal to generate a frequency-domain peripheral venous signal. The method includes
identifying, by the processor of the evaluation unit, one or more frequency peaks associated
with local maxima of the frequency-domain peripheral venous signal, including a respiratory
frequency (Fp), a heart rate frequency (F;), a first harmonic frequency (Fz) of the heart rate
frequency, a second harmonic frequency (F;) of the heart rate frequency, and additional

harmonic frequencies (F4, Fs, ... Fy) associated with frequency peaks higher than the second
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harmonic frequency (Fs;). The method includes determining, by the processor of the
evaluation unit, a systemic vascular resistance based at least in part upon a change of the one
or more frequency peaks, a change of one of the frequency peaks relative to another one of
the frequency peaks, or a difference between or ratio of any two of the frequency peaks.

[00118] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the method further includes
generating, by the processor of the evaluation unit, an alarm indicator when the systemic
vascular resistance is abnormal, and causing, by the processor of the evaluation unit, an alarm
to be generated by an alarm presentation unit in response to the alarm indicator.

[00119] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the method further includes
controlling, by the processor of the evaluation unit, a rate of flow of a fluid from a fluid
source into the circulatory system of the patient based upon the systemic vascular resistance.

[00120] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, controlling the rate of flow of the
fluid from the fluid source includes adjusting the operation of a pump in fluid connection
with the fluid source.

[00121] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the frequency peaks are determined
by identification of local maxima of the frequency-domain peripheral venous signal.

[00122] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the time-domain peripheral venous
signal is formed by the processor of the evaluation unit by receiving and storing a plurality of
the values of the electronic signal over the sample period, and the transformation is applied
periodically.

[00123] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the method further includes
communicating, from the peripheral venous sensor to the evaluation unit, the electronic
signal, and sampling, by the processor of the evaluation unit, the values of the electronic
signal periodically to form the time-domain peripheral venous signal, where the
transformation is applied periodically.

[00124] In an aspect of the present disclosure, which may be combined with

any other aspect listed herein unless specified otherwise, the sample period is a fixed duration
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that is continuously or episodically updated on a rolling basis as new values of the electronic
signal are obtained.

[00125] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[00126] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the first harmonic frequency (F») is
identified as the frequency peak nearest to a frequency that is twice the heart rate frequency
(F).

[00127] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the first harmonic frequency (F») is
within a frequency band centered on the frequency that is twice the heart rate frequency (F)
with a band width of twenty percent of the heart rate frequency (F;).

[00128] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the first harmonic frequency (F»)
and the second harmonic frequency (F3) is identified using a bandpass filter using the
frequency band.

[00129] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the one or more additional harmonic
frequencies (F4, Fs, ... Fy) are identified as the frequency peaks nearest to integer multiples
of the heart rate frequency (F).

[00130] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the at least one of the
first harmonic frequency (F,) or the second harmonic frequency (Fsz) is an increase or
decrease in magnitude beyond a predetermined threshold based upon a baseline magnitude
for the first harmonic frequency (F») or the second harmonic frequency (F3), respectively.

[00131] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline magnitude is
determined by the evaluation unit based upon previously obtained measurements from the
peripheral venous sensor at a time period preceding the sample period.

[00132] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a method for distinguishing
respiratory peaks from cardiac peaks in peripheral intravenous waveform analysis (PIVA),

includes identifying a substantially-repeating first peak frequency associated with local
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maxima of the frequency-domain peripheral venous pressure signal. The method includes
identifying a substantially-repeating second peak frequency associated with local maxima of
the frequency-domain peripheral venous pressure signal distinct from said identified first
peak frequency. The method includes identifying at least a substantially-repeating first
harmonic associated with one of the first peak frequency or the second peak frequency. The
method includes confirming the identification of the first or second peak frequency by
verifying the presence or absence of the associated first harmonic.

[00133] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the confirming the identification of
the first or second peak frequency by verifying the presence or absence of the associated first
harmonic is performed upon indication of a change in x-axis location of either the first or
second peak frequencies and includes identification of an inversion in relative amplitude of
the first and second peak frequencies.

[00134] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, verifying the presence or absence of
the associated first harmonic includes scanning for the presence of the associated first
harmonic at a location along an x-axis of a PIVA signal pattern that is double the value of an
x-axis location of the one of the first peak frequency or the second peak frequency.

[00135] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the method further includes
identifying a substantially-repeating second harmonic associated with the same one of the
first peak frequency or the second peak frequency with which the identified first harmonic is
associated, and where the confirming the identification of the first or second peak frequency
further includes verifying the presence or absence of the associated second harmonic.

[00136] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, verifying the presence or absence of
the associated second harmonic includes scanning for the presence of the associated second
harmonic at a location along an x-axis of a PIVA signal pattern that is triple the value of an x-
axis location of the one of the first peak frequency or the second peak frequency.

[00137] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, one of the first peak frequency and
second peak frequency is a respiratory signal and the other of the first peak frequency and

second peak frequency is a cardiac signal.
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[00138] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the confirming the identification of
the first or second peak frequency by verifying the presence or absence of the associated first
harmonic is performed each time a fast Fourier transform is performed to generate a plot of
the frequency-domain peripheral venous pressure signal.

[00139] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a device for measuring and
evaluating respiratory and cardiac conditions of a patient includes a peripheral venous
pressure sensor and an evaluation unit. The peripheral venous pressure sensor includes a
transducer configured to generate an electronic pressure signal associated with a peripheral
vein of a circulatory system of the patient, the peripheral venous pressure sensor in fluid
connection with the peripheral vein by an intravenous (IV) tube. The evaluation unit includes
a computer processor communicatively connected to the peripheral venous pressure sensor to
receive the electronic pressure signal and a memory storing non-transitory computer-readable
instructions that, when executed by the computer processor, cause the evaluation unit to
obtain a time-domain peripheral venous pressure signal, including a plurality of values of the
electronic pressure signal over a sample period. The evaluation unit applies a transformation
to the time-domain peripheral venous pressure signal to generate a frequency-domain
peripheral venous pressure signal. The evaluation unit identifies a first plurality of peak
frequencies associated with local maxima of the frequency-domain peripheral venous
pressure signal, including a heart rate frequency (F;) and a first harmonic frequency (F») of
the heart rate frequency. The evaluation unit identifies a second plurality of peak frequencies
associated with local maxima of the frequency-domain peripheral venous pressure signal,
including a respiratory frequency (Fy). Upon indication of a change in amplitude of either of
the heart rate or respiratory frequencies, the evaluation unit confirms the identification of the
heart rate or respiratory frequency by verifying the presence or absence of an associated
harmonic frequency.

[00140] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the evaluation unit further identifies
a distance on an x-axis of the generated electronic pressure signal that is double the value of a
heart rate frequency signal peak location on the x-axis, and in confirming the identification of

the heart rate or respiratory frequency by verifying the presence or absence of an associated

22



WO 2018/112354 PCT/US2017/066689

harmonic frequency, scan for the presence of the associated first harmonic at the identified
distance that is double the value of a heart rate frequency signal peak location on the x-axis.

[00141] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the evaluation unit further identifies
a second harmonic frequency of the heart rate frequency, and in confirming the identification
of the heart rate or respiratory frequency by verifying the presence or absence of an
associated harmonic frequency, verifying the presence or absence of both the first and second
harmonic frequencies of the heart rate frequency.

[00142] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the evaluation unit further identifies
a distance on an x-axis of the generated electronic pressure signal that is triple the value of a
heart rate frequency signal peak location on the x-axis, and in confirming the identification of
the heart rate or respiratory frequency by verifying the presence or absence of an associated
harmonic frequency, scan for the presence of the associated second harmonic at the identified
distance that is triple the value of a heart rate frequency signal peak location on the x-axis.

[00143] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a respiratory evaluation system for
monitoring a patient using a measurement associated with a peripheral venous pressure (PVP)
within a peripheral vein of a circulatory system of the patient includes a pressure sensor and
an evaluation unit. The pressure sensor includes a transducer disposed adjacent to or
connected to an intravenous (IV) tube in fluid connection with the peripheral vein and
configured to generate an electronic signal associated with the PVP. The evaluation unit
includes a computer processor communicatively connected to the pressure sensor to receive
the electronic signal and a memory storing non-transitory computer-readable instructions that,
when executed by the computer processor, cause the evaluation unit to obtain a time-domain
PVP signal, including a plurality of values of the electronic signal over a sample period. The
evaluation unit applies a transformation to the time-domain PVP signal to generate a
frequency-domain PVP signal. The evaluation unit identifies a plurality of frequencies
associated with peaks of the frequency-domain PVP signal, the plurality of frequencies
including a frequency corresponding to a respiratory frequency. The evaluation unit
determines a respiratory metric based at least in part upon a frequency peak corresponding to

the respiratory frequency.
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[00144] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the frequency corresponding to the
respiratory frequency is a Fy frequency of the frequency-domain PVP signal.

[00145] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the system further includes the IV
tube, where the IV tube is in fluid connection with the peripheral vein by a venous access
device, the venous access device including a terminal end that is inserted at an access point
into the peripheral vein of the circulatory system of the patient and a connecting end that
connects to a primary portion of the IV tube, and a fluid source in fluid connection with the
primary portion of the IV tube to provide fluid to the circulatory system of the patient via the
venous access device.

[00146] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the venous access device is a
catheter.

[00147] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the evaluation unit further controls a
rate of flow of the fluid from the fluid source based upon the respiratory metric.

[00148] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the control of the rate of flow of the
fluid from the fluid source includes adjusting the operation of a pump, including a dialysis
pump, an intravenous pump, or a patient-controlled analgesia pump.

[00149] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the system further includes a
ventilator attached to the patient and in communicative connection with the evaluation unit,
where the instructions further cause the evaluation unit to control a rate of air flow through the
ventilator based upon the respiratory metric.

[00150] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transducer is disposed within a
portion of a venous access device inserted within the peripheral vein, the venous access
device being a part of or connected to the IV tube.

[00151] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the system further includes an alarm

unit configured to present alarms to a user, and where the instructions further cause the
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evaluation unit to communicate an alarm indicator to a presentation unit when the respiratory
metric is abnormal, the alarm indicator causing the presentation unit to present an alarm.

[00152] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the alarm includes a
recommendation of an action to be taken in response to the determined respiratory metric.

[00153] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the action to be taken is the
administration of a medicament via a nebulizer.

[00154] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the medicament is albuterol.

[00155] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transducer of the pressure sensor
is a pressure sensor and is disposed in fluid connection with the interior of the IV tube, and
the interior of the IV tube is in fluid connection with the circulatory system of the patient via
the peripheral vein.

[00156] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain PVP
signal includes receiving and storing the plurality of values of the electronic signal over the
sample period.

[00157] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain PVP
signal includes: receiving the electronic signal as an analog signal, sampling the plurality of
values of the electronic signal periodically during the sample period, and storing the plurality
of values of the electronic signal over the sample period.

[00158] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the sample period is a fixed duration
that is continuously updated on a rolling basis as new values of the electronic signal are
obtained.

[00159] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[00160] In an aspect of the present disclosure, which may be combined with

any other aspect listed herein unless specified otherwise, the respiratory metric is determined
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based at least in part upon a function of both the respiratory frequency and the magnitude for
frequency peak corresponding to the respiratory frequency.

[00161] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least in part upon a change in the frequency peak corresponding to the respiratory
frequency.

[00162] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in the magnitude for the frequency
peak corresponding to the respiratory frequency beyond a predetermined threshold associated
with a baseline magnitude for the frequency peak corresponding to the respiratory frequency.

[00163] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline magnitude for the
frequency peak corresponding to the respiratory frequency is determined by the evaluation
unit based upon previously obtained pressure measurements from the pressure sensor at a
time period preceding the sample period.

[00164] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is further
based at least in part upon a shape of the frequency peak corresponding to the respiratory
frequency.

[00165] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in a width of the frequency peak
corresponding to the respiratory frequency beyond a predetermined threshold associated with
a baseline width for the frequency peak corresponding to the respiratory frequency.

[00166] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline width for the frequency
peak corresponding to the respiratory frequency is determined by the evaluation unit based
upon previously obtained pressure measurements from the PVP sensor at a time period
preceding the sample period.

[00167] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak

corresponding to the respiratory frequency is a variance in a slope of the frequency peak
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corresponding to the respiratory frequency beyond a predetermined threshold based upon a
baseline slope for the frequency peak corresponding to the respiratory frequency.

[00168] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline slope for the frequency
peak corresponding to the respiratory frequency is determined by the evaluation unit based
upon previously obtained pressure measurements from the pressure sensor at a time period
preceding the sample period.

[00169] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in frequency of the frequency peak
corresponding to the respiratory frequency.

[00170] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory volume metric.

[00171] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory volume metric is an
indication of one of the following: risk of atelectasis, compliance with inspiratory spirometry,
or respiratory insufficiency.

[00172] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory effort metric.

[00173] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory effort metric is an
indication of one of the following: a presence of croup, a presence of asthma, or a presence of
chronic obstructive pulmonary disease.

[00174] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include a
frequency corresponding to a heart rate frequency.

[00175] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory work metric, and the respiratory work metric is determined based at least upon a
ratio between the magnitude for the frequency peak corresponding to the respiratory

frequency and a magnitude for the frequency peak corresponding to the heart rate frequency.
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[00176] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include
frequencies corresponding to a plurality of harmonic frequencies of the heart rate frequency.

[00177] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least upon a ratio between the magnitude for the frequency peak corresponding to
the respiratory frequency and magnitudes for frequency peaks corresponding to two or more
of the heart rate frequency and the plurality of harmonic frequencies.

[00178] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a device for measuring and
evaluating respiratory metrics of a patient includes a pressure sensor and an evaluation unit.
The pressure sensor includes a transducer configured to generate an electronic signal
associated with a peripheral vein of a circulatory system of the patient, the peripheral venous
pressure sensor in fluid connection with the peripheral vein by an intravenous (IV) tube. The
evaluation unit includes a computer processor communicatively connected to the pressure
sensor to receive the electronic signal and a memory storing non-transitory computer-
readable instructions that, when executed by the computer processor, cause the evaluation
unit to obtain a time-domain peripheral venous pressure (PVP) signal, including a plurality of
values of the electronic signal over a sample period. The evaluation unit applies a
transformation to the time-domain PVP signal to generate a frequency-domain PVP signal.
The evaluation unit identifies a plurality of frequencies associated with peaks of the
frequency-domain PVP signal, the plurality of frequencies including a frequency
corresponding to a respiratory frequency. The evaluation unit determines a respiratory metric
based at least in part upon a magnitude for the frequency peak corresponding to the
respiratory frequency.

[00179] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the frequency corresponding to the
respiratory frequency is a FO frequency of the frequency-domain PVP signal.

[00180] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the device further includes an alarm
unit configured to present alarms to a user, where the instructions further cause the evaluation
unit to communicate an alarm indicator to a presentation unit when the respiratory metric
indicates that the respiratory metric of the patient is abnormal, the alarm indicator causing the

presentation unit to present an alarm.
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[00181] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain PVP
signal includes receiving and storing the plurality of values of the electronic signal over the
sample period, and the transformation is applied each time a new value of the electronic
signal is received.

[00182] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain PVP
signal includes: receiving the electronic signal as an analog signal, sampling the plurality of
values of the electronic signal periodically during the sample period, and storing the plurality
of values of the electronic signal over the sample period, and the transformation is applied
each time a new value of the electronic signal is sampled.

[00183] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the sample period is a fixed duration
that is continuously updated on a rolling basis as new values of the electronic signal are
obtained.

[00184] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[00185] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least in part upon a function of both the respiratory frequency and the magnitude for
frequency peak corresponding to the respiratory frequency.

[00186] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least in part upon a change in the frequency peak corresponding to the respiratory
frequency.

[00187] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in the magnitude for the frequency
peak corresponding to the respiratory frequency beyond a predetermined threshold based
upon a baseline magnitude for the frequency peak corresponding to the respiratory frequency.

[00188] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline magnitude for the

frequency peak corresponding to the respiratory frequency is determined by the evaluation
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unit based upon previously obtained pressure measurements from the pressure sensor at a
time period preceding the sample period.

[00189] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is further
based at least in part upon a shape of the frequency peak corresponding to the respiratory
frequency.

[00190] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in a width of the frequency peak
corresponding to the respiratory frequency beyond a predetermined threshold based upon a
baseline width for the frequency peak corresponding to the respiratory frequency.

[00191] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline width for the frequency
peak corresponding to the respiratory frequency is determined by the evaluation unit based
upon previously obtained pressure measurements from the pressure sensor at a time period
preceding the sample period.

[00192] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in a slope of the frequency peak
corresponding to the respiratory frequency beyond a predetermined threshold based upon a
baseline slope for the frequency peak corresponding to the respiratory frequency.

[00193] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline slope for the frequency
peak corresponding to the respiratory frequency is determined by the evaluation unit based
upon previously obtained pressure measurements from the pressure sensor at a time period
preceding the sample period.

[00194] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in frequency of the frequency peak
corresponding to the respiratory frequency.

[00195] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a

respiratory volume metric.
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[00196] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory volume metric is an
indication of one of the following: risk of atelectasis, compliance with inspiratory spirometry,
or respiratory insufficiency.

[00197] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory effort metric.

[00198] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory effort metric is an
indication of one of the following: a presence of croup, a presence of asthma, or a presence of
chronic obstructive pulmonary disease.

[00199] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include a
frequency corresponding to a heart rate frequency.

[00200] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory work metric, and the respiratory work metric is determined based at least upon a
ratio between the magnitude for the frequency peak corresponding to the respiratory
frequency and a magnitude for the frequency peak corresponding to the heart rate frequency.

[00201] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include
frequencies corresponding to a plurality of harmonic frequencies of the heart rate frequency.

[00202] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least upon a ratio between the magnitude for the frequency peak corresponding to
the respiratory frequency and magnitudes for frequency peaks corresponding to two or more
of the heart rate frequency and the plurality of harmonic frequencies.

[00203] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a method of measuring and
evaluating respiratory metrics of a patient using a measurement associated with a peripheral
venous pressure (PVP) within a peripheral vein of a circulatory system of the patient includes
monitoring, by a transducer of a pressure sensor, a physical phenomenon associated with the
PVP within the peripheral vein of the circulatory system of the patient. The method includes

generating, by the pressure sensor, an electronic signal associated with the PVP over a sample
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period, the values of the electronic signal over the sample period forming a time-domain PVP
signal. The method includes applying, by a processor of an evaluation unit, a transformation
to the time-domain PVP signal to generate a frequency-domain PVP signal. The method
includes identifying, by the processor of the evaluation unit, a plurality of frequencies
associated with peaks of the frequency-domain PVP signal, the plurality of frequencies
including a frequency corresponding to a respiratory frequency. 'The method includes
determining, by the processor of the evaluation unit, a respiratory metric based at least in part
upon a magnitude for the frequency peak corresponding to the respiratory frequency.

[00204] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the frequency corresponding to the
respiratory frequency is a Fy frequency of the frequency-domain PVP signal.

[00205] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the method further includes
generating, by the processor of the evaluation unit, an alarm indicator when the respiratory
metric is abnormal, and causing, by the processor of the evaluation unit, an alarm to be
generated by an alarm unit in response to the alarm indicator.

[00206] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the alarm includes a
recommendation of a medicament to be dispersed from a nebulizer based upon the respiratory
metric.

[00207] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the medicament is administered via
inhaled therapy.

[00208] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the venous access device is a
catheter.

[00209] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the method further includes
controlling, by the processor of the evaluation unit, rate of flow of a fluid from a fluid source
into the circulatory system of the patient based upon the respiratory metric.

[00210] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the fluid source includes or is in
fluid connection with a pump, and controlling the rate of flow of the fluid from the fluid

source includes adjusting the operation of the pump.
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[00211] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the method further includes
controlling, by the processor of the evaluation unit, rate of air flow from a ventilator into the
respiratory system of the patient based upon the respiratory metric.

[00212] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the time-domain PVP signal is
formed by the processor of the evaluation unit by receiving and storing a plurality of the
values of the electronic signal over the sample period, and the transformation is applied each
time a new value of the electronic signal is received.

[00213] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, communicating, from the pressure
sensor to the evaluation unit, the electronic signal, and sampling, by the processor of the
evaluation unit, the values of the electronic signal periodically to form the time-domain PVP
signal, and the transformation is applied each time a new value of the electronic signal is
sampled.

[00214] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the sample period is a fixed duration
that is continuously updated on a rolling basis as new values of the electronic signal are
obtained.

[00215] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the sample period is a fixed duration
that is continuously updated on a rolling basis as new values of the electronic signal are
obtained.

[00216] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[00217] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least in part upon a function of both the respiratory frequency and the magnitude for
frequency peak corresponding to the respiratory frequency.

[00218] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least in part upon a change in the frequency peak corresponding to the respiratory

frequency.
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[00219] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in the magnitude for the frequency
peak corresponding to the respiratory frequency beyond a predetermined threshold based
upon a baseline magnitude for the frequency peak corresponding to the respiratory frequency.

[00220] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline magnitude for the
frequency peak corresponding to the respiratory frequency is determined by the evaluation
unit based upon previously obtained pressure measurements from the PVP sensor at a time
period preceding the sample period.

[00221] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is further
based at least in part upon a shape of the frequency peak corresponding to the respiratory
frequency.

[00222] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in a width of the frequency peak
corresponding to the respiratory frequency beyond a predetermined threshold based upon a
baseline width for the frequency peak corresponding to the respiratory frequency.

[00223] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, where the baseline width for the
frequency peak corresponding to the respiratory frequency is determined by the evaluation
unit based upon previously obtained pressure measurements from the pressure sensor at a
time period preceding the sample period.

[00224] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in a slope of the frequency peak
corresponding to the respiratory frequency beyond a predetermined threshold based upon a
baseline slope for the frequency peak corresponding to the respiratory frequency.

[00225] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline slope for the frequency
peak corresponding to the respiratory frequency is determined by the evaluation unit based
upon previously obtained pressure measurements from the pressure sensor at a time period

preceding the sample period.
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[00226] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
corresponding to the respiratory frequency is a variance in frequency of the frequency peak
corresponding to the respiratory frequency.

[00227] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory volume metric.

[00228] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory volume metric is an
indication of one of the following: risk of atelectasis, compliance with inspiratory spirometry,
or respiratory insufficiency.

[00229] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory effort metric.

[00230] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory effort metric is an
indication of one of the following: a presence of croup, a presence of asthma, or a presence of
chronic obstructive pulmonary disease.

[00231] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include a
frequency corresponding to a heart rate frequency.

[00232] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory work metric, and the respiratory work metric is determined based at least upon a
ratio between the magnitude for the frequency peak corresponding to the respiratory
frequency and a magnitude for the frequency peak corresponding to the heart rate frequency.

[00233] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include
frequencies corresponding to a plurality of harmonic frequencies of the heart rate frequency.

[00234] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least upon a ratio between the magnitude for the frequency peak corresponding to
the respiratory frequency and magnitudes for frequency peaks corresponding to two or more

of the heart rate frequency and the plurality of harmonic frequencies.
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[00235] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, a device for measuring and
evaluating respiratory volume of a patient includes a pressure sensor and an evaluation unit.
The pressure sensor includes a transducer configured to generate an electronic signal
associated with a channel of a circulatory system of the patient, the pressure sensor in fluid
connection with the channel. The evaluation unit includes a computer processor
communicatively connected to the pressure sensor to receive the electronic signal and a
memory storing non-transitory computer-readable instructions that, when executed by the
computer processor, cause the evaluation unit to receive an indication including a peak index
(1) identifying which frequency peak from a plurality of frequency peaks (Po, P, P2, ... Pn)
corresponds to a respiratory frequency. The evaluation unit obtains a time-domain pressure
signal, including a plurality of values of the electronic signal over a sample period. The
evaluation unit applies a transformation to the time-domain pressure signal to generate a
frequency-domain pressure signal. The evaluation unit identifies the plurality of frequencies
associated with peaks of the frequency-domain pressure signal. The evaluation unit
correlates the respiratory frequency to the frequency (F;) corresponding to the frequency peak
(P; ) of the peaks of the frequency-domain pressure signal. The evaluation unit determines a
respiratory metric based at least in part upon a magnitude for the frequency peak (P;)
corresponding to the respiratory frequency (F).

[00236] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the channel of the circulatory
system is a peripheral intravenous channel.

[00237] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the F; frequency peak is a Fy
frequency peak.

[00238] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the channel of the circulatory
system is a channel that detects frequencies associated with a gut of the patient.

[00239] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the F; frequency peak is a F;
frequency peak.

[00240] In an aspect of the present disclosure, which may be combined with

any other aspect listed herein unless specified otherwise, the device further includes an alarm
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unit configured to present alarms to a user, and where the instructions further cause the
evaluation unit to communicate an alarm indicator to a presentation unit, the alarm indicator
causing the presentation unit to present an alarm.

[00241] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the device further includes a
communication unit configured to receive, via a communication network, the indication of
the channel of the circulatory system and provide the indication to the evaluation unit.

[00242] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain pressure
signal includes receiving and storing the plurality of values of the electronic signal over the
sample period, and the transformation is applied each time a new value of the electronic
signal is received.

[00243] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, obtaining the time-domain pressure
signal includes: receiving the electronic signal as an analog signal, sampling the plurality of
values of the electronic signal periodically during the sample period, and storing the plurality
of values of the electronic signal over the sample period, and the transformation is applied
each time a new value of the electronic signal is sampled.

[00244] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the sample period is a fixed duration
that is continuously updated on a rolling basis as new values of the electronic signal are
obtained.

[00245] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the transformation is a fast Fourier
transformation.

[00246] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least in part upon a function of both the respiratory frequency (Fi) and the magnitude
for the frequency peak (Pi) corresponding to the respiratory frequency (Fi).

[00247] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least in part upon a change in the frequency peak (Pi) corresponding to the

respiratory frequency (Fi).
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[00248] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
(P;) corresponding to the respiratory frequency (F;) is a variance in the magnitude for the
frequency peak (P;) corresponding to the respiratory frequency (F;) beyond a predetermined
threshold based upon a baseline magnitude for the frequency peak (P;) corresponding to the
respiratory frequency (F).

[00249] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline magnitude for the
frequency peak (P;) corresponding to the respiratory frequency (F;) is determined by the
evaluation unit based upon previously obtained pressure measurements from the pressure
sensor at a time period preceding the sample period.

[00250] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is further
based at least in part upon a shape of the frequency peak (P;) corresponding to the respiratory
frequency (F;).

[00251] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the F; frequency peak
is a variance in a width of the frequency peak (P;) corresponding to the respiratory frequency
(F;) beyond a predetermined threshold based upon a baseline width for the frequency peak
(P;) corresponding to the respiratory frequency (F;).

[00252] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the baseline width for the frequency
peak (P;) corresponding to the respiratory frequency (F;) is determined by the evaluation unit
based upon previously obtained pressure measurements from the pressure sensor at a time
period preceding the sample period.

[00253] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
(P;) corresponding to the respiratory frequency (F;) is a variance in a slope of the frequency
peak (P;) corresponding to the respiratory frequency (F;) beyond a predetermined threshold
based upon a baseline slope for the frequency peak (P;) corresponding to the respiratory
frequency (F;).

[00254] In an aspect of the present disclosure, which may be combined with

any other aspect listed herein unless specified otherwise, the baseline slope for the frequency
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peak (P;) corresponding to the respiratory frequency (F;) is determined by the evaluation unit
based upon previously obtained pressure measurements from the pressure sensor at a time
period preceding the sample period.

[00255] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the change in the frequency peak
(P)) corresponding to the respiratory frequency (F;) is a variance in frequency of the
frequency peak (P;) corresponding to the respiratory frequency (F).

[00256] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory volume metric

[00257] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory volume metric is an
indication of one of the following: risk of atelectasis, compliance with inspiratory,
spirometry, or respiratory insufficiency.

[00258] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory effort metric.

[00259] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory effort metric is an
indication of one of the following: a presence of croup, a presence of asthma, or a presence of
chronic obstructive pulmonary disease.

[00260] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include a
frequency corresponding to a heart rate frequency.

[00261] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is a
respiratory work metric, and the respiratory work metric is determined based at least upon a
ratio between the magnitude for the frequency peak (P;) corresponding to the respiratory
frequency (F;) and a magnitude for the frequency peak corresponding to the heart rate
frequency.

[00262] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the plurality of frequencies include

frequencies corresponding to a plurality of harmonic frequencies of the heart rate frequency.
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[00263] In an aspect of the present disclosure, which may be combined with
any other aspect listed herein unless specified otherwise, the respiratory metric is determined
based at least upon a ratio between the magnitude for the frequency peak (P;) corresponding
to the respiratory frequency (F;) and magnitudes for frequency peaks corresponding to two or
more of the heart rate frequency and the plurality of harmonic frequencies.

[00264] It is accordingly an advantage of the present disclosure to provide
improved accuracy with respect to PIVA monitoring.

[00265] It is another advantage of the present disclosure to provide a PIVA
monitoring device, system, and method, which may more accurately monitor patient
parameters.

[00266] It is yet another advantage of the present disclosure to provide a PIVA
monitoring device, system, and method, which may provide earlier warnings of potential
problems with a patient.

[00267] It is still a further advantage of the present disclosure to provide a
PIVA monitoring device, system, and method, which may identify additional patient
conditions.

[00268] Additional features and advantages of the disclosed devices, systems,
and methods are described in, and will be apparent from, the following Detailed Description
and the Figures. The features and advantages described herein are not all-inclusive and, in
particular, many additional features and advantages will be apparent to one of ordinary skill
in the art in view of the figures and description. Also, any particular embodiment does not
have to have all of the advantages listed herein. Moreover, it should be noted that the
language used in the specification has been principally selected for readability and

instructional purposes, and not to limit the scope of the inventive subject matter.

BRIEF DESCRIPTION OF THE FIGURES

[00269] Understanding that the figures depict only typical embodiments and
are not to be considered to be limiting the scope of the present disclosure, the present
disclosure is described and explained with additional specificity and detail through the use of
the accompanying figures. The figures are listed below.

[00270] FIG. 1 illustrates a block diagram of an exemplary PIVA system for
use in measuring, analyzing, and responding to a patient’s peripheral venous blood pressure,

according to an example embodiment of the present disclosure.
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[00271] FIG. 2 illustrates a block diagram of an exemplary PIVA device for
implementing some functions of the exemplary PIVA system, according to an example
embodiment of the present disclosure.

[00272] FIG. 3 illustrates a flow diagram of an exemplary PIVA measurement
and analysis method for measuring and analyzing a patient’s peripheral venous blood
pressure, according to an example embodiment of the present disclosure.

[00273] FIG. 4A illustrates an exemplary plot of time-domain representation of
a peripheral venous pressure signal, according to an example embodiment of the present
disclosure.

[00274] FIG. 4B illustrates an exemplary plot of frequency-domain
representation of a peripheral venous pressure signal, according to an example embodiment
of the present disclosure.

[00275] FIG. 4C illustrates an exemplary plot of frequency-domain
representation of a peripheral venous pressure signal, according to an example embodiment
of the present disclosure.

[00276] FIG. 5 illustrates an exemplary PIVA comparison method for
identifying changes in a patient status based upon comparison of peripheral venous pressure
over time, according to an example embodiment of the present disclosure.

[00277] FIG. 6 illustrates a block diagram of an exemplary PIVA system for
use in measuring, analyzing, and responding to a patient’s peripheral venous blood pressure,

according to an example embodiment of the present disclosure.

DETAILED DESCRIPTION OF EXAMPLE EMBODIMENTS

[00278] FIG. 1 illustrates a block diagram of an exemplary PIVA system 100
for use in measuring, analyzing, and responding to peripheral venous blood pressure of a
patient 102. The exemplary PIVA system 100 or a similar system may be used to implement
the various techniques for monitoring patient status based upon measurements associated
with PVP for the patient 102. The PIVA system 100 may measure a pressure signal
associated with the patient’s peripheral vein, analyze the pressure using PIVA techniques to
identify key frequency components of the pressure signal, and analyze the key frequency
components of the pressure signal to determine patient status based upon one or more metrics,

as discussed below.
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[00279] The PIVA system 100 includes an IV tube 104 in fluid connection with
the circulatory system of the patient 102. Specifically, a venous access device 106 may be
inserted into a peripheral vein 108 of the patient 102 at an access point. The venous access
device 106 may include a needle, catheter, cannula, or other means of establishing a fluid
connection between the IV tube 104 and the peripheral vein 108. The venous access device
106 may be a separate component connected to the IV tube 104 or may be formed as an
integral portion of the IV tube 104. In either case, the venous access device 106 may include
a terminal end inserted into the peripheral vein 108 at the access point and a connecting end
that connects to a primary portion of the IV tube 104. The primary portion of the IV tube 104
may serve as a conduit between the venous access device 106 and a fluid source 110.

[00280] At some point along the primary portion of the IV tube 104, a pressure
sensor 112 may be disposed in fluid connection with the interior of the IV tube 104. The
pressure sensor 112 is thus also in fluid connection with the peripheral vein 108 of the patient
through the IV tube 104 and the venous access device 106. The pressure sensor 112 is
thereby enabled to measure pressure changes in the peripheral venous system of the patient
102 based upon changes in the fluid pressure within the IV tube 104. In other embodiments,
the pressure sensor 112 may not be disposed in fluid connection with the interior of the IV
tube 104. For example, the pressure sensor 112 may instead be attached to the exterior of the
IV tube 104 and thereby not directly in fluid communication with the fluid source 110. The
pressure sensor 112 may, in some such embodiments, measure pressure based upon acoustic
or optical phenomenon at the sensor location. In some embodiments, the pressure sensor 112
may be disposed at a terminating end (i.e., a capped off end) of an IV tube 104 inserted
specifically for the purpose of measuring pressure within the peripheral vein 108, in a manner
similar to the device illustrated below in FIG. 2. In still other embodiments, other sensors
may be used instead of the pressure sensor 112, such as force sensors, sound sensors, and
sensors that need not be in fluid contact with the peripheral vein 108 of the patient through
the IV tube 104 and the venous access device 106. In yet further embodiments, the sensor
112 may be disposed within a portion of a needle, catheter, or other venous access device 106
that is inserted within the peripheral vein 108 of the patient 106, such that PVP may be
measured in situ within the peripheral vein 108. Such in situ measurement is advantageous
inasmuch as it obviates the effect of temperature, viscosity, and other factors on transmission
of pressure within the IV tube 104.

[00281] In various embodiments, the pressure sensor 112 may be positioned at

various distances from the access point of the peripheral vein 108, from a location within the
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peripheral vein 108 or a location proximate to the connecting end of the venous access device
106 to a position proximate to the fluid source 110 or at a terminating end of the IV tube 104.
The pressure sensor 112 is shown in FIG. 1 as being at an intermediate location along the
length of the IV tube 104, in order to better illustrate the various components of the PIVA
system 100. In some embodiments, the pressure sensor 112 may directly measure fluid
pressure within the IV tube 104. Specifically, the pressure sensor 112 may include a
transducer that provides an electronic pressure signal indicative of the pressure detected by
the transducer to an analysis component 114 via a connection 122. The electronic pressure
signal may be an analog electrical signal directly provided by the transducer or may be a
preprocessed digital signal indicating pressure values based upon the transducer interface
with the primary portion of the IV tube 104. In embodiments in which the pressure sensor
112 is not in fluid connection with the IV tube 104 or the peripheral vein 108, the pressure
sensor 112 may nonetheless include one or more transducers to generate electronic signals
associated with the PVP. For example, the pressure sensor 112 may use one or more
microphones disposed to detect sound at an exterior surface of an IV tube 104 to generate
electronic pressure signals indicative of pressure within the IV tube 104 as a proxy for PVP
within the peripheral vein 108.

[00282] The analysis component 114 is communicatively connected to the
pressure sensor 112 to receive the electronic pressure signal via the connection 122. The
analysis component 114 may include general-purpose or special-purpose processing
hardware, such as microprocessors or special-purpose analysis circuits. As shown, the
analysis component 114 may include one or more units for performing the PIVA analysis. A
response unit 116 may identify and control responses based upon the pressure data from the
pressure sensor 112. The response unit 116 may control the presentation of alarms, such as
visual alarms (e.g., via monitor 120) and audible alarms (e.g., via a speaker in communication
with the PIVA system 100). Likewise, the response unit 116 may control the operation of the
fluid source 110, such as by controlling the rate of fluid flow. To determine appropriate
responses, the response unit 116 may receive evaluation data from an evaluation unit 118,
which may include metrics determined from the electronic pressure signal. The evaluation
unit 118 may obtain pressure values (or signal values directly or indirectly associated with
PVP) from the electronic pressure signal and evaluate the pressure values to determine
information regarding the patient 102, such as blood volume metrics or other metrics as
described in further detail below. The information generated by the evaluation unit 118 may

also be stored or presented for patient monitoring (e.g., via monitor 120). In alternative

43



WO 2018/112354 PCT/US2017/066689

embodiments, additional, fewer, or alternative units may be included. For example, the
evaluation unit 118 may perform the functions ascribed to the response unit 116 herein.

[00283] The analysis component 114 may be communicatively connected to a
monitor 120 via a connection 126 in some embodiments. The monitor 120 may be a separate
monitor for displaying information regarding the patient or may be incorporated into another
device, such as a pump or other fluid source device. The monitor 120 may also be
communicatively connected to the fluid source 110 via a connection 128 to receive and
display information associated with the fluid source 110. In some embodiments, the monitor
120 may be used to control the operation of the fluid source 110, such as by adjusting fluid
flow rate, duration of operation, mode of operation, etc. The analysis component 114 may
similarly be communicatively connected to the fluid source 110 via connection 124 in some
embodiments. The analysis component 114 may receive information regarding operation of
the fluid source 110 for use in evaluating the patient by the evaluation unit 118. The response
unit 116 may also communicate with the fluid source 110 to control operation of the fluid
source 110 in response to information regarding the patient determined based upon the
electronic pressure signal from the pressure sensor 112.

[00284] The various connections 122, 124, 126, and 128 may each be wired or
wireless connections in various embodiments. Moreover, some or all of the connections 122,
124, 126, and 128 may be internal to devices, such as a PIVA device 130 or a PIVA-
integrated fluid source 140.

[00285] The PIVA device 130 may incorporate the pressure sensor 112 and
analysis component 114 (along with associated connections) into a device that may be
attached to or within the IV tube 104 to perform PIVA monitoring of the patient 102. The
PIVA-integrated fluid source 140 may include a computer-controlled fluid reservoir or pump
configured to utilize PIVA monitoring of the patient 102 in controlling fluid flow. Like the
PIVA device 130, the PIVA-integrated fluid source 140 may include the pressure sensor 112
and analysis component 114, along with the fluid source 110 and the monitor 120 (along with
associated connections).  Alternative embodiments may include additional, fewer, or
alternative components in alternative configurations.

[00286] FIG. 2 illustrates a block diagram of an exemplary PIVA device 130
for implementing some functions of the exemplary PIVA system 100. As illustrated, the
exemplary PIVA device 130 may be configured to attach to a spur 104 A of the IV tube 104,
such as at one branch of a Y-connector or a T-connector. As above, the PIVA device 130

may include a pressure sensor 112 disposed such that a sensing portion is in contact with
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fluid in the IV tube 104 (illustrated as the IV tube spur 104A). The pressure sensor 112 may
be electrically communicatively connected to a microprocessor 132 via a system bus 138.
The microprocessor 132 (MP) may be further communicatively connected to a program
memory 134 and a communication unit 136 (COMM UNIT) via the system bus 138. The
program memory 134 may be a non-transitory, non-volatile memory (e.g., a flash memory)
storing executable instructions that may be executed by the microprocessor 132 to evaluate
the electronic pressure signal from the pressure sensor 112, determine patient information
(e.g., blood volume metrics and/or respiratory metrics), determine appropriate responses (o
the determined patient information, and control the communication unit 136 to electronically
communicate with the fluid source 110 or monitor 120 via connections 124 or 126. The
program memory 134 may store a plurality of routines, scripts, or modules corresponding to
units or sub-units of the analysis component 114. The communication unit 136 may be a
hardware component configured to send and receive electronic data between the PIVA device
130 and the fluid source 110 or monitor 120 via connections 124 or 126. The connections
124 and 126 are illustrated as being wired connections in the exemplary PIVA device 130,
which may also be used to obtain power for the PIVA device 130. Alternatively, another
power connection or battery (not shown) may provide power to the PIVA device 130.

[00287] Although the PIVA device 130 is illustrated as being connected to a
spur 140A of the IV tube 104, some embodiments may include an IV tube 104 terminating at
the spur 104 A, without another branch or portion of the IV tube 104 that connects to a fluid
source 110. In such embodiments, the entire IV tube 104 may consist of the spur 104A as a
non-branching tube, which may directly connect to or incorporate the venous access device
106. Thus, the PIVA device 130 may cap a terminating portion of such an IV tube 104/104A,
such that no fluid source 110 is connected to the peripheral vein 108 through the same IV
tube 104/104A and venous access device 106. In this embodiment, a fluid source could be
otherwise connected to provide fluids to the patient 102 via another IV tube and another
venous access device.

[00288] FIG. 3 illustrates a flow diagram of an exemplary PIVA measurement
and analysis method 300 for measuring and analyzing a status of a patient 102 based on PVP
using the PIVA system 100. The method 300 may be used to determine various patient status
metrics, such as metrics related to patient blood pressure, blood volume, respiration,
respiratory volume, respiratory effort, or systemic vascular resistance. The method 300 may

be performed by the evaluation unit 118 using an electronic pressure signal from the pressure
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sensor 112, the generation of which electronic pressure signal by the pressure sensor 112 may
be included in the method 300 in some embodiments.

[00289] The method 300 begins with measuring a PVP data signal for the
patient 102 (block 302). The PVP data signal may be measured by using a transducer of the
pressure sensor 112 to generate an electronic pressure signal associated with the pressure
within the IV tube 104. Because the IV tube 104 is in fluid connection with the peripheral
vein 108 of the patient 102 via the venous access device 106, the pressure in the IV tube 104
measured by the pressure sensor 112 is associated with the pressure in the peripheral vein
108. In some embodiments of the PIVA system 100, the pressure within the IV tube 104 may
be different from the PVP within the peripheral vein 108, but the pressure measured within
the IV tube 104 may nonetheless be proportional to, or otherwise related to, the PVP in the
peripheral vein 108. Thus, the measured PVP data signal may be adjusted to compensate for
differences between the pressures, if desired. For example, adjustments may be made based
upon temperature, viscosity of the patient’s blood or a fluid provided by the fluid source 110,
or a gauge or rigidity of the IV tube 104, or other system variation that may impact the PIVA
signal. Whether adjusted or unadjusted, the PVP data signal measured by the pressure sensor
112 accurately represents changes in pressure over time, including both periodic pressure
changes associated with respiratory and circulatory cycles and aperiodic pressure changes
that may be indicative of changes in patient condition. Similarly, a PVP data signal generated
by the pressure sensor 112 by components not in fluid contact with the interior of the IV tube
104, likewise, provides a representation of the pressure within the peripheral vein 108 of the
patient 102. The PVP data signal may be the electronic pressure signal generated by the
pressure sensor 112 or may be a data signal derived therefrom. In alternative embodiments,
the PVP data signal may be evaluated in real-time as it is generated, or it may be stored for
later analysis.

[00290] FIG. 4A illustrates an exemplary chart of a time-domain representation
of the PVP data signal, which may be the electronic pressure signal from the pressure sensor
112. The chart illustrates a time-domain PVP signal 402, which shows periodic increases and
decreases in pressure associated with the patient heartbeat. Additionally, the time-domain
PVP signal 402 exhibits slower cyclical variation as a result of, for example, patient
respiration. The chart also illustrates a respiration curve 404 that shows the effect of
inspiration and expiration on the time-domain PVP signal 402. For example, because of the
expansion of the lungs during inspiration, the baseline measured venous blood pressure is

higher during inspiration than during expiration, when the volume of the lungs is reduced due
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to the expansion of the diaphragm pressing against the flexible vena cava (and other large
veins) in the abdominal cavity and/or by increasing the peripheral venous flows toward the
heart. On the other hand, expiration relieves the pressure caused by the diaphragm
proximation against the vena cava. Many other factors influence PVP, such as blood volume
and patient movement.

[00291] The time-domain PVP signal 402 is thus a combination of a plurality
of influences, both periodic (e.g., heart rate or respiration) and aperiodic (e.g., movement or
blood loss). Because the resulting time-domain PVP signal 402 will include noise from
various sources, it may be difficult to detect small changes in pressure that may serve as
indications of patient status. Therefore, PIVA techniques utilize a frequency-domain
evaluation of the PVP data signal, as described below. It should be recognized that, although
the time-domain representation of the PVP data signal is illustrated graphically as a chart in
FIG. 4A to illustrate the salient features of the data, it is not necessary to produce a chart or
other graphical representation of such data signal. Instead, in certain embodiments, the PVP
data signal is processed by the evaluation unit 118 without generating a graphical
representation of the time-domain PVP data signal.

[00292] Returning to FIG. 3, a plurality of data values may then be obtained
from the measured PVP data signal (block 304). The evaluation unit 118 may sample values
of the live or stored PVP data signal to obtain the plurality of data values. In some
embodiments, the data values may be sampled at fixed intervals over a period of time to
obtain a plurality of data values within an evaluation window, which may include storing the
plurality of data values associated with the window in temporary or permanent electronic data
storage. In further embodiments, data for multiple evaluation windows may be obtained,
such that each evaluation window includes a plurality of data values. For example,
concurrent time periods may be identified as separate evaluation windows, or evaluation
windows may be identified as time periods separated by an intervening period (e.g., twenty-
second evaluation windows beginning every minute, thus separated by forty-second
intervening periods). When the evaluation unit 118 samples values of a live (continuously
updating) PVP data signal, in some embodiments, the evaluation window may be updated on
a rolling basis to obtain new data values while covering time periods of fixed duration. For
example, the evaluation window may be repeatedly updated by adding new sample data
values and removing the oldest sample data values to maintain a window of a fixed duration
(e.g., five seconds, ten seconds, twenty seconds, etc.) of the most recent PVP data from the

pressure sensor 112. Where the evaluation unit 118 periodically obtains updates of new
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sample data values, the window may be updated (and the transformation and evaluation
described below may be performed for the updated window) every time a new data value is
received. In an alternative embodiment, the plurality of data values may correspond to the
continuous values of an analog PVP data signal, which may be obtained and analyzed by
analog electronic equipment (which may be part of the evaluation unit 118).

[00293] From the plurality of data values, the evaluation unit 118 generates
frequency-domain data corresponding to the plurality of data values (block 306). This may
include applying a data transformation to the plurality of data values representing a time-
domain PVP signal to produce a frequency-domain representation of the PVP signal. In a
preferred embodiment, the evaluation unit 118 applies a fast Fourier transform (FFT) to the
sampled plurality of data values. The FFT may be applied periodically (e.g., every ten
seconds, every minute, or every two seconds, with or without overlapping evaluation
windows). Other analysis techniques that can separate frequencies and identify local maxima
according to frequency are contemplated, such as wavelet transform.

[00294] The frequency-domain data may include a plurality of values
representing the magnitude of various frequency components in the measured PVP data
signal based upon the plurality of data values. Such values may be discrete or may be part of
a curve of magnitudes corresponding to frequencies, which curve may be generated by
interpolation or approximation between a finite number of values associated with a finite
number of frequencies. Although FFT algorithms may be used to great effect, other time-
frequency transforms or other techniques of analyzing frequency components of signals may
be utilized to evaluate the plurality of data values. For example, in addition to other Fourier
transforms, the evaluation may include wavelet transforms or time-frequency representations
of the measured PVP data signal.

[00295] FIG. 4B illustrates an exemplary chart of a frequency-domain
representation of the PVP data signal, corresponding to the time-domain PVP signal 402
represented in the time domain in FIG. 4A. The chart illustrates the magnitude of each
frequency component by a frequency curve 406. Because the chart in FIG. 4B is a
frequency-domain representation, the horizontal axis represents frequency, and the vertical
axis represents magnitude. Although the chart is exemplary, certain typical features may be
discerned therein. Of particular interest are the several peaks (Py) of the frequency curve 406
associated with frequencies (Fxn). Between the peaks, minor variations in magnitude are seen,

which may represent minor components of the time-domain PVP signal 402 associated with
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noise in the system or artifacts of the circulatory system (e.g., movements of the patient
during measurement, openings and closings of the atrioventricular and aortic valves, etc.). In
certain embodiments, the frequency domain representation generated by PIVA system 100 is
displayed (e.g., via monitor 120).

[00296] Although the frequency-domain representation of the PVP data signal
is illustrated in FIG. 4B as a chart to illustrate the salient features, it should be understood that
it is not necessary to produce a chart or other graphical representation of the frequency-
domain data. Indeed, in certain embodiments, no such graphical representation is generated.
Instead, the frequency-domain data is processed by the evaluation unit 118 as an intermediate
process, the results of which are not directly presented to a user of the system or device.

[00297] Under ordinary conditions, the peak (Po) with the lowest frequency (Fo)
corresponds to the respiration rate of the patient 102, and the peak (P;) with the next-lowest
frequency (F;) corresponds to the heart rate of the patient 102. One or more harmonic peaks
(Pn) associated with harmonic frequencies (Fy) of the heart rate frequency (F;) may be
identified in some embodiments. Such harmonic peaks (Py) are associated with local maxima
of the frequency curve 406. For example, the next two peaks (P») and (P3) of the frequency
curve 406 are harmonic peaks (Pu) occurring at frequencies associated with the first and
second harmonics of the heart rate at the first harmonic frequency (F,) and the second
harmonic frequency (Fz) respectively. The identified harmonics occur at fixed multiples of
the heart rate frequency (Fi). Typically, these multiples are integer multiples. Specifically,
experimental data indicate that first harmonic frequency (F,) is approximately twice the heart
rate frequency (F;), and the second harmonic frequency (Fs) is approximately thrice the heart
rate frequency (F)), as illustrated by FIG. 4B.

[00298] Identification of the peaks (e.g., P;, Ps, P3) of the corresponding
frequencies (e.g., Fi, Fo, F3), such as via the evaluation unit 118, provides for subsequent
calculations of patient status (e.g., hemodynamic status). For example, the peaks (e.g., P, P2,
P3) of the corresponding frequencies (e.g., Fy, F», F3) may be used to calculate a PIVA Score,
as further detailed herein.

[00299] Although not shown, additional peaks associated with third and higher
harmonics of the heart rate may be identified in some embodiments. The further harmonic
frequencies (Fai, Fs, ... Fy) typically occur at corresponding sequential integer multiples of the
heart rate frequency (F;). Although some variation exists in the observed frequencies of the

peaks associated with the harmonic frequencies, the harmonic frequency peaks have been
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found to occur at frequencies within a range of ten percent (i.e., #15%) of the value of the
heart rate frequency above or below the integer multiples of the heart rate frequency (F)).
The relationships between the magnitudes of the peaks (Pn) may vary, but typically the
magnitude of the peak (P;) associated with the heart rate frequency (F;) should be greater
than the magnitudes of the peaks (P,), (P3), etc., associated with the harmonic frequencies
(Fy), (F3), etc., thereof.

[00300] Furthermore, it should be noted that while FIG. 4B illustrates the
frequency curve 406 as a number of parabolic peaks (e.g., Py, Pi, P», P3), other graphical
representations of the frequency-domain representation should be expected. For example, to
the extent that the system is consistent (e.g., consistent patient respiration and heart rate), and
the sampling rate is high enough (e.g., the sampling rate of data values measured in the time
domain), the peaks (e.g., Po, P1, P2, P3) may be depicted graphically as vertical lines (e.g.,
parabolic peaks with unperceivable width or parabolic peaks with no width).

[00301] Although the present disclosure generally refers to the respiration rate
as corresponding to the lowest-frequency peak (Po), the heart rate as corresponding to the
next-lowest frequency peak (P;), and so on, it should be appreciated that any such reference is
done for ease of explanation. To this end, in some embodiments, the time-domain PVP
signal may detect one or more frequencies lower than the respiration rate. For instance, gut
frequencies tend to be associated with lower frequencies than a typical respiratory frequency.
In these embodiments, the peak (Py) with the lowest frequency (Fy) corresponds to a gut
frequency, and the peak (P;) with the second-lowest frequency (F;) corresponds to the
respiratory frequency. Similarly, the heart rate frequency and each of the corresponding
harmonic frequencies would correspond to the next-lowest peak (P») and the following peaks
(Ps, Py, ... Py, respectively. It should be appreciated that in some further embodiments, the
time-domain PVP signal may detect multiple frequencies lower than the respiratory
frequency. Accordingly, the peak index corresponding to the respiration rate, the heart rate,
and the heart rate harmonics may increase by the number of frequencies detected lower than
the respiration rate. As such, unless specifically described otherwise, any reference to the
respiratory rate corresponding to the lowest frequency peak (Py) and the heart rate frequency
corresponding to the next-lowest frequency peak (P;) is not limiting and also envisions
offsetting the correspond peak indexes by the number of lower-than-respiration rate

frequencies detected by the time-domain PVP signal.
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[00302] Turning again to FIG. 3, the evaluation unit 118 further identifies a
plurality of peaks (Pn) corresponding to frequencies (Fyn) of the frequency-domain
representation of the PVP signal (block 308), such as the frequency curve 406. The
evaluation unit 118 may first identify values indicating peaks (Pn) in the frequency-domain
representation of the PVP signal by comparison of the frequency-domain PVP signal values,
then identify the corresponding frequencies (Fy) associated with the identified peak values
(Pn). To determine the peak values (Py), the evaluation unit 118 may utilize any of various
methods to identify local maxima as peaks, including methods based upon any or all of a
comparison of the relative magnitudes of local maxima, establishment of fixed or dynamic
frequency bands around each peak, or comparison of full width at half maximum for local
maxima. For example, a band-pass filter may be employed to separate segments of the
frequency-domain representation of the PVP signal to further identify local maxima. This
may be particularly useful in identifying harmonic peaks (Pn) and corresponding harmonic
frequencies (Fy) because such harmonics occur at integer multiples of the heart rate
frequency (F)).

[00303] As an example, a band-pass filter centered around a frequency twice
the heart rate frequency (F;) and having a band width of twenty percent of the heart rate
frequency (F;) may be used to define a range of the frequency-domain representation of the
PVP signal that contains the first harmonic peak (P>). The first harmonic frequency (F>) may
then be identified by simply determining the frequency associated with the local maximum
value of the frequency-domain representation of the PVP signal within such range. By
employing these or other techniques, the peaks (Py) of the frequency-domain representation
of the PVP signal may be distinguished from other local maxima arising from noise or other
minor phenomena in the circulatory system.

[00304] Once the plurality of peaks (Py) associated with the frequencies (Fy)
have been identified, the evaluation unit 118 may analyze the magnitudes of the frequency-
domain representation of the PVP signal at one or more of the frequencies (Fn) to determine
one or more aspects of patient status (block 310). Such analysis may include determining one
or more patient status metrics, such as a blood volume metric, respiratory volume metric,
respiratory effort metric, systemic vascular resistance metric, other metric relating to the
systemic vascular resistance (e.g., mean arterial pressure, mean venous pressure, cardiac
output), or the like for the patient 102. For example, the patient status metrics may include a

blood volume metric indicating one of the following hemodynamic states of the patient 102:
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hypovolemia, hypervolemia, or euvolemia. In certain embodiments, hemodynamic states of
the patient 102 may be determined as a score or as a category of patient status.

[00305] Some patient status metrics may be determined directly from the one or
more frequencies (Fn) or magnitudes of the frequency-domain representation of the PVP
signal associated therewith. For example, respiratory rate may be determined based upon the
respiratory frequency (Fy). Likewise, for example, respiratory depth may be determined
based upon the magnitude associated with the respiratory frequency (Fo) (i.e., the magnitude
of the respiratory peak (Pp)), or a blood volume metric may be determined based upon the
magnitude associated with the heart rate frequency (F) (i.e., the magnitude of the heart rate
peak (P1)). As another example, a blood volume metric indicative of patient hemodynamic
state (e.g., hypovolemia or hypervolemia) may be directly measured or calculated.

[00306] For example, as previously mentioned, subsequent to performing
transformation, the evaluation unit 118 may identify the peaks (e.g., P;, P») of the
corresponding frequencies (e.g., F;, F»). These individual peaks (e.g., e.g., P;, P»)
corresponding to the various frequencies, such as the heart rate frequency F; and the first
harmonic of the heart rate frequency F,, may then be used in a non-linear equation to
calculate a PIVA Score. PIVA Score, representative of a patient’s fluid status, is also a
corollary for pulmonary capillary wedge pressure. Because pulmonary capillary wedge
pressure is an indicator of fluid status (e.g., hypervolemia or hypovolemia), the PIVA Score,
likewise, is representative of a patient’s fluid status.

[00307] In an embodiment, the non-linear equation to calculate PIVA Score is
represented by the following:

PIVAScore= ¢ + Pjxc¢; + P,xcy
Each of ¢, ¢, and ¢, are constants for the non-linear equation. For example, ¢ may be 3.0,
whereas c¢; and ¢ may be inserted into the equation by the evaluation unit 118. Each of P;
and P, are the individual magnitudes of the respective frequencies. For example, and with
reference to FIG. 4B, P; is the magnitude of the heart rate frequency (F;) and P, is the
magnitude of a first harmonic frequency (F,).

[00308] Evaluation unit 118 calculates the PIVA score, which is unitless. In a
related embodiment, PIVA system 100 displays the PIVA score (e.g., via monitor 120). By
calculating PIV A score, a patient’s fluid status may be readily determined (e.g., hypovolemia,

hypervolemia, or euvolemia). Preferably, the calculated PIVA score has an agreement with
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pulmonary capillary wedge pressure of 8 mmHg with limits of agreement of 95%
confidence interval.

[00309] In an embodiment, additional peak magnitudes corresponding to
various frequencies (e.g., P3 corresponding to F3) may also be used in calculating the PIVA
score (e.g., implementing a c3) for greater accuracy in calculation.

[00310] FIG. 5 illustrates an exemplary PIVA comparison method 500 for
identifying changes in a patient status based upon comparison of frequency-domain
representations of PVP signals associated with different times. The PIVA comparison
method 500 may be implemented by the evaluation unit 118 and the response unit 116 to
determine and respond to changes in patient status between time periods. For example, the
evaluation unit 118 may determine and compare frequency-domain representations of PVP
based upon electronic pressure signals received during multiple time periods to determine
changes in patient metrics, such as blood pressure, blood volume, respiratory volume,
respiratory effort, or systemic vascular resistance. Specifically, the evaluation unit 118 may
compare relative or absolute magnitudes associated with frequencies (Fy) of peaks (Pn) in the
frequency distributions determined for each time period to identify changes in patient status
that may be used by the response unit 118 to determine and implement response actions.

[00311] The exemplary method 500 begins by obtaining a first frequency
distribution associated with a first time period (block 502) and a second frequency
distribution associated with a second time period (block 504). Each of the first and second
frequency distributions may be generated as the frequency-domain data corresponding to the
plurality of data values from the PVP data signal by the method 300, as described above. The
first and second time periods may correspond to first and second evaluation windows, as
discussed above, each evaluation window being associated with a plurality of data values
sampled or received by the evaluation unit 118. The data values for each of the first and
second evaluation windows may be stored in a volatile or non-volatile memory until needed
by the evaluation unit 118 to generate the frequency distributions, as discussed above.
Alternatively, the frequency distributions or information associated therewith (e.g., frequency
peaks and associated magnitudes) may be stored directly for comparison. In some
embodiments, the first and second frequency distributions may be frequency-domain
representation of the PVP signals from the sensor 112 for time periods of fixed duration
beginning at times separated by a predetermined interval. For example, the method 500 may
be implemented on a rolling basis (i.e., periodically or when new PVP data becomes

available) during real-time monitoring of the patient 102 by comparing the magnitudes of
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frequency peaks (Fy) of frequency distributions generated for first and second evaluation
windows during patient monitoring. The first and second periods may be partially
overlapping, adjacent in time, or separated by an intervening period.

[00312] The evaluation unit 118 may next identify one or more peaks of
interest for determining the patient status (block 506). In a related embodiment, the
evaluation unit 118 receives an indication of one or more peaks of interest (e.g., a user
request for a peak of interest). In one embodiment, the evaluation unit 118 may receive the
indication from an input device (e.g., a keyboard or a touchscreen), a portable electronic
device (e.g., a mobile phone or a tablet), the PIVA device 130, or a non-PIVA circulatory
pressure monitoring device.

[00313] The peaks of interest may be identified in either one or both of the first
and second frequency distributions. In some instances, the one or more peaks of interest may
be determined based upon peaks (Py) in a baseline frequency distribution generated for the
patient 102, which may be the first frequency distribution or an additional prior frequency
distribution. The baseline frequency distribution may, for example, be determined prior to
scheduled surgery to establish a baseline for later patient status monitoring. The peaks of
interest may be identified based upon the associated frequencies (Fy), such as by identifying
the respiratory frequency (Fp) or the heart rate frequency (Fi). In some embodiments, the
peaks of interests may include a plurality of such peaks, such as the peaks (P;) and (P3)
associated with the first harmonic frequency (F,) and the second harmonic frequency (Fs).
Under some conditions, not all peaks of interest may be identifiable in both frequency
distributions. For example, during an acute failure of the circulatory system, systemic
vascular resistance may markedly decrease and peaks associated with the harmonic
frequencies (F,, Fs, ... Fx) may not be discernible. Thus, the peaks associated with the
harmonic frequencies (F», F3, ... Fy) may be identifiable in the first frequency distribution but
not in the second frequency distribution. Nonetheless, a change in magnitude of the
frequency distributions at the harmonic frequencies (F,, F3, ... Fx) may be determined by
comparison of the first and second frequency distributions.

[00314] Based upon the identified one or more peaks of interest, the evaluation
unit 118 may further determine a patient status (or a change in patient status) by a comparison
of the first and second frequency distributions (block 508). Determining the patient status
may include a comparison of the magnitudes associated with the same one or more

frequencies (Fyn) between the first and second frequency distributions, a comparison of the
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values of a function of a plurality of magnitudes associated with frequencies between the first
and second frequency distributions (e.g., a comparison of ratios of peak magnitudes), a
comparison of frequencies (Fy) associated with one or more peaks (Py) between the first and
second frequency distributions (e.g., a change in the respiratory frequency or heart rate
frequency), or a comparison of other metrics associated with patient status. In some
embodiments, the patient status may be determined based upon a change in a metric beyond a
threshold level. For example, a decrease in the magnitude associated with the heart rate
frequency (F;) in the second frequency distribution below 80% of the corresponding
magnitude associated with the heart rate frequency (F;) in the first frequency distribution may
indicate hypovolemia in the patient 102. As another example, a decrease in the ratio of the
magnitude associated with the first harmonic frequency (F») to the magnitude associated with
the heart rate frequency (F;) between the first and second frequency distributions beyond a
predetermined threshold may indicate hypervolemia or hypovolemia, depending upon
whether and how the magnitude associated with the heart rate frequency (F;) changes.
Comparisons of particular interest are discussed in further detail elsewhere herein.

[00315] A comparison involving one or more of the harmonic frequencies (Fn)
is of particular interest regarding patient hemodynamic state or blood volume. Because the
frequency distribution values associated with harmonic frequencies (Fy) are more sensitive to
changes in blood volume than the values associated with the heart rate frequency (F),
monitoring changes in the values associated with harmonic frequencies (Fi)) may provide an
earlier or clearer indication of patient hemodynamic state. For example, a sharp increase or
decrease in the magnitude of the value of the frequency distribution associated with the first
harmonic frequency (F») (or other harmonic frequency) may be more pronounced than the
corresponding change in the values associated with the heart rate frequency (F;) in the same
patient at the same time. In one embodiment, comparison of an increase or decrease
associated with the first harmonic frequency (F,) involves comparison of two separately
calculated PIVA scores, such that changes to both the heart rate frequency (F;) and the first
harmonic frequency (F») are included (e.g., included via the PIVA score equation above).

[00316] Thus, blood volume metrics may be generated using the harmonic
frequencies (Fi). Such metrics may be determined as functions of the harmonic frequencies
(F), ratios of the frequency values of the harmonic frequencies (Fy), magnitudes associated
with the harmonic frequencies (Fyy), ratios of the magnitudes associated with the harmonic

frequencies (Fg), or changes in any of these. Such changes may be measured against a
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baseline or against a previously determined value at a fixed interval in time prior to the
current values. In some embodiments, the frequencies or magnitudes associated with the
harmonic frequencies (Fy) may be compared against other relevant values, such as
frequencies or magnitudes associated with the respiratory rate frequency (Fo) or the heart rate
frequency (F;). For example, one or more harmonic frequencies (Fy) may be normalized by
comparison against the heart rate frequency (F;). Such normalized value may be determined
as a ratio of the magnitudes and may be used as a blood volume metric to evaluate the
hemodynamic state of the patient 102. Other similar blood volume metrics based at least in
part upon the frequency and magnitude values of the one or more harmonic frequencies (Fp)
may be determined and used to evaluate the hemodynamic state of the patient 102 in various
embodiments.

[00317] Once patient status has been determined, the response unit 116 may
determine whether a response is required and cause any required response to be implemented
(block 510). Additionally, or alternatively, the evaluation unit 118 or the response unit 116
may cause an indicator of the determined patient status to be stored or presented via the
monitor 120 (block 510). If the response unit 116 determines a response is required, the
response unit 116 may further determine one or more responses that are appropriate to
address the identified patient status. Such responses may include generating an alarm or other
warning that the patient status is abnormal, which may include information regarding the
patient condition. An alarm or warning may be presented via the monitor 120 or may be
communicated to another device for presentation. The alarm or warning may include a
recommendation of one or more actions to take in response to the patient status. For
example, the recommendation may include an adjustment to a fluid therapy for the patient
102, which may include a recommendation to administer one or more vasopressors or
vasodilators. Such recommendation may be determined by the response unit 116 as part of
the required response. In some embodiments, this may include sending an electronic
communication to a user device (e.g., a workstation or mobile device used by a physician,
nurse, or technician to monitor patient condition). In other embodiments, the alarm may
include an audible alarm or notification (e.g., via a speaker).

[00318] The responses may similarly include controlling the fluid source 110 to
adjust fluid flow to the patient 102. The fluid source 110 may be controlled to increase or
reduce the rate of fluid flow to the patient 102, including starting or stopping fluid flow. In

some embodiments, the response may include controlling the fluid source 110 (or a device
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connected thereto) to administer one or more drugs to the patient 102. For example, the fluid
source 110 may be controlled to administer one or more vasopressors or vasodilators in a
fluid delivered to the peripheral vein 108 via the IV tube 104 and venous access device 106.
Where the fluid source 110 includes a pump, the response may include controlling the
operation of the pump, such as by increasing or decreasing pump speed, flow rate, or mode of
operation, as well as starting or stopping the pump. In some embodiments, the fluid source
110 may be controlled to administer a quantity of a drug to the patient 102 via the fluid. For
example, the fluid source 110 may be controlled to add a quantity of the drug to the fluid. In
some embodiments, the response may include controlling the rate of respirations associated
with a ventilator and/or administering a medicament, such as albuterol, via a nebulizer.
[00319] Additional embodiments of specific analysis and response methods

utilizing the PIVA system 100 are further described elsewhere herein in greater detail.

Magnitude Ratio and Other Comparisons

[00320] In some embodiments, the patient status metric may be determined
based upon a comparison of magnitudes (Pnx and Py) associated with different frequency
peaks (Fy and Fy) based upon the same plurality of data values (i.e., for the same evaluation
window). For example, a ratio of the magnitudes associated with heart rate and first
harmonic frequencies F; and F, may be used to determine a hemodynamic metric for the
patient, such as a systemic vascular resistance or a blood volume status. Such ratios may be
particularly useful in normalizing magnitudes associated with harmonic frequencies (Fy) to
obtain more robust and more accurate patient status metrics. Similarly, ratios between
magnitudes of the frequency-domain representation of the PVP signal associated with
different harmonic frequencies (e.g., F» and F;) may be used to determine hemodynamic state
of the patient 102 (e.g., blood volume status). In further embodiments, the patient status
metric may be determined based upon a comparison of magnitudes associated with the same
one or more frequencies (Fn) of peaks (Px) determined for different pluralities of data values
(i.e., for different evaluation windows). For example, analysis of a change in the absolute or
relative magnitude associated with heart rate frequency F; over time may be used to
determine a hemodynamic metric. Information regarding the patient status may be stored in a
memory, presented to a user via the monitor 120, or used by the response unit 116 to generate
and implement a response (e.g., presenting an alarm or controlling the operation of the fluid

source 110), including any of the responses discussed further below.
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[00321] As mentioned above, a ratio of the magnitudes associated with frequency
peaks F; and F, may be used to determine systemic vascular resistance. However, other ways to
determine systemic vascular resistance are contemplated. For example, a change of one of the
plurality of frequency peaks (e.g., F) or a change of one of the plurality of frequency peaks
(e.g., Fy) relative to another of the plurality of frequency peaks (e.g., F») may be used to
determine systemic vascular resistance. As another example, a difference between any two of
the respiratory frequency (Fp), the heart rate frequency (Fp), the first harmonic frequency (F»),
and the second harmonic frequency (Fs) may be used to determine systemic vascular resistance.
As another example, a ratio of any two of the respiratory frequency (Fp), the heart rate frequency
(F1), the first harmonic frequency (F,), and the second harmonic frequency (F3) may be used to
determine systemic vascular resistance. If the determined systemic vascular resistance is
abnormal, the fluid source 110 can provide fluid therapy to increase or decrease the systemic
vascular resistance when the value is low or high, respectively. For example, when the response
unit 116 generates and implements a response (e.g., controlling the operation of the fluid source
110), the systemic vascular resistance may be updated based at least in part upon a change in
frequency peak of at least one of the respiratory frequency (Fo), the heart rate frequency (F), the
first harmonic frequency (F), and the second harmonic frequency (F3) in response to the fluid
provided from the fluid source 110 to the circulatory system of the patient via the IV tube 104.
The changes in frequency peak(s) in response to fluids may be able to differentiate between
regular (hemorrhagic) shock and distributive (septic) shock. For instance, if the frequency-
domain representation of the PVP signal of the patient returns to normal after fluid therapy, the
patient is most likely in regular shock due to fluid loss, but if the FFT signal does not return to
normal after a period, the patient may be in in distributive shock. Other forms of therapy for
adjusting the systemic vascular resistance are contemplated, such as vasopressin and vasodilator

medications.

Distinguishing Respiratory Peaks from Cardiac Peaks

[00322] In certain instances, similarities shared by respiratory and pulse rate
waveforms pose risks of potential signal mis-identification, particularly when one or both of
the respiratory signal or pulse rate signal fluctuates in magnitude. The relative x-axis location
of the Py and P; peaks may be an unreliable reference for a practitioner to distinguish the

respiratory signal from the pulse rate signal, particularly if a change in magnitude of one or
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both of the respiratory or pulse rate signal (e.g., a fluctuation) occurs while the practitioner’s
attention to the signal display was diverted.

[00323] As previously mentioned, an approach to interpreting signals on a PIVA
display is to assume that the lower frequency slower peak (Fo) is the respiratory peak, and the
next-faster (higher frequency) peak (F;) represents the heart rate. For example, with
reference to FIG. 4B and as previously noted above, under ordinary conditions, the peak (Po)
with the lowest frequency (Fo) corresponds to the respiration rate of the patient 102, and the
peak (P1) with the next-lowest frequency (Fi) corresponds to the heart rate of the patient 102.

[00324] This approach is premised upon an assumption that the cardiac rate is always
faster than the respiratory rate. However, in certain (usually clinically catastrophic)
situations, this assumption may not hold true.

[00325] For instance, there are clinical situations in which the lower frequency slower
peak is actually reflecting the heart rate and the next-faster higher frequency peak is actually
reflecting the respiratory rate. For example, with reference to FIG. 4C, there are certain
situations where the peak (P;) with the lowest frequency (F;) corresponds to the heart rate of
the patient 102, and the peak (Pp) with the next-lowest frequency (Fp) corresponds to the
respiratory rate of the patient 102. For example, graphically, the respiratory peak (Pg) is to
the right of the heart rate peak (P;) on the x-axis in FIG. 4C. This situation may be
commonly referred to as reversal of respiratory and cardiac peaks.

[00326] Furthermore, signal noise occurring coincidently near a typical heart rate
could also make it difficult to distinguish a cardiac peak from a respiratory peak. Therefore,
identifiers other than the expected respective x-axis locations of the Fo and/or F; peaks based
on typical heart rates and/or respiratory rates would be helpful.

[00327] In particular embodiments, the PIVA system 100 utilizes additional
waveforms and other information, in addition to the relative x-axis location of the Fy and F;
peaks (which are typically the two lowest frequency peaks), to increase the certainty of which
waveform corresponds to the pulse waveform, or at least more readily identify situations in
which the Fy and F; peaks may not reliably represent the respiratory and pulse rate
waveforms.

[00328]In an embodiment, and with reference to FIG. 4C, a method for
distinguishing respiratory peaks from cardiac peaks includes identifying a substantially-
repeating first peak frequency (Fy) associated with local maxima of the frequency-domain

peripheral venous pressure signal. The method further includes identifying a substantially-
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repeating second peak frequency (F;) associated with local maxima of the frequency-domain
peripheral venous pressure signal, distinct from the identified first peak frequency. One of
the first peak frequency (Fy) and second peak frequency (F;) is a respiratory signal and the
other of the first peak frequency (Fp) and second peak frequency (F;) is a cardiac signal. The
method further includes identifying at least a substantially-repeating first harmonic (F»). As
will be determined, the substantially-repeating first harmonic (F) is associated with one of
the first peak frequency (Fy) or the second peak frequency (F).

[00329] In an embodiment, when there is an indication of a change in x-axis location
of either Fy or Fj, the identification of the first or second peak frequency is confirmed by
verifying the presence or absence of the associated first harmonic (F»). For example, because
the location, along the x-axis, of the first harmonic peak is expected to be double the x-axis
location for the heart rate signal peak x-axis location, verifying the presence or absence of the
associated first harmonic (F;) includes scanning for the presence of the associated first
harmonic (F,) at a location along an x-axis of a PIVA signal pattern that is double the value
of an x-axis location of the one of the first peak frequency or the second peak frequency. As
used herein, double is intended to encompass exactly double as well as within +15% of
double.

[00330] In an alternate embodiment, the step of verifying the presence or absence of
the associated first harmonic may instead be performed by a trigger different from an
indication in change in x-axis location of either Fy or F;. For instance, the verification step
may be performed upon each iteration of the FFT calculation employed to generate the
plotted PIVA signal.

[00331] The indication of a change in x-axis location of either the first or second peak
frequencies (or a routine verification step performed upon each FFT calculation) can include
identification of an inversion in relative amplitude of the first and second peak frequencies.

[00332] The method may further including identifying a substantially-repeating
second harmonic (F3) associated with the same one of the first peak frequency or the second
peak frequency with which the identified first harmonic F, is associated. Likewise,
confirming the identification of the first or second peak frequency can further include
verifying the presence or absence of the associated second harmonic (Fs;). For example,
because the location, along the x-axis, of the second harmonic peak is expected to be triple
the x-axis location for the heart rate signal peak x-axis location, verifying the presence or
absence of the associated second harmonic (F3) includes scanning for the presence of the

associated second harmonic (F3) at a location along an x-axis of a PIVA signal pattern that is
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triple the value of an x-axis location of the one of the first peak frequency or the second peak
frequency. As used herein, triple is intended to encompass exactly triple as well as within
+15% of triple.

[00333] In an embodiment, the mathematical relationship between x-axis
locations of F;, F», and F; are used to confirm that the F; peak represents the heart rate (even
though graphically, the respiratory peak (Py) is to the right of the heart rate peak (P;) on the x-
axis). For example, regardless of the respiratory peak (Pp) and the heart rate peak (P;)
relative positions on the x-axis, it is determined that the heart rate peak is 1/2 the distance
from the associated first harmonic (F,) and is 1/3 the distance from the associated second
harmonic (F3), according to the mathematical relationship identified above.

[00334] In a situation where the F> and F; peaks are either not found, or are not
found at their expected locations, this would be indicative of the F; peak possibly not
representing the heart rate, and a practitioner could be alerted to the fact that an Fy/F; reversal
may have occurred.

[00335] In an embodiment, the method disclosed above may be performed by any of
the PIVA system 100, the PIVA device 130, and the integrated fluid source 140.

Related Determination of Respiratory Metrics

[00336] In another embodiment, respiratory metrics may be determined, and
tracked, from sensed pressure waveforms. For example, a respiratory frequency may be
identified and evaluated to determine, among other things, risk of atelectasis, compliance with
inspiratory spirometry, or respiratory insufficiency in the patient.

[00337] FIG. 6 illustrates a block diagram of an exemplary PIVA system 600
for use in measuring, analyzing, and responding to peripheral venous blood pressure of a
patient 602. The exemplary PIVA system 600 is, in many ways, similar to the PIVA system
100 described above. It should be appreciated that PIVA system 600 can perform the same
methods, processes, analysis, and calculations as that of PIVA system 100. For example, the
PIVA system 600 may measure a pressure signal associated with the patient’s peripheral vein,
analyze the pressure using PIVA techniques to identify key frequency components of the
pressure signal, and analyze the key frequency components of the pressure signal to
determine patient status based upon one or more metrics, as discussed below.

[00338] The PIVA system 600 includes an IV tube 604 in fluid connection with

the circulatory system of the patient 602. Specifically, a venous access device 606 may be
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inserted into a peripheral vein 608 of the patient 602 at an access point. The venous access
device 606 may include a needle, catheter (such as a peripherally inserted central catheter),
cannula, or other means of establishing a fluid connection between the IV tube 604 and the
peripheral vein 608. The venous access device 606 may be a separate component connected
to the I'V tube 604 or may be formed as an integral portion of the of the IV tube 604. In either
case, the venous access device 606 may include a terminal end inserted into the peripheral
vein 608 at the access point and a connecting end that connects to a primary portion of the IV
tube 604. The primary portion of the IV tube 604 may serve as a conduit between the venous
access device 606 and a fluid source 610.

[00339] The fluid source 610 may include a fluid container and a flow
controller. According to various embodiments, the flow controller may include a pump, such
as an infusion pump, a dialysis pump, and/or any other medical fluid pump. The flow
controller may also include any flow restrictor capable of preventing or otherwise controlling
the rate that the fluid flows out of the fluid contained. For example, the flow restrictor may
be a roller clamp, a valve, or any other device capable of being controlled to restrict the flow
of the fluid. In some embodiments, the flow controller may be operated to adjust the flow
restrictor to permit fluid within the fluid container to flow into the IV tube 604 and/or adjust
the rate that the fluid within the fluid container flows into the IV tube 604.

[00340] At some point along the primary portion of the IV tube 604, a pressure
sensor 612 may be disposed in fluid connection with the interior of the IV tube 604. The
pressure sensor 612 is thus also in fluid connection with the peripheral vein 608 of the patient
through the IV tube 604 and the venous access device 606. The pressure sensor 612 is
thereby enabled to measure pressure changes in the peripheral venous system of the patient
602 based upon changes in the fluid pressure within the IV tube 604. In other embodiments,
the pressure sensor 612 may not be disposed in fluid connection with the interior of the IV
tube 604. For example, the pressure sensor 612 may instead be attached to the exterior of the
IV tube 604 and thereby disconnected from the fluid source 610. As another example, the
pressure sensor 612 may be coupled to the IV tube 604 via a flexible membrane that provides
a sterile barrier between the fluids and the pressure sensor 612. The pressure sensor 612 may,
in some such embodiments, measure pressure based upon acoustic or optical phenomenon at
the sensor location. In some embodiments, the pressure sensor 612 may be disposed at a
terminating end (i.e., a capped off end) of an IV tube 604 inserted specifically for the purpose
of measuring pressure within the peripheral vein 608, in a manner similar to the device

illustrated above in FIG. 2. In still other embodiments, other sensors may be used instead of
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the pressure sensor 612, such as force sensors, sound sensors, and sensors that need not be in
fluid contact with the peripheral vein 608 of the patient through the IV tube 604 and the
venous access device 606. In yet further embodiments, the sensor 612 may be disposed
within a portion of a needle, catheter, or other venous access device 606 that is inserted
within the peripheral vein 608 of the patient 606, such that PVP may be measured in situ
within the peripheral vein 608. Such in situ measurement is advantageous inasmuch as it
obviates the effect of variation in temperature, fluid viscosity/density, access device
resistance, and other factors on the unmodified transmission of pressure waveforms within
the IV tube 604.

[00341] In various embodiments, the pressure sensor 612 may be positioned at
various distances from the access point of the peripheral vein 608, from a location within the
peripheral vein 608 or a location proximate to the connecting end of the venous access device
606 to a position proximate to the fluid source 610 or at a terminating end of the IV tube 604.
The pressure sensor 612 is illustrated as being at an intermediate location along the length of
the IV tube 604 in order to illustrate better the various components of the PIVA system 600.
In some embodiments, the pressure sensor 612 may directly measure fluid pressure within the
IV tube 604. Specifically, the pressure sensor 612 may include a transducer that provides an
electronic pressure signal indicative of the pressure detected by the transducer to an analysis
component 614 via a connection 622. The electronic pressure signal may be an analog
electrical signal directly provided by the transducer or may be a preprocessed digital signal
indicating pressure values based upon the transducer interface with the primary portion of the
IV tube 604. In embodiments in which the pressure sensor 612 is not in fluid connection with
the IV tube 604 or the peripheral vein 608, the pressure sensor 612 may nonetheless include
one or more transducers to generate electronic signals associated with the PVP. For example,
the pressure sensor 612 may use one or more microphones disposed to detect sound at an
exterior surface of an IV tube 604 to generate electronic pressure signals indicative of
pressure within the IV tube 604 as a proxy for PVP within the peripheral vein 608.

[00342] The analysis component 614 is communicatively connected to the
pressure sensor 612 to receive the electronic pressure signal via the connection 622. The
analysis component 614 may include general-purpose or special-purpose processing
hardware, such as microprocessors or special-purpose analysis circuits. As shown, the
analysis component 614 may include one or more units for performing the PIVA analysis. A
response unit 616 may identify and control responses based upon the pressure data from the

pressure sensor 612. The response unit 616 may control the presentation of alarms, the
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operation of the fluid source 610, such as by controlling the rate of fluid flow, or the
operation of a ventilator 652, such as by controlling the rate of respiration. To determine
appropriate responses, the response unit 616 may receive evaluation data from an evaluation
unit 618, which may include metrics determined from the electronic pressure signal. The
evaluation unit 618 may obtain pressure values (or signal values directly or indirectly
associated with PVP) from the electronic pressure signal and evaluate the pressure values to
determine information regarding the patient 602, such as blood volume metrics, respiratory
metrics, or other metrics as described in further detail below. The information generated by
the evaluation unit 618 may also be stored or presented for patient monitoring. In alternative
embodiments, additional, fewer, or alternative units may be included. For example, the
evaluation unit 618 may perform the functions ascribed to the response unit 616 herein. As
another example, the analysis conducted by the analysis component 614 may be performed at
any point between the signal source, such as the pressure sensor 612, and a display unit, such
as a monitor 620.

[00343] The analysis component 614 may be communicatively connected to
the monitor 620 via a connection 626 in some embodiments. The monitor 620 may be a
separate monitor for displaying information regarding the patient or may be incorporated into
another device, such as a dialysis pump, a patient-controlled analgesia pump, or an infusion
or other pump associated with IV tube 604, or other flow controller of the fluid source 610.
The monitor 620 may also be communicatively connected to the fluid source 610 via a
connection 628 to receive and display information associated with the fluid source 610. In
some embodiments, the monitor 620 may be used to control the operation of the fluid source
610, such as by adjusting the flow controller to alter fluid flow rate, duration of operation,
mode of operation, etc. In some embodiments, the monitor 620 may also be
communicatively connected to a ventilator control 650 via a connection 629 to receive and
display information associated with the respirator 652. The ventilator control 650 may
control the operation of the ventilator 652 via a connection 651. For example, the ventilator
control 650 may control a rate of respiration, a volume of oxygen per respiration, a
respiratory pressure, etc. In some embodiments, the monitor 620 may be used to control the
operation of additional or alternative respiratory equipment, including an extracorporeal
blood oxygenation unit (such as a continuous renal replacement therapy unit). The analysis
component 614 may similarly be communicatively connected to the fluid source 610 via
connection 624 in some embodiments. The analysis component 614 may receive information

regarding operation of the fluid source 610 for use in evaluating the patient by the evaluation
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unit 618. The response unit 616 may also communicate with the fluid source 610 to control
operation of the fluid source 610 and/or the ventilator control 650 to control operation of the
ventilator 652 in response to information regarding the patient determined based upon the
electronic pressure signal from the pressure sensor 612.

[00344] The various connections 622, 624, 626, 628, 629, and 651 may each be
wired or wireless connections in various embodiments. Moreover, some or all of the
connections 622, 624, 626, 628, 629, and 651 may be internal to devices, such as a PIVA
device 630 or a PIVA-integrated fluid control device 640. The PIVA device 630 may
incorporate the pressure sensor 612 and analysis component 614 (along with associated
connections) into a device that may be attached to or within the IV tube 604 to perform PIVA
monitoring of the patient 602. The PIVA-integrated fluid control device 640 may include a
computer-controlled fluid reservoir (e.g., the fluid container of the fluid source 610) and/or
pump (e.g., the flow controller of the fluid source 610) configured to utilize PIVA monitoring
of the patient 602 in controlling the flow of fluids from the fluid container of the fluid source
610. Like the PIVA device 630, the PIVA-integrated fluid control device 640 may include
the pressure sensor 612 and analysis component 614, along with the fluid source 610 and the
monitor 620 (along with associated connections). Alternative embodiments may include
additional, fewer, or alternative components in alternative configurations.

[00345] With reference to the PIVA system 600 described herein, and the
methods disclosed above, respiratory status metrics may be readily determined. The
respiratory status metrics may include metrics indicative of a respiratory volume/depth and/or
a respiratory effort. As described above, respiratory depth may correlate to the magnitude of
the peak (Py) associated with the respiratory frequency (Fy). Accordingly, respiratory volume
may correlate with the product of the magnitude of the peak (Py), associated with the
respiratory frequency (Fp), and the respiratory frequency (Fy). These values may be
calculated via PIVA system 600.

[00346] The respiratory depth and/or volume metrics may be indicative of a
risk of atelectasis, patient compliance with inspiratory spirometry, respiratory insufficiency,
hyperventilation, and/or other respiratory conditions. Additionally, the magnitude of the peak
(Po), associated with the respiratory frequency (Fp), may be associated with a respiratory
effort metric.

[00347] In addition to the magnitudes of the peaks (Pn), the evaluation unit 618

may also analyze the shape of the frequency-domain representation of the PVP signal at one
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or more of the frequencies (Fy) to determine the one or more aspects of patient status. For
example, the width of the lowest frequency peak (Py) may be determinative of respiratory
consistency. Generally speaking, consistent breathing patterns occur at a regular frequency.
Accordingly, when the patient 602 exhibits consistent breathing patterns, the lowest frequency
peak (Po) contains fewer frequency variations. As such, when the lowest frequency peak (Pp)
is narrow (e.g., a narrow parabolic peak), the evaluation unit 618 may determine that the
patient 602 has a consistent breathing pattern. Conversely, when the patient 602 exhibits
inconsistent breathing patterns, there is generally higher variation the respiration frequency.
Accordingly, the lowest frequency peak (Py) for this patient will tend to be wider,
incorporating the variance in the respiration rate. Thus, when the lowest frequency peak (Po)
is wide (e.g., a wide parabolic peak), the evaluation unit 618 may determine that the patient
602 has an inconsistent breathing pattern. In order to calculate the width of the peak, the
evaluation unit 618 may use any generally known peak-width calculation techniques, such as,
for example, a full-width half maximum (FWHM) width calculation.

[00348] In another aspect, the evaluation unit 618 may also analyze the slope of
the either the rising-edge or falling-edge of the peaks (Pn) to determine the one or more
aspects of the patient status. For example, similar to the width of the lowest frequency peak
(Po), the slopes of the lowest frequency peak (Py) may also indicate respiratory consistency.
Generally, shallower slopes correspond to wider peaks. However, comparing the rising-edge
slope and the falling-edge slope of the lowest frequency peak (Py) may indicate additional
aspects of the patient status. To this end, when the respiratory rate of the patient 602 speeds
up, the lowest frequency peak (Py) may begin to widen on the falling-edge to incorporate the
frequency content associated with the faster respiratory rate. Thus, this quickening trend in
breathing pattern may be detected by determining that the lowest frequency peak (Po) has a
shallower falling-edge slope as compared to the rising-edge slope. Conversely, as the
respiration rate of the patient 602 slows down, the lowest frequency peak (Py) may shift such
that the peak encompasses the lower respiration frequency content. Accordingly, this slowing
trend in breathing pattern may be detected by determining that the lowest frequency peak (Py)
has a steeper falling-edge slope as compared to the rising-edge slope.

[00349] In still other aspects, a respiratory effort metric, such as work of
breathing, may correlate to a ratio between the magnitude of the peak (Po) corresponding to
the respiratory frequency (Fy) to the magnitude of the peak (P;) corresponding to the heart

rate frequency (F;). Additionally, a respiratory effort metric associated with the presence of a
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respiratory obstruction may be determined by analyzing the shape of the peak (Py)
corresponding to the respiratory frequency (Fp). The obstruction may either be an inspiratory
obstruction, such as croup, or it may be an expiratory obstruction, such as asthma or chronic
obstructive pulmonary disease.

[00350] It should be appreciated that while the pressure signal analysis techniques
described herein have been generally described with respect to PIVA system 600, these
pressure signal analysis techniques may be applied to pressure signals detected by other
systems. To this end, in some embodiments, the pressure sensor 612 may be located in
alternative channel of the circulatory system as compared to a peripheral intravenous channel.
Such alternative channels include a central venous channel, an arterial channel, as well as a
peritoneal dialysis channel. As described above, some of these alternative channels are
capable of detecting lower-than-respiratory frequencies, such as pressure fluctuations
associated with gut behavior. Accordingly, as described elsewhere herein, in these
embodiments, the pressure sensor and/or a device communicatively coupled to the pressure
sensor may transmit to the evaluation unit 618 a peak index corresponding to the respiratory
frequency.

[00351] More generally, any of the systems disclosed herein, such as PIVA system
100 and PIVA system 600 can perform any of the methods disclosed herein.

[00352] As used in this specification, including the claims, the term “and/or” is a
conjunction that is either inclusive or exclusive. Accordingly, the term “and/or” either
signifies the presence of two or more things in a group or signifies that one selection may be
made from a group of alternatives.

[00353] The many features and advantages of the present disclosure are apparent from
the written description, and thus, the appended claims are intended to cover all such features
and advantages of the disclosure. Further, since numerous modifications and changes will
readily occur to those skilled in the art, the present disclosure is not limited to the exact
construction and operation as illustrated and described. Therefore, the described
embodiments should be taken as illustrative and not restrictive, and the disclosure should not
be limited to the details given herein but should be defined by the following claims and their

full scope of equivalents, whether foreseeable or unforeseeable now or in the future.
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CLAIMS

The invention is claimed as follows:

1. A blood volume evaluation system for monitoring a patient using a measurement
associated with a peripheral venous pressure (PVP) within a peripheral vein of a circulatory
system of the patient, comprising:
a PVP sensor including a transducer disposed adjacent to or connected to an intravenous
(IV) tube in fluid connection with the peripheral vein and configured to generate an electronic
signal associated with the PVP; and
an evaluation unit, including a computer processor communicatively connected to the
PVP sensor to receive the electronic signal and a memory storing non-transitory computer-
readable instructions that, when executed by the computer processor, cause the evaluation unit
to:
obtain a time-domain PVP signal, including a plurality of values of the
electronic signal over a sample period;
apply a transformation to the time-domain PVP signal to generate a frequency-
domain PVP signal;
identify a plurality of frequencies associated with local maxima of the
frequency-domain PVP signal, including a heart rate frequency (Fi) and a harmonic
frequency (Fu) at a harmonic of the heart rate frequency (Fi), such that the harmonic
frequency (Fn) is different from the heart rate frequency (Fi); and
calculate a blood volume metric based at least in part upon the heart rate

frequency (F1) and the harmonic frequency (Fu).

2. The blood volume evaluation system of claim 1, wherein the blood volume metric is an

indication of one of the following: hypovolemia, hypervolemia, or euvolemia.

3. The blood volume evaluation system of claim 1, further comprising:

the IV tube, wherein the IV tube is in fluid connection with the peripheral vein by a
venous access device, the venous access device including a terminal end that is inserted at an
access point into the peripheral vein of the circulatory system of the patient and a connecting
end that connects to a primary portion of the IV tube; and

a fluid source in fluid connection with the primary portion of the IV tube to provide

fluid to the circulatory system of the patient via the venous access device.
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4. The blood volume evaluation system of claim 3, wherein the instructions further cause
the evaluation unit to:

control a rate of flow of the fluid from the fluid source based upon the blood volume
metric; or

administer a vasopressor or vasodilator drug to the patient from the fluid source.

5. The blood volume evaluation system of claim 4, wherein:
the fluid source includes or is in fluid connection with a pump; and
the evaluation unit controls the rate of flow of the fluid from the fluid source by

adjusting operation of the pump.

6. The blood volume evaluation system of claim 3, wherein the venous access device is a
catheter.
7. The blood volume evaluation system of claim 1, wherein the transducer is disposed

within a portion of a venous access device inserted within the peripheral vein, the venous access

device being a part of or connected to the IV tube.

8. The blood volume evaluation system of claim 1, further comprising an alarm unit
configured to present alarms to a user, and wherein the instructions further cause the evaluation
unit to communicate an alarm indicator to a presentation unit when the blood volume metric
indicates the blood volume of the patient is abnormal, the alarm indicator causing the

presentation unit to present an alarm.

9. The blood volume evaluation system of claim 8, wherein the alarm includes a

recommendation of an action to be taken in response to the determined blood volume metric.

10. The blood volume evaluation system of claim 1, wherein the frequencies are determined

by identification of the local maxima of the frequency-domain PVP signal.

11. The blood volume evaluation system of claim 1, wherein the electronic signal is an

electronic pressure signal indicative of pressure within the IV tube.
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12. The blood volume evaluation system of claim 11, wherein:

the transducer of the PVP sensor is a pressure sensor and is disposed in fluid connection
with the interior of the IV tube; and

the interior of the IV tube is in fluid connection with the circulatory system of the patient

via the peripheral vein.

13. The blood volume evaluation system of claim 1, wherein obtaining the time-domain
PVP signal includes receiving and storing the plurality of values of the electronic signal over

the sample period.

14. The blood volume evaluation system of claim 1, wherein obtaining the time-domain
PVP signal includes: receiving the electronic signal as an analog signal, sampling the plurality
of values of the electronic signal periodically during the sample period, and storing the plurality

of values of the electronic signal over the sample period.

15. The blood volume evaluation system of claim 1, wherein the sample period is a fixed
duration that is continuously updated on a rolling basis as new values of the electronic signal

are obtained.

16. The blood volume evaluation system of claim 1, wherein the transformation is a fast

Fourier transformation.

17. The blood volume evaluation system of claim 1, wherein the harmonic frequency (Fu)
is a first harmonic frequency (F2) identified as the frequency associated with a local maximum

of the frequency-domain PVP signal nearest to a frequency that is twice the heart rate frequency

(F1).

18. The blood volume evaluation system of claim 17, wherein the first harmonic frequency
(F2) is within a frequency band centered on the frequency that is twice the heart rate frequency

(F1) with a band width of twenty percent of the heart rate frequency (F).

19. The blood volume evaluation system of claim 18, wherein the first harmonic frequency

(F2) is identified using a bandpass filter using the frequency band.
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20. The blood volume evaluation system of claim 1, wherein the frequencies further include
one or more additional harmonic frequencies associated with additional harmonics of the heart

rate frequency (F1).

21. The blood volume evaluation system of claim 20, wherein the one or more additional
harmonic frequencies are identified as frequencies associated with the local maxima of the

frequency-domain PVP signal nearest to integer multiples of the heart rate frequency (Fi).

22. The blood volume evaluation system of claim 20, wherein the blood volume metric is
further determined at least in part based upon at least one of the one or more additional

harmonic frequencies.

23. The blood volume evaluation system of claim 22, wherein the blood volume metric is
determined based at least in part upon a harmonics ratio between the harmonic frequency (Fy)

and the at least one of the additional harmonic frequencies.

24. The blood volume evaluation system of claim 1, wherein the blood volume metric is
determined based at least in part upon a harmonic ratio between the heart rate frequency (F1)

and the harmonic frequency (Fu).

25. The blood volume evaluation system of claim 1, wherein the blood volume metric is

determined based at least in part upon a change in the harmonic frequency (Fn).

26. The blood volume evaluation system of claim 1, wherein the blood volume metric is
determined based at least in part upon an increase or decrease in a magnitude of the frequency-

domain PVP signal associated with the harmonic frequency (Fn).

27. The blood volume evaluation system of claim 26, wherein the blood volume metric is
determined based at least in part upon the increase or decrease in the magnitude beyond a

predetermined threshold associated with a baseline magnitude for the harmonic frequency (Fn).
28. The blood volume evaluation system of claim 27, wherein the baseline magnitude is

determined by the evaluation unit based upon previously obtained pressure measurements from

the PVP sensor at a time period preceding the sample period.
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29. The blood volume evaluation system of claim 1, wherein the sample period is a fixed

duration that is periodically updated by obtaining new values of the electronic signal.
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