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EVALUTATING CARDIOVASCULAR HEALTH
USING INTRAVASCULAR VOLUME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Application No. 61/859,615, entitled “Evaluating
Cardiovascular Health Using Intravascular Volume,” filed on
Jul. 29, 2013, which is hereby incorporated by reference
herein in its entirety.

FIELD OF INVENTION

[0002] The present disclosure generally relates to a system
and a method for evaluating a patient’s cardiovascular health
and, more particularly, to a non-invasive method for deter-
mining a patient’s intravascular volume status by measuring
the change in peripheral venous volume in response to an
event causing blood to return to the heart via the venous
system.

BACKGROUND

[0003] For patients suffering from a variety of injuries or
disease states such as cardiac arrest, burns, trauma, heart
failure, sepsis, dehydration from any cause, renal failure, or
dialysis, it is important to monitor the relationship between
the volume of circulating blood and the patient’s ability to
circulate that volume of blood. Further, in many medical
conditions, it is important to know if patients will hemody-
namically respond in a favorable manner to providing intra-
venous fluids and/or if they are volume overloaded. This is
especially important in complex states such as sepsis and
cardiogenic shock.

[0004] However, determination of a patient’s intravascular
volume status in a noninvasive manner has been problematic.
Methods of monitoring cardiac output are commonly used to
assess the condition of patient’s suffering from a variety of
conditions. However, many of the methods that are non-
invasive fail to quantify the volume of blood circulating
within the patient relative to the patient’s ability to circulate
that volume. These parameters are important because ideally
the physician could adjust the volume of circulating blood
(for example via intravenous fluids) in order to achieve opti-
mum cardiovascular circulation or output. Recently, imped-
ance cardiography has been used to measure changes in car-
diac output (and thus stroke volume) in response to temporary
central fluid provision by raising of the lower extremities.
This approach, however, is expensive, generally does not
provide sufficient measurement sensitivity or accuracy, and
may not be an option to some patients. In particular, imped-
ance cardiography may necessitate that a patient’s lower
extremities be raised by a health care provider and many
further necessitate repetitive raising if used as an endpoint
measure. In many instances, raising of the legs will not be
possible due to lower extremity injury, pelvic fracture or in
situations where the patient may have limb amputation. In
addition, passive leg lifting, as a provocative volume chal-
lenge maneuver may be ill suited since limb volume will
greatly vary between individuals and even potentially within
an individual if it is used repetitively when impedance cardi-
ography is used as the end-point of the maneuver. Further,
impedance cardiography has not been used to guide a reduc-
tion of intravascular volume. Thus, a passive extremity lift
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when used in conjunction with impedance cardiography as a
hemodynamic endpoint cannot be used as a continuous mea-
sure to guide therapy.

[0005] Another approach, using ultrasound of the inferior
and superior vena cava, has been used to look at the changes
in these large venous vessels in response to spontaneous and
mechanical ventilation with great accuracy. The collapsibility
of these large vessels during respiration is indicative of vol-
ume status including right atrial pressure and whether or not
the patient will increase their cardiac output in response to
intravenous fluid administration. However, despite its utility
such monitoring is prohibitively cumbersome and expensive
and requires an experienced ultrasound operator. Further-
more, ultrasonic measurement of the inferior and superior
vena cava cannot be performed continuously for a relatively
long period of time. Other technologies like pulse pressure
variation and stroke volume variation have been used to
examine arterial changes produced by volume induced
changes in cardiac output caused by respiration. However,
measuring the volume variation of the arterial system has
been problematic for various reasons (e.g., various pharma-
ceuticals may alter arterial vascular stiffness and volume
largely independent of total intravascular volume). Addition-
ally, it is unknown whether such a technique will work in
patients with very stiff arterial systems from calcific and
chronic hypertension conditions. Also such techniques may
also require that the tidal volume of the patient be carefully
controlled.

SUMMARY

[0006] The present application describes techniques to
non-invasively monitor cardiovascular system health by
monitoring changes in the volume of blood in the venous
system of the arms, legs, or neck of patients by using one or
more methods of determining tissue volume and/or volume
changes of an extremity such as an arm, leg, or neck of the
patient. The volume or volume changes may be determined
using impedance plethysmography, near infrared spectros-
copy, photoplethysmography, galvanic skin response, laser
Doppler flowmetry, or ultrasound; although in the illustrated
examples techniques using impedance measurements and
changes in impedance are detailed.

[0007] In an example, a method for evaluating the cardio-
vascular condition of a patient, the method includes: (a)
recording a first impedance of a limb or extremity of the
patient at a first time in response to receiving a first impedance
reading from a plurality of sensors on a limb or extremity or
neck; (b) after the occurrence of an event modulating blood
return to the heart via the venous system of the patient, record-
ing a second impedance of the limb or extremity or neck at a
second time in response to receiving a second impedance
reading from a plurality of sensors on a limb or extremity or
neck, wherein the first impedance and the second impedance
each correspond to a volume of blood flowing within the limb
or extremity or neck; and (c) determining a change in venous
blood volume between the first time and the second time by
comparing the first impedance and the second impedance to
determine a change in volume of blood.

[0008] Inaccordance with another example, a testing appa-
ratus for evaluating the cardiovascular condition of a patient,
the testing apparatus includes: one or more electrodes; one or
more processors; a computer-readable memory storing non-
transient instructions that when executed by the one or more
processors cause the testing apparatus to: (a) use the one or
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more electrodes to record a first impedance of a limb or
extremity or neck of the patient at a first time in response to
receiving a firstimpedance reading from a plurality of sensors
on a limb or extremity or neck; (b) after the occurrence of an
event modulating blood return to the heart via the venous
system of the patient, use the one or more electrodes to record
a second impedance of the limb or extremity or neck at a
second time in response to receiving a second impedance
reading from a plurality of sensors on a limb or extremity or
neck, wherein the first impedance and the second impedance
each correspond to a volume of blood flowing within the limb
or extremity or neck; and (c¢) determine a change in venous
blood volume between the first time and the second time by
comparing the first impedance and the second impedance to
determine a change in volume of blood.

[0009] In accordance with yet another example, a closed-
loop cardiovascular condition evaluation system including: a
testing apparatus; and a processor and a memory, the memory
storing instructions that when executed by the processor,
cause the processor to evaluate a cardiovascular condition of
a subject in response to determining the change in the venous
blood volume between the first time and the second time
determined by comparing the first inpedance and the second
impedance, for different treatment cycles.

[0010] In accordance with yet another example, a method
for evaluating the cardiovascular condition of a patient, the
method includes: (a) determining a first volume of blood of a
limb or extremity or neck of the patient at a first time; (b) after
the occurrence of an event causing blood to return to the heart
via the venous system of the patient, determining a second
volume of blood of the limb or extremity or neck at a second
time; (¢) determining a change in venous blood volume
between the first time and the second time by comparing the
first volume of blood and the second volume of blood; and (d)
determining one or more of: (1) how the patient will hemo-
dynamically respond to one or more of an addition of cardio-
vascular fluid or removal of cardiovascular fluid, (2) how the
patient will hemodynamically respond to one or more cardio-
vascular drugs which promote changes in cardiac output,
changes in cardiovascular preload, and changes in cardiovas-
cular afterload, or (3) determining how the patient will
response to changes in mechanical or noninvasive ventilation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] The figures described below depict various aspects
of the system and methods disclosed herein. It should be
understood that each figure depicts an embodiment of a par-
ticular aspect of the disclosed system and methods, and that
each of the figures is intended to accord with a possible
embodiment thereof. Further, wherever possible, the follow-
ing description refers to the reference numerals included in
the following figures, in which features depicted in multiple
figures are designated with consistent reference numerals.

[0012] FIG. 1 depicts an example intravascular volume sta-
tus monitoring process for implementing the intravascular
volume status monitor in accordance with an example;

[0013] FIG. 2 depicts example placement of an impedance
measuring device on an extremity of a patient (e.g., an arm),
in accordance with an example application of the monitoring
process of FIG. 1;

[0014] FIGS. 3-7 depict example graphs of impedance
measured from an arm of a patient, impedance measured from
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the chest wall of the patient, and end-tidal carbon dioxide
(CO,) measured from the nose of a patient as functions of
time;

[0015] FIGS. 8A-8D depict graphs of arm impedance mea-
surements measured under different breathing conditions,
specifically, normal breathing (FIG. 8A), deep breathing
(FIG. 8B), holding breath (FIG. 8C), and sniff breathing
against a partially closed glottis (FIG. 8D). Simultaneous
changes in IVC diameter are also noted.

[0016] FIGS.9A-9D depict graphs of leg impedance mea-
surements measured under different breathing conditions,
specifically, normal breathing (FIG. 9A), deep breathing
(FIG. 9B), holding breath (FIG. 9C), and sniff breathing
against a partially closed glottis (FIG. 9D). Simultaneous
changes in IVC diameter are also noted.

[0017] FIG. 10 depicts an example block diagram illustrat-
ing the various components used in implementing an exem-
plary embodiment of the intravascular volume monitoring
method.

DETAILED DESCRIPTION

[0018] Although the following text sets forth a detailed
description of numerous different embodiments, it should be
understood that the legal scope of the invention is defined by
the words of the claims set forth at the end of this patent. The
detailed description is to be construed as exemplary only and
does not describe every possible embodiment, as describing
every possible embodiment would be impractical, if not
impossible. One could implement numerous alternate
embodiments, using either current technology or technology
developed after the filing date of this patent, which would still
fall within the scope of the claims.

[0019] It should also be understood that, unless a term is
expressly defined in this patent using the sentence “As used
herein, the term >is hereby defined to mean ... ”ora
similar sentence, there is no intent to limit the meaning of that
term, either expressly or by implication, beyond its plain or
ordinary meaning, and such term should not be interpreted to
be limited in scope based on any statement made in any
section of this patent (other than the language of the claims).
To the extent that any term recited in the claims at the end of
this patent is referred to in this patent in a manner consistent
with a single meaning, that is done for sake of clarity only so
as to not confuse the reader, and it is not intended that such
claim term be limited, by implication or otherwise, to that
single meaning. Finally, unless a claim element is defined by
reciting the word “means” and a function without the recital
of any structure, it is not intended that the scope of any claim
element be interpreted based on the application of 35 U.S.C.
§112, sixth paragraph.

[0020] FIG. 1 is a flow diagram depicting an example
embodiment of an intravascular volume status monitoring
process 100. It may be advantageous to monitor the intravas-
cular volume status of a patient for any of a number of injuries
or diseases such as cardiac arrest, burns, trauma including
combat trauma, heart failure, sepsis, dehydration from any
cause, renal failure, dialysis, etc. Further, it may also be
advantageous to conduct general status monitoring including
respiratory rate and respiratory quality monitoring as dis-
cussed herein. Further still, a longer term use of the process
100 may be to monitor the status of a patient suffering from
edema. Prior to commencing monitoring, the testing appara-
tus, such as the testing apparatus 802 illustrated in FIG. 10
discussed below, would be applied to the patient (block 102).
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As described herein, the testing apparatus 802 may be any of
a number of devices and sensors used to gather the venous
volume and other data used to evaluate the patient’s intravas-
cular volume status.

[0021] FIG. 2is an illustration of how the testing apparatus
802 and the sensor(s) 816 operatively connected thereto may
be used to measure impedance (and thus measure venous
volume changes as discussed below). The testing apparatus
802 and the sensors 816 (not shown in FIG. 2) may collec-
tively be referred to as an impedance measuring device 202.
In some embodiments, the impedance measuring device is an
impedance plethysmograph. The impedance measuring
device 202 may be coupled to the patient via electrodes 206
and 208. As shown in FIG. 2, the electrodes 206 and 208 may
be placed on the arm 204 of a patient. The impedance mea-
suring device 202 may include two sets of electrodes. A first
set of electrodes 206 are used to inject electrical current (e.g.,
1 mA ofalternating current) into the arm 204. A second set of
electrodes 208 is used to monitor the impedance of the arm
204. Of course it will be appreciated that more than or less
than four electrodes may be used to measure impedance.
Further, different placement patterns for the electrodes 206
and 208 may be used (e.g., a circumferential pattern around
the arm 204). Additionally, instead of placing the electrodes
206 and 208 on the arm 204, it will be understood that elec-
trodes could be placed on the leg or neck of the patient to
measureimpedance as discussed herein. It will be appreciated
that the electrodes 206 and 208 are placed peripherally (i.e.,
on the arm, neck, or legs) in order to take advantage of the
venous volume modulation that will be produced through
ventilation that will be reflected in relative blood volume
changes in these peripheral sites. These sites are also insu-
lated by distance so that they are not affected by motion of the
chest. Traditional chest wall impedance used to measure res-
piratory rate use the impedance changes produced by small
distance changes between impedance electrodes to make the
respiratory rate measure. These changes in impedance at the
chest are independent of cyclical blood volume changes. It
will also be appreciated that the electrodes 206 and 208 do not
have to be aligned along a vein. Volume changes are being
made across a segment of tissue at the periphery which is
dominated by movement of venous blood at that site. Accord-
ingly, the testing apparatus 802 may be used to provide infor-
mation about the relationship between ventilation, venous
return, and heart function as described herein.

[0022] In another embodiment, the testing apparatus 802
may include any of a number of apparatuses useful for deter-
mining the volume of blood in one or more of the patient’s
extremities. For example, the testing apparatus may be a
photoplethysmograph, a galvanic skin response monitor, a
near infrared spectroscopy device, a laser Doppler device
with our without speckle tracking, or an ultrasound device
with or without speckle tracking. The present techniques,
which focus on venous-side blood volume assessment, can be
combined with other vascular techniques, including arterial-
side measurement devices. As such, the testing apparatus 802
could be a device that also provides impedance cardiography,
pulse pressure variation measurements, and stroke volume
variation measurements, or the testing apparatus 802 could be
a device coupled to one or more such devices (not shown),
through a network, where such devices are coupled to a sub-
ject. Coordinating the present venous-side techniques with
arterial-side measurements can provide additional informa-
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tion on vascular condition, such as preload, venous return,
cardiac output, afterload, and vascular compliance.

[0023] As shown in FIG. 1, with the testing apparatus 802
in place, the monitoring of the patient’s intravascular volume
status may commence (block 104). Monitoring may be con-
ducted at any of a number of physical locations (e.g., an
intensive care unit, an operating room, a dialysis clinic, emer-
gency department, ambulance, home health care, etc.). Once
monitoring has begun, the testing apparatus 802 may take a
first measurement of the extremity (block 106), that measure-
ment being of a physical metric indicative of venous volume
in the extremity. For example, if the testing apparatus 802 is
an impedance measuring device such as the one illustrated in
FIG. 2, the testing apparatus 802 may take a first impedance
measurement of the extremity as the physical metric indica-
tive of venous volume. The impedance of the extremity is
based in large part on the blood volume within the extremity.
Because blood is a good electrical conductor, impedance will
decrease or increase if more or less blood volume. respec-
tively, exists in the extremity. The first measurement may be
asingle data point, but the first measurement may also include
multiple data points taken over a first period of time. Further,
the first measurement may include a series of data points
taken over a first period of time to establish a baseline mea-
surement of the patient’s intravascular volume cycle over the
course of a plurality of respirations. As discussed herein, such
respirations may be spontaneous and/or mechanically
induced.

[0024] Subsequent to the first measurement of the extrem-
ity, an event causing blood to return to the heart via the venous
system may occur (block 108). These events causing blood to
return to the heart via the venous system may also be referred
to as “respiratory challenges” herein. For example, taking a
deep breath produces a larger negative intrathoracic pressure
thus pulling more blood from the extremity. Spontaneous
respiration creates negative pressure in the thorax which in
turn creates a pressure gradient between the chest and the
limbs/abdomen. This negative pressure gradient sucks blood
into the large veins of the abdomen and chest which then
empty this volume into the heart. Because spontaneous inspi-
ration pulls blood from the extremities, the degree to which
this will happen will depend on how full the right heart is and
how forcefully the patient inspires. The degree to which spon-
taneous or negative pressure ventilation enhances venous
returnasit relates to central venous volume has been shown to
be reflected by ultrasound imaging in the diameter of the
inferior and superior vena cava and their ability to collapse.
Similar but converse changes will be noted for patients under-
going positive pressure mechanical ventilation. In particular,
the increase in intrathoracic pressure may cause the blood
flow returning from the limbs and abdomen to slow, which
may be detected by monitoring the change in volume as
discussed herein. Centrally, this has been demonstrated using
ultrasound imaging to change the diameter of the superior and
inferior vena cava. It will be appreciated that such changes
may be caused by higher intrathoracic pressures which in turn
may cause expansion or collapse of the inferior and superior
vena cava. Such expansion or collapse may change the vol-
ume of the inferior and superior vena cava and this in return
will be manifest by volume changes peripherally. Because of
this, the process 100 may be used to optimize vascular volume
and even mechanical ventilation parameters by understand-
ing the effects of mechanical ventilation on the central car-
diovascular system’s venous component. Additionally,
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changing the elevation of the extremities also may result in
both local and remote blood volume changes that can be
detected and are likely reflective of the patient’s cardiovas-
cular status as discussed herein. Raising the extremity will
cause blood to flow into the central circulatory system, but the
volume of blood flow will be dependent on the volume of
blood already present in the central circulation system as well
as the height of the extremity. Further, blood volume in the
extremities may be affected by applying pressure to the
patient’s chest or abdomen. Accordingly. in an attempt to
cause blood to return to the heart via the venous system, the
patient may be instructed to take a deep breath, the patient
may be instructed to inspire or expire against an impedance
valve which produces a set negative inspiratory or positive
expiratory pressure respectively, one or more of the patient’s
limbs may be raised or to a particular height, pressure (posi-
tive or negative) may be applied to the patient’s chest or
abdomen, and/or the parameters of positive pressure
mechanical ventilation may be adjusted. The change in the
volume of blood in the extremity being monitored may be
used to determine the patient’s intravascular health similar to
changes in IVC diameter. In fact changes in IVC diameter as
measured by ultrasound during respiration (spontaneous and
mechanical ventilation) have been accurately correlated with
right atrial or central venous pressure. FIGS. 8 and 9 demon-
strate quantifiable changes in limb impedance and changes in
vena cava diameter. In essence the limbs or neck would be
treated as extensions of the vena cava, such that one can
determine changes in blood volume in the limbs or neck as
well as the volume and diameter changes in the vena cava,
from changes in impedance in limbs or neck. These determi-
nations can be explicit, e.g., with actual volumetric or length
units, or inferred, e.g., maintaining units as impedance units.
In this way, measure of changes in impedance, or other physi-
cal metric, may be used to determine changes in changes in
blood volume on the heretofore unmeasured venous-side of
the vascular system. Moreovet, the changes in blood volume
may be determined, explicitly from the impedance data or
inferentially as represented by the impedance data. Moreover
still, the changes in limb or neck volume, as measured by
impedance or other method, also correlate with changes in
right atrial pressure and central venous pressure.

[0025] During and/or after the occurrence of the event caus-
ing modulation of blood return to the heart via the venous
system, the testing apparatus 802 may take a second measure-
ment of the extremity (block 110), for example, of the same
physical metric indicative of venous volume in the extremity
as first measured (block 106). For example, if the testing
apparatus 802 is an impedance measuring device such as the
oneillustrated in FIG. 2, the testing apparatus 802 may take a
second impedance measurement of the extremity. As with the
first measurement, the second measurement may include a
series of data points taken during a second period of time.
Using the first measurement and the second measurement, the
process 100 may then determine the change in venous volume
in the extremity (e.g., by subtracting the mean value of the
first measurement from the mean value second measurement)
(block 112). The block 112 may determine the change in
venous volume from the values of the physical metric (e.g,,
impedance) taken at the first (block 106) and the second
(block 110) points in time. When impedance (also termed
bioimpedance) is used as the physical metric, then the
changes in impedance will provide a relatively linear corre-
lation to the changes in volume when compared to the
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changes in the diameter of the vena cava. In some examples,
the actual change in blood volume is determined from the
changes in impedance, ie., calculated, while in other
examples, the change is determined inferentially. Thus, in
these ways, the present techniques are, in some implementa-
tions, able to determine changes in venous blood volume
without needing to measure absolute values for the physical
metric, e.g., without needing to measure absolute impedance.
Instead changes in the physical metric, e.g., changes in
impedance, can be measured.

[0026] Insome examples, the blocks 106 and 110 may take
the first and second measurements, respectively, over a period
of time and determine a local peak value of the physical
metric over those periods of time value, and provide those
local peak values to the block 112. In some examples, the
blocks 106 and 110 may take the first and second measure-
ments, respectively, over a period of time and determine a
peak-to-peak value for the physical metric over those periods
of time, and provide those peak-to-peak values to the block
112. In any of these examples, the first and second measure-
ments may be normalized to each individual’s breathing base-
line. In some examples, the normalization can occur from
plotting this data versus changes in the diameter of an indi-
vidual’s inferior vena cava. In an example experimental
implementation using control subjects and patients who were
critically ill, an exponential model was fit to measured imped-
ance data and was shown to have high predictive value of
impedance changes on both a per individual basis (e.g., R*=0.
9120.05 and R*=0.96=0.03 for control subjects and patients,
respectively) and a per subject group basis.

[0027] Referring again to FIG. 1, the process of taking
measurements of volume before and after a blood moving
event and calculating the change in volume may be repeated
one or more times. That is, the processes for blocks 106-112
may be repeated numerous times to monitor and assess the
effects of different events on blood volume. Additionally
various types of blood moving events may occur during moni-
toring. For example, a patient may be instructed to breathe
normally for several cycles, instructed to take several deep
breaths, and then have a limb be raised and/or lowered as
discussed herein. By monitoring the patient’s intravascular
volume status before and after several occurrences of events
causing blood to return to the heart via the venous system, a
healthcare provider may assess whether the addition or sub-
traction of intravascular fluid would be advantageous to the
patient’s health as discussed below. The length of time the
patient may be monitored may vary and may depend in part
on (a) how ill or injured the patient is and (b) what treatments
are being undertaken to optimize the patient’s cardiovascular
system and how the patient’s cardiovascular system responds
to this treatment discussed below. Accordingly, the patient
may be monitored for minutes, hours, or days. Further, it may
be advantageous to continuously monitor the extremity to
detect changes in circulating volume over time in order to
detect hydration states and continuing blood loss.

[0028] The event(s) modulating blood return may result
from direct or indirect instruction from health care personnel,
and as part of a treatment efficacy determination. Example
events include spontaneous inspiration, positive pressure
mechanical ventilation, raising a limb or extremity or neck of
the patient, applying negative or positive pressure to theabdo-
men or chest, inspiration against a negative impedance valve,
or discrete maneuvers performed with mechanical ventila-
tion. Those discrete maneuvers performed with mechanical
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ventilation may include, by way of example, adjusting posi-
tive pressure ventilation, negative pressure ventilation, main-
taining inspiratory or expiratory pause, or a combination
thereof.

[0029] Personnel may instruct patients to engage in events
modulating blood return, at, before, or during a diagnosis test
or administration of treatment. The change in venous blood
volume is then determined based on changes in measured
impedance before and after the events. The personnel may
instruct the patient to engage in one event or in a protocol of
events, e.g., performing different breathing exercises in a
prescribed manner (such as, rapid breaths followed by deep
expiration and deep inspiration breaths, different types of
breaths taken at different limb positions, etc.). For example,
an administering physician may instruct a patient to perform
a blood-modulating event, from which changes in venous
blood volume is determined between different time points, to
determine how the patient will hemodynamically respond to
treatment by a cardiovascular fluid, or how the patient will
respond to the removal of a cardiovascular fluid. The physi-
cian thus uses the blood-modulating events to assist in deter-
mining patient’s likely responsiveness a treatment. From
here, the physician can assess which treatments will be most
effective. The technique can be used to determine responsive-
ness to any number of conditions, including hemodynamic
responsiveness to administration or removal of one or more
cardiovascular drugs, such as drugs intended to promote car-
diac output, changes in cardiovascular preload, changes in
cardiovascular afterload, etc. In yet other examples, the blood
modulating events may be used to determine how a patient
will respond to changes in mechanical or noninvasive venti-
lation.

[0030] Mechanical ventilation may be from adjusting posi-
tive pressure ventilation, negative pressure ventilation, main-
taining inspiratory or expiratory pause, or a combination
thereof.

[0031] In some examples, instructions for performing
blood modulating events may be supplied to the patient auto-
matically by a system 800, for example, using a display 826,
and under instruction by instructions executed by a processor
808 and stored in a program memory 806, described further
hereinbelow.

[0032] The instructions can be provided to a patient that is
remote from a medical facility connected to the testing appa-
ratus through a network, such as at the patient’s home.
Whether at a medical facility or remotely, the technique may
be performed on a patient undergoing a general examination
or undergoing a specific treatment, such as treatment for
cardiac arrest, edema, burns, trauma, heart failure, sepsis,
dehydration, renal failure, or dialysis.

[0033] FIGS. 3-7 illustrate graphs of the impedance mea-
sured in an extremity before, during, and after the occurrence
of the event causing blood to return to the heart via the venous
system (e.g., spontaneous respiration, moving one or more
limbs, etc.). Each of FIGS. 3-7 includes three graphs. As
discussed below, the top graph in each of FIGS. 3-7 is a graph
of theimpedance measured at an extremity of the patient (e.g,.,
arm, leg, etc.). The middle graph in each of FIGS. 3-7 is a
graph of the impedance measured at the chest wall of the
patient. The electrodes were placed in a pattern similar to
patterns used in known in-hospital respiratory monitoring.
However, unlike the impedance measured at the patient’s
extremity, the changes in impedance in the chest level does
not represent blood volume changes in the chest but rather
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changes in the distance between the electrodes in response to
chest expansion. It will be appreciated by one ofordinary skill
in the art that in each of FIGS. 3-7, a comparison of the top
graph of impedance measured at an extremity to the middle
graph of impedance measured at the chest wall shows the
greater sensitivity conferred by the methods discussed herein.
In particular, the top graph may illustrate a more pronounced
response to respiratory challenges relative to regular, sponta-
neous breaths. The bottom graph in each of FIGS. 3-7 is a
graph of the end-tidal CO, monitoring from the nose. End-
tidal CO, is a direct measurement of respiration, however the
measuring apparatus used to generate FIGS. 3-7 introduced a
slight delay in registering the measurements, which caused
the bottom graph to be slightly out of phase with the top and
middle graphs due to the side-stream sampling nature of the
CO, measurement. However, because the amplitude and fre-
quency of the top graph of impedance track with the peaks
and troughs of the bottom graph of end-tidal CO,, it will be
appreciated by one of ordinary skill in the art that measuring
impedance at an extremity can serve as an indirect measure-
ment of respiratory rate and the degree of respiratory effort.
The performance of impedance in this aspect is improved
over end-tidal CO, monitoring.

[0034] FIG. 3 includes an illustration of a graph 300 of the
impedance measured in a patient’s arm while the patient
engages in normal, spontaneous breaths. FIG. 3 also includes
a graph 310 of chest impedance and a graph 320 of end-tidal
CO,. It will be appreciated that each of the graphs 300, 310,
and 320 track one another and exhibit a substantially-regular
amplitude and frequency as the patient breathes. FIG. 4 is an
illustration of a graph 400 of the impedance measured in a
patient’s arm while the patient engages in deep, spontaneous
breaths starting at point 402. FIG. 4 also includes a graph 410
of chest impedance and a graph 420 of end-tidal CO,. It will
be appreciated that amplitude of waveform of the graphs 400
and 410 increase after point 402 while the patient is taking
deep breaths, however the rate of breathing has not substan-
tially increased. Additionally, it will be appreciated that the
frequency of the graphs 400, 410, and 420 have not increased.
Additionally, FIG. 5 is an illustration of a graph 500 of the
impedance measured in a patient’s arm while the patient takes
and holds a deep breath at point 502, with a characteristic
spike and gradual tapering of impedance. FIG. 5 also includes
a graph 510 of chest impedance and a graph 520 of end-tidal
CO,. As discussed herein, the relatively larger change in
impedance may indicate a greater flow of blood toward the
heart caused by greater negative intrathoracic pressure caused
by a deep breath. The differences between F1G. 3 and FIGS.
4 and 5 will be appreciated by one of ordinary skill in the art.
In particular, it will be noted that the change in impedance in
FIG. 4 and FIG. 5 while the patient was taking deep breaths or
taking and holding a deep breath, respectively, are larger
relative to the change in impedance in FIG. 3.

[0035] FIG. 6is an illustration of a graph 600 of the imped-
ance measured in a patient’s arm while the patient’s legs are
raised and lowered while the patient is taking spontaneous
breaths. At point 602, the patient’s legs are raised, causing the
impedance measured in the arm to decrease slightly as more
blood is present in the patient’s arm. Then, at point 604, the
patient’s legs are lowered, causing impedance in the arm to
spike as less blood is present in the patient’s arm. FI1G. 6 also
includes a graph 610 of chest impedance and a graph 620 of
end-tidal CO,. FIG. 7 is an illustration of a graph 700 of the
impedance measured in a patient’s leg as the patient’s legs are
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raised and lowered while the patient is taking spontaneous
breaths. At point 702, the patient’s legs are raised, causing the
impedance measured in the leg to increase as less blood is
present in the leg. Then, at point 704, the patient’s legs are
lowered, causing the impedance measured in the leg to
decrease as more blood is present in the patient’s leg. FIG. 7
also includes a graph 710 of chest impedance and a graph 720
of end-tidal CO,.

[0036] Referring again to FIG. 1, after calculating the
change in venous volume at the extremity, the cardiovascular
health of the patient can be evaluated and appropriate treat-
ments or interventions may be planned and applied (block
114). A healthcare provider may use the process 100 to assess
the condition of the patient to determine whether it may be
beneficial to increase the volume of circulating blood in order
to achieve optimum cardiovascular circulation or output. If
the patient is volume deficient, the volume of circulating
blood may be increased, for example, by a blood transfusion,
administering intravenous (IV) fluids, or other known ways of
administering fluids. If the patient is hypervolemic, the vol-
ume of circulating blood may be decreased, for example, by
diuresis or other known ways of decreasing fluids. In the past,
a healthcare provider might hypothesize that a patient is vol-
ume depleted based merely on the patient’s injury or illness
(e.g., severe burns) and administer IV fluids without having
the capability of determining whether such fluids may be
beneficial beforehand. However, using the disclosed embodi-
ments, if a healthcare provider initially believes that a patient
has a condition that would be respond favorably to the addi-
tion of IV fluids, but the change in volume (e.g., as determine
by measuring the change in impedance as discussed herein) is
small in response to various respiratory challenges (e.g., deep
breaths, manipulation of limbs, etc.), then the healthcare pro-
vider may determine that the patient will not respond to being
given additional IV fluids. Conversely, if the change in vol-
ume is large, then the healthcare provider may determine that
the patient will respond favorably to fluids. Similarly, if the
healthcare provider hypothesizes that the patient’s condition
may be improved by removing fluids, the healthcare provider
may use the example process 100 to determine that the change
in volume is small, indicating that removing fluids may be
beneficial. Additionally, the process 100 may be used to titrate
positive pressure or negative pressure ventilation and the
administration of either pharmaceuticals or mechanical
maneuvers that increase blood flow dependent or independent
of making the heart pump more efficiently.

[0037] Further, it is possible to use the technology as a
respiratory monitor to determine not only the respiratory rate
but also the degree of respiratory effort. Accordingly, the
process 100 may be used to estimate central venous pressure
(CVP) levels noninvasively similar to how Ultrasound of the
superior or inferior vena cava have been used, as well as to
detect changes in the cardiorespiratory system which may
signal the deterioration or improvement of a patient’s condi-
tion. Because there are no valves in the proximal large veins
in the neck and limbs, the geometric changes in these vessels
in response to the respiratory challenges discussed above may
parallel those of the superior and inferior vena cava. Accord-
ingly, the volume measuring techniques discussed above may
be useful for indirectly measuring the volume of blood in the
superior and inferior vena cava.

[0038] FIG. 10 is an example block diagram 800 illustrat-
ing the various components used in implementing an example
embodiment of the intravascular volume monitoring process
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100 discussed herein. A testing apparatus 802 may be coupled
to a patient 820 via sensors 816 in accordance with executing
the functions of the disclosed embodiments. The testing appa-
ratus 802 may have a controller 804 operatively connected to
the database 814 via a link 822 connected to an input/output
(I/O) circuit 812. It should be noted that, while not shown,
additional databases may be linked to the controller 804 in a
known manner. The controller 804 includes a program
memory 806, the processor 808 (may be called a microcon-
troller or a microprocessor), a random-access memory
(RAM) 810, and the input/output (I/O) circuit 812, all of
which are interconnected via an address/data bus 820. It
should be appreciated that although only one microprocessor
808 is shown, the controller 804 may include multiple micro-
processors 808. Similarly, the memory of the controller 804
may include multiple RAMs 810 and multiple program
memories 806. Although the I/O circuit 812 is shown as a
single block, it should be appreciated that the 1/O circuit 812
may include a number of different types of I/O circuits. The
RAM(s) 810 and the program memories 806 may be imple-
mented as semiconductor memories, magnetically readable
memories, and/or optically readable memories, for example.
A link 824 may operatively connect the controller 804 to a
sensor 816 through the I/O circuit 812. The sensor 816 may be
operatively connected to the patient 820. The sensor 816 may
include the impedance measuring device 202 and electrodes
206 and 208 discussed in connection to FI1G. 2.

[0039] Theprogram memory 806 and/or the RAM 810 may
store various applications (i.e., machine readable instruc-
tions) for execution by the microprocessor 808. For example,
an operating system 830 may generally control the operation
ofthe testing apparatus 802 and provide a user interface to the
testing apparatus 802 to implement the process 100 described
herein. The program memory 806 and/or the RAM 810 may
also store a variety of subroutines 832 for accessing specific
functions of the testing apparatus 802. By way of example,
and without limitation, the subroutines 832 may include,
among other things: a subroutine for taking measurements
with the sensor 816 and other subroutines, for example,
implementing software keyboard functionality, interfacing
with other hardware in the testing apparatus 802, etc. For
example, the process 100 of FIG. 1 (and instructions else-
where described herein) may be stored on the program
memory 806 for execution by the processor 808. The program
memory 806 and/or the RAM 810 may further store data
related to the configuration and/or operation of the testing
apparatus 802, and/or related to the operation of one or more
subroutines 252. For example, the data may be data gathered
by the sensor 816, data determined and/or calculated by the
processor 808, etc. In addition to the controller 804, the
testing apparatus 802 may include other hardware resources.
The testing apparatus 802 may also include various types of
input/output hardware such as a visual display 826 and input
device(s) 828 (e.g., keypad, keyboard, etc.). In an embodi-
ment, the display 826 is touch-sensitive, and may cooperate
with a software keyboard routine as one of the software rou-
tines 832 to accept user input. [t may be advantageous for the
testing apparatus to communicate with a broader medical
treatment network (not shown) through any of a number of
known networking devices and techniques (e.g., through a
commuter network such as a hospital or clinic intranet, the
Internet, etc.). For example, the testing apparatus may be
connected to a medical records database, hospital manage-
ment processing system, health care professional terminals
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(e.g., doctor stations, nurse stations), patient monitoring sys-
tems, automated drug delivery systems such as smart pumps,
smart infusion systems, automated drug delivery systems,
etc. Accordingly, the disclosed embodiments may be used as
part of an automated closed loop system or as part of a
decision assist system. By way of example, a network inter-
face 834 is coupled to the /O interface 812 for connecting the
testing apparatus 802 to a network 836, through a wired or
wireless connection.

[0040] In this way, the system 800 may be used to deter-
mine the cardiovascular condition of the patient and whether
that condition has improved or deteriorated over the period of
time, e.g., by measuring changes in venous blood volume
over time, and in response to procedures performed by the
patient and in response to different treatments provided to the
patient. Ventilatory effort of the patient can be determined,
e.g., how much effort does it take for a patient to reach a
desired volume of inspiration or expiration as measured by
impedance and as that correlates to venous blood volume. The
cardiovascular condition of a patient can be monitored over
time to determine if the condition has improved or deterio-
rated, e.g., by determining a baseline impedance pattern for a
patient and then comparing subsequent impedance measures
to that baseline do determine variations from the baseline.
[0041] The system 800 may be used to further determine,
from the impedance measurements and determined changes
in venous blood volume, a central venous pressure or right
atrial venous pressure. The system 800 may be further used to
determine respiratory rate and respiratory effort, from the
change in venous blood volume data. The change in venous
blood volume, the respiratory rate, and respiratory effort may
be monitored over time to determine if the patient’s condition
has improved or deteriorated, for example, in response to
different treatment cycles and different treatment conditions.
In some examples, the system 800 may detect patterns in the
changes in volume of blood over a period of time and detect
outlines in changes in volume of blood over that time, as
indicators of various conditions. In any of these cases, the
memory 806 may store the appropriate instructions that are
executed by the processor 808 to automatically affect such
monitoring and determinations.

[0042] Throughout this specification, plural instances may
implement components, operations, or structures described
as a single instance. Although individual operations of one or
more methods are illustrated and described as separate opera-
tions, one or more of the individual operations may be pet-
formed concurrently, and nothing requires that the operations
be performed in the order illustrated. Structures and function-
ality presented as separate components in example configu-
rations may be implemented as a combined structure or com-
ponent. Similarly, structures and functionality presented as a
single component may be implemented as separate compo-
nents. These and other variations, modifications, additions,
and improvements fall within the scope of the subject matter
herein.

[0043] Additionally, certain embodiments are described
herein as including logic or anumber of routines, subroutines,
applications, or instructions. These may constitute either soft-
ware (e.g., codeembodied on a non-transitory, machine-read-
able medium) or hardware. In hardware, the routines, etc., are
tangible units capable of performing certain operations and
may be configured or arranged in a certain manner. In
example embodiments, one or more computer systems (e.g.,
astandalone, client or server computer system) or one or more
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hardware modules of a computer system (e.g., a processor or
a group of processors) may be configured by software (e.g,,
an application or application portion) as a hardware module
that operates to perform certain operations as described
herein.

[0044] Invarious embodiments, ahardware module may be
implemented mechanically or electronically. For example, a
hardware module may comprise dedicated circuitry or logic
that is permanently configured (e.g., as a special-purpose
processor, such as a field programmable gate array (FPGA) or
an application-specific integrated circuit (ASIC)) to perform
certain operations. A hardware module may also comprise
programmable logic orcircuitry (e.g., as encompassed within
a general-purpose processor or other programmable proces-
sor) that is temporarily configured by software to perform
certain operations. It will be appreciated that the decision to
implement a hardware module mechanically, in dedicated
and permanently configured circuitry, or in temporarily con-
figured circuitry (e.g., configured by software) may be driven
by cost and time considerations.

[0045] Accordingly, the term “hardware module” should
be understood to encompass a tangible entity, be that an entity
that is physically constructed, permanently configured (e.g.,
hardwired), or temporarily configured (e.g., programmed) to
operate in a certain manner or to perform certain operations
described herein. Considering embodiments in which hard-
ware modules are temporarily configured (e.g., pro-
grammed), each of the hardware modules need not be con-
figured or instantiated at any one instance in time. For
example, where the hardware modules comprise a general-
purpose processor configured using software, the general-
purpose processor may be configured as respective different
hardware modules at different times. Software may accord-
ingly configure a processor, for example, to constitute a par-
ticular hardware module at one instance of time and to con-
stitute a different hardware module at a different instance of
time.

[0046] Hardware modules can provide information to, and
receive information from, other hardware modules. Accord-
ingly, the described hardware modules may be regarded as
being communicatively coupled. Where multiple of such
hardware modules exist contemporaneously, communica-
tions may be achieved through signal transmission (e.g., over
appropriate circuits and buses) that connect the hardware
modules. In embodiments in which multiple hardware mod-
ules are configured or instantiated at different times, commu-
nications between such hardware modules may be achieved,
for example, through the storage and retrieval of information
in memory structures to which the multiple hardware mod-
ules have access. For example, one hardware module may
perform an operation and store the output of that operation in
a memory device to which it is communicatively coupled. A
further hardware module may then, at a later time, access the
memory device to retrieve and process the stored output.
Hardware modules may also initiate communications with
input or output devices, and can operate on a resource (e.g., a
collection of information).

[0047] The various operations of example methods
described herein may be performed, at least partially, by one
or more processors that are temporarily configured (e.g., by
software) or permanently configured to perform the relevant
operations. Whether temporarily or permanently configured,
such processors may constitute processor-implemented mod-
ules that operate to perform one or more operations or func-
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tions. The modules referred to herein may, in some example
embodiments, comprise processor-implemented modules.

[0048] Similarly, the methods or routines described herein
may be at least partially processor-implemented. For
example, at least some of the operations of a method may be
performed by one or more processors or processor-imple-
mented hardware modules. The performance of certain of the
operations may be distributed among the one or more proces-
sors, not only residing within a single machine, but deployed
across a number of machines. In some example embodi-
ments, the processor or processors may be located in a single
location (e.g., within a home environment, an office environ-
ment or as a server farm), while in other embodiments the
processors may be distributed across a number of locations.

[0049] Theperformance of certain of the operations may be
distributed among the one or more processors, not only resid-
ing within a single machine, but deployed across a number of
machines. In some example embodiments, the one or more
processors or processor-implemented modules may be
located in a single geographic location (e.g.. within a home
environment, an office environment, or a server farm). In
other example embodiments, the one or more processors or
processor-implemented modules may be distributed across a
number of geographic locations.

[0050] Unless specifically stated otherwise, discussions
herein using words such as “processing,” “computing,” “cal-
culating,” “determining,” “presenting,” “displaying,” or the
like may refer to actions or processes of a machine (e.g., a
computer) that manipulates or transforms data represented as
physical (e.g., electronic, magnetic, or optical) quantities
within one or more memories (e.g., volatile memory, non-
volatile memory, or acombination thereof), registers, or other
machine components that receive, store, transmit, or display
information.

[0051] As used herein any reference to “one embodiment”
or “an embodiment” means that a particular element, feature,
structure, or characteristic described in connection with the
embodiment is included in at least one embodiment. The
appearances of the phrase “in one embodiment” in various
places in the specification are not necessarily all referring to
the same embodiment.

[0052] Some embodiments may be described using the
expression “coupled” and “connected” along with their
derivatives. For example, some embodiments may be
described using the term “coupled” to indicate that two or
more elements are in direct physical or electrical contact. The
term “coupled,” however, may also mean that two or more
elements are not in direct contact with each other, but yet still
co-operate or interact with each other. The embodiments are
not limited in this context.

[0053] As used herein, the terms “comprises,” “compris-
ing,” “includes,” “including,” “has,” “having” or any other
variation thereof, are intended to cover anon-exclusive inclu-
sion. For example, a process, method, article, or apparatus
that comprises a list of elements is not necessarily limited to
only those elements but may include other elements not
expressly listed or inherent to such process, method, article,
or apparatus. Further, unless expressly stated to the contrary,
“or” refers to an inclusive or and not to an exclusive or. For
example, a condition A or B is satisfied by any one of the
following: A is true (or present) and B is false (or not present),
A is false (or not present) and B is true (or present), and both
A and B are true (or present).
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[0054] 1In addition, use of the “a” or “an” are employed to
describe elements and components of the embodiments
herein. This is done merely for convenience and to give a
general sense of the description. This description, and the
claims that follow, should be read to include one or at least
one and the singular also includes the plural unless it is
obvious that it is meant otherwise.

[0055] This detailed description is to be construed as
examples and does not describe every possible embodiment,
as describing every possible embodiment would be imprac-
tical, if not impossible. One could implement numerous alter-
nate embodiments, using either current technology or tech-
nology developed after the filing date of this application.

What is claimed:

1. A method for evaluating cardiovascular condition of a
patient, the method comprising:

(a) recording a first impedance of a limb or extremity or

neck of the patient at a first time in response to receiving
a first impedance reading from a plurality of sensors on
a limb or extremity or neck;

(b) after the occurrence of an event modulating blood
return to the heart via the venous system of the patient,
recording a second impedance of the limb or extremity
or neck at a second time in response to receiving a
second impedance reading from a plurality of sensors on
alimb or extremity or neck, wherein the first impedance
and the second impedance each correspond to a volume
of blood flowing within the limb or extremity or neck;
and

(c) determining a change in venous blood volume between
the first time and the second time by comparing the first
impedance and the second impedance to determine a
change in volume of blood.

2. The method of claim 1, wherein (a)-(c) are performed
repeatedly over a period of time, the method further compris-
ing:

(d) determining whether the cardiovascular condition of
the patient has improved or deteriorated over the period
of time.

3. The method of claim 2, wherein determining whether the
cardiovascular condition of the patient has improved or dete-
riorated over the period of time includes monitoring the ven-
tilatory effort of the patient and ventilatory dynamics of the
patient.

4. The method of claim 2, wherein determining whether the
cardiovascular condition of the patient has improved or dete-
riorated over the period of time includes:

(1) using a first portion of the recorded impedances to
determine a baseline impedance pattern for the patient,
and

(2) comparing a second portion of the recorded imped-
ances to the baseline impedance pattern to detect devia-
tions from the baseline impedance pattern.

5. The method of claim 1, wherein placing electrodes on
one of a limb or extremity or neck to monitor the impedance
of the limb or extremity or neck includes placing two elec-
trodes to inject electrical current and two electrodes to mea-
sure impedance.

6. The method of claim 1, wherein the event modulating
blood return to the heart includes one or more of spontaneous
inspiration, positive pressure mechanical ventilation, raising
alimb or extremity or neck of the patient, applying negative or
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positive pressure to the abdomen or chest, inspiration against
anegative impedance valve, or discrete maneuvers performed
with mechanical ventilation.

7. The method of claim 6, wherein the discrete maneuvers
performed with mechanical ventilation comprise adjusting
positive pressure ventilation, negative pressure ventilation,
maintaining inspiratory or expiratory pause, or acombination
thereof.

8. The method of claim 1, wherein (a) and (b) are per-
formed outside a medical facility.

9. The method of claim 1, wherein the patient is undergoing
treatment for one or more of cardiac arrest, edema, burns,
trauma, heart failure, sepsis, dehydration, renal failure, or
dialysis.

10. The method of claim 1, further comprising:

(d) determining one or more of:

(1) how the patient will hemodynamically respond to
one or more of an addition of cardiovascular fluid or
removal of cardiovascular fluid,

(2) how the patient will hemodynamically respond to
one or more cardiovascular drugs which promote
changes in cardiac output, changes in cardiovascular
preload, and changes in cardiovascular afterload, or

(3) determining how the patient will respond hemody-
namically to changes in mechanical or noninvasive
ventilation.

11. The method of claim 1, further comprising: determin-
ing changes in vena cava diameter, central venous pressure, or
right atrial venous pressure from the change in venous blood
volume.

12. The method of claim 1, further comprising: determin-
ing respiratory rate and effort from the change in venous
blood volume.

13. A testing apparatus for evaluating cardiovascular con-
dition of a patient, the testing apparatus comprising:

one or more electrodes;

one Or More Processors;

a computer-readable memory storing non-transient
instructions that when executed by the one or more
processors cause the testing apparatus to:

(a) use the one or more electrodes to record a first imped-
ance of a limb or extremity or neck of the patient at a
first time in response to receiving a first impedance
reading from a plurality of sensors on a limb or
extremity or neck;

(b) after the occurrence of an event modulating blood
return to the heart via the venous system of the patient,
use the one or more electrodes to record a second
impedance of the limb or extremity or neck at a sec-
ond time in response to receiving a second impedance
reading from a plurality of sensors on a limb or
extremity or neck, wherein the first impedance and the
second impedance each correspond to a volume of
blood flowing within the limb or extremity or neck;
and

(¢) determine a change in venous blood volume between
the first time and the second time by comparing the
first impedance and the second impedance to deter-
mine a change in volume of blood.

14. The testing apparatus of claim 13, wherein the non-
transient instructions include instructions that when executed
by the one or more processors cause the testing apparatus to
determine whether the cardiovascular condition of the patient
has improved or deteriorated over the period of time.
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15. The testing apparatus of method of claim 14, wherein
the instructions to determine whether the cardiovascular con-
dition of the patient has improved or deteriorated over the
period of time includes instructions to monitor a respiratory
rate of the patient and a respiratory effort of the patient.

16. The method of claim 15, wherein the instructions to
determine whether the cardiovascular condition of the patient
has improved or deteriorated over the period of time includes
instructions to:

(1) use a first portion of the recorded impedances to deter-

mine a baseline impedance pattern for the patient, and

(2) compare a second portion of the recorded impedances
to the baseline impedance pattern to detect deviations
from the baseline impedance pattern.

17. The testing apparatus of claim 13, wherein the one or
more electrodes include two electrodes to inject electrical
current and two electrodes to measure impedance.

18. The testing apparatus of claim 13, wherein the event
modulating blood to return to the heart includes one or more
of spontaneous inspiration; positive pressure mechanical
ventilation, negative pressure ventilation, or raising a limb or
extremity or neck of the patient.

19. The testing apparatus of claim 13, further comprising a
photoplethysmograph, a galvanic skin response monitor, a
near infrared spectroscopy device, a laser Doppler device
with or without speckle tracking, or an ultrasound device with
or without speckle tracking.

20. The testing apparatus of claim 13, further comprising
impedance cardiography measurement, pulse pressure varia-
tion measurement, or stroke volume variation measurement,

21. A closed-loop cardiovascular condition evaluation sys-
tem comprising:

the testing apparatus of claim 13; and

aprocessor and a memory, the memory storing instructions
that when executed by the processor, cause the processor
to evaluate a cardiovascular condition of a subject in
response to determining the change in the venous blood
volume between the first time and the second time deter-
mined by comparing the first impedance and the second
impedance, for different treatment cycles.

22. The closed-loop system of claim 21, wherein the dif-
ferent treatment cycles comprising, determining the change
in venous blood volume under a first treatment condition and
under a second treatment condition.

23. The closed-loop system of claim 22, wherein the first
treatment condition is a pre-cardiovascular treatment condi-
tion and the second treatment condition is after a cardiovas-
cular treatment has been applied.

24. The closed-loop system of claim 21, wherein the
memory stores instructions that when executed by the pro-
cessor, cause the processor to adjust a cardiovascular treat-
ment in response to the determination in the change of venous
blood volume.

25. A method for evaluating the cardiovascular condition
of a patient, the method comprising:

(a) determining a first volume of blood of alimb or extrem-

ity or neck of the patient at a first time;

(b) after the occurrence of an event causing blood to return
to the heart via the venous system of the patient, deter-
mining a second volume of blood of the limb or extrem-
ity or neck at a second time;

(¢) determining a change in venous blood volume between
the first time and the second time by comparing the first
volume of blood and the second volume of blood; and
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(d) determining one or more of,

(1) how the patient will hemodynamically respond to
one or more of an addition of cardiovascular fluid or
removal of cardiovascular fluid,

(2) how the patient will hemodynamically respond to
one or more cardiovascular drugs which promote
changes in cardiac output, changes in cardiovascular
preload, and changes in cardiovascular afterload,

(3) determining how the patient will response to changes
in mechanical or noninvasive ventilation, or

(4) determining respiratory rate and magnitude of respi-
ratory effort.

26. The method of claim 25, wherein the first and second
volume of blood in a limb is determined by measuring the
diameter of a major vein in the limb or extremity or neck using
ultrasonic imagery with our without speckle tracking, or laser

Jan. 29,2015

Doppler Flowmetry with or without speckle tracking, or near
infrared spectroscopy, or photoplethysmography, or galvanic
skin response.

27. The method of claim 26, wherein (a)-(c) are performed
repeatedly over a period of time, the method further compris-
ing:

(e) determining whether the cardiovascular condition of
the patient has improved or deteriorated over the period
of time.

28. The method of claim 27, wherein determining whether
the cardiovascular condition of the patient has improved or
deteriorated over the period of time includes using a learning
algorithm to

(1) detect a pattern in the changes of volume of blood over
the period of time, and

(2) detect outliers in the changes of volume of blood over
the period of time.
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