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Description
BACKGROUND

[0001] The present disclosure relates generally to a
method and system for monitoring physiological param-
eters of a patient. Specifically, embodiments of the
present invention relate to more accurate estimation of
intravascular blood volume and fluid responsiveness by
adjusting pulse oximetry waveform measurements to ac-
count for variations in respiratory parameters and/or oth-
er patient parameters.

[0002] This section is intended to introduce the reader
to aspects ofthe art thatmay be related to various aspects
of the present disclosure, which are described and/or
claimed below. This discussion is believed to be helpful
in providing the reader with background information to
facilitate a better understanding of the various aspects
of the present disclosure. Accordingly, it should be un-
derstood that these statements are to be read in this light,
and not as admissions of prior art.

[0003] In the field of medicine, doctors often desire to
monitor certain physiological characteristics of their pa-
tients. Accordingly, a wide variety of devices have been
developed for monitoring many such characteristics of a
patient. Such devices provide doctors and other health-
care personnel with the information they need to provide
the best possible healthcare for their patients. As aresult,
such monitoring devices have become an indispensable
part of modern medicine.

[0004] One physiological parameter that physicians
may wish to monitor is blood fluid volume (i.e., intravas-
cular volume). Variations from normal fluid volume in the
blood may indicate a change in clinical condition or an
injury. For example, hypovolemia is a state of decreased
intravascular volume that may be associated with dehy-
dration. Correct clinical assessment of hypovolemia is
complex. More specifically, intravascular volume is diffi-
cult to estimate, particularly in critically ill patients. With-
out an accurate assessment of a patient’s intravascular
volume, it is difficult to predict whether a patient will re-
spond to fluid therapy (e.g., a blood or fluid infusion) with
animprovement in clinical condition, such as an increase
in stroke volume and cardiac output. Accordingly, accu-
rate assessments of intravascular volume may assist a
clinician in determining whether a patient will be respon-
sive to fluid therapy.

[0005] Tothisend,indicators such as the systolic blood
pressure variation, pulse pressure variation, or stroke
volume variation may be used to estimate intravascular
volume and determine whether a patient is likely to be
fluid responsive. However, these measurements tend to
be invasive. For example, to obtain an accurate pulse
pressure waveform from which the intravascular volume
can be determined, a physician may insert an invasive
arterial line.

[0006] US 2006/0058691 describes a hypovolemia
monitor comprising a plethysmograph input responsive
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to light intensity after absorption by fleshy tissue.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] Advantages of the disclosure may become ap-
parent upon reading the following detailed description
and upon reference to the drawings in which:

FIG. 1 is a block diagram of a ventilation system for
determining intravascular blood volume in accord-
ance with an embodiment;

FIG. 2 is a block diagram of a patient monitor that
may be used in conjunction with the ventilation sys-
tem of FIG. 1 in accordance with an embodiment;

FIG. 3 is a block diagram of a method illustrating an
embodiment;

FIG. 4 is a plethysmographic waveform illustrating
an embodiment; and

FIG. 5is a block diagram of a closed-loop ventilation
system for administering a fluid therapy in accord-

ance with an embodiment.

DETAILED DESCRIPTION

[0008] One or more specific embodiments of the
present invention will be described below. In an effort to
provide a concise description of these embodiments, not
all features of an actual implementation are described in
the specification. It should be appreciated that in the de-
velopment of any such actual implementation, as in any
engineering or design project, numerous implementa-
tion-specific decisions may be made to achieve the de-
velopers’ specific goals, such as compliance with sys-
tem-related and business-related constraints, which may
vary from one implementation to another. Moreover, it
should be appreciated that such a development effort
might be complex and time consuming, but would nev-
ertheless be a routine undertaking of design, fabrication,
and manufacture for those of ordinary skill having the
benefit of this disclosure.

[0009] For patients who are undergoing multiple and
overlapping medical treatments, monitoring physiologi-
cal parameters may be complex. For example, certain
physiological characteristics of the patient may be influ-
enced by the medical treatment being provided. In em-
bodiments, a ventilator may control a patient’s breathing
rate along with the type and amount of gases inhaled.
Because respiration affects the delivery of oxygen from
the lungs into the blood, changes in ventilation parame-
ters and/or patient lung conditions may result in changes
to hemodynamic parameters, such as pulse pressure
and blood oxygenation.

[0010] The variability in a waveform representative of
a patient’s blood oxygen levels (i.e., a plethysmographic
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waveform) may be used to estimate a patient’s intravas-
cular volume. Blood oxygen levels may be monitored with
a non-invasive, optical pulse oximetry sensor that trans-
mits two or more wavelengths of light, most commonly
red and near infrared wavelengths, through a patient’s
tissue and that photoelectrically detects the absorption
and/or scattering of the transmitted light in such tissue.
The use of pulse oximetry to estimate intravascular vol-
ume and fluid responsiveness in ventilated patients pro-
vides the ease of use of a noninvasive, rather than inva-
sive, sensor. However, as noted, blood oxygen meas-
urements may be affected by other clinical conditions,
such as respiratory parameters. For example, the
plethysmographic waveform signal may be sensitive to
respiratory parameters, such as respiration rate, tidal vol-
ume, end tidal carbon dioxide concentration, or positive
end-expiratory pressure, which may be controlled by par-
ticular settings on a ventilator. In addition, the plethys-
mographic waveform signal may be sensitive to tissue
or blood constituent concentration, for example, a tissue
water fraction or a partial pressure of carbon dioxide in
the tissue. Further, the plethysmographic waveform sig-
nal may have certain patient-to-patient variability based
on age, weight, gender, and clinical condition.

[0011] The plethysmographic waveform signal, or, in
embodiments, a calculated value based on variation in
the waveform signal, may be corrected or adjusted to
provide a more accurate estimate of intravascular vol-
ume. A clinician may use the estimate of intravascular
volume to make determinations about a patient’s clinical
condition, such as the likelihood that the patient will re-
spond to fluid therapy. The adjustment may correct for
certain physiological conditions that may influence the
plethysmographic waveform and that may either mask
or exaggerate the plethysmographic waveform variabil-
ity. For example, in the case of a ventilated patient with
a controlled respiration rate, the patient’s blood oxygen
saturation may be higher relative to a patient who is not
receiving breathing assistance. Depending on the pa-
tient’s clinical condition, a ventilated patient with gener-
ally higher respiration rate may have greater peak-to-
peak variability in a plethysmographic waveform, which
in turn would resultin a higher calculated variability value.
Typically, higher variability values (e.g., greaterthan 15%
variability) may be associated with increased fluid re-
sponsiveness. Accordingly, an artificially high variability
value may mask a patient’s true fluid responsiveness.
[0012] By correcting the variability of the plethysmo-
graphic signal to account for the influence of patient pa-
rameters, such as a higher respiration rate as a result of
ventilation, the resulting plethysmographic waveform
variability value may be more accurate. Accordingly, a
clinician may be able to make more informed decisions
about whether the patient may benefit from fluid therapy.
In addition, the clinician may be able to assess changes
in blood volume more rapidly and may be able to inter-
vene to provide therapy to the patient at an earlier time
point. In embodiments, a closed-loop system is provided
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in which the corrected plethysmographic waveform var-
iability is used to estimate the intravascular volume and
determine the fluid responsiveness of a patient. A closed-
loop controller may control delivery of fluid therapy if the
estimate of intravascular volume is associated with hy-
povolemia, which may indicate that the patient will be
responsive to fluid therapy.

[0013] Embodiments provided herein are directed to
medical devices for assessing intravascular volume
based on respiratory or other patient parameters. Suita-
ble devices may be incorporated into a respiratory sys-
tem 10, shown in FIG. 1, or any other patient monitoring
system. In one embodiment, the respiratory system 10
may include a tracheal tube 12, such as an endotracheal
tube, that is inserted into a patient 14 to deliver gases to
and from the patient’s lungs. The respiratory system 10
may also include a respiratory circuit 16 connecting the
tracheal tube 12 to a ventilator 18. In embodiments, the
ventilator 18 may be a positive pressure ventilator, such
as those available from Nellcor Puritan Bennett LLC.
[0014] The system 10 may also include a pulse oxime-
try sensor 20 for generating a plethysmographic wave-
form signal representative of a patient’s blood oxygen
levels. The pulse oximetry sensor 20 may be in commu-
nication with a monitor 22 configured to receive the
plethysmographic waveform signal and estimate the pa-
tient’s intravascular volume and/or fluid responsiveness.
In one embodiment, the monitoring functions of the mon-
itor 22 may be incorporated into a single device that also
performs the functions of ventilator 18.

[0015] In embodiments, the plethysmographic wave-
form variability may be corrected by adjusting for respi-
ratory parameters controlled by the ventilator 18. For ex-
ample, the ventilator 18 may include a controller for con-
trolling respiration rate, tidal volume, flow rate, pressure,
peak airway pressure, ratio of expiration to inspiration
time, fraction of inspired oxygen (i.e., the percentage of
oxygen in the gas mixture), inspired pressure increases
or decreases over each breath (e.g., positive end-expir-
atory pressure), and any other respiratory parameter.
Any suitable respiratory parameter controlled by the ven-
tilator 18 may be used to adjust an estimate of intravas-
cular volume, as discussed in more detail below.
[0016] The respiratory system 10 may also include any
number or combination of additional sensors for provid-
ing information related to patient parameters that may be
used to correct or adjust the estimate of the patient’s
intravascular volume and/or fluid responsiveness. For
example, suitable sensors may include sensors for de-
termining tissue hydration, tissue constituents, blood
constituents, blood pressure, heart rate, patient temper-
ature, or tissue impedance. Such sensors may also in-
clude sensors for determining the presence or concen-
tration of biomarkers, including sensors for circulating
biomarkers related to cardiac stress and function (e.g.,
troponin or cholesterol) and/or biomarkers associated
with lung function (e.g., surfactant protein D).

[0017] Suitable sensors for providing information
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about additional patient parameters may be optical, elec-
trical, chemical, or biological sensors. A carbon dioxide
sensor or tissue water fraction sensor may direct two or
more wavelengths of light, most commonly near infrared
wavelengths between about 1,000 nm to about 2,500
nm, into a sample, e.g., a gas sample or a tissue sample.
Other sensors may include electrical sensors, such as
electrical impedance sensors that may sense a voltage
drop between two electrodes that are applied to a pa-
tient’s tissue. Chemical sensors may include colorimetric
chemical sensors, such as colorimetric sensors for de-
tection of carbon dioxide. For example, a chemical sen-
sor for carbon dioxide may include an indicator solution
containing hydroxyl ions or amine residues that react
chemically with carbon dioxide to form a carbonate
and/or a bicarbonate or carbamate moiety, such as those
discussed in co-pending U.S. Application No. 11/526,393
by Ostrowski et al., filed on September 25, 2006

[0018] This reaction may ultimately result in a color
change that may be optically detected. Biological sensors
may include enzymatic sensors for detecting a color or
fluorescence change produced by enzymatic reactions
or by antibody/ligand binding. For example, surfactant
protein D may be detected by an enzyme-linked immu-
nosorbent assay available from Cell Sciences (Canton,
MA).

[0019] By way of example, FIG. 1 shows a carbon di-
oxide sensor 24 that may be associated with the respi-
ratory circuit 16 and an aquametry sensor 26 that may
be applied to an appropriate tissue location on the patient
14. However, it should be understood that carbon dioxide
sensor 24 and aquametry sensor 26 are merely illustra-
tive of sensor types that may be used in conjunction with
the respiratory system 10. The carbon dioxide sensor 24
may be disposed along the respiratory circuit 16 (e.g.,
within a tube or connector of the respiratory circuit 16) or
associated with the respiratory circuit 16. In addition, the
carbon dioxide sensor 24 may be applied to a patient’s
tissue for determining partial pressure of carbon dioxide
by optically interrogating the tissue. Carbon dioxide sen-
sor 24 may be connected to downstream monitor 22 and
may provide the data used to correct or adjust pulse ox-
imetry variability measurements as provided herein. For
example, a carbon dioxide sensor 24 may provide infor-
mation to the monitor 22 relating to a carbon dioxide con-
centrationin the expired gas stream. Carbon dioxide con-
centration measurements, e.g., capnography, may be
used to estimate carbon dioxide partial pressure in arte-
rial blood. In one embodiment, end-tidal CO, (the level
of carbon dioxide released at the end of expiration) may
be determined through capnography, which may be im-
plemented by monitor 22. In other embodiments, the cap-
nography measurements may be performed by a sepa-
rate processor-based device, or may be performed by
the ventilator 18. To coordinate the measurement of end-
tidal CO, with the timing of the expiration, the ventilator
18 may provide information to the monitor 22 relating to
the timing of the expiration and inhalation. For example,
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the respiration timing information may be used to control
the carbon dioxide sensor 24.

[0020] The respiratory system 10 may include, either
instead of or in addition to carbon dioxide sensor/s 24,
any number of additional sensor types. For example, ag-
uametry sensor 26 may be a sensor that may be applied
to a patient’s tissue for determining a tissue water frac-
tion. The aquametry sensor 26 may include any suitable
arrangement of optical components for spectrophoto-
metrically assessing the patient’s tissue water fraction.
In one embodiment, the aquametry sensor 26 and the
pulse oximetry sensor 20 may be integrated into a unitary
sensor body.

[0021] The downstream monitor 22 may receive sig-
nals, for example from ventilator 18 or from one or more
sensors 24 or 26, to correct or adjust pulse oximetry sig-
nals received from pulse oximetry sensor 20. FIG. 2 is a
block diagram of an embodiment of a monitor 22 that
may be configured to implement the embodiments of the
present disclosure. The pulse oximetry signal from the
pulse oximetry sensor 20 may generate a plethysmo-
graphic waveform, which may be further processed and
corrected by the monitor 22. The monitor 22 may receive
and further process a signal from carbon dioxide sensor
24 to determine a value representative of a concentration
of carbon dioxide in the respiratory circuit 16 and/or a
signal from aquametry sensor 26 to determine a value
representative of a tissue water fraction of the patient.
[0022] The monitor 22 may include a microprocessor
32 coupled to an internal bus 34. Also connected to the
bus may be a RAM memory 36 and a display 38. A time
processing unit (TPU) 40 may provide timing control sig-
nals to light drive circuitry 42, which controls when an
optical sensor (e.g., pulse oximetry sensor 20, carbon
dioxide sensor 24, or tissue water fraction sensor 26) is
activated, and, if multiple light sources are used, the mul-
tiplexed timing for the different light sources. TPU 40 may
also control the gating-in of signals from sensor 20
through an amplifier 43 and a switching circuit 44. These
signals are sampled at the proper time, depending at
least in part upon which of multiple light sources is acti-
vated, if multiple light sources are used. The received
signal from the pulse oximetry sensor 20 may be passed
through an amplifier 46, a low pass filter 48, and an an-
alog-to-digital converted 40. The digital data may then
be stored in a queued serial module (QSM) 52, for later
downloading to RAM 46 or ROM 56 as QSM 52 fills up.
[0023] In an embodiment, based at least in part upon
the received signals corresponding to the light received
by optical components of the pulse oximetry sensor 20,
microprocessor 32 may calculate the oxygen saturation
using various algorithms. In addition, the microprocessor
32 may calculate a plethysmographic waveform variation
using various algorithms, such as suitable statistical or
time-series analysis algorithms. The plethysmograhpic
waveform variation may be corrected based on input sig-
nals from other sensors (e.g., carbon dioxide sensor 24
or aquametry sensor 26), the ventilator 18, or caregiver



7 EP 2 410 904 B1 8

inputs to control inputs 54. For example, the caregiver
may input a patient’s age, weight, gender, or information
about the patient’s clinical condition that may be relevant
to the accurate estimation of the intravascular volume.
These algorithms may employ certain coefficients, which
may be empirically determined, and may correspond to
the wavelengths of light used. In addition, the algorithms
may employ additional correction coefficients. By way of
example, a particular end tidal carbon dioxide measure-
ment, as generated from a signal provided by carbon
dioxide sensor 24, may be associated with a particular
correction coefficient. The algorithms and coefficients
may be stored in a ROM 56 or other suitable computer-
readable storage medium and accessed and operated
according to microprocessor 32 instructions. In one em-
bodiment, the correction coefficients may be provided as
a lookup table.

[0024] A patient’s intravascular volume may be deter-
mined based on the corrected variability of a pulse oxi-
metry plethysmographic waveform thatis adjusted based
on patient parameters. FIG. 3 is a process flow diagram
illustrating a method 64 in accordance with some em-
bodiments. The method may be performed as an auto-
mated procedure by a system, such as system 10. In
addition, certain steps of the method may be performed
by a processor, or a processor-based device such as a
patient monitor 22 that includes instructions for imple-
menting certain steps of the method 64.

[0025] According to an embodiment, the method 64
begins with obtaining a plethysmographic waveform sig-
nal from a pulse oximetry sensor 20 at step 66. Additional
data relating to one or more patient parameters is ob-
tained at step 68. The data relating to one or more patient
parameters may be received from the ventilator 18, or
may be calculated from signals received from patient
sensors, e.g., carbon dioxide sensor 24 or aquametry
sensor 26. In addition, the data relating to one or more
patient parameters may be manually input by a health-
care provider.

[0026] The monitor 22 may perform analysis of the
plethysmographic waveform signal and calculation of the
plethysmographic waveform variability at step 70 based
on the plethysmographic waveform signal obtained at
step 66 and the additional patient parameter data ob-
tained at step 68. The mathematical model for adjusting
the waveform variability based on additional patient pa-
rameters obtained in step 68 may be linear or nonlinear,
multivariate, partial least squares, principal component
regression, auto-regressive moving average, mathemat-
ical curve fitting or simply an additive constant to the var-
iability value. In one embodiment, the waveform variabil-
ity is first calculated to provide a percentage value, and
then the percentage value is adjusted based on the pa-
tient parameters.

[0027] In embodiments, the plethysmographic wave-
form signal may be modified or filtered based on the pa-
tient parameters prior to the calculation of the waveform
variability to provide an adjusted or corrected variability
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value. For example, if a patient parameter is associated
with having a damping effect on the waveform, the damp-
ing effect may be quantified and a filter may be used to
remove the damping effect. In addition, the variability of
the AC component (i.e., the pulsatile component) of the
plethysmographic waveform signal, and not the DC com-
ponent (i.e., the nonpulsatile component), may be used
for assessing the intravascular blood volume. According-
ly, the DC component may be filtered out or otherwise
removed from the waveform prior to the analysis in step
70.

[0028] FIG. 4 illustrates a plethysmographic waveform
80 from which the plethysmographic waveform variabil-
ity, W,,, may be determined based on the following equa-
tion:

WV= (Wma.x*wmin)fw mean

where W, is @ maximum peak value, taken as a vertical
distance 82 between a peak 84 and trough 86 for a largest
peak 88 (i.e., a single cardiac cycle) and W,,;, is a min-
imum peak value, taken as vertical distance 90 between
a peak 92 and trough 94 for a smallest peak 96 within a
window 98 of consecutive peaks. W,,.,, represents the
mean vertical distance between peak maxima and mini-
ma for the consecutive peaks in the window 98. The win-
dow 98 may be a total number of peaks, such as 5 con-
secutive peaks, or may include all consecutive peaks
within a time window, such as 10 seconds. In embodi-
ments, an operator may adjust the settings on a monitor
to change the size of the window according to the desired
monitoring parameters. For example, an operator may
increase the size of the window 98 from 10 seconds to
30 seconds to capture more data prior to providing the
waveform variability. This may provide more accurate
and/or stable waveform variability values, but may also
slow the updating. The monitor 22 may provide rolling
updates as the window 98 moves forward in time.

[0029] Turning back to FIG. 3, one or more patient pa-
rameters may be used to adjust or correct the calculated
plethysmographic waveform variability at step 70. In gen-
eral, certain patient conditions may influence or have a
correlative or inverse correlative relationship with the
plethysmographic waveform. For example, the plethys-
mographic waveform variability may be particularly sen-
sitive to vasoconstriction. In embodiments, the monitor
22 may allow a clinician to input information into the mon-
itor related to whether or not the patient is taking any
vasoconstrictive drugs, such as vasopressin analogs.
Because vasoconstriction may increase cardiac preload
and cardiac output, the resultant plethysmographic
waveform may be adjusted to account for the effects of
vasoconstrictive drugs. Similarly, certain clinical condi-
tions may cause vasoconstriction, including stress and
hypothermia. Accordingly, information from temperature
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sensors may provide information about whether or not
vasoconstriction may be a factor in influencing the
plethysmographic waveform variability. When patient pa-
rameters indicative of vasoconstriction are available, the
plethysmographic waveform variability may be adjusted
accordingly.

[0030] Similarly, information relating to whether or not
a patient is receiving positive end expiratory pressure
(PEEP) ventilation may be used to adjust the plethysmo-
graphic waveform variability. PEEP can cause significant
hemodynamic consequences through decreasing ve-
nous return to the right heart and decreasing right ven-
tricular function. PEEP may increase intrathoracic pres-
sure, leading to a resulting decrease in venous return
and decrease in cardiac output. Accordingly, information
relating to PEEP may be used to adjust the plethysmo-
graphic waveform variability to a lower threshold value
indicative of hypovolemia, as discussed below. For ex-
ample, because PEEP and intravascular volume deple-
tion may be contraindicated, a patient receiving PEEP
may be closely monitored for hypovolemia and may have
alower plethysmograhpic waveform variability threshold.
In addition, PEEP may lead to an increase in plethysmo-
graphic waveform variability, meaning that the plethys-
mographic waveform variability may be adjusted down-
wards to account for the effects of PEEP.

[0031] A patient parameter may also be used to deter-
mine if plethysmographic waveform variability is likely to
be accurate for the patient in question. For example for
patients with normal tidal volumes, e.g., between 8 and
15 kg/ml, the plethysmographic waveform variability val-
ue may be a generally accurate estimate of intravascular
volume or fluid responsiveness. Accordingly, for these
patients, the plethysmographic waveform variability val-
ue may not be adjusted when their tidal volumes are in
the normal range. However, for patients outside of the
range of normal tidal volumes, the plethysmographic
waveform variability value may be less accurate and may
be adjusted according to its relationship with tidal vol-
umes outside of normal ranges.

[0032] In embodiments, tissue water fraction informa-
tion from an aquametry sensor 26 may be used to adjust
the plethysmographic waveform variability. Because
plethysmographic waveform variability may be used as
a surrogate for blood volume, information about the hy-
dration state of other compartments, such as the tissue,
may provide additional information for assessing intra-
vascular blood volume. Total body water depletion
through dehydration may lead to poor intravascular vol-
ume. The body may protectively shunt blood towards the
most vital organs (heart, kidney and brain) and away from
peripheral organs such as the intestines, muscles and
skin. Hence, the earliest sign of dehydration may be seen
in the skin and muscle tissues. A reduced extracellular
fluid volume, e.g., tissue water fraction, may be an early
indicator of low intravascular volume. A tissue water frac-
tion may be determined according to methods discussed
in U.S. Patent Application No. 11/716,443 to Hausmann
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et al., filed on March 9, 2007. If the tissue water fraction
is associated with a low level of hydration, the plethys-
mographic waveform variability may be increased or ad-
justed upwards to reflect a higher likelihood of hypovo-
lemia. In addition, the tissue water fraction may be used
as a confirmation or confidence check for the plethysmo-
graphic waveform variability.

[0033] Further, information from a carbon dioxide sen-
sor 24 may be used to adjust the plethysmographic wave-
form variability. Abnormally low levels of carbon dioxide
in end tidal breaths may correlate with a concurrent de-
crease in blood volume. Accordingly, the plethysmo-
graphic waveform variability may be increased or adjust-
ed upwards to reflect a higher likelihood of hypovolemia
for patients with decreased end tidal carbon dioxide lev-
els.

[0034] The monitor 22 may calculate the adjusted
plethysmographic variability value and provide a display
or other indication to a clinician, such as a graphical, vis-
ual, or audio representation of the intravascular volume
at step 72. For example, an adjusted plethysmographic
variability value associated with normal intravascular
blood volume may include a numeric value or a green
light indicated on a display or a short tone generated by
a speaker associated with monitor 22. Similarly, an ad-
justed plethysmographic variability value associated with
hypovolemia may trigger an alarm, which may include
one or more of an audio or visual alarm indication. Fur-
ther, the nnonitor 22 may provide a confidence metric or
indicator to provide information to the clinician relating to
how may parameters may have been taken into account.
For example, if the plethysmographic variability value is
consistent with trends from two or more additional patient
parameters, the confidence may be higher than if only
one patient parameter is used.

[0035] Inone embodiment, the alarm may be triggered
if the adjusted plethysmographic variability value is sub-
stantially greater than a predetermined value, substan-
tially less than a predetermined value, or outside of a
predetermined range. In one embodiment, a plethysmo-
graphic variability value of 10-15% may be considered
to be indicative of a non-responsive or normovolemic pa-
tient that would not benefit from a fluid infusion. In addi-
tion, a plethysmographic variability value above 15% may
be considered to be indicative of a hypovolemic patient
that would likely benefit from a fluid infusion with respect
to increasing cardiac output and improving the overall
state of oxygenation. Accordingly, an alarm may be trig-
gered when the plethysmographic waveform variability
value is above 15% to alert a clinician that the patient
may benefit from fluid therapy.

[0036] Inotherembodiments, a patient respiratory sys-
tem 100 may operate under closed-loop control to pro-
vide to delivery of a fluid therapy (e.g., saline, blood, or
other fluid) to a patient 14. FIG. 5 shows a system 100
under control of primary controller 102 that may include
a closed-loop controller that cooperates with a monitor
22 to control delivery of fluid therapy to the patient 14.
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The primary controller 102 may receive input from the
monitor 22. Based on the plethysmographic waveform
signal from the pulse oximetry sensor 20 as well as ad-
ditional patient parameter information, such as the set-
tings of ventilator 18 or the inputs from additional patient
sensors, the monitor 22 may calculate a plethysmograph-
ic waveform variability value. The plethysmographic
waveform variability value may be used by the controller
102 to control the fluid delivery device 104. It should be
understood that while FIG. 5 depicts the controller 102
and the monitor 22 as separate devices, the monitoring
functions of monitor 22 and the controller functions of
controller 102 may be incorporated into a single device
in embodiments.

[0037] For example, the controller 102 may receive a
request for increased fluid from the monitor 22 when a
measured plethysmographic waveform variability value,
adjusted with regard to available patient parameters, is
above a predefined target, e.g., above 15%. The fluid
delivery device 104 may include a peristaltic pump or
other type of pump attached to an automatic intravenous
line to achieve the desired delivery rate of the fluid to the
patient. To control the rate at which the pump infuses the
fluid, the speed of the pump may be controlled by the
closed-loop controller 102. When the plethysmographic
waveform variability value falls below 15%, the controller
102 may slow or stop delivery of fluid from the fluid de-
livery device 104. If the monitor 22 fails to determine that
a plethysmographic waveform variability value has de-
creased after a set time, the controller 102 may generate
a signal notifying a caregiver of prolonged hypovolemia
or may cease delivery of fluids.

[0038] While the invention may be susceptible to var-
ious modifications and alternative forms, specificembod-
iments have been shown by way of example in the draw-
ings and will be described in detail herein. However, it
should be understood that the invention is not intended
to be limited to the particular forms disclosed. Rather,
the invention is to cover all modifications, equivalents
and alternatives falling within the scope of the invention
as defined by the following appended claims.

Claims

1. A method, comprising: using a processor (32): re-
ceiving a plethysmographic waveform signal from a
sensor (20), wherein the plethysmographic wave-
form signal is generally representative of a blood ox-
ygen saturation of a patient; receiving information
related to a patient parameter that may influence the
plethysmographic waveform signal; determining a
plethysmographic waveform variability based at
least in part on the plethysmographic waveform sig-
nal; and correcting the plethysmographic waveform
variability to generate a corrected variability value
based on the information related to the patient pa-
rameter, wherein the information related to the pa-
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tient parameter comprises at least one of:-

a tissue carbon dioxide level;

a tissue water fraction;

information that the patient is undergoing positive
end expiratory pressure ventilation.

The method of claim 1, comprising providing an in-
dication of intravascular blood volume based on the
corrected variability value.

The method of claim 1, comprising triggering an
alarm when the corrected variability value is greater
than a predetermined level or outside of a predeter-
mined range, optionally wherein the predetermined
level is 15%.

The method of claim 1, wherein the information re-
lated to the patient parameter comprises a tissue
water fraction and/or wherein the information related
to the patient parameter comprises a ventilator set-
ting of positive end pressure ventilation, a tidal vol-
ume, a respiration rate, an end-tidal carbon dioxide
level, and/or any combination thereof.

The method of claim 1, wherein the information re-
lated to the patient parameter comprises a clinical
condition of the patient and/or information related to
a pharmacological treatment, optionally wherein the
clinical condition comprises a likelihood of vasocon-
striction.

A monitor (22), comprising: an input circuit capable
of receiving a plethysmographic waveform signal
and information relating to a patient parameter that
influences the plethysmographic waveform signal; a
memory 36 storing an algorithm configured to deter-
mine a plethysmographic waveform variability based
at least in part on the plethysmographic waveform
signal and to calculate a corrected plethysmographic
waveform variability based on the information relat-
ed to the patient parameter; and an output circuit
configured to provide an indication of the corrected
plethysmographic waveform variability, wherein the
information related to the patient parameter compris-
es at least one of:

a tissue carbon dioxide level;

a tissue water fraction;

information that the patient is undergoing posi-
tive end expiratory pressure ventilation.

The monitor (22) of claim 6, wherein the algorithm
is configured to increase the plethysmographic
waveform variability based on the information.

The monitor (22) of claim 6, wherein the information
relating to a patient parameter comprises informa-
tion received from a carbon dioxide sensor (24)
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and/or a tissue water fraction sensor (26).

The monitor (22) of claim 6, wherein the information
relating to a patient parameter comprises respiratory
parameter information.

The monitor (22) of claim 6, wherein the algorithm
comprises the following equation: W, =
(WnaxWin)Wmean, Wherein W, is the plethysmo-
graphic waveform variability, W5, is @ maximum
peak value for a largest peak, W, is @ minimum
peak value for a smallest peak, and W, repre-
sents the mean vertical distance between peak maxi-
ma and minima for the consecutive peaks in the win-
dow within a window of consecutive peaks.

The monitor (22) of claim 6, wherein the information
related to the patient parameter comprises a tidal
volume, and wherein the algorithm is configured to
adjust the plethysmographic waveform variability
when the tidal volume is outside of a range of be-
tween 8 to 15 kg/ml.

The monitor (22) of claim 6, wherein the information
relating to the patient parameter comprises informa-
tion that the patient is receiving vasoconstrictive
drugs, and wherein the algorithm is configured to
adjust the plethysmographic waveform variability
based on the information.

A system (100) for automatically controlling delivery
of a fluid, comprising: a delivery mechanism (104)
capable of delivering a fluid to a patient; the monitor
(22) of claim 6, and a controller (102), wherein the
controller (102) is capable of: receiving a corrected
plethysmographic waveform signal from the monitor
(22) and generally automatically adjusting delivery
of the fluid based on a comparison of the corrected
plethysmographic waveform variability with a prede-
termined value.

The system (100) of claim 13, comprising a ventilator
(18) capable of delivering a gas mixture to the pa-
tient, wherein the information related to the patient
parameter comprises a setting or parameter of the
ventilator (18).

The system of claim 13, wherein the delivery mech-
anism (104) that is capable of delivering the fluid
comprises an intravenous fluid pump.

The system of claim 13, comprising a sensor capable
of providing the information related to the patient pa-
rameter, optionally wherein the sensor comprises a
carbon dioxide sensor (24) and/or a tissue water
fraction sensor (26).
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Patentanspriiche

1.

Verfahren, umfassend: die Verwendung eines Pro-
zessors (32), der: ein plethysmographisches Wel-
lenformsignal von einem Sensor (20) erhalt, wobei
das plethysmographische Wellenformsignal gene-
rell die Darstellung einer Blutsauerstoffsattigung ei-
nes Patienten ist; Informationen in Bezug auf einen
Patientenparameter, die das plethysmographische
Wellenformsignal beeinflussen kénnen, erhélt; eine
plethysmographische Wellenformvariabilitdt beru-
hend zumindest teilweise auf dem plethysmographi-
schen Wellenformsignal bestimmt; und die plethys-
mographische Wellenformvariabilitdt zum Erzeugen
eines korrigierten Variabilititswerts beruhend auf
den Informationen in Bezug auf den Patientenpara-
meter korrigiert, wobei die Informationen in Bezug
aufden Patientenparameter mindestens eine der fol-
genden umfassen:

einen Gewebe-Kohlendioxidpegel;

einen Gewebewassergehal;

Information, dass der Patient eine Beatmung mit
positivem endexspiratorischem Druck erhalt.

Verfahren nach Anspruch 1, umfassend die Bereit-
stellung einer Anzeige des intravaskularen Blutvo-
lumens beruhend auf dem korrigierten Variabilitats-
wert.

Verfahren nach Anspruch 1, umfassend die Ausl6-
sung eines Alarms, wenn der korrigierte Variabili-
tatswert grofRer als ein vordefinierter Pegel ist, oder
aulierhalb eines vordefinierten Bereichs liegt, wobei
der vordefinierte Pegel 15 % ist.

Verfahrennach Anspruch 1, wobei die Informationen
in Bezug auf den Patientenparameter einen Gewe-
bewassergehalt umfassen, und/oder wobei die In-
formationen in Bezug auf den Patientenparameter
eine Beatmungsgerateinstellung der Beatmung mit
positivem endexspiratorischem Druck, ein Atemvo-
lumen, eine Atmungsrate, einen endexpiratorischen
Kohlendioxidpegel und/oder eine Kombination da-
von umfassen.

Verfahrennach Anspruch 1, wobei die Informationen
in Bezug auf den Patientenparameter einen klini-
schen Zustand des Patienten und/oder Informatio-
nen in Bezug auf eine pharmakologische Behand-
lung umfassen, wobei der klinische Zustand wahl-
weise eine Wahrscheinlichkeit fiir Vasokonstriktion
umfasst.

Monitor (22), umfassend: einen Eingangskreis, der
in der Lage ist, ein plethysmographisches Wellen-
formsignal und Informationen in Bezug auf einen Pa-
tientenparameter, die das plethysmographische
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Wellenformsignal beeinflussen, zu erhalten; einen
Speicher 36, der einen Algorithmus der konfiguriert
ist zum Bestimmen einer plethysmographischen
Wellenformvariabilitat, berunend zumindest teilwei-
se auf dem plethysmographischen Wellenformsig-
nal, und zum Berechnen einer korrigierten plethys-
mographischen Wellenformvariabilitat auf Grundla-
ge der Informationen in Bezug auf den Patientenpa-
rameter, speichert; und einen Ausgangskreis der
konfiguriert ist zum Bereitstellen einer Anzeige der
korrigierten plethysmographischen Wellenformvari-
abilitat, wobei die Informationen in Bezug auf den
Patientenparameter mindestens eine der folgenden
umfassen:

einen Gewebe-Kohlendioxidpegel;

einen Gewebewassergehalt;

Information, dass der Patient eine Beatmung mit
positivem endexspiratorischem Druck erhalt.

Monitor (22) nach Anspruch 6, wobei der Algorith-
mus konfiguriert ist, die plethysmographische Wel-
lenformvariabilitédt beruhend auf den Informationen
zu steigern.

Monitor (22) nach Anspruch 6, wobei die Informati-
onen in Bezug auf einen Patientenparameter Infor-
mationen umfassen, die von einem Kohlendioxid-
sensor (24) und/oder einem Gewebewassergehalt-
Sensor (26) erhalten werden.

Monitor (22) nach Anspruch 6, wobei die Informati-
onen in Bezug auf einen Patientenparameter respi-
ratorische Parameterinformationen umfassen.

Monitor (22) nach Anspruch 6, wobei der Algorith-
mus die folgende Gleichung umfasst: W,=
(WnaxWnin)Wmean, Wobei W, die plethysmogra-
phische Wellenformvariabilitat, W, ,, ein maximaler
Spitzenwert flir eine oberste Spitze, W, ein mini-
maler Spitzenwert fiir eine unterste Spitze ist und
W hean den mittleren vertikalen Abstand zwischen
der obersten und untersten Spitze flr aufeinander-
folgende Spitzen in dem Fenster innerhalb eines
Fenster von aufeinanderfolgenden Spitzen darstellt.

Monitor (22) nach Anspruch 6, wobei die Informati-
onen in Bezug auf den Patientenparameter ein
Atemvolumen umfassen, und wobeider Algorithmus
konfiguriert ist, die plethysmographische Wellen-
formvariabilitdt anzupassen, wenn das Atemvolu-
men aulerhalb eines Bereichs von 8 bis 15 kg/ml
liegt.

Monitor (22) nach Anspruch 6, wobei die Informati-
onen in Bezug auf den Patientenparameter die In-
formation umfasst, dass der Patient gefalRverengen-
de Arzneimittel erhalt, und wobei der Algorithmus
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16.

konfiguriert ist, die plethysmographische Wellen-
formvariabilitat beruhend auf den Informationen an-
zupassen.

System (100) zur automatischen Kontrolle der Ver-
abreichung einer Flissigkeit, umfassend: einen Ver-
abreichungsmechanismus (104), der in der Lage ist,
eine Flissigkeit an einen Patienten zu verabreichen;
den Monitor (22) nach Anspruch 6 und eine Steuer-
einheit (102), wobei die Steuereinheit (102) in der
Lage ist: ein korrigiertes plethysmographisches Wel-
lenformsignal vom Monitor (22) zu erhalten, und ge-
nerell die Verabreichung der Flissigkeit auf Grund-
lage eines Vergleichs derkorrigierten plethysmogra-
phischen Wellenformvariabilitdt mit einem vordefi-
nierten Wert automatisch anzupassen.

System (100) nach Anspruch 13, umfassend ein Be-
atmungsgerat (18), das in der Lage ist, ein Gasge-
misch an den Patienten zu verabreichen, wobei die
Informationen in Bezug auf den Patientenparameter
eine Einstellung oder einen Parameter des Beat-
mungsgerats (18) umfassen.

System nach Anspruch 13, wobei der Verabrei-
chungsmechanismus (104), der in der Lage ist, die
Flissigkeit zu verabreichen, eine intravendse Flis-
sigkeitspumpe umfasst.

System nach Anspruch 13, umfassend einen Sen-
sor, der in der Lage ist, die Informationen in Bezug
auf den Patientenparameter bereitzustellen, wobei
der Sensor wahlweise einen Kohlendioxidsensor
(24) und/oder einen Gewebe-Wassergehaltsensor
(26) umfasst.

Revendications

Procédé, comprenant : l'utilisation d’'un processeur
(32) : recevant un signal de forme d’onde pléthys-
mographique provenant d’un capteur (20), dans le-
quel le signal de forme d’onde pléthysmographique
est généralement représentatif de la saturation en
oxygeéne dans le sang d’'un patient ; recevant des
indications relatives a un parameétre du patient sus-
ceptibles d’influer sur le signal de forme donde
pléthysmographique ; déterminant la variabilité de
la forme d’onde pléthysmographique au moins en
partie en fonction du signal de forme donde
pléthysmographique ; et corrigeant la variabilité de
la forme d’onde pléthysmographique pour produire
une valeur de variabilité corrigée en fonction des in-
dications relatives au parametre du patient ; dans
lequel les indications relatives au paramétre du pa-
tient comprennent au moins une des indications
suivantes :
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le taux de dioxyde de carbone dans les tissus ;
la fraction d’eau dans les tissus ;

lindication que le patient est sous ventilation
avec pression de fin positive.

Procédé selon la revendication 1, comprenant la
fourniture d’'une indication du volume sanguin intra-
vasculaire sur la base de la valeur de variabilité cor-
rigée.

Procédé selon larevendication 1, comprenant le dé-
clenchement d’'une alarme lorsque la valeur de va-
riabilité corrigée est supérieure a un niveau prédé-
terminé ou en dehors d’'une plage prédéterminée,
optionnellement dans lequel le niveau prédéterminé
estde 15 %.

Procédé selon la revendication 1, dans lequel les
indications relatives au paramétre du patient com-
prennent la fraction d’eau dans les tissus et/ou dans
lequel les indications relatives au paramétre du pa-
tient comprennent le réglage du ventilateur pour la
ventilation avec pression de fin positive, le volume
respiratoire, la fréquence respiratoire, le taux de
dioxyde de carbone en fin d’expiration et/ou toute
combinaison de ces éléments.

Procédé selon la revendication 1, dans lequel les
indications relatives au paramétre du patient com-
prennent I'état clinique du patient et/ou des indica-
tions relatives a un traitement pharmacologique, op-
tionnellement dans lequel I'état clinique comprend
une probabilité de vasoconstriction.

Moniteur (22), comprenant : un circuit d’entrée apte
a recevoir un signal de forme d’onde pléthysmogra-
phique et des indications relatives a un parameétre
du patient qui influent sur le signal de forme d’onde
pléthysmographique ; une mémoire (36) stockant un
algorithme congu pour déterminer la variabilité de la
forme d’onde pléthysmographique au moins en par-
tie en fonction du signal de forme d’onde pléthysmo-
graphique et pour calculer une variabilité corrigée
de la forme d’onde pléthysmographique en fonction
des indications relatives au parameétre du patient ;
et un circuit de sortie congu pour fournir une indica-
tion de la variabilité corrigée de la forme d’onde plé-
thysmographique, dans lequel les indications relati-
ves au parameétre du patient comprennent au moins
une des indications suivantes :

le taux de dioxyde de carbone dans les tissus ;
la fraction d’eau dans les tissus ;

lindication que le patient est sous ventilation
avec pression positive en fin d’expiration.

Moniteur (22) selon la revendication 6, dans lequel
I'algorithme est congu pour augmenter la variabilité
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de la forme d’onde pléthysmographique en fonction
des indications.

Moniteur (22) selon la revendication 6, dans lequel
les indications relatives a un parameétre du patient
comprennentdes indications regues d’'un capteur de
dioxyde de carbone (24) et/ou d'un capteur de la
fraction d’eau dans les tissus (26).

Moniteur (22) selon la revendication 6, dans lequel
les indications relatives a un parameétre du patient
comprennent des indications sur un parameétre res-
piratoire.

Moniteur (22) selon la revendication 6, dans lequel
l'algorithme comprend I'équation suivante: W,=
(Whax = Wi /W hean: dans laquelle W, est la varia-
bilité de la forme d’onde pléthysmographique, W .«
estlavaleurmaximale de pic pour le picle plus grand,
Wpin €st la valeur minimale de pic pour le pic le plus
petit, et W,.a, représente la distance verticale
moyenne entre les maxima et les minima de pic pour
les pics consécutifs de la fenétre dans une fenétre
de pics consécultifs.

Moniteur (22) selon la revendication 6, dans lequel
les indications relatives au parameétre du patient
comprennent le volume respiratoire, et dans lequel
I'algorithme est congu pour ajuster la variabilité de
la forme d’onde pléthysmographique lorsque le vo-
lume respiratoire est en dehors d’'une plage de 8 a
15 kg/ml.

Moniteur (22) selon la revendication 6, dans lequel
les indications relatives au parameétre du patient
comprennent l'indication que le patient recoit des
médicaments vasoconstricteurs, et dans lequel l'al-
gorithme est congu pour ajuster la variabilité de la
forme d’onde pléthysmographique en fonction des
indications.

Systéme (100) de commande automatique de la dis-
tribution d’un fluide, comprenant : un mécanisme de
distribution (104) apte a distribuer un fluide a un
patient ; le moniteur (22) selon la revendication 6, et
un régulateur (102), dans lequel le régulateur est
apte a : recevoir un signal de forme d’onde pléthys-
mographique corrigée du moniteur (22) et a ajuster
de maniére généralement automatique la distribu-
tion du fluide en se basant sur une comparaison de
la variabilité corrigée de la forme d’onde pléthysmo-
graphique avec une valeur prédéterminée.

Systéme (100) selon la revendication 13, compre-
nant un ventilateur (18) apte a distribuer un mélange
gazeux au patient, dans lequel les indications rela-
tives au paramétre du patient comprennent un ré-
glage ou un paramétre du ventilateur (18).
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Systeme selon la revendication 13, dans lequel le
mécanisme de distribution (104) qui est apte a dis-
tribuer le fluide comprend une pompe a fluide intra-
veineuse.

Systeme selon la revendication 13, comprenant un
capteur apte a fournir les indications relatives au pa-
rametre du patient, optionnellement dans lequel le
capteur comprend un capteur de dioxyde de carbone
(24) et/ou un capteur de la fraction d’eau dans les
tissus (26).
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