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(57) ABSTRACT

The present invention relates to physiological signal process-
ing, and in particular to methods and systems for processing
physiological signals to predict a fluid responsiveness of a
patient. A medical monitor for monitoring a patient may
include an input receiving a photoplethysmograph (PPG) sig-
nal representing light absorption by a patient’s tissue, and a
fluid responsiveness predictor (FRP) calculator programmed
to calculate an FRP metric. The monitor also may include a
memory storing a relationship between the FRP metric and a
pulse pressure variation (PPV) metric. The FRP metric is
calculated based on a respiratory variation of the PPG signal
and based on the relationship.
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SYSTEM AND METHOD FOR SCALING A
FLUID RESPONSIVENESS METRIC

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application relates to and claims prior-
ity benefits from U.S. Provisional Application No. 61/815,
098, filed Apr. 23,2013, and U.S. Provisional Application No.
61/814,900, filed Apr. 23, 2013, and U.S. Patent Application
No. 61/815,882, filed Apr. 25, 2013, the contents of which are
hereby expressly incorporated by reference.

FIELD

[0002] Thepresent invention relates to physiological signal
processing, and in particular to methods and systems for
processing physiological signals to predict a fluid responsive-
ness of a patient.

BACKGROUND

[0003] Fluids are commonly delivered to a patient in order
to improve the patient’s hemodynamic status. Fluid is deliv-
ered with the expectation that it will increase the patient’s
cardiac preload, stroke volume, and cardiac output, resulting
in improved oxygen delivery to the organs and tissue. Fluid
delivery may also be referred to as volume expansion, fluid
therapy, fluid challenge, or fluid loading.

[0004] However, improved hemodynamic status is not
always achieved by fluid loading. Moreover, inappropriate
fluid loading may worsen a patient’s status, such as by caus-
ing hypovolemia to persist (potentially leading to inadequate
organ perfusion), or by causing hypervolemia (potentially
leading to peripheral or pulmonary edema).

[0005] Respiratory variation in the arterial blood pressure
waveform is known to be a good predictor of a patient’s
response to fluid loading, or fluid responsiveness. Fluid
responsiveness represents a prediction of whether such fluid
loading will improve blood flow within the patient. Fluid
responsiveness refers to the response of stroke volume or
cardiac output to fluid administration. A patient is said to be
fluid responsive if fluid loading does accomplish improved
blood flow, such as by an improvement in cardiac output or
stroke volume index by about 15% or more. In particular, the
pulse pressure variation (PPV) parameter from the arterial
blood pressure waveform has been shown to be a good pre-
dictor of fluid responsiveness. This parameter can be moni-
tored while adding fluid incrementally, until the PPV value
indicates that the patient’s fluid responsiveness has
decreased, and more fluids will not be beneficial to the
patient. This treatment can be accomplished without needing
to calculate blood volume or cardiac output directly. This
approach, providing incremental therapy until a desired target
or endpoint is reached, may be referred to as goal-directed
therapy (GDT).

[0006] However, PPV is an invasive metric, requiring the
placement of an arterial line in order to obtain the arterial
blood pressure waveform. This invasive procedure is time-
consuming, and presents a risk of infection to the patient.
Respiratory variation in a photoplethysmograph (PPG or
“pleth”) signal may provide a non-invasive alternative to PPV.
The PPG signal can be obtained non-invasively, such as from
a pulse oximeter. Respiratory variations of the PPG signal
may be identified and measured in order to calculate one or
more pleth-derived fluid responsiveness metrics.
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[0007] However, these metrics may vary in scale as com-
pared to the more well-known PPV metric. As a result, a
pleth-based fluid responsiveness metric may provide a differ-
ent numerical threshold for fluid administration as compared
to a different pleth-based metric, or PPV. This variation can
cause confusion in a clinical setting. Accordingly, there is a
need for a reliable pleth-based fluid responsiveness metric
that correlates well with PPV, which can be used to predict a
patient’s hemodynamic response to volume expansion, prior
to fluid therapy.

SUMMARY

[0008] The present invention relates to physiological signal
processing, and in particular to methods and systems for
processing physiological signals to predict a fluid responsive-
ness of a patient. In an embodiment, a medical monitoring
system receives a photoplethysmography (PPG) signal, rep-
resenting light attenuated by the patient’s tissue, and analyzes
respiratory variations in the PPG signal in order to predict a
fluid responsiveness of the patient. The system calculates a
fluid responsiveness predictor (FRP) value, and optionally
displays this value to a clinician for use in determining the
patient’s likely response to fluid therapy. The system also
determines a relationship between the FRP and pulse pressure
variation (PPV), and adjusts the calculation of the FRP in
order to map or scale an FRP threshold to a PPV threshold.
This mapping provides an FRP metric with strong correlation
to PPV, for non-invasive prediction of a patient’s likely
response to fluid loading.

[0009] In an embodiment, a method for predicting a fluid
responsiveness of a patient includes receiving a photoplethys-
mograph (PPG) signal representing light absorption by a
patient’s tissue, identifying from the PPG signal a maximum
heart rate and a minimum heart rate during a respiratory cycle,
calculating a respiratory sinus arrhythmia metric based on the
maximum and minimum heart rates, and displaying the met-
ric as an indicator of a patient’s likely fluid responsiveness.

[0010] In an embodiment, a method for predicting a fluid
responsiveness of a patient includes receiving a photoplethys-
mograph (PPG) signal representing light absorption by a
patient’s tissue, identifying from the PPG signal a maximum
and a minimum slope transit time during a respiratory cycle,
calculating an FRP metric based on the maximum and mini-
mum slope transit times, and displaying the FRP metric as an
indicator of a patient’s likely fluid responsiveness.

[0011] In an embodiment, a medical monitor for monitor-
ing a patient includes an input receiving a photoplethysmo-
graph (PPG) signal representing light absorption by a
patient’s tissue, and a fluid responsiveness predictor (FRP)
calculator programmed to calculate an FRP metric. The
monitor also includes a memory storing a relationship
between the FRP metric and a pulse pressure variation (PPV)
metric. The FRP metric is calculated based on a respiratory
variation of the PPG signal and based on the relationship.

[0012] In an embodiment, a method for predicting a fluid
responsiveness of a patient includes receiving a photoplethys-
mograph (PPG) signal responsive to light absorption by a
patient’s tissue, and identifying a respiratory-induced varia-
tion of the PPG signal. The method also includes storing a
relationship between a fluid responsiveness metric and a
pulse pressure variation, and determining a value of the fluid
responsiveness metric based on the respiratory-induced
variation and the relationship.
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[0013] In an embodiment, a medical monitor for monitor-
ing vital signs of a patient includes an electrical input provid-
ing a photoplethysmography (PPG) signal responsive to light
absorption by a patient’s tissue, a fluid responsiveness calcu-
lator programmed to calculate a Delta POP (DPOP) value
based on a respiratory variation of the PPG signal, a scaling
unit operating on the DPOP value to provide a scaled DPOP
based on a relationship between DPOP and pulse pressure
variation, and an output for providing the DPOP value or the
scaled DPOP value to a display.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 illustrates a representation of a PPG signal,
according to an embodiment of the present disclosure.
[0015] FIG. 2 illustrates a chart of a fluid responsiveness
predictor versus pulse pressure variation, according to an
embodiment of the present disclosure.

[0016] FIG.3A illustrates a chart of a first fluid responsive-
ness predictor versus pulse pressure variation, according to an
embodiment of the present disclosure.

[0017] FIG. 3B illustrates a chart of a second fluid respon-
siveness predictor versus pulse pressure variation, according
to an embodiment of the present disclosure.

[0018] FIG. 3C illustrates a chart of a third fluid respon-
siveness predictor versus pulse pressure variation, according
to an embodiment of the present disclosure.

[0019] FIG. 4 illustrates a chart showing an adjusted fluid
responsiveness predictor, according to an embodiment of the
present disclosure.

[0020] FIG. 5 illustrates a chart showing an adjusted fluid
responsiveness predictor, according to an embodiment of the
present disclosure.

[0021] FIG. 6 illustrates a flowchart showing a method for
determining a relationship between an FRP and PPV, accord-
ing to an embodiment of the present disclosure.

[0022] FIG. 7 illustrates a flowchart showing a method for
determining a scaled fluid responsiveness predictor, accord-
ing to an embodiment of the present disclosure.

[0023] FIG. 8 illustrates a flowchart showing a method for
choosing settings for calculating a fluid responsiveness pre-
dictor, according to an embodiment of the present disclosure.
[0024] FIG. 9 illustrates a flowchart showing a method for
determining a scaled fluid responsiveness predictor, accord-
ing to an embodiment of the present disclosure.

[0025] FIG. 10 illustrates a block diagram of a system for
determining a scaled fluid responsiveness predictor, accord-
ing to an embodiment of the present disclosure.

[0026] FIG. 11 illustrates attributes of a cardiac pulse,
according to an embodiment of the present disclosure.
[0027] FIG. 12 illustrates a plot of slope transit time (STT)
over time, according to an embodiment of the present disclo-
sure.

[0028] FIG. 13 illustrates a plot of slope transit time varia-
tion (STTV) versus pulse pressure variation, according to an
embodiment of the present disclosure.

[0029] FIG. 14 illustrates an area calculation based on a
derivative of a plethysmograph signal, according to an
embodiment of the present disclosure.

[0030] FIG. 15 illustrates a plot of respiratory sinus
arrhythmia (RSA) versus pulse pressure variation, according
to an embodiment of the present disclosure.

[0031] FIG. 16 illustrates an isometric view of a pulse
oximetry system, according to an embodiment of the present
disclosure.
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[0032] FIG. 17 illustrates a block diagram of a pulse oxim-
etry system, according to an embodiment of the present dis-
closure.

DETAILED DESCRIPTION

[0033] The present invention relates to physiological signal
processing, and in particular to methods and systems for
processing physiological signals to predict a fluid responsive-
ness of a patient. In an embodiment, a medical monitoring
system receives a photoplethysmography (PPG) signal, rep-
resenting light attenuated by the patient’s tissue, and analyzes
respiratory variations in the PPG signal in order to predict a
fluid responsiveness of the patient. The system calculates a
fluid responsiveness predictor (FRP) value, and optionally
displays this value to a clinician for use in determining the
patient’s likely response to fluid therapy. The system also
determines a relationship between the FRP and pulse pressure
variation (PPV), and adjusts the calculation of the FRP in
order to map or scale an FRP threshold to a PPV threshold.
This mapping provides an FRP metric with strong correlation
to PPV, for non-invasive prediction of a patient’s likely
response to fluid loading.

[0034] The photoplethysmography (PPG) signal can be
obtained non-invasively by detecting light emitted into and
emerging from a patient’s tissue. An example of a device that
can obtain a PPG signal is a pulse oximeter. Another example
is a volume clamping device used to estimate blood pressure
or cardiac output such as the Nexfin device (BMEYE,
Amsterdam, Netherlands). An example of a PPG signal 20
obtained from a pulse oximeter is shown in FIG. 1. The PPG
signal 20 may be output or represented as a PPG waveform 21
which represents the absorption of light by a patient’s tissue
over time. The PPG waveform 21 includes cardiac pulses 22,
where absorption of light increases due to the increased vol-
ume of blood in the arterial blood vessel due to the cardiac
pulse 22. Each cardiac pulse 22 may be identified based on a
valley 26, peak 28, dicrotic notch 29, and subsequent valley
26. The PPG signal includes anupstroke 31 with an amplitude
A, measured from the preceding valley 26 to the peak 28.
Other amplitude values may be derived from the PPG wave-
form, such as downstroke amplitude, average amplitude, or
area under the pulse 22. The PPG waveform 21 also includes
a baseline shift B indicating a baseline level 24 of the light
absorption. The PPG waveform 21 modulates above the base-
line 24 due to the arterial blood pulses. The PPG waveform 21
shown in FIG. 1 may be the PPG signal 512 of FIG. 10
(discussed below). In other embodiments, other types of sig-
nals other than a PPG signal may be used as the input signal
512, such as a capacitance signal reflective of cardiac pulses
from the subject. Where a PPG signal is discussed herein, it
should be understood that another type of cardiac signal, in
particular a non-invasive cardiac signal, may be used.
[0035] For some patients, the PPG signal 20 is affected by
the patient’s respiration, such as by inhaling and exhaling. A
segment of a PPG waveform 21 during normal breathing is
showninFIG. 1. The waveform 21 includes the cardiac pulses
22. It should be noted that the number of cardiac pulses 22 per
breath is not necessarily to scale, and may vary from patient to
patient. Respiration may cause modulations in the PPG wave-
form 21.

[0036] One respiratory modulation is a modulation of the
baseline B of the PPG waveform 21. The effect of the
patient’s breathing in and out causes the baseline 24 of the
waveform 21 to move up and down, cyclically, with the
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patient’s respiration rate. The baseline 24 may be tracked by
following any component of the PPG waveform 21, such as
the peaks 28, valleys 26, dicrotic notches 29, median value, or
other value. A second respiration-induced modulation of the
PPG signal 20 is a modulation of the amplitude A. As the
patient breathes in and out, the amplitude A of the upstroke of
each cardiac pulse 22 decreases and increases, with larger
amplitudes tending to coincide with the top of the baseline
shift B, and smaller amplitudes tending to coincide with the
bottom of the baseline shift B (though the larger and smaller
amplitudes do not necessarily fall at the top and bottom of the
baseline shift). A third respiratory modulation is modulation
of the frequency F between cardiac pulses, with cardiac
pulses tending to have a higher frequency (shorter duration
between pulses) during inhalation and a lower frequency
(longer duration between pulses) during exhalation. Each of
these modulations may be referred to as a respiratory com-
ponent of the PPG signal 20, or a respiratory-induced modu-
lationof the PPG signal 20. It should be noted that a particular
individual may exhibit only the baseline modulation, or only
the amplitude modulation, or only the frequency modulation,
or combinations of these. As referred to herein, a respiratory
component of the PPG signal 20 includes any one of these
respiratory-induced modulations of the PPG waveform 21, a
measure of these modulations, ora combination of them, such
as an average or weighted average.

[0037] The respiratory modulations of the PPG waveform
21 can be affected by a patient’s fluid responsiveness. For
example, a patient that is fluid responsive (for example, a
hypovolemic patient) may exhibit relatively larger respiratory
variations of the PPG waveform 21, while a patient that is not
fluid responsive may exhibit relatively smaller respiratory
variations of the PPG waveform 21. When a patient loses
fluid, the respiratory variations present in the patient’s PPG
signal 20 tend to increase. As an example, when the patient’s
fluid volume is low, the arterial system exhibits larger com-
pliance and thus expands more with each cardiac pulse, rela-
tive to the baseline 24. Both the baseline modulation and the
amplitude modulation may become more pronounced when a
patient’s fluid volume decreases. Thus, larger respiratory
modulations may indicate that a patient is in need of fluids,
while smaller respiratory modulations may indicate that a
patient is not in need of fluids. The respiratory modulations of
the PPG signal 20, such as the PPG waveform 21, may be
identified and used to predict a patient’s fluid responsiveness.

[0038] In an embodiment, a medical monitoring system
receives a PPG signal and calculates a fluid responsiveness
predictor (FRP) based on the PPG signal. In an embodiment,
the FRP is a measure of a patient’s likelihood of response to
fluid therapy. As an example, the FRP represents a prediction
of whether such fluid therapy will improve blood flow within
the patient. In an embodiment, the FRP is a metric that reflects
a degree of respiratory variation of the PPG signal, or a
non-invasive cardiac signal. One example of an FRP metric is
a measure of the amplitude modulations of the PPG signal,
such as Delta POP (DPOP or APOP, defined below). In other
embodiments, the FRP metric is a measure of the respiratory
variation of the PPG, such as a measure of the baseline modu-
lation of the PPG, a measure of slope transit time variation
(described below with reference to FIGS. 11-14), respiratory
sinus arrhythmia variation (described below with reference to
FIG. 15), or suitable metrics assessing the respiratory modu-
lation of the PPG. For example, an FRP may be based on the
amplitudes or areas of acceptable cardiac pulses 22 within a
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particular time frame or window. The minimum amplitude of
the cardiac pulses 22 may be subtracted from the maximum
amplitude then divided by an average or mean value. Alter-
natively, an FRP may be derived from a frequency of cardiac
pulses 22 within a time frame or window. For example, a
modulation or variation in frequency among two or more
cardiac pulses 22 may be used to derive an FRP. In general,
the FRP may be based on one or more respiratory variations
exhibited by the PPG signal 20. Further, an FRP may be
determined through the use of wavelet transforms, such as
described in United States Patent Application Publication No.
2010/0324827, entitled “Fluid Responsiveness Measure,”
which is hereby incorporated by reference in its entirety.
[0039] In an embodiment, DPOP is used as the FRP. The
DPOP metric is calculated from the PPG waveform 21 for a
particular time window as follows:

DPOP=(AMP,,, ~AMP

[0040] where AMP, . represents the maximum upstroke
amplitude (amplitude from a pulse minimum to a pulse maxi-
mum) during the time window (such as time window T in
FIG. 1), AMP, . represents the minimum upstroke pulse
amplitude during the time window, and AMP,, _ is the average

of the two, as follows:

JAMP, . 1

min.

=(AMP, . +AMP .2 2

AMP,,,

[0041] Inotherembodiments, AMP,  andAMP,  maybe
measured at other locations of the PPG, such as within or
along a pulse. DPOP is a measure of the respiratory variation
in the AC portion of the PPG signal. DPOP is a unit-less value,
and can be expressed as a percentage. In an embodiment, the
time window is one respiratory cycle (inhalation and exhala-
tion). In an embodiment, the time window 1s a fixed duration
of time that approximates one respiratory cycle, such as 5
seconds, 10 seconds, or another duration. In other embodi-
ments, the time window may be adjusted dynamically based
on the patient’s calculated or measured respiration rate, so
that the time window is approximately the same as one res-
piratory cycle. A signal turning point detector may be used to
identify the maximum and minimum points in the PPG signal,
in order to calculate the upstroke amplitudes. In some
embodiments, AMP, . and AMP,,, may be calculated by
identifying a maximum value and a minimum value within a
cardiac pulse window, and calculating a difference between
those values. This difference may correspond with an
upstroke or a downstroke, for example.

[0042] To assess the usefulness of a fluid responsiveness
predictor, such as DPOP, the FRP can be compared with PPV
(pulse pressure variation), a metric that is obtained from the
invasive arterial pressure waveform and that is known to
reliably indicate a patient’s fluid responsiveness. DPOP and
PPV have the same mathematical formulation, but are taken
from different signals (DPOP from the PPG signal, and PPV
from the invasive arterial pressure signal).

[0043] FIG. 2 shows a plot of DPOP versus PPV, to illus-
trate the correlation between the two metrics. The relation-
ship between the two metrics is indicated by the best fit line L.
This best fit line is based on data points from historical patient
data. The trend line L. shows a strong correlation between
PPV and DPOP. FIG. 2 also shows an indication of a thresh-
old value of PPV, labeled PPV_th, and a corresponding
threshold value of DPOP, labeled DPOP_th. The PPV thresh-
old value PPV _th is a recognized threshold value that indi-
cates whether the patient is likely to be fluid responsive or not.
Based on the correlation between PPV and DPOP, the corre-
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sponding DPOP threshold value DPOP_th can also be used as
athreshold indicator of fluid responsiveness. For example, if
the calculated or displayed DPOP (or PPV) value is greater
than the threshold DPOP_th (or PPV_th), then the patient is
likely to benefit from fluid therapy. If the displayed DPOP (or
PPV) value is less than DPOP_th (or PPV_th), the patient
may not benefit. Based on this determination, fluid adminis-
tration may be initiated, continued, or ceased.

[0044] The DPOP_th number may not be the same as the
PPV_th number. For example, PPV_th may be 13%, while
the DPOP_this 15%. When this is the case, caregivers such as
nurses, doctors, and clinicians must remember the two differ-
ent values and take appropriate action when the respective
threshold is crossed. This is a potential point of confusion, as
caregivers who are familiar with PPV and new to the use of
DPOP may be inclined to provide fluids when the DPOP
value crosses PPV_th value, instead of the DPOP_th value.
[0045] Furthermore, DPOP is only one example of a PPG-
based FRP, and other FRP values, or even differing formula-
tions of DPOP, may exhibit differing relationships with PPV,
leading to different threshold values. This is illustrated in
FIGS. 3A-3C. FIG. 3A shows a plot of a first FRP metric,
FRP1, versus PPV, and a first threshold value FRP_thl that
correlates with the established PPV threshold value PPV _th.
FIG. 3B shows a plot of a second FRP metric, FRP2, versus
PPV, and a second threshold value FRP_th2 that correlates
with PPV_th. FIG. 3C shows a plot of a third FRP metric,
FRP3, versus PPV, and a third threshold value FRP_th3 that
correlates with PPV_th. FRP_th3 is greater than FRP_th2,
which is greater than FRP_th1, even though each of these
thresholds corresponds to the PPV _th value.

[0046] The variation in threshold values FRP_thl, FRP_
th2, and FRP_th3 is due to the different relationships between
different FRP metrics and PPV, as shown by the three differ-
ent fit lines L1, [.2, and L.3. Because the relationship with
PPV may vary with different FRP metrics, the FRP threshold
value is not necessarily consistent across these different FRP
metrics. As a result, an FRP metric based on a first respiratory
variation in the PPG signal may have a different threshold
value (for example, 10% than an FRP metric based on a
second, different respiratory variation in the PPG signal (with
a threshold of, for example, 20%). While these different FRP
values may all correlate with PPV, and thus provide a reliable
indication of fluid responsiveness, it may be difficult for a
caregiver to remember which threshold value is applicable at
any given time.

[0047] According to an embodiment of the present disclo-
sure, a method is provided for scaling an FRP metric to a
defined relationship with PPV. Various FRP metrics can each
be scaled appropriately to bring them all to the same scaled
correlation with PPV, such that the FRP metrics all exhibit the
same threshold value. As a result, caregivers do not need to
re-calibrate their practices based on the particular FRP being
used. Additionally, other factors that affect the correlation
between FRP and PPV, such as patient characteristics or PPG
sensor type, can also be taken into account to scale the cal-
culated FRP value back to the same, consistent threshold.
[0048] FIG. 5illustrates a plot of FRP and an adjusted FRP
versus PPV, according to an embodiment of the present dis-
closure. Raw data points 52 are represented in FIG. 5, based
on a calculation of a respiratory-induced variation in the PPG
signal—in this case, DPOP. In FIG. 5, a best fit line L6 with
slope m is plotted through the raw data points 52, crossing the
y-axis at value c. This line L6 can be identified with a least
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squares regression or a least-median-of-squares regression.
This raw data exhibits a threshold value FRP_th,, that cor-
relates with the PPV threshold PPV_th of 13%. However, the
illustrated FRP_th,, ., value is much greater than 13%.

[0049] Accordingly, the raw data can be re-scaled to
adjusted data points 52' having an adjusted fit line L7 that
passes through the origin with a slope n. In an embodiment,
n=1 or close to 1. In the example of FI1G. 5, this modification
is accomplished by shifting and re-scaling the raw FRP data,

as follows:
FRP , gisis0a~(FRP, o, ~C)*1/m 3)

[0050] where m and n are the slopes of lines L6 and L7,
respectively, and ¢ is the FRP value where line L6 crosses the
y-axis. This adjustment shifts the raw data down by an
amount ¢ and then re-scales it according to the slopes n and m.
For the particular data set plotted in FIG. 5, m=1.07, ¢=8.568,
and n=1.0.

[0051] As another example, the raw FRP values may sim-
ply be shifted up or down by the difference between the raw
FRP threshold and the PPV threshold, as follows:

FRP, jiyersdFRP, o, H(PPV_th-FRP_th, ) @)

[0052] The method outlined in FIG. 5 enables the raw FRP
data to be scaled and/or shifted to better match the FRP and
PPV thresholds. However, the best fit line L6 through the raw
data 52 is likely not the best representation of the FRP-PPV
relationship, as it does not pass through the origin. When the
PPV value is zero (indicating zero respiratory modulations in
the blood pressure waveform), the FRP value should also be
zero (indicating zero respiratory modulations in the PPG
waveform). The line L6 is likely inflated upward above the
origin due to noise in the data, which may be non-symmetric
tending to positive errors in DPOP for a given PPV. The true
relationship for the data points 52 likely exists somewhere
nearer a lower bound.

[0053] FIG. 4illustrates a plot of FRP and an adjusted FRP
versus PPV, with a line fit [.4 passing through the origin,
according to an embodiment of the present disclosure. Raw
data points 50 are represented in FIG. 4, based on a calcula-
tion of a respiratory-induced variation in the PPG signal, in
this case DPOP. In FIG. 4, the best fit line L4 with slope m is
plotted passing through the origin and the raw FRP data
points 50. This line L4 can be identified with a least squares
regression forcing the abscissa crossing through the origin.
The line [4 can also be identified with a least-median-of-
squares regression, also forced through the origin, to coun-
teract the disproportionate effect of outliers on the data.
[0054] The fit line 1.4 through the raw data 50 in FIG. 4
exhibits a threshold value FRP_th,,, that correlates with the

—"raw

PPV threshold PPV_th of 13%. However, this FRP_th,
value is much higher than 13%. Accordingly, the raw data can
be re-scaled to adjusted data points 50' with an adjusted fit line
L5 that passes through the origin with a slope n of 1 or close
to 1. By re-scaling the raw data to this fit line L5, the raw
threshold value FRP_th,,, is scaled to an adjusted value
FRP_th, ;s that corresponds to the PPV threshold value
PPV _th. This scaled FRP data can be presented to the car-
egiver so that decisions about fluid therapy can be made based
on the same threshold value that caregivers are familiar with
for PPV. Thus, the FRP value can be modified to mimic the
PPV value. In the example of FIG. 4, when the slope n=1 (or
close to 1), this modification is accomplished by re-scaling
the raw FRP data according to the slope or gradient, m, of the

original raw data, as follows:
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FRP,, 0iifiea T RP,,,/m ©)

[0055] If the slope n of the line L5 is 1 or close to 1, the
FRP_th, ;... can be adjusted to equal or match, or closely
match, the value of PPV _th. If a different value of the FRP_th
is desired, the slope n can be different than 1. In such an
instance, the modified FRP values are calculated as follows:

FRP,,,04if00a F RP o, “1/m (6)

[0056] For the particular data plotted in FIG. 4, m=1.667
and n=1.0.

[0057] Inanembodiment, when other FRP metrics are then
mapped or scaled, the same slope value n is used such that the
various FRP metrics each map to the same threshold value
FRP_th,,, 7, This modified FRP threshold value need not
be exactly the same value as the PPV threshold value, but it is
helpful to caregivers if the FRP threshold value is kept con-
sistent across differing FRP formulations. For example, the
PPV threshold PPV_th may be 13%, while the FRP threshold
FRP_th, ;.15 15%, as long as the modified FRP threshold
value is kept the same or consistent, not overly varying. In
another embodiment, the FRP threshold FRP_th,,, 5., i
adjusted to 13% to match the PPV threshold.

[0058] In an embodiment, when the threshold value of the
raw FRP data is known, the adjustment can be accomplished
as follows:

FRP,,~FRP,,,,*(PPV_HVFRP._th,,,) ™

[0059] As shown in FIGS. 4 and 5, and Equations 3-7, the
modification or adjustment to the raw FRP values may move
them up or down, shift them, scale them, rotate them, or any
combination of these adjustments, in order to bring the FRP
threshold value into a desired relationship with the PPV
threshold.

[0060] The data points 50, 52 and fit lines .4, L6 in FIGS.
4 and 5 may be derived from historical patient data, such as
historical databases that include PPV and FRP values for a
patient population. Similarly, the independent variables in
Equations 3-7 may be derived from historical patient data.
Alternatively, or in addition, these values, fit lines, and/or data
points may be collected from an individual patient over time,
to produce a scaled relationship tailored to that individual
patient. Once these various inputs or combinations of inputs
have been used to identify a relationship between FRP and
PPV, that relationship can be stored and used in future moni-
toring sessions to calculate a modified or adjusted FRP value
with a consistent threshold value for predicting a patient’s
fluid responsiveness.

[0061] Theexamples given above utilize raw FRP values to
identify a relationship between FRP and PPV, and then for-
mulate a mapping relationship to map the raw FRP values to
mimic PPV. This mapping relationship may include shifting
the raw data, scaling the raw data, rotating the raw data, or
combinations of these operations. Once this relationship is
identified, new FRP values may be calculated by first calcu-
lating a raw FRP value and then adjusting that raw value with
the identified relationship. It is also an option for the identi-
fied relationship to be programmed into the original raw FRP
calculation. For example, using DPOP as an example FRP,
new values of DPOP may be calculated by adding a scaling or
shifting factor to Equation 1, rather than first calculating a raw
DPOP and then separately scaling it in two steps. Fither
approach is acceptable.

[0062] A method 100 for determining an FRP value is
illustrated in FIG. 6, according to an embodiment. The
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method includes determining a relationship between the FRP
and PPV, at 102. Historical patient data 104 may be taken as
an input for this process. Examples of determining a relation-
ship are discussed above. The relationship 106 is output and
may be stored in memory at 108, such as by storing a scaling
factor, a modified equation, a series of equations, or a table.
This identified relationship is used to calculate a scaled FRP
at 110. The scaled FRP value may be post-processed (dis-
cussed in more detail below), and/or displayed or output for
display at 112.

[0063] In an embodiment, the identified relationship
between the FRP and PPV is used to map differing FRP
values to the same, consistent relationship with PPV, in order
to provide a consistent FRP threshold value. This ability to
scale, shift, or map an FRP value to a defined relationship can
also be useful for updating the process with new or different
steps. For example, updates 116 are shown in FIG. 6. These
updates may, for example, include a different formulation of
the FRP metric, new data from a new patient group, software
updates, calibration updates, or other changes. Such an
update or change couldlead to a shift in the clinically-relevant
FRP threshold value. For example, the new patient group may
exhibit fluid responsiveness above a different value, such as
18%, compared to an accepted or standard value, such as
15%. In an embodiment, the method includes inputting these
updates 116, and repeating the process of determining a rela-
tionship at 102. If the updates 116 affect the relationship, a
new relationship is identified, stored, and used to calculate
FRP values that scale to the previous threshold value. As a
result, updates can be provided without shifting the clinical
FRP threshold. Caregivers can continue to rely on the thresh-
old value (such as 13% or 15% or 17% or any suitable value)
with which they are familiar.

[0064] Various relationships can be identified and stored
and then selected for use based on the patient being moni-
tored, the conditions of monitoring, and/or the particular FRP
metric being used. A method 700 for calculating a scaled FRP
according to an embodiment is shown in FIG. 7. The method
includes receiving patient, sensor, clinical, and/or FRP infor-
mation at 712, choosing a corresponding stored relationship
at 714, and calculating a scaled FRP based on that relation-
ship at 716. The information received at 712 may be auto-
matically detected (such as information stored on a sensor),
pre-assigned (such as information assigned to a monitor that
is located in an operating room), or user-inputted.

[0065] Patient information may include relevant physi-
ologic information that may affect the FRP calculation, such
as skin pigmentation, patient temperature, patient heart
arrhythmia, circulatory compromise or disease, prescribed
vasoactive drugs, circulatory support (LVAD (left ventricular
assist device), ITABP (intra-aortic balloon pump)) or other
patient information. Based on analysis of historical patient
data, these factors may influence the scaling between the FRP
and PPV. Clinical information may include patient position,
room temperature, the location within the hospital, such as an
operating room or a general care floor, or environmental
conditions.

[0066] FRP information refers to different bases for calcu-
lating an FRP, such as DPOP, STTV (described below), RSA
(described below), or metrics assessing respiratory modula-
tions of a cardiac signal. Based on the FRP type, an adjust-
ment to the scaling factor may be needed, to align the FRP
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threshold with the PPV threshold. The FRP type may be
automatically selected, may be pre-assigned, or may be
selected by a user.

[0067] Sensor information may include sensor type, such
as sensors tailored for particular locations on the patient’s
body (for example, fingers, toes, forehead, or ear), or for
certain patient groups (neonates, children, adults). The result-
ing PPG signals from these various different sensors may
exhibit different properties, and as a result, the FRP calcula-
tion based on these different PPG signals may be adjusted.
[0068] Anexampleofanadjustment based onsensor typeis
outlined in FIG. 8. It should be understood that adjustment of
the FRP settings may also take place for patient information,
clinical information, and FRP type, as mentioned above. In
FIG. 8, the method 800 includes communicating a sensor
with a sensor input, at 801. The method then includes detect-
ing a sensor type, at 802. As noted above, examples of sensor
type include forehead, finger, toe, ear, nose, neonate, pediat-
ric, and adult sensors. Information about the sensor type may
be stored on the sensor itself (such as a lookup table with
coeflicients, stored on a memory chip on the sensor or sensor
cable), and communicated to the processor when the sensor is
connected to the input. That is, the sensor may identify itself
as a particular type, and provide the associated settings to the
processor for operating the FRP calculation. Alternatively,
the processor may determine the sensor type and retrieve the
associated settings. Alternatively, the user may specify the
type of sensor by inputting that information.

[0069] The method then includes choosing the settings
associated with the identified type. A few examples are out-
lined in FIG. 8. For example, the method may include apply-
ing finger settings, at 804, if a finger sensor is identified at
803. As another example, the method may include applying
forehead settings, at 806, if a forehead sensor is identified at
805. As another example, the method may include applying
neonate settings, at 808, if a neonate sensor is identified at
807. Other sensor types, environmental settings, patient
information, and FRP types may be included, though they are
not all outlined in FIG. 8. If no sensor type or other relevant
information is identified, the method may include applying
default settings, at 809. Default settings may be those for an
adult finger sensor, on a general care floor, calculating DPOP
as the FRP, for example.

[0070] The settings that are applied for a particular sensor
type are settings that adjust the FRP calculation to accommo-
date differences in the PPG signal from that particular type of
sensor. For example, the settings may include a different
scaling factor for bringing the FRP threshold into alignment
with the PPV threshold. This scaling factor for a forehead
sensor may differ from the scaling factor for a finger sensor.
Other settings that may be adjusted include the amount or
type of pre-filtering, such as the reducing the amount of
low-pass filtering on the PPG signal before processing it for
FRP calculations.

[0071] As another example, when a non-finger sensor is
detected (such as a forehead or ear sensor), differences in the
resulting PPG signal may scale the FRP calculation, as com-
pared to a finger sensor. The PPG signal from a forehead
sensor may exhibit smaller peak-to-peak amplitude, or dif-
ferent respiratory modulations, than a finger sensor, resulting
in a different DPOP number, for example. The PPG signal
from an ear sensor may exhibit peaks with a more rounded
shape. and different amplitudes, than a finger sensor. As a
result, the settings for these sensors may include applying a
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different scaling factor. A scaling factor can be chosen for
each particular sensor type, based on historical patient data,
or patient-specific data if available, showing the relationship
between DPOP values calculated from a finger sensor and
from the particular non-finger sensor. Thus, DPOP values
from various sensor types can be mapped to the same PPV
scale.

[0072] As another example, when a neonatal sensor is
detected, the settings may be adjusted to provide a different
time window for the FRP calculation. As described above, an
FRP may be based on the amplitudes or areas of acceptable
cardiac pulses within a particular time frame or window.
Neonates tend to have a higher pulse rate than adults, and thus
this time window may be decreased when a neonate sensor is
detected, to reduce the number of cardiac pulses present in the
window. Similarly, when a pediatric sensor is detected, the
window may also be decreased, to a lesser extent than a for
neonate sensor.

[0073] Accordingly, an FRP system according to an
embodiment includes alternate code modules associated with
alternate sensor types, patient groups, and other relevant fac-
tors. The code modules include different, additional, or fewer
steps for the calculation of the FRP parameter, according to
the clinical environment, sensor type, and patient group. A
method of calculating an FRP, according to an embodiment,
includes adjusting settings (such as thresholds, coefficients,
scaling factors, filtering, and other steps) according to a
detected sensor type or other clinical or patient information.
In an embodiment, the processor checks for the appropriate
FRP settings prior to calculating and displaying an FRP
value. If no FRP settings are detected on the sensor, then the
processor may determine that the sensor is not an authorized
or authentic sensor, and may display an appropriate warning
message. This check prevents the use of sensors that are not
properly calibrated for the FRP signal processing.

[0074] A method 300 for predicting a fluid responsiveness
of a subject according to an embodiment is shown in FIG. 9.
The method includes receiving a physiologic signal at 310,
such as a PPG signal. Although not shown in the figure, the
PPG signal may be pre-processed prior to further calcula-
tions, as described below with reference to FIG.10. In FIG. 9,
the method also includes identifying one or more respiratory
variations in the physiologic signal at 312. Examples of res-
piratory variations of a PPG signal are described above and
shown in FIG. 1. In FIG. 9, the method also includes calcu-
lating an FRP at 314, based on the identified respiratory
variations. The method also includes adjusting or modifying
the FRP at 316, based on a stored relationship 322. The stored
relationship 322 may be a previously determined relationship
between the FRP and PPV, based on the particular FRP being
used, sensor type, patient information, or other inputs, as
described in examples above. It should be noted that boxes
314 and 316 may be performed together in one step, rather
than in separate steps. Optionally, the method also includes
outputting the adjusted FRP at 318, and displaying the
adjusted FRP at 320.

[0075] Inanembodiment, the method of FIG. 9 is called at
a specified frequency, such as the duration of a desired time
window of PPG data. Over that window of data, the method
operates to calculate the FRP and adjust it as necessary. In an
embodiment, the method is called every 5 seconds and uses
10 seconds of data, thus incorporating both new and previous
data into the data window. Other time windows may be used,
and may be adjusted based on a patient’s respiration rate.
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[0076] A system 500 for monitoring a patient’s vital signs,
such as a patient’s fluid responsiveness, according to an
embodiment, is shown in FIG. 10. The system 500 includes an
input 510 that receives a PPG signal 512. The sensor may be
a pulse oximetry sensor applied to a patient’s finger, toe,
earlobe, or forehead, for example. The input may include a
socket or port for wired connection to the sensor, a wireless
receiver for receiving signals wirelessly from the sensor, or
another suitable electrical input. The system also includes a
pre-processor 514 that initially processes the PPG signal 512.
For example, the pre-processor may include one or more
filters. such as a low pass filter to remove noise, and/or a filter
based on the patient’s heart rate to remove irregular pulses.
The pre-processor manipulates the incoming PPG signal
prior to parameter calculations, such as heart rate, oxygen
saturation, or FRP. Pre-processing may also include remov-
ing the dicrotic notches 29 (shown in FIG. 1), such as by
removing smaller peaks within a defined proximity, such as
0.35 seconds, to a larger peak. The pre-processor may apply
a mapping analysis to identify upstrokes in the PPG signal,
such as by looking for peaks in the derivative of the PPG
signal to identify separate upstrokes (a derivative fiducial
detection method). Signal processing methods foridentifying
upstrokes and other methods are described in more detail in
U.S. application Ser. No. 13/243,951 (U.S. Publication No.
2013/0080489).

[0077] The pre-processed PPG signal 516 is then passed to
a parameter processor 520. In an embodiment, the processor
520includes an FRP/PPV relationship calculator 522 an FRP
calculator 524. The relationship calculator 522 may include a
code module or engine programmed to identify a trend, such
as a line fit, in historical data, and an operation for mapping
that trend to a desired relationship with PPV. Examples of this
mapping operation are described above. The relationship may
be stored in a memory 528.

[0078] The FRP calculator 524 calculates an FRP value
based on the PPG signal 516, as discussed above (and below).
In an embodiment, the FRP calculator 524 includes a scaling
unit 526, which applies a correction factor, adjustment, map-
ping operation, or modifier to the FRP value based on the
relationship. In an embodiment, the scaling unit includes a
table, or other storage mechanism, storing different FRP for-
mulas, methods, or adjustments based on different FRP/PPV
relationships. The applicable formula, method, or adjustment
is selected and used to calculate the FRP, which is then pro-
vided through output 532. The output may be a transmission
of the FRP value to another code module, another processor,
memory, or display, for example. In an embodiment, the
scaling unit 526 is incorporated into the post-processor 534
discussed below, rather than the parameter processor 520.

[0079] The system 500 may also include a post-processor
534 which further processes the FRP value to provide a
smoothed or processed FRP value 538 prior to displaying it to
a caregiver. This step can include filtering, smoothing, and/or
averaging the FRP number, displaying the number, and/or
displaying a trend. For example, the post-processor 534 may
smooth the FRP value by calculating a running average of the
calculated FRP values over a time window. The time window
may be chosen by a user for a smoother or faster FRP value
(for example, 120 seconds, or 15 seconds, or other similar
durations). The post-processor may also remove outlier FRP
values before averaging or displaying. For additional smooth-
ing, the post-processor may employ percentile averaging, in
which only the middle 50% of calculated FRP values within
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a time window are added to the running average, and the
lowest 25% and highest 25% of values are removed.

[0080] Additionally, the post-processor may determine
whether posting criteria are met, prior to posting the FRP
value, in order to remove particular FRP values due to con-
ditions that indicate a deterioration in the PPG signal or the
patient’s condition. If the posting criteria are not met, the new
value of the FRP is discarded. In this case, if previous FRP
values met the posting criteria, then the previously calculated
FRP value may continue to be displayed. If new values con-
tinue to fail the posting criteria, a timer may be incremented
until it reaches a threshold, such as 15, 20, 30, 45, or 60
seconds. At that time the previously displayed FRP value may
be removed and no value displayed until new data that meets
the posting criteria is received. Posting criteria include vari-
ous checks to assess the likely accuracy of the newly calcu-
lated FRP number. Examples of posting criteria include an
arrhythmia flag (indicating that cardiac arrhythmia may be
present in the PPG signal), a signal-to-noise ratio value or
artifact flag (indicating noise is present in the PPG signal), a
servo flag (indicating that a recent gain change occurred
within the current processing window, which could distort
calculations based on the PPG amplitude), system flags (such
as sensor off or sensor disconnected), and/or physiologic
flags (such as heart rate, respiratory rate, or blood oxygen
saturation being out of a specified range, above or below a
threshold, zero, or undetected). These flags indicate that the
FRP number may be distorted by signal degradation or a
physiological event. The posting criteria may also include a
cap for the FRP number itself; for example if the FRP number
exceeds a threshold (suchas 70%), then it is not posted. These
various system, signal, and physiological inputs to the post-
processor are labeled as inputs 536 in FIG. 9.

[0081] The system may also include an output that passes
the processed FRP value 538 to a display 540 for displaying
the FRP value to a caregiver, such as a doctor or nurse or other
clinician, for making clinical decisions about patient care, as
described above. The system 500 of FIG. 10 may provide a
prompt on the display 540 when the FRP value crosses a
defined FRP threshold. The FRP value may be used in GDT
(goal-directed therapy) to incrementally load the patient until
the FRP value indicates that further fluid therapy would not be
helpful. The 15% threshold is merely an example, and it is to
be understood that the threshold may be greater or less than
15%. Moreover, different thresholds may be used to deter-
mine whether individual patients would benefit from fluid
administration. According to embodiments herein, a calcu-
lated FRP value is able to identify PPV values either side of a
defined threshold with high sensitivity and specificity.

[0082] Referring again to FIG. 10, the block diagram illus-
trates modules that represent circuit modules that may be
implemented as hardware and/or software. It should be noted
that the various components of the system 500 may be con-
nected via wired or wireless connections. The components
may be separate from each other, or various combinations of
components may be integrated together into a medical moni-
tor or processor, or contained within a workstation with stan-
dard computer hardware (for example, processors, circuitry,
logic circuits, memory, and the like). The system may include
processing devices such as microprocessors, microcontrol-
lers, integrated circuits, control units, memory (such as read-
only and/or random access memory), and/or other hardware.
One or more system components may be housed within a
smart cable, a cable adapter, or the like, with a cable that
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connects to a sensor, such as a pulse oximetry sensor, at one
end. Further, one or more system components may connect to
an external device such as a cellular or smart phone, tablet,
other handheld device, laptop computer, monitor, or the like
that may be configured to receive data from the system and
show the data on a display of the device.

[0083] The systems and methods described herein may be
provided in the form of tangible and non-transitory machine-
readable medium or media (such as a hard disk drive, etc.)
having instructions recorded thereon for execution by a pro-
cessor or computer. The set of instructions may include vari-
ous commands that instruct the computer or processor as a
processing machine to perform specific operations such as the
methods and processes of the various embodiments of the
subject matter described herein. The set of instructions may
be in the form of a software program or application. The
computer storage media may include volatile and non-vola-
tile media, removable and non-removable media imple-
mented in any method or technology for storage of informa-
tion such as computer-readable instructions, data structures,
program modules or other data. The computer storage media
may include, but are not limited to, RAM, ROM, EPROM,
EEPROM, flash memory or other solid state memory tech-
nology, CD-ROM, DVD, or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other mag-
netic storage devices, or any other medium which may be
used to store desired information and that may be accessed by
components of the system.

[0084] While some examples above discuss the correction
factorapplied to DPOP, other FRP metrics or combinations of
metrics may be used and corrected accordingly. For example,
amplitude values and/or modulations, or baseline values and/
or modulations from the PPG signal, or various respiratory
components of the PPG signal may be scaled according to
their relationship with PPV, in order to provide an adjusted
FRP metric. Also, two other FRP metrics, STTV and RSA,
are discussed below.

[0085] The relationship between an FRP and PPV may be
patient-specific, or may be predetermined, such as based on
historical or clinical data. The relationship between may be
represented by a non-linear polynomial function, or by a
series of piecewise functions, or another type of mapping
(non-parametric, non-linear, or heteroassociative), or the
relationship may be learned by a neural network.

[0086] DPOP is discussed as an illustrative FRP in some
examples above, but the FRP metric is not limited to DPOP.
Another example of a non-invasive PPG-based FRP metric is
slope transit time variation (STTV)—that is, a measure of the
variation of slope transit time (STT), or the inverse of the
gradient of the pulse upstroke. This metric is shown in FIG.
11. FIG. 11 shows a cardiac pulse 82 with an upstroke portion
84, dicrotic notch 86, and downstroke portion 88. A slope m
can be identified per a single unit of amplitude A along the
upstroke 84. STT is the inverse of this slope, per unit ampli-
tude, calculated as STT=1/m. The slope m can be calculated
from a received PPG signal by identifying the peak of the first
derivative. Then STT is calculated to convert the slope into a
time per unit amplitude. It should be noted that the PPG signal
may be pre-filtered prior to the computation of STT (and
STTV). Ineffect, STT measures a duration per unit amplitude
change A, and indicates a transit time of the upstroke or slope
of the PPG wave (hence the name “slope transit time”). STT
increases when the upstroke of the pulse becomes less steep,
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and decreases when the upstroke of the pulse becomes more
steep. STT is thus an indication of the shape of the cardiac
pulse.

[0087] The shape of the cardiac pulse 82 in the PPG signal
varies with respiration due to the interaction between blood
pressure, heart rate, pulse transit time, and other factors. For
some patients, on inhalation, blood pressure decreases, pulse
transit time increases, and heart rate increases. The result of
this interaction is that the slope m of the upstroke portion 84
decreases, causing an increase in STT. For some patients, on
exhalation, blood pressure increases, pulse transit time
decreases, and heart rate decreases. The result of this interac-
tion is that the slope m of the upstroke portion 84 increases,
causing a decrease in STT.

[0088] Anexample plotof STT values 89 calculated at each
heart beat is shown in FIG. 12, according to an embodiment.
FIG. 12 shows values of STT increase and decrease cycli-
cally, with respiration. STT is a measure that reflects changes
in the cardiac pulse corresponding to respiratory pressure
changes. In the plot, the maximum STT value over one res-
piratory cycle is denoted STT,, .. and the minimum STT
value over the same respiratory cycleis denoted STT, ... One
respiratory cycle refers to a period of time encompassing a
complete breath cycle, including one inhalation and one
exhalation. STT, _and STT, , may be identified over one
respiratory cycle, or over another duration (fixed or adjust-
able) such as 5, 6, 7, 8, 9, 10 seconds, or other suitable
durations. These values may be calculated over different res-
piratory cycles, such as two or more adjacent cycles. When
the respiratory period is not accurately known, the duration
over which STT,,. and STT,,,,, are identified may be set as
the longest physiologically likely breath, for example, 20
seconds.

[0089] The variation in STT is a respiratory-induced varia-
tion in the PPG signal and can be used as a predictor of fluid
responsiveness. To quantify this variation, an STTV metric
can be calculated as follows:

STTV=(STT,,,;~STT,,;,)/STT, ... where ®)

STT,, ~(STT,,,+STT,,,)/2 )

[0090] A plot of STTV versus PPV is shown in FIG. 13,
according to an embodiment. The plot was generated from
data collected from a group of patients during the post-induc-
tion, pre-incision period in the operating room. The data
points show a strong correlation between STTV and PPV,
confirming that STTV is useful as an indicator of fluid respon-
siveness. In various embodiments, STTV may be used as the
FRP identified herein. In particular, in FIG. 13, a threshold
STTV value identifying likely fluid responsiveness may be
identified, correlating to the PPV threshold value. This STTV
threshold value may not match the same numerical threshold
value of other FRP metrics. Accordingly, the STTV values
may be scaled, shifted, rotated, or adjusted to map the STTV
threshold value to a desired numerical value, such as the PPV
threshold value, as described herein, in order to maintain a
consistent threshold value indicating fluid responsiveness. In
this way, whether a medical monitoring system utilizes DPOP
or STTV (or another metric) as the FRP, a caregiver can
expect to make clinical decisions based on the same numeri-
cal threshold, for example, 13% or 15%, rather than having to
adjust clinical procedures based on the particular FRP being
used.

[0091] Additionally, as shown in FIG. 14, STT may be
calculated by taking the derivative 90 of the PPG signal over
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one pulse period P, and measuring the area 94 under the
fundamental pulse 96 of the derivative signal. For example,
the area may be calculated over a defined time window or
width W. The area describes a rise in the PPG upstroke,
indicating a temporal extent of the rise. Thus, the area can be
used as the STT metric, and can be calculated with each
cardiac pulse to track STT over time and determine STTV.
STT is also described in co-pending U.S. patent application
Ser. No. 13/609,566, filed Sep. 11, 2012 (Publication No.
2014/0073962).

[0092] Another example of a non-invasive PPG-based FRP
metric is respiratory sinus arrhythmia (RSA). RSA refers to
the difference in frequency F between cardiac pulses within a
respiratory cycle (see FIG. 1). In some patients, this fre-
quency F between individual pulses changes with respiration.
For example, the frequency may increase during inhalation
and decrease during exhalation; that is, cardiac pulses are
closer together during inhalation and spread more apart dur-
ing exhalation. RSA can be calculated as follows:

RSA={Rate_Max-Rate Min)/Rate_Mean (10)

[0093] where Rate_Max is the maximum heart rate during
a respiratory cycle, Rate_Min is the minimum heart rate dur-
ing the cycle, and Rate_Mean is the average heart rate during
the cycle. RSA may be derived from a PPG signal or other
physiological signals such as EEG or EKG signal.

[0094] FIG. 15 shows a plot of RSA versus PPV, showing a
strong linear correlation. The plotted data exhibited a rela-
tionship of RSA=m*PPV+c, where m=1.187 and ¢=3.221,
with a Pearson correlation coefficient R=0.969. Accordingly,
RSA may be used as an FRP herein, providing a non-invasive
measure of fluid responsiveness. The fluid responsiveness
threshold for PPV, PPV _th, corresponds to a raw RS A thresh-
old, RSA_th_raw. The RSA_th_raw value may be used by
clinicians to decide whether to provide or continue fluid
therapy. Further, the numerical values of the two thresholds
PPV_thand RSA_th_raw may not match; for example, PPV_
th may be 13% while RSA_th_raw is 18%. As discussed
herein, the RSA value may be scaled so that the RSA_th_
adjusted value (not shown in FIG. 15) matches the PPV_th
value.

[0095] Pre-processing of the PPG signal (or other physi-
ologic signal) and post-processing of the calculated FRP
number are described above. Other processing steps may
include other modifications to the FRP value, such as correct-
ing the FRP value for low perfusion. This technique is
described in co-pending U.S. Patent Application No. 61/939,
103. This technique includes adjusting the FRP value or for-
mula when the PPG signal exhibits low perfusion. In an
embodiment, such an adjustment is performed, and then the
adjusted FRP value (adjusted for low perfusion) is scaled as
described herein, to bring it into alignment with the PPV
threshold.

[0096] In an embodiment, the system and methods
described above are implemented on a pulse oximeter. A
pulse oximeter system 200 is illustrated in FIG. 16. The pulse
oximeter non-invasively measures oxygen saturation of
hemoglobin in arterial blood, by assessing a ratio of detected
light at two wavelengths after illumination into a patient’s
tissue. For example, the oximeter may measure the intensity
of light that is attenuated by the tissue and received at the light
sensor, as a function of time. A signal representing light
intensity or absorption versus time or a mathematical
manipulation of this signal (e.g., a scaled version thereof, a
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log taken thereof, a scaled version of a log taken thereof, etc.)
may be referred to as the photoplethysmograph (PPG) signal.
The light intensity or the amount of light absorbed is then
used to calculate the amount of a blood constituent (e.g.,
oxyhemoglobin) as well as the pulse rate and when each
individual pulse occurs. To measure a constituent in the
blood, the emitted light is selected to be of one or more
wavelengths that are absorbed by blood in proportion to the
blood constituent. For example, for determination of blood
oxygen saturation (SpO,) red and infrared wavelengths are
used because highly oxygenated blood absorbs relatively less
red light and more infrared light than blood with a lower
oxygen saturation. By comparing the intensities of two wave-
lengths at different points in the pulse cycle, it is possible to
estimate the blood oxygen saturation of hemoglobin in arte-
rial blood.

[0097] Referring to FIG. 16, the pulse oximetry system 200
includes a sensor or probe 212 and a pulse oximetry monitor
214. The sensor 212 includes an emitter 216 configured to
emit light at two or more wavelengths into a patient’s tissue,
and a detector 218 for detecting the light originally from the
emitter 216 after passing through the tissue. The sensor 212 is
connected via a cable 224 to the monitor 214, which includes
a display 220 to display physiological data and speakers 222
to provide audible alarms. Calculations of physiological
parameters from the PPG signal may take place on the sensor
and/or the monitor. Optionally, the oximeter monitor 214 may
be connected (via cable 232 or 234) to a multi-parameter
patient monitor 226, which displays data from various medi-
cal devices on a display 228. The calculated FRP value may
be displayed on the monitor 214, 226, or both.

[0098] A simplified block diagram of the system 200 is
shown in FIG. 17. Certain illustrative components of the
sensor 212 and the monitor 214 are illustrated in FIG. 17. The
sensor 212 includes the emitter 216, the detector 218, and an
encoder 242. The emitter includes a RED light emitting light
source 244, such as a light emitting diode (LED), and an
infrared (IR) light emitting light source 246. In at least one
embodiment, the RED wavelength may be between about 600
nm and about 700 nm, and the IR wavelength may be between
about 800 nm and about 1000 nm. The detector detects light
emitted or reflected from the patient’s tissue 240, converts the
received light into an electrical signal, and sends the signal to
the monitor 214. The encoder 242 may contain information
about the sensor 212, such as the type of sensor (for example,
whether the sensor 212 is intended for placement on a fore-
head or digit) and the wavelengths of light emitted by the
emitter 216. The information may be used by the monitor 214
to select appropriate algorithms, lookup tables and/or calibra-
tion coefficients stored in the monitor 214 for calculating the
patient’s physiological parameters.

[0099] The received signal from the detector 218 may be
passed through an amplifier 266, a low pass filter 268, and an
analog-to-digital converter 270. The digital data may then be
stored in a queued serial module (QSM) 272 (or buffer) for
later downloading to RAM 254 as QSM 272 fills up.

[0100] The monitor 214 includes a general-purpose micro-
processor 248 connected to an internal bus 250. Also con-
nected to the bus 250 are a read-only memory (ROM) 252, a
random access memory (RAM) 254, user inputs 256 (such as
patient information, alarm limits, etc), display 220, and
speaker 222. The microprocessor 248 determines the
patient’s physiological parameters, such as SpO,, respiration
rate, respiratory effort, and pulse rate, using various algo-
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rithms and/or look-up tables based on the value of the
received signals and/or data corresponding to the light
received by the detector 218. Information from the encoder
242 is transmitted to a decoder 274, which translates the
information to enable the processor 248 to use appropriate
thresholds, algorithms, or other information. A time process-
ing unit (TPU) 258 provides timing control signals to a light
drive circuitry 260, which controls when the emitter 216 is
illuminated and multiplexed timing for the RED LED 244 and
the IR LED 246. The TPU 258 may control the sampling of
signals from the detector 218 through an amplifier 262 and a
switching circuit 264.

[0101] It is to be understood that the above description is
intended to be illustrative, and not restrictive. Many modifi-
cations may be apparent to those skilled in the art to adapt a
particular situation or system to the teachings of the present
invention, without departing from its scope. The scope of the
disclosure should, therefore, be determined with reference to
the appended claims, along with the full scope of equivalents
to which such claims are entitled.

What is claimed is:

1. A medical monitor for monitoring a patient, comprising:

an input receiving a photoplethysmograph (PPG) signal

representing light absorption by a patient’s tissue;

a fluid responsiveness predictor (FRP) calculator pro-

grammed to calculate an FRP metric; and

a memory storing a relationship between the FRP metric

and a pulse pressure variation (PPV) metric,

wherein the FRP metric is calculated based on a respiratory

variation of the PPG signal and based on the relation-
ship.

2. The monitor of claim 1, wherein the FRP metric com-
prises Delta POP.

3. The monitor of claim 1, wherein the FRP metric com-
prises slope transit time variation.

4. The monitor of claim 1, wherein the FRP metric com-
prises respiratory sinus arrhythmia.

5. The monitor of claim 1, wherein the relationship com-
prises a scaling factor applied to the FRP metric.

6. The monitor of claim 1, wherein the relationship com-
prises a shift applied to the FRP metric.

7. The monitor of claim 1, wherein the relationship com-
prises a mapping relationship mapping an FRP threshold
value to a pulse pressure variation threshold value.

8. The monitor of claim 1, wherein the relationship is
adjustable based on a user input or an update.

9. The monitor of claim 1, further comprising a display in
communication with the FRP calculator to display the calcu-
lated FRP metric.
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10. The monitor of claim 1, further comprising a pre-
processor coupled to the input to process the PPG signal.

11. The monitor of claim 1, wherein the memory stores a
plurality of relationships between the FRP metric and PPV,
and wherein the FRP calculator is programmed to calculate
the FRP metric based on a selected relationship from the
plurality of relationships.

12. The monitor of claim 1, wherein the respiratory varia-
tion of the PPG signal comprises an amplitude modulation of
the PPG signal.

13. A method for predicting a fluid responsiveness of a
patient, comprising:

receiving a photoplethysmograph (PPG) signal responsive
to light absorption by a patient’s tissue;

identifying a respiratory-induced variation of the PPG sig-
nal;

storing a relationship between a fluid responsiveness met-
ric and a pulse pressure variation;

determining a value of the fluid responsiveness metric
based on the respiratory-induced variation and the rela-
tionship.

14. The method of claim 13, further comprising displaying

the fluid responsiveness metric.

15. The method of claim 13, wherein the fluid responsive-
ness metric comprises Delta POP.

16. The method of claim 13, further comprising determin-
ing an updated relationship, storing the updated relationship,
and determining the value of the fluid responsiveness metric
based on the respiratory-induced variation and the updated
relationship.

17. The method of claim 13, further comprising storing a
plurality of relationships and selecting a relationship for the
determining the value of the fluid responsiveness metric.

18. The method of claim 17, wherein selecting the relation-
ship is based on a user input.

19. A medical monitor for monitoring vital signs of a
patient, comprising;

an electrical input providing a photoplethysmography
(PPG) signal responsive to light absorption by a
patient’s tissue;

a fluid responsiveness calculator programmed to calculate
a Delta POP (DPOP) value based on a respiratory varia-
tion of the PPG signal;

a scaling unit operating on the DPOP value to provide a
scaled DPOP based on a relationship between DPOP
and pulse pressure variation; and

an output for providing the DPOP value or the scaled
DPOP value to a display.
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