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Determining the PCC and/or VCC signal in a patient
utilizing photoplethysmography

Adjusting the ultrafiltration rate so as to modulate
the PCC and/or VCC signal to a target level
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1
METHOD FOR USING
PHOTOPLETHYSMOGRAPHY TO OPTIMIZE
FLUID REMOVAL DURING RENAL
REPLACEMENT THERAPY BY
HEMODIALYSIS OR HEMOFILTRATION

RELATED APPLICATION

This application is a division of U.S. Ser. No. 11/532,251
filed Sep. 15, 2006, which is incorporated herein by reference
in its entirety.

BACKGROUND

1. Field of the Invention

This invention relates to non-invasive methods for moni-
toring a patient’s vascular volume during renal replacement
therapy by means of at least one pulse oximetry/photopl-
ethysmography sensors. Further, this invention relates to
monitoring a patient’s vascular volume, vascular tone, and/or
regional blood flow (e.g. carotid blood flow as a surrogate for
cerebral blood flow) during renal replacement therapy using
photoplethysmography methods and adjusting the rate of
ultrafiltration real-time during the patient’s treatment.

2. Discussion of the Art

Renal Replacement Therapy (RRT) has evolved from the
long, slow hemodialysis treatment regime of the 1960’s to a
diverse set of therapy options, the vast majority of which
employ high permeability membrane devices and ultrafiltra-
tion control systems.

Biologic kidneys remove metabolic waste products, other
toxins, and excess water. They also maintain electrolyte bal-
ance and produce several hormones for a human or other
mammalian body. An artificial kidney, also called a hemodia-
lyzer or dialyzer, and attendant equipment and supplies are
designed to replace the blood-cleansing functions of the bio-
logic kidney. At the center of artificial kidney design is a
semipermeable filter membrane that allows passage of water,
electrolytes, and solute toxins to be removed from the blood.
The membrane retains in the blood, the blood cells, plasma
proteins and other larger elements of the blood.

Over the last 15 years, the intended use of the RRT has
evolved into a subset of treatment alternatives that are tailored
to individual patient needs. They include ultrafiltration,
hemodialysis, hemofiltration, and hemodiafiltration, all of
which are delivered in a renal care environment, as well as
hemoconcentration, which is typically delivered in open heart
surgery. Renal replacement therapies may be performed
either intermittently or continuously, in the acute or chronic
renal setting, depending on the individual patient’s needs.

Ultrafiltration involves the removal of excess fluid from the
patient’s blood by employing a pressure gradient across a
semipermeable membrane of a high permeability hemofilter
or dialyzer. For example, removal of excess fluid occurs in
hemoconcentration at the conclusion of cardiopulmonary
bypass surgery. Hemodialysis involves the removal of toxins
from the patient’s blood by employing diffusive transport
through the semipermeable membrane, and requires an elec-
trolyte solution (dialysate) flowing on the opposite side of the
membrane to create a concentration gradient. A goal of dialy-
sis 1s the removal of waste, toxic substances, and/or excess
water from the patients’ blood. Dialysis patients require
removal of excess water from their blood because they lack
the ability to rid their bodies of fluid through normal kidney
function.

One of the potential risks to health associated with RRT is
hypotension, which is an abnormal decrease in the patient’s
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blood pressure. An abnormally high or uncontrolled ultrafil-
tration rate may result in hypovolemic shock, hypotension, or
both. Iftoo much wateris removed from the patient’s vascular
compartment, such as might occur if the ultrafiltration rate is
too high oruncontrolled, the patient could suffer hypotension
and/or go into hypovolemic shock. Accordingly, RRT treat-
ments must be controlled to prevent hypotension.

Rapid reduction in plasma or blood volume due to exces-
sive ultrafiltration of water from blood may cause a patient to
exhibit one or more of the following symptoms: hypov-
olemia-hypotension, diaphoresis, cramps, nausea, or vomit-
ing. During treatment, vascular volume in the patient’s blood
would theoretically remain constant if the plasma refilling
rate equaled the ultrafiltration rate. However, refilling of the
plasma is often not completed during a RRT session. The
delay in refilling the plasma can lead to insufficient blood
volume in a patient.

There appears to be a “critical” blood volume value below
which patients begin to have problems associated with hypo-
volemia (abnormally decreased blood volume). Fluid replen-
ishing rate is the rate at which the fluid (water and electro-
lytes) can be recruited from tissue into the blood stream
across permeable walls of capillaries. This way blood volume
is maintained relatively constant. Most of patients can recruit
fluid at the rate of 500 to 1000 mL/hour. When patients are
treated at a faster fluid removal rate, they begin to experience
symptomatic hypotension. A mismatch occurs when the
ultrafiltration rate exceeds the plasma refilling rate. Typically,
vascular tone, a compensatory mechanism, increases to offset
this mismatch but not all individuals have a functioning com-
pensatory mechanism.

Hypotension is the manifestation of hypovolemia or a
severe fluid imbalance, especially when there is a failure to
activate compensatory mechanisms, such as individuals with
anatomical neuropathy who lack responsive vascular tone.
Symptomatically, hypotension may be experienced by the
patient first as light-headedness. To monitor patients for
hypotension, non-invasive blood pressure monitors are com-
monly used during RRT. When detected early, hypotension
resulting from the excessive loss of fluid is easily reversed by
giving the patient intravenous fluids. Following administer-
ing fluids the RRT operator can adjust the ultrafiltration rate to
make the RRT treatment less aggressive.

Ultrafiltration controllers were developed specifically to
reduce the occurrence of hypotension in dialysis patients.
Ultrafiltration controllers can be based on approximation
from the known trans-membrane pressure, volume based or
gravity based. Roller pumps and weight scales are used in the
latter to meter fluids. Ultrafiltration controllers ensure the rate
of fluid removal from a patient’s blood is close to the fluid
removal setting that was selected by the operator. However,
these controllers do not always protect the patient from
hypotension. For example, the operator may set the fluid
removal rate too high. If the operator setting is higher than the
patient’s fluid replenishing rate, the operator should reduce
the rate setting when the signs of hypotension manifest. If the
excessive rate is not reduced, the patient may still suffer from
hypotension, even while the controller operates properly.
Reddan D N, Szczech L A, Hasselblad V, Lowrie E G, Lind-
say R M, Himmelfarb I, Toto R D, Stivelman J, Winchester J
F, Zillman L A, Califf R M, Owen W F Jr. Intradialytic Blood
Volume Monitoring in Ambulatory Hemodialysis patients: A
Randomized Trial. Journal of the American Society of Neph-
rology. 2005; 16:2162-9

Attempts were made during the last two decades to develop
monitors that could be used for feedback control of dialysis
machine parameters, such as dialysate concentration, tem-
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perature, and ultrafiltration rate and ultrafiltrate volume.
Blood volume feedback signals have been proposed that are
based on optical measurements of hematocrit, blood viscosity
and blood conductivity (impedance). Real-time control
devices have been proposed that adjust the ultrafiltration rate
to maintain a constant blood volume, and thereby balance the
fluid removal and fluid recruitment rates. None of these pro-
posed designs led to significant commercialization owing to
the high cost of sensors, high signal to noise ratio or lack of
economic incentive for manufacturers. In addition, many of
these proposed systems required monitoring of patients by
highly trained personnel.

The danger of hypotension as a consequence of excessive
fluid removal during dialysis and other extracorporeal blood
treatments has been recognized. U.S. Pat. No. 5,346,472
describes a control system to prevent hypotension that auto-
matically adjusts the sodium concentration added to the
dialysate by infusing a hypertonic or isotonic saline solution
in response to operator input or patient’s request based on
symptoms. European patent EU 0311709 to Levin and
Zasuwa describes automatic ultrafiltration feedback based on
arterial blood pressure and heart rate. U.S. Pat. No. 4,710,164
describes an automatic ultrafiltration feedback device based
on arterial blood pressure and heart rate. U.S. Pat. No. 4,466,
804 describes an extracorporeal circulation system with a
blood oxygenator that manipulates the withdrawal of blood to
maintain CVP constant. U.S. Pat. No. 5,938,938 describes an
automatic dialysis machine that controls ultrafiltration rate
based on weight loss or the calculated blood volume change.
Late model AK200 dialysis machines from Gambro (Swe-
den) include an optional blood volume monitor called BVS or
Blood Volume Sensor. This sensor is optical and in fact mea-
sures blood hematocrit, or the concentration of red blood
cells, in blood. Since dialysis filter membranes are imperme-
able to blood cells, increased hematocrit signifies the reduc-
tion of the overall blood volume. The BVS sensor is included
in a feedback to the machine and is used to help the operator
assess the rate of fluid removal. However, as realized by the
inventors, this and similar technology have failed to show
clinical relevance due to failure to measure compensatory
mechanisms and importance of regional (e.g. cerebral) blood
flow.

More recent references have further focused on the danger
of hypotension as a consequence of excessive fluid removal
during dialysis and other extracorporeal blood treatments.
U.S. Pat. No. 6,821,441 describes a method for blood purifi-
cation by means of hemodialysis and/or hemofiltration
wherein a blood parameter selected from trans-membrane
pressure, hematocrit value and blood density is monitored to
control the infusion rate of a substitution fluid into a patient’s
blood. U.S. Pat. No. 6,706,007 describes a system that non-
invasively monitors blood oxygen levels to detect when
hypotension is about to occur in a patient undergoing extra-
corporeal treatment of their blood. U.S. Pat. No. 6,689,083
describes a system that non-invasively monitors osmotic
pressure across a filter membrane of a blood filter to detect
when hypotension is about to occur in a patient undergoing
extracorporeal treatment of their blood.

SUMMARY

In one regard, superior RRT monitoring methods would be
able to provide real-time continuous measurements of signals
that would be analyzed to provide relative blood flow and/or
volume, blood pressure, and pulse rate. Such superior RRT
monitor systems would utilize pulse oximetry/photoplethys-
mography at a highly perfused central tissue site, such as the
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lip, tongue, nares, cheek. Optionally, a second additional may
be located at a typically less perfused area such as a finger or
toe. It is desired to have such superior monitoring methods,
which are more reliable, are capable of averting patient
hypotension, allow cross-site comparisons of blood flow and/
or volume and provide non-invasive feedback based control
methods that continuously and automatically manipulate the
ultrafiltration rate to achieve an optimal ultrafiltration rate.

Methods, systems and devices have been developed for
optimizing fluid removal during renal replacement therapy
(RRT) in which the ultrafiltration rate is adjusted in real-time
during a patient’s treatment and further not requiring human
monitoring and/or interaction. The present invention senses a
fall in carotid blood flow or failure of compensatory mecha-
nisms resulting in cerebral hypoperfusion. By monitoring
blood flow and/or volume status, via photoplethysmography,
the system detects a decrease of central blood volume that
precedes the onset of hypotension and maintains a safe filtra-
tion rate by reducing the ultrafiltration rate when the blood
flow and/or volume status feedback signal decreases, indicat-
ing that hypotension may occur. Adjustment of the ultrafil-
tration rate may be manually performed by the healthcare
practitioner or adjustment may be automated using a real-
time blood flow and/or volume status feedback signal,
thereby averting hypotension before it occurs.

The present invention provides a method of optimizing
fluid removal during renal replacement therapy, said method
comprising securing a pulse oximeter/photoplethysmogra-
phy probe to a central source site of a patient wherein said
probe is configured to generate a signal stream indicative of
blood flow and/or volume status at said central source site;
processing said signal stream received from said probe to
obtain a separate pulsatile cardiac component (PCC) signal
and venous capacitance component (VCC) signal; evaluating
said PCC signal, or VCC signal, or both, to determine the
occurrence of a change in blood flow and/or volume status;
and adjusting the ultrafiltration rate of said patient’s renal
replacement therapy responsive to said change in blood flow
status. The method allows for the comfortable and non-inva-
sive monitoring ofa patient”s blood flow and/or volume status
during renal replacement therapy and further provides opti-
mization of the ultrafiltration rate capable of averting
hypotension. This invention also measures compensatory
mechanisms such as vascular tone, which in turn is used as a
diagnostic tool to detect deficiencies in such mechanisms.

Tt is to be understood that the foregoing general description
and the following detailed description are exemplary and
explanatory only and are not to be viewed as being restrictive
of the present, as claimed. These and other objects, features
and advantages of the present invention will become apparent
after a review of the following detailed description of the
disclosed embodiments and the appended claims. All patents,
patent applications and publications discussed or cited herein
are incorporated by reference to the same extent as if each
individual publication or patent application was specifically
and individually set forth in its entirety.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a diagram representing a method for opti-
mizing fluid removal during renal replacement therapy that
employs photoplethysmography signals obtained from the
patient.

FIG. 2 shows a schematic of a system for optimizing fluid
removal during renal replacement therapy that employs pho-
toplethysmography signals obtained from the patient.
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FIG. 3 shows a schematic of a system for optimizing fluid
removal during renal replacement therapy that employs pho-
toplethysmography signals obtained from the patient.

FIG. 4 shows a diagram representing a method for opti-
mizing fluid removal during renal replacement therapy that
employs photoplethysmography signals obtained from the
patient.

FIG. 5 shows a diagram representing a method for opti-
mizing fluid removal during renal replacement therapy that
employs photoplethysmography signals obtained from the
patient.

FIG. 6 shows a line graph representing the frequency sepa-
ration of the raw PPG signal (top) into the VCC (middle) and
PCC (bottom) using a standard Butterworth filter.

FIG. 7 shows expanded view of a PPG tracing demonstrat-
ing the respiratory pattern and rapid cardiac component
(PCC)

FIG. 8a shows an expanded view of a PPG tracing filtered
so as to demonstrate the venouse capacitance component
(VCO).

FIG. 8b shows a pattern of the PCC PPG plotted with the
respiratory flow (dashed line).

FIG. 9 shows a bar graph representing VCC swings for
blood donor and HD subjects and the corresponding P-values.
Error bars indicate standard error of measure. NS=not signifi-
cant.

FIG. 10 shows a bar graph representing PCC AMPDiff and
PCC AMPMean for blood donor and HD subjects and the
corresponding P-values. Error bars indicate standard error of
measure. NS=not significant.

FIG. 11 is a photograph of an exemplary nasal alar probe.

DETAILED DESCRIPTION

Some embodiments of the present invention are directed to
methods that utilize a pulse oximeter/photoplethysmography
sensor to optimize fluid removal during renal replacement
therapy (RRT). To the inventors’ knowledge, no one has
previously thought of using photoplethysmography for such
purpose. Embodiments also pertain to measuring a patient’s
vascular volume, vascular tone, and/or regional blood flow
(e.g. carotid blood flow as a surrogate for cerebral blood
flow).

Traditionally, a photoplethysmography signal stream is
typically obtained from a peripheral site such as the finger, or
other extremity, which is usually damped and difficult to
process and therefore to interpret. The inventors have discov-
ered that obtaining the photoplethysmograph from a central
source site (CSS) eliminates much of the background noise
and poor signal to noise ratio found in the plethysmograph
from a peripheral source site (PSS), and it is the obtention of
this “less noisy” signal that eventually led to the realization
that information such as respiration rate, pulsatile carotid
blood flow, and venous capacitance can be extrapolated, as
well as carotid blood flow as a surrogate for cerebral blood
flow. Additionally, collection of at least two photoplethys-
mography signal streams, one from a CSS site and one from
a PSS, enhances the reliability and accuracy of the methods
disclosed to monitor a patient’s blood flow and/or volume
status during RRT, thereby averting hypotension.

Typically, photoplethysmography is conducted using one
pulse oximeter probe. The raw signal stream obtained from a
pulse oximeter probe is related to the amount of light from the
LED that hits the photodetector of the pulse oximeter probe.
The magnitude of the signal from the photodetector is
inversely proportional to the amount of absorption of the light
between the LED and the photodetector (greater absorption
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results in less light exciting the photodetector). The absorbed
light is due to multiple factors, including absorption due to
tissue, absorption due to venous blood, absorption due to
arterial blood, and absorption due to the pulsation of arterial
blood with each heart beat. As previously characterized
(WO-A 2006086010), three separate components of the
plethysmograph signal have been discovered: (a) PCC, (b)
low frequency venous capacitance component (VCC), and (c)
the classical DC component signal which is a function of the
tissue (muscle, bone, etc) at the probe site, and is the baseline
DC component on which the venous capacitance signal rides.
The raw plethysmograph signal can be processed to sepa-
rately identify such components. Thus, the PCC component
pertains to a component of a processed plethysmographic
signal that represents the pulsatile blood flow that is present in
the vascular bed being monitored. The VCC component per-
tains to a phasic slower frequency signal that represents the
venous capacitance of blood in the vascular bed being moni-
tored and is influenced by variations in intrathoracic pressure
and venous blood volume.

One embodiment for isolating the PCC and the VCC com-
prises:

1) discretely selecting the peaks and troughs of the signal
(improved noise/artifact rejection can be achieved by
looking for peaks and troughs that exist at the expected
heart rate, estimated by Fourier or autocorrelation analy-
sis, or from past good data)

2) finding the midpoints (or minimum values) between
peaks and troughs

3) extracting the VCC as the interpolated (and possibly
smoothed or splined) line that connects these midpoints
(or minimum values)

4) extracting the PCC as the raw signal subtracted from the
VCC; and optionally

5) includes magnitude of the pulsation.

This processing is preferably implemented from signals
obtained from a central source site, but it could be applied to
signals obtained from other sites so long as the fidelity of the
signal is sufficiently high and reliable. This technique
achieves a nonlinear filter with zero delay and optimally
separates the two signals of interest. In view of the teachings
herein, those skilled in the art will appreciate that similar
techniques for achieving these objectives could also be
adapted, and are differentiated from the conventional pro-
cessing of plethysmography signals due to their goal of opti-
mally separating the two signals of interest on a beat-to-beat,
zero delay basis (unlike standard linear filtering, DC removal
techniques, and averaging techniques).

The amplitude and area under the curve (AUC) of the AC
component contains information about the amount of arterial
blood flowing past the detector. In order to correctly interpret
this information, the PCC and VCC components must be
separated more rigorously than with the algorithms in stan-
dard monitors and previously described in the literature. In
particular, the PCC should contain only that information that
relates to beat-to-beat variations of the heart. The VCC com-
ponent should contain lower frequency effects from physiol-
ogy (such as the respiratory effects, blood pooling, venous
capacitance, etc.) and physical sensor changes (e.g. changes
in the orientation of the probe, etc.).

Pulse oximeter probes useful in accordance with the teach-
ings herein include, but are not limited to, those described in
U.S. Pat. Nos. 7,024,235; and 6,909,912 and co-pending U.S.
application Ser. Nos. 10/751,308; and 60/600,548, the disclo-
sures of which are all incorporated herein in their entirety.

Typically, the probes comprise an LED that emits its spe-
cific frequency hundreds of times per second, and the absorp-
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tion (or transmittance) readings by a sensor, such as a photo-
diode, are transmitted to a computer. There a software system
performs averaging (optionally deleting outliers), and by dif-
ferences in wavelengths” absorption or transmittance at the
pulse peaks, determines arterial oxygen saturation. In a stan-
dard two-LED system, this is done by an algorithm that
calculates the ratio of the peak absorbance at 650-670 nm
divided by the base absorbance at this wavelength range, and
compares this ratio to the peak absorbance at 880-940 nm to
the base absorbance at the 880-940 nm range. The base absor-
bance reflects the non-pulse background absorbance by tis-
sues other than the artery at maximum width during the pulse.
This calculation provides an estimate of arterial oxygen satu-
ration. A graph of the pulse waveform, or shape, over time,
also can be obtained.

Asreferred to above, the VCC of the photoplethysmograph
is an indicator of venous capacitance, while the PCC is a
measure of regional blood flow. Previously described is the
discovery that both PCC and VCC components to be useful in
monitoring both normal and abnormal respiration events.
During forced airway maneuvers, intrathoracic pressure
changes dramatically. These pressure changes are transmitted
directly to the veins in the head, because there are no ana-
tomical valves in veins leading to the head. Changes in
intrathoracic pressure have direct effects on both the beat to
beat PCC, and the amount of venous blood in the vascular bed
being monitored on a breath to breath basis. These effects are
present even during quiet breathing, but are far more pro-
nounced with “airway maneuvers” such as the Valsalva and
Mueller maneuvers, and during exacerbation of respiratory
conditions which increase airway resistance and/or decrease
lung compliance. These pronounced changes are often
referred to as “pulsus paradoxus” when measured by arterial
blood pressure or direct arterial blood monitoring. All condi-
tions which affect airway resistance (increase) and lung com-
pliance (decreased) increase the respiratory muscle work
(work of breathing for each breath, or power of breathing for
the amount of total work performed in one minute). As the
work or power of breathing increases, there are wider swings
in intrathoracic pressure which in turn lead to phasic varia-
tions in pulsatile cardiac blood flow and venous capacitance.
Respiratory rate can be determined when monitoring at “cen-
tral source sites” and the degree of change in both the PCC
and VCC components are proportional to the degree of airway
obstruction and/or lung compliance. At a given level of resis-
tance and or compliance, variations in the amplitude and AUC
of both components can also be an indication of volume
status. Thus, a plethora of information on both respiratory and
cardiopulmonary mechanics can be ascertained from the pro-
cessed plethysmograph, especially when it is obtained from a
“central source site”. As will be described herein, this knowl-
edge can be implemented to assist in determining physiologi-
cal changes associated with hemodialysis.

The present invention provides a novel means of utilizing
cardiopulmonary information from a processed plethysmo-
graph, specifically the PCC and VCC components, to opti-
mize fluid removal rates, monitoring vascular tone, and/or
regional blood flow in patients undergoing RRT. Algorithms
to evaluate the PCC and VCC include, but are not limited to,
separating the high frequency information in the PCC (heart
rate and above, typically above 0.75 Hz) information, the low
frequency information in the VCC (e.g. respiratory rate and
changes in blood volume, typically from 0.05 Hz to 0.75 Hz)
and the very low frequency information in the DC offset (e.g.
changes in pulse oximeter path length (positioning), typically
less than 0.05 Hz). Separating these waveforms without
delays or significant averaging is required to optimally extract
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information from the photoplethysmograph (PPG,). The PPG
typically has only 3-5 heart beats (the major feature of the
signal) for each breath (the second largest signal). If signifi-
cant averaging or delays exist, the secondary signal (VCC)
cannot be reliably separated from the primary signal (PCC).
Other methods exist that can be utilized to extract these sig-
nals. Wavelets allow for finer resolution at low frequencies
than the more standard Fourier spectral analysis methods.
Adaptive filtering may also be used to optimally adjust the
cutoff frequency between the breathing rate and heart rate. If
coarse information is all that is required, many standard meth-
ods can be used to separate the signals, including linear fil-
tering, frequency domain filtering, time domain analysis such
as zero-crossings and moving averages, nonlinear filtering,
modeling such as Kalman filtering and ARMA modeling, and
other methods known to those skilled in the art.

Quantification of the PCC and VCC changes can include
peak or trough counting, peak-peak timing, peak-trough
height, area under the curve, shape of the curves, frequency
characteristics of the curves, entropy of the curves, changes in
the positions of the peaks, troughs, or midpoints from heart
beat to heart beat or breath to breath. Some of these param-
eters may need to be normalized by the LED signal power, DC
offset. or the physiology of the probe placement.

The term “central source site” as used herein refers to a site
at or above the patient’s neck. Particularly preferred central
source sites, include, but are not limited to, a patient’s nasal
septum, nasal alar, pre-auricular region, post auricular region,
tongue, forehead, lip, or cheek, ear canal, or combinations
thereof.

The term “processing module” may include a single pro-
cessing device or a plurality of processing devices. Such a
processing device may be a microprocessor, micro-control-
ler, digital signal processor, microcomputer, central process-
ing unit, field programmable gate array, programmable logic
device, state machine, logic circuitry, analog circuitry, digital
circuitry, and/or any device that manipulates signals (analog
and/or digital) based on operational instructions. The pro-
cessing module may have operationally coupled thereto, or
integrated therewith, a memory device. The memory device
may be a single memory device or a plurality of memory
devices. Such a memory device may be a read-only memory,
random access memory, volatile memory, non-volatile
memory, static memory, dynamic memory, flash memory,
and/or any device that stores digital information. A computer,
as used herein, is a device that comprises at least one process-
ing module.

As will be appreciated by one of skill in the art, embodi-
ments of the present invention may be embodied as a device,
method, or system comprising a processing module, and/or
computer program product comprising at least one program
code module. Accordingly, the present invention may take the
form of an entirely hardware embodiment or an embodiment
combining software and hardware aspects. Furthermore, the
present invention may include a computer program product
on a computer-usable storage medium having computer-us-
able program code means embodied in the medium. Any
suitable computer readable medium may be utilized includ-
ing hard disks, CD-ROMs, DVDs, optical storage devices, or
magnetic storage devices.

The computer-usable or computer-readable medium may
be or include, for example, but not limited to, an electronic,
magnetic, optical, electromagnetic, infrared, or semiconduc-
tor system, apparatus, device, or propagation medium. More
specific examples (a non-exhaustive list) of the computer-
readable medium would include the following: an electrical
connection having one or more wires, a portable computer
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diskette, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, and a
portable compact disc read-only memory (CD-ROM), a CD
ROM, a DVD (digital video disk), or other electronic storage
medium. Note that the computer-usable or computer-read-
able medium could even be paper or another suitable medium
upon which the program is printed, as the program can be
electronically captured, via, for instance, optical scanning of
the paper or other medium, then compiled, interpreted or
otherwise processed in a suitable manner if necessary, and
then stored in a computer memory.

Computer program code for carrying out operations of
certain embodiments of the present invention may be written
in an object oriented and/or conventional procedural pro-
gramming languages including, but not limited to, Java,
Smalltalk, Perl, Python, Ruby, Lisp, PHP, “C”, FORTRAN,
or C++. The program code may execute entirely on the user’s
computer, partly on the user’s computer, as a stand-alone
software package, partly on the user’s computer and partly on
a remote computer or entirely on the remote computer. In the
latter scenario, the remote computer may be connected to the
user’s computer through a local area network (LAN) or a
wide area network (WAN), or the connection may be made to
an external computer (for example, through the Internet using
an Internet Service Provider).

Certain embodiments of the present invention are
described herein with reference to flowchart illustrations and/
or block diagrams of methods, apparatus (systems) and com-
puter program products according to embodiments of the
invention. It will be understood that each block of the flow-
chart illustrations and/or block diagrams, and combinations
of blocks in the flowchart illustrations and/or block diagrams,
can be implemented by computer-readable program code
modules. These program code modules may be provided to a
processing module of a general purpose computer, special
purpose computer, embedded processor or other program-
mable data processing apparatus to produce a machine, such
that the program code modules, which execute via the pro-
cessing module of the computer or other programmable data
processing apparatus, create means for implementing the
functions specified in the flowchart and/or block diagram
block or blocks.

These computer program code modules may also be stored
in a computer-readable memory that can direct a computer or
other programmable data processing apparatus to function in
a particular manner, such that the program code modules
stored in the computer-readable memory produce an article of
manufacture.

The computer program code modules may also be loaded
onto a computer or other programmable data processing
apparatus to cause a series of operational steps to be per-
formed on the computer or other programmable apparatus to
produce a computer implemented process such that the
instructions which execute on the computer or other program-
mable apparatus provide steps for implementing the func-
tions specified in the flowchart and/or block diagram block or
blocks.

Embodiments of the present invention utilize the PCC to
monitor a patient’s blood volume status, monitoring vascular
tone and/or regional blood flow during renal replacement
therapy. Once the signal components are separated, variations
in the amplitude and AUC of both the PCC and VCC compo-
nents can be indicative of a change in blood flow and/or
volume status.

One aspect of the present invention relates to a novel
method of non-invasively monitoring blood flow and/or vol-
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ume status using at least one pulse oximeter/photoplethys-
mography probe positioned on the body of a patient, the
signal from which may be capable of indicating a decrease in
a patient’s blood flow and/or volume, wherein decreasing
blood volume may lead to hypotension. In practice a probe
emits at least two different light frequencies, such as by
light-generating diodes (LEDs), and such emitted light is
detected by at least one light detector, such as a photodiode
detector. A general-purpose computer or a special purpose
computer is employed to perform complex mathematical
computations based, typically, on the signal intensity and
timing from the at least one pulse oximeter probe, and on
signals from the light detectors of each probe. Proper analysis
by software programming in such general-purpose computer
or special purpose computer outputs results to a display,
printer, etc. that suggests or indicates (depending on relative
differences in the signal, and upon other conditions) whether
blood flow and/or volume has changed in a selected body
area.

In one embodiment, prior to RRT, the amplitude and area
under the curve (AUC) of the PCC component of the CSS and
the PSS plethysmographs would be measured. A ratio of the
amplitudes and/or the AUC is then calculated, representing
the relative blood flow to the head (brain) and the PSS (finger,
toes). In humans with normal compensatory mechanisms,
this ratio will change (i.e. greater flow to the head than finger)
during acute fluid loss (hypovolemia) as the body shunts
blood to the brain at the expense of the peripheral circulation.
If peripheral flow is the numerator of the ratio and central flow
the denominator, then the ratio will decrease with increasing
fluid loss. Initially, the PSS amplitude/ AUC will decline, but
the CSS amplitude/AUC will remain unchanged. With con-
tinued loss, both will decline, but PSS will decline further. At
some point, peripheral flow will essentially cease and central
flow will continue to decline. This reversal in the ratio, in the
absence of volume resuscitation, would be an ominous sign.

Similar changes in this ratio should be seen in dialysis
patients with intact compensatory mechanisms. However
since many dialysis patients lose these normal reflexive
responses to fluid depletion, the distribution of blood flow
between the central and peripheral sites is abnormal and
therefore unpredictable. Without normal compensatory
mechanisms, blood flow to both the PSS and CSS will decline
and the ratio may remain unchanged in the face of significant
volume loss. Measurement of this ratio will be a good pre-
dictor of how well dialysis patients will tolerate dialysis.

When two or more probes are used together, data from
multiple probes is processed to provide continuous and
simultaneous cross-site comparisons of the blood flow and/or
volume status between two or more tissue sites (and, as
desired, blood pressure estimates based on transit time dif-
ferences and/or other related parameters). The monitoring
system receiving these signals includes at least one program
containing computer software (not shown) comprising
instructions which