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(57) Abstract: An infusion system includes a pump, a fluid delivery line, at
least one sensor, a processor, and a memory. The fluid delivery line is con-
nected to the pump for delivering fluid. The at least one sensor is connected
to the fluid delivery line for emitting and receiving signals to detect whether
there is air in the fluid delivery line. The processor is in electronic commu-
nication with the pump and the at least one sensor. The memory is in elec-
tronic communication with the processor. The memory comprises program-
ming code for execution by the processor. The programming code is con-
figured to determine a percentage of the air within an observed volume of the
fluid delivery line.
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FROTH DETECTION SYSTEM AND METHOD

FIELD OF THE DISCLOSURE
[001] The disclosure relates to a system and method for determining a

percentage of air within an observed volume of a fluid delivery line.

BACKGROUND OF THE DISCLOSURE

[002] With intravenous infusion devices, it is necessary to have a robust air
detection system to protect the patient from the hazards of air emboli. Several
features may be incorporated into an air detection system, allowing the system
to be customized to meet the needs of different patient populations. Since air
detection is one of the most frequent false alarms in infusion systems, it is
necessary that infusion systems can discriminate between conditions that are
clinically relevant and those that are not. Most systems employ a single bubble
alarm algorithm that detects a single continuous slug of air to prevent air
embolism. The ECRI Institute has stated that "We are not aware of any reports
of fatal venous air embolism that (have) occurred during the use of pumps
having functional air-in-line detectors. This suggests that any detector with
minimum volumes within the 0.05 to 0.2 mL range provides sufficient protection
from an air embolism.” A review of applicable literature confirms this volume as
a general guideline to the acceptable amount of air that may safely be absorbed
by the body.

[003] Certain circumstances can arise in which a single or continuous slug of
air is not present but which is determined or perceived by the clinician to

1
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represent an equivalent situation. In particular, when the medication container
is emptied during an infusion program, a transition occurs from the delivery of
fluid to air. The transition period may involve a mixture of air and fluid (“froth”)
that does not include a single air slug of sufficient volume to trigger the single
bubble alarm. Consequently, delivery of the air/fluid mixture occurs until the
single bubble criteria are eventually met. However, the froth that is pumped
through the 1V line may be (by volume) predominantly air and may be
considered by the clinician to be equivalent to a single air slug. In addition, the
multitude of small air bubbles comprising froth may coalesce as the mixture
approaches the IV patient access point. Consequently, the time period during
which froth is pumped prior to a single bubble alarm may be viewed by the
clinician as a delay in the alarm due to the observed high percentage of air in
the IV infusion line.

[004] Aninfusion system and method is needed which will provide an alarm
trigger which is based upon the percentage of air delivered rather than being
based on either a continuous air slug or on a measure of the total air volume
delivered through time. This will provide early detection of an empty container

condition where froth is present.

SUMMARY OF THE DISCLOSURE

[005] In one embodiment of the disclosure, an infusion system is provided
comprising a pump, a fluid delivery line, at least one sensor, a processor, and a
memory. The fluid delivery line is connected to the pump for delivering fluid.

The at least one sensor is connected to the fluid delivery line for emitting and
2
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receiving signals to detect whether there is air in the fluid delivery line. The
processor is in electronic communication with the pump and the at least one
sensor. The memory is in electronic communication with the processor. The
memory comprises programming code for execution by the processor. The
programming code is configured to determine a percentage of the air within an
observed volume of the fluid delivery line.

[006] In another embodiment of the disclosure, a method for detecting froth in
a fluid delivery line of an infusion system is provided. In one step, fluid is
pumped through a fluid delivery line over at least one sensor. In another step,
signals are emitted and received from the at least one sensor into and from the
fluid delivery line. In an additional step, measurements of the signals are
processed, using a processor, to determine a percentage of air within an
observed volume of the fluid delivery line.

[007] In still another embodiment of the disclosure, a programming code is
disclosed. The programming code is stored on a computer readable memory.
The programming code is programmed to determine a percentage of air within
an observed volume of a fluid delivery line of an infusion system.

[008] These and other features, aspects and advantages of the disclosure will
become better understood with reference to the following drawings, description

and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
[009] Figure 1 illustrates a block diagram of a drug delivery infusion system

under one embodiment of the disclosure;
3
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[010] Figure 2 illustrates a cross-section through one embodiment of a
segment of fluid delivery line coupled to an electronic transmitting device, a
transmitter portion of an air-in-line sensor, a receiver portion of an air-in-line
sensor, and an electronic detection device;

[011] Figure 3 illustrates a front elevation view of one embodiment of
piezoelectric crystals of a transmitter portion of an air-in-line sensor;

[012] Figure 4 illustrates a front view of a tube containing froth comprising a
mixture of air and liquid;

[013] Figure 5 is a graph plotting exemplary air-sensor ADC readings versus
counts for a fluid sample passing by an air-in-line sensor within a fluid delivery
line;

[014] Figure 6 is a graph plotting exemplary air-sensor ADC values versus
volume for another fluid sample passing by an air-in-line sensor within a fluid
delivery line;

[015] Figure 7 is a flowchart implementing a froth detection algorithm to detect
froth;

[016] Figure 8 is one embodiment of a table which may be used by a froth
detection algorithm to, based on user selected air volume input settings, set an
observed volume and a froth threshold; and

[017] Figure 9 is a graph plotting exemplary air-sensor ADC values versus
counts for still another fluid sample passing by an air-in-line sensor within a fluid

delivery line.
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DETAILED DESCRIPTION OF THE DISCLOSURE

[018] The following detailed description is of the best currently contemplated
modes of carrying out the disclosure. The description is not to be taken in a
limiting sense, but is made merely for the purpose of illustrating the general
principles of the disclosure, since the scope of the disclosure is best defined by
the appended claims. It is noted that the Figures are purely for illustrative
purposes and are not to scale.

[019] Figure 1 illustrates a block diagram of a drug delivery infusion system
100 under one embodiment of the disclosure. The drug delivery infusion
system 100 comprises: a fluid supply container 102; a fluid delivery line 104; a
pumping device 106; a processing device 108; an alarm device 110 that
generates an audio, visual, or other sensory signal or the like to a user; an
input/output device 112; an electronic transmitting device 114; an air-in-line
sensor 116; an electronic detection device 118; and a delivery/extraction device
120. The drug delivery infusion system 100 may comprise a drug delivery
infusion system such as the Plum A+™, Gemstar™, Symbiq™, or other type of
drug delivery infusion system. The fluid supply container 102 comprises a
container for delivering fluid such as IV fluid or a drug to the patient 122. The
fluid delivery line 104 comprises one or more tubes, connected between the
fluid supply container 102, the pumping device 1086, the air-in-line sensor 116,
and the delivery/extraction device 120, for transporting fluid from the fluid supply
container 102, through the pumping device 106, through the air-in-line sensor
116, through the delivery/extraction device 120 to the patient 122. The fluid

delivery line 104 may also be used to transport blood, extracted from the patient
5
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122 using the delivery/extraction device 120, through the air-in-line sensor 116
as a result of a pumping action of the pumping device 106. The pumping
device 106 comprises a pump for pumping fluid from the supply container 102
or for pumping blood from the patient 122.

[020] The pumping device 106 may comprise a plunger based pump, a
peristaltic pump, or another type of pump. The processing device 108
comprises a processor for processing information received from the air-in-line
sensor 116 and for executing a software algorithm to determine a percentage of
air within an observed volume of the fluid delivery line 104. The processing
device 108 includes a computer readable memory, containing programming
code for execution by the processor, and a clock. The alarm device 110
comprises an alarm, triggered by the processing device 108, for notifying the
clinician (also referred to as ‘user’ herein) if the percentage of the air within the
observed volume of the fluid delivery line 104 exceeds a froth threshold, and for
stopping the pumping device 106 prior to an air embolism being delivered
through the fluid delivery line 104 and the delivery/extraction device 120 to the
patient 122. The input/output device 112 comprises a device which allows a
clinician to input or receive information. The input/output device 112 allows a
clinician to input information which determines what observed volume and froth
threshold settings are applied by the programming code using the processing
device 108. The input/output device 112 may allow a clinician to select a user-
inputted medication infusion program to be applied by the processing device
108. The input/output device 112 may further output information to the clinician.

[021] The electronic transmitting device 114 comprises electronic circuitry,
6
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connected to the air-in-line sensor 116, which transmits a signal from a
transmitter portion 116A of the air-in-line sensor 116, through fluid delivery line
104, to a receiver portion 116B of the air-in-line sensor 116 connected to the
electronic detection device 118. The air-in-line sensor 116 is connected to the
fluid delivery line 104 distal of the pumping device 106. In other embodiments,
the air-in-line sensor 116 may be located proximal to the pumping device 106 or
may be located in both proximal and distal positions. The transmitter and
receiver portions 116A and 116B of the air-in-line sensor 116 sense the
presence of air or fluid within the fluid delivery line 104. The transmitter and
receiver portions 116A and 116B of the air-in-line sensor 116 comprise a
transducer such as an ultrasonic sensor, an acoustic sensor, an optical sensor,
or another type of sensor. The electronic detection device 118 comprises
electronic circuitry, connected to the receiver portion 116B of the air-in-line
sensor 116, for receiving the signal transmitted from the electronic transmitting
device 114, through the transmitter portion 116A of the air-in-line sensor 116,
through the fluid delivery line 104, to the receiver portion 116B of the air-in-line
sensor 116, to the electronic detection device 118. Alternate arrangements of
the sensor transmitter and receiver are possible and include both side-by-side
arrangements and the use of a single transducer to both transmit and receive a
reflected signal. The delivery/extraction device 120 comprises a patient
vascular access point device for delivering fluid from the fluid supply container
102 to the patient 122, or for extracting blood from the patient 122. The
delivery/extraction device 120 may comprise a needle, a catheter, a cannula, or

another type of delivery/extraction device.
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[022] Figure 2 illustrates a cross-section through one embodiment of a
segment of fluid delivery line 104 coupled to the electronic transmitting device
114, the transmitter portion 116A of the air-in-line sensor 116, the receiver
portion 116B of the air-in-line sensor 116, and the electronic detection device
118. The transmitter and receiver portions 116A and 116B of the air-in-line
sensor 116 comprise piezoelectric crystals compressed against each side of the
fluid delivery line 104 creating more surface area for uniform acoustic coupling
and better signal to noise ratio. This arrangement of the transmitter and
receiver portions 116A and 116B of the air-in-line sensor 116 enables the
transmission and detection of an ultrasonic signal through a target volume of
the infusion line fluid delivery line 104. The electronic transmitting device 114
generates a nominal 5.25 MHz ultrasonic signal directed from the transmitter
116A portion of the air-in-line sensor 116, through the fluid delivery line 104, to
the receiver portion 116B of the air-in-line sensor 116 connected to the
electronic detection device 118. When liquid is present in the fluid delivery line
104 at the position of the air-in-line sensor 116, the receiver portion 116B of the
air-in-line sensor 116 and the electronic detection device 118 generate a larger
electrical signal than when air is present at the same position. Because of an
inversion in the electronics of the electronic detection device 118, the software
of the processing device 108 will receive a low signal when liquid is present at
the location of the air-in-line sensor 116, and a high signal when air is present at
the location of the air-in-line sensor 116. When a cassette is loaded into the
pumping device 106, the segment of the fluid delivery line 104 distal to the

cassette is clamped into place in front of the air-in-line sensor 116. This
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enables reliable and repeatable sensor performance over multiple cassettes.
[023] Figure 3 illustrates a top view through one embodiment of the
piezoelectric crystals of the transmitter portion 116A of the air-in-line sensor 116
of Figure 2. As shown, the height H of the air-in-line sensor 116 comprises
0.100 inches and the width W of the air-in-line sensor 116 comprises 0.100
inches. The dimensions of the receiver portion 116B of the air-in-line sensor
116 of Figure 2 are identical to the transmitter portion 116A of the air-in-line
sensor 116 of Figure 3. In other embodiments, the dimensions of the
transmitter and receiver portions 116A and 116B of the air-in-line sensor 116 of
Figure 2 may vary.

[024] The ability of the ultrasonic signal to propagate from the transmitter
portion 116A to the receiver portion 116B of the air-in-line sensor 116 of Figure
2 is governed by the acoustic impedance of the materials. The matching layers
of the transducers of the transmitter and receiver portions 116A and 116B are
designed to control the amplitude of the reflections at the piezo-matching layer
and matching layer-fluid delivery line interfaces. The other significant
component of the signal path is the liquid or air inside the fluid delivery line 104.
The acoustic impedances (Za) @ 20°C of interest are as follows: water = 1.5 x
106 kg / (m? s); tubing polymer = 3.3 x 106 kg / (m? s); and air = 413.2 kg / (m?
s). Reflections of the ultrasonic signal occur at material boundaries and are
governed by the differences in acoustic impedance. The reflection coefficient
(RC) is defined as: RC = (Za — Za1) / (Za + Za1). A high RC indicates that the
signal will not pass through the boundary. For the tubing to water interface, the

RC = 0.375 which indicates that a majority of the signal will pass through the
9
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interface. For the tubing to air interface, the RC = 0.999 which indicates that
none of the signal will pass through the interface.

[025] The electronic detection device 118A converis the signal received by the
receiver portion 116B of the air-in-line sensor 116 back to an electrical signal as
governed by the equation: Vout = A Tpiezo o / Drvr, where Vout = the electrical
signal received by the receiver portion 116B of the air-in-line sensor; A = the
strain on the piezo crystal due to the ultrasonic wave; o = the stress on the
piezo crystal due to the ultrasonic wave; Tpiezo = the thickness of the piezo
crystal; and Drvr = the mechanical displacement of the piezo by the ultrasonic
crystal. Thus, when fluid is in the fluid delivery line 104, the receiver portion
116B of the air-in-line sensor 116 is able to collect a large amount of ultrasonic
energy since fluid is a better conductor then air. This appears as a low voltage
at the A/D converter of the electronic detection device 118 because the signal
received by the receiver portion 116B of the air-in-line sensor 116 is inverted
electrically. The position of the fluid or air inside the fluid delivery line 104
relative to the transmitter and receiver portions 116A and 116B of the air-in-line
sensor 116 also influences the amount of energy the receiver portion 116B of
the air-in-line sensor detects. When air is in the fluid delivery line 104, the
receiver portion 116B of the air-in-line sensor 116 collects little energy.

[026] Figure 4 illustrates a front view of a tube 124 containing froth 126
comprising a mixture of air 128 and liquid 130. The markings of the ruler 132
adjacent to the tube 124 illustrate that there are only small continuous air
bubbles 128 present without the presence of any large continuous air bubble.

Although there are only small continuous air bubbles 128 present in the tube
10
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124, there is still a significant amount of air 128 in the tube 124 due to the large
number of the air bubbles 128. Due to the large number of the air bubbles 128
in the tube 124, a clinician’s perception of the amount of air 128 within the tube
124 may be substantially off-base. This may lead to a clinician being concerned
that the air-detection system is not working when in fact it is.

[027] Figure 5 illustrates a graph 134 plotting exemplary air-sensor ADC (also
referred to as Analog-to-Digital-Count) readings versus counts for a fluid sample
passing by the air-in-line sensor 116 within fluid delivery line 104 of the
embodiment of Figure 1. As shown, the plot contains some areas of fluid 130A
having ADC values which stay below the primary air/fluid threshold 136A, some
areas of air 128A having ADC values which stay above the primary air/fluid
threshold 136A, and some areas of froth 126A having ADC values which
fluctuate between being below and being above the primary air/fluid threshold
136A signifying an air/fluid mixture.

[028] When froth is present, in many of the existing air detection systems and
methods, although an accurate air volume may be detected an alarm may not
be generated due to the infusion of fluid interrupting the detection of a single or
continuous slug of air. Figure 6 illustrates a graph 138 plotting exemplary air-
sensor ADC values versus volume for another fluid sample passing by the air-
in-line sensor 116 within fluid delivery line 104 of the embodiment of Figure 1.
As shown, the plot contains some areas of fluid 130B having ADC values which
stay below the primary air/fluid threshold 136B, some areas of air 128B having
ADC values which stay above the primary air/fluid threshold 136B, and some

areas of froth 126B having ADC values which fluctuate between being below
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and being above the primary air/fluid threshold 136B signifying an air/fluid
mixture. When applying a single bubble threshold 140B, as is typically done in
the existing art to signal an alarm for the presence of a single bubble of air over
the single bubble threshold 140B, due to the signal fluctuations between liquid
and air, the single air-bubble-accumulated value 142B continually gets
interrupted until a significant amount of air has passed through the system.
[029] This disclosure determines the percentage of air within an observed
volume of a fluid delivery line of an infusion system in order to detect the
presence of froth. The froth detection apparatus and process of the disclosure
searches a moving window of fluid delivery and declares an alarm if the total air
volume detected within that observed volume exceeds a froth threshold. In
such manner, the froth detection apparatus and process continually analyzes
the percentage of air which is disposed within the moving window at various
points in time as the fluid moves through the fluid delivery line and sets off the
alarm if at any time the froth threshold within the moving window is exceeded.
The amounts of the observed volume and the froth threshold vary and are set
by the froth detection algorithm based upon clinician selected input. This may
comprise the clinician inputting a selected single bubble air alarm quantity
which, based on the clinician input, results in the froth detection algorithm then
automatically selecting the observed volume and froth threshold settings to be
applied in the froth detection algorithm. In other embodiments, the amounts of
the observed volume and the froth threshold may be set during manufacturing.
[030] The froth detection apparatus and process of the disclosure can be

applied alone or applied in conjunction with other types of air tests. For
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instance, the froth detection apparatus and process of the disclosure may be
used in conjunction with a single air bubble test or a cumulative air bubble test,
both of which are disclosed in US Patent # 7,981,082, which is hereby
incorporated by reference. In addition or alternatively, the froth detection
apparatus and process of the disclosure may be used in conjunction with a
stuck-droplet test. The froth detection apparatus and process of the disclosure
is equally capable of detecting a single contiguous air bubble and therefore
could be used as a replacement for the single air bubble test.

[031] Figure 7 illustrates one embodiment of a flowchart 144 implementing a
froth detection algorithm which may be followed to detect froth 126, 126A,
126B, as shown in Figures 4, 5, and 6, in fluid delivery line 104 as shown in
Figure 1. The method of the flowchart 144 of Figure 7 may be implemented
using the drug delivery infusion system 100 of Figure 1. As shown in Figure 7,
the flowchart is split between an initialization state 146 comprising steps 148,
150, 152, 154, and 156, and a fluid delivery state 158 comprising steps 160,
162, 164, 166, 168, 170, 172, 174, 176, and 178. The initialization state 146
occurs prior to the state of a medication infusion. In step 148, the method
starts. In step 150 an observation volume (Vo) and froth threshold volume (V1)
are set. In one embodiment, step 150 comprises a clinician selecting an air
volume setting at which point the froth detection algorithm automatically selects
the observation volume and froth threshold volume settings based on the
clinician selected air volume setting.

[032] Figure 8 illustrates one embodiment of a table 179 which may be used

by the froth detection algorithm in step 150 of Figure 7. Column 180 lists
13



WO 2013/049545 PCT/US2012/057878

various possible user selected air volume input settings which may be inputted
by the user into the input device 112. Columns 182 and 184 lists two different
settings which may be applied by the froth detection algorithm to select the
observation volume 186 and the froth threshold volume 188 based on the user
inputted air volume setting. Column 184 is the preferred setting. Based on the
user selected air volume setting 180 and depending on which of the two
different settings 182 and 184 have been provided, the froth detection algorithm
automatically selects the corresponding observation volume 186 and froth
threshold volume 188 to be applied by the froth detection algorithm. For
instance, if the froth detection algorithm is programmed to apply setting 184 and
if the user inputs an air volume setting 180 of 50 uL, the froth detection
algorithm selects a froth threshold volume 188 of 50 uL and an observation
volume 186 of 62.5 pL. In other embodiments, various tables, settings, or
methods may be utilized by the froth detection algorithm in step 150 to select
the observation volume and the froth threshold volume, including any of the
settings being set during manufacturing rather than being user-selected.

[033] Referring back to Figure 7, in step 152 the froth detection algorithm
determines a calibrated volume per plunger stroke position (vr). In one
embodiment the calibrated volume per plunger stroke position is determined by
the froth detection algorithm by dividing the calibrated volume per stroke for the
particular model of pump by the total number of plunger stroke positions in one
stroke for the particular model of pump. For instance, in a Symbiq™ pump the
calibrated volume is 75 pL and the total number of plunger stroke positions is 6.

As a result, in a Symbig™ pump the calibrated volume per plunger stroke
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positionis 75 uL /6 = 12.5 uL. In other embodiments, the calibrated volume
stroke per plunger stroke position (vr) may be determined in different manners.
[034] In step 154 a determination is made by the froth detection algorithm as to
the buffer length (Nb). The buffer length (Nb) is a circular buffer that represents
a moving window of fluid delivery. In one embodiment of a pump having six
plunger positions in a stroke, each element of the buffer represents one-sixth of
the calibrated stroke volume. Because the buffer length (Nb) comprises a
nominal volume, the number of elements in the buffer is adjusted for any
difference between the nominal and calibrated stroke volumes. In one
embodiment, the buffer length (Nb) is calculated by dividing the observation
volume (Vo) set in step 150 by the calibrated volume per plunger stroke position
(vr) determined in step 152. For instance, if the observation volume (Vo) is set
to be 62.5 L in step 150 and if the calibrated volume per plunger stroke
position (vr) is determined to be 12.5 uL in step 152, then in step 154 the buffer
length (Nb) is calculated to be Vo /vr =625 uL/12.5 uL = 5. In other
embodiments, the buffer length may be calculated in other ways.

[035] In step 156 the initialization state 146 ends and the method proceeds to
step 160 of the fluid delivery state 158 which occurs during a medication
infusion. In step 160, the fluid delivery state 158 starts. In step 162 the froth
detection algorithm sets the buffer element array (Vb) for the buffer length (Nb).
For instance, the froth detection algorithm sets the buffer element to be Vb =
[Vb(1), Vb(2), ... Vb(NDb)] with each element Vb(1), Vb(2), ... Vb(Nb) of the
buffer element array Vb being initially set to zero. For instance, if Nb is

determined to be 5 in step 154 then Vb = [Vb(1), Vb(2), Vb(3), Vb(4), Vb(5)] =
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[0, 0,0, 0, 0]. Inother embodiments, the buffer element array may be set in
different manners.

[036] The method proceeds through location step 164 to step 166. In step
166, the froth detection algorithm acquires four (4) separate ADC readings at
the current plunger stroke position of the pump, delivering the infusion fluid
through the fluid delivery line, and saves them in the buffer. Figure 9 illustrates
a graph 190 plotting exemplary air-sensor ADC values versus counts for a fluid
sample passing by the air-in-line sensor 116 within fluid delivery line 104 of the
embodiment of Figure 1 for a Symbig(TM) pump. Applying step 166 of Figure 7
to the graph 190 of Figure 9, at the first plunger position the froth detection
algorithm takes four (4) separate ADC readings at counts 1, 2, 3, and 4 which
comprise ADC values [3200, 3200, 100, 100] which are subsequently saved in
a buffer. In other embodiments, a varying number of ADC readings may be
taken at various plunger stroke positions.

[037] In step 168 the froth detection algorithm counts the number of buffer
readings for the current plunger stroke position above the air/fluid threshold
(Nc). For instance, if the air/fluid threshold is set to be 3,000 and in step 166
the four (4) separate ADC readings for the first plunger stroke position saved in
the buffer comprise ADV values [3200, 3200, 100, 100], then step 168 would
determine that two (2) of the four (4) separate ADC readings for the first plunger
stroke position saved in the buffer are greater than the air/fluid threshold of
3,000. This is determined because the two (2) ADC readings of 3,200 are both

greater than the air/fluid threshold of 3,000 but the other two (2) ADC readings
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of 100 are both less than 3,000. In other embodiments, the air/fluid threshold
(Nc) may be determined in different manners.

[038] In step 170 the froth detection algorithm determines the incremental froth
volume (Vi) which comprises the volume of air at the current plunger stroke
position. The first time the incremental froth volume (Vi) is calculated Vi = V(1)
withi = 1. In one embodiment, the incremental froth volume (Vi) is calculated
by multiplying the number of buffer readings at the current plunger stroke
position which are above the air/fluid threshold (Nc) by the calibrated volume
per plunger stroke position (vr) and dividing the total by the four (4) ADC
readings which taken at the current plunger stroke position. This equation is
expressed as Vi= Nc * vr/ 4. Forinstance, if Nc was determined to be 2 in step
168 and if vr was determined to be12.5 uL in step 152, then in step 170 Vi
would be determined tobe Vi=V(1) =Nc*vr/4=2*125puL/4 =6.25 uL. In
other embodiments, the incremental froth volume (Vi) may be determined in
different manners.

[039] In step 172 the froth detection algorithm adds the incremental froth
volume (Vi) determined in step 170 to the buffer and drops the oldest
incremental froth volume (Vi) from the buffer if it is outside the determined buffer
length (Nb) as determined in step 154. This is represented by the equation
Vb(k) = Vb(k-1) for all k from Nb, Nb-1, ...2 wherein Vb(1) = Vi. For instance, if
Nb was determined to be 5 in step 154 and Vi was determined to be Vi= V(1) =
6.25 uL in step 170, then in step 172 Vi= V(1) = 6.25 L is added to the buffer
and the oldest incremental volume is not dropped from the buffer because,

since at this point it’s the first time calculating Vi, there have not yet been more
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than 5 Vi values (the buffer length) saved in the buffer. As a result, the buffer
saves the incremental volume array as Vb = [6.25 pL, 0, 0, 0, 0] since only
incremental froth volume V(1) has been determined at this point in time.

[040] In step 174 the froth detection algorithm determines the froth volume (Vi)
using the equation Vf = sum (Vb) = ¥¥2. Vb(k). For instance, in the instant
example, Vi is calculated to be Vi = V(1) + V(2) + V(3) + V(4) + V(5) = 6.25 uL +
0+0+0+0=6.25puL since only V(1) has been calculated at this point in time.
In other embodiments, the froth volume (V) may be calculated using other
methods.

[041] In step 176 the froth detection algorithm determines whether the froth
volume (Vf) calculated in step 174 is greater than or equal to the froth threshold
volume (Vt) determined in step 150. If a determination is made in step 176 that
the froth volume (Vf) is greater than or equal to the froth threshold volume (Vt)
then the method proceeds directly to step 178 and a froth alarm is set-off to
indicate that too much froth is in the system. However, if a determination is
made in step 176 that the froth volume (Vf) is less than the froth threshold
volume (V1) then the method proceeds directly to location step 164 which then
proceeds immediately to step 166. The closed loop comprising steps 164, 166,
168, 170, 172, 174, and 176 is continually repeated until either the froth alarm
signals in step 178, or the system is shut-off to stop monitoring froth in the
system. In the instant example, in step 176 a determination is made that the
froth volume (Vi) is less than the froth threshold volume (Vt) since Vf was

determined to be 6.25 L in step 174 which is less than the Vi determination of
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50 uL in step 150. As a result, the method proceeds directly to location step
164 which then proceeds immediately to step 166.

[042] In step 166 for the example, the froth detection algorithm acquires
another four (4) separate ADC readings at the second plunger stroke position of
the pump, delivering the infusion fluid through the fluid delivery line, and saves
them in the buffer. Applying step 166 to the graph 190 of Figure 9, at the
second plunger position the froth detection algorithm takes another four (4)
separate ADC readings at counts 5, 6, 7, and 8 which comprise ADC values
[3200, 3200, 3200, 100] which are subsequently saved in the buffer.

[043] In step 168 for the example, the froth detection algorithm counts the
number of buffer readings above the air/fluid threshold (Nc) for the second
plunger stroke position of the pump. For instance, since the air/fluid threshold
was set to be 3,000 and in step 166 the four (4) separate ADC readings at the
second plunger stroke position saved in the buffer comprise ADV values [3200,
3200, 3200, 100], step 168 determines that three (3) of the four (4) separate
ADC readings at the second plunger stroke position saved in the buffer are
greater than the air/fluid threshold of 3,000.

[044] In step 170 for the example, the froth detection algorithm determines the
incremental froth volume Vi = V(2) which comprises the volume of air at the
second plunger stroke position. V(2) is calculated by multiplying the number of
buffer readings at the second plunger stroke position which are above the
air/fluid threshold (Nc) by the calibrated volume per plunger stroke position (vr)
and dividing the total by the four (4) ADC readings taken at the second plunger

stroke position. As a result, using the Nc determination of 3 for the second
19



WO 2013/049545 PCT/US2012/057878

plunger stroke position from step 168 and using the vr determination of 12.5 uL
from step 152, V(2) is calculated in step 170tobe V(2) = Nc *vr/4=3"12.5
uL /4 = 9.375 pL.

[045] In step 172 for the example, the froth detection algorithm adds the
incremental froth volume (Vi) determined in step 170 to the buffer and drops the
oldest incremental froth volume (Vi) from the buffer if it is outside the
determined buffer length (Nb) as determined in step 154. In the instant
example, since Nb was determined to be 5 in step 154 and Vi was determined
to be Vi=V(2) = 9.375 yL in step 170, then in step 172 Vi= V(2) = 9.375 uL is
added to the buffer and the oldest incremental volume (comprising V(1) = 6.25
pL) is not dropped from the buffer because, since at this point it's only the
second time calculating Vi, there have not yet been more than 5 Vi values (the
buffer length) saved in the buffer. As a result, the buffer saves the incremental
volume array as [9.375 pL, 6.25 uL, 0, 0, 0] since only incremental volumes V(1)
and V(2) have been calculated at this point in time.

[046] In step 174 for the example, the froth detection algorithm determines the
froth volume (Vf) using the equation Vi = sum (Vb) = ¥¥2, Vb (k). For instance,
in the instant example, Vf is calculated to be Vi = V(1) + V(2) + V(3) + V(4) +
V(5)=6.25puL + 9.375 uL + 0 + 0 + 0 = 15.625 pL since only V(1) and V(2)
have been calculated at this point in time.

[047] In step 176 for the example, the froth detection algorithm determines
whether the froth volume (Vf) calculated in step 174 is greater than or equal to

the froth threshold volume (Vt) determined in step 150. If a determination is
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made in step 176 that the froth volume (Vf) is greater than or equal to the froth
threshold volume (Vt) then the method proceeds directly to step 178 and a froth
alarm is set-off to indicate that too much froth is in the system. However, if a
determination is made in step 176 that the froth volume (Vf) is less than the
froth threshold volume (V1) then the method proceeds directly to location step
164 which then proceeds immediately to step 166. In the instant example, in
step 176 a determination is made that the froth volume (Vf) is less than the froth
threshold volume (Vt) since Vf was determined to be 15.625 pL in step 174
which is less than the Vt determination of 50 uL in step 150. As a result, the
method proceeds directly to location step 164, to repeat the closed loop, which
then proceeds immediately to step 166.

[048] In step 166 for the example, the froth detection algorithm acquires
another four (4) separate ADC readings at the third plunger stroke position of
the pump, delivering the infusion fluid through the fluid delivery line, and saves
them in the buffer. Applying step 166 to the graph 190 of Figure 9, at the third
plunger position the froth detection algorithm takes another four (4) separate
ADC readings at counts 9, 10, 11, and 12 which comprise ADC values [3200,
3200, 3200, 3200] which are subsequently saved in the buffer.

[049] In step 168 for the example, the froth detection algorithm counts the
number of buffer readings above the air/fluid threshold (Nc) for the third plunger
stroke position of the pump. For instance, since the air/fluid threshold was set
to be 3,000 and in step 166 the four (4) separate ADC readings at the third
plunger stroke position saved in the buffer comprise ADV values [3200, 3200,

3200, 3200], step 168 determines that four (3) of the four (4) separate ADC
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readings at the third plunger stroke position saved in the buffer are greater than
the air/fluid threshold of 3,000.

[050] In step 170 for the example, the froth detection algorithm determines the
incremental froth volume Vi = V(3) which comprises the volume of air at the
third plunger stroke position. V(3) is calculated by multiplying the number of
buffer readings at the third plunger stroke position which are above the air/fluid
threshold (Nc) by the calibrated volume per plunger stroke position (vr) and
dividing the total by the four (4) ADC readings taken at the third plunger stroke
position. As a result, using the Nc determination of 4 for the third plunger stroke
position from step 168 and using the vr determination of 12.5 uL from step 152,
V(3) is calculated in step 170to be V(8) =Nc *vr/4=4*125uL /4 =125 L.
[051] Instep 172 for the example, the froth detection algorithm adds the
incremental froth volume (Vi) determined in step 170 to the buffer and drops the
oldest incremental froth volume (Vi) from the buffer if it is outside the
determined buffer length (Nb) as determined in step 154. In the instant
example, since Nb was determined to be 5 in step 154 and Vi was determined
tobe Vi=V(3)=125puL instep 170, thenin step 172 Vi=V(3) =125 pL is
added to the buffer and the oldest incremental volume (comprising V(1) = 6.25
pL) is not dropped from the buffer because, since at this point it's only the third
time calculating Vi, there have not yet been more than 5 Vi values (the buffer
length) saved in the buffer. As a result, the buffer saves the incremental volume
array as [12.5 uL, 9.375 pL, 6.25 uL, 0, 0] since only incremental volumes V(1),

V(2), and V(3) have been calculated at this point in time.
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[052] In step 174 for the example, the froth detection algorithm determines the
froth volume (Vf) using the equation Vi = sum (Vb) = ¥¥2, Vb (k). For instance,
in the instant example, Vf is calculated to be Vi = V(1) + V(2) + V(3) + V(4) +
V(5) = 6.25 UL + 9.375 pL + 12.5 uL + 0 + 0 = 28.125 pL since only V(1), V(2),
and V(3) have been calculated at this point in time.

[053] In step 176 for the example, the froth detection algorithm determines
whether the froth volume (Vf) calculated in step 174 is greater than or equal to
the froth threshold volume (Vt) determined in step 150. If a determination is
made in step 176 that the froth volume (Vf) is greater than or equal to the froth
threshold volume (Vt) then the method proceeds directly to step 178 and a froth
alarm is set-off to indicate that too much froth is in the system. However, if a
determination is made in step 176 that the froth volume (Vf) is less than the
froth threshold volume (V1) then the method proceeds directly to location step
164 which then proceeds immediately to step 166. In the instant example, in
step 176 a determination is made that the froth volume (Vi) is less than the froth
threshold volume (Vt) since Vf was determined to be 28.125 pL in step 174
which is less than the Vt determination of 50 uL in step 150. As a result, the
method proceeds directly to location step 164, to repeat the closed loop, which
then proceeds immediately to step 166.

[054] In step 166 for the example, the froth detection algorithm acquires
another four (4) separate ADC readings at the fourth plunger stroke position of
the pump, delivering the infusion fluid through the fluid delivery line, and saves

them in the buffer. Applying step 166 to the graph 190 of Figure 9, at the fourth
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plunger position the froth detection algorithm takes another four (4) separate
ADC readings at counts 13, 14, 15, and 16 which comprise ADC values [100,
100, 3200, 3200] which are subsequently saved in the buffer.

[055] In step 168 for the example, the froth detection algorithm counts the
number of buffer readings above the air/fluid threshold (Nc) for the fourth
plunger stroke position of the pump. For instance, since the air/fluid threshold
was set to be 3,000 and in step 166 the four (4) separate ADC readings at the
fourth plunger stroke position saved in the buffer comprise ADV values [100,
100, 3200, 3200], step 168 determines that two (2) of the four (4) separate ADC
readings at the fourth plunger stroke position saved in the buffer are greater
than the air/fluid threshold of 3,000.

[056] In step 170 for the example, the froth detection algorithm determines the
incremental froth volume Vi = V(4) which comprises the volume of air at the
fourth plunger stroke position. V(4) is calculated by multiplying the number of
buffer readings at the fourth plunger stroke position which are above the air/fluid
threshold (Nc) by the calibrated volume per plunger stroke position (vr) and
dividing the total by the four (4) ADC readings taken at the fourth plunger stroke
position. As a result, using the Nc determination of 2 for the second plunger
stroke position from step 168 and using the vr determination of 12.5 uL from
step 152, V(2) is calculated in step 170tobe V(4)=Nc *vr/4=2*"125uL /4
=6.25 pL.

[057] Instep 172 for the example, the froth detection algorithm adds the
incremental froth volume (Vi) determined in step 170 to the buffer and drops the

oldest incremental froth volume (Vi) from the buffer if it is outside the
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determined buffer length (Nb) as determined in step 154. In the instant
example, since Nb was determined to be 5 in step 154 and Vi was determined
tobe Vi=V(4) =6.25 uL in step 170, then in step 172 Vi=V(4) =6.25 pL is
added to the buffer and the oldest incremental volume (comprising V(1) = 6.25
kL) is not dropped from the buffer because, since at this point it's only the fourth
time calculating Vi, there have not yet been more than 5 Vi values (the buffer
length) saved in the buffer. As a result, the buffer saves the incremental volume
array as [6.25 uL, 12.5 pL, 9.375 uL, 6.25 L, 0] since only incremental volumes
V(1), V(2), V(3), and V(4) have been calculated at this point in time.

[058] In step 174 for the example, the froth detection algorithm determines the
froth volume (Vf) using the equation Vf = sum (Vb) = ¥¥2. Vb(k). For instance,
in the instant example, Vf is calculated to be Vi = V(1) + V(2) + V(3) + V(4) +
V(5) = 6.25 UL + 9.375 pL + 12.5 + 6.25 + 0 = 34.375 L since only V(1), V(2),
V(3), and V(4) have been calculated at this point in time.

[059] In step 176 for the example, the froth detection algorithm determines
whether the froth volume (Vf) calculated in step 174 is greater than or equal to
the froth threshold volume (Vt) determined in step 150. If a determination is
made in step 176 that the froth volume (Vf) is greater than or equal to the froth
threshold volume (Vt) then the method proceeds directly to step 178 and a froth
alarm is set-off to indicate that too much froth is in the system. However, if a
determination is made in step 176 that the froth volume (Vf) is less than the
froth threshold volume (V1) then the method proceeds directly to location step

164 which then proceeds immediately to step 166. In the instant example, in
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step 176 a determination is made that the froth volume (Vf) is less than the froth
threshold volume (Vt) since Vf was determined to be 34.375 pL in step 174
which is less than the Vt determination of 50 uL in step 150. As a result, the
method proceeds directly to location step 164, to repeat the closed loop, which
then proceeds immediately to step 166.

[060] In step 166 for the example, the froth detection algorithm acquires
another four (4) separate ADC readings at the fifth plunger stroke position of the
pump, delivering the infusion fluid through the fluid delivery line, and saves
them in the buffer. Applying step 166 to the graph 190 of Figure 9, at the fifth
plunger position the froth detection algorithm takes another four (4) separate
ADC readings at counts 17, 18, 19, and 20 which comprise ADC values [3200,
3200, 100, 3200] which are subsequently saved in the buffer.

[061] In step 168 for the example, the froth detection algorithm counts the
number of buffer readings above the air/fluid threshold (Nc) for the fifth plunger
stroke position of the pump. For instance, since the air/fluid threshold was set
to be 3,000 and in step 166 the four (4) separate ADC readings at the fifth
plunger stroke position saved in the buffer comprise ADV values [3200, 3200,
100, 3200], step 168 determines that three (3) of the four (4) separate ADC
readings at the fifth plunger stroke position saved in the buffer are greater than
the air/fluid threshold of 3,000.

[062] In step 170 for the example, the froth detection algorithm determines the
incremental froth volume Vi = V(5) which comprises the volume of air at the fifth
plunger stroke position. V(5) is calculated by multiplying the number of buffer

readings at the fifth plunger stroke position which are above the air/fluid
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threshold (Nc) by the calibrated volume per plunger stroke position (vr) and
dividing the total by the four (4) ADC readings taken at the fifth plunger stroke
position. As a result, using the Nc determination of 3 for the fifth plunger stroke
position from step 168 and using the vr determination of 12.5 uL from step 152,
V(5) is calculated in step 170to be V(5) =Nc *vr/4 =3 *12.5uL /4 = 9.375
pL.

[063] Instep 172 for the example, the froth detection algorithm adds the
incremental froth volume (Vi) determined in step 170 to the buffer and drops the
oldest incremental froth volume (Vi) from the buffer if it is outside the
determined buffer length (Nb) as determined in step 154. In the instant
example, since Nb was determined to be 5 in step 154 and Vi was determined
to be Vi=V(5) = 9.375 uL in step 170, then in step 172 Vi=V(5) = 9.375 uL is
added to the buffer and the oldest incremental volume (comprising V(1) = 6.25
pL) is not dropped from the buffer because, since at this point it's only the fifth
time calculating Vi, there have not yet been more than 5 Vi values (the buffer
length) saved in the buffer. As a result, the buffer saves the incremental volume
array as [9.375 uL, 6.25 uL, 12.5, 9.375, 6.25].

[064] In step 174 for the example, the froth detection algorithm determines the
froth volume (Vf) using the equation Vi = sum (Vb) = ¥¥2, Vb (k). For instance,
in the instant example, Vf is calculated to be Vi = V(1) + V(2) + V(3) + V(4) +
V(5)=6.25 uL + 9.375 pL + 12.5 uL + 6.25 pL + 9.375 pL = 43.75 uL.

[065] In step 176 for the example, the froth detection algorithm determines

whether the froth volume (Vf) calculated in step 174 is greater than or equal to
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the froth threshold volume (Vt) determined in step 150. If a determination is
made in step 176 that the froth volume (Vf) is greater than or equal to the froth
threshold volume (Vt) then the method proceeds directly to step 178 and a froth
alarm is set-off to indicate that too much froth is in the system. However, if a
determination is made in step 176 that the froth volume (Vf) is less than the
froth threshold volume (V1) then the method proceeds directly to location step
164 which then proceeds immediately to step 166. In the instant example, in
step 176 a determination is made that the froth volume (Vf) is less than the froth
threshold volume (Vt) since Vf was determined to be 43.75 pL in step 174 which
is less than the Vt determination of 50 uL in step 150. As a result, the method
proceeds directly to location step 164, to repeat the closed loop, which then
proceeds immediately to step 166.

[066] In step 166 for the example, the froth detection algorithm acquires
another four (4) separate ADC readings at the sixth plunger stroke position of
the pump, delivering the infusion fluid through the fluid delivery line, and saves
them in the buffer. Applying step 166 to the graph 190 of Figure 9, at the sixth
plunger position the froth detection algorithm takes another four (4) separate
ADC readings at counts 21, 22, 23, and 24 which comprise ADC values [3200,
3200, 3200, 3200] which are subsequently saved in the buffer.

[067] In step 168 for the example, the froth detection algorithm counts the
number of buffer readings above the air/fluid threshold (Nc) for the sixth plunger
stroke position of the pump. For instance, since the air/fluid threshold was set
to be 3,000 and in step 166 the four (4) separate ADC readings at the sixth

plunger stroke position saved in the buffer comprise ADV values [3200, 3200,
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3200, 3200], step 168 determines that four (4) of the four (4) separate ADC
readings at the sixth plunger stroke position saved in the buffer are greater than
the air/fluid threshold of 3,000.

[068] In step 170 for the example, the froth detection algorithm determines the
incremental froth volume Vi = V(6) which comprises the volume of air at the
sixth plunger stroke position. V(6) is calculated by multiplying the number of
buffer readings at the sixth plunger stroke position which are above the air/fluid
threshold (Nc) by the calibrated volume per plunger stroke position (vr) and
dividing the total by the four (4) ADC readings taken at the sixth plunger stroke
position. As a result, using the Nc determination of 4 for the sixth plunger
stroke position from step 168 and using the vr determination of 12.5 uL from
step 152, V(6) is calculated in step 170tobe V(6) =Nc *vr/4=4*"125uL /4
=12.5 L.

[069] In step 172 for the example, the froth detection algorithm adds the
incremental froth volume (Vi) determined in step 170 to the buffer and drops the
oldest incremental froth volume (Vi) from the buffer if it is outside the
determined buffer length (Nb) as determined in step 154. In the instant
example, since Nb was determined to be 5 in step 154 and Vi was determined
tobe Vi=V(6) = 12.5 yL in step 170, thenin step 172 Vi=V(6) = 125 pL is
added to the buffer and the oldest incremental volume (comprising V(1) = 6.25
uL) is dropped from the buffer because, since at this point it's the sixth time
calculating Vi, there have been more than 5 Vi values (the buffer length) saved

in the buffer. As a result, the buffer saves the incremental volume array as
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[12.5 yL, 9.375 uL, 6.25 pL, 12.5 uL, 9.375 plL] since incremental volumes V(1)
= 6.25 uL was dropped from the buffer.

[070] In step 174 for the example, the froth detection algorithm determines the
froth volume (Vf) using the equation Vf = sum (Vb) = ¥¥2. Vb(k). For instance,
in the instant example, Vf is calculated to be Vi = V(1) + V(2) + V(3) + V(4) +
V(5) = 9.375 uL + 12.5 pL + 6.25 uL + 9.375 pL + 12.5 pL = 50 pL.

[071] In step 176 for the example, the froth detection algorithm determines
whether the froth volume (Vf) calculated in step 174 is greater than or equal to
the froth threshold volume (Vt) determined in step 150. If a determination is
made in step 176 that the froth volume (Vf) is greater than or equal to the froth
threshold volume (Vt) then the method proceeds directly to step 178 and a froth
alarm is set-off to indicate that too much froth is in the system. However, if a
determination is made in step 176 that the froth volume (Vf) is less than the
froth threshold volume (V1) then the method proceeds directly to location step
164 which then proceeds immediately to step 166. In the instant example, in
step 176 a determination is made that the froth volume (Vf) is greater than or
equal to the froth threshold volume (Vi) since Vf was determined to be 50 L in
step 174 which is greater than or equal to the Vt determination of 50 pL in step
150. As a result, for the example, the method proceeds directly to step 178 and
a froth alarm is set-off indicating that too much froth is present in the system. In
other embodiments, one or more steps of the method may be done out of the
recited order, modified or not followed, or additional steps may be added.

[072] In another embodiment of the disclosure, the air sensor signal is subject

30



WO 2013/049545 PCT/US2012/057878

to an adaptive/dynamic threshold. An alarm condition occurs when the number
of air sensor readings in a particular volume exceeds a percentage of the entire
volume. The percentage can be user set or automatically updated according to
the programmed infusion drug type via a user customizable and downloadable
drug library or hard coding in the pumping device of the infusion system. In one
embodiment, a bubble detection filter is applied that converts the series of ADC
measurements into a binary sequence in which each non-zero value represents
air. The filter operates on the basis of the observed signal variance through
time rather than the absolute value. The fluid variance is estimated such that
s(k) = standard deviation of all air sensor values that are non-air. The average
fluid level is estimated such that m(k) = average of all values that are non-air or
a set of N recent values such that N represents ADC measurements for a
volume that is equal to or greater than the user set observation volume, V.
Nominally, N is set to 60 readings. A dynamic threshold is provided such that
T(k) = m(k) + C s(k), wherein C is a constant, nominally set to three, used to
define the confidence interval associated with air sensor variability when fluid is
observed. For any given sample, k, the ADC voltage is determined as either air
or fluid according to T(k), wherein T(k) is initially set to a nominally high value
(150 counts less than the calibrated air reading). Consequently, T(k) represents
an adaptive threshold that provides sensitivity or improved air/fluid
discrimination when micro-bubbles or stuck droplets are present on the sensor.
The detection of perceived volume is performed as a percentage of a user set
maximum air volume, Vo, or the number of observations collected during the

infusion of Vo as determined based on the volume associated with each
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measurement (vr) according to Nb=Vo/vr. For example, the parameter, P,
defines the percentage threshold of acceptable air in a particular volume, Vo,
where both P and Vo are constants for a given infusion program. Then, if the
number of air events detected in a sliding window of observations exceeds the
number of observations equal to P*Vo/vr, an alarm is generated. In the case in
which particular fluids are known to develop “froth”, the value for P can be set
automatically by drug type. For example, in the case of saline, P may be set at
a level of 90% due to low incidence of froth while albumin may have a
percentage value as low as 50%.

[073] Another embodiment of the disclosure involves the use of a
measurement weighted up-down counter. Many of the previously reported up-
down counters are threshold dependent and involve incrementing the detected
volume of air by a certain amount when the measured ADC voltage exceeds a
specific and fixed level. The volume increment is chosen to reflect the
estimated or known volume associated with the measurement under
consideration. Conversely, when the measured ADC voltage is below the fixed
threshold, the volume is decremented by the total volume associated with the
measurement or a fraction thereof. When the total volume, V(k), exceeds a
level set by the user or software (e.g., 500 uL), an alarm condition occurs.

The problem with this prior approach is that the presence of froth may produce
intermediate values that are below the fixed threshold, indicating a partial air
observation. For example, a given ADC measurement may reflect an average
value through time in which both air and fluid were observed and result in a

voltage level that is between the expected values for fluid and air.
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[074] To overcome this issue, in one embodiment of the disclosure
incrementing is weighted according to the probability of the presence of fluid or
air. For instance, in one embodiment the programming code may be configured
to analyze a plurality of ADC readings taken by at least one sensor to determine
what measurement-weighted number, which is weighted by a weighting factor
to account for a confidence level that the particular ADC reading comprises
either air or fluid, of the plurality of ADC readings exceeds an air-fluid threshold.
In another embodiment, this weighting factor, w(k), may be directly proportional
to the measured air sensor voltage, v(k), as follows: w(k) = min(1.0, (v(k)-
vmin)/(vmax-vmin)-0.5 ), wherein k is the sample measurement index, min() is
the minimum function, vmax is the calibrated value for air (e.g., 3000), and vmin
is the calibrated value for fluid (e.g., 500). The volume, V(k), may be
incremented as follows: V(k) = V(k) + w(k) Vi, wherein Vf is the air or fluid
volume associated with V(k). In another embodiment, w(k) may be calculated
directly from the probability that a given measurement is associated with air or
water based on Bayesian statistics, fuzzy logic, empirical rules, or other
methods. Regardless of the method used, the incremented value is weighted
positively or negatively according to the confidence that a particular ADC
measurement is either air or fluid respectively. In other embodiments, various
incrementing methods may be used to accommodate for the confidence level
that a particular ADC measurement is either air or fluid respectively.

[075] One or more embodiments of the disclosure overcome one or more
issues of the existing art by providing an alarm trigger in an infusion system

which is based upon the percentage of air delivered rather than being based on
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either a continuous air slug or being based on a measure of the total air volume
delivered through time. This alarm trigger provides early detection of an empty
container condition where froth is present.

[076] It should be understood, of course, that the foregoing relates to
exemplary embodiments of the disclosure and that modifications may be made
without departing from the scope of the disclosure as set forth in the following

claims.
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WE CLAIM:

1. An infusion system comprising:

a pump;

a fluid delivery line connected to the pump for delivering fluid;

at least one sensor connected to the fluid delivery line for emitting and
receiving signals to detect whether there is air in the fluid delivery line;

a processor in electronic communication with the pump and the at least
one sensor; and

a memory in electronic communication with the processor, wherein the
memory comprises programming code for execution by the processor, and the
programming code is configured to determine a percentage of the air within an
observed volume of the fluid delivery line.

2. The infusion system of claim 1 wherein the programming code is
configured to trigger an alarm if the percentage of the air within the observed
volume exceeds a froth threshold.

3. The infusion system of claim 2 wherein the memory comprises a
plurality of saved pair settings comprising different froth thresholds for different
observed volumes, and the programming code is configured to accept a user
input which determines which of the saved pair settings is applied by the
programming code.

4. The infusion system of claim 1 wherein the programming is
configured to determine a dynamic froth threshold, and is configured to trigger
an alarm if the percentage of the air within the observed volume exceeds the

dynamic froth threshold.
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5. The infusion system of claim 1 wherein the observed volume
comprises a window of a set volume, wherein the programming code is
configured to continually analyze the percentage of the air which is disposed
within the window at various points in time as the fluid moves through the fluid
delivery line.

6. The infusion system of claim 1 wherein the programming code is
configured to analyze a plurality of analog-to-digital count readings taken by the
at least one sensor to determine what number of the plurality of the analog-to-
digital count readings exceed an air-fluid threshold.

7. The infusion system of claim 6 wherein the programming code is
configured to multiply the number of the plurality of the analog-to-digital count
readings which exceed the air-fluid threshold by a calibrated volume per analog-
to-digital count reading to determine a froth volume within the observed volume.

8. The infusion system of claim 7 wherein the programming code is
configured to trigger an alarm if the froth volume exceeds a froth threshold.

9. The infusion system of claim 1 wherein the programming code is
configured to analyze a plurality of analog-to-digital count readings taken by the
at least one sensor to determine what measurement-weighted number, which is
weighted by a weighting factor to account for a confidence level that the
particular analog-to-digital count reading comprises either the air or the fluid, of
the plurality of the analog-to-digital count readings exceed an air-fluid threshold.

10. A method for detecting froth in a fluid delivery line of an infusion
system comprising:

pumping fluid through a fluid delivery line over at least one sensor;
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emitting and receiving signals from the at least one sensor into and from
the fluid delivery line; and

processing measurements of the signals, using a processor, to determine
a percentage of air within an observed volume of the fluid delivery line.

11.  The method of claim 10 further comprising the processor
triggering an alarm if the percentage of the air within the observed volume
exceeds a froth threshold.

12.  The method of claim 11 further comprising the processor
processing a user input and determining, based on the user input, which of a
plurality of saved pair settings, comprising different froth thresholds for different
observed volumes, will be used by the processor to determine the percentage
of the air within the observed volume of the fluid delivery line.

13.  The method of claim 10 further comprising the processor
determining a dynamic froth threshold and triggering an alarm if the percentage
of the air within the observed volume exceeds the dynamic froth threshold.

14.  The method of claim 10 further comprising the processor
continually analyzing the percentage of the air which is disposed within the
observed volume, comprising a window of a set volume, at various points in
time as the fluid moves through the fluid delivery line.

15. The method of claim 10 further comprising the processor
analyzing a plurality of analog-to-digital count readings taken by the at least one
sensor and determining what number of the plurality of the analog-to-digital
count readings exceed an air-fluid threshold.

16.  The method of claim 15 further comprising the processor
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multiplying the number of the plurality of the analog-to-digital count readings
which exceed the air-fluid threshold by a calibrated volume per analog-to-digital
count reading to determine a froth volume within the observed volume.

17.  The method of claim 16 further comprising the processor
triggering an alarm if the froth volume exceeds a froth threshold.

18.  The method of claim 10 further comprising the processor
analyzing a plurality of analog-to-digital count readings taken by the at least one
sensor to determine what measurement-weighted number, which is weighted by
a weighting factor to account for a confidence level that the particular analog-to-
digital count reading comprises either the air or the fluid, of the plurality of the
analog-to-digital count readings exceed an air-fluid threshold.

19. A programming code, stored on a computer readable memory,
which is programmed to determine a percentage of air within an observed
volume of a fluid delivery line of an infusion system.

20.  The programming code of claim 19 programmed to trigger an
alarm if the percentage of the air within the observed volume exceeds a froth
threshold.

21.  The programming code of claim 20 programmed to accept a user
input which determines which of a plurality of saved pair settings, comprising
different froth thresholds for different observed volumes, is applied by the
programming code.

22.  The programming code of claim 19 programmed to determine a
dynamic froth threshold and to trigger an alarm if the percentage of the air

within the observed volume exceeds the dynamic froth threshold.
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23. The programming code of claim 19 programmed to continually
analyze the percentage of the air which is disposed within the observed volume,
comprising a window of a set volume, at various points in time as fluid moves
through the fluid delivery line.

24.  The programming code of claim 19 programmed to analyze a
plurality of analog-to-digital count readings taken by at least one sensor to
determine what number of the plurality of the analog-to-digital count readings
exceed an air-fluid threshold.

25.  The programming code of claim 24 programmed to multiply the
number of the plurality of the analog-to-digital count readings which exceed the
air-fluid threshold by a calibrated volume per analog-to-digital count reading to
determine a froth volume within the observed volume.

26. The programming code of claim 25 programmed to trigger an
alarm if the froth volume exceeds a froth threshold.

27.  The programming code of claim 19 programmed to analyze a
plurality of analog-to-digital count readings taken by at least one sensor to
determine what measurement-weighted number, which is weighted by a
weighting factor to account for a confidence level that the particular analog-to-
digital count reading comprises either the air or a fluid, of the plurality of the

analog-to-digital count readings exceed an air-fluid threshold.
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