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METHOD AND APPARATUS FOR IDENTIFYING DISRUPTION OF A FLUID
CONNECTION BETWEEN AN EXTRACORPOREAL CIRCUIT AND A PATIENT
CIRCULATORY SYSTEM

CROSS-REFERENCE TO RELATED APPLICATIONS

[1] Not applicable.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[2] Not applicable.

THE NAMES OF THE PARTIES TO A JOINT RESEARCH AGREEMENT

[3] Not applicable.

REFERENCE TO A SEQUENCE LISTING

[4] Not applicable.

STATEMENT REGARDING PRIOR DISCLOSURES BY THE INVENTOR OR A JOINT
INVENTOR

[5] Not applicable.

BACKGROUND OF THE INVENTION

Field of the Invention

[6] The present disclosure relates to an apparatus and a method for detecting a disruption of a
fluid connection between an extracorporeal circuit and a patient circulatory system, and
particularly to an apparatus and method for detecting a disruption downstream of a blood pump
in a blood treatment apparatus in an extracorporeal circuit, including but not limited to a venous
needle dislodgement (VND), and more particularly to an apparatus and method for identifying a
disconnect of a venous line of an extracorporeal circuit and a patient circulatory system, wherein
the disconnect corresponds to a change in a patient contribution to flow rate data in the

extracorporeal circuit, and particularly the venous line.
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Description of Related Art

[7] A variety of different medical treatments relate to the delivery of fluid to, through and/or
from a patient, such as the delivery of blood between a patient and an extracorporeal system
connected to the patient via a needle, or needles, or catheters inserted into the patient. For
example, hemodialysis, hemofiltration and hemodiafiltration are all treatments that remove
waste, toxins and excess water from the blood. During these treatments, the patient is connected
to an extracorporeal circuit and machine, and the blood is pumped through the circuit and the
machine. Waste, toxins and fluid are removed from the blood, and the cleaned blood is returned

to the patient.

[8] In these treatments, needles or catheters or similar access devices are inserted into the
vascular system of the patient so that the blood can be transported to and from the extracorporeal
machine. Traditional hemodialysis, hemofiltration and hemodiafiltration treatments can last
several hours or days or even weeks and are generally performed in a treatment center. For in-
center treatments, patients undergoing hemodialysis, for example, are monitored visually to
detect needle dislodgment. However, the needle may not be in plain view of the patient or
medical staff (e.g., it may be covered by a blanket) such that it could delay detection of any

disruption and an appropriate timely response.

[9] Moreover, in view of the increased quality of life, observed reductions in both morbidity
and mortality and lower costs with respect to in-center treatments, a renewed interest has arisen
for self-care and home therapies, such as home hemodialysis. Such home therapies (whether
hemodialysis, hemofiltration or hemodiafiltration) can be performed during the day, evening or
nocturnally. If unsupervised or asleep, dislodgment risks increase because a caregiver is not

present and perhaps even the patient is not aware of a dislodgment.

[10] However, dialysis is a complicated procedure that is historically carried out by a team of
trained professionals who are responsible for delivering safe and effective care to the patient.
Recently, the dialysis can also be self-administered by a patient in their home. However, there
are still many ways that complications can arise during a dialysis session. While many of these

potential issues are constrained by alarm circuits and other safeguards built into the dialysis
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machine, needle dislodgement (including displacement) can sometimes remain undetected or

only detected after a significant time delay.

[11] In extracorporeal blood processing, it is important to minimize the risk for malfunctions
in the extracorporeal circuit, since these may lead to a potentially life-threatening condition of
the patient. Serious conditions may arise if the extracorporeal circuit is disrupted downstream of
the blood pump, e.g. by a venous needle dislodgement (VND) event, in which the venous needle
comes loose from the patient or from the patient access. Such a disruption may cause the patient

to be drained of blood within minutes.

[12]  Specifically, the connection of the extracorporeal circuit to the venous access may
become disturbed, if, for example, the needle or cannula gets out of place and the extracorporeal
circulation is no longer connected properly, or is no longer connected at all, to the patient. This
may cause problems especially in the case of dislodgement of the venous access to the vascular
system of the patient. Unless such dislodgement of the venous access is detected in due time,
blood continues being withdrawn from the patient via the arterial access but is no longer properly
returned into the patient after the extracorporeal blood treatment. In the case of common blood
flow rates of 300 to 400 ml/min, for example, a critical situation will develop within a few

minutes.

[13] Conventionally, VND may be detected during blood processing based on a pressure
signal from a pressure sensor (“venous pressure sensor’’) on the downstream side of the blood
pump in the extracorporeal circuit. However, it may be difficult to set appropriate threshold
values, since the pressure in the extracorporeal circuit may vary between treatments, and also
during a treatment, such as for example as a result of the subject moving. Further, if the
extracorporeal circuit comes loose and gets stuck in bed sheets or the subject's clothes, the

measured pressure level might not change enough to indicate the potentially dangerous situation.

[14] Therefore, the need exists for improved systems and methods for detecting a disruption of
a fluid connection between an extracorporeal circuit and a patient circulatory system and
particularly for detecting a disruption downstream of a blood pump in a blood treatment
apparatus in an extracorporeal circuit, including but not limited to a venous needle dislodgement

(VND) or connection to the catheter dislodgement.
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BRIEF SUMMARY OF THE INVENTION

[15] Generally, the present disclosure provides an apparatus for monitoring an extracorporeal
circuit extending from a patient blood withdrawal site through an extracorporeal blood treatment
device and back to a patient blood delivery site, wherein the extracorporeal circuit comprises a
blood withdrawal line extending from the patient blood withdrawal site to the blood treatment
device, a blood delivery line extending from the blood treatment device to the patient blood
delivery site, and a pump operable to pump blood through the extracorporeal circuit from the
blood withdrawal line, through the blood treatment device and through the blood delivery line to
the patient blood delivery site, the apparatus including a flow sensor configured to obtain flow
rate data of a blood flow in at least one of the blood withdrawal line and the blood delivery line;
and a controller in communication with the flow sensor, wherein the controller is configured to
identify, in the flow rate data, a patient contribution to the flow rate data from a patient
physiological process; and detect, based at least partly on the identified patient contribution, a

disruption of the extracorporeal blood path.

[16] In one configuration, the present disclosure provides a monitor for monitoring an
extracorporeal blood path extending from a vascular access through an extracorporeal blood
treatment device and back to the vascular access, wherein the extracorporeal blood path
comprises an arterial line as a blood withdrawal line extending from a vascular access to the
blood treatment device, a venous line as a blood delivery line extending from the blood treatment
device to the vascular access, and a pump operable to pump blood through the extracorporeal
blood path from the arterial line, through the blood treatment device and through the venous line
to the vascular access, the monitor including a flow sensor for obtaining flow rate data of a blood
flow in the venous line; and a controller in communication with the flow sensor, the controller
configured to (1) identify, in the obtained flow rate data, a patient contribution to the flow rate
data from a downstream patient physiological process; and (ii) detect, based at least partly on the
identified patient contribution, a disruption of flow between the extracorporeal blood path and
the patient. It is further disclosed that the controller can (i) determine, based on the obtained
flow rate data, a flow rate in the venous line; (i1) identify, in the determined flow rate, a patient

contribution to the flow rate from a downstream patient physiological process; and (iii) detect,
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based at least partly on the identified patient contribution, the disruption of flow between the

extracorporeal blood path and the patient.

[17] The present disclosure also contemplates the disruption can be identified from obtaining
flow rate data from the arterial (blood withdrawal) line as well as or in place of flow rate data
from the venous (blood delivery) line. In addition, the disruption can be identified by comparing
or correlating the flow rate data from the venous line and the arterial line, as well as changes in

such comparison or correlation of the flow rate data.

[18] The present disclosure further contemplates a controller connected to a flow sensor
sensing flow rate data through a venous (blood delivery) line of an extracorporeal circuit, the
controller configured to identify a disruption in a blood flow path downstream of the flow sensor
corresponding to a change in, or disappearance of, a patient contribution to flow rate data in the

venous line.

[19] A method is disclosed including identifying a disruption of a connection of a venous
(blood delivery) line of an extracorporeal circuit and a patient circulatory system, wherein the
disruption corresponds to a change in, or disappearance of, a patient contribution to flow rate

data in the venous line.

[20] A further method includes identifying a patient contribution from a downstream patient
physiological function of measured flow rate data in a venous (blood delivery) line of an
extracorporeal circuit; and monitoring the patient contribution to identify a disruption of a

vascular access.

[21]  An additional method is provided of measuring flow rate data in a venous (blood
delivery) line of an extracorporeal circuit having a pump imparting a flow in the venous line; and
identifying a disruption of the venous line and a circulatory system corresponding to a change of
a component of the measured flow rate data, which component corresponds to a physiological

parameter of a downstream circulatory system connected to the venous line.

[22]  The present disclosure also includes a method for monitoring an extracorporeal blood
treatment apparatus that comprises an extracorporeal blood circuit, the extracorporeal blood

circuit having an arterial blood line with an arterial patient connection and a venous blood line
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with a venous patient connection, and a pump for conveying blood in the extracorporeal blood
circuit, the method including measuring blood flow rate data in the venous blood line of the
extracorporeal blood circuit; identifying a patient contribution of the measured blood flow rate
data corresponding to a downstream physiological parameter of the patient; determining a
presence of a disruption of flow between the extracorporeal circuit and the patient circulatory
system in response to a change in, or disappearance of, the patient contribution to the measured
blood flow rate data; and generating a control signal to activate an alarm unit, stop the pump, or

both, after the step of determining the presence of the disruption.

[23] The following will describe embodiments of the present disclosure, but it should be
appreciated that the present disclosure is not limited to the described embodiments and various
modifications of the invention are possible without departing from the basic principles. The

scope of the present disclosure is therefore to be determined solely by the appended claims.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[24] Fig. 1 is a schematic of a representative extracorporeal circuit.
[25] Fig. 2 is a graph of flow rate versus time in a venous line in the extracorporeal circuit.
[26] Fig. 3 is a graph of flow rate versus time in an arterial line in the extracorporeal circuit.

[27] Fig. 4 is a graph of frequencies from a spectrum analysis of the measured flow rate in the

venous line of the extracorporeal circuit.

[28] Fig. 5 is a graph of frequencies from a spectrum analysis of the measured flow rate in the

arterial line of the extracorporeal circuit.

[29] Fig. 6 is a graph of frequencies from a spectrum analysis of the measured flow rate in the

arterial line and the venous line of the extracorporeal circuit.

[30] Fig. 7 is a second graph of flow rate versus time in a venous line in the extracorporeal

circuit.



WO 2023/009606 PCT/US2022/038495

[31] Fig. 8 is a second graph of flow rate versus time in an arterial line in the extracorporeal

circuit.

[32] Fig. 9 is graph of frequencies from a spectrum analysis (FFT) of the measured flow rate
in the venous line of the extracorporeal circuit of Fig. 7 showing harmonics from the physiology

of the patient.

[33] Fig. 10 is graph of frequencies from a spectrum analysis (FFT) of the measured flow rate

in the arterial line of the extracorporeal circuit of Fig. 8.

DETAILED DESCRIPTION OF THE INVENTION

[34] Referring to Fig. 1, an extracorporeal circuit (“EC circuit”) 100 is shown connected to a

circulatory system of a patient.

[35] The extracorporeal circuit 100 extends from a patient blood withdrawal site 110 through
a blood treatment device 130 and back to a patient blood delivery site 160, wherein the
extracorporeal circuit comprises a blood withdrawal line 120 extending from the patient blood
withdrawal site to the blood treatment device, a blood delivery line 150 extending from the blood
treatment device to the patient blood delivery site, and a pump 170 configured to pump blood
through the extracorporeal circuit from the blood withdrawal line, through the blood treatment
device and through the blood delivery line to the patient blood delivery site. A flow sensor is
configured to obtain blood flow rate data from at least one of the blood withdrawal line 120 and
the blood delivery line 150. In certain configurations, a flow sensor 126 obtains flow rate data
from the blood withdrawal line 120 and a flow sensor 156 obtains flow rate data from the blood
delivery line 150. A controller 180 is connected to at least one of the flow sensors 126, 156, and

the pump 170.

[36] In one configuration, the extracorporeal circuit 100 is configured to provide dialysis
wherein the blood withdrawal line 120 is referred to as an arterial line, the blood treatment
device 130 includes, but not limited to a dialyzer, and the blood delivery line 150 is referred to as
a venous line. For purposes of description, the blood travels from an access device 200 to the
arterial line 120 and returns to the access device in the venous line 150. Although, the

extracorporeal circuit 100 is shown with both the arterial sensor 126 and the venous flow sensor
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156, it 1s understood that the disclosed system may be practiced without or with the use of the

arterial flow sensor.

[37] For purposes of description in terms of dialysis nomenclature, the blood travels from the
patient blood withdrawal site 110 to the arterial line 120 (the blood withdrawal line) and returns
to the patient blood delivery site 160 through the venous line 150 (the blood delivery line). In
this nomenclature, the flow sensor 126 obtaining flow rate data in the arterial line is referred to
the arterial flow sensor 126 and the flow sensor 156 obtaining flow rate data in the venous line is

referred to as the venous flow sensor 156.

[38] While the system is shown with both the arterial flow sensor 126 and the venous flow
sensor 156, it is understood that the present disclosure can be practiced with just the arterial flow
sensor 126, just the venous flow sensor 156, or both the arterial flow sensor and the venous flow

SENSsor.

[39] As set forth above, in one configuration, the extracorporeal circuit 100 is configured to
provide extracorporeal blood treatment. In extracorporeal blood treatment, blood is taken out of
a patient, processed (e.g. treated) and then reintroduced into the patient by means of the

extracorporeal circuit 100 which can be part of the blood treatment device 130.

[40] Extracorporeal blood treatment includes hemodialysis, hemodiafiltration, hemofiltration,
plasmapheresis, etc., including the clearance of toxins from the blood, such as by diffusion

across a membrane.

[41] For purposes of the present description, the following terminology is used. The term
“flow rate data” is any data from which a flow rate can be derived, assessed, or calculated, as
well as any surrogate data for deriving, assessing, or calculating the flow rate. It is further
contemplated that the flow rate can be the actual blood flow rate, the calculated blood flow rate,
or a predicted flow rate, as well as any surrogate of the actual blood flow rate, such as but not
limited to a flow velocity, or a value proportional or related to the blood flow or the velocity.
The flow rate data encompasses any signals or data related to the blood flow, and particularly
related to any pulsatile, varying, frequency dependent, or oscillatory component or characteristic

of the flow, such as indicated by any signals, such as but not limited to optical signals, acoustic
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signals, electromagnetic signals, temperature signals and other signal that can be source of
frequency analysis. Thus, the flow rate data includes any signals or data representing the flow
rate or signals or data from which the flow rate, or any pulsation, variation, frequency variation,
or oscillation of the flow rate, or pulsation, variation, frequency variation, or oscillation in the
flow rate can be determined, or sensed, or any corresponding surrogates. For example, markers
in the blood, including native or introduced particles could be used as the surrogate. Thus, the
term flow rate is intended to encompass any value or measurement that corresponds to, is a
surrogate of, or can represent the blood flow and especially to any pulsation, variation, frequency
variation, oscillation, or a characteristic or property of the blood flow. The term “flow rate” (or
“blood flow rate”) thus encompasses the volumetric flow rate as a measure of a volume of liquid
passing a cross-sectional area of a conduit per unit time, and may be expressed in units of
volume per unit time, typically milliliters per min (ml/min) or liters per minute (I/min), and any
of its surrogates. It is understood the blood flow rate can be measured as well as calculated by

any of a variety of known systems and methods.

[42] The access device 200 fluidly connects to a circulatory system such as a human (or
animal) circulatory system which includes blood, a vascular system having a cardiopulmonary
system and a systemic system connecting the cardiopulmonary system to the tissues of the body,
and a heart. Specifically, the systemic system passes the blood though the vascular system
(arteries, veins, and capillaries) throughout a patient body. Thus, the access device 200 fluidly
connects to the circulatory system and provides access to the extracorporeal circuit 100. The
term “access device’ encompasses any access to the circulatory system of the patient and
includes but not limited to catheters, needles, shunts, AV native fistulae, AV-artificial graft; as
well as a venous catheter, or other vascular implantations. The connection of the extracorporeal
circuit 100 to the patient, via the access device 200, usually includes catheters or cannulas or
needles, e.g. dialysis cannulas, where the access device 200, for example, is punctured and fluid
communication is established. As set forth herein, the access device 200 encompasses the
patient blood withdrawal site 110 as well as the patient blood delivery site 160. Thus, the access
device 200 includes separate arterial access and venous access as well as arterial access and

venous access that are proximal or adjacent, or within a common shunt ,line, or graft.
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[43] The term “blood treatment” means any blood processing including but not limited to
dialysis, which in turn includes toxin clearance such as by diffusive therapy including but not
limited to hemofiltration, hemodialysis, hemodiafiltration, or Continuous Renal Replacement
Therapy (CRRT) A blood treatment device is any device for imparting the blood treatment.
Thus, in one configuration, the blood treatment device, such as the dialyzer, can be configured to
provide controllable transfer of solutes and water across a semi permeable membrane separating
flowing blood and dialysate streams. Such a transfer process may include diffusion (dialysis)
and convection (ultra-filtration). The blood treatment device may provide any of a host of other
blood treatments, such as chemical treatment, electromagnetic treatment as well as thermal

treatment.

[44] The term blood includes treated or untreated blood, including artificial or natural blood,

as well as plasma.

[45] The term “disruption” encompasses any diversion, disconnection, dislodgement, or
interruption of the flow in the extracorporeal circuit 100 and in certain configurations an
interruption downstream of the pump 170, and in certain configurations downstream of the blood
treatment device 130, as well as from the extracorporeal circuit 100 to the access device 200 or
from the access device to the circulatory system, including the patient blood withdrawal site 110
as well as the patient blood delivery site 160, such as a venous needle dislodgement, or

disconnect.

[46] The term “controller” includes signal processors and computers, including programmed
desk or laptop computers, or dedicated computers for processors. Such controllers can be readily
programmed to perform the recited calculations, or derivations thereof, to provide determinations
of the flow rate and transforms of the flow rate data as set forth herein. The controller can also
perform preliminary signal conditioning such as summing one signal with another signal or

portion of another signal.

[47] The term “flow sensor” encompasses any sensing device that provides a signal
representing the flow rate data or data from which the flow rate, any pulsation, variation,
frequency change, or oscillation in the flow rate, or surrogate of the flow rate, pulsation,

variation, frequency change, or oscillation in the flow rate can be determined, or sensed.

10
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[48] The term "upstream" of a given position refers to a direction against the flow of blood,
and the term "downstream" of a given position is the direction of blood flow away from the
given position. The "arterial line" or side is that part of the extracorporeal circuit 100 which
blood passes from the patient blood withdrawal site 110, such as the access device 200 to flow to
the blood treatment device 130. The "venous line" or side is that part of the extracorporeal
circuit 100 which blood passes from the blood treatment device 130 to the patient blood delivery

site 160, such as the access device 200.

[49] Generally, the blood is circulated through the extracorporeal circuit 100 by the pump 170.
It is understood, the present disclosure encompasses the extracorporeal circuit 100, wherein the
blood treatment device 130 (such as an extracorporeal membrane oxygenator, ECMO) withdraws
blood from the venous portion of the patient circulatory system, and returns treated (oxygenated)
blood to a second venous portion of the patient circulatory system as well as configurations
wherein the blood is removed from either the venous portion or the arterial portion of the patient
circulatory system and is returned to either the venous portion or the arterial portion of the

patient circulatory system, wherein the detected disruption can be in any of these configurations.

[50] It is also contemplated that the present disclosure encompasses the extracorporeal circuit
100 having a plurality of patient blood withdrawal sites 110, a plurality of blood withdrawal lines
120, a plurality of blood treatment devices 130, a plurality of pumps 170, a plurality of blood
delivery lines 150 and a plurality of patient blood delivery sites 160, or any combination thereof.
Thus, the present system can have more than one blood delivery line 150 to the patient. It is
understood that in certain types of extracorporeal blood treatment, the extracorporeal circuit 100
includes the arterial needle for blood withdrawal and the venous needle for blood reintroduction,
wherein the needles are inserted into the access device 200. Thus, in select configurations, the
extracorporeal circuit 100 withdraws blood from the access device 200 and returns the blood to
the access device. The withdrawn blood can be treated while it is withdrawn, such as through

the dialyzer 130 before being returned through the venous line 150 to the access device 200.

[51] In one configuration, the blood passes from the access device 200, through the pump 170,
then through the blood treatment device 130, such as the dialyzer. The blood then passes from

the blood treatment device 130 to the access device 200. Although not shown, it is contemplated

11
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the venous line 150 can include an air trap and air detector between the blood treatment device

130 and the access device 200.

[52] Depending upon the configuration of the extracorporeal circuit 100 and the mechanisms
tor measuring the blood parameters, the arterial line 120 can also include or provide an

introduction port as a site for introducing a material into the extracorporeal circuit 100.

[53] The venous line 150 connects the flow of the extracorporeal circuit 100 to the circulatory
system, such as through the access device 200. The venous line 150 typically includes a return

(venous ) cannula providing the fluid connection to the access device 200.

[54] The venous line 150 includes the flow sensor 156. The flow sensor 156 measures a flow
characteristic or parameter to generate flow rate data, from which the flow rate, or any flow
pulsation, variation, frequency change, or oscillation component, or flow frequency components
can be determined. Thus, the flow sensor 156 can include a flow rate sensor, an ultrasound
sensor or even a dilution sensor for sensing passage of the indicator through the extracorporeal
circuit 100. The flow sensor 156 can be any of a variety of sensors which obtain flow rate data.
In select configurations, the flow sensor 156 (as well as sensor 126) can measure different blood
properties: such as but not limited to temperature, Doppler frequency, electrical impedance,
optical properties, density, ultrasound velocity, concentration of glucose, oxygen saturation and
other blood substances (any physical, electrical or chemical blood properties). Alternatively,
there can be an additional sensor (not shown) in addition to flow sensor 156 be to measure select

blood characteristics or properties.

[55] The flow sensor 126 in the arterial line 120 can be any of a variety of sensors, as set forth
in the description of the sensor 156. While the system is described with the two sensors 126,
156, for an enhanced accuracy, it 1s understood only a single flow sensor is necessary. It is
further contemplated that any imparted flow pulsation from the pump 170 can be identified such
as through an operating parameter of the pump, including the revolutions per minute of operation

of the pump, wherein this contribution is distinguished from any patient contribution

[56] Specifically, in the arterial line 120, the flow sensor 126, if employed, can be any of a

variety of sensors to obtain the flow rate data. The sensor 126 can measure different blood

12
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properties: such as but not limited to temperature, Doppler frequency, electrical impedance,
optical properties, density, ultrasound velocity, concentration of glucose, oxygen saturation and
other blood substances (any physical, electrical or chemical blood properties) that are related to,
correspond to or evidence the blood flow rate and pulsation, oscillation, variation or frequency
change within, or time variation of the flow rate. It is also understood the flow sensor 126 can
also measure the blood flow rate. Thus, in one configuration the present system includes a single
blood property sensor and a single flow rate sensor. It is further contemplated that a single

combined sensor for measuring flow rate and a blood parameter (property) can be used.

[57] Itis also understood the sensors 126, 156 can be located outside of the extracorporeal
circuit 100. That is, the sensors 126, 156 can be remotely located and measure in the
extracorporeal circuit 100, the changes produced in the blood from the indicator introduction or
values related to the indicator introduction which can be transmitted or transferred by means of

diffusion, electro-magnetic or thermal fields or by other means to the respective sensor.

[58] The pump 170 can be any of a variety of pumps types, including but not limited to a
peristaltic, a roller, an impeller, or a centrifugal pump. The pump 170 induces a blood flow rate
through the extracorporeal circuit 100. Depending on the specific configuration, the pump 170
can be directly controlled at the pump or can be controlled through the controller 180 to establish
a given blood flow rate in the extracorporeal circuit 100. The pump 170 can be at any of a
variety of locations in the extracorporeal circuit 100, and is not limited to the position shown in
Fig. 1. In one configuration, the pump 170 is a commercially available pump and can be set or
adjusted to provide any of a variety of flow rates wherein the flow rate can be read by a user

and/or transmitted to and read by the controller 180.

[59] The normal or forward blood flow through the extracorporeal circuit 100 includes
withdrawing blood through the arterial line 120 from the access device 200, passing the
withdrawn blood through the extracorporeal circuit (to treat the blood in the dialyzer 130), and
introducing the withdrawn (or treated) blood through the venous line 150 into the acess device.
The pump 170 can induce a blood flow through the extracorporeal circuit 100 from the access

device 200 and back to the access device.
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[60] The controller 180 is typically connectable to the blood treatment device 130, the pump
170 and the flow sensor 156 and the sensor 126, if employed. The controller 180 can be a stand-
alone device such as a personal computer, a dedicated device or embedded in one of the
components, such as the pump 170 or the blood treatment device 130. Although the controller
160 is shown as connected to the sensors 126 and 156, the pump 170 and the blood treatment
device 120, it is understood the controller can be connected to only the sensors, the sensors and

the pump, or any combination of the sensors, pump and blood treatment device 130.

[61] It has been discovered that the flow rate data from the venous line, including the flow rate
in the venous line 150 is generally pulsatile with a frequency from the pump 170 as well as
incorporating a component in response to physiology of the patient downstream of the measured
flow rate data in the venous line. That is, there 1s a patient contribution to the flow rate data, and
hence the flow rate, in the venous line 150, wherein at least a portion of the patient contribution
to the obtained flow rate data corresponds to downstream physiological effects within the patient.
Such portion of the patient contribution may include components from the pulse of the patient in
the circulatory system, as well as a respiration component. As the flow through the
extracorporeal circuit 100 is imparted by the pump 170 and the patient physiology is downstream
of the venous line 150, it is a surprising discovery that there is a patient contribution to the flow
rate in the venous line. As set forth below, it has been further discovered that the flow rate data
from the arterial line 120 includes a patient contribution, wherein at least a portion of the patient

contribution to the obtained flow rate data corresponds to physiological effects within the patient.

[62] The patient contribution to the flow rate data is generated by the patient physiology, and
propagates through the access device 200, such as through needles in case of an AV shunt or
from the central veins (or the heart) in case of the access device being a catheter interfacing with
the circulatory system. It has been found that the patient contribution can be observed in the
flow rate data, such as the blood flow rate, in the extracorporeal circuit 100, and particularly in
the pulsatile flow of both the arterial line 120 and the venous line 150. It is noted that the patient
contribution observed in the arterial line 120 is traversing predominantly from the arterial access
of the extracorporeal circuit 100 and the flow rate data can be obtained in the arterial line. It is
noted that any patient contribution propagating upstream from the venous line 150 to the arterial

line 120 must pass through the pump 170, the blood treatment device 130, such as the dialyzer
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and any bubble traps, each of which will substantially dampen the appearance of the patient
contribution traversing from the venous access. That is, the patient contribution propagating
upstream along the venous line 150 is substantially dampened as the contribution passes the
pump 170, the blood treatment device 130 and any bubble traps and into the arterial line 120.
Thus, of the flow rate data taken from the arterial line 120 the patient contribution is
predominately that which has traversed downstream from the patient through the arterial line
120. Similarly, the patient contribution observed in the venous line 150 is predominantly the
patient contribution that has propagated upstream along the venous line 150 from the access
device 200. Any patient contribution propagating downstream along the arterial line 120 is
substantially dampened as such contribution passes through the pump 170, the blood treatment
device 130 and the any bubble traps and into the venous line 150. That is, in the flow rate data
from the venous line 150, the patient contribution is dominated by the patient contribution that
has propagated upstream along the venous line from the access device 200, (such as the needle or
the venous catheter lumen) - as the pump 170, the blood treatment device 130 (the dialyzer), and
any bubble traps substantially dampen any patient contribution propagating downstream from the
arterial line 120 to the venous line 150. In the case of an arterial access disruption or disconnect,
the pump 170 will suck air and hence blood flow through the extracorporeal circuit 100 will stop.
However, in the case of a disruption or disconnect of the venous line 150, the flow in the arterial
line 120 and hence the patient contribution in the arterial line may remain sufficiently unchanged

to provide a reliable indicator of a disruption of the venous line.

[63] The controller 180 is programmed to identify the patient contribution to the flow rate
data, such as in the blood flow rate in the venous line 150 and compare the patient contribution
to the flow rate data across two different times, or identify a change in the patient contribution,
such as a change of a predetermined level, or a lack of patient contribution in the flow rate data,

or the measured flow rate.

[64] Asseenin Fig. 2, the venous flow pulsates with frequency of approximately 68

beats/minute, which pulsation is related to a patient heart rate.

[65] Asseenin Fig. 3, the flow rate in the arterial line 120 is pulsatile and dominated by the
flow variations imparted by the pump 170, if the pump is of the peristaltic or roller-pump type.
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The pulsation of approximately 48 beats/minute by the pump 170 can also can be identified or
known from the RPM of the pump or blood treatment device 130, if the pump is incorporated in

to the blood treatment device.

[66] It has been found that a spectrum analysis of the flow rate data in the venous line 150,
identifies various contributions, including a pump contribution on the pulsatile flow rate
imparted by the pump 170 in the extracorporeal circuit 100, and the patient contribution.
Generally, the flow rate data, such as the measured flow rate is analyzed to identify a magnitude
of an input signal versus frequency within the full frequency range, so that the spectral
components can be independently identified, and particularly the spectral components resulting
from patient physiology, the patient contribution. The frequency domain provides for the
identification of harmonic content in the flow rate data, such as the measured flow rate in the
venous line 150, and thus provide for the identification of respective contributions to the
pulsatile flow rate, including a patient contribution such as corresponding to a pulse or

respiration rate of the patient.

[67] Generally, the present disclosure provides for acquiring sufficient flow rate data that
allows for accurately quantifying or distinguishing the components of the flow rate data, and
particularly in the frequency domain of the flow rate data. For example, the flow rate data as a
function of time is obtained at sufficiently short time intervals to model each oscillation,
variation, pulsation or frequency change and over a sufficient period such that multiple
occurrences are included. The controller 180 then decomposes the flow rate data on the
hypothesis that the acquired signal is composed of a sum of individual oscillatory components.
Thus, the controller 180 decomposes functions depending time into functions depending on
spatial or temporal frequency, whereby the patient contributions to the resolved frequencies can

be 1dentified.

[68] In one configuration, the spectrum analysis can be provided by Discrete Fourier
Transform (DFT) and particularly the Fast Fourier Transform (FFT). The DFT interprets or
transforms a time domain function into a series of sine-waves at various frequencies, the sum of
which can reconstruct the signal. The so-called spectrum of frequency components is the

frequency-domain depiction of the signal (such as the measured flow rate and the pulsatile
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pattern of the flow waveform or flow rate data). The frequency analysis provides a different way
of looking at the same flow rate data of the flow in the venous line 150. Instead of observing the
flow rate data, or the flow rate in the time domain, the frequency analysis decomposes time data
in its series of sine waves. The (FFT) 1s a well-known mathematical method for transforming a
function in time into a function of frequency. A commercially available spectrum analyzer or a
software application in the controller 180 converts the flow rate data, such as the measured
magnitude pattern of an input signal into its frequency components within the full frequency

range.

[69] Referring to Fig. 4, which is a FFT of the venous flow rate data of Fig. 2, a first harmonic
of the pump frequency derived from the flow rate data in the venous line 150 is shown. Also
shown in the Fig. 4, is a first harmonic of the heart rate of the patient connected to the
extracorporeal circuit 100 as derived from the flow rate data in the venous line 150, thus showing

the presence of the patient contribution can correspond to the pulse of the patient.

[70] Referring to Fig. 5, which is a FFT of the arterial flow rate data Fig. 3, a first and second
harmonic of the pump 170 is shown. It is also contemplated that this harmonic also can be
known or derived from the operating parameters of the pump 130, such as revolutions per minute
of the pump. It is also noted, the heart rate harmonic is also observed in the arterial flow rate
data. However, it is understood that in the case of flow disruption between the venous line 150
and the patient circulatory system, such as venous needle dislodgement, the heart rate harmonic
in the arterial line 120 will still remain or be present, as the signal propagates from arterial access

of the arterial line.

[71] Referring to Fig. 6, which combines the arterial and venous flow rate data, the spectrum
analysis via FFT confirms, that the patient contribution, the heart rate, and the contribution from
the pump 170 are observed by both flow sensors, that is the flow senor 126 in the arterial line

120 and the flow sensor 156 in the venous line 150.

[72] Thus, the controller 180 is configured to apply the spectrum analysis to the flow rate
data, such as a calculated or measured flow rate in the venous line 150, to identify at least one

patient contribution to the flow rate data. By then monitoring the identified patient contribution,

17



WO 2023/009606 PCT/US2022/038495

the controller 180 can provide an alarm or pump control in response to a change in, such as a

termination of, the patient contribution.

[73] While the Fourier Transform is set forth for the decomposition of the acquired flow rate
data, it 1s understood that other ways of signal analysis can be used to extract information from
the flow rate data about presence of the patient contribution to the flow rate data in the
extracorporeal circuit, such as in the venous line 150 and particularly the patient contribution
from the patient physiology for the monitoring of the presence of the patient contribution in the

venous line.

[74] Referring to Fig. 7, the flow rate in the venous line 150 is shown, wherein the flow rate
includes a pulsatile component. Fig. 8 is a graph of the flow rate in the arterial line 120 of the
extracorporeal circuit 100 of Fig. 7. Fig. 9 is a spectrum analysis of the flow rate data,
specifically the flow rate, of Fig. 7. As seen in Fig. 10, the harmonics from the pump 170 are
pronounced and are the dominate harmonics. Referring to Fig. 9, while the harmonics from the
pump 170 are the dominate harmonics, the harmonics from the patient physiological process, the
patient contribution, are identifiable. That is, harmonics from downstream physiological
processes are identified in the blood flow rate in the venous line 150. Thus, the controller 180
can monitor for an absence or change of a predetermined amount of the patient contribution to
detect a disruption of the flow from the venous line 150 of the extracorporeal circuit 100 to the

patient blood delivery site, such as the vascular device 200.

[75] Thus, the system can be configured to monitor the extracorporeal circuit 100 extending
from the access device 200 through the extracorporeal blood treatment device 130, such as a
dialyzer, and back to the access device, wherein the extracorporeal circuit includes the arterial
line 120 extending from the access device to the blood treatment device, the venous line 150
extending from the blood treatment device to the vascular access, and the pump 170 connected to
the extracorporeal circuit to pump blood from the access device, through the extracorporeal
circuit from the arterial line, through the blood treatment device and through the venous line to
the access device. The system includes the flow sensor 156 for obtaining flow rate data of a
blood flow in the venous line 150; and the controller in communication with the flow sensor,

wherein the controller 180 is configured to determine, based on the flow rate data, a flow rate in
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the venous line; identify, in the determined flow rate, at least one patient contribution to the flow
rate from a downstream patient physiological process, such as by spectrum analysis and
particularly FFT; and detect, based at least partly on the identified patient contribution, a
disruption of the extracorporeal blood path downstream of the pump 170. That is, the controller
180 can be configured to identify an absence of a previously identified patient contribution as
seen in the spectrum analysis. This identified absence from the spectrum analysis can be used to
identify a disruption of the flow from the extracorporeal circuit 100 to the access device 200 (or
the circulatory system), wherein an alarm is provided and/or the pump 170 is stopped. As set

torth above, it is understood the disruption can include venous needle dislodgement.

[76] In addition to the transforms set forth above that provide frequency components and
hence comparison or monitoring of the frequency components, it is understood that as Fourier
analysis requires a continuous waveform, it is contemplated that selected data points can be
obtained wherein the controller 180 then applies a predictive model, such as but not limited to an
Al algorithm, to the separate data points to generate for example, a predictive pattern of the
waveform, wherein the disruption can be identified as soon as a change is seen in the time
domain. Thus, the controller 180 can identify changes in the patient contribution in either the
frequency domain and/or the time domain. Further, it is contemplated the controller 180 can also
identify a change in a correlation between either obtained or predicted the flow rate data from
either or both the arterial line and the venous line, such as the flow wave form pattern and the

next obtained or predicted pattern, such as emerging by the next heartbeat.

[77] The controller 180 can be configured to improve the identification of the patient
physiological parameter (or a plurality of patient physiological parameters) in the flow rate data
from the blood delivery (venous) line 150, such as by the correlation of flow rate data between
the blood delivery (venous) line and the blood withdrawal (arterial) line 120. For example, one
flow sensor 156 is operably connected to the blood delivery (venous) line 150 to generate blood
delivery line flow rate data and a second flow sensor 126 is operably coupled to the blood
withdrawal (arterial) line 120 to generate blood withdrawal line flow rate data, wherein the
controller is configured to identify at least one patient physiological parameter (patient
contribution) or a change in the patient physiological parameter through a relationship of the

flow rate data from the blood withdrawal line and the flow rate data from the blood delivery line.
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In one configuration, the relationship is a correlation of the flow rate data from the blood

withdrawal line and the flow rate data from the blood delivery line.

[78] It is further understood that the controller 180 may receive information from the blood
treatment device 130 and or the pump 170, such as a blood flow or revolutions per minute
setting, so as to discern between transform (Fourier) components in the obtained flow rate data,
thereby distinguishing between flow rate data generated by the pump 170 and by the patient

contribution to the flow rate data, such as by the heart rate of the patient.

[79] It is contemplated the controller 180 is connected to the flow sensor 156, wherein the
flow sensor senses a flow through the venous line 150. The controller 180 is configured to
identify a disruption in a blood flow path downstream of the flow sensor corresponding to a
change in a patient contribution to the flow rate in the venous line 150. The change in a patient
contribution to the flow rate data, or the flow rate, in the venous line 150 can be detected by a
change in the patient contribution as indicated by the change in the detected harmonics from the
spectrum analysis, as well as a temporary spike in the flow rate when the venous line is exposed
to atmospheric pressure rather than the pressure in the access device 200, such as the venous
access. It is contemplated that when the venous line 150 is exposed to atmospheric pressure, a
related spike in the blood flow may be detected due to the decrease of resistance to blood flow in

the venous line.

[80] The present system provides a method including the steps of identifying a disruption of
the venous line 150 of the extracorporeal circuit 100 and the patient circulatory system, such as
via the access device 200, wherein the disruption corresponds to a change in a patient
contribution to the flow rate in the venous line and wherein the change in the patient contribution
to the flow rate in the venous line corresponds to a change in an identified harmonic in the
spectrum analysis, where the identified harmonic results from downstream physiology of the

patient.

[81] The present system provides a further method including identifying at least one patient
contribution, from a downstream patient physiological function, of the measured flow rate in the
venous line 150 of an extracorporeal circuit 100; and monitoring the patient contribution to

identify a disruption of vascular access between the extracorporeal circuit 100 and the circulatory
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system. The monitoring can include an absence of presence of the harmonic as well as a rate of
change in the identified harmonic or the value of the harmonic relative to a predetermined level

or threshold.

[82] The methods of the present disclosure include measuring the flow rate in the venous line
150 and 1dentifying a disruption of the connection of the venous line and the circulatory system
of the patient corresponding to a change of a component of the flow rate, which component
corresponds to a physiological parameter of the downstream circulatory system connected to the
venous line. The change in the component can be detected by the corresponding change in the

spectrum analysis of the measured flow rate in the venous line 150.

[83] Thus, the present disclosure provides for monitoring the extracorporeal blood treatment
device that includes the extracorporeal circuit 100, wherein the extracorporeal circuit includes
the arterial line 120 with the arterial patient connection and the venous line 150 with the venous
patient connection, and the pump 170 for conveying blood in the extracorporeal circuit. The
method includes measuring the flow rate in the venous line 150 of the extracorporeal circuit 100;
identifying at least one patient contribution of the measured flow rate corresponding to a
downstream physiological parameter of the patient; and determining the presence of a disruption
in the flow between the extracorporeal circuit and the circulatory system in response to a change
in the patient contribution to the measured flow rate. In identifying the patient contribution, the
spectrum analysis identifies frequencies corresponding to the downstream physiology of the
patient, and thus a given change in the identified frequency can trigger and alarm or change in

status of the pump 170.

[84] The present disclosure sets forth systems and methods for determining when a disruption
occurs in the flow from the extracorporeal circuit 100 to the patient circulatory system, such as
when a needle or cannula has been removed from the patient, or when the connection of the
blood treatment device 130 to the venous needle or to the venous catheter lumen is disrupted,
such as disconnected. That is, the disruption of the flow from the extracorporeal circuit 100 to
the patient circulatory system includes a disruption of the flow in the extracorporeal circuit
downstream of the pump 170. For example, the disruption can be an interruption of the flow

from the pump to the venous line 150, or from the blood treatment device 130 to the venous line,
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as well as the between the venous line and the patient access, or the patient access 200 to the

circulatory system.

[85] One primary use for the systems and methods is with blood treatments that remove blood
from the patient, treat the blood and return the treated blood to the patient. As set forth above,
typical blood treatments include hemodialysis (“HD”), hemofiltration (“HF”), hemodiafiltration
(“HDF”) and continuous renal replacement treatment (“CRRT”) systems each remove blood
from the patient, filter the blood, and return the blood to the patient. However, it is understood
that besides these blood treatments, the access disconnection systems and methods discussed
herein could be used in cardio pulmonary bypass surgeries in which blood is removed from the
patient, oxygenated, and returned to the patient. Further, the disruption detection can be used
with single needle systems, such as certain medical delivery systems in which a drug or
medicament is infused from a source to the patient. Additionally, the disruption detection can be
used in single or double needle aphaeresis or other blood separation and/or collection systems,

such as for separating platelets, plasma, red cells or cell subpopulations.

[86] The present disclosure thus provides a method including (a) identifying a patient
contribution, from a downstream patient physiological function in flow rate data from a blood
delivery line of an extracorporeal circuit; and (b) monitoring the patient contribution to identify a
disruption of a flow from the extracorporeal circuit to a patient circulatory system. The method

can further comprise generating alert/alarm upon identifying the disruption of a vascular access.

[87] The present disclosure thus provides a method including (a) obtaining flow rate data of a
flow in a blood delivery line of an extracorporeal circuit, the extracorporeal circuit having a
pump imparting the flow in the blood delivery line; and (b) identifying a disruption of a
connection of the extracorporeal circuit and a downstream patient circulatory system, the
disruption corresponding to a change of a component of the flow rate data, wherein the
component corresponds to a physiological parameter of the downstream patient circulatory

system.

[88] The present disclosure further provides a method for monitoring an extracorporeal blood
treatment apparatus including an extracorporeal circuit, the extracorporeal circuit having an

arterial line with an arterial patient connection and a venous line with a venous patient
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connection, and a pump for conveying blood in the extracorporeal circuit, the method including
the steps of (a) sensing blood flow rate data in the venous line of the extracorporeal circuit; (b)
identifying a patient contribution of the sensed blood flow rate data corresponding to a
downstream physiological parameter of the patient; and (c) determining a disruption of a blood
flow from the venous line in response to a change identified in the patient contribution to the
sensed blood flow rate data. The method can further include generating a control signal to
activate an alarm unit, stop the pump, or both, after the step of determining the disruption is

present.

[89] This disclosure has been described in detail with particular reference to an embodiment,
but it will be understood that variations and modifications can be effected within the spirit and
scope of the disclosure. The presently disclosed embodiments are therefore considered in all
respects to be illustrative and not restrictive. The scope of the invention is indicated by the
appended claims, and all changes that come within the meaning and range of equivalents thereof

are intended to be embraced therein.
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CLAIMS

1. An apparatus for monitoring an extracorporeal circuit extending from a patient blood
withdrawal site through an extracorporeal blood treatment device and back to a patient blood
delivery site, wherein the extracorporeal circuit comprises a blood withdrawal line extending
from the patient blood withdrawal site to the blood treatment device, a blood delivery line
extending from the blood treatment device to the patient blood delivery site, and a pump
operable to pump blood through the extracorporeal circuit from the blood withdrawal line,
through the blood treatment device and through the blood delivery line to the patient blood

delivery site, the apparatus comprising:

(a) a flow sensor configured to obtain flow rate data of a blood flow in at least one of the blood

withdrawal line and the blood delivery line; and
(b) a controller in communication with the flow sensor, the controller configured to:

(1) 1dentify, in the flow rate data, a patient contribution to the flow rate data from a patient

physiological process; and

(i1) detect, based at least partly on the identified patient contribution, a disruption of the
extracorporeal blood path.

2. The apparatus of Claim 1, wherein the identified patient contribution is a frequency of the

flow rate data in a frequency domain of the flow rate data.

3. The apparatus of Claim 1, wherein the identified patient contribution is a patient generated

component of a flow rate in the blood delivery line.

4. The apparatus of Claim 1, wherein the controller is configured to determine, based on the flow

rate data, a flow rate in the blood delivery line.
5. The apparatus of Claim 1, wherein the disruption is a venous needle dislodgement.
6. The apparatus of Claim 1, wherein the blood treatment device is a dialyzer.

7. The apparatus of Claim 1, wherein the controller is configured to stop the pump in response to

the detected disruption.

8. The apparatus of Claim 1, wherein the flow sensor obtains the flow rate data from the blood

delivery line.
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9. The apparatus of Claim 1, wherein the controller is configured to generate an alarm signal and

or stop pump signal in response to detecting the disruption.

10. The apparatus of Claim 1, wherein the controller is configured to identify the patient

contribution from a spectrum analysis of the flow rate data.

11. The apparatus of Claim 1, wherein the flow sensor is operably connected to the blood
delivery line and further comprising a second flow sensor operably coupled to the blood
withdrawal line to generate withdrawal line flow rate data, and wherein the controller is
configured to identify the patient contribution based on the withdrawal line flow rate data and the

flow rate data.

12. The apparatus of Claim 1, wherein the controller is configured to identify a contribution to

the flow rate data corresponding to the pump.

13. A controller connected to a flow sensor providing flow rate data of a flow through a blood
delivery line of an extracorporeal circuit, the controller configured to identify a disruption in a
blood flow from the extracorporeal circuit to a patient circulatory system corresponding to a

change in a patient contribution in the provided flow rate data.

14. The controller of Claim 13, wherein the controller is configured to identify the patient
contribution from a spectrum analysis of the provided flow rate data of the flow the blood

delivery line.

15. The controller of Claim 13, wherein the controller is configured to identify the patient

contribution as a harmonic of the provided flow rate data.

16. The controller of Claim 13, wherein the controller is configured to identify patient

contribution as a frequency of the flow rate data in a frequency domain of the flow rate data.
17. A method comprising:

(a) identifying a disruption of a connection of a blood delivery line of an extracorporeal circuit
and a patient circulatory system, wherein the disruption corresponds to one of a change in and a

disappearance of, a patient contribution to a flow rate data of a flow in the blood delivery line.

18. The method of Claim 17, wherein the patient contribution is a harmonic in a frequency

domain function of the flow rate data.
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19. The method of Claim 17, wherein the patient contribution corresponds to a physiological

parameter of the circulatory system downstream of the blood delivery line.

20. The method of Claim 17, wherein the patient contribution is a frequency of the flow rate data

in a frequency domain of the flow rate data.
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