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(57) Abstract: A blood flow measurement system
for measuring blood flow within the gastrointestinal
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member. The optical sensor is configured to gener-
ate a signal indicative of blood flow within the
gastrointestinal tract. The processor is configured to
control the optical sensor, to receive the signa, and
to transmit the signal to the measurement software
for measuring blood flow.
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APPARATUS AND METHODS FOR MEASURING BLOOD FLOW

WITHIN THE GASTROINTESTINAL TRACT

l. Cross-Reference To Related Applications

[0001] The priority application n° 13/406,297 is a continuation-in-part of U.S. Patent
Serial No. 11/814,735, filed March 24, 2008, now U.S. Patent No. 8,147,431, which is a 35
U.S.C 8371 national stage filling of International Application No. PCT/NL2006/000065, filed
February 8, 2006, which claims priority to Netherlands Patent Application No. NL 1028320,
filed February 17, 2005, the entire contents of al of which are incorporated herein by
reference.

1. Field Of The Invention

[0002] This application generally relates to apparatus and methods for measuring blood
flow within an organ and/or body part.

1. Background Of The Invention

[0003] Plethysmography is a method for measuring changes in volume within an organ
and/or body parts, generally resulting from fluctuations in blood flow or air therein. Blood
flow fluctuations within the gastrointestinal tract may indicate serious medical conditions such
as circulatory shock, commonly known as shock. When apatient experiences shock, the body
redistributes blood flow to the vital organs such as the brain, heart, and muscles, causing a
reduced blood flow in other organs, including organs in the gastrointestinal tract. Shock may
cause significant deterioration in the function of the gastrointestinal tract leading to further
deterioration in the general physical condition of the patient and even death.

[0004] Previously known methods for measuring blood flow of the gastrointestinal tract
include indocyanine green clearing, stomach tonometry, videoscopy of the tongue blood flow,
and determination of the oxygen saturation of the large intestine. These methods suffer from a
variety of drawbacks including delayed measurement results that often must be obtained after
some time in a laboratory. Additionally, the previously known methods are not specific with
respect to the measurement of local blood flow within the intestine and are believed to be
relatively unreliable.
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[0005] U.S. Patent Publication No. 2008/0319339 to Beute describes a balloon catheter
coupled to monitoring device for measuring blood flow within the gastrointestinal tract. The
catheter includes a sensor disposed on the balloon to produce a signal corresponding to
pressure or pressure changes.

[0006] U.S. Patent No. 7,618,376 to Kimball describes a device for assessing the degree of
systemic perfusion in a patient, and includes a Doppler blood flow sensor configured for
placement in the upper gastrointestina tract and a blood pressure monitor. The device
requires the measurement of blood pressure for assessing the degree of systemic perfusion.

[0007] In view of the foregoing, it would be desirable to provide a system, and methods of
using the same, for non-invasively measuring blood flow within the gastrointestinal tract
accurately and in real time.

V. Summary Of The Invention

[0008] The present invention overcomes the drawbacks of previously-known systems by
providing a blood flow measurement system for measuring gastrointestinal blood flow that
may be used as an indication of circulatory, septic, and hypovolemic shock, as well as other
situations resulting in hypoperfusion of the gastrointestinal tract. The blood flow
measurement may include measurements indicating the amount of red blood cells carrying
oxygen in the blood to ensure tissue oxygenation and prevent ischemia resulting in
tissue/organ damage. The blood flow measurement system of the present invention includes a
catheter and a processor. The catheter is configured for placement within a gastrointestinal
tract of a patient and includes a distal end, a proximal end, an expandable member disposed
near the distal end, alumen extending between the proximal end and the expandable member,
and an optical sensor disposed adjacent to the expandable member and configured to generate
asignal indicative of blood flow within the gastrointestinal tract. The processor is operatively
coupled to the optical sensor and the expandable member. The processor may be configured
to control the optical sensor and to receive the signa from the optical sensor. The processor
may be further configured to control periodic inflation and deflation of the expandable
member.

[0009] A pump may be operatively coupled to the expandable member through the lumen
and to the processor, and the processor may be configured to cause pump to periodically
inflate and deflate the expandable member. In one embodiment, the blood measurement
system further includes a housing configured to house the processor and the pump. The
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system also may have avalve operatively coupled to the pump and configured to control gas
flow to the expandable member.

[0010] The optical sensor may include a diode and a photodiode. The diode may be
configured to emit light into the gastrointestinal tract and the photodiode may be configured to
receive the light reflected from the gastrointestinal tract. The optical sensor may be disposed
within or outside the expandable member.

[0011] Preferably, the blood flow measurement system includes measurement software
configured to run on a computer operatively coupled to the processor. The measurement
software may be configured to process the signal to calculate an area indicative of a blood
flow rate, e.g., perfusion rate, within the gastrointestinal tract, e.g., capillary blood flow to the
intestinal lining.

[0012] The system also may include an electrocardiogram (ECG) lead assembly
operatively coupled to the processor and configured to sense an ECG signal based on electrical
activity of aheart of the patient. The measurement software may determine an R-wave signa
based on the ECG signal.

[0013] The blood flow measurement system further may include a photoplethysmogram
(PPG) module operatively coupled to the processor and the optical sensor. The PPG module
may be configured to receive the signal from the optical sensor and to generate a PPG signa
based on the signal and to transmit the PPG signal to the processor. The measurement
software may receive the PPG signa and to determine a PPG segment based on the R-wave
signal. The measurement software is configured to calculate the area under the PPG segment
for calculating the blood flow rate within the gastrointestinal tract.

[0014] The blood flow measurement system of the present invention provides non-
invasive measurement of gut perfusion and/or gastrointestinal blood flow rate and may be
used, for example, on patients in an intensive care unit with arisk of shock aswell ashigh risk
surgical patients such as patients undergoing thoracic and/or abdomina surgery.

[0015] In accordance with one aspect of the present invention, a method for measuring
blood flow within a gastrointestinal tract of a patient is provided. The method may include
introducing an optical sensor into the gastrointestinal tract, generating a signal indicative of
blood flow within the gastrointestinal tract using the optical sensor, processing the signa to
generate a PPG signal, generating an ECG signal based electrical activity of a heart of the
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patient, determining a PPG segment of the PPG signa based on the ECG signal, and
measuring blood flow, e.g., gastrointestinal perfusion, within the gastrointestina tract based
on the PPG segment.

[0016] The optical sensor may be introduced on an expandable member having the optical
sensor disposed thereon and the expandable member may be disposed on a catheter.

[0017] The PPG segment may be determined by determining a starting point and an
ending point of the PPG signal based on the ECG signal. The blood flow within the
gastrointestinal tract may be measured based on an area below the PPG signa and above a
boundary line between the starting point and the ending point. The PPG segment of the PPG
signal may be determined based on an R-wave of the ECG signal.

V. Brief Description Of The Drawings

[0018] FIG. 1 depicts the components of an exemplary blood flow measurement system
constructed in accordance with the principles of the present invention.

[0019] FIGS. 2A and 2B are perspective views of a distal end of an exemplary catheter
suitable for use with the system of the present invention, in which FIG. 2B corresponds to
detail region 2B of FIG. 2A.

[0020] FIGS. 2C and 2D are, respectively, side and sectional views of the distal end of the
exemplary catheter of FIGS. 2A and 2B, in which FIG. 2D is a sectional view of line 2D-2D
of FIG. 2C.

[0021] FIG. 3 is a schematic diagram of the electrical and pumping components disposed
within ahousing in accordance with an exemplary embodiment of the present invention.

[0022] FIG. 4 illustrates an exemplary method for measuring blood flow in accordance
with the principles of the present invention.

[0023] FIG. 5 illustrates an exemplary graph showing an ECG signal having determined
R-waves marked thereon.

[0024] FIG. 6 depicts an exemplary graphic of an ECG signal and a PPG signal for
determining a starting point of a PPG segment in accordance with the principles of the present
invention.
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[0025] FIG. 7 illustrates an exemplary graph displaying an AC area and a DC area of a
PPG segment used for measuring blood flow in accordance with the principles of the present
invention.

[0026] FIG. 8A illustrates an aternative catheter for use in a blood flow measurement
system constructed in accordance with the principles of the present invention.

[0027] FIGS. 8B and 8C are, respectively, perspective and side views of the distal end of
the alternative catheter of FIG. 8A.

[0028] FIGS. 9A and 9B are perspective views of a distal end of another alternative
catheter for use in a blood flow measurement system constructed in accordance with the
principles of the present invention, in which FIG. 9A shows the expandable member in a
contracted state and FIG. 9B shows the expandable member in an expanded state.

[0029] FIG. 9C isaside view of the alternative catheter shown in FIG. 9B.

[0030] FIG. 10A illustrates a wireless assembly for use in a blood flow measurement
system constructed in accordance with the principles of the present invention.

[0031] FIGS. 10B and IOC are perspective views of the distal end of the wireless
assembly of FIG. 10A in acontracted state in FIG. 10B and in a deployed state in FIG. 10C.

[0032] FIGS. 11 and 12 depict exemplary graphs showings blood flow measured in
accordance with the principles of the present invention.

VI. Detailed Description Of The Invention

[0033] The blood flow measurement system of the present invention comprises devices for
measuring and calculating blood flow in abody region, such asthe gastrointestinal tract. The
devices disclosed herein may utilize a photoplethysmographic approach for measuring the
blood flow and, preferably, for measuring perfusion. In accordance with the principles of the
present invention, the blood flow measurement system may be optimized for predicting or
quickly detecting circulatory, septic, and hypovolemic shock, as well as other situations
resulting in hypoperfusion of the gastrointestinal tract. The blood flow measurement may
include measurements indicating the amount of red blood cells carrying oxygen in the blood to
ensure tissue oxygenation and prevent ischemia resulting in tissue/organ damage.
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[0034] Referring to FIG. 1, an overview of blood measurement system 10 of the present
invention isprovided. In FIG. 1, components of the system are not depicted to scale on either
a relative or absolute basis. Blood measurement system 10 comprises catheter 20,
electrocardiogram (ECG) lead assembly 50, processor housing 60, and software-based
measurement system 80. In the illustrated embodiment, measurement system 80 is installed
and run on a conventional laptop computer used by aclinician or hospital. Processor housing
60 may be coupled, either wirelessly or using a cable, to measurement system 80 such that
measurement system 80 may receive and transmit datato processor housing 60. In apreferred
embodiment, measurement system 80 is configured to calculate a blood flow rate in the
patient's gastrointestinal tract, such as a the capillary bed of the intestine lining, using data
received from processor housing 60 as described in further detail below. In one embodiment,
measurement system 80 is further configured to calculate a rate of perfusion within the
gastrointestinal tract. Asused herein, "perfusion” is defined as blood flow to a capillary bed.

[0035] Catheter 20 may include shaft 21, proximal end 22, distal end 23, expandable
member 24, inflation connector 25 on port 26, electrical connector 27 on port 28, sump
connector 29 on sump port 30, sump holes 31, feeding connector 32 on feeding port 33, and
feeding holes 34. Shaft 21 comprises a biocompatible tube and may be approximately 115-
125 cm in length and preferably 120 cm.

[0036] Expandable member 24 may be disposed near distal end 23 and is configured to
inflate to expand and to deflate to contract. Expandable member 24 may comprise a suitable
biocompatible materia as is known in the art and may be a conventional compliant or semi-
compliant balloon known in the art of balloon catheters. Expandable member 24 is coupled to
inflation connector 25 through port 26 and through a lumen within shaft 21. Inflation
connector 25 may be any connector suitable for connection to processor housing 60 for
delivering agas, e.g., air or carbon dioxide, to inflate expandable member 24. Asexplained in
further detail below, a sensor(s) may be disposed within or outside expandable member 24 for
sensing predetermined characteristics within the gastrointestinal tract such as blood flow,
pressure, and/or impedance.

[0037] Electrical connector 27 is coupled via port 28 to the sensor(s) via electrical cables
disposed within a lumen of shaft 21. While electrical connector 27 is illustratively shown
connected directly to processor housing 60, it should be understood that an extension cable
may be used to electrically couple the cables within electrical connector 27 to a processor in
processor housing 60. As described in further detail below, the electrical cables may be used
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to transmit asignal(s) indicative of sensed characteristics within the gastrointestinal tract such
asblood flow rate, pressure, and/or impedance.

[0038] Sump connector 29 is coupled via sump port 30 to sump holes 31 through alumen
within shaft 21. Sump holes 31 are disposed on shaft 21to facilitate placement of the holes
within the stomach. In one embodiment, the distal-most sump hole 31 is approximately 45-55
cm from the distal tip of catheter 20 and preferably 50 cm. Sump holes 31 are configured to
vent gas and/or liquid from the stomach, and sump connector 29 may be any connector
suitable for connection to a container (not shown) for receiving the vented gas and/or liquid.

[0039] Feeding connector 32 is coupled via feeding port 33 to feeding holes 34 through a
lumen within shaft 21. Feeding holes 34 are disposed on shaft 21 and may be distal to
expandable member 24. In one embodiment, the distal-most feeding hole 34 is approximately
1-2 cm from the distal tip of catheter 20 and preferably 1.5 cm. Feeding holes 34 are
configured to alow suitable food to be released into the duodenum for feeding the patient.
Feeding connector 32 may be any connector suitable for connection to a suitable container
(not shown) having the food disposed therein.

[0040] ECG lead assembly 50 may include main lead 51, ECG connector 52, plurality of
leads 53, and plurality of electrode connectors 54. ECG lead assembly 50 is configured to
sense an ECG signal based on electrical activity of the patient's heart sensed by electrodes on
electrode connectors 54, and may be a conventional ECG lead assembly known to one of
ordinary skill in the art. Leads 53 are each independently separable from main lead 51 to
facilitate placement of a respective electrode connector 54 at a predetermined body location.
While ECG lead assembly 50 illustratively includes four leads 53 and four electrode
connectors 54, the scope of the present invention is not limited thereto aswould be understood
to one of ordinary skill in the at. ECG connector 52 is a suitable connector configured
connection to an electrical port or to an electrical cable. While ECG connector 52 is
illustratively connected directly to processor housing 60, it should be understood that an
extension cable may be used to electrically couple ECG lead assembly 50 to a processor in
processor housing 60.

[0041] Processor housing 60 is configured to house the control circuitry as well as the
pump components for expanding and contracting the expandable member. As described in
further detail below, the control circuitry is coupled to the sensor(s) and pump components,
and includes memory for storing information from the sensor(s). Processor housing 60 aso
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preferably includes a data port, such as aUSB port, that permits the processor to be coupled to
measurement system 80 at a hospital or physician's office. Alternatively, processor housing
60 may include a wireless chip, e.g., conforming to the Bluetooth or IEEE 802.1 1 wireless
standards, thereby enabling the processor to communicate wirelessly with measurement
system 80.

[0042] Measurement system 80 is intended primarily for use by the clinician and
comprises software configured to run on a conventional laptop or desktop computer that
provides a user interface to components within processor housing 60. The software enables
the clinician to configure, monitor, and control operation of catheter 20, ECG lead assembly
50, and control circuitry and pump components within processor housing 60. As described in
further detail below, the software may be configured to process a signal indicative of blood
flow within a gastrointestinal tract to calculate an area indicative of a blood flow rate within
the gastrointestinal tract. In apreferred embodiment, measurement system 80 is configured to
allow aclinician to set initial parameters for controlling components within processor housing
60 and for starting and stopping measurements, and the components within processor housing
60 are configured to automatically run after measurement begins without the need for clinician
intervention.

[0043] Referring now to FIGS. 2A through 2D, exemplary catheter 20 constructed in
accordance with the principles of the present invention is described. Catheter 20 includes
expandable member 24 having optical sensor 35 disposed therein. While optical sensor 35 is
illustratively disposed within expandable member 24, it should be understood that optical
sensor 35 may be disposed outside expandable member 24. Optical sensor 35 may be
configured to generate a signa indicative of blood flow, eg., perfusion, within a
gastrointestinal tract of a patient and may include diode 36, photodiode 37, and optional
barrier 38. Diode 36 is configured to emit light, eg., non-visible infrared light, a a body
portion, e.g., gastrointestinal tract, and may be alight emitting diode (LED). The emitted light
is absorbed at the body portion based on the blood volume at the body portion. Photodiode 37
may be a silicon photodiode and is configured to receive backscattered light reflected from the
body portion. The backscattered light corresponds with the variation in blood volume.
Optional barrier 38 is disposed between diode 36 and photodiode 37 and is configured to
minimize optical crosstalk between diode 36 and photodiode 37 by blocking light emitted
from diode 36. Optical sensor cable 39 is configured to transmit the signal from optical sensor
35 to control circuitry within processor housing 60.



WO 2013/127819 PCT/EP2013/053878

[0044] Catheter 20 may include cable lumen 40, inflation lumen 41, sump lumen 42, and
feeding lumen 43. Cable lumen 40 is configured to receive optical sensor cable 39 and may
extend within shaft 2 1 between expandable member 24 and a lumen within port 28 shown in
FIG. 1. Inflation lumen 41 is configured to allow gas to pass therethrough and may extend
within shaft 21 between expandable member 24 and alumen within port 26 shown in FIG. 1.
Sump lumen 42 is configured to receive liquid and/or gas vented from the stomach and may
extend within shaft 21 between sump holes 31 and alumen within sump port 30 shown in FIG.
1. FIG. 2B illustratively depicts sump lumen 42 as extending to expandable member 24. In
this case, as would be understood by one of ordinary skill inthe art, sump lump 42 includes a
cap disposed distal to sump holes 31 to prevent liquid and/or gas from the stomach from
entering expandable member 24. Feeding lumen 43 is configured to receive food and may
extend within shaft 2 1 between feeding holes 34 and alumen within feeding port 33 shown in
FIG. 1.

[0045] Referring now to FIG. 3, a schematic depicting the functional blocks of
components within processor housing 60 of a first embodiment is described. Processor
housing 60 illustratively houses control circuitry and pumping components, including
processor 61 and pump 62. Pump 62 is configured pump gas, e.g., air or carbon dioxide, to
expandable member 24 to periodically inflate and deflate expandable member 24 as directed
by processor 61. Pump 62 pumps the gas to valves 63 through line 64. Valves 63 are
configured to open to allow the gas to pass therethrough and to close to prevent the gas from
passing as directed by processor 61. Gas that passes through valves 63 travels through line 65
to pressure sensor 66 and inflation port 67. Pressure sensor 66 is configured to measure
pressure within expandable member 24 and to measure intra-abdominal pressure (IAP) within
the patient when expandable member 24 is deflated, and to communicate the measured
pressure and the measured 1AP to processor 61. Inflation port 67 is configured to couple to
inflation connector 25 shown in FIG. 1to alow gas to pass from pump 62 to expandable
member 24.

[0046] Processor 61, illustratively the processor of a microcontroller, may include a
nonvolatile memory for storing electronic and pump control routines. Processor 61 is
electrically coupled to pump 62, valves 63, pressure sensor 66, photoplethysmogram (PPG)
module 69, ECG module 70, Joint Test Action Group (JTAG) port 72, data port 73, universal
asynchronous receiver/transmitter (UART) port 74, hardware switch 75, user interface 76, and
power unit 77. Processor 61 is configured to control electronics and pumping components
within processor housing 61 and to transmit data signals a computer having measurement
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software, e.g., measurement system 80. In one embodiment, processor 61 is a LPC2378
available fromNXP Semiconductors of Eindhoven, Netherlands.

[0047] PPG module 69 is electrically coupled to electrical port 68. Electrical port 68 is
configured to be coupled to electrical connector 27 shown in FIG. 1to transmit and receive
signals from optical sensor 35 shown in FIG. 2. PPG module 69 is configured to generate a
PPG signal based on the signal received from optical sensor 35 and to transmit the PPG signdl,
which may be used to reproduce waveforms produced by pulsating blood, to processor 61.
PPG module 69 may be configured to determine blood volume changes based on the signal
and the optical properties of tissue and blood at the measuring site. In one embodiment, PPG
module 69 is a ChipOx or Pulse Oximetry module available from Corscience of Erlangen,
Germany.

[0048] ECG module 70 is electrically coupled to ECG port 71. ECG port 71 is configured
to be coupled to ECG connector 52 shown in FIG. 1totransmit and receive signals from ECG
lead assembly 50. ECG module 69 is configured to receive an ECG signal from ECG lead
assembly 50 and to transmit the ECG signa to processor 61. In one embodiment, ECG
module 70 isaEMB1 module available from Corscience of Erlangen, Germany.

[0049] JTAG port 72 is any suitable port compliant with JTAG standards and is
configured to couple processor 61 to an external processor for debugging and programming
processor 61. Data port 73 is any suitable data port, such as a USB port, that permits
processor 61 to be coupled to an external computer having measurement software of the
present invention loaded thereon. UART port 74 is any suitable UART port configured to
connect processor 61to anetwork. Additionally, processor housing 60 may include awireless
chip, e.g., conforming to the Bluetooth or IEEE 802.1 1 wireless standards, thereby enabling
processor 61to communicate wirelessly.

[0050] Hardware switch 75 is a suitable switch(es) configured to alow a user to turn
components within processor housing 60, including processor 61, on and off. User interface
76 may be adisplay, preferably an OLED or LCD display, or aplurality of LEDs configured
to provide visual confirmation to auser that the components of processor housing are powered
and to display suitable messages such as error messages.

[0051] Power unit 77 may be a port to allow processor housing 61 to be plugged into a
convention 120V wall socket for powering components within the housing. Alternatively,
power unit 77 may be a suitable battery such as areplaceable battery or rechargeable battery
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and processor housing 60 may include circuitry for charging the rechargeable battery, and a
detachable power cord.

[0052] Referring now to FIGS. 1through 3, operation of blood measurement system 10 is
described. Catheter 20 and ECG lead assembly 50 are operatively coupled to processor
housing 60 and processor housing 60 is operatively coupled to measurement system 80.
Catheter 20 is orally inserted into a patient through the nose or mouth and into the
gastrointestinal tract through the esophagus and stomach. Using fluoroscopic, ultrasonic,
anatomic, or CT guidance, expandable member 24 is positioned at apredetermined site within
the gastrointestinal tract such asthe duodenum. Preferably, catheter 20 is configured such that
sump holes 31 are disposed within the stomach when expandable member 24 is disposed
within the duodenum. Before, during, or after catheter 20 insertion, electrode connectors 54 of
ECG lead assembly 50 may be placed on a suitable site of apatient, such asthe patient's chest,
to monitor electrical activity of the heart.

[0053] After suitable placement of catheter 20 and ECG lead assembly 50, a clinician may
input initial parameters into measurement system 80 and may use measurement system 80 to
direct processor 61 to begin measurement. Processor 61 then may direct pump 62 to inflate
expandable member 24 such that the outer surface of expandable member 24 contacts the
inner surface of the gastrointestinal tract site, e.g., intestinal wall of the duodenum. Processor
further may initiate processing of signals sensed by ECG lead assembly 50 and ECG module
70 to genereate an ECG signal based on electrical activity of the heart. The ECG signal may
be transmitted from ECG lead assembly 50 to and to processor 61. Processor 61 also may
direct optical sensor 35 to emit light and receive light reflected from the gastrointestinal tract
and to send asignal indicative of blood flow, e.g., perfusion, within the gastrointestinal tract to
PPG module 69 based on the reflected light. In one embodiment, the signal is indicative of the
blood flow rate corresponding to the gastrointestina perfusion rate, e.g., blood flow rate a a
capillary bed(s) within the intestinal lining. PPG module 69 then generates a PPG signal
based on the signa from optical sensor 35 and transmits the PPG signal to processor 61.
Processor 61 may further direct pump 62 to periodically deflate and inflate expandable
member 24 to continue to monitor blood flow within the gastrointestinal tract. Pressure sensor
66 may monitor pressure within expandable member 24 and intra abdominal pressure within
the patient. Advantageously, accurate placement of expandable member 24 and thus feeding
holes 34 in the duodenum or post pyloric may be confirmed using the PPG signal and/or the
pressure within expandable member 24 when inflated. Processor 61 may transmit data to
measurement system 80, e.g., using data port 73 or wirelessly, including datarelating to ECG
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measurement, optical sensor measurement, PPG measurement, and pressure sensor
measurement. The data may be used to measure blood flow and/or perfusion within the
gastrointestinal tract.

[0054] Referring now to FIG. 4, exemplary method 90 for measuring blood flow within
the gastrointestinal tract in accordance with the principles of the present invention is
described. Method 90 may be performed on a computer having measurement software, e.g.,
measurement system 80, downloaded thereon or implemented as aprogram product and stored
on atangible storage device such as machine-readable medium (e.g., tape, compact disk (CD),
digital versatile disk (DVD), blu-ray disk (BD), and so forth), externa nonvolatile memory
device, cloud storage, or other tangible storage medium. In one embodiment, the
measurement software comprises customized software. In another embodiment, the
measurement software is configured to run on a suitable commercialy available software
program such as Simulink™ and/or MATLAB™ available from MathWorks, Inc. of Natick,
M assachusetts.

[0055] At step 91, data is imported into the measurement software based on signas
received from processor 61 including the PPG signal and the ECG signal. The data from the
PPG signd is filtered using a suitable filter, such as a High-Pass Finite Impulse Response
(FIR) filter, to remove noise in the PPG signal, such as noise cause by distortion created by
mechanical ventilation or intestine peristalsis. The data then is synchronized to remove filter
delays and filter artifacts are removed. The PPG signal and the ECG signa may synchronized
relative totime a a suitable frequency, e.g., 100 Hz, using the measurement software.

[0056] The data based on the ECG signal is used to determine an R-wave signal at step 92.
The measurement software may determine the R-wave signal using a derivative based
algorithm. Referring to FIG. 5, a graph is illustrated depicting ECG signal 100 having
determined R-waves 101 marked thereon. R-waves 101 are used as a trigger to find PPG
segments.

[0057] Referring back to FIG. 4, the data based on the R-wave signal and the PPG signal
are used by the measurement software to determine a PPG segment of the PPG signal at step
93. The PPG signa is searched between two consecutive R-waves and the R-waves are used
to determine atime window in which to search for aminimum value of a segment of the PPG
signal. The minimum point on the PPG signal within the time window after the R-wave is
considered the starting point of PPG segment. The ending point of the PPG segment is where
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the next minimum point of the PPG signal is detected, which is also a starting point for the
next PPG segment. In one embodiment, the time between the starting point and the ending
point isthe time between pulse bests.

[0058] Referring now to FIG. 6, exemplary ECG signa 102 and PPG signal 104 for
determining a starting point of a PPG segment are described. ECG signal 102 includes R-
wave 103, determined as described above with respect to step 92. Time window 105 is
generated after R-wave 103 on PPG signa 104. The measurement software is configured to
determine minimum point 106 on PPG signal 104. Minimum point 106 is considered the
starting point of a PPG segment on PPG signal 104.

[0059] Referring again to FIG. 4, an area is calculated based on the PPG segment using
the measurement software in step 94. The area may include an AC area representative of gut
perfusion and a DC area representative of blood volume at the gastrointestinal tract site.
Referring to FIG. 7, calculation of AC area 111 and DC area 112 of PPG segment 110 is
described. To calculate AC area 111, boundary line 113 is drawn between two minimum
points 114 on PPG segment 110. AC area 111then is calculated asthe area of PPG segment
110 below PPG signa 115 and above boundary line 113 and between minimum points 114.
DC area 112 may be calculated as the area below boundary line 113 and above zero amplitude
line 116 and between minimum points 114.

[0060] To avoid any bias introduced by heart beat variability, a normalized area may be
calculated based on the area for the PPG segment by dividing the area by the time between the
starting point and the ending point. In FIG. 7, a normalized area of AC area 111 may be
calculated by dividing the AC area by the time between minimum points 114, illustratively:

AC Area 2Normalized = (AC Area 2)/(t2 - tl)

[0061] Additionally, anormalized area of DC area 112 may be calculated by dividing the
DC area by the time between minimum points 114, illustratively:

DC Area 2 Normalized = (DC Area 2)/(t2 - tl)

[0062] Referring back to FIG. 4, in step 95, the blood flow rate and/or perfusion rate
within the gastrointestinal tract are measured based on the area caculated for each PPG
segment using the measurement software. As described above, the area may include the AC
area and/or the DC area. Additional parameters may be used together with the area to
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caculate the blood flow and/or perfusion rates including the internal balloon pressure as
measured by pressure sensor 66, Sp02 value measured at PPG module 69, and/or aventilator
signal transmitted from a conventional ventilator system coupled to the patient and operatively
coupled to the measurement software. The measured blood flow and/or perfusion may be
displayed numerically and/or graphically on a suitable display, such as a display on the
computer running the measurement software, or print-out.

[0063] Referring now to FIGS. 8A through 8C, alternative catheter 20' for use in a blood
flow measurement system constructed in accordance with the principles of the present
invention is described. Catheter 20' may be substituted for catheter 20 of blood measurement
system 10 of FIG. 1. Catheter 20' is constructed substantially identically to catheter 20 of
FIG. 1, wherein like components are identified by like-primed reference numbers. Thus, for
example, shaft 21' in FIG. 8A corresponds to shaft 21 of FIG. 1, etc. Aswill be observed by
comparing FIGS. 1 and 8A through 8C, various expandable members may be disposed at
distal end 23 of catheter 20. For example, expandable member 24 is disposed near distal end
23 of catheter 20 in FIG. 1. However, in FIGS. 8A through 8C, expandable member 120 is
disposed near distal end 23' of catheter 20'. Expandable member 120 is atube-shaped balloon
having aperture 121 extending therethrough. Aperture 121 is configured to allow gastric fluid
to pass therethrough when catheter 20' is deployed within the gastrointestina tract and
expandable member 120 is expanded/inflated. = Advantageously, catheter 20' alows for
extended expansion of expandable member 120 without the need to periodicaly
contract/deflate expandable member 120.

[0064] Referring now to FIGS. 9A through 9C, another aternative catheter 20" for use in
ablood flow measurement system constructed in accordance with the principles of the present
invention is described. Catheter 20" may be substituted for catheter 20 of blood measurement
system 10 of FIG. 1. Catheter 20" is constructed substantially identically to catheter 20 of
FIG. 1, wherein like components are identified by like-primed reference numbers. Thus, for
example, shaft 21" in FIGS 9A through 9C corresponds to shaft 21 of FIG. 1, etc. Aswill be
observed by comparing FIGS. 1 and 9A through 9C, various expandable members may be
disposed at distal end 23 of catheter 20.

[0065] Expandable member 130 is disposed on shaft 21" and comprises a pluraity of
through-wall longitudinal dlits 131 defining struts 132. Illustratively, optical sensor 35" is
disposed on an outer surface of strut 132, although optical sensor 35" may be disposed on an
inner surface of strut 132 and strut 132 may be sufficiently transparent to allow light emitted
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from optical sensor and reflected from the gastrointestinal tract to pass therethrough. In one
embodiment, catheter 20" includes a balloon disposed within expandable member 130
configured to inflate to expand expandable member 130 and deflate to contract expandable
member 130. In another embodiment, expandable member 130 comprises a shape-memory
alloy, such asnitinol, which has been processed to assume an expanded, deployed state when
gjected from adelivery sheath (not shown). In this embodiment, aswill be apparent to one of
ordinary skill in the art, the blood measurement system would not require inflation
components, such as pumps, valves, inflation ports and lumens, etc. Preferably, expandable
member 130 is configured and sized such that optical sensor 35" and/or the outer surface of
expandable member 130 contact the inner surface of the gastrointestinal tract site, e.g.,
intestinal wall of the duodenum, when expanded. As depicted in FIGS. 9A through 9C,
expandable member 130 illustratively includes a plurality of longitudinal dlits disposed
circumferentially around expandable member 130 to define aplurality of self-expanding struts
132. The non-dlitted proxima portion 133 and distal portion 134 form capture rings.
Ilustratively, expandable member 130 includes nine dlits defining ten self-expanding struts.

[0066] In one embodiment, expandable member 130 is fixed on shaft 21". In an
alternative embodiment, proximal portion 133 and distal portion 134 permit shaft 21" to freely
trandate and rotate relative to expandable member 130, without disturbing the location of
optical sensor 35" within the gastrointestinal tract. In this embodiment, shaft 21" includes
distal stop 135 against which capture ring 134 abuts to limit distal movement of the filter
along shaft 21", and optionally may include a proxima stop (not shown) against which
proximal capture ring 133 may abut to limit proximal movement.

[0067] Advantageously, because struts 132 and capture rings 133 and 134 may be
integrally formed from a single tubular segment, the overall diameter of the expandable
member in the contracted delivery diameter may be smaller that obtainable using separately-
formed struts. Also, because aportion of struts 132 lie flush against the gastrointestina tract
site when deployed, the struts facilitate self-centering and alignment. In addition, the number
of separate parts employed in the design, and thus the assembly time and manufacturing cost
of the device, are substantially reduced.

[0068] While the embodiment of FIGS. 9 illustratively includes nine dlits 131 defining ten
struts 132, more or less dlits (and thus struts) may used, aswill be apparent to one of ordinary
skill in the art. Moreover, while in the depicted embodiment the longitudinal dlits are spaced
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equi-distant apart around the circumference of expandable member 130 to form equal-width
struts, other arrangements may be desirable for specific applications.

[0069] Referring now to FIGS. 10A through 10C, wireless assembly 140 for use in ablood
flow measurement system constructed in accordance with the principles of the present
invention is described. Wireless assembly 140 may be substituted for catheter 20 of blood
measurement system 10 of FIG. 1. Wireless assembly 140 includes sheath 141 having
proximal end 142, dista end 143, and a lumen extending therebetween, wire 145 having
proximal end 146 and distal end 147, and wireless transmitter 150. Wire 145 is configured to
be disposed within the lumen of sheath 141. Wire 145 further includes expandable member
148, illustratively a stent, optical sensor 141 and optical sensor cable 152. Preferably,
expandable member 148 is coupled to wire 145 near distal end 147 and comprises aresilient
alloy, such as spring steel or nitinol, which has been processed to transition from a contracted,
delivery state within sheath 141 asillustrated in FIG. 10B to an expanded, deployed state as
illustrated in FIGS. 10A and IOC when sheath 141 is moved proximally past expandable
member 148. In apreferred embodiment, expandable member 148 is configured so that it is
capable of expanding and contracting radially to retain optical sensor 151 in apposition to the
intestinal wall even when the intestinal diameter fluctuates due to peristalsis. Optical sensor
151 is configured in substantially the same manner as optical sensor 35 and, thus, further
description is omitted. Optical sensor cable 152 is configured to transmit the signal from
optical sensor 151 to circuitry within wireless transmitter 150. Wireless transmitter 150 is a
suitable transmitter that includes a wireless chip, e.g., conforming to the Bluetooth or IEEE
802.11 wireless standards, thereby enabling wireless transmitter 150 to communicate
wirelessly. Wireless transmitter 150 is configured to wirelessdy transmit the signal from
optical sensor 151 to control circuitry within processor housing 60 of FIG. 1. Wireless
transmitter may be placed on a suitable site, such as taped to the patient's upper chest.

[0070] To secure sheath 141 in place after deployment of expandable member 141, sheath
may include threads 144, or other suitable fixation device, disposed at dista end 142 and
configured to be screwed into receptacle 149 disposed adjacent to, or optionaly within,
wireless transmitter 150.

[0071] In the embodiments illustrated in FIGS. 10A through 10C, as will be apparent to
one of ordinary skill in the art, the blood measurement system would not require inflation
components, such as pumps, valves, inflation ports and lumens, etc. and a wireless receiver
would be disposed within the processor housing rather than an electrical port. Preferably,
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expandable member 148 is configured and sized such that optical sensor 151 and/or the outer
surface of expandable member 148 contact the inner surface of the gastrointestinal tract site,
e.g., intestina wall of the duodenum, when expanded.

Examples

[0072] FIG. 11is a graph comparing mesenteric artery (MA) blood flow of an animal
measured by a commercialy available apparatus to MA blood flow measured using AC area
calculated in accordance with the principles of the present invention. MA flow, illustratively a
dotted line, was measured using a Doppler flow probe available from Transonic Systems, Inc
of Ithaca, New York. Blood flow measured in accordance with the principles of the present
invention is illustratively a solid line. The blood flow was measured for over three hours,
during which time the state of the animal was atered by administering various drugs for
vasodilation and vasoconstriction, by causing bleeding, and by causing reperfusion of blood.
During the three hours, the balloon having the optical sensor disposed therein was deflated
every five minutes to allow gastric fluid to pass and to allow for IAP measurement. The
deflation of the balloon moved the optical sensor from the intestinal wall which caused a drop
in the blood measurement shown by the solid line in FIG. 11. Generaly, the blood flow
measured using the principles of the present invention correlates well to the blood flow
measured using commercialy available apparatus.

[0073] FIG. 12 is a graph comparing MA blood flow of another animal measured by a
commercially available apparatus to MA blood flow measured using AC area calculated in
accordance with the principles of the present invention. The steps for measurement were
similar to the steps described above with respect to FIG. 11, and thus will not be described in
detail. Again, generally, the blood flow measured using the principles of the present invention
correlates well to the blood flow measured using commercially available apparatus.

[0074] While various illustrative embodiments of the invention are described above, it will
be apparent to one skilled in the art that various changes and modifications may be made
therein without departing from the invention. The appended claims are intended to cover al
such changes and modifications that fall within the true scope of the invention.



WO 2013/127819 PCT/EP2013/053878

18

CLAIMS

1 A blood flow measurement system, comprising:
a catheter configured for placement within a gastrointestinal tract of a patient, the
catheter comprising:
adistal end,
aproximal end,
an expandable member disposed near the distal end,
alumen extending between the proximal end and the expandable member, and
an optical sensor disposed adjacent to the expandable member, the optical
sensor configured to generate a signal indicative of blood flow within the
gastrointestinal tract; and
aprocessor operatively coupled to the optical sensor and the expandable member, the
processor configured to control the optical sensor and to receive the signal, the processor
further configured to control periodic inflation and deflation of the expandable member.

2. The blood flow measurement system of claim 1, further comprising a pump
operatively coupled to the expandable member through the lumen and to the processor,
wherein the processor is configured to cause pump to periodically inflate and deflate the
expandable member.

3. The blood flow measurement system of claim 2, further comprising a housing
configured to house the processor and the pump.

4. The blood flow measurement system of claim 2, further comprising a valve
operatively coupled to the pump, the valve configured to control gas flow to the expandable
member.

5. The blood flow measurement system of clam 1, further comprising
measurement software configured to run on a computer operatively coupled to the processor,
the measurement software configured to process the signal to calculate an area indicative of a
blood flow rate within the gastrointestinal tract.

6. The blood flow measurement system of clam 5, further comprising a
electrocardiogram (ECG) lead assembly operatively coupled to the processor, the ECG lead
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assembly configured to sense an ECG signal based on electrical activity of a heart of the
patient,

wherein the measurement software is further configured to determine an R-wave signal
based on the ECG signal.

7. The blood flow measurement system of clam 6, further comprising a
photoplethysmogram (PPG) module operatively coupled to the processor and the optical
sensor, wherein the PPG module is configured to receive the signal from the optical sensor and
to generate a PPG signal based on the signal and to transmit the PPG signal to the processor.

8. The blood flow measurement system of claim 7, wherein the measurement
software is further configured to receive the PPG signal and to determine a PPG segment
based on the R-wave signal.

9. The blood flow measurement system of claim 8, wherein the measurement
software is configured to calculate the area based on the PPG segment for measuring the blood
flow rate within the gastrointestinal tract.

10. The blood flow measurement system of clam 1, wherein the optical sensor is
disposed within the expandable member.

11.  The blood flow measurement system of claim 1, wherein the optical sensor is
disposed outside the expandable member.

12. The blood flow measurement system of claim 1, wherein the optical sensor
comprises a diode and a photodiode, the diode configured to emit light into the gastrointestinal
tract and the photodiode configured to receive the light reflected from the gastrointestinal tract.

13. The blood flow measurement system of clam 1, wherein the signal is
indicative of perfusion within the gastrointestinal tract

14. A method for measuring blood flow within a gastrointestinal tract of a patient,
the method comprising:
introducing an optical sensor into the gastrointestinal tract;
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generating a signal indicative of blood flow within the gastrointestinal tract using the
optical sensor;

processing the signal to generate a photoplethysmogram (PPG) signdl;

generating an electrocardiogram (ECG) signal based electrical activity of aheart of the
patient;

determining a PPG segment of the PPG signal based on the ECG signal; and

measuring blood flow within the gastrointestinal tract based on the PPG segment.

15. The method of claim 14, wherein introducing the optical sensor comprises
introducing an expandable member having the optical sensor disposed thereon.

16. The method of clam 15, wherein introducing the optical sensor further
comprises introducing a catheter having the expandable member disposed thereon.

17. The method of claim 14, wherein determining the PPG segment comprises
determining a starting point and an ending point of the PPG signal based on the ECG signal.

18. The method of claim 17, wherein measuring blood flow comprises measuring
blood flow within the gastrointestinal tract based on an areabelow the PPG signal and above a
boundary line between the starting point and the ending point.

19. The method of clam 14, further comprising determining an R-wave of the
ECG signal, and

wherein determining the PPG segment comprises determining the PPG segment of the
PPG signal based on the R-wave.

20. The method of claim 14, wherein measuring blood flow comprises measuring
perfusion within the gastrointestinal tract based on the PPG segment.
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