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REMOTE PRESSURE SENSING SYSTEM AND METHOD

THEREOF

FIELD OF THE INVENTION

The present invention generally relates to medical system. Specifically,

the present invention relates to a remote sensing pressure of medical system.

BACKGROUND OF THE INVENTION

There are many examples of medical devices having distal portions for

inserting into subjects' bodies. For example, the distal portion of an endoscope is

advanced into a body lumen (such as the gastrointestinal tract) in order to

visualize and/or record an image from inside the lumen. A colonoscope is an

endoscope, a distal portion of which is inserted into the colon for visualizing

and/or recording an image of the colon.

PCT Publication WO 05/065044 to Cabiri et al., describes apparatus for

use with a biologically compatible fluid pressure source. The apparatus includes

an elongate carrier, adapted to be inserted through a proximal opening of a body

lumen, and a piston head coupled to a distal portion of the carrier. The piston

head is adapted to form a pressure seal with a wall of the lumen after the carrier

has been inserted into the lumen, and to be advanced distally through the body

lumen in response to pressure from the fluid pressure source. The apparatus is

configured to facilitate distal advancement of the piston head by facilitating

passage of fluid out of the lumen from a site within the lumen distal to the piston

head. The apparatus additionally includes an optical system, coupled to the

carrier in a vicinity of the distal portion, the optical system having distal and

proximal ends.

US Patent 4,306,446 to Fukuda describes apparatus for estimating the

locality of a leaking spot in a pipeline which conveys a fluid, the apparatus



comprising: a pair of detectors located on the pipeline at positions spaced from

each other by a certain distance and adapted to detect pressures and pressure

gradients at the respective positions; and an operating unit adapted to calculate

the locality of a leaking spot on the basis of the pressure gradients and mean

pressures as obtained by memory-holding the pressures.

US Patent 5,660,198 to Maclaren, describes a control system for

monitoring and regulating fluid pressure at a remote and/or potentially hazardous

location along the length of a fluid flow conduit, without requiring a pressure

sensor device at the remote site. The control system comprises a controller

responsive to fluid pressure and flow rate readings taken at a convenient and/or

safe location along the length of the flow conduit, to derive fluid pressure at the

remote site. The controller provides a display of the derived pressure and/or

operates a control valve at the safe site to regulate the pressure at the remote site.

GENERAL DESCRIPTION

There is a need in the art to provide a monitoring system for use with a

body of a subject for controlling operation of a medical device which is propelled

by fluid pressure through a body lumen, by monitoring and regulating fluid

pressure at a remote location from the body lumen, without requiring a pressure

sensor device to be placed within the body lumen.

It should be understood that generally, the distal portion of the medical

device of the kind specified being configured to be placed inside the subject's

body, has to be highly disinfected or sterile and preferably also disposable. To

control the operation of the medical device, the medical device may be coupled

to and operated by an external workstation. The workstation typically comprises

a control unit, which is typically a general-purpose CPU, and one or more

sources of fluid (i.e., liquid or gas) positive and/or negative pressure, as

described hereinbelow. When the source(s) of fluid is/are operated, the body

lumen and balloon(s) are inflated at predetermined pressures. To accurately

control the advancement of the medical device through the body lumen, such as



the gastrointestinal (GI) tract, the pressure inside the body lumen and within the

one or more balloons propelling the medical device has to be continuously

controlled.

Embodiments of the invention are described hereinbelow with reference to

the GI tract, but it is understood that these embodiments as well as the inventive

concept in general are not limited to use with the GI tract, and may be used for

other body lumens as well.

Generally, there are several well-known techniques associated with

mathematical equations, determining pressure at a remote site using at least one

pressure sensor. Theses techniques use also a flow rate sensor to calculate a

system flow coefficient, to thereby enabling meaningful use of the mathematical

equations.

The present invention eliminates the requirement of using any flow rate

sensor, which, if used, increases the overall error of the monitoring procedure. In

addition, once calibrated, there is no need to calculate the system flow coefficient

(Cv). According to the teachings of the present invention, the flow is taken into

account by a simple polynomial equation considering the resistance of the lines

leading to the remote site (piston head or auxiliary balloons). The pressure(s) are

measured at a "safe" site, outside the body of the subject (patient) and therefore,

the system and the method of the present invention provides a much easier, cost

effective and more accurate technique.

There is thus provided, in accordance with an embodiment of the present

invention, a monitoring system for use with a body of a subject, the system

comprising: a medical device, having a portion thereof configured to be placed

inside the subject's body, the portion of the medical device being configured to

be propelled by fluid pressure through a body lumen; at least two pressure

sensors accommodated remotely from the subject's body at two different spaced-

apart positions outside the subject's body and configured and operable to detect

pressure at the two spaced-apart remote positions; the at least two pressure

sensors being in fluid communication with at least one site inside the subject's



body, a relation between the pressure at the at least one site and the pressures at

the two spaced-apart remote positions being thereby indicative of the fluid

pressure at the at least one site.

In some embodiments, the system comprises a control unit for monitoring

and regulating fluid pressure at the at least one site; the control unit being

configured and operable to generate an output data indicative of a pressure level

at the at least one site, utilizing at least one model defining the relation between

the pressure at the at least one site the pressures detected at the two spaced-apart

remote positions. The model may utilize a relation between a pressure drop

across a resistor defined by a path inside the fluid communication connecting

between the at least two pressure sensors.

In some embodiments, the system comprises at least one tubular-like

member or conduit connecting between the at least two pressure sensors; the

tubular-like member being configured and operable as a flow resistor; the at least

two pressure sensors measuring a pressure drop across the resistor. It should be

noted that the tubular-like member cross-section does not necessarily have to be

circular.

The relation between the pressure at the at least one site and the pressures

at the two spaced-apart remote positions may be based on a mathematical

function including a polynomial equation taking into account the resistance of the

at least one tubular-like member. In an embodiment, the medical device is

disposable.

In an embodiment, the medical device is configured as a two-part device,

the two parts being attachable to one another, thereby enabling the part of the

device containing the portion which is to be placed inside the subject's body, to

be disposable.

In an embodiment, the control unit is integrated in an external

workstation. The workstation may comprise one or more fluid pressure sources

in fluid communication with the portion of the device. The one or more source of

fluid pressure source may be configured and operable to inflate the at least one



site at predetermined pressures. The medical device includes a guide member at

least partially insertable into a body lumen, the guide member including a first

passageway connectable to a source of fluid pressure, and at least one inflatable

balloon in fluid communication with the guide member. The at least one

inflatable balloon is configured and operable to propel the medical device in a

distal direction in the body lumen.

The inventors of the present invention have developed a system and

method to control the pressure inside the body lumen and within the one or more

balloons propelling the medical device outside the body lumen. The pressure

within inside the body lumen and within the one or more balloons is evaluated by

measuring and processing a pressure gradient on flow resistor being integrated

inside the workstation.

In some embodiments of the present invention, the two remote spaced-

apart positions are at the proximal and distal ends of a tubular-like member that

is disposed within the proximal portion of the device and that acts as a flow

resistor.

In some embodiments, the control unit generates, as the output data for the

pressure of the distal portion of the device, a value that varies linearly or non-

linearly with respect to an arithmetic difference between the pressures detected at

the two remote spaced-apart positions. For example, the pressure of the distal

portion of the device may be determined by multiplying by a calibration factor

the arithmetic difference between the pressures detected at the two remote spaced

apart positions, and/or the square of the arithmetic difference.

In some embodiments, the device is placed inside a GI tract lumen of the

subject. For example, the device may be a colonoscope.

In an embodiment, the pressure at the distal portion of the device is

substantially equal to a pressure of a portion of the subject's body, and the control

unit is configured to generate an output data indicative of the pressure of the

portion of the subject's body by generating the output data indicative of the

pressure at the distal portion of the device.



In an embodiment, the portion of the subject's body includes a colon of the

subject, and the control unit is configured to generate an output data indicative of

a pressure of the subject's colon by generating the output data indicative of the

pressure at the distal portion of the device.

In an embodiment, the system further includes one ore more source of

fluid pressure in fluid communication with the distal portion of the device,

configured to regulate the pressure at the distal portion of the device. In an

embodiment, one or more fluid pressure sources are configured to regulate the

pressure in the device in response to the output data.

It should be noted that the control unit may use one model when fluid is

moving in two different directions between the fluid pressure source and the

distal portion of the device and obtain accurate results. However, if needed, in an

embodiment, the control unit may be configured to generate the output data

utilizing two different models, when fluid is moving in two different directions

between the fluid pressure source and the distal portion of the device.

In an embodiment, the control unit is configured to switch between two

different models based on two different directions of fluid between the fluid

pressure source and the device.

In an embodiment, the device includes a piston head configured to: be

inflated so as to form and maintain a pressure seal with a wall of the GI tract

lumen, and be advanced distally through the GI tract in response to fluid pressure

from the fluid pressure source applied to an external surface of the piston head.

In an embodiment, the at least one site comprises at least one of the

followings: at least one inflatable balloon being configured and operable to

propel the medical device through the body lumen, a piston head propelling the

medical device through the body lumen; a portion of a body lumen.

In an embodiment, the control unit is configured to generate the output

data indicative of the pressure at the distal portion of the device, utilizing a model

based upon ratio between a resistance of the distal flow path to fluid flow, to a

resistance of the tube to fluid flow, when the a distal flow path is defined



between a portion of the device extending from the second position to the distal

portion of the device.

In an embodiment, the device includes a fluid pressure source, and the

distal portion of the device includes a distal end of a passageway, the passageway

being configured to convey fluid from the fluid pressure source into a body

lumen of the subject.

There is further provided, in accordance with an embodiment of the

present invention, a method for use in monitoring operation of a medical device

applicable to inside of a body of a subject, the method comprising: providing

fluid communication between two different remote spaced-apart positions

outside the subject's body and at least one site inside the subject's body; detecting

pressure at the two different remote spaced-apart positions; and analyzing the

pressure detected at the remote positions, determining a relation between them

being indicative of a pressure level at the at least one site, and generating an

output data indicative of the pressure level at the at least one site being remote

from the at least two positions.

In some embodiments, generating the output data indicative of the

pressure level comprises, utilizing at least one model defining the relation

between the pressure at the at least one site the pressures detected at the two

spaced-apart remote positions. The relation may be based on a mathematical

function including a polynomial equation taking into account the resistance of the

at least one tubular-like member.

In some embodiments, the method comprises inflating at least one site at

predetermined pressures.

In some embodiments, the method comprises identifying whether there is

laminar or turbulent fluid flow through the device.

In some embodiments, generating the output data indicative of the

pressure level comprises generating a value that varies linearly or non-linearly

with respect to an arithmetic difference between the pressures detected at the two

remote spaced apart positions.



In some embodiments, the method comprises providing a pressure drop

between the two remote positions, for example by providing the pressure drop

comprises placing a tubular-like member between the two remote positions.

In some embodiments, generating the output data comprises generating an

output data indicative of a pressure of a portion of the subject's body in which the

device is disposed. The portion of the subject's body may include a colon of the

subject.

In some embodiments, the method comprises regulating the pressure

within the device for example by regulating the pressure in response to the output

data.

In some embodiments, generating the output data comprises utilizing two

different models relating the pressure within the device to respective relations of

the pressures detected at the two remote positions, when fluid is moving in

respective two different directions between a fluid pressure source and the

device.

In some embodiments, generating the output data comprises determining a

direction of fluid flow, and changing the model that is utilized to generate the

output data accordingly.

In some embodiments, generating the output data indicative of the

pressure within the device comprises generating a value that varies with respect

to a square of the arithmetic difference between the pressures detected at the two

remote positions.

In some embodiments, placing the device inside the subject's body

comprises placing a distal portion of the device inside a gastrointestinal (GI) tract

lumen of the subject.

In some embodiments, the distal portion of the device includes a piston

head, and wherein placing the distal portion of the device inside the subject's GI

tract lumen comprises: inflating the piston head so as to form and maintain a

pressure seal with a wall of the GI tract lumen, and advancing the piston head



distally through the GI tract by applying, to an external surface of the piston

head, fluid pressure from a fluid pressure source.

In some embodiments, the device includes a distal end of a passageway

configured to convey fluid into a colon of the subject and wherein placing the

distal portion of the device inside the subject's GI tract lumen comprises placing

the distal portion of the passageway into the subject's colon and conveying fluid

into the subject's colon.

In some embodiments, the method comprises sealing a conduit connecting

between a fluid pressure source and the piston head to prevent fluid flow from

the fluid pressure source to the piston head, to thereby enabling measuring an

intra-abdominal pressure level. The method may comprise partially deflating the

piston head inside the subject's colon to increase the accuracy of the intra¬

abdominal pressure level measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to understand the invention and to see how it may be carried out

in practice, embodiments will now be described, by way of non-limiting example

only, with reference to the accompanying drawings, in which:

Fig. IA is a schematic simplified illustration of the monitoring system of

the present invention;

Fig. IB is a schematic simplified illustration of the same at the calibration

stage;

Fig. 2 is an example of a calibration chart used in the technique of the

present invention;

Fig. 3A is a schematic illustration of pressure sensors disposed in a

proximal portion of a device, in accordance with an embodiment of the present

invention;

Figs. 3B-3C are schematic illustrations of tubes that act as fluid-resistors,

in accordance with respective embodiments of the present invention;



Fig. 4 is a detailed schematic illustration of pressure sensors disposed in a

proximal portion of a device, in accordance with an embodiment of the present

invention;

Fig. 5 is a graph showing the pressure at the distal portion of a device,

determined experimentally in accordance with an embodiment of the present

invention;

Fig. 6 is a graph showing the pressure at the distal portion of a device,

determined experimentally in accordance with an alternative embodiment of the

present invention;

Fig. 7 is a graph showing the error associated with determining the

pressure at the distal portion of a device, in accordance with respective

embodiments of the present invention; and

Figs. 8-9 are graphs showing the pressure at the distal portion of a device,

determined experimentally in accordance with an alternative embodiment of the

present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

Generally, it should be understood that in a laminar flow, the flow rate is

determined according to Equation 1 wherein AP is the pressure gradient, R is the

resistance and Q is the flow rate.

APQ =— Equation 1

Reference is made to Fig. IA, illustrating a flow resistor 43 enclosed in

between two pressure sensors 40 and 42 measuring the pressure drop across the

resistor 43.

The flow rate is equal for each of the segments enclosing the flow

resistors 43 and 49 illustrated in Fig. IA. Thus:

R X Rl R\

where P and P2 are the pressure of the sensors pressure sensors 40 and 42

respectively; P3 is the pressure in the body lumen and/or in the disposable



device's balloons; R and R2 are the flow resistors' resistance of flow resistor 43

and 49 respectively.

In order to evaluate the pressure in the body lumen and/or in the

disposable device's balloons, the R2/R.1 ratio needs to be calculated.

Reference is made to Fig. I B illustrating a calibration set-up used to

calculate the resistance ratio and, if required, to calibrate each device prior to

operation. The calibration set-up comprises the system of Fig. IA, and a canister.

During the calibration process, the canister is pressurized to a certain pressure

and depressurized right after that, back to atmospheric pressure. The pressure

changes P1, P2 and P3 are measured by the sensors pressure sensors 40 and 42

and 41.

A two dimensional array of points is created when:

[x points, y points]=[PrP2 samples, P2-P3 samples].

A chart is then created using this array of points.

An example of calibration chart is provided in Fig. 2.

To extricate the resistance ratio R2/R1, a regression curve (linear) is fitted

with an array of points: y=ax+b, wherein a is estimated as the R2/R1 resistance

ratio. The pressure at the canister can be calculated as: P =P (P1-P2) .

For non-laminar flows or for higher accuracy, the method is extended as

follows: polynomial regression curves (2nd degree and higher) can be fitted for

the [PpP 2, P2-P3] array of points. Thus, the pressure at the canister can be

calculated as:

P3=P2-ai(P 1-P2)
i-a2(Pi-P 2)i 1-a3(P r P2)i 2 - (P1-P2), when i is equal to

the regression polynomial's degree.

Reference is now made to Figs. 3A-3C and 4, which are schematic

illustrations of a monitoring system 100 of the present invention for use with a

body of a subject. The system 100 comprises a medical device 20, having a

portion thereof configured to be placed inside the subject's body and two pressure

sensors 40 and 42 (in the present example) accommodated remotely from the

subject's body at two different spaced-apart positions outside the subject's body.



In this specific and non-limiting example, the pressure sensors 40 and 42 are

disposed in a proximal portion 26 of a medical device 20. In some embodiments,

the medical device 20 is disposable. The medical device 20 may also configured

as a two-part device, the two parts being attachable to one another, thereby

enabling the part of the device containing said portion which is to be placed

inside the subject's body, to be disposable.

The two pressure sensors 40 and 42 are configured and operable to detect

pressure at the two spaced-apart remote positions. In particular, first sensor 40 is

accommodated at a first position of proximal portion 26 of medical device 20 and

detects pressure Pi at the first position. Second sensor 42 is accommodated at a

second position of the proximal portion of the medical device and detects

pressure P2 at the second position.

The two pressure sensors 40 and 42 are in fluid communication with at

least one site inside the subject's body. By determining a relation between the

pressure at said at least one site and the pressures P and P at said two spaced-

apart remote positions, output data indicative of the fluid pressure at said at least

one site is obtained.

In some embodiments, the first position is at the proximal end of a

tubular-like member 43, and the second position is at the distal end of the

tubular-like member 43. A portion of the device extending from the second

position to the distal portion of the device actually defines a distal flow path. For

some applications, the tubular-like member connecting between the two pressure

sensors is shaped either as shown in Fig. 3B (i.e., as a coil), or as shown in Fig.

3C (i.e., as a venturi tube). The tubular-like member is configured and operable

as a flow resistor. The two pressure sensors 40 and 42 measure a pressure drop

across the resistor. The model utilizes then a relation between a pressure drop

across a resistor defined by a path inside the fluid communication connecting

between the two pressure sensors.

In accordance with respective embodiments of the invention, tubular-like

member (e.g. tube) 43 is a laminar flow resistor, causing laminar flow across the



tube, or tube 43 is a turbulent flow resistor, causing fluid flow through the tube to

be turbulent.

In a specific and non-limiting example, the tube 43 has a length of 278

mm and a diameter of 1.1 mm. The tube 49 has a length of 616 mm and a

diameter of 2.5 mm.

In some embodiments, the monitoring system comprises a control unit 25

for monitoring and regulating fluid pressure at at least one site. The control unit

25 is configured and operable to generate, an output data indicative of a pressure

level P 3 at a site inside the subject's body (e.g. distal portion 21 of the medical

device) and generates an output data indicative of the determined pressure by

utilizing a model defining a relation between the pressure P 3 to detected

pressures P and P 2 at the two spaced-apart remote positions. In accordance with

some embodiments of the invention, fluid flow through the device is laminar or

turbulent. In some embodiments, control unit 25 is configured and operable to

generate, an output data indicative of a pressure level P 3 , such that the value of

the output data varies linearly with respect to an arithmetic difference between

the pressures P j and P 2 - The relation between the pressure at one site (P ) and the

pressures at said two spaced-apart remote positions (Pj and P 2) is based on

mathematical function including a polynomial equation taking into account the

resistance of the tubular-like member. For example, pressure P 3 may be

determined from detected pressures P and P , in accordance with Equation 2.

P 3 P 2 - Ci(P2-Pi) + b (Equation 2)

where a and b are calibration factors, which are determined by performing

calibration experiments on the device, before the distal portion of the device is

placed inside the subject's body (e.g., at the time of manufacture).

Alternatively, the control unit generates an output data indicative of a

pressure P 3 such that the value of the output data varies non-linearly with respect

to an arithmetic difference between the pressures P and P 2 . For example,

pressure P 3 may be determined from detected pressures P 1 and P 2 , in accordance

with Equation 3.



P3 = P2 - C(P2-Pi) - d(P2-Pi)Λ2 + e (Equation 3)

where c, d and e are calibration factors, which are determined by

performing calibration experiments on the device, before the distal portion of the

device is placed inside the subject's body.

In some embodiments, the monitoring system comprises a workstation 44

including control unit 25, which is typically a general-purpose CPU, and one or

more sources of fluid 32 and 35 (i.e., liquid or gas) positive and/or negative

pressure, as described hereinbelow. In some embodiments, fluid pressure sources

32 and 35 are in fluid communication with the portion of the device inside the

subject's body, and control unit 25 are integrated/disposed inside the external

workstation 44. Fluid is supplied to passageway 29 from fluid pressure source

32, via a first conduit 46, and to passageway 34, from fluid pressure source 35,

via a second conduit 48. Fluid pressure sources 32 and 35 are configured and

operable to inflate at least one site within the subject's body at predetermined

pressures. First pressure sensor 40 is accommodated (e.g., attached) to a first

position within conduit 48 at proximity of fluid pressure source 35. Pressure

sensor 40 detects pressure P at the first position. Second pressure sensor 42 is

accommodated (e.g., attached) to a second position within passageway conduit

48 and detects pressure P2 at the second position at proximity of fluid pressure

source 32. Control unit 25 determines pressure P3 at one site 21 based upon

detected pressures P and P2, as described hereinabove.

In some embodiments, and as described hereinabove, the sensors (40 and

42) are disposed at first and second ends of tube 43, which acts as a flow resistor.

Tube 43 is a continuation of conduit 48.

In some embodiments, tube 43 comprises a coiled portion of conduit 48,

as shown in Fig. 3B, that is disposed inside workstation 44. In a specific and

non-limiting example, the length L (shown in Fig. 3A) of the coil may be is the

range of about 4 m to 8 m, e.g., 5.5 m to 6.5 m, and the inner diameter D of the

coil may be is the range of about 3 mm to 5 mm (which is the same as the inner

diameter of conduit 48).



For some applications, tube 43 comprises a venturi tube, as shown in Fig.

3C. In a specific and non-limiting example the venturi tube has a length in the

range of about 15 mm to 30 mm (e.g., 20 mm to 25 mm), the minimum inner

diameter D of the tube being 0.5 mm to 1.5 mm (e.g., 1 mm). For some

applications, an angle alpha, defined by the curvature of the venturi tube, is 5

degrees to 25 degrees, e.g., 12 degrees to 18 degrees.

The ratio of the resistance to fluid flow of a portion of the device between

second sensor 42 and distal portion 21, to the resistance of tube 43 to fluid flow

may be determined for each different configurations of the used device. Data

indicative of the pressure at the distal portion of the device may be determined

utilizing a model based upon the ratio between the resistance of a distal flow path

(a portion of the device extending from the second position to the distal portion

of the device) to fluid flow and the resistance of the tube to fluid flow. Generally,

it should be noted that if the lower the ratio is, the error level is decreased. This

can usually be achieved for the auxiliary channel (conduit 48) wherein the ratio is

calculated between the resistance to fluid flow of a portion of the device between

sensor 47 and the distal end of passageway 29, to the resistance of tube 49 to

fluid flow. The ratio of the resistance to fluid flow of a portion of the device

between second sensor 42 and distal portion 21, to the resistance of tube 43 ratio

is usually higher and was found to be even 4:1, but this ratio can change if the

configuration of the device or the workstation change.

For example, the ratio of the resistance to fluid flow of a portion of the

device between second sensor 42 and distal portion 21, to the resistance of tube

43 to fluid flow, is between 1:5 and 5:1. For some applications, the

aforementioned ratio is determined before the distal portion of the device is

inserted into the subject's body. Subsequently, when the distal portion of the

device is inserted into the subject's body, control unit 25 determines pressure P3

utilizing a model relating pressure P3 to the detected pressures P] and P2, and the

predetermined ratio.



Tube 43 may be selected such that the pressure drop across the tube is not

so large as to inhibit the functionality of the device by restricting fluid flow to the

distal portion. For example, the aforementioned ratio is not less than 1.5:1.

Conversely, the tube may be selected such that the pressure drop across the tube

is great enough that the aforementioned ratio is not more than a given threshold,

for example, 2.5:1. It should be understood that selecting a tube such that the

aforementioned ratio is significantly more than 2.5:1 would result in a larger

error in the calculation of pressure P3 of the distal portion of the device, as a

result of even small errors in the calculation of the pressure drop across the tube.

Therefore, for example, the aforementioned ratio is between 1.5:1 and 2.5:1.

In some embodiments, control unit 25 dynamically determines the

pressure of distal portion 21, in accordance with the techniques described

hereinabove, while pressure source 35 regulates the pressure within the site 21.

Fluid pressure source 35 regulates the fluid pressure within the site 21 in

response to the determined pressure P3. Although not represented in the figure,

site 21 may include an inflatable balloon or a piston head as described in PCT

Publication WO 05/065044 to Cabiri et al. Fluid flows through conduit 48 in a

distal direction, when the site (e.g. piston head) is being inflated, and in a

proximal direction, when the site (e.g. piston head) is being deflated.

In some embodiments, control unit 25 determines pressure P3 using the

same mathematical model (e.g., using a set of calibration factors) when the fluid

is flowing in the distal direction, and in the proximal direction.

In other embodiments, control unit 25 determines pressure P3 using a first

mathematical model (e.g., using a first set of calibration factors) when the fluid is

flowing in the distal direction, and using a second mathematical model (e.g.,

using a second set of calibration factors) when the fluid is flowing in the

proximal direction. The control unit 25 may utilize respective models for

determining pressure P3, when fluid is flowing through conduit 48 in respective

directions, in order to account for fluid flow dynamics within the tube, which

vary depending on the direction in which the fluid is flowing.



In some embodiments, the direction of fluid flow through conduit 48

changes rapidly, for example, every 100 ms, and control unit 25 rapidly changes

the mathematical model that it utilizes to determine P3, in response to the rapid

change in the direction of fluid flow.

In some embodiments, the direction of the fluid flow may change rapidly

as part of a control loop for controlling the pressure inside the site (e.g. piston

head). In some embodiments, the control unit 25 detects a change in the

direction of the fluid flow. For example, the control unit 25 may detect that

pressure P1 changes from being greater than pressure P2 (indicating that fluid is

flowing distally) to being less than pressure P (indicating that fluid is flowing

proximally). In response to detecting the change in the direction of the fluid flow,

the control unit 25 stops utilizing a first mathematical model, and starts utilizing

a second mathematical model to determine pressure P3.

In some embodiments, medical device 20 is a colonoscope, and comprises

a piston head. In such embodiments, the piston head, and other portions of the

monitoring system described herein, are generally similar to the piston head and

system described in PCT Publication WO 05/065044 to Cabiri et al.

In some embodiments, the medical device 20 includes a guide member 31

at least partially insertable into a lumen of a subject's body, for example, a GI

tract lumen 24. An elongate carrier 28 is inserted into the lumen. An image-

capturing device 30 (shown in Fig. 4) is mounted on carrier 28 distal to piston

head 21.

Guide member 31 is formed with a first passageway 29 connected to a

fluid pressure source 32, which is a source of a pressurized biologically-

compatible fluid, such as but not limited to, a source of pressurized air, CO2 or

water. Guide member 31 may include at least one inflatable balloon in fluid

communication with the guide member 31.

In some embodiments, the site inside the subject's body comprises at least

one of the followings: at least one inflatable balloon being configured and

operable to propel the medical device through the body lumen, a piston head



propelling the medical device through the body lumen, or a portion of a body

lumen.

In some embodiments, the medical device 20 include at least one auxiliary

inflatable balloon or piston head, which may be fixed axially to the carrier 28 at a

fixed or variable distance from the first-mentioned piston head or inflatable

balloon. The carrier 28 may then include a third passageway in fluid

communication with the auxiliary piston head, which may be connected to a

source of fluid pressure for inflating the auxiliary piston head. There is then

provided an additional pair of pressure sensor is in fluid communication with the

auxiliary inflatable balloon or piston head accommodated at two different

spaced-apart positions outside the subject's body and configured and operable to

detect pressure at the two spaced-apart remote positions. The monitoring system

of the present invention enables to determine an additional relation between the

pressure at the auxiliary inflatable balloon or piston head and the pressures at the

two spaced-apart remote positions being thereby indicative of the fluid pressure

at the auxiliary inflatable balloon or piston head.

Carrier 28 may include a second passageway 34 (shown in Fig. 4) in fluid

communication with site 21 (e.g. piston head), connected to a fluid pressure

source 35, which is a source of fluid pressure for inflating site 21 (e.g. piston

head). For some applications, the fluid pressure source 35 is regulated to

maintain a generally constant pressure within site 21 (e.g. piston head),

regardless of changes of volume of the piston head which occur in response to

diameter changes of GI tract lumen 24.

As described in the '044 PCT publication, piston head 21 is typically

advanced through the GI tract by applying pressure to the piston head, by passing

fluid (e.g., air) into the portion of the GI tract that is proximal to the piston head,

via passageway 29. During advancement of the piston head, a vent tube 38

(shown in Fig. 4) vents to the outside (i.e., to proximal to guide member 31) the

pressure that accumulates due to the advancement of the piston head. The piston

head is typically withdrawn proximally through the GI tract by creating a



pressure difference in a reverse manner, to actively propel piston head 21

together with carrier 28 proximally. Pressurized fluid (e.g., air) from a further

fluid pressure source is introduced to the distal side of piston head 21, via a

pressure-application tube passing through or around piston head 21. Optionally,

vent tube 38 serves as the pressure-application tube during withdrawal. The

pressurized fluid creates greater fluid pressure acting on the distal side of piston

head 21 than on the proximal side of piston head 21, thereby proximally

propelling the piston head and the carrier. During the advancement and/or the

withdrawal of the piston head through the GI tract, imaging device 30 images the

GI tract.

An experiment conducted by the inventors, in which pressure of a piston

head was estimated while the direction of fluid flow to the piston head was

rapidly changed, is described hereinbelow, with reference to Figs. 8 and 9.

In some embodiments, control unit 25 is used as an intra-abdominal

pressure sensor, for example to determine that the pressure applied proximal to

the piston head is not so great as to injure the subject. Additionally, knowing the

intra-abdominal pressure indicates the minimum pressure that is useful to apply

to the outer surface of the piston head in order to advance or withdraw the piston

head (when the pressure is applied to the proximal or distal outer surface of the

piston head, respectively).

To use the piston head as part of an intra-abdominal pressure sensor, the

proximal end of conduit 48 is sealed, so that there is no fluid flow from fluid

pressure source 35 to the piston head 21. This may be confirmed by checking that

pressure P1 detected by sensor 40 is equal to pressure P2 detected by sensor 42. If

there is no fluid flow, then the pressure inside the piston head 21 is substantially

equal to the subject's intra-abdominal pressure. In some embodiments, before the

proximal end of conduit 48 is sealed, the piston head 21 is partially deflated

inside the subject's colon. Partially deflating the piston head 21 increases the

accuracy of the intra-abdominal pressure measurement.



As an alternative or in addition to the above described embodiments, first

and second pressure sensors (40 and 42) are placed in a different tube of the

colonoscope described in the '044 publication. For example, as shown in Figs.

3A and 4, sensors 45 and 47 may be placed at either end of a tube 49 that is a

continuation of conduit 46. Sensors 45 and 47 determine a pressure P4 (shown in

Fig. 3A) of a portion of the subject's lumen, using the techniques described

herein. In all other aspects, sensors 45 and 47 and tube 49 are generally similar

to sensors 40 and 42 and tube 43 respectively.

For example, the ratio of the resistance to fluid flow of a portion of the

device between sensor 47 and the distal end of passageway 29, to the resistance

of tube 49 to fluid flow, is between 1:5 and 5:1. For some applications, the

aforementioned ratio is determined before the distal portion end of passageway

29 is inserted into the subject's colon. Subsequently, when the distal end of

passageway 29 is inserted into the subject's colon, control unit 25 determines

pressure P4 utilizing a model relating pressure P4 to a mathematical function of

the pressures detected by sensors 45 and 47, and the predetermined ratio. Tube

49 is selected such that the aforementioned ratio is about 1:1, in order for tube 49

not to limit fluid flow by too great an amount, while still creating a pressure drop

across the tube. In some embodiments, tube 49 is selected such that the pressure

drop across the tube is greater than the pressure drop of a portion of the device

between sensor 47 and the distal end of passageway 29. For example, the

aforementioned ratio may be between 1:1.7 and 1:2.3.

Although embodiments are described herein, in which device 20 is a

colonoscope, and distal portion 21 of the device is a piston head, the scope of the

present invention and the claims includes using the system and methods

described herein with any device having a proximal portion and a distal portion,

the distal portion being configured to be placed within a subject's body. For

example, the scope of the present invention includes using the system and

methods described herein with any colonoscopes, endoscopes, catheters, or other



medical devices that are known in the art and that have a distal portion for

inserting into a subject's body.

Reference is now made to Fig. 5, which is a graph showing pressure P3 at

the distal portion of a device, determined in accordance with an embodiment of

the present invention. Pressures P and P2 were detected at respective positions

within the proximal portion of a colonoscope. The colonoscope was as described

in PCT Publication WO 05/065044, and pressures P and P2 were detected using

techniques described hereinabove. The experiment was conducted while the

piston head was in a simulated environment of a body lumen. The piston head

was advanced through a Perspex™ tube, and a pressure sensor was placed inside

the piston head to determine the actual pressure of the piston head. The length of

the passageway that supplied the piston head was 2.5 m, and its diameter was 1.2

mm. A resistor tube was attached to the proximal end of the passageway, the

resistor tube having a length of 2 m and a diameter of 1.8 mm. First and second

pressure sensors were placed at the proximal and distal ends of the resistor tube.

P and P2 were measured while fluid was supplied to the piston head at a number

of different flow rates. In addition, pressure P3 of the piston head of the

colonoscope was measured using a pressure sensor disposed within the piston

head, to give P3-measured, for each of the flow rates.

In addition, pressure P3 within the piston head of the colonoscope was

estimated to give LP3-est, using the above-mentioned linear Equation 1:

where the calibration factors a and b were determined by respectively

determining the gradient and the y-intercept of a graph of (P2 - /Vmeasured)

against (P1-P2).

Fig. 5 shows plots of the following data sets versus the flow rate (in liters

per minute) of fluid into the piston head:

P1: detected pressure P1;

P2: detected pressure P2;

P12 : (Pi-P2)



P3-measured: P3 as measured by a pressure detector inside the piston

head;

P23 - (P2 ^-measured);

LP -est:P3 as estimated using Equation 1;

LP^-est error the difference between P3 as measured (P3-measured) and

P3 as estimated using Equation 1, i.e., the error associated with LP3-est.

As is seen in Fig. 5, LP3-est is quite close to P3-measured, and the error in

the estimate (LP3-est error) is generally close to zero.

Reference is now made to Fig. 6, which is a graph showing pressure P3 at

the distal portion of a device, determined in accordance with an alternative

embodiment of the present invention. The measured data for the graph of Fig. 6

are the same as the measured data for that of Fig. 5. The measured data were

processed to provide data set NLP3-est. The pressure within the piston head of

the colonoscope was estimated, using measured pressures P1 and P2, to give

NLP3-est, using the non-linear above-mentioned Equation 2:

Fig. 6 also includes a data set NLP3-est error which is the difference

between P3 as measured by a pressure sensor disposed inside the piston head of

the colonoscope (P3-measured) and P3 as estimated using Equation 2, i.e., the

error associated with NLP3-est.

As is seen in Fig. 6, NLP3-est is very close to P3-measured, resulting in

NLP3-est being very close to zero.

Reference is now made to Fig. 7, which is a graph showing the errors that

were associated with estimating pressure P3 in the experiments described with

reference to Figs. 5 and 6, in accordance with respective embodiments of the

invention. Fig. 7 shows the error (in mb) associated with data sets LP3-est and

NLP3-est plotted against the measured piston head pressure P3-measured. It can

be observed that, particularly for low piston head pressures, P3 as estimated using

non-linear equation, Equation 2, results in a smaller error in the estimation of P3

than that of P3 as estimated using linear equation, Equation 1. In addition, R2 for

the linear and the non-linear estimations of P3 were evaluated. R2 was 0.9942 for



the linear estimation and 0.9989 for the non-linear estimation of P3, indicating

that the non-linear model may be a more accurate model for estimating P3.

Nevertheless, even the linear model provides a reasonable estimate of the

piston head pressure P3. In operation of device 20, P3 is estimated using a linear

equation in cases when it is determined that the system behaves fully linearly, or

when the accuracy provided by estimating P3 using a linear equation is sufficient.

In some embodiments, following the manufacture of a given medical

device, pressures P , P2 are measured for that given device, using pressure

sensors 40 and 42. In addition, pressure P3 at the distal portion of the device is

measured using a pressure sensor. Based on the measured values for P , P2 and

P3, one or more calibration factors (for example, calibration factors a, b, c, d

and/or e of Equations 1 and 2) for the given device are determined. Subsequently,

when a distal portion of the device is inserted into a subject's body, control unit

25 uses the determined values of the calibration factors(s) to determine P3 based

upon detected pressures P and P2, in accordance with the techniques described

hereinabove.

In some embodiments, during a calibration phase, the resistance of tube 43

is measured, and a ratio of the resistance of the tube to a resistance of another

portion of device 20 is determined. The other portion of the device may be, for

example, conduit 48 distal to sensor 42 combined with second passageway 34.

Subsequently, when a distal portion of the device is inserted into a subject's body,

control unit 25 uses the determined ratio to determine pressure P3, based upon

detected pressures P and P , in accordance with the techniques described

hereinabove.

Reference is now made to Figs. 8-9, which are graphs showing the

pressure at the distal portion of a device, as measured and as estimated, in

accordance with an embodiment of the present invention. Specifically, the graph

shown in Fig. 9 is an enlargement of region Ry of the graph of Fig. 8. An

experiment was conducted in accordance with the protocol described with

reference to Fig. 5. Pressure P3 in the piston head was measured and was also



estimated using a non-linear model, based on detected pressures P1 and P2. It can

be observed that, in general, the curve showing P3 as estimated follows the curve

showing P as measured very closely, indicating that the methods described

herein for estimating P3 are accurate. In particular, with reference to Fig. 9 and

region R of Fig. 8, the results indicate that even when the pressure in the piston

head changes rapidly (e.g., with a frequency of about 2 Hz, as shown) P3 may be

estimated very accurately using the techniques described herein.

It will be appreciated by persons skilled in the art that the present

invention is not limited to what has been particularly shown and described

hereinabove. Rather, the scope of the present invention includes both

combinations and subcombinations of the various features described

hereinabove, as well as variations and modifications thereof that are not in the

prior art, which would occur to persons skilled in the art upon reading the

foregoing description.



CLAIMS:

1. A monitoring system for use with a body of a subject, the system

comprising:

a medical device, having a portion thereof configured to be placed inside

the subject's body, said portion of the medical device being configured to be

propelled by fluid pressure through a body lumen;

at least two pressure sensors accommodated remotely from the subject's

body at two different spaced-apart positions outside the subject's body and

configured and operable to detect pressure at the two spaced-apart remote

positions; said at least two pressure sensors being in fluid communication with at

least one site inside the subject's body, a relation between the pressure at said at

least one site and the pressures at said two spaced-apart remote positions being

thereby indicative of the fluid pressure at said at least one site.

2. The system of claim 1, comprising a control unit for monitoring and

regulating fluid pressure at said at least one site; said control unit being

configured and operable to generate an output data indicative of a pressure level

at the at least one site, utilizing at least one model defining the relation between

the pressure at said at least one site the pressures detected at the two spaced-

apart remote positions.

3. The system of claim 1 or 2, wherein said model utilizes a relation between

a pressure drop across a resistor defined by a path inside said fluid

communication connecting between said at least two pressure sensors.

4. The system of any one of claims 1 to 3, comprising at least one tubular-

like member connecting between said at least two pressure sensors; said tubular-

like member being configured and operable as a flow resistor; said at least two

pressure sensors measuring a pressure drop across the resistor.

5. The system of any one of claim 4, wherein said relation is based on

mathematical function including a polynomial equation taking into account the

resistance of said at least one tubular-like member.



6. The system of any one of claims 1 to 5, wherein the medical device is

disposable.

7. The system of any one of claims 1 to 5, wherein said medical device being

configured as a two-part device, the two parts being attachable to one another,

thereby enabling the part of the device containing said portion which is to be

placed inside the subject's body, to be disposable.

8. The system of any one of claims 2 to 7, wherein said control unit is

integrated in an external workstation.

9. The system of claim 8, wherein said workstation comprises one or more

fluid pressure sources in fluid communication with the portion of the device.

10. The system of claim 9, wherein said one or more source of fluid pressure

source is configured and operable to inflate said at least one site at predetermined

pressures.

11. The system of claims 9 or 10, wherein said medical device includes a

guide member at least partially insertable into a body lumen, the guide member

including a first passageway connectable to the source of fluid pressure, and at

least one inflatable balloon in fluid communication with the guide member.

12. The system of claim 11, wherein said medical device includes an

inflatable balloon and an auxiliary inflatable balloon spaced apart from the

inflatable balloon in fluid communication with the guide member; said system

comprising an additional pair of pressure sensors accommodated at two different

spaced-apart auxiliary positions outside the subject's body and configured and

operable to detect pressure at the two spaced-apart remote auxiliary positions; an

additional relation between the pressure at the auxiliary inflatable balloon and the

pressures at the two spaced-apart remote auxiliary positions being thereby

indicative of the fluid pressure at the auxiliary inflatable balloon.

13. The system of claim 11, wherein said inflatable balloon and said auxiliary

inflatable balloon comprises at least one piston head.



14. The system according to any one of claim 9 to 13, wherein one or more

fluid pressure source are configured to regulate the pressure in the device in

response to the output data.

15. The system according to any one of claims 1 to 14, wherein the device is

configured to be placed inside a gastrointestinal (GI) tract lumen of the subject.

16. The system according to claim 15, wherein the device comprises a piston

head configured to: be inflated so as to form and maintain a pressure seal with a

wall of the GI tract lumen, and be advanced distally through the GI tract in

response to fluid pressure from the fluid pressure source applied to an external

surface of the piston head.

17. The system of any one of claims 11 to 16, wherein said at least one site

comprises at least one of the followings: at least one inflatable balloon being

configured and operable to propel the medical device through the body lumen, a

piston head propelling the medical device through the body lumen.

18. The system of any one of claim 1 to 17, wherein said at least one site

comprises a portion of a body lumen.

19. The system according any one of claims 9 to 18, wherein the control unit

is configured to switch between two different models based on two different

directions of fluid between the fluid pressure source and the device.

20. The system according to any one of claims 4 to 19, wherein the control

unit is configured to generate the output data indicative of the pressure at the

distal portion of the device, utilizing a model based upon a ratio between a

resistance of a distal flow path to fluid flow and a resistance of the tubular-like

member to fluid flow.

21. The system according to any one of claims 9 to 20, wherein the device

comprises a distal end of a passageway, the passageway being configured to

convey fluid from the fluid pressure source into the body lumen.

22. A method for use in monitoring operation of a medical device applicable

to inside of a body of a subject, the method comprising:



providing fluid communication between two different remote spaced-apart

positions outside the subject's body and at least one site inside the subject's body;

detecting pressure at said two different remote spaced-apart positions; and

analyzing the pressure detected at said remote positions, determining a

relation between them being indicative of a pressure level at said at least one site,

and generating an output data indicative of the pressure level at said at least one

site being remote from said at least two positions.

23. The method according to claim 22, wherein generating the output data

indicative of the pressure level comprises, utilizing at least one model defining

the relation between the pressure at said at least one site the pressures detected at

the two spaced-apart remote positions.

24. The method of any one of claims 22 or 23, wherein said relation is based

on mathematical function including a polynomial equation taking into account

the resistance of said at least one tubular-like member.

25. The method of any one of claims 22 to 24, comprising inflating at least

one site at predetermined pressures.

26. The method according to any one of claims 22 to 25, further comprising

identifying whether there is laminar or turbulent fluid flow through the device.

27. The method according to any one of claims 22 to 26, wherein generating

the output data indicative of the pressure level comprises generating a value that

varies linearly or non-linearly with respect to an arithmetic difference between

the pressures detected at the two remote spaced apart positions.

28. The method according to any one of claims 22 to 27, further comprising

providing a pressure drop between the two remote positions.

29. The method according to claim 28, wherein providing the pressure drop

comprises placing a tubular-like member between the two remote positions.

30. The method according to any one of claims 22 to 29, wherein generating

the output data comprises generating an output data indicative of a pressure of a

portion of the subject's body in which the device is disposed.



31. The method according to claim 30, wherein the portion of the subject's

body includes a colon of the subject.

32. The method according to any one of claims 22 to 31 , further comprising

regulating the pressure within the device.

33. The method according to claim 32, wherein regulating the pressure within

the device comprises regulating the pressure in response to the output data.

34. The method according to any one of claims 23 to 33, wherein generating

the output data comprises utilizing two different models relating the pressure

within the device to respective relations of the pressures detected at the two

remote positions, when fluid is moving in respective two different directions

between a fluid pressure source and the device.

35. The method according to claim 34, wherein generating the output data

comprises determining a direction of fluid flow, and changing the model that is

utilized to generate the output data accordingly.

36. The method according to any one of claims 22 to 35, wherein generating

the output data indicative of the pressure within the device comprises generating

a value that varies with respect to a square of the arithmetic difference between

the pressures detected at the two remote positions.

37. The method according to any one of claims 22 to 36, wherein placing the

device inside the subject's body comprises placing a distal portion of the device

inside a gastrointestinal (GI) tract lumen of the subject.

38. The method according to claim 37, wherein the distal portion of the device

includes a piston head, and wherein placing the distal portion of the device inside

the subject's GI tract lumen comprises:

inflating the piston head so as to form and maintain a pressure seal with a wall of

the GI tract lumen, and

advancing the piston head distally through the GI tract by applying, to an

external surface of the piston head, fluid pressure from a fluid pressure source.

39. The method according to any one of claims 24 to 38, wherein generating

the output data comprises utilizing a model based upon a ratio between a



resistance of a distal flow path to fluid flow and a resistance of the tubular-like

member to fluid flow, the distal flow path being defined as a portion of the

device extending from a second position to a distal portion of the device.

40. The method according to any one of claims 31 to 39 , wherein the device

includes a distal end of a passageway configured to convey fluid into a colon of

the subject and wherein placing the distal portion of the device inside the

subject's GI tract lumen comprises placing the distal portion of the passageway

into the subject's colon and conveying fluid into the subject's colon.

41. The method according to any one of claims 38 to 40, comprising sealing a

conduit connecting between a fluid pressure source and the piston head to

prevent fluid flow from the fluid pressure source to the piston head, to thereby

enabling measuring an intra-abdominal pressure level.

42. The method according to claim 41, comprising partially deflating the

piston head inside the subject's colon to increase the accuracy of the intra-

abdominal pressure level measurement.
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Claims Nos.: 22-42

Rule 39.1(iv) PCT - Method for treatment of the human or animal body by
surgery

Claim 22 comprises the step of "providing fluid communication ... inside
the subject's body". According to claim 37 a device is introduced into
the gastrointestinal tract lumen. Such a step is considered as being a
surgical step. Consequently claim 22 and its dependent claims are
considered to relate to a method of treatment of the human or animal
body by surgery.
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