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(57) ABSTRACT

A method for diagnosing constipation comprising the steps of
providing an ingestible capsule (20) having a given density
and a pH sensor (22) and a temperature sensor (24), having a
subject ingest the capsule, recording pH measurements from
the pH sensor as a function of time as the capsule moves
through at least a portion of the gastrointestinal tract of the
subject, transmitting the pH measurements to a processor (19)
outside of the gastrointestinal tract of the subject, recording
temperature measurements from the temperature sensor as a
function of time as the capsule moves through at least a
portion of the gastrointestinal tract of the subject, transmitting
the temperature measurements to a processor (19) outside of
the gastrointestinal tract of the subject. determining transit
time of the capsule between a first location in the gastrointes-
tinal tract of the subject and a second location in the gas-
trointestinal tract of the subject as a function of the pH mea-
surements and the temperature measurements, providing a
reference transit time that is a function of the density of the
capsule, and comparing the determined transit time to the
reference transit time to evaluate the subject for constipation.

16 Claims, 11 Drawing Sheets
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1
METHOD OF EVALUATING CONSTIPATION
USING AN INGESTIBLE CAPSULE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 61/289,867, filed Dec. 23, 2009. The
entire content of such application is incorporated by reference
herein.

TECHNICAL FIELD

The present invention relates generally to ingestible cap-
sules and, more particularly, to a process for evaluating a
subject for constipation with an ingested capsule passing
through the digestive tract of the subject.

BACKGROUND ART

Ingestible capsules are well-known in the prior art. Such
capsules are generally small pill-like devices that can be
ingested or swallowed by a patient. It is known that such
capsules may include one or more sensors for determining
physiological parameters of the gastrointestinal tract, such as
sensors for detecting temperature, pH and pressure.

It is also known that certain physiological parameters may
be associated with regions of the gastrointestinal tract. For
example, a 1988 article entitled “Measurement of Gas-
trointestinal pH Profiles in Normal Ambulant Human Sub-
jects” discloses pH measurements recorded by a capsule
passing through the gastrointestinal tract. It is known that pH
has been correlated with transitions from the stomach to the
small bowel (gastric emptying) and from the distal small
bowel to the colon (ileo-caecal junction).

Constipation is a common disorder of the gastrointestinal
tract. In clinical practice, constipation is defined by symp-
toms rather than specific abnormalities in physiology and
patients with constipation exhibit a wide variety of symp-
toms. This diversity in clinical presentation is reflected in the
symptom-based diagnostic criteria offered by the Rome
Foundation’s Third International Congress meeting (Rome
11I), as well as the American College of Gastroenterology’s
Functional GI Disorders Task Force. A number of different
physiological abnormalities have been implicated in chronic
constipation. These include delayed colonic transit (STC),
the inability to coordinate the series of events necessary to
allow the normal evacuation (DD), and physical obstructions.
STC and DD are the most frequently observed physiological
abnormalities in chronic constipation. Studies from second-
ary and tertiary care centers have found the prevalence of STC
to vary 15-45% in constipated patients while up to 59% have
DD. STC and DD can coexist in the same patient. Addition-
ally 50% of patients routinely have normal results on physi-
ological testing while meeting the symptom criteria for
chronic constipation.

Although Rome 1II criteria help in the evaluation of
patients with chronic constipation, they are not precise pre-
dictors of underlying pathophysiology, nor do they provide a
reliable guide to patient management or predict upper gut
involvement where the lack of appropriate diagnosis may
lead to poor management of patients with concomitant upper
gut disorders.

A systematic review of tests that are commonly used in the
evaluation of constipation concluded that whole gut and
colonic transit measurements, anorectal manometry and bal-
loon expulsion tests are complementary and can be helpful in
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the management of patients with constipation. Colonic transit
studies aid in the differentiation between slow and normal
transit constipation, an important distinction for facilitating
treatment selection and patient management. When whole gut
or colonic transit is delayed, a prokinetic treatment may be
indicated. However, when transit is normal and visceral
hypersensitivity may be present, treatment with low dose
tricyclic antidepressants or visceral analgesics may be indi-
cated. Further, recent evidence suggests that many patients
with chronic constipation also have abnormalities in motor
function and transit of the stomach and/or small intestine.
Such findings break with the conventional wisdom which
states that constipation results from physiological abnormali-
ties confined to the colon and pelvic floor. Rather, these
findings suggest that a more diffuse abnormality in gas-
trointestinal motility and transit is present in a substantial
proportion of constipation sufferers. As such, the functional
evaluation of the entire gastrointestinal tract is valuable in
patients with severe chronic constipation.

Numerous published studies describe the assessment of
colonic transit using radiopaque marker (ROM) techniques in
patients with constipation. The prevalence of slow and nor-
mal transit constipation as defined by ROM vary considerably
from study to study. Variability most likely results from dif-
ferences in severity of the condition in the population studied,
differences in the ROM criteria used to define normality, and
inherent variability in colonic transit.

The standard ROM method used clinically produces
dichotomous results. Six or more markers remaining on day 5
suggests transit delay, whereas 5 or fewer remaining suggests
normal transit. Other ROM methods used clinically are based
on the Metcalf protocol, involve multiple marker ingestions,
and the number of markers remaining at day 4 equated to
transit time in hours.

Although widely used, the ROM test has intrinsic draw-
backs that include radiation exposure, inability to assess
regional gut transit, and lack of standardized protocols for the
test and its interpretation. Also, some protocols require mul-
tiple visits, which affects compliance.

Scintigraphy has been validated for the evalvation of
regional and whole gut transit, but is expensive, involves
radiation and is not widely available. Consequently, most
centers use multiple techniques to assess regional gut transit
such as gastric emptying with scintigraphy, small bowel tran-
sit with radio-labeled meal or lactulose breath test, and
colonic transit time with ROM, which is a time consuming
and expensive approach.

BRIEF SUMMARY OF THE INVENTION

With parenthetical reference to corresponding parts, por-
tions or surfaces of the disclosed embodiment, merely for the
purposes of illustration and not by way of limitation, the
present invention provides an improved method for diagnos-
ing constipation comprising the steps of providing an ingest-
ible capsule (20) having a given density and/or size and a pH
sensor (22) and a temperature sensor (24), having a subject
ingest the capsule, recording pH measurements from the pH
sensor as a function of time as the capsule moves through at
least a portion of the gastrointestinal tract of the subject,
transmitting the pH measurements to a processor (31) outside
of the gastrointestinal tract of the subject, recording tempera-
ture measurements from the temperature sensor as a function
of time as the capsule moves through at least a portion of the
gastrointestinal tract of the subject, transmitting the tempera-
ture measurements to a processor (31) outside of the gas-
trointestinal tract of the subject, determining transit time of



US 8,945,010 B2

3

the capsule between a first location in the gastrointestinal tract
of the subject and a second location in the gastrointestinal
tract of the subject as a function of the pH measurements and
the temperature measurements, providing a reference transit
time, and comparing the determined transit time to the refer-
ence transit time to evaluate the subject for constipation.

The first position may be the junction between the stomach
and the small bowel of the gastrointestinal tract of the subject.
The second position may be the junction between the ileum
and caecum of the gastrointestinal tract of the subject. The
first position may be the junction between the ileum and the
caecum of the gastrointestinal tract of the subject and the
second position may be the end of the gastrointestinal tract of
the subject. The step of comparing the transit time to the
reference transit time may comprise the step of determining
whether the transit time is greater than or less than the refer-
ence transit time. The method may further comprise the steps
of providing the ingestible capsule with a pressure sensor,
recording pressure measurements from the pressure sensor as
a function of time as the capsule moves through at least a
portion of the gastrointestinal tract of the subject, transmitting
the pressure measurements to the processor outside of the
gastrointestinal tract of the subject, and determining the tran-
sit time between the first position and the second position as
a function of the pressure measurements. The transit time
may be gastric emptying time, small bowel transit time,
colonic transit time, small and large bowel transit time and/or
whole gut transit time. The reference transit time may be a
function of capsule density and/or size.

Accordingly, the general object is to provide a method for
evaluating a subject for constipation using an ingested cap-
sule.

Another object is to provide a method of evaluating con-
stipation in a non-invasive manner suitable for the office
setting.

These and other objects and advantages will become appar-
ent from the foregoing and ongoing written specification, the
drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view of an embodiment of an ingest-
ible capsule adapted to record pressure, pH and temperature
measurements in the gastrointestinal tract.

FIG. 2 is a schematic of an embodiment of a capsule system
for evaluating a subject for constipation.

FIG. 3 is a graph of pH versus time taken by a capsule
passing through the gastrointestinal tract.

FIG. 4 is a graph of pressure over the same period of time
shown in FIG. 3 taken by the capsule.

FIG. 5 is a graph of the number of contractions during five
minute intervals over the same period of time shown in FIG.
4.

FIG. 6 is a graph of the normalized relative motility index
for five minute intervals over the same period of time shown
in FIG. 4.

FIG. 7 is a graph of temperature versus time taken by the
capsule passing through the gastrointestinal tract.

FIGS. 8A and 8B show a graph of pressure, pH and tem-
perature versus time in a healthy (A) and a constipated (B)
subject. The healthy subject showed normal GET at 2.5 hours,
normal SBTT at 5.3 hours, andnormal CTT at 15.5 hours, and
a corresponding ROM showed 4 ROMs on the day 2 radio-
graph. The constipated subject showed a delayed GET at 5.8
hours, normal SBTT at 4.3 hours, and delayed CTT at 80.25
hours. The day 2 radiograph showed the capsule and 24
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ROMs and the day 5 radiograph showed the capsule had been
expelled but 10 ROMs remained.

FIG. 9 is box-and-whisker plot of capsule derived CTT in
healthy and constipated subjects, and effects of gender. CTT
was significantly slower in constipated women and men com-
pared with controls.

FIGS. 10A, 10B and 10C are box-and-whisker plots for
GET (A), SBTT (B) and WGTT (C). GET and WGTT were
slower in constipated subjects.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

At the outset, it should be clearly understood that like
reference numerals are intended to identify the same struc-
tural elements, portions or surfaces consistently throughout
the several drawing figures, as such elements, portions or
surfaces may be further described or explained by the entire
written specification, of which this detailed description is an
integral part. Unless otherwise indicated, the drawings are
intended to be read (e.g., cross-hatching, arrangement of
parts, proportion, degree, etc.) together with the specification,
and are to be considered a portion of the entire written
description of this invention. As used in the following
description, the terms “horizontal”, “vertical”, “left”, “right”,
“up” and “down”, as well as adjectival and adverbial deriva-
tives thereof (e.g., “horizontally”, “rightwardly”,
“upwardly”, etc.), simply refer to the orientation of the illus-
trated structure as the particular drawing figure faces the
reader. Similarly, the terms “inwardly” and “outwardly” gen-
erally refer to the orientation of a surface relative to its axis of
elongation, or axis of rotation, as appropriate.

A method is provided for evaluating a subject for consti-
pation using an ingestible capsule as a function of pH read-
ings taken by the ingested capsule, density and/or size of the
ingested capsule and transit times. Capsule 20 is ingested by
a subject and readings from sensors on the capsule are taken
as the capsule passes through the gastrointestinal tract of the
subject. Data from pressure sensor 23, pH sensor 22 and
temperature sensor 24 are collected and analyzed to deter-
mine transit times, which are compared to one or more refer-
ence templates or criteria for the density and/or size of cap-
sule 20 to evaluate the subject for constipation.

Referring now to the drawings, and more particularly to
FIG. 2 thereof, this invention provides a new method for
evaluating constipation using an ingested capsule system, of
which a first embodiment is generally indicated at 15. As
shown in FIG. 2, capsule system 15 generally includes ingest-
ible capsule 20, receiver 17, and computer workstation 19.
Capsule 20 includes pressure sensor assembly 23, pH sensor
22 and temperature sensor 24 for taking measurements of
pressure, pH and temperature, respectively, of a subject’s
gastrointestinal tract, power source 21, and transmitter 16 for
transmitting the measurement data. Receiver 17 is configured
to receive signals sent from transmitter 16. Computer work-
station 19 includes processor 31 and is programmed to pro-
cess measurements from pressure sensor 23, pH sensor 22
and temperature sensor 24.

As shown in FIG. 1, capsule 20 is generally a cylindrical
member elongated about axis y-y and having generally
rounded closed ends, somewhat resembling a medicament
capsule. The capsule generally has a hard shell or casing
which houses the transmitting electronics, a battery compart-
ment, power supply 21, transmitter 16, an antenna, an activa-
tion switch, pressure sensor assembly 23, pH sensor 22 and
temperature sensor 24. Capsule 20 is adapted to be ingested or
otherwise positioned within a tract to sense pressure, pH and
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temperature within the tract and to transmit such readings to
receiver 17. Capsule 20 is generally provided with an outer
surface to facilitate easy swallowing of the capsule and is an
autonomous swallowable capsule that is self-contained.
Thus, capsule 20 does not require any wires or cables to, for
example, receive power or transmit information. The pres-
sure, pH and/or temperature data is transmitted from capsule
20 within the gastrointestinal tract to remote data receiver 17.

Pressure sensor assembly 23 comprises a chamber 28
between an inner wall and a flexible sleeve 26 of the capsule.
The chamber 28 is filled with a fluid. A rigid PCB arm extends
to the chamber and supports a conventional piezoelectric
bridge. Sensing mechanism 29 is operatively arranged to
communicate with chamber 28 through fluid port 30 at one
end of the shell of capsule 20. As fluid presses against the
bridge, it creates an electrical signal which corresponds to the
pressure of fluid in chamber 28. The fluid is a non-compress-
ible medium that forms part of the 360° degree force sensing
mechanism for the sensor. In the preferred embodiment, the
fluid used is mineral oil. Alternatively, it is contemplated that
an inert gas may be used instead of a fluid. Thus, pressure
sensor 23 is operatively arranged to sense pressure within
chamber 28.

In this embodiment, power supply 21 is a lithium battery,
although it is contemplated that other batteries may be used,
such as a silver-oxide battery. Power supply 21 is adapted to
power the electrical components of capsule 20 when in the
gastrointestinal tract ofa subject. To maximize its operational
life, battery 21 is activated just prior to ingestion by way of an
activation switch adapted to turn the capsule on and off. In this
embodiment, the activation switch is a circuit operating
between battery 21 and the electrical components that selec-
tively powers on and off the electronic components by way of
amagnetic sensor which responds selectively to the presence,
absence and/or polarity of a magnetic field. A number of
conventional switches may be used. For example, an “active”
reed switch system may be used, in which an external mag-
netic field actively holds a reed switch so that the circuit
remains open. When the ingestible capsule is removed from
the magnetic field, the reed switch closes the circuit, thereby
activating the capsule. An alternative method is to use a pas-
sive reed switch and a magnetizable bias magnet asymmetric
design manipulated by an external magnet. The circuitry of
the capsule is selectively switched on and off depending on
the magnetic state of the bias magnet, which determines the
reed switch on/off state.

In this embodiment, transmitter 16 is a radio frequency
(RF) transmitter that transmits measurements from the cap-
sule when it is in the gastrointestinal tract of a subject to
remote receiver 17. Transmitter 16 transmits measurements at
about 434 MHz. Portable data receiver 17 worn by the subject
receives and stores the measurements transmitted by trans-
mitter 16 for later download through a docking station to
computer 19. An antenna amplifies the transmit power of
transmitter 16 so that it can be received by remote receiver 17.

Capsule 20 includes a conventional temperature sensor 24.
Besides being used in determining body exit, temperature
sensor 24 may also be used to compensate or provide a base-
line relative to the other sensors in capsule 20.

On the opposite end of capsule 20 to pressure sensor 23 is
pH sensor 22. In this embodiment, pH sensor 22 comprises a
conventional ISFET type pH sensor. ISFET stands for ion-
selective field effect transistor and the sensor is derived from
MOSFET technology (metal oxide screen field effect transis-
tor). A current between a source and a drain is controlled by a
gate voltage. The gate is composed ofa special chemical layer
which is sensitive to free hydrogen ions (pH). Versions of this
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layer have been developed using aluminum oxide, silicon
nitride and titanium oxide. Free hydrogen ions influence the
voltage between the gate and the source. The effect on the
drain current is based solely on electrostatic effects, so the
hydrogen ions do not need to migrate through the pH sensitive
layer. This allows equilibrium, and thus pH measurement, to
be achieved in a matter of seconds. The sensor is an entirely
solid state sensor, unlike glass bulb sensors which require a
bulb filled with buffer solution. Only the gate surface is
exposed to the sample.

In this embodiment, capsule 20 transmits sensed data at
about 434 MHz, measures about 26.8 mm long by about 11.7
mm in diameter, has an average volume of about 141.2 em?
and a density in the range of about 0.026 to about 0.029 grams
per cm®.

After activation and ingestion, capsule 20 senses and trans-
mits data for at least 120 hours after activation. The pH,
pressure and temperature data are transmitted from within the
Gl tract to data receiver 17. In the preferred embodiment, the
range and accuracy of the sensors are generally 0.5 to 9.0 pH
units with an accuracy of 0.5 pH units, 0 to 350 mmHg with
anaccuracy of 5 mmHg, or 10% above 100 mmHg, and 25° to
49° C. with an accuracy of +1° C.

Capsule 20 is provided to the subject and ingested by the
subject. Readings are then taken from sensors 22, 23, and 24
on capsule 20 as it passes through the gastrointestinal tract of
the subject. Raw data measurements from pH sensor 22,
pressure sensor 23, and temperature sensor 24 are transmitted
in data packets from transmitter 16 to data receiver 17, which
is outside the body of the subject. Portable data receiver 17
worn by the subject receives and stores the data packets
transmitted by capsule 20. After data recording is complete,
data receiver 17 is placed into a docking station. Data receiver
17 contains rechargeable batteries and when seated in a dock-
ing station allows for battery charging and data download.
Data is downloaded from data receiver 17 through the dock-
ing station via a USB connection to Windows PC compatible
computer 19. In this embodiment, computer 19 is a conven-
tional laptop or desktop computer.

In this embodiment, computer 19 includes a processor 31,
data processing storage 34, a monitor or display 32, a user
input device 33 and printer 35. In this embodiment, monitor
32 is a computer screen. However, monitor 32 may be any
other device capable of displaying an image or other data. In
this embodiment, user input device 33 includes a keyboard
and a mouse. However, user input device 33 could be any
other suitable input-output device for interfacing with data
processor 31.

The processing and analysis of the pressure, pH and tem-
perature from capsule 20 is generally provided using com-
puter-executable instructions executed by a general-purpose
computer, such as a server or personal computer 19. However,
it should be noted that this processing and analysis may be
practiced with other computer system configurations, includ-
ing internet appliances, hand-held devices, wearable comput-
ers, multi-processor systems, programmable consumer elec-
tronics, network PCs, mainframe computers and the like. The
term computer or processor as used herein refers to any of the
above devices as well as any other data processor. Some
examples of processors are microprocessors, microcontrol-
lers, CPUs, PICs, PL.Cs, PCs or microcomputers. A com-
puter-readable medium comprises a medium configured to
store or transport computer readable code, or in which com-
puter readable code may be embedded. Some examples of
computer-readable media are CD-ROM disks, ROM cards,
floppy disks, flash ROMS, RAM, nonvolatile ROM, magnetic
tapes, computer hard drives, conventional hard disks, and
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servers on a network. The computer systems described above
are for purposes of example only. An embodiment of the
invention may be implemented in any type of computer sys-
tem or programming or processing environment. In addition,
it is meant to encompass processing that is performed in a
distributed computing environment, were tasks or modules
are performed by more than one processing device or by
remote processing devices that are run through a communi-
cations network, such as a local area network, a wide area
network or the internet. Thus, the term processor is to be
interpreted expansively.

Computer 19 is programmed to extract information from
the pressure measurements taken by pressure sensor 23, the
pH measurements taken by pH sensor 22, and the temperature
measurements taken by temperature sensor 24, and to use that
data to make a determination regarding the subject. The
analysis and evaluation is displayed in graphical form on
monitor 32 for the user.

Raw data measurements are conditioned by computer 19
through the removal of invalid packets, conversion of the data
into proper units and the scaling of pressure to ambient. The
invalid packets are screened using a conventional packet vali-
dation process. The temperature and pressure measurements
are respectively converted into units of degrees Celsius and
millimeters of mercury. The data is next analyzed by com-
puter 19 and used to evaluate the subject for constipation.
This determination is a function of a number of different
variables.

In general, gastric emptying time (GET) is the time interval
between ingestion of capsule and, in this embodiment, the
time of an abrupt rise in pH profile, usually >2 pH units from
the gastric pH baseline. This change occurs when the capsule
passes from the acidic antrum to the alkaline duodenum.
Small bowel transit time (SBTT) is the time interval between
capsule entry into the small bowel and its entry into the
caecum. In this embodiment, the cecal entry is identified by a
distinct drop in pH of 20.5 pH units that is sustained for =10
minutes and occurs at least 30 minutes after capsule entry into
the small bowel. This pH change is believed to occur in the
cecum and is secondary to fermentation of digestive residue
by colonic flora. Colonic transit time (CTT) is the time inter-
val between the point of entry into the cecum and the capsule
exit from the body. In this embodiment, body exit time (BET)
is verified by a loss of signal and/or abrupt drop in tempera-
ture. Small and large bowel transit time (SLBTT) is the time
interval between gastric emptying and body exit of the cap-
sule. Whole gut transit time (WGTT) is the time interval
between capsule ingestion and body exit.

In this embodiment, pH readings from the ingested capsule
are plotted against time, as shown in FIG. 3. Based on refer-
ence data, a substantial variation or increase in pH, generally
indicated at A, indicates passage of the capsule from the
acidic antrum to the alkaline duodenum. Thus, based on the
pH measurements taken by the capsule, its transition from the
stomach to the small bowel can be determined as a function of
time. The elapsed time from ingestion to this transition is
calculated. In this embodiment, this location is marked as the
point at which the pH abruptly rises more than 2 pH units
from baseline pH to a pH of greater than 4. As described
above, based on this determination, the capsules gastric emp-
tying or residence time is determined. GET of the capsule is
the duration of time from the capsule’s ingestion to the point
at which the foregoing pH rise is determined.

As described above, a latter variation in pH, indicated at B
in FIG. 3, suggests movement of the capsule from the ileum to
the caecum. It has been found that this significant pH drop is
seen hours after gastric emptying and is due to the capsule
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moving from the ileum to the caecum, a transition referred to
as the ileo-caecal junction. Thus, SBTT is determined from
the time interval between capsule entry into the small bowel
or GET and its entry into the caccum.

Tt is contemplated that not only may a variation in pH be
used to determine the times that capsule 20 passes from the
stomach and then passes the ileo-caecal junction, but an asso-
ciated change in pressure pattern may also be employed.
Average pressure readings from the capsule plotted against
time are shown in F1G. 4. The number of contractions over a
given time interval, five minutes in the preferred embodiment,
plotted against the same overall time period, are shown in
FIG. 5. In the preferred embodiment, a contraction is desig-
nated by an increase in pressure over 10 mmHg and the
subsequent return below 10 mmHg. However, it is contem-
plated that gastrointestinal contractions may be determined
based on other variations in pressure or baselines other than
10 mmHg. As shown in FIG. 5, a variation in the frequency of
contractions is generally found to occur, as indicated at C, at
atimecorresponding to the gastric emptying suggested by the
graph of pH shown in FIG. 3. This correlation between the
variation in frequency of contractions at C and the variation in
pH at A may be used as a reference to confirm GET.

A further and more substantial variation in frequency of
contractions occurs, as indicated at D, at a time corresponding
to the ileo-caecal junction suggested by the graph of pH
shown in FIG. 3. FIG. 6 is a plot of the normalized relative
motility index at five minute intervals versus time. Each data
point is the area under the curve of the graph of pressure
shown in FIG. 6 for five minute intervals. Motility index as
used herein is the area under the curve (or the integral of
pressure over a time region) divided by the size of the time
region. While a five minute time region is used in this graph,
other time periods may be employed. Plotted against transit
time, generally a substantial variation occurs, indicated at F,
at substantially the same time as the variation B in pH. This
variation in motility index may also be used as a reference to
confirm that the capsule has moved from the ileum to the
caecum of the subject. This correlation between the variation
in motility index at F and the variation in pH at B may
therefore be used as a reference to determine SBTT.

Computer 19 determines BET using the temperature data.
Temperature readings from capsule 20 are plotted against
time, as shown in FIG. 7. Computer 19 is programmed to
identify the last hour of data received from capsule 20 by
receiver 17. The last recorded transmission is labeled as
analysis end time, and the time one hour prior to analysis end
time is labeled as analysis start time. The program then
searches the conditioned temperature measurements between
the analysis start time and the analysis end time for a substan-
tial and sustained temperature drop, as shown in FIG. 7. If a
substantial temperature drop is identified by this analysis, the
beginning of that temperature drop is marked as BET. The
beginning of the drop in temperature is identified by deter-
mining the average temperature for all the temperature data
and then searching backwards through the temperature date
for the first temperature sample that is at least 1° C. less than
the average. A substantial temperature drip is positively iden-
tified if such a drop in temperature of 1° C. or greater from the
average is identified in the subject temperature measure-
ments. While in this embodiment, analysis end time is defined
as the transmission end time, it is contemplated that analysis
end time may be based on other parameters, such as an event
that is recorded by the subject, elapsed time after ingestion, a
particular recorded parameter, or a time otherwise identified
by the user. Also, a discrete change in the pressure profile may
be used to confirm body exit. With the determination of BET,
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and the earlier determination of passage through the ileo-
caecal junction, CTT is ascertained. WGTT is determined
from the time of ingestion and BET. SLBTT is determined
from GET and BET

SBTT, CTT, SLBTT and WGTT are then compared by
computer 19 to a reference as a function of capsule density
and/or size to evaluate the subject for constipation, and in
particular to differentiate between healthy and constipated
subjects based on certain pre-established parameters or cut-
off ranges. Thus, in this embodiment as subject is evaluated
for constipation by transit times determined from data
recorded by a capsule as it moves through the gastrointestinal
tract of the subject with a reference template or model. The
reference model is a model of expected SBTT, CTT, SLBTT
and WGTT for ahealthy subject as a function of the density of
the capsule. In this embodiment, the reference is expected
transit times for a healthy subject given the capsule’s density
and/or size.

In this embodiment, reference transit time cutofts for GET,
SBTT, SLBTT, CTT and WGTT are based on the fifth and
ninety-fifth percentiles of healthy subjects, although it is con-
templated that the tenth and ninetieth percentiles may be
used. The ranges set forth in Table 1 below provide the transit
time cutoff values for identifying individuals with abnormal
transit, either too fast or too slow. A subject with a transit time
equal to or greater than the 95” percentile value is identified
as having a slow transit time for that portion of the gas-
trointestinal tract. A subject with a transit time less than the 5%
percentile value is identified as having a fast transit time for
that portion of the gastrointestinal tract. These transit time
cutoff values are used to guide the treatment of the subject. A
subject having a slow CTT is treated for STC. A subject who
displays symptoms of constipation, as listed in the ROME 111
criteria, having a normal CTT is treated for normal transit
constipation (NTC). A subject having a slow GET is treated
for gastroparesis. A subject having a slow SBTT is treated for
an abnormal small bowel transit (no named disease state).

TABLE 1

Transit time cutoff (5% and 957 percentile)
Values for GET. SBTT, SLBTT, CTT. & WGTT

GET SBTT SLBTT CTT WGTT
5% Percentile N/A 25hours 6.5hours 2.5hours 8.5 hours
95 5 hours 6hours  65hours 59 hours 73 hours
Percentilet

FTransit time cutoffs are equal to or greater than the value listed.

A study was conducted to assess the correlation between an
ingestible capsules efficacy in this evaluation and an estimate
based on ROM, and to assess how well the capsule method
could discriminate healthy subjects from subjects having
some form of constipation. The capsule method was surpris-
ingly effective.

Eighty-one healthy subjects and 67 constipated subjects
were studied simultaneously with the capsule method and
ROM. After an overnight fast, subjects ingested a 260 Kcal
nutrient bar (SmartBar, SmartPill Corporation, Buffalo, N.Y.)
that comprised 17% protein, 66% carbohydrates, 2% fat and
3% fiber along with 50 ml of water, which served as a stan-
dardized meal for assessment of GET. Next, subjects swal-
lowed a single ROM capsule containing 24 radio opaque

20

25

40

45

50

60

65

10
markers (SITZMARKS®, Konsyl Pharmaceuticals Limited,
Fort Worth, Tex.) followed by capsule 20. Prior to ingestion,
capsule 20 was activated and calibrated. After ingestion, the
radio frequency signals emitted by capsule 20 were received
and stored by receiver 17 worn continuously for the next five
days or until capsule 20 had been passed.

After capsule ingestion, subjects were observed for 6 hours
to prevent inadvertent ingestion of another meal that could
compromise assessment of GET. Thereafter they received a
nutrient drink (ENSURE®, Abbott Laboratories, Illinois) and
were discharged. All subjects maintained a diary for the next
five days in which they recorded bowel movements, stool
consistency (Bristol Stool Scale), and time of food intake and
symptoms (pain, nausea). Subjects were asked to eat their
usual diet and refrain from unaccustomed diet.

A plain x-ray of the abdomen was performed 48 hours after
capsule ingestion, and if capsule 20 had been passed, receiver
17 was retrieved, but the subjects remained in the study,
continuing their diary and returning at 120 hours (day 5) for
an x-ray to check the number of ROM. If the x-ray revealed
that the subject had not passed capsule 20, laxatives could be
given to facilitate capsule expulsion.

The analysis consisted of measurements of regional and
WGTT with capsule system 15 and review of abdominal
x-rays performed to assess the number of retained ROM.
Pressure, temperature and pH data were recorded and down-
loaded into computer 19 for analysis to determine CTT and
WGTT.

The primary objective was an assessment of the relation-
ship between CTT and WGTT as determined by capsule 20
with the number of retained ROM on day 2 and day 5. This
was addressed through estimation and hypothesis testing and
Spearman’s correlation. The null hypothesis stated that the
two devices (ROM and capsule 20) are equivalent as defined
by atrue correlation of 0.7 or higher and therefore rejection of
the null hypothesis would indicate significant disagreement
between the devices.

Capsule system 15 determined data for CTT, WGTT and
GET were expressed using estimates of quartiles. The upper
limit of recorded GET was taken as 6 hours, because all
subjects received a second meal at 6 hours. For WGTT the
upper limit was 120 hours representing the time of study
completion. To accommodate this partial information (some
subjects had true WGTT>120 hours), quartile estimates were
based on inversion of Kaplan-Meier curve. The differences
between constipated subjects and controls for SBTT were
assessed using the Wilcoxon rank sum test or the rank based
procedure proposed by Gehan, whichever was appropriate.
Intra group analyses were conducted to examine the effects of
gender, and compared between groups.

The diagnostic utility of capsule system 15 for identifying
subjects with constipation symptoms was examined through
construction of a receiver operating characteristic curve
(ROC). The area under the curve (AUC) was taken as an
overall measure of diagnostic accuracy. Similarly, the utility
ofthe ROM test was examined through construction ofa ROC
curve for the number of ROM remaining on day 5. Statistical
differences in diagnostic utility were examined through com-
putation of the 95% bootstrap confidence interval for the
difference between the areas under the ROC curves for both
tests.

Transit time cutoffs based on the 95th percentile of the
healthy control population were used to determine the sensi-
tivity and specificity for capsule 20 determined CTT and
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WGTT. Day 5 ROM sensitivity and specificity was based on
acutoff of >5 markers retained. A subanalysis of the ROC and
sensitivity/specificity of capsule 20 in patients with abnormal
transit (>5 ROM on day 5) was also performed. The Chi-
square test was used to examine the association between the
location of the majority of ROM on day 2 and day 5 x-ray with
the location of capsule 20. Interobserver agreement for ROM
count was examined through calculation of intra-class corre-
lation and kappa statistic (>5 versus <5 retained). All analyses
were performed using SAS (version 9.1.3, SAS Institute Inc.,
Cary, N.C.), and a difference of 0.05 was considered signifi-
cant.

One hundred and sixty-five subjects were enrolled of
whom 78 subjects had constipation [69 females (mean age 45
years, age range 21-79) and 9 males (mean age 53 years, age
range 27-78)] and 87 were healthy volunteers [40 females
(mean age 39 years, age range 18-66) and 47 males (mean age
36 vyears, age range 20-72)]. Data from 17 subjects could not
be used or was not available. Capsule 20 derived data from
148 subjects, 67 constipated (male/female=8/59) and 81
healthy (male/female=42/39) were available for determining
transit times. Two subjects failed to obtain x-rays on day
2/day 5 and ten other subjects had x-rays on day 4 rather than
day 5. Thus, ROM data was available in 153 subjects. [86
healthy (male/female=47/39) and 67 constipated (male/fe-
male=8/59)].

FIG. 8A shows examples of normal transit in a healthy
subject, and delayed CTT with capsule system 15 in a con-
stipated subject is shown in FIG. 8B. The median values for
CTT, WGTT, GET and SBTT are shown in Table 2 below.

TABLE 2

10

15

25

12
CTT than controls (p<0.0001), irrespective of gender differ-
ences between groups. Furthermore, constipated men
(p=0.0264) and women (p=0.0023) also had slower CTT than
control men and women. Also, in healthy controls, women
had slower CTT than men (p=0.0080).

WGTT was slower (p<0.0001) in constipated subjects than
controls, as shown in FIG. 10. Also, constipated men and
women had slower WGTT when compared to gender-based
controls (males: p=0.0115; females: p=0.0004). WGTT was
significantly slower in healthy women when compared to
healthy men (p<0.0001), but there was no gender difference
among constipated subjects (p=0.73).

Constipated subjects had significantly slower (p=0.0123)
GET but not SBTT (p=0.0908) when compared to healthy

20 controls, as shown in FIG. 10. Also, healthy women had

slower GET than healthy men (p=0.0064).

Twenty two (37%) constipated subjects retained >5 mark-
ers on day 5 x-ray indicating slower CTT. Thus, more
(p<0.0001) constipated subjects had slower CTT than con-
trols. The median number of ROM that was retained on day 2
x-ray in constipated subjects was 22 and in healthy subjects
was 6 (p<0.0001), as indicated in Table 3 below. The overall
correlation of the number of ROM that was seen on day 2 with

Median (25%-75% percentiles) Values for CTT, WGTT, GET and SBTT As Determined by Capsule
System 15 in Constipated Subjects and Healthy Controls (With Effects of Gender).

Overall Females only Males only
Constipated Healthy Constipated Healthy Constipatedf ~ Healthy
(n=067) (n=81)  p-value (n=59) (n=39)  p-value n=8) (n=42)  p-value
CTT 46.7 21.7 <0.0001 46.7 24.7 0.0013 50.9 18.7 0.0264
(Hrs) (24.0-91.9)  (15.5-37.3) (24.091.9) (17.3-43.2) (25.2-) (13.3-26.8)
WGTT 59.3 29.7 <0.0001 58.0 33.9 0.0004 72.2 25.6 0.0115
(Hrs) (39.7-97.9)  (22.4-45.7) (39.7-97.9)  (25.7-51.0) (36.3-) (20.8-33.9)
GET 3.5 3.0 0.0123 3.4 3.5 0.8414 4.2 2.7 0.0054
(Hrs) (3.0-4.2) (2.5:3.9) (3.0-4.1) (2.7-4.2) (3.6-) (2.4-3.7)
SBTT 4.2 3.8 0.0908 4.2 3.8 0.2530 44 38 0.4667
(Hrs) (3.5-5.1) (3.2-4.7) (3.5-5.2) (2.9-4.9) (3.4-4.8) (3.34.5)

FSeventy-fifth percentile not observed for CTT, WGTT, and GET due to capping of data.

FIG. 9 shows the gender-based distribution of CIT.
Although there is overlap, constipated subjects had slower

thatofday 5 was 0.62, and for healthy controls it was 0.44 and
for constipated subjects it was 0.58.

TABLE 3

Median Values (25% to 75%) for the Number of ROMS That Were Retained on Plain Abdomen X-Rays
Taken on Day 2 and Day 5 in Constipated Subjects and Healthy Controls (With Effects of Gender).

Overall

Females only Males only

Constipated Healthy p-value

Constipated Healthy p-value Constipated Healthy p-value

No. of 22 6
ROM
on Day 2

9-24) (1-16)
No. of 1 0
ROM
on Day 5

0-17)  (0-0)

” 12 15 1

<00001  (10-24)  (4-21) 00004  (9-17) 0-9)  0.0019
1 0 1 0

<00001  (0-17)  (0-1) 00001  (0-135)  (0-0)  0.0004
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The Spearman’s correlation coefficient between CTT as delayed CTT as measured by capsule system 15. Thirty one
assessed by capsule system 15 and day 2 x-ray ROM results constipated subjects were delayed according to CTT criteria
for the overall sample was r=0.78. When estimated sepa- (>59 hours) from capsule system 15 and 21 (.68%) of these
rately, it was found to be 0.74 in constipated subjects and 0.70 subjects had delayed transit by day 5 ROM criteria. )
in controls. The correlation between CTT and ROM on day 5 5 ROM technique is used commonly for measuring colonic
for the entire group was 1-0.59 (95% CI: 0.46, 0.69). The transit, and hence often serves as the gold standard. Surpris-

lation vated subi 0.6 and i . ingly, capsule system 15 proved to be more sensitive than
correlation in constipated subjects was r=0.69 and n cqntro s ROM in detecting slow transit in a subject, and there was good
r=0.40. Comparable results were found for the correlation of

correlation between ROM technique and the capsule system
ROM with WGTT, as indicated in Table 4 below. The lower 19 15 for CTT and WGTT. The data revealed that capsule system
correlations on day 5 were because many subjects had no 15 had high specificity and reasonable sensitivity for identi-
ROM on day 5 x-ray. fying an abnormal transit time in patients with constipation.

TABLE 4

Correlation of CTT and WGTT as Measured by Capsule 20 With the Number of Retained ROM.

Overall Group Overall Group
SmartPill Day2ROM Day2ROM Day2ROM Day5ROM Day5ROM Day S ROM
Parameter (Ch Healthy Constipated (CT Healthy Constipated
CTT 0.78 0.70 0.74 0.59 0.40 0.69
(0.70-0.84) {0.46-0.69)
WGTT 0.77 0.74 0.67 0.58 0.39 0.66
(0.68-0.84) {0.45-0.69)

25
The location of capsule 20 as revealed by the day 2 or day These values were comparable with the ROM specificity and

5 x-rays was strongly associated (p<0.001) with the region of  sensitivity, respectively. Thus, the study overall showed that
the colon in which a majority of ROM was seen. For example, capsule system 15 can discriminate between subjects with
the capsule 20 was seen in the left colon in 47 subjects,and in -~ ;1 5,mal and slow colonic transit. The ability to provide a
39 (83%) of these subjects the majority of ROM was seen in 30 continuous and more direct measure of CTT offers the poten-

left colon. . . . . .
The diagnostic wtility for predicting constipation symp- tial for characterizing the severity of slow transit constipation.

toms is approximately the same for ROM (AUC=0.71) and 11 addition, almost 15% of subjects with a diagnosis of
the capsule system 15 method (AUC=0.73). The area under chronic constipation had delayed GET.

the ROC curve (AUC) and the gender related sensitivity and The present invention contemplates that many changes and
specificity values for capsule system 15 derived CTT and 35 meodifications may be made. Therefore, while the presently-
WGTT, and day 5 ROM are reported in Table 5 below along  preferred form of the improved method has been shown and
with their corresponding cutoffs. A sub-analysis of the ROC, described, and a number of alternatives discussed, persons

sensitivity and specificity of capsule system 15 for WGTT skilled in this art will readily appreciate that various addi-
and CTT in subjects with an abnormal ROM transit revealed 5.1 changes and modifications may be made without

an AUC of 0.88 for both measures. 40 departing from the spirit of the invention, as defined and
differentiated by the following claims.

%)

TABLE 5
Area Under the Curve (AUC) of the Receiver Operating What is claimed is:
Characteristics Curve, Sensitivity and Specificity for 45 1. Amethod of evaluating constipation in a subject having
Capsule 20 Derived CTT and WGTT, and Day 5 ROMs. s . . .
one or more symptoms of constipation, said subject having
Cut Sensi-  Speci- swallowed an ingestible capsule comprising a pH sensor and
Parameter  AUC (95% CI) Off ity  fleity a temperature sensor, the method comprising the steps of:
CTT 073 All subjects Sohr 046 095 recording pH and temperature measurements from said pH
(0.65,0.82)  Male 44 hr 0.50 090 50 and temperature sensors, respectively, as a function of
Female S9hr 046 092 time as said capsule moves through at least a portion of
WeTT 0.7 All subjects 3hr D4z 09 the gastrointestinal tract of said subject;
(0.68,0.84)  Male S2hr 063 090 o ; ’
Female 73 hr 0.41 0.92 transmitting said pH and temperature measurements to a
DaySra- 071 All Subjects ~ >5 mark- 037 95 processor outside of said gastrointestinal tract of said
dioopaque  (0.63-0.78) ers 55 subject, wherein said processor is configured to;
markers determine said capsule’s location at a first position and
at a second position in said gastrointestinal tract as a
The cutoff value for normal versus delayed CTT with the function of said measurements;
capsule system 15 method in men was 44 hours and in women determine transit time between said first position and
was 59 hours. As shown in Table 5, the sensitivity and speci- 60 said second position to ascertain colonic transit time
ficity of CTT as measured by capsule system 15 was 0.50 and (CTT) and whole-gut transit time (WGTT);
0.90 for men and 0.46 and 0.92 for women respectively. Using provide a reference transit time; and
a cutoff of 5 ROM retained on day 5 as abnormal, the sensi- compare said CTT and said WGTT to said reference
tivity and specificity of day 5 ROM was 0.37 and 0.95 respec- transit time to evaluate said subject for constipation,
tively. 65 wherein said constipation is verified when said CTT
Twenty three constipated subjects were delayed according and WGTT are slower compared to said reference

to ROM criteria, and 19 of these subjects (83%) also had transit time.
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2. The method set forth in claim 1, wherein the processor is
further configured to determine one or more of gastric emp-
tying time (GET), small bowel transit time (SBTT), and small
and large bowel transit time (SLBTT).

3. The method set forth in claim 1, whetein said reference
transit time is a function of corresponding transit time of a
capsule for a healthy control sample population.

4. The method set forth in claim 1, wherein said subject is
identified as having normal transit constipation when said
CTT is not slower than said reference transit time and said
subject possesses a plurality of said symptoms of functional
constipation selected from the group consisting of’ straining
during at least 25% of defecations; lumpy or hard stools in at
least 25% of defecations; sensation of incomplete evacuation
for at least 25% of defecations; sensation of anorectal
obstruction/blockage for at least 25% of defecations; manual
maneuvers to facilitate at least 25% of defecations; fewer than
three defecations per week; loose stools which are rarely
present without the use of laxatives; and insufficient criteria
for irritable bowel syndrome.

5. A method of evaluating constipation in:

a subject having one or more symptoms of constipation,

said subject having swallowed an ingestible capsule com-

prising a pH sensor, a temperature sensor, and a pressure
sensor, the method comprising the steps of:

recording pH, pressure and temperature measurements

from said pH, pressure and temperature sensors, respec-
tively, as a function of time as said capsule moves
through at least a portion of the gastrointestinal tract of
said subject;

transmitting said measurements to a processor outside of

said gastrointestinal tract of said subject, wherein said

processor is configured to;

determine said capsule’s location at a first position and
at a second position in said gastrointestinal tract as a
function of said measurements;

determine transit time between said first position and
said second position to ascertain colonic transit time
(CTT) and whole-gut transit time (WGTT);

provide a reference transit time; and

compare said CTT and WGTT to said reference transit
time to evaluate said subject for constipation, wherein
said constipation is verified when said CTT and said
WGTT are slower compared to said reference transit
time.

6. The method set forth in claim 5, wherein the processor is
further configured to determine one or more of gastric emp-
tying time (GET), small bowel transit time (SBTT), and small
and large bowel transit time (SLBTT).

7. The method set forth in claim 5, wherein said reference
transit time is a function of corresponding transit time for a
healthy control sample population.

8. The method set forth in claim 5, wherein said subject is
identified as having normal transit constipation when said
CTT is not slower than said reference transit time and said
subject possesses a plurality of said symptoms of functional
constipation selected from the group consisting of: straining
during at least 25% of defecations; lumpy or hard stools in at
least 25% of defecations; sensation of incomplete evacuation
for at least 25% of defecations; sensation of anorectal
obstruction/blockage for at least 25% of defecations; manual
maneuvers to facilitate at least 25% of defecations; fewer than
three defecations per week; loose stools which are rarely
present without the use of laxatives; and insufficient criteria
for irritable bowel syndrome.
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9. A method for determining the presence and severity of
slow colonic transit constipation (SCTC) in a subject having
one or more symptoms of constipation, said subject having
swalloded an ingestible capsule comprising a temperature
sensor and one or both of a pH sensor and a pressure sensor,
the method comprising the steps of:

recording measurements from said temperature sensor and

one or both of said pH sensor and said pressure sensor as
a function of time as said capsule moves through said
subject’s colon;

transmitting said measurements to a processor external to

said subject, wherein said processor is configured to;

determine said capsule’s transit time based on a first
colonic position and a second colonic position as a
function of said measurements;

compare said measurements to a reference transit time;

diagnose the presence of said SCTC based on the com-
parison, wherein said subject is afflicted with said
SCTC if said capsule’s transit time is slower than said
reference transit time, wherein the slower the cap-
sule’s transit time relative to the reference transit
time, the more severe the SCTC.

10. The method set forth in claim 9, wherein said reference
transit time is a function of corresponding transit time of a
capsule for a healthy control sample population.

11. The method set forth in claim 1, wherein said one or
more symptoms of functional constipation are selected from
the group consisting of: straining during at least 25% of
defecations; lumpy or hard stools in at least 25% of defeca-
tions; sensation of incomplete evacuation for at least 25% of
defecations; sensation of anorectal obstruction/blockage for
at least 25% of defecations; manual maneuvers to facilitate at
least 25% of defecations; fewer than three defecations per
week; loose stools which are rarely present without the use of
laxatives; and insufficient criteria for irritable bowel syn-
drome.

12. The method set forth in claim 5, wherein said one or
more symptoms of functional constipation are selected from
the group consisting of: straining during at least 25% of
defecations; lumpy or hard stools in at least 25% of defeca-
tions; sensation of incomplete evacuation for at least 25% of
defecations; sensation of anorectal obstruction/blockage for
at least 25% of defecations; manual maneuvers to facilitate at
least 25% of defecations; fewer than three defecations per
week; loose stools which are rarely present without the use of
laxatives; and insufficient criteria for irritable bowel syn-
drome.

13. The method set forth in claim 9, wherein said one or
more symptoms of functional constipation are selected from
the group consisting of: straining during at least 25% of
defecations; lumpy or hard stools in at least 25% of defeca-
tions; sensation of incomplete evacuation for at least 25% of
defecations; sensation of anorectal obstruction/blockage for
at least 25% of defecations; manual maneuvers to facilitate at
least 25% of defecations; fewer than three defecations per
week; loose stools which are rarely present without the use of
laxatives; and insufficient criteria for irritable bowel syn-
drome.

14. The method set forth in claim 1, wherein said capsule
has a density from about 0.026 to about 0.020 grams/cm®.

15. The method set forth in claim 5, wherein said capsule
has a density from about 0.026 to about 0.029 grams/cn1’.

16. The method set forth in claim 9, wherein said capsule
has a density from about 0.026 to about 0.029 grams/cn1’.

I S S T
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