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FOLL-LENGTH, FIBERORPTIC PRESSURE MONITOR

PROJECT SUMMARY

The objective of this program was to explore the
feasibility of develcping a flexible, full-length, fiberoptic
pressure sensor and pressure monitor system suitable for
characterizing the motility of the esophagus and associated
sphincters.

This objective was partially achieved by the developrent
of a 275 mm long by B.5 mm diameter optical pressure sensor
containming 18%9 discrete sensor sites distributed in two
distinct patterns: the proximal section contained a 250 mm
long linear array with 10! sites for measuring the motility
of the esophagus, and the distal portion contained a 25 mm
long cylindrical array with 88 sites for characterizing
sphincter pressures. In additicon to the hardware associated
with the sensor, an extensive software package was also
developed for pressure data acquisition, calibration.
processing, and display. It was demonstrated (using
synthetic esophageal signals) that the sensor and software
could be combined into an effective pressure monlitoring
system capable of processing voluminous gquantity of pressure
data and displaying the results in a complete and
intulitively—-interpretable format.

However, the developed sensor was rigid rather than
flexible, as a suitable flexible but highly tramsparent
waveguilide material could not be discovered during the course

of this program. As a conseguence, the senscr was found to
be insufficiently sensitive to the pressure range reguilred
for the intended medical application (i.e., O to 200 mmHg).

It was concluded that development of a full~-length
flexible esophageal pressure sensor and monitor system is
technically feasible, but that additional work would be
required regarding the discovery of better flexible and
highly-transparent waveguide materials ard more sensitive
pressure transduction materials.
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1.  TECHNICAL AIMS OF THE PROJECT

The overall goal of this project was to develop a
innovative, full-length, fiberoptic esophageal pressure
monitoring instrument. This device would contribute to
improved health-care by coffering significantly enhanced
performance and lower cost over current methods of
characterizing pathological behavior of the esophagus and
related organs. The immediate goals of the Phase I project
would be to demonstrate the feasibility of modifying an
existing fiberoptic pressure sensor technology for this new
medical application, and to demonstrate a multi-channel
laboratory prototype of a pressure measurement system capable
of monitoring the full length of the esophagus. The
potential of this research for commercialization 1is
considered to be high, as 1t directly addresses the needs of
gastrointestinal specialists, hospitals, and medical research
centers for a versatile, convenient, and low-cost system for
manometric characterization of the esophagus. A diagram of
the sensor and monitor system as originally proposed are
shown 1in Figure 1, and the principal innovative features
listed below:

oy

The flexible pressure sensor would contain several
hundred pressure sensor sites spaced 2.5 mm apart
and extend the full length of the esophageal tract,
thereby permitting a complete manometric
characterization to be performed on the
pharyngoesophageal sphincter, esophaqus, and
gastroesophageal sphincter with only one or two
swallow—actions by the patient. This new sensor
would be a marked improvement over conventional
devices, as laborious and uncomfortable sensor
tramsiation would not be regquired to characterize
the esophageal system. Furthermore, the present
problem of sensor dislocation would be avoided, as
each swallow action would automatically capture two
natural position calibration points consisting of
the pharynx and lower esophageal sphincter.

2. The distal portion of the sensor would consist of a
25 mm long cylindrical section containing a
circumferential distribution of pressure sensing
sites (11 layer x B sensor sites per layer). This
sensing reglion would permit characterization of
vector pressures associated with non—uniformly
contractile organs such as the pharyngoesophageal
sphincter.
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FIGURE 1: Appearance of the originally proposed full-
length, fiberoptic escophageal pressure monitor system. The
instirrument would be capable of collecting several hundred
pressure samples along the entire length and in multiple
directions about the cylindrical sensor at the distal tip,
and to display the data 1n a processed, intuitively-
interpretable format.
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A computer would be used to create a user-friendly
interface for the physician/user, and provide
direct and rapid visualization of the entire
peristaltic wave and sphincter pressures. For
example, the data generated by one swallow event
would be automatically processed, and results such
as the maximum pressures or peristaltic wave
velocity presented in a convenient and intuitively-—
interpretable graphical format.

Unlike presently—used manometric tubes, the optical
pressure sensor weould be completely sealed, thereby
significantly simplifying procedures reqguired for
sterilization and re—-use.



2. RESEARCH CONDUCTED

This section 1s divided into four major subsections that
will discuss development of the sensor hardware (2.1) and
data processing/display software (2.2), evaluation of the
sensor system performance (2.3), and conclusions regarding
technical feasibility and directions for future work (2.4},

2.1. Sensotr Hardware Development

2.1.1., Sensor Development Background

The pressure sensing technology explored in this program
utilized the principle of frustrated tctal internal
reflection (FTIR) at an optical surface (Begej [19841]), and
is i1llustrated in Figure 2. Light is injected into the edge
of a planar waveguide where 1t 1s initially confined by total
internal reflection between the parallel faces. A white,
textured plastic membrane is placed in contact with one face
of the waveguide. Then, pressures exerted against this
membrane cause TIR to be frustrated at the contact locations
due to light absorbtion by the membrame material. That
fraction of the diffuse light emanating from these contact
locations that no longer satisfies the angular conditions for
TIR within the waveguide 1s then observed when 1t exits
through the opposite face.

Force Transducer membrane
l Cover membrane

Transduction | Microtexture 4

k)

L\
SANIA A

ZTranspar‘ent plate ]{
Reflective edge

Appearance
of Iimprint

FIGURE 2: General arrangement of components for sensing
contact pressure distributions by frustration cof total
internal reflection (FTIR) at the surface of a waveguide.
Diagram at right illustrates how areas subject to higher
pressures appear as regions of greater light intensity. From
Begej [1984].



Several compact fiberoptic tactile sensors utilizing
this sensing technolcgy have heen developed by the author for
robotic applications. Figure 3 shows an early device (Begej
[1985]) which featured a 32 x 32 array of pressure sensor
sites, each site being spaced 1 mm apart. This device was
interfaced to a computer which performed data acquisition and
display functions. Figure 4 shows a more advanced fingertip-—
shaped tactile sensor subsequently developed for use with a
dexterous robotic hand (Begej [1986, 1988a, 1988bJ). It
featured 256 pressure sensing sites distributed in two
surface densities (100/cm® and 10/cm=).

Tactile
transducer
assembly

@'&/

glass
I ate
!
I
|
\| @

Imprint
display array

FIGURE X: Planar, fiberoptic, TIR tactile sensor containing

an array of 32 x 32 pressure sensing sites (1024 total)
spaced 1 mm apart. From Begej [1985].
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FIGURE 4: Internal construction of a fingertip-
shaped fiberoptic tactile sensor. An arboreal
distribution of optical fibers was used to acquire
the optical pressure signals from the sensing
surface and convey them to a remocte camera for
capture and processing. From Begej [1986, 1988a,
1988t].

This background of experience in fiberaptic FTIR
pressure sensors was used as a starting point in the design
and development of a full-length, flexible esophageal
pressure sensor. Section 2.1.7 describes the first phase of
the sensor development effort in which a design of a flexible
sensor was putrsued. This geoal was not entirely achieved, and
Section 2.1.32 describes the second development phase in which
sensor flexibility was abandoned. Instead, a full-length but
rigid sensor was designed and fabricated to partially prove
the concept and to enable development and evaluaticn of the
data processing and display elements of this program.



2.1.2. Flexible Senseor Development

The starting point in the design of a flexible
esophageal pressure sensor 1s shown in Figure 5. The
circumferential sensor design for sphincter pressure

measurements was identical except that fibers were both
linearly and circumferentially distributed. The sensor would
be covered with a thin rubber sheath intended to act as an
impermeable barrier between the intericr cf the sensor and
the esophagus. This pneumatic barrier would be maintained
along the senscr cables to the i1lluminator and camera
interface points external to the body, thereby enabling the
measurement of pressure relative to the ambient pressure
external to the patient. Immediately inside the outer cover
would be an aluminized mylar sheath covering a pressure
transduction membrane of textured polyethylene. The mylar
sheath would act as an light barrier to block the entrance of
any ambient light filtering through the outer cover, and also
as a reflector to minimize light losses from unsensorized
portions of the waveguide.

Im contrast to previous tactile sensor designs 1n which
rigid waveguides were utilized (see Section 2.1.1),
measurement of esophageal pressures required a flexible
sensor, and therefore the use of a flexible waveguide. B
tubular waveguide configuration was chosen as this
corresponded to the geometry of the commercilrally—available
materials suitable for use as waveguides. The sensing fibers
would all be routed through the core of a flexible ecptical
fiber substrate tube, the latter being optically isolated
from the cuter waveguide by a layer of aluminized mylar. The
fibers in the core would be embedded in a silicone matrix to
prevent self-abrasion and to provide mechanical support
against collapse due to external pressures on the sensor.

Specification of sensor dimensions began with
consideration of the minimum optical fiber size that could be

employved. Freliminary routing and adhesion tests performed
with 76 um diameter scryllic fiber (Poly0Optics Corp.) revealed
that this size was very difficult to handle in long lengths
due to floating and charging by static electricity. The next
size avallable, 127 um, was then tested with satisfactory
results. With the fiber size selected, the minimum core

diameter to support the passage of at least 256 fibers (the
maximum number of sites the sensor would have) was determined
to be 2.35 mm.

Selectiaon of flexible waveguide and fiber substrate
materials was restricted to commercially-available substances

fabricated into a tubular geometry. A variety of such
materials were procured for evaluation, e.g., polyurethane,
vinyl, latex, silicone, Viton, and Norprene rubber. The

minimum internal diameter of the fiber substrate was
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FIGURE 5: Design used as a starting point in the develapment
of a flexible FTIR pressure sensor for this program. Only
the linear section for esophageal measurements 1s shown. The
sensor for sphincter pressures would be very similar, though
with an added circumferential distribution of sensor sites.



maintained at 2.9 mm, with a wall thickness of at least 1 mm.

This, in turn, dictated that the minimum internal diameter of
the waveguide material be approximately 5 mm (allowing 0.3 mm
for the aluminized mylar optical insulation), and the outer

diameter approximately 7 to @ mm.

The procedure for evaluating optical transparency of the
various wavegulde candidates (e.g., polyurethanes and vinyls)
consisted in cutting a segment approximately 300 mm long,
injecting light from a 130 W light socurce into one end, and
gualitatively examining the amount cf light emanating from
the opposite end. The results from these tests proved to be
very discouraging as 1in most cases only a faint glow emerged,
an amount that was judged wholly imadequate considering the
additional light losses that would be incurred transducing
and conveying the pressure signal back to the CCD camers.
After further searching and evaluations, the best results
were obtained with a high-purity, surgical-grade polyurethane
tubing (Tygon S-50-HL manufactured by the Norton Company).
However, even 1n this case the maxlimum usable length was only
100 mm, less than half the length actually needed for a full-
length esophageal pressure sensor.

In parallel with evaluations performed on the tubular
wavegulde materials, efforts were made to overcome the
problem regarding the lack of waveguide transparency. One
approach taken was to utilize high-transparency materials of

higher stiffness. To this end, a tubular waveguide geometry
was abandoned in favor of a simple cylinder or rectangular
strip, as indicated in Figure 6. This permitted

consideration of materials known to have a high transparency
{e.g., acrylic, polycarbonate, butyrate, and glass), with the
hope that waveguides made form these materials could be made
sufficiently flexible by reducing their thickness to
approximately 1 or 2 mm. Polycarbonate and butyrate strips
were found to be insufficiently flexible or transparent,
though their clarity was a significantly better than the
tubing evaluated earlier. Glass strips were highly
transparent, though far too rigid even when cut intoc a 1
mm square strip.

Foa

The most promising waveguide candidates were large
diameter acrylic plastic optical fibers (Dupont, ESKA).
Fibers measuring 1 mm diameter were more than adequately
transparent, and were also sufficiently flexible for use in a
first-generation esophageal sensor. However, two problems
prevented satisfactory implementation of this approach. The
first concerned attachment of the sensing fibers toc the
waveguide, and was eventually addressed by embedding the
fibers in a thin substrate prior toc bonding with the
waveguide. A more difficult problem, however, was polishing
the "top" surface of the waveguide to remove the fiber
cladding and permit direct contact of the pressure
transduction membrane with the core. Various scraping and

(?
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FIGURE &: Alternative esophageal sensor design
based upon the use of relatively stiff, highly~—-
transparent waveguide materials that were flexible
in thin sections. In this example, the sensor

fibers were directly attached to an acrylic optical
fiber.

polishing methods were explored, though none could
selectively remove the cladding over the length needed for
the esophageal pressure sensor. For this reasons, this
approach was eventually abandoned.

Another approach considered 1n overcoming low waveguide
transparency was to consider sensor designs in which light
was injected unifarmly along the length of the waveguide,
rather than simply (and most conveniently) injecting the
light at the proximal end. However, this approach was
eventually abandoned for the fundamental reason that the
light level provided from a single illumination fiber at each
pressure sensing site was insufficient to generate a signal
that could be reliably detected by the CCD camera.
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2.1.32. Rigid Sensor Development

As summarized in the previous section, a significant
effort was expended in trying to solve the problems of
flexaibility and transperency associated with the sensor
waveguide. This effort was largely unsuccessful, and was
eventually abandorned in favor of designing and fabricating a
fully-functional rigid escophageal sensor that utilized a
glass waveguide. This decision was made to permit other
program tasks to proceed (e.g., developmernt of a sphincter
pressure sensor, and development of software for pressure
sensor data acquisition, calibration, processing, and
display), and to permit evaluation of the pressure monitoring
system as a whole.

A diagram and photograph of the rigid sensor is shown in
Figure 7 and 8, respectively. The sensor combinmed a long
linear region for measuring esophageal pressures with a
cylindrical sensor on the tip for characterizing
circumferential {(vector) sphincter pressures. This prototype
had 101 and 88 sensor sites 1n the linear and cylindrical

regions, respectively, for a total of 189 sites in the entire
sensor., The site spacing in bocth the linear and
circumferential directions was chosen to be approximately 2.5
mm . This spacing was dictated primarily by the available

waveguilide diameter, the desired length of the linear section,
the length of the cylindrical sensor, and the number of
circumferential sites. The values of these parameters were
g mm, 250 mm, 235 mm, and 8 sites, respectively. (Had 12
circumferential sites been chosen, then the total number of
sites in the sensor would have risen to 330, a far less
manageable number than 189.)

The sensor design 1s very similar to the flexible sensor
design previously shown 1in Figure 5, the most noctable
difference being the use of a rigid glass tube as the
wavegulde (4.& mm ID x 7.1 mm 0D) and the use of a semi—-rigid
slotted acrylic tube as the optical fiber substrate. This
change in materials permitted the elimination of the
reflective mylar film between the sensing fiber substrate
tube and waveguide tube. Such a film was found to be
unnecessary, as contact between the acrylic fiber substrate
and the hard glass waveguide resulted in negligible light
losses. However, the reflective film located between the
waveguilide and silicone rubber cover was retained, as the
silicone caused heavy light losses when it touched and
adhered to the waveguide.

Fabrication of the acrylic substrate for the sensor
fibers was accomplished in a stepwise method beginning with
the preparation of short segments measuring approximately
2.0 mm ID x 4.5 mm OD x 40 mm long. Those segments intended
for use in the esophageal portion of the sensor had a linear

11
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FIGURE 7: Diagram of the rigid esophageal and sphincter
pressure sensor developed under this program. The body
contained a linear sensor for measuring esophageal
peristaltic wave pressures, whereas the tip contained a
cylindrical sensor for measuring vector pressures within
sphincters. The indices of the esophageal sensor sites range
from 1 to 101 starting at the proximal end, whereas the
indices of the cylindrical sensor range from (longitudinal
index, circumferential index) = (1,1) to (11,8)}.
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FIGURE 8: Rigid esophageal pressure sensor developed under
this program (see previous figure for dimensions). Also

shown at the top is the CCD camera interfaced to the sensor
display array.
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array of holes drilled with a size 80 carbide bit (304 um
diameter}. The segments were then longitudinally slotted on
the wall opposite the fiber holes to permit threading of the
optical fibers. All the linear sensor segments were then
bonded tcgether with acrylic cement. Only one segment was
required for the sphincter portion of the pressure sensor,
and it was drilled with the same bit while the sensor was
mournted on a rotary indexer.

The first segment to be threaded with optical sensor
fibers was the sphincter segment. FEach 127 um diameter fiber
was threaded from outside to inside starting at the distal
end of the segment. The tip of each fiber was slightly bent
to facilitate guidance down the segment. After threading was
completed, the tube segment was filled under pneumatic
pressure with epoxy (Devcon S-33, 30 minute cure time) to
encapsulate the fibers within thelir holes and tube core.
After curing, the excess fibers were trimmed off with a sharp
razor blade, producing a clean cptical finish on the severed
fiber end. A photograph showing the appearance of the
sphincter sensor segment prior to trimming of the fibers 1in
shown in Figure 9.

Threading of the linear fiber substrate segments also

began at the distal end. After all fibers were threaded,
they were potted into their holes with epoxy (Devcon S-206, 5
minute cure time). A photograph of the sensor fiber
substrate at this stage is shown in Figure 10. The

protruding fiber ends were trimmed, and the linear portion of
the sensor attached with acrylic cement to the previously
fabricated cylindrical segment. After the fibers were folded
down into the core, they were encapsulated with epoxy (Devcon
S-33, 30 minute cure). A photograph of the finished fiber
substrate is shown in Figure 11.

To facilitate viewling of the fiber ends with a CCD
camera, the fibers from the sensor were embedded in a flat
display array with the format shown in Figure 1Z. The fibers
assocliated with esophageal and sphincter portions of the
sensor were located in the upper and lower sectors of the
array, respectively. The display array was fabricated from
acrylic plastic (to facilitate drilling), and was threaded
aftter the sensor substrate was completed (see Figure 11).
Identification of the fibetrs was accomplished by illuminating
the fiber end exposed at the sensor substrate, and selecting
the corresponding i1lluminated fiber from the bundle at the
opposite end. The display array before and after fiber
encapsulation and trimming is shown 1in Figure 13.

Figure 14 shows the illumination collar in the process
of being attached to the sensor. This device consisted cof
approximately 300 acrylic optical fibers (254 um diameter)
arranged in an annulus and pressed against the proximal end
of the wavequide. The input end of the illumination bundle

14
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FIGURE 2: Appearance of the fiber substrate tube for the
sphincter portion of the sensor after fiber threading, but
before epoxy encapsulation and fiber trimming.

FIGURE 10: Optical sensor fibers (101 total) threaded
through the linear fiber substrate. Fibers have been potted

into their holes, but not fully trimmed or encapsulated into
the substrate core.
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FIGURE 11: Finished sensor fiber substrate (bottom). The
left and right sides contain the linear and cylindrical
sensor fibers with 101 and 8B sites, respectively. The fiber
cable is shown covered with a flexible Viton rubber sheath
for protection against dust and abrasion damage.
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FIGURE 13: Sensor fiber display array shown before (top) and
after (bottom) fiber encapsulation and termination.
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FIGURE 14: Illumination collar (center—-left) for

the rigid pressure sensor. The glass waveguide
tube and completed sensor fiber substrate are also
shown at the upper and lower portions of the
photograph, respectively.

was terminated in a brass tube, and attached via an
intermediate illumination cable to a 150 W fiberoptic
illuminator. Reflective aluminum foil was bonded to the
distal end of the waveguide to enhance the light level in the
wavegulide by reflecting light back into the waveguide that
would otherwise be lost. The assembled sensor prior to
covering is shown in Figure 15.

The final steps in sensor fabrication were attachment of
the pressure transduction membrane and covering the sensor.
The transduction membrane was made from white polyethylene
film 89 um thick, and textured on the waveguide side by light
abrasion with 200 grit sandpaper. This material was selected
as past studies (Begej [1984] and [1986]) have proven this to
be the most effective with regard to minimizing hysteresis
and maximizing signal output. The transduction membrane was
applied to only those portions of the waveguide monitored by
sensor fibers, the balance of the waveguide area being
covered with reflective mylar film. After application af the
membrane, the sensor was spiral-wrapped with self-fusing
silicone rubber tape (Scotch/3M No. 70) 280 um thick.
Finally, a silicone end cap was attached to complete the
pneumatic seal between the interior and exterior of the
sensor.

19



FIGURE 15: Assembled rigid pressure sensor prior

to attachment of the sensor cover.

At the completion of sensor fabrication, a pressure
chamber was also built to enable calibration of the sensor.
This device is shown in Figure 16, and consisted of a 12.7 mm
ID tube closed at one end and provided with a compressive 0O-
ring seal at the other. Pressurization was accomplished by
an electromechanical valve operated by a toggle switch.

Some typical sensor pressure response data obtained
using the calibration device (and the software described in
later sections) is shown in Figure 17. The following
observations were made with respect to this data:

h The pressure sensitivity range of the sensaor is
approximately 0 - 3,000 mmHg and, as such, 1is
approximately 13 times higher than the pressures of
interest in esaophageal or sphincter pressure
measurements (approx. 0 to 200 mmHg).

2 The shape of the pressure response curves 1s non-—
linear. Though pressure measurements beyond 3,000
mmHg were possible, such measurements were not in
the range of highest sensitivity.

20



FIGURE 1&: Pressurization chamber used to calibrate the
esaphageal pressure sensor. The right end of the tube was
closed, and the left end provided with an O-ring seal which
clamped onto the sensor at the proximal end. Air at a

regulated pressure was admitted to the chamber by means of an
electromagnetic valve.
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The sensor signal intensity is seen to decrease as
the location of the pressure site moves away from
the light injection point at the proximal end of
the waveguide, and 1s reduced to approximately 10%
of the value at the proximal end. This is
attributed to absorbtion or other losses associated
with light transmission down the waveguide. A
consequence of this effect is that the distal sites
are expected to be far more susceptible to noise
than proximal pressure sites,.

There 1s a pronounced recovery of the signal as the
distal end 1s approached, and 1s hypothesized to be
caused by back-reflections from the reflector at
the end of the waveguide.



. Software Development

In addition to development of the senscor hardware, a
parallel effort was also undertaken to develop software
necessary to acquire, calibrate, process, and display the
pressure data peoduced by the sensor. The initial plan for
the software development effort entailled writing an
integrated pdckagp which performed all these functions.
However, due to time constraints iImposed by difficulties
encountered during sensor hardware development, this plan was
modified to include only the development of code for data
acguisition, calibration, and processing, while relying upon
a commercially—~available package cslled SURFER (Golden
Software) for data display. This decision precluded the
development of a system that might rumn in real time, though
Lhis compromise was deemed acceptable for a Phase I effort
whose prime purpose was to demonstrate system feasibility.

The starting point for development of data ATquiqition,
calibration, arnd prcoccessing software was a pve» tously-written
in-house C-code package for data acguisition from a video
source. This menu—driven package was extensively modified
and augmented to perform the functions needed by this
project. The resultant data acquisition program consisted of
the following modules:

MODULE MODULE SIZE
NaME BEvtes Lines FUNCT I ON

Db.C 4,37¢& 21 Main program
ps_mO00.cC 11,514 262 Main menu
ps_mlOO.c AL,LQB 377 Imprint I/0 (vaideo)
ps_mll0.c 14,842 339 Display array set-up
ps_ml20.c 16,617 362 Sensor calibration
ps_m130.c 8,097 156 Data acquisition
ps_ml40.c 14,753 294 Data display
ps_util.c 12,061 249 Utility functions

104,519 2,059

The structure of the data acquisition program is shown
in Figure 18, and illustrates how all functions are accessed
through menus. At the top level, the MAIN MENU provides
access to sub-menus pertairming to video data I/0, definition
and set—-up of the fiber optic display array, sensor
calibration, data acquisition, and data processing for
subsequent display by the SURFER plotting package.
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FIGURE 18: A hierarchical menu structure was used
to control the acquisition, calibration, and
processing of data from the pressure senscor.

The main meru display Is shown 1in Figure 19. it
1llustrates the general format of the menus and how
selections are made by entering item numbers. Selections (1)
and (2) of each menu provide HELP and information regarding
the current values or status of variables and file names,
respectively. A print-out of the INFORMATION DISPLAY is
shown 1n Figure 20.

The IMPRINT I/8 menu shcocwn in Figure 21 is a collection
of important vicdeo image acguisition and interrogation
functions. Though not directly utilized during pressu-e
measurements, this menu was found to be quiite useful during
system development for such tasks as aligning the fiber optic
display array with the CCD camera, adjustment of sensor
signal intensity levels, and storing array images for future
use. An example of such a display array image is shown in
Fiqure 22 (refer to Section 2.1.2% and Figure 12 regarding
format of the array indices).

Figure 27 shows the DISPLAY ARRAY DEFINITION menu which
is used to defime and save the locatiorns of the maximum light
signal from specific optical fibers in the image. This was
accomplished by selection number (3) in which a cursaor was
superimposed on an image, such as the one shown in Figure 22.
The user first specified the indices of the pressure sites to
be defined (e.g., 1 to 101), and then moved the cursor about
each site searching for the maximum intensity. Once found,
that pixel location was entered and the program automatically
requested that the user move from site to site until the
entire array was defined. An example showing the display
array defimition for the 101 pressure sensing sites in the
linear portion of the sensor is shown in Figure 24.

25
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FIGURE 20: Vnowle*ge of important parameters and file names
were always available through the selection of menu item
number 2. The above information display contains default
values associated with system start-up.
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FIGURE 21: The IMPRINT INPUT/OUTPUT menu was used
and manipulate image data from a CCD camera.

FIGURE 22: Image of sensor array re-displayed on a monitor
aftter being captured by the CCD camera and saved to a file:
refer to Figure 12 for array index definitions. Note that
fibers located closest to the preximal (light injection) end
of the sensor are the brightest. Also note the absence of
fiber numhbher 11 - it was accidentally severed during sensor

assembly.
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A

emanating from the optical fibers.

70 array definition stored in file arraydef.007:
TAX -X- -Y- TAX -X- -Y- TAX -X- -Y- TAX -X- -Y- TAX -X- -Y- TAX -X- -Y-
1 36 43 2 49 41 3 58 43 4 687 40 5 76 41 6 87 39
7 98 42 8 105 41 9 117 4t 10 124 39 11 14% 39 12 145 39
13 154 33 14 163 40 15 173 40 16 183 40 17 36 54 18 49 53
19 58 53 20 87 52 21 77 55 22 88 51 23 96 53 24 105 5
25 116 51 26 124 52 27 135 51 28 144 51 29 156 2 30 164 51
31 174 52 32 183 53 33 37 65 34 50 €5 35 60 65 36 70 64
37 81 65 38 87 65 38 898 64 40 107 64 41 117 65 2 12 64
43 136 64 44 146 64 45 156 64 46 164 65 47 174 83 48 183 65
49 36 79 50 49 78 51 58 77 52 89 178 53 77 77 54 86 78
55 98 77 56 108 78 57 118 78 58 125 78 59 136 77 60 146 77
€1 155 77 62 164 77 63 174 77 64 184 78 65 36 90 86 49 90
87 59 89 68 68 80 69 77 90 70 87 91 71 96 90 72 106 90
73 116 8% 74 127 89 75 137 90 76 147 91 77 156 90 78 166 90
79 175 90 80 184 8¢ 8l 36 104 82 51 102 83 60 103 84 70 103
85 79 103 86 88 102 87 389 101 38 108 102 89 118 101 g0 129 102
91 132 103 92 149 103 93 158 102 94 167 102 95 177 102 36 186 1(3
87 36 1186 93 49 116 99 58 115 100 67 115 101 79 115 102 G G
103 0] 0 104 0 0 105 o] 0 1086 o] 0 107 0 0 108 G 0

109 0 0 110 0 0 111 0 U 112 0] U 113 0 0 114 0 Q
115 G 0 118 0 0 117 G 0 118 o] ¢ 119 & 0 120 o] C
izl G 0 1z2 0 0 123 0 0 124 0 0 125 § 0 1Zo6 0 0
1n7 G 0 129 0 G 128 0 0 130 0 0 131 0 0 132 o] O

Hit ENTER key to continue

FIGURE 24: Ar example of a fiber optic arvay definition file
in which the maximum light intensity locations associated
with each optical fiber are defined in terms of the
horizontal (X)) and vertical (Y) pixel coordinates. This data
corresponds to the first 101 fibers in array image shown in
Figure 22. Note that the origin of the coordinate system 1is
at the top-left of the screen, and that the pixel coordinate
values range from (X,Y) = (0,0} to (255,255). Alsoc note that
damaged site number 11 was assigned the same cogrdinates as
site 12, thereby causing the intensity data for these fibers
to be identical.




Once the locations of intensity data in the video image
were defined, the sensor could be calibrated. As illustrated
in Figure 17, the response of the sensor to pressure was both
non—linear and dependent on the pressure sensor site
location. Sites located towards the distal end were found to
produce signals that were far weaker than those located at
the proximal end at which the illumination is injected. A
complete senscr calibration under these circumstances would
require calibration of each individual site over the full
range of expected operating prescsures. As such a full
calibration would be both tedious and unnecessary in a system
undergoing development, the non-linear behavicr was
del iberately ignored. For developmental and illustraticnal
purposes it was assumed the sensor behavior was linear, and
that 1t would be sufficiernt to determine aonly the zero and
maximum pressure responses of each pressure site for
calibration purposes. The pressure at each site, then, was
simply calculated by limear interpolation between these two
extreme values.

There was some unresolved concern at the start of this
project with regard to the mechanical stability of the fiber
display array with respect to the CCD camera. Permanent
movements on the order of 25 um caused by bumps or Jjarring
were thought to be sufficient to cause a change in
calibration due to displacement of the marimal light
intensity away from the pixel ceocordinate that had been
assocliated with 1t. To address this potential problem, a
decision was made to treat the array definition coordinates
merely as starting points for a lccal search for the true
light maxima. The search was confined to a square cell
centered about each array definition point, with cell
dimensions bheing user—-specifiable, e.g., 1,3,5,... The cocst
of this approach was increased data processing time due to
the search process. However, 1In the course of development
during which the apparatus was subiect=sd to variocus bumps and
jarvring, old and new array definiticns were compared and
found to be unchanged, indicating that no significant
shifting was occurring and that cell-searching would not need
to be incorporated in future versions of this system.

The sensor calibration menu is shown in Figure 295,
Calibration was performed by inserting the sensor intc the
pressure calibration device (see Figure 16), capturing data
images {(using the menu shown in Figure 21) at the minimum and
maximum pressures, and selecting function number (4) to
extract the minimum and maximum intensity values at the
defined array locations. An example of the data in the
calibration files 1s shown in Figure 26 {note that the search
cell size was 3).
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the sensor could Be calibrated utilizing the above
menu . The response of each pressure sensor site
was presumed to be linear between zero and some
maximum working pressure, thus requiring data at
only two pressures.

The menu for making a run 1s shown in Figure 27. The
m impecrtant system parameters could be set or changed in
t! menu, which included the number of pressure sensor
sites, the number of scans in a run {(typically 30}, the time
between each scan, the search cell size, and the maximum
pressure used during calibration. Once these parameters were
entered, the fiber array defined, and calibration files
specified, then selection number (7) would execute a run,
i1.e., acguire images, extract data, arnd compute the
pressures.
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Once the data was acquired and pressures computed, the
DATA DISPLAY menu shown in Figure 2.2-28 was used to format
the data for display by a commercial! three-dimensional
plotting program called SURFER. In most cases, 1t was found
most convenient to choose the .grd format as 1t minimized the
file size and time required to plot the data.
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2.5, Sensor System Evaluation

The primary components of the esophageal pressure sensor
system are shown in Figure 29, and consist of the sensor.
sensar i1lluminator, a PC-XT with video digitizer for data
acquisition, and a PC-AT with a color monitor for data
display. The evaluation proctocol consisted of testing the
sensor performance in response to synthesized pressure
waveforms reprecenting the peristaltic wave action of the
esophagus and the contractile behavicr of a sphincter. Na
tecsts were performed in this Phase I study with live animal
or human subjects.

The esophageal =zensor was evaluated with the ai1d of the
peristaltic wave synthesizer. This device consisted of a
weighted, rubber-covered roller thabt was applied to the
surface of the pressure sensor, and pulled at s uniform rate
along its length to duplicate the progressive motion of a
peristaltic wave. The mass of the roller and supplementary
welght ranged from 5S00 -~ 1000 g, and was adjusted to provide
reliable pressure readings for the entire length of the
sensor (this required pressures far 1In excess of the
calibrated value}). The procedure for testing the linmear
portion of the sensor is cubtlired below:

A, Initialice tle data acguisition system,
t.e., enter the number of pressure
sensing sites (101; and tre numbter of
scans (230).

. Calibrate the sensor {(using the device
shown 1n Figure 14) at the minimum and
masimum pressures of O and 7,625 mmHg,
respectively.

3. Start the run.

4. Place the roller used to simulats
esophageal contractions on t
end of the sensor.

o. Move the ro

ller in the desired tr
toward the di

= aj
stal end of the sersor.

b Take the raller off the sensor just
before the last scan occurs.
7. Process and save the data.

8. Return to Step (3) for the next run.
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built" system may be compared with the original concept shown
in Figure 1.
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As indicated 1in Figur=s 29, data acguisiticn and data
display functions have been divided between two processores.
After the data was collected and stored in a file, 1t was
them transferred by floppy disk to a high-speed PC-AT
equipped with a math co-processor and color display. The
nressure data was then processed and displayed using the
commercial plotting program SURFER (Geolden Software Inc.) in
a variety of Z-D formats.

For example, Figures 30, 31 and 32 show the pressure
data for various simulated escophageal conditions displayed as
Z-D sur faces. In each figure, the pressure surface was
plotted as a functicn of the distance along the sensor
(starting at the procximal end) arnd time (i.e., scan number;).
Figure 30 shows the appesarance of a "normal” esophjgeal
contraction in which the pressure wave moved at a uniform
rate down the sensor. In contrast, Figures 31 and 22
illustrate the pathological conditions of retrograde and weak
contracticns, respectively.

A co frature to 23!l these plots 13z the presencs of
increasin s2 with distarce along the censor. This 1= a
direct connsguecs of decreasing signal—-te-nois=s ratic, as
noted earlier 1 Sectior 2.1.2 and Figure 17. It was
obzerved that some Important details were difficult to

extract from these plots, e.g., the linearity of a "normal®
contraction wave, or the exact shape of ithe pressure ridge
during retrograde contraction, or extractiecn of the main

pressure waveform from nol 2t distant prescure site
pmeitions or determinatiosn of pressure magnitudes. Faor
these reascns, it was concludsed that pressa-e surface £l
were not sentiretly csuitable
and unambiguous manmer,

t

oTs

1
i

vicgdalizcing data 1n a cles

;..J

The topographical format was also explored as a means of
data presentation. Figures 33, 34 and 35 show the same
pressure data previously presented in Figures 30, 21, and 32
regarding normal, retregrade, and weak peristaltic
contractions, but now displayed in & colorized topographical
plot. It is clear that this approach 1= much more successful
at succinztly presenting the most pertiment data and
suppressing the rest. The limearity cf a normal contraction
and the "switochbacking” of a retrograde contracticon are
readily seen i1n Figure 33 and 24, respectively, as 1s the gap
in the pressure ridge associated with the weak contraction
shown 1n Figure 35. It was concluded that the fﬂDngraphlcal
method of data presentation combired with colorization of the
levels was significantly superior to the surface plot methed,
and offered the best opportunity to formulats rapid diagnoses
based upon the presentation of sensor data in a simple and
intuitively— interpretable manner.
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FIGURE 303 Pressure surface plot azsociated with a

synthetic "mormal" peristaltic contraction. The pressure
ridge 1s readily discernable from the noisy background,
though the uniformity of contraction rate cor absolute
pressure magnitudes are difficult to gage quantitatively.
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FIGURE 32: Pressure plot of a synthesized "weak”
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ridge around the 80 mm mark.
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FIGURE 33: Colorized topographical plot of a synthetic
"normal" peristaltic contraction (same data as Figure 30).
The pressure ridge is readily discernable from the noisy
background. Note the increasing intrusion of noise as the
distance from the illumination injection point increases.

Pressure contours:

Green: 0 to 2000 mmHg
Red: 2000 to 5000 mmHg
Yellow: 5000 to 10000 mmHg
Blue: 10000+ mmHg
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FIGURE 34: Colorized topographical plot of a synthesized
retrograde peristaltic contraction (same data as Figure 31).

Pressure contours:

Green: O to 2000 mmHg

Red: 2000 to S000 mmHg

Yellow: 5000 to 10000 mmHg

Blue: 10000+ mmHg
40



EIGURE 353

Pressure contours:
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Red:
Yellow:
Blue:

o
2000
5000

10000+
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to 2000
to 5000
to 10000

Colorized topographical plot of a synthesized
"weak" peristaltic contraction (same data as Figure 32),
clearly illustrating the pressure dip around the B0 mm mark.
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mmHg
mmHg
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fs illustrated in Figure 29, the sphincter pressure
sensor 1s attached to the distal end of the sensor probe. It
consisted of 88 pressure sensor sites distributed over a
cylindrical surface, with B sites uniformly spaced about the
circumference in each of eleven layers. This resulted in a
nearly uniform sensor spacing of 2.5 mm in the longitudinal
and circumferential directions.

Teste on the cylindrical sensor were performed by
subjecting it to pressures exerted by a synthetic rubber
sphincter coneisting of a soft rubber donut measuring
Z5 mm 0D, 2 mm ID, and 14 mm thick. It was found that both
urtl form and nonuniform pressure distributions could be
imparted to the cylindrical sensor by sgueezing the periphery
of the sphincter in the hand.

Satisfactory display of data from the cylindrical sensor
proved to be more difficult than display of esophageal datsa
because of the need to display information in four
dimensions: pressure, time, axial sensor location, and
circumferential sensor locatiorn. 0One data visualization
approach considered was a "movie' display format in which
time variant pressure, axial position, and circumferential
position snapshots would be displayed adjacent to one
another . The advantage of this approach was that data would
be more intuitively presented as a series of pressure
topoygraphs as a functicon of time. However, with 30 scans per
run to deal with, the approach to become too impractical due
tao the small size of each plot, the intensiveness of
plotting, and the subsequent need by the user to integrate
information dispersed over a relatively large viewing area.

The approach that was eventually selected was a variant
of the above "mecvie" idea in which topographical plots of
pressure versus time and circumferential position for the
eleven different sensor lavers were displayed in close
proximity to one amother. Thus, in contrast to one
topographical plot for the esophageal pressure data,
sphincter data would be presented 1n esleven adjacent
topographical plets.

Figure 36, for example, shows the appearance of a normal
sphincter contracticn in which the pressure about the
circumference 15 trelatively uniform. In contrast, Figure I7
shows a contraction in which the pressure exerted by one
guadrant was weaker than the others, and is graphically
i1llustrated by the presence of a pressure dip at
circumferential site number 4 of each sensor layer. However,
despite the ability to present all pressure data in one plot,
this approach 1s still not considered entirely satisfactory
as the data is not presented in an intuitively vseful manner,
but is relatively abstract and requires more cognitive
processing to Interpret the data than the esophageal sensor
plots shown earlier.
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FIGURE 3&: Uniform sphincter pressures measured by the
cylindrical sensing region on the pressure sensor. Each
vertical rectangle is a colorized topographical
representation of the data within one of the eleven layers in
the cylindrical sensor, and shows the pressure as a function
of circumferential position (horizontal axis) and time
(vertical axis).

Pressure contours:

Green: O to 1000 mmHg
Red: 1000 to 5000 mmHg
Yellow: 95000 to 7500 mmHg
Blue: 7300+ mmHg
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FIGURE 37: Colorized topographical representation of a
weak contraction in one guadrant of the synthetic sphincter.
The anomaly is revealed by the presence of low pressures in
circumferential position number 4 of each layer in the
cylindrical sensor.

Pressure contours:

Green: O to 1000 mmHg
Red: 1000 to 5000 mmHg
Yellow: 5000 to 7500 mmHg
Blue: 7500+ mmHg
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2.4, Conclusions Regarding Technical Feasibility

Significant progress was made towards demonstrating the
feasibility of developing a full-length flexible esophageal
pressure sensor and monitor system. In this Phase I effort,
it was shown that a fiberoptic, full-length sensor wiih 189
sensing sites could be fabricated, and that pressure data
from synthetic esophageal peristaltic waves and sphincter
cantractions could be processed and displayed in a concise
and intuiltively-interpretable graphical format.

However, only a rigid sensor was designed and
successfully fabricated, as a waveguide material that was
simultaneously flexible and highly-transparent was not
discovered. The rigid sensor was found to have a pressure
sencitivity range of approximately © - 3,000 mmHg, and
therefore not ideally suited to the measurement of esophageal
and sphincter pressures which range from 0 - 200 mmHg.

0On the whole, it is concluded that development of a
full-length flexible escophageal monitor system i1s technically
feasible, though significant additional work will need to be
done in the future:

1. A continued search must be made for flexible
waveqgulde materiales with high transparency to
reduce light losses along the length of the sensor.
This issue might best be addressed by employing an
e«pert consultant in the field of plastic
materials, and also may require formulation of
custom, non-commerclal compounds.

2. Explore means of increasing the sensitivity of the
sensor to those pressures encountered in the
esophagus and sphincters. Again, an expert in
plastic materials might be needed to specify a low-
hysteresis, high-sensitivity transduction material.

3. Means should be explored of equalizing the light
intensities emerging from the sensor fibers in the
display array so as to more efficiently wutilize the
dynamic range of the (CCD detector, e.g., placement
of discrete customized filters over each sensor
fiber or row of fibers in the display array.

4. Integrate and accelerate the functicns of pressure
data acquisition, calibration, processing, and
display through the use of fast but inexpensive
computers {(e.g., 80386 machines). Additionally,
explore alternative graphical data display modes to
permit a more intuitive and concise method of
displaying four—-dimensional sphincter pressure
data.
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2. PROTOCOLS

The issue of protocols i1s not relevant te this program,
as this research did not involve human or animal subjects.

4. PUBLICATIONS

In an effort to protect the proprietary and patent
rights of the developments emerging from this grant, nc
publications have been made to date or contemplated for the
near future.

oL INVENTIONS

Listed below are the titles of the invention reduced to
practice during the period of this Phase 1 support, and fully
described i this report:

"Egsaphageal and sphincter pressure monitor system
utilizirng a fiberoptic sensor.”
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Z. LIST OF SUPPLIERS

Supplier Froduct or Service
Devcon Corp. Epoxy adhesives.
Danvers, MA 01923 S-33:  3F0 minute cure time,
S-2046: S minute cure time.
Dupont Co. Acrylic optical fibers.
ESKA Co. ficrylic optical fibers.
Golden Software, Inc. SURFER 2-D data plotting
BOZ 14th CStreet software, Version 4 (19%0).

PO Box 281
Golden, CQ 80402

Morton Industrial Plastics Tvgon polyurethane tubing
PO Box 350
Akron OH 44309

Polyvoptics Caorp. Acrylic optical fiber
Scotch/3M Self-fusing siliceone tape,
Electrical Products Division Number 70.

St. Paul, MN, 055144

{(File: cil\wphreport@ivnih _psen.txt)
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