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1.0 INTRODUCTION

Polestar Technologies, Inc. has completed for the U. S. Army Medical Research and Material
Command under Contract No. DAMD17-95-C-5042 a Phase I SBIR effort entitled “Development
of Non-Invasive Deep Tissue pH Sensor.” This program was to develop a non-invasive sensor and
monitor system utilizing the intrinsic optical properties of pigments present in muscle and organ
tissue to detect tissue pH. This system will provide additional critical information to medical
personnel making triage decisions on the battlefield. Because of its small size and portability, it will
be easily incorporated into evacuation helicopters and ambulances as well as hospital operating
rooms, intensive care units, and body-worn monitor systems. The Phase I objectives were to
demonstrate the feasibility of the approach through the primary tasks summarized below:

Task 1 System requirements definition

Task 2 Sensor/system design and construction for Phase I experiments
Task 3 Experimental verification of proposed measurement technique
Task 4 Final system conceptual design

Success has been realized in each of these areas. System specifications which would support
the Army’s requirements were defined and included sensor range of measurement, accuracy, and
response time as well as physical size and computer interface requirements. Fiber optic probes were
designed and constructed to interface with both a portable spectrometer and a near-infrared
spectrometer. Experiments were conducted on fourteen subjects and proved that the prototype
monitor system successfully demonstrated performance characteristics as stated below:

. a pH accuracy of 0.01 pH units in muscle tissue covered with skin

° significant measurement penetration down to a depth of 7 mm

. insensitivity to probe height from skin/muscle surface

. a measurement time of 15 seconds

. a partial least squares calibration model with a reproducible R? coefficient

better than 0.98 and route mean square deviation errors less than 0.02 pH units

A conceptual design for a dedicated portable near-infrared pH monitor system for diagnosis of
combat casualties in the battlefield has been developed.

The accomplishments of this Phase I program indicate a high probability of success in future
development efforts to develop a fieldable non-invasive pH sensor for critical care diagnostic
applications, both on the battlefield and in civilian environments. Additionally, other applications
such as cardiac, reconstructive, and abdominal surgery, to suggest a few, would clearly benefit from
the commercialization of this technology.

1 Polestar Technologies, Inc.




1.1  Problem Description and Background

The US Army is interested in equipping its soldiers with small body-worn sensors to
continuously measure deep tissue pH. Tissue pH is an excellent indicator of cell metabolic state.
As oxygen delivery to cells is reduced, the cells are still able to hydrolyze adenosine triphosphate
(ATP) to produce energy through anaerobic metabolism; the by-products of this process are
hydrogen ions and lactic acid. Ischemia is accompanied by reduced blood flow; and, under this
condition, both the lactic acid and hydrogen ions accumulate resulting in a decrease in the pH of both
the cell and the interstitial fluid surrounding the cell. The measurement of tissue pH with implanted
electrodes measures the interstitial pH. Implanted sensors have been successfully used to monitor
changes in tissue pH during hemorrhagic shock (1), free-flap transfer during reconstructive surgery
(2,3), and during cardioplegic arrest during open heart surgery (4,5). However, implantable sensors
are impractical for continuous monitoring on healthy individuals; and a non-invasive sensor is
required.

Nuclear magnetic resonance (NMR) has been used in the laboratory to measure intracellular
pH. This technique does not easily extend itself to miniaturization. Doppler ultrasound has been used
as a non-invasive measurement of blood flow; however, this technique provides poor directional
information and lacks the physiological information about oxygen delivery that the tissue pH
measurement provides. The ability to non-invasively measure tissue oxygenation using near-infrared
spectroscopy has been reported by Hampson and Piantadosi (6) and Wilson et. al. (7). By measuring
explicit single wavelength changes in the absorption spectra of hemoglobin, myoglobin, and
cytochrome aa;, these authors have demonstrated changes in tissue oxygenation due to ischemia;
however, changes in tissue oxygenation do not tell the entire story. During tourniquet ischemia in
a human forearm, muscle oxygen stores are depleted in six minutes (6). Measurements show that
tissue pH reaches a minimum after 60-90 minutes of ischemia, indicating that anaerobic metabolism
is active during that time (3). Tissue pH measurement is an important adjunct in assessing the status
of an injured soldier on the battlefield and during transit to a field hospital.

Currently, there is no known method of non-invasively measuring tissue pH with a miniature
device. This report describes the first known in-vivo demonstration of a non-invasive measurement
of tissue pH using near-infrared spectroscopy.

1.2 Approach

This non-invasive deep tissue pH monitor takes advantage of the intrinsic optical properties
of the pigments present in muscle cells. These pigments absorb light in the near-infrared spectrum,
and include hemoglobins, myoglobins, cytochromes, flavoproteins, pyridine nucleotides, and
melanin. As with any organic or biological molecule, the absorption properties are dependent on
the nature of the matrix surrounding that molecule. In particular, pH of the “solution” surrounding
the molecules will affect the absorbance properties of the molecule. It is this variation in absorbance
properties with pH that is the basis of the monitor. As the pH of interstitial fluid changes as a result
of the accumulation of hydrogen ions during ischemia, the absorption spectrum of the pigments in
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the muscle cells will also change. By monitoring these subtle changes in the absorption spectrum of
muscle tissue, we can determine the pH of the fluid surrounding the cells, i.e., the tissue pH. There
is a recent report (8) in which near-infrared transmission spectra were recorded for a number of
model compounds including amines, peptides and proteins in aqueous solutions at two widely
separated pH levels (pH 2 and 8). The results of this study showed significant changes in the NIR
spectra of these compounds, associated with pH changes, but these changes were not quantified with
any type of calibration model. Another recent article (9) reports measurement of pH from NIR
transmission spectra in saline solutions of glucose and human serum albumin where a calibration
model is developed, but the wavelength region utilized, 1130 - 1980 nm, is not useful for deep
muscle tissue measurements because of shallow penetration depths and water interference associated
with this range. Also, the pH predicted error for this latter study was large (0.3 pH units).

Near-infrared (NIR) spectroscopy, coupled with multivariate calibration techniques, has been
widely used in the determination of protein and fat in meat products (10 - 12). It is just starting to
gain acceptance as a technique to non-invasively determine chemical concentrations in blood and
tissue. Near-infrared light in the wavelength region of 700-2500 nm is known to penetrate through
the skin and bones without being absorbed, allowing for the measurement of blood and tissue
components (13). Making use of the complex optical spectra collected from living tissue requires
the application of recently available tools from the field of chemometrics. Multivariate calibration
techniques, including partial least squares (PLS) and principal component regression (PCR) analysis,
are employed to derive calibration models which relate multiwavelength spectral data to an
independent determination of the concentration of the analyte of interest.

There have been many reports, over the last ten years, on the use of near-infrared (NIR)
reflectance and transmission spectroscopy as a non-contact method to measure protein, fat, and
water in meat products with high accuracy (10 - 12). These NIR-based characterization methods
for meat have utilized the 800 - 1,850 nm region of the spectrum (10).  NIR transmission
measurements in the 800 - 1,100 nm wavelength region were reported for 15 mm thick beef samples
(10). A transmission pathlength of 15 mm in beef would indicate that a reflection measurement
which involves a double pass through the sample thickness could probe down to a depth about one
half of this distance or about 7.5 mm. Results of this study, presented in Section 4.0, confirmed
that the features of the NIR spectra of meat samples are very similar to that of living muscle tissue..

One of the most widely known biomedical applications of near-infrared spectroscopy and
multivariate calibration methods is the non-invasive measurement of blood glucose in diabetic
patients. In a series of articles Haaland et. al. (14 - 16) demonstrated the application of PLS and
PCR techniques to measure glucose in whole blood removed from patients and as an in-vivo
determination. While there are still many details to work out before this technique can be widely
used, they demonstrated a prediction error of 1-2 mmol/L on human subjects monitored through the
finger (16).

3 Polestar Technologies, Inc.




Recently Carney et. al. (17) used near-infrared monitoring to analyze changes in lipids and
proteins present in gerbil brains which have undergone strokes. Using a commercial spectrometer
and their own multivariate calibration techniques (BEAST), they measured these changes in frozen
brain samples as well as in live gerbils which had undergone strokes.

In cases of chemical systems consisting of a complex mixture of many components which
exhibit very broad spectral features, a set of statistical analysis methods referred to as multivariate
calibration or regression analysis has been successfully used for the last twelve years to develop a
calibration relation between spectroscopic data and known concentrations of a set of calibration
samples (1, 10 - 12, 18, 19). This multivariate calibration technique has been particularly successful
for analysis of near-infrared spectra of biological samples such as protein and fat in meat and glucose
inblood. Partial least squares (PLS) regression analysis is one of the most commonly used types
of multivariate calibration analysis and has been employed in this Phase I development effort.

The basic theory of PLS regression analysis of the relation between a set of absorbance vs.
wavelength spectra and the corresponding known concentrations of a chemical component, which
is the muscle tissue pH in this case, can be described (12, 18, 19) by the following equation:

PH;=2 (Ay - Ry)

k=1

where pH; is the pH of sample i in a calibration set, the index k is for the wavelengths measured in
the NIR spectra (k is the total number. of wavelengths points), Ry is the spectral reflectance (in
log(1/reflectance) units) for sample i at wavelength k, and A, are the PLS regression coefficients
which must be calculated by the regression analysis. PLS software packages are currently available
as commercial products from a number of suppliers. To determine a calibration model relating
spectral data to pH values, a calibration set of NIR spectra together with corresponding known pH
values are entered into the PLS analysis program which determines the optimal regression
coefficients along with other statistical information regarding the quality and accuracy of the
calibration model.

Reflected near-infrared light can be easily measured from anywhere on the body and
processed remotely to determine pH. This technique not only has the potential to provide miniature,
body-worn sensors for soldiers in the battlefield, but can be adapted for civilian uses. Similar sensors
can be worn by patients who have undergone reconstructive surgery to assess adequacy of arterial
and venous connections for twenty-four hours after surgery. Hand-held devices might be used to
assess the adequacy of myocardial protection and vein graft perfusion during open heart surgery.
Other hand-held devices could be used by emergency personnel to monitor shock in civilian trauma
victims. The work in this Phase I effort consisted of a series of experiments with rabbit and dog
subjects which demonstrates the feasibility of non-invasive near-infrared monitoring of tissue pH.

4 Polestar Technologies, Inc.




2.0 DEFINITION OF PROGRAM REQUIREMENTS

The requirements of the Army for a non-invasive deep tissue pH monitor to be used in
combat casualty diagnostic applications were discussed in detail with the program technical contract
monitor. For the Phase I program, the ideal desired technical specifications for the pH monitor were
a pH resolution of 0.1 - 0.05 pH units, a depth penetration of 1 c¢m, a response time no longer than
15 sec, and the potential for configuration of the measurement system in a miniaturized and low cost
portable package that could be worn on the body of a soldier at single or multiple sites. The
primary diagnostic function for the system is described as a means of determining if a combat
casualty is in a state of shock from hemorrhaging, the severity of hemorrhaging as well as the time
available for corrective action.

3.0 EXPERIMENTAL METHODS
3.1  Surgical Methods

Surgery was performed on fourteen rabbits in the Phase I study. The rabbits were
preanesthetized with a ketamine/xylazine mixture, and their abdomens and backs were shaved and
cleaned. A tracheal tube was placed, and the animal ventilated with approximately 2% isoflurane plus
98% oxygen (tidal volume = 90 ml, rate = 30 breaths/min). The carotid artery was dissected, and
a Millar pressure transducer placed to monitor systemic blood pressure. The femoral artery was
exposed, and a 20 Gauge catheter was placed to facilitate the collection of blood samples for blood
gas analysis. The blood gas samples were used to adjust ventilation during the experiment to
maintain proper acid-base balance. First, the right latissimus dorsi muscle flap was removed to
expose the teres major muscle on the right side. The teres major muscle was dissected from the
scapula, and the single artery feeding the muscle was isolated. The muscle was stitched flat on top
of a chemical heating pad. Electrochemical pH probes 1.3 mm in diameter were implanted along the
left and right sides of the teres major muscle. The agar bridge, which connects the implanted
electrodes to the reference electrode, was implanted in fat under the skin, against the rabbit’s back
muscle. A temperature probe was implanted with at least one of the pH probes. A vascular clamp
was placed across the artery connecting the teres major muscle to the rest of the rabbit. In
experiments where spectra were measured through skin a piece of skin approximately 1 inch by 2
inches was cut from the rabbit from the area which was over the latissimus dorsi muscle. The skin
was shaved of fur, and the fascia was removed. The skin was placed fur side down on top of the bare
muscle to be measured. Once the spectrometer probe was aligned, the clamp was closed to initiate
ischemia. pH was monitored continually; and when the pH no longer decreased, usually after 60-90
minutes, the clamp was opened to begin reperfusion of the teres major muscle. On occasion the
experiment was repeated on the left side of the rabbit as well. The animals were humanely euthanized
at the completion of the experiment.

pH and spectroscopic data were also collected from two dogs which were undergoing

cardiac surgery procedures for a separate experiment. Dogs were preanesthetized with acepromazine
and sodium pentothal. After tracheal intubation the dogs were ventilated with 1-2% halothane mixed
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with oxygen. EKG electrodes were placed to monitor heart rate, and a Millar pressure transducer
was placed in the right femoral artery catheter to monitor systemic blood pressure. Following median
sternotomy and opening of the pericardium, two pH probes were placed in the right ventricle wall.
The left femoral artery was dissected, and the arterial cannula placed. A 14-gauge catheter was then
placed in the aortic root for delivery of cardioplegia solution. A two-stage venous cannula was
inserted in the superior and inferior vena cavae, and the animal was placed on cardiopulmonary
bypass. After a stable blood pressure was established, the aorta was cross-clamped to initiate global
ischemia. After 10 minutes of ischemia a blood-based cardioplegia solution (pH 7.6) was
administered for 30 minutes. pH and spectroscopic data were collected for the ischemia and
cardioplegia reperfusion periods.

All animals received humane care in compliance with the “Principles of Laboratory Animal
Care” formulated by the National Society for Medical Research and the “Guide for the Care and Use
of Laboratory Animals” prepared by the National Academy and published by the National Institutes
of Health (NIH Publication No 85-23, revised, 1985).

3.2  Microelectrode pH Measurement

Microelectrode pH measurement is performed using methods described by Khuri (20).
Briefly small glass electrodes are implanted to a depth of approximately 5 mm in the muscle tissue
to be measured. The microelectrode is attached to a larger reference electrode (outside the subject)
through an agar bridge implanted in fat elsewhere in the animal’s body. Thermistor probes are placed
adjacent to the pH probes to measure temperature. The data was collected on a custom system built
in the University of Massachusetts Medical Center laboratories. The system was designed to use
1.3 mm Esophageal pH Electrodes (model MI-506, Microelectrodes, Inc., Bedford, NH) with a
needle reference electrode/agar bridge set (models 10112, 100790, Vascular Technologies, Inc.,
Chelmsford, MA) and thermistor temperature probes (model 2123, Medtronics, Inc.)

The pH probes and reference electrodes were connected through a high impedance converter
to the data acquisition board (AT-MIO-64F-5, National Instruments), configured in the differential
input mode. The board is installed in a NEC PowerMate VP75 personal computer and programmed
with National Instruments NI-DAQ control library using LabVIEW graphical programming
language.

Data acquisition for the calibration routine was accomplished by sampling the channels at
2500 Hz and averaging over one second. Calibration of an individual channel is deemed complete
when 300 consecutive data points (5 minutes data collection) are all within + 1% of the average of
the data set. The calibration procedure records voltage measurements at pH 6.0 and pH 7.4 values
and computes the linear relationship between voltage and pH for each electrode. The data acquisition
routine acquires data at 2500 Hz and averages for 10 seconds. pH is calculated from the calibration
equations and is continually displayed in digital and graphical form. The pH data is written to disk
every 15 minutes.
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Temperature correction routines are available to correct the electrode response to
temperature, but were not needed for data collected above 30°C.

3.3  Near-infrared Spectrometer and Probe Systems

In the Phase I work, two different NIR spectrometers and fiber-optic reflection probe designs
were used. Data from experiments R1J-R6J and experiment R8J were collected on an Ocean
Optics (Dunedin, FL) spectrometer in the wavelength region from 500-1000 nm. The Ocean Optics
system is based on a fixed angle diffraction grating spectrometer with 1024 element Si CCD array
detector and has a spectral resolution of about 3 nm. This spectrometer is very compact and is
powered by, and interfaced to, a notebook computer, making the complete system very portable with
a total weight of less than 10 Ibs. Data from the remaining rabbit experiments, as well as the two
dog experiments were collected in the wavelength range 400-2500 nm on a model 6500
spectrometer from NIRSystems Inc. (Silver Spring, MD). The spectral resolution was 10 nm with
spectral collection at 2 nm intervals. Thirty-two co-added scans were obtained for each sample on
the rabbit, and 16 scans on the dog. Reflection from aluminum foil was used as the reference
spectrum for calculating absorbance. Acquisition of a single scan takes 0.9 sec and results in only
a 15 sec collection time for the dog heart experiments. The instrument uses a single silicon detector
in the 400 - 1100 nm region, a lead sulfide detector in the 1100 - 2500 nm region, and scans spectra
with a rapidly rotating diffraction grating.

Fiber optic probes were designed and constructed for use with both spectrometers. The
probe was aligned between the two pH probes in the rabbit muscle or dog heart. For each probe
configuration the optimal probe height was determined by measuring the intensity of light returned
from a reflector, aluminum foil, placed on the rabbit muscle or dog heart. The optimal height was
that which gave the largest signal on the spectrometer without saturating the detector.

Both an angled 60° and a collinear, bifurcated fiber-optic reflectance probe were used with the
Ocean Optics Spectrometer. The generalized overall NIR spectrometer/probe setup is shown in
Figure 1. The two probe geometries are shown in Figure 2. An angled 60° probe was used
exclusively with the Near-infrared Systems spectrometer. A photograph of the angled probe and
3 axis positioning mount for the Near-infrared Systems spectrometer is given in Figure 3. This
figure also shows the most important part of the experimental setup in a rabbit experiment which
includes the dissected muscle flap, ligating clamp, pH micro-electrode, temperature sensor, and
the NIR probe.

The signal/noise ratio in the reflectance spectra and the accuracy and precision of the pH
measurements were superior with the NIR Systems spectrometer because it utilized a much
larger diameter fiber probe, light source, and detector, and had a detector/amplifier system with
higher stability. The collinear or bifurcated probe geometry results in significantly higher signal
throughput and allows probe placement closer to the sample surface than the angled probe.

7 Polestar Technologies, Inc.
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a)

Figure 3.

Photographs of experimental setup used for NIR pH measurements
in rabbit subjects with NIR Systems spectrometer: (a) 60° angled
fiber-optic reflectance probe assembly with x-y-z positioner and
angled mount, (b) close-up of angled reflectance probe positioned
over muscle flap covered with skin flap, pH microelectrode wire
(heavy white wire), and clamp on artery
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3.4  Partial Least Squares Analysis

All data processing and model formulation were carried out with Grams/386 software
(Galactic Industries Corp.). Data from the Ocean Optics system required significant preprocessing.
The reflected light spectra from the sample and the reference were exported as ASCII files to the
Grams/386 software where the corresponding absorbance spectra were calculated. The absorbance
data were then smoothed with a 21-point Savitsky-Golay smoothing routine. The smoothing
removed the high frequency noise components, but did not remove the lower frequency components
that were particularly evident between 900-1000 nm. The internal software of the NIRSystems
Spectrometer calculated absorbance and smoothed the result. The smoothed absorbance spectra
were imported into the Grams/386 software in J-CAMP format.

Using the absorbance data and the recorded pH values from the electrodes, the Partial Least
Squares-1 (PLS-1) routine in Grams/386 was used to derive models to predict pH from the
corresponding absorbance spectra. Mean-centering was used to process the data before running the
PLS-1 routine (21). The PLS-1 routine includes cross-validation to provide many diagnostic features
with which to evaluate and fine-tune the model. After the routine is run, the optimal number of
regression factors is selected for the model. Grams/386 provides F-ratios and probability values for
each factor. The number of factors having a probability value just under 0.75 are selected. Using the
optimal number of factors, the actual versus predicted pH is plotted for the model. The derived
model is used to predict the pH from each of the sample spectra used to generate the model and the
predicted pH is plotted against the actual pH determined with the electrode at that time point. The
R?value for the plot is a measure of the goodness of the model for predicting pH from the spectral
data. A perfect model will have an R* value of 1. The root mean squared difference (RMSD) is also
reported, and is a measure of the average difference between the actual pH and the value predicted
by the model. This metric is a measure of the accuracy of the model in predicting pH, an RMSD of
less than 0.1 s considered acceptable for this feasibility study.

The Grams/386 PLS-1 report also provides statistics to identify spectra or concentration
values which are outliers. Outliers are those samples that have a spectral or concentration residual
F ratio greater than 3 (22) and a probability of being an outlier of greater than 95%. To compare
results from individual experiments a model is calculated using the entire wavelength range where
absorbance values are less than 3.0, and outliers are identified. The outliers are eliminated, and the
model is run once more. The success of the experiment is evaluated from the value of R* and RMSD
values for each of the rabbits.

Once a model is calculated, it can be used to predict pH values from acquired spectra. For
Rabbits 10J - 147J additional models were derived from the remaining 90% of the data points after
10% of the collected spectra were randomly removed to test the model. The model was used to
measure pH from the spectra; and the average bias, or difference between actual and predicted pH,
was calculated for the set of points.

11 Polestar Technologies, Inc.




3.5  Experiments with Myoglobin in pH Buffer Solutions as a Model Compound for
NIR Spectral Determination of pH in Muscle Tissue

Solutions with a concentration of 0.25 mg/ml of myoglobin were prepared in 11 different
pH buffer solutions which spanned the pH range of 6.3 - 7.3 pH units in 0.1 unit increments.
Each solution was prepared at least twice, and a NIR transmission spectra measured for a total
of 23 samples. The NIR transmission spectra were measured with the NIR Systems
spectrometer using the fiber bundle probes mounted in-line in a metal fixture. The myoglobin
spectra were measured with the samples contained in 1 cm pathlength plastic cuvettes. For each
sample a separate reference spectrum was measured with the appropriate buffer solutionin a 1
cm cuvette without any myoglobin.

3.6  Experiments to Determine the Depth Penetration of the NIR Reflection Technique
for Tissue pH

Samples of flank steak obtained from a supermarket were used in these experiments to
closely simulate the reflection and transmission characteristics of live rabbit muscle tissue. To
determine the penetration depth of the NIR reflection spectroscopy measurements, a special
fixture was constructed which supports a small 1” x 1.5 “ piece of flank steak on a plastic
platform with a 0.5” x .75” in rectangular hole in the center to permit the NIR light from the
spectrometer fiber-optic reflection probe to pass through.  This rectangular hole is spanned by
two strands of thread to support the center of the meat sample. A front surface aluminum
mirror is held in a slot about 1 mm below the bottom surface of the steak sample so that it can be
slid in and out underneath the steak sample without touching it. When present behind the steak
sample, the mirror will return an additional reflected NIR component to the receiving fiber
bundle of the reflectance probe for any NIR light that passes all the way through the steak
sample.

3.7  Data Analysis

All summary data is presented as mean + one standard deviation. Statistical analysis was
performed on a personal computer using Systat for Windows 5.0.

4.0 RESULTS
4.1 pH Electrode Measurements

pH data from all the rabbit experiments is summarized in Table I. An example of a typical
pH versus time trace is shown in Figure 4. Data was typically recorded from two pH electrodes, one
of which frequently exhibited a smaller change in pH than the other. For all the rabbit experiments
the pH started at a mean value of 7.10 £ 0.25 pH units and dropped to 6.73 + 0.23 pH units as a
result of ligating the artery, for a mean change in pH of 0.37 + 0.18. On reperfusion the pH increased
from 6.76 = 0.18 pH units to 7.12 + 0.29 pH units, a mean change of 0.36 + 0.22. Examination of

12 Polestar Technologies, Inc.
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Continuous pH Tracing for Rabbit 11J
bare muscle covered with skin
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Continuous microelectrode pH traces for electrodes 1 and 2 for
Rabbit 11J for muscle covered with skin
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individual experiments in Table I shows that in many of the experiments pH change was greater than
0.50 pH units during either ligation or reperfusion, and this change in pH is reflected in the model
derived from the data.

In the first few experiments nothing was done to prevent the drop in muscle temperature that
occurs as the artery is ligated. This resulted in temperatures below 30°C and a very slow decline in
pH during ischemia. In later experiments the addition of a chemical heating pad under the muscle
allowed temperatures greater than 31°C to be maintained on almost every experiment resulting in
a pH decline of approximately 0.01 pH units/minute. With the chemical heating pad, the temperature
change during an experiment was typically less than £2°C.

pH data was collected from two dogs. For Dog271 the baseline pH in the right ventricle was
6.97 and dropped to 6.82 during 10 minutes of global ischemia. During reperfusion with pH 7.6
blood cardioplegia the pH rose to 7.33. The pH tracing from Dog28I is included as Figure 5. Here
the pH starts at 6.84, dropping to 6.74 as a result of ischemia and rising to pH 7.61 during
reperfusion. Because of the rapid rise and fall in pH during this experiment, spectral and pH data
were collected every 30 seconds.

4.2  Rabbit Experiments

A full wavelength calibration model was calculated for each rabbit experiment where reliable
absorption spectra were recorded (R3J to R14J). The results of each of these calibrations is
summarized in Table II. For the Ocean Optics System the complete range of acquired spectral data
was used in the model. It was possible to collect data on the NIRSystems over the range of 400-
2500 nm; however, the usable data was limited by the appearance of strong water absorbance bands
on some of the spectra at (1440 nm and 1930 nm). Figure 6 shows a typical set of NIR reflection
spectra for a rabbit muscle flap covered with skin for rabbit R9J. The number of pH data points used
for the model averaged 11 for models where only arterial ligation was measured and 34 where both
ischemia and reperfusion was studied. The optimum number of factors for the model was generally
lower in unidirectional models than in models which utilized increasing and decreasing pH. Values
for R? and RMSD, the parameters which describe the predictability of the model, were excellent,
averaging 0.934 and 0.039 pH units, respectively, for all experiments. Figure 7 is a plot of actual
versus predicted pH for rabbit R11J over the range 7.29-6.40 pH units. The R* value of 0.986
describes how well those points fit the perfect line of one, and the RMSD of 0.023 pH units is a
prediction of the error that can be expected from the model.

The Ocean Optics and NIRSystems spectrometers were compared in terms of the model
parameters R? and RMSD. The mean R for data collected on the Ocean Optics spectrometer was
0.890 + 0.072, while the R? for the NIR Systems data was 0.960 = 0.038. Analysis of variance
showed that the NIRSystems data was significantly better (p=0.022). RMDS values for the two
systems: 0.047 + 0.023 for the Ocean Optics and 0.035 + 0.026 for the NIRSystems, were not
significantly different (p=0.372) between the two spectrometers.
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absorbance

Rabbit 9J, August 10, 1995

With Skin Flap, Decreasing pH
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Figure 6. NIR reflection spectra of rabbit muscle flap covered with skin, measured

with the NIR Systems spectrometer (60° angle probe), at different pH
levels, for Rabbit 9J. This series of spectra were measured during
decreasing pH after ligation.
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The wavelength region 700-1100 nm was chosen as the optimal wavelength region to
prevent interference from water absorption and to maximize depth penetration of the sensor. Water
has only low absorbance below 1300 nm, and experiments examining the depth penetration of near-
infrared light in meat samples showed the greatest depth penetration between 700 and 1100 nm.
Comparison of the model parameters R* and RMSD between full wavelength models and models
derived from the 700-1100 nm region are shown in Table III for rabbits R10J - R14J, data collected
with a skin flap in place. The mean R* for the 700-1100 nm range, 0.984 + 0.011, was greater than
that for the full wavelength range model: 0.972 + 0.025; however, for these six experiments there
was no statistically significant difference. Similarly RMSD for the 700-1100 nm range model was
0.016 £ 0.006 pH units, compared to 0.020 + 0.007 pH units, a smaller prediction error for the 700-
1100 nm model, but not statistically significant.

The wavelength region 700-1100 nm was used to measure the actual prediction error for the
determined models. Ten percent of the samples were removed before determining the model and the
reduced set model was used to calculate the pH of remaining samples from the spectra alone. Table
IV shows the average prediction error for 6 different experiments on 5 animals. For these 6 studies
on individual animals the average error in non-invasively measuring pH with 200 wavelengths
between 700 - 1100 nm is -0.006 + .009 pH units.

In one experiment the effect of changing probe height above the sample was studied. As the
pH was lowered by ligation, 17 of the data points were collected from a probe that was positioned
2.5 mm above the muscle surface, 9 of the points were collected at 4.5 mm above the surface and
6 of the points were collected at 1.5 mm from the surface. The first model was derived using only
the 17 points collected from the 2.5 mm position. Using that model to predict the points collected
at the other heights resulted in an error of 0.151 pH units. A second model was derived using all the
points except one point at each height. That model was used to predict the pH of the left out spectra.
That model resulted in an average error of -0.006 pH units for the 3 points. This latter result
indicates that calibration models can be developed that are not sensitive to the probe height.

4.3  Dog Experiments

Models derived from pH and spect al data collected from 2 dogs during open heart
surgery are presented in Table V. The predicted versus actual pH plot for Dog 281 is presented
in Figure 8 where pH varied between 6.74-7.61 and spectral data was collected from 700-1100
nm. The model parameters (R* 0.979, RMDS: 0.046 pH units) are quite good for the dog,
despite the fact that the probe height over the heart kept changing due to the heart beating during
part of the ischemic period and reperfusion with a large volume of blood cardioplegia which
caused the heart to bulge. Again, these results show that variation in the probe height on the
order of 2 mm does not lead to significant measurement errors.

It is significant to note that the spectra in these two experiments were acquired with 16

scans with a collection time of only about 15 sec. The resulting signal/noise in the spectra was
still excellent.
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Table II. Comparison of Model Statistics for Two Different Wavelength Regions

“.experiment fullrange 700-1100 nm - fullrange " 700-1100'nm
‘number R? R RMDS RMDS
R10J right, skin 0.923 : 0.988 0.030 0.011
R11J right, skin 0.986 0.996 0.023 0.014
R12J right, skin 0.978 0.984 0.015 0.013
R13J right, skin 0.979 0.972 0.024 0.026
R14J right, skin 0.993 0.994 0.011 1 - 0010
R14J left, skin 0.974 0.968 0.016 0.019

Table IV. Predicted pH for Deep Muscle Tissue covered with a Skin Flap: 700-1100 nm

experiment number pH range number of points average error of prediction
_predicted {actual - predicted pH)
R10J 6.98-7.25 3 -0.003 pH units
R11J 6.53-7.41 4 -0.012 pH units
R124 7.02-7.35 3 -0.011 pH units
R13J 6.77-7.33 4 +0.011 pH units
R14JR 6.74-7.16 3 -0.009 pH units
R14JL 6.41-6.75 ~ 3 -0.014 pH units

Table V. Model Statistics Derived from Canine Experiments. Best PLS Multivariate Calibration Model
Wavelength Range 700-1100 nm

exeriment | spectrometer | optical . | wavelength | # data
wmber | obe © '} range (nm) | points . L
D271 NIRSystems angled (60°) 700-1100 16 6.976.82-7.33 8 0.979]0.028

D281 NIRSystems angled (60°) 700-1100 32 6.84-6.74-7.61 9 0.979] 0.046

) 21 Polestar Technologies, Inc.
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4.4  Myoglobin as a Model Compound for the NIR Spectral Determination of pH in
Muscle Tissue

An experiment was conducted to investigate horse heart myoglobin as a model
compound for the sensitivity of NIR absorption spectra of muscle tissue to pH. Myoglobin is a
major component of muscle tissue, and the variation of its spectral features with pH should be
similar to that of many other compounds present in muscle tissue. As described above in the
experimental section, myoglobin was dissolved in pH buffer solutions for 11 different pH values,
evenly spaced, in the 6.3 - 7.3 pH range.

The NIR spectra and known pH data were analyzed with the same PLS multivariate
calibration software used with the rabbit and dog experiment data. Figure 9 shows the set of
NIR transmission spectra from this experiment. The spectra show one broad absorption band in
the 700 - 1400 nm range. An actual vs. predicted pH PLS calibration plot is shown in Figure
10. The PLS analysis results show a R? value of 0.902, a RMSD error of 0.091 pH units and an
average prediction error or bias of 0.08 pH units for 3 data points of pH 6.45, 7.20, and 7.20
predicted with a model developed from the remaining 20 data points. The results show
agreement with the trends observed for pH vs. NIR spectral relations in the rabbit and dog
experiments.

4.5  Analysis of NIR Spectra and pH Data to Determine Minimum Required Spectral
Resolution Elements

An important question to answer for further development of the NIR reflection deep
tissue pH monitor is determining the minimum number of resolution elements required in a NIR
reflection spectrum to obtain accurate pH measurements with a precision in the range of 0.01 to
0.05 pH units. Major reductions in the size and cost of the NIR pH monitor instrumentation
could be achieved by the use of a set of light emitting diode light sources combined with a
photodiode detector, in place of the higher resolution diffraction grating based spectrometers
used in the Phase I effort.

To determine the minimum required spectral resolution, the NIR spectra and pH
electrode data from two rabbit experiments were reanalyzed using an option in the PLS software
package which permits spectrally deresolving the spectra.  As an example of this desresolution
process, the software can average the 276 data points in the NIR spectra in the 700 - 1250 nm
range in groups of 28 points to produce a deresolved spectrum with just 10 data points
representing averages for successive 28 point regions. These deresolved NIR spectra were
produced from the data from two rabbit experiments and then analyzed with the PLS software
to produce a calibration model. Figure 11 shows an example of a NIR reflection spectrum from
a rabbit experiment in normal and deresolved form. PLS actual vs. predicted pH calibration plots
are given in Figure 12 using the normal resolution of the NIR Systems spectrometer of 276 data
points for the 700 - 1250 nm region and for 10 averaged data points. The resulting R* and
RMSD error values for the PLS calibration model actually improved slightly from 0.995 and
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0.013 to 0.997 and 0.008 for the deresolved spectra. A similar test was done with a second
data set from another rabbit experiment in which the number of data points was reduced from
200 points for the 700 - 1100 nm region to 11 averaged points. In this second test additional
calibration model validation was done by removing 3 spectra from the original set of 27 and
predicting the pH from these spectra with the PLS model developed from the remaining 24
spectra and corresponding known micro-electrode pH values. The results for this latter
deresolved data were very close to the original values with a very slight improvement in values
from an R? and RMSD of 0.990 and 0.011 to 0.986 and 0.013. The deviation or bias of the 3
independently predicted pH values compared to the actual values from this latter data set
increased slightly from -0.003 to -0.005 pH units but is still quite acceptable. The results
clearly demonstrate that the optimal 700 - 1250 nm region can be adequately measured with only
10 or 11 wavelength points representing the average reflectance information in each of these 10
or 11 wavelength bands.

4.6  Experiments to Determine the Depth Penetration of the NIR Reflection Technique
for Tissue pH Measurement

Several experiments were conducted to determine the depth penetration as a function of
wavelength for the reflected NIR light used to probe the tissue pH in this program. As
previously described in Section 3.6, a fixture was constructed to permit an aluminum mirror to
slide underneath a flank steak sample which is supported to leave a 0.5” x 0.75” unobstructed
area between the mirror and the sample through which transmitted and reflected NIR light can
pass.

The results of one of these experiments produced the NIR spectra shown in Figure 13
which gives reflection spectra for a 7 mm thick flank steak sample with and without the mirror
underneath the sample. This composite spectrum shows a significant increase in reflectance,
shown as a decrease in log(1/R) (where R is fractional reflectance), when the mirror is present.
These spectra show that the wavelength region for maximum depth penetration is in the 750 -
1125 nm range. Within this wavelength range, the results show a measurable amount of light
passing through the 7 mm sample thickness, bouncing off the mirror and then passing through
the sample a second time before reaching the receiving fiber bundle and going to the
spectrometer detector. An absorbance change of about 0.015 - 0.02 absorbance units, on a
baseline absorbance of about 1.5, is produced by the mirror in the 750 - 1125 nm range, which
indicates that about 10% of the light reaching the detector, penetrates down to 7 mm.

5.0  DISCUSSION

It has been demonstrated that deep muscle pH can be reliably measured using non-invasive
techniques. By analyzing the reflection of near-infrared light using multivariate calibration
techniques, measurement of changes in pH in skin covered rabbit muscle and in the canine heart on
cardiopulmonary bypass during both ischemia and reperfusion was demonstrated.
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While the requirements of the program demand rapid detection of falling pH, data is included
on increasing pH values to demonstrate that this technique is measuring changes in pH and not some
other parameter. There is only one reference in the literature on using near-infrared spectra to
measure pH (16), and this was demonstrated on the bench, in solution, over a different wavelength
region with large errors (0.3 pH units). For this reason it was deemed important to validate this
current research method by incorporating at least two independent measurements of spectral data
at the same or near same pH. In the early experiments the pH was reduced by ligating the vessel, and
measurements taken at regular time intervals. To assure that changes in spectra were not the result
of other in-vivo changes that might be occurring at the same time, in subsequent experiments, pH
was decreased by ligation and then increased by reperfusing the same muscle. The achievement of
excellent model parameters with pH values during both ischemia and reperfusion is proof that the
actual measurements were of pH and not such factors as the muscle drying out, which might also
be directly correlated with time. Additionally, the data collection technique was modified to record
spectra every 0.02 pH units, no matter how long it took to achieve that change. This further
validated this technique as a true measure of pH.

This experimental technique was repeated in 6 experiments on 5 different animals (R10J-
R14J) collecting near-infrared light at 200 wavelengths between 700-1100 nm on muscle which was
covered by shaved rabbit skin. This data, shown in Table IV, demonstrates that the method can be
reliably performed on different subjects with accuracy which 1s significantly better than 0.05 pH
units. While the calibration models for each of the rabbit subjects is different, future work will
involve the development of a generalized model which would be applicable to all subjects. Polestar’s
early results on in-vivo subjects are comparable or superior to early results achieved by Robinson
et. al. (11) who measured glucose levels in three diabetic patients. Their prediction errors were
approximately 10% of the average blood glucose levels of their patients.

The demands of a body-worn sensor require it to operate despite changes in position relative
to the skin surface. Though most of these experiments were carried out at constant height relative
to the skin surface, it was demonstrated in a separate experiment that small changes in sensor
position can be compensated for as long as they are anticipated in developing the calibration
equations. In general, the multivariate calibration methodology is robust enough to incorporate most
variations encountered during the use of the sensor, as long as they are anticipated in advance.

Analysis of the data from two of the rabbit experiments has demonstrated that a spectral
resolution for the near-infrared reflection spectra which is much lower than that used in the Phase
I effort can be successfully employed in measuring pH. Re-analysis of the rabbit data showed that
when the spectra were deresolved by mathematical averaging to only 10 resolution intervals for the
700 - 1250 nm range (from 276), or 11 intervals for the 700 - 1100 nm range, that the accuracy of
the optically detected pH accuracy was not impaired. This result is very significant in that it shows
that a highly simplified and miniaturized spectrometer system based on 10 or 11 light emitting diode
light sources together with two photodiode detectors could be used to monitor tissue pH. Such a
simplified spectrometer system is discussed in more detail below in the section on a conceptual
design for the next version of the near-infrared pH monitor.
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Significant penetration of the near-infrared reflectance measurement in the 700 - 1100 nm
wavelength region has been measured down to a depth of 7 mm with 10% light return to the
detector in an experiment with a piece of flank steak. This result is consistent with near-infrared
transmission measurements of meat protein and fat content reported in the literature (10) for 15 mm
thick samples in a similar wavelength region. The transmission measurement permits greater sample
thickness since the light only makes a single pass through the sample thickness.

A experiment was performed with myoglobin to help gain insight into the detailed
mechanism for the pH sensitivity of the near-infrared spectra of muscle tissue. Near-infrared
transmission spectra for a series of myoglobin solutions in pH buffer solutions prepared to evenly
span the 7.3 - 6.3 pH range, were analyzed together with the known pH values using PLS
regression analysis. The results exhibited a similar correlation of subtle changes in the spectra
with pH as found for the rabbit muscle tissue. The pH dependence of muscle tissue is likely to
be a summation of pH induced changes in several broad and overlapping spectral bands due to
myoglobin and other pigments present in muscle tissue such as cytochromes, flavoproteins,
pyridine nucleotides, hemoglobin, and melanin, as well as the contribution of a minor water band.

6.0 CONCEPTUAL DESIGN FOR PROTOTYPE MINIATURE NEAR-INFRARED
DEEP TISSUE pH MONITOR

A conceptual design for a miniaturized NIR reflection spectrometer system for non-
invasive deep tissue pH monitoring has been developed for use in applications requiring a
portable, compact, lightweight, and low cost instrument. This pH monitoring system is
designed for field diagnosis of hemorrhage induced shock in combat casualties or for other
medical applications such as diagnosis of trauma victims in hospital emergency rooms,
ambulances and evacuation helicopters.

In this design the NIR spectrometer is based on 10 light emitting diode (LED) light
sources at different wavelengths which reflect off of the target tissue area and are detected with a
photodiode detector. The design for this spectrometer system is shown in the diagram in Figure
14. The LED sources will be selected to cover the 700 - 1100 nm wavelength range at 10 even
intervals with typical LED emission bandwidths of about 60 nm. As described above in Section
4.5, it was determined from the NIR spectral data obtained for the Phase I effort rabbit
experiments that a reflection spectrum with 10 resolution elements would permit the same pH
measurement precision and accuracy as the 201 element spectra measured in the Phase I work
for the same wavelength range. In the LED spectrometer, the LED sources will be pulsed in
sequence with programmed modulation of the power supply voltage and then the corresponding
reflected light signals will be detected with a photodiode detector. The signal from the reflection
photodiode detector will be separated into the 10 individual LED components with a phase
sensitive amplifier system synchronized to the LED modulation source, and will output to a
computer for data analysis. The final signal sent to the computer will be normalized for LED
source intensity variations by the signal from a reference photodiode on the back side of the
spectrometer board which receives direct light from the LEDs. A reflector over the LEDs on
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the back side of the spectrometer card is used to increase the direct LED signal to the reference
detector. The LED pulsed power source and the signal processing electronics are contained in a
single electronics module on the back side of the system.  This spectrometer card will be held
within about 1 mm of the target tissue surface with an appropriate plastic spacer. The data
analysis will be performed using PLS or other multivariate analysis methods on the computer
interfaced with the spectrometer card output.

This design is much simpler, lower cost, and more amenable to miniaturization than the
diffraction grating based dispersive spectrometers employed in the Phase I effort. This type of
LED spectrometer could be further miniaturized to be mounted within a single integrated circuit
package.

7.0 RECOMMENDATIONS FOR CONTINUED WORK

Given the overall program goal of developing miniature, body-worn sensors designed to
fuse data with sensors monitoring other physical and chemical parameters, Polestar Technologies
recommends that efforts in Phase II focus on the further characterization and optimization of this
non-invasive technique. These efforts will include development of a breadboard NIR pH
monitor, characterization and testing of the technique with animal subjects, development of a
universal calibration model predicting pH from NIR reflection spectra for different animal
subjects, and design and fabrication of a miniaturized prototype LED pH monitor for testing and
evaluation by the Army, as well as civilian trauma units. Additionally, work needs to be done to
develop methods of extending animal calibration procedures to human use.

8.0 CONCLUSIONS

The Phase I effort has successfully demonstrated that tissue pH can be measured using near-
infrared reflection spectroscopy coupled with partial least squares analysis (PLS) in skin covered
rabbit muscle and a canine heart on cardiopulmonary bypass. In six separate determinations of deep
tissue pH in the rabbit teres major muscle, the derived model was capable of measuring pH from
collected spectra to an average accuracy of -0.006 £ 0.009 pH units.

Experiments were conducted using two different spectrometers and a variety of fiber
optic probes. Models from these configurations were compared using statistics derived from the
PLS cross-validation analysis. By comparing R* and RMDS values from these models, we were
able to determine that the NIR Systems spectrometer provided superior data collection, most
likely because of its larger diameter source and fiber probes and a more stable detection. Using
similar techniques, we were able to demonstrate that the wavelength region 700-1100 nm
provided the most accurate models. By collecting data on both the canine heart and the rabbit
muscle we have shown the potential of this technique for both military and civilian applications.
The most
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important characteristics of the prototype pH monitoring system developed in the Phase I effort
are summarized below:

e apH accuracy of 0.01 pH units in muscle tissue covered with skin
» significant measurement penetration down to a depth of 7 mm

» insensitivity to probe height from skin/muscle surface

¢ ameasurement time of 15 sec.

» successful performance for monitoring pH in the teres major muscle in rabbit subjects and
heart muscle pH in dog subjects

s reproducible partial least squares calibration model results with R* coefficient better than
0.98 and route mean square deviation errors less than 0.02 pH units for 5 rabbit
experiments

¢ an optimal wavelength range of 700 - 1100 nm

o arequired spectral resolution of 10 or fewer resolution elements for the 700 - 1100 nm
range, demonstrating feasibility for a compact multi-wavelength light emitting diode
based instrument

These results led to the development of a conceptual design for a dedicated portable
near-infrared pH monitor system for diagnosis of combat casualties in the field. ~This portable
system will be highly miniaturized and will employ a set of light emitting diodes combined with
photodiode detectors to collect spectral reflection data in the optimal wavelength region for deep
tissue pH measurement.
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