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1. INTRODUCTION

1.1 BACKGROUND AND NATURE OF THE PROBLEM

An important measure of human health is a subject’s acid-base status, since disturbances
in acid-base regulation may have serious effects on metabolic activity, circulation, and the central
nervous system. Currently, acid-base status is assessed using arterial blood gas (ABG)
measurements, which require a blood draw and access to laboratory equipment not suitable for
field use. Significant blood loss or shock resulting from trauma is often manifested in poor
perfusion of peripheral tissue such as skeletal muscle. The consequence of an inadequate supply
of blood to skeletal muscle is a local build-up of carbon dioxide and lactic acid, both of which
lower pH in the skeletal muscle. Studies by Takano et al.! on animal models indicate that muscle
pH (and muscle ppCO,) are more sensitive to decreased blood volume and to tissue ischemia
than is arterial pH. Consequently, a non-invasive deep tissue pH monitor has enormous value as
a mechanism for rapid and effective triage of wounded soldiers on the battlefield.

1.2 PURPOSE AND SCOPE OF RESEARCH

The overall purpose and scope of the research in Phase I was to demonstrate the
feasibility of a deep tissue non-invasive pH monitor using visible/infrared spectroscopy and
multivariate calibration techniques. In the proposed Phase I research, feasibility would be
measured by the ability to quantify the pH of red blood and muscle cell samples based upon their
visible and/or near infrared spectra. Reference pH values for these calibrations would be
obtained using a commercially available blood gas analyzer, and careful experimental design
techniques would be used to prepare the red blood and muscle cell samples. In Phase I research
we also proposed to investigate the spectral characteristics and chemical species that are
responsible for pH prediction. These steps would assure that true pH predictions are achieved,
and improve our understanding of what physical effects are important to successful non-invasive
deep tissue pH monitoring.

This last statement concerning the understanding of physical effects caused by pH
changes deserves clarification. RGMT, Inc. possesses substantial expertise in chemometncs
which includes the subdisciplines of multivariate calibration and experimental de51gn
Chemometrics can be defined as the application of statistical and mathematical methods to the
analysis of chemical data. Although it is possible with chemometrics simply to allow the
computer to interpret the spectroscopic data, we seek first to identify and understand the source
of spectroscopic data that are leading to the property prediction, in this case pH. Furthermore,
we seek to carefully design our studies so that pH is made to vary orthogonally to spurious

X chemical or physical changes in the samples and to environmental or instrumental changes.
These approaches maximize the likelihood of building a robust calibration model that correlates
only to analyte-specific changes in the spectroscopic data.

The discussion to follow will illustrate that all of the specific tasks that were proposed for
the Phase I research have been successfully completed. Non-invasive deep tissue pH
measurement using chemometric analysis of spectral data is feasible. The Phase I results suggest

. [:that a small device, such as a multiple diode device perhaps as small as a quarter, could
eventually be developed to provide the non-invasive pH measurement.

Use or disclosure of text and data specifically identified by asterisk (*) is strictly prohibited
without the written consent of Rio Grande Medical Technologies, Inc.




2. MAIN BoDY

In our Phase I proposal, we identified the following specific tasks to be performed:

TAsK 1: Ascertain optimum experimental conditions for the measurement of pH in
blood and tissue.

TASK 2: Construct a “blood loop” for the determination of blood pH.

TASK 3: Determine pH in blood. Produce and carry out a carefully designed

experiment.

TASK 4: Develop and test a procedure for preparing suspensions of muscle cells that
can be tonometered to specified pH.

TASK 5: Determine pH in suspensions of muscle cells.

TAsk 6: . Prepare a Phase I report.

The dlscusswn that follows will address each proposed task. We will describe the
experimental methods used to accomplish each task, the results that were obtained, and the
importance of the results to the goals of Phase I research. Based upon what was learned during
the research phase, some of the tasks were modified from what was originally proposed. The
rationale for these changes will be discussed in detail. In all cases, the changes added valuable,

confirming evidence that helped demonstrate the feasibility of making non-invasive deep tissue
pH measurements.

2.1 DETERMINE OPTIMUM EXPERIMENTAL CONDITIONS (TASK 1)

The overall goal in Task 1 was to determine the optimum experimental conditions for the
determination of pH in blood and deep tissue. Specifically, we proposed to obtain visible (VIS)
and/or near infrared (NIR) spectra using grating spectrographs equipped with a charge-coupled
device (CCD) silicon array for the 500-900 nm region and a linear germanium (Ge) array for the
900-1800 nm region. We proposed using chemometrics to quantify pH from the measured
spectra, and we anticipated the need to develop spectral preprocessing methods to minimize the
effects of sample light scattering.

The determination of the pH of red blood cell samples was proposed as a starting point
for Phase I research for the following reasons: (1) blood is present in and around deep tissue, so
its spectroscopic signature must be recognized, (2) blood is known to scatter light, as does tissue,
so the effects of scattering on pH prediction can be evaluated, (3) blood pH can be varied in a
systematic way, and (4) standard electrochemical methods are available for measuring blood pH,
which can then be used as the reference pH values for calibrating the VIS/NIR spectral data.

We performed several initial whole red blood cell studies to determine the optimal
experimental conditions.  Specifically, the method of sampling as well as the optimal
instrumentation platform were carefully examined. For whole blood samples, we found that
reflectance spectroscopy was sub-optimal due to the small amount of backscattered light
available from the samples. To achieve better spectra of the whole blood samples we used
transmission spectroscopy. However, in tissue, which is a highly scattering medium’, we believe
reflectance spectroscopy is the best optical sampling method. Our goal in 1mt1a11y measuring
absorbance spectra of whole blood was to obtain spectral data of high enough quality to ascertain
whether pH calibration was possible and to determine the physical basis for the calibration.

2

Use or disclosure of text and data specifically identified by asterisk (*) is strictly prohibited
without the written consent of Rio Grande Medical Technologies, Inc.




Based upon the observed scattering variations, we developed an improved scatter
correction algorithm. Published methods for scatter correction calculate a global slope for
correcting spectra. Our algorithm enhances this type of scatter correction by calculating a
wavelength-dependent slope plus a global offset to scatter-correct the spectral data. The
technique has worked well in removing gross baseline variations in the data, which typically
reduce the complexity of our calibration models.

Additional whole blood studies also revealed that more light throughput would be
advantageous at longer wavelengths, regardless of whether reflectance or transmittance spectra
are measured, since blood and tissue strongly absorb light at these wavelengths due to their high
water content. In situations of high sample absorbance, a Fourier transform instrument provides
superior performance. Thus, we decided to use Fourier transform NIR (FT-NIR) spectrophoto-
meters equipped with single-element photodetectors for recording the longer wavelength spectra.
This instrument replaced the proposed grating spectrograph equipped with a linear Ge array
detector. As we focused on optical throughput issues, we also investigated additional types of
detectors that would be more sensitive at longer wavelengths, that is, above 1500 nm. Our
investigation revealed that an indium antimonide (InSb) photodetector has superior sensitivity in
the 1500-1800 nm range when compared to a germanium photodetector. The Ge detector is
optimal for the 1000-1500 nm range, and a silicon (Si) photodetector is optimal for wavelengths
below 1000 nm. Thus, we chose to collect FT-NIR spectra using all of these detectors to
optimize our sensitivity over a wide spectral region (670-1800 nm). The Si photodetector was
used to compare with the results from the CCD Si array (500-900 nm). The optimum
pathlengths were 1 mm for the longer wavelengths (FT-NIR detectors) and 2 to 5 mm for the
shorter wavelengths (CCD Si array).

Our initial whole blood studies, then, suggested that the best experimental conditions for
determining whole blood pH would be to collect absorbance spectra using two instruments: an
FT-NIR spectrophotometer equipped with three separate but simultaneously operating single-
element photodetectors (670-1800 nm) and a spectrograph equipped with a CCD Si array (500-
900 nm).

2.2 CONSTRUCT A “BLOOD LOOP” (TASK 2)

We proposed in Task 2 to build a blood flow loop that would contain two optical cells for
measuring the VIS/NIR spectra of intact red blood cell samples. The rationale for using a flow
loop was as follows: (1) to minimize beam heating of the sample by flowing the sample, (2) to
minimize settling of the red blood cells that would introduce undesirable scattering changes and
concentration gradients, (3) to allow the same sample to be measured with two different
instruments, and (4) to reduce the amount of blood needed per sample.

During initial whole blood trials, we discovered that the flow loop must be built from
stainless steel tubing. When perfluorinated polymer tubing was used to construct the loop, the
partial pressure of oxygen (and sometimes of carbon dioxide) varied from the beginning to the
end of the flow loop. Temperature sensors placed directly before and after the flow cells
indicated only minor changes in sample temperature due to absorption of energy from the optical
beam. About 6 cc of blood was required to flow the sample long enough to acquire two minutes
of spectroscopic data. The final flow loop design is shown schematically in Figures 1a and 1b.
The sample delivery subsystem (Figure 1a) allows the sample to be introduced at a constant rate

3
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using an Infusion Pump. The heater blocks shown in Figure 1a maintain the sample temperature
at 37°C. A three-way valve exists at the end of the flow loop so that the sample blood gas values

can be checked to compare with pre-flow-loop values. The flow loop is then forward-washed
with a detergent (Wash #1) and then backwashed with water, then methanol, and finally air to
prepare it for the next sample. The environmental control subsystem (Figure 1b) was designed to
maintain the air surrounding the flow loop and flow cells at 37°C.

The initial trials using the final design for the flow loop showed that blood cell settling
could be minimized by increasing the flow rate, but not be completely eliminated. However, a
too rapid flow rate caused blood cell channeling through the center of the optical flow cells,
especially if pathlengths longer than about 2 mm were used. Channeling occurs when the blood
flows more rapidly through the center of the optical flow cell than it does around the edges.
Thus, the effects of cell settling and channeling were minimized by choosing the proper flow rate
and optical flow cell pathlength for the red blood cell samples. Overall, the flow loop performed
well, given the inherent difficulty of sampling intact red blood cells. Intact red blood cells are
relatively large particles, having one dimension as large as 7 um. To put this size in perspective,
Brownian motion can suspend particles in solution indefinitely only when the particles have a
diameter of 0.1 um or less. Calculations show that a particle on the order of 10 um can settle out
of solution at a rate of about 0.2 cm/min., which would introduce a substantial light scattering
variation and concentration gradients during a two minute spectral data acquisition period.

Hence, we believe the flow loop design in Figures 1a and 1b represents an optimized method for
sampling intact red blood cells.

2.3 DETERMINE PH IN BLOOD (TAsK 3)

As a starting point for Phase I research, we had proposed executing studies to determine
the pH in whole blood (see Section 2.1), which would be obtained from donors. We proposed
tonometering samples to desired pH levels while maintaining variations in the partial pressure of
oxygen (pp0O,) and the partial pressure of carbon dioxide (ppCO,) that were as orthogonal as
possible to pH changes. In addition to tonometry, acid or base additions would be used to drive
pH to the target values. The target pH values would be reached by using the Sigaard-Anderson
“base excess” model®’ to calculate the proper gas values to tonometer and the proper acid or base
amounts to add. We proposed using hydrochloric acid (or lactic acid) and sodium hydroxide as
acid and base sources. We had further proposed collecting spectra over the 500-1800 nm region
(2 minutes signal averaging per sample) and then calibrating the spectral data using pH reference
values measured by a commercial blood gas analyzer.

2.3.1 pH Determination of Intact Red Blood Cells using Flow Loop

Whole blood was obtained from donors, and a given calculated amount of acid or base
was added to the blood using the Sigaard-Anderson model*’. The samples were then
tonometered for 10 minutes to equilibrate the CO,, O,, and N, gases to the desired gas levels.
Following tonometry, we passed the intact whole red blood cell samples through the flow loop
(Figures la and 1b). While the sample flowed through the loop, FT-NIR and VIS/NIR spectra of
the intact whole red blood cell samples were obtained using the two instruments previously
described (see Section 2.1). The flow loop possessed a 1 mm pathlength for the three FT-NIR
detectors and a 2 mm pathlength for the CCD silicon detector.

e 4
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Our experimental design (Figure 2) for the preparation of the samples shows the target
pH and bicarbonate ion (HCO5") values that we sought to achieve using tonometry and acid/base
addition. The target range for pH variation was 6.8-7.8 pH units. The solid curves in Figure 2
define reasonable physiological boundaries for ppCO, in relation to pH and HCO; levels.
Outside these boundaries, life is not possible. The upper solid curve represents the 60 mmHg
ppCO, isobar, while the lower curve represents the 10 mmHg ppCO, isobar. A Latin Hypercube
experimental design with a D-optimality criterion was used, which provides orthogonal variation
among the components and more evenly distributes the values over the range of variation. The
goal is to orthogonalize component variations, but as Figure 2 shows, the physiological
constraints of the bicarbonate buffer system in blood preclude a perfectly orthogonal design. It is
important to recognize that other blood gas components (not shown in Figure 2) have also been
made to vary orthogonally (or as nearly as possible) to both pH and HCO;". The samples were
also prepared in random order so that pH would not correlate with sample run order.

As an example of the pH calibration results that were obtained, we will discuss the FT-
NIR absorbance spectra that were obtamed using the InSb detector. These spectra are shown in
Figure 3. The large band at 7000 cm™ (1425 nm) and the edge of the highly absorbing band just
below 5500 cm’ (1820 nm) are overtone absorptions of water in blood. The spectra also exhibit
relatively large baseline variations. These variations could be caused by differences in the light
scattering properties of the whole blood samples and inhomogeneity of the flow of the blood
through the optical flow cells. The results obtained by calibrating the absorbance spectra in
Figure 3 against the reference pH values from the ABG analyzer yielded a cross-validated
standard error of prediction (SEP) for pH in whole blood of 0.050 pH units. These results are
shown graphically in Figure 4, which shows that pH was predicted well over the entire range of
pH variation. Figure 4 also shows that pH values are well distributed over the range of pH so
that the model for pH is more robust. The line through the points is the identity line, which
means that if the predicted pH values exactly matched the reference pH values, then the points
would all lie precisely on the identity line. The SEP is a metric that summarizes how well the
points as a whole fall on the identify line. The equation for calculating the pH SEP for all results

> (reference — predicted)?

discussed in this report is SEP =, |- , summing over all samples.
number of samples

The results obtained for pH determination in whole blood using the flow loop and
absorption spectroscopy were encouraging. We achieved pH prediction with a precision of 0.05
pH units, which is a clinically useful measure. However, careful examination of the
spectroscopic data revealed that the observed spectral baseline changes correlated with pH
prediction. We hypothesized that these large spectral changes were caused by cell size changes
resulting from our experimental manipulation of the blood pH. This hypothesis was confirmed
by additional experimentation and review of the literature®®. We determined that our
experimental protocol was introducing the observed spectral artifacts, which produced spuriously
good results and possibly obscured the identification of a reliable spectroscopic source(s) of pH
information. For these reasons, we modified our research proposal to include the study of pH
variation in lysed red blood cells.

5

Use or disclosure of text and data specifically identified by asterisk (*) is strictly prohibited
without the written consent of Rio Grande Medical Technologies, Inc.




2.3.2 pH Determination of Lysed Red Blood Cells using Flow Loop

The effects of scattering from the whole blood samples, especially when one considers
that the red blood cell changes its size and shape with pH*®, makes it difficult to ascertain the
subtle changes in the spectral data due to chemical effects caused by varying the sample pH. A
sample with the same chemical make-up as whole blood, but without the cell walls, will produce
spectral features that vary with pH identical to those in whole blood. Lysing whole blood to
eliminate the red blood cell membranes produces samples that can be used to identify the spectral
features, and the chemical species, that respond to pH changes.

Lysed blood was obtained by the following protocol: (1) sonicate fresh whole blood for
60 seconds to disrupt the cell membranes, (2) centrifuge the lysate for 10 minutes at 3000 rpm,
and (3) collect the supernatant. The experimental design for varying the pH of the lysed blood
samples was very similar to that used for the intact red blood cells (see Figure 2).

A total of 35 lysed blood samples were prepared and introduced to the flow
loop/spectrometer system. The absorbance spectra obtained using the FT-NIR InSb detector are
shown in Figure 5. The general appearance of these data are similar to those in Figure 2, e.g., the
water bands have approximately the same absorbance values, but the baseline shifts that were
caused by the light scattering from intact blood cells have been eliminated.

The calibration of the spectral data yielded an SEP of 0.03 pH units. These results are
shown graphically in Figure 6. Elimination of the scattering effects made it much easier to
identify the source of spectroscopic information specific for pH. The approach used to identify
the important spectral features is to examine the loading vectors generated by the partial least
squares (PLS) decomposmon of the spectral data. The loadmg vectors for the pH calibration
model have a significant feature centered at 6200 cm™ (~1610 nm), which is a frequency
associated with nitrogen-hydrogen (N-H) bond stretching. A histidine molecule is a likely
candidate for the source of N-H vibrational absorption in the spectra, since the hemoglobin
molecule possesses 36 histidyl residues, 22 of which are titratable. These protons are known to
have a pK of 6.0, which means that they are titratable over the range of pH variation in our
samples We currently believe that the absorption band at about 6200 cm” is associated with

the titration of protons on the imidazole ring of the histidyl residues present on the hemoglobin
molecule, as shown below.

Oy - -
— 0 Ko 6.0 + o +
FuN = ‘;____ H—( + H

+
H \\/N

Thus, it is reasonable to expect that spectroscopic changes will be observed due to the acid-base
changes that the histidyl residues undergo. A similar analysis of the source of pH information in
the CCD Si array spectra showed that the 590-635 nm region was important to pH prediction in
that data. It is known that methemoglobin is very sensitive to pH changes and exhibits changes
in its absorption spectrum at approximately 630 nm as it undergoes transition from its acidic to
basic chemical forms'®. Thus, we believe that an important source of pH information in the
silicon detector region lies in the acid-base changes of methemoglobin over the pH range studied.

2.3.3 pH Determination of Lysed Red Blood Cell Tissue Phantoms using Optical Cuvettes
The ultimate deep tissue pH determination will have to be carried out using a reflectance
sampling mode due to the highly light-scattering properties of tissue’. If radiation that is
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reflected off the second window of the optical flow cell (Fig. 1a) is sampled, the spectral data
are significantly changed relative to an experiment where all radiation sampled is a result of
scattering from the sample itself. Elimination of reflectance from the second window of the flow
cell can be achieved by simply making the cell pathlength greater than the penetration depth of
the probe beam. This requires a 1 cm (or greater) pathlength cell. When appropriate cells were
tested with whole blood samples we could not, under any flow conditions, get completely
satisfactory performance. Slow flow rates resulted in noticeable cell settling, and corresponding
spectral shifts. Fast flow rates resulted in channeling (see Section 2.2).

One solution to the problem would be to prepare samples and seal them, with a stir bar, in
cuvettes. This approach was tested with whole blood samples. The red blood cells settled when
the stirring rate was set below the rate at which cavitation occurred, and the spectral data became
impossibly noisy when cavitation occurred. Muscle cells are much larger, by as much as an
order of magnitude, than are red blood cells. Thus, the settling problems noted with intact red
blood cells would be expected to be magnified with intact muscle cells.

A better solution is to prepare samples with the same chemical composition as tissue, but
add a medium that produces a scattering signal nearly identical to that produced by tissue. Such
a sample will have identical spectral-feature changes, due to changes in pH, as does tissue.
Further, the penetration depth of the optical beam will be identical to that in tissue if the absolute
amount of scattering is the same as in a tissue sample. Such a sample, a “tissue phantom”, can be
prepared by lysing cells to produce the appropriate chemical system, and adding a mixture of
microspheres to produce the scattering. Polystyrene microspheres small enough to be easily
suspended with low stirring rates produce an appropriate scattering signall L

The initial test of the tissue phantom concept was carried out using a matrix of lysed
blood. The pH predictions, and the loading vectors of the calibration model, should be
comparable to whole and lysed blood results. These studies were carried out using reflectance
spectroscopy, as originally proposed. The samples were sealed in optical cuvettes, which
prevents the gas values (ppO, and ppCO,) from changing and allows the samples to be stored for
subsequent studies. This plan was a departure from the original proposal, but we felt that having
lysed blood samples in a scattering matrix similar to that of human tissue would have great value
toward evaluating the effects of tissue scattering on the quality of pH prediction.

To prepare the lysed blood tissue phantom (LBTP) samples, lysed blood was obtained as
described in Section 2.3.2. The LBTP samples consisted of four components: lysed blood, 2%
scattering beads (0.042 pm diameter, polystyrene spheres), plasma, and acid or base dissolved in
0.9% saline. We prepared the LBTP samples using an experimental design that was similar to
that used for the whole blood sample studies (Figure 2). The concentration of lysed blood in the
LBTP samples was held constant in all samples at 3.73 + 0.03 g Hb/dL, or 20-25% of normal
human hemoglobin levels. The reduction in lysed blood concentration was made to closer
approximate the levels of blood expected to be present in tissue. The LBTP samples were
individually tonometered to the desired pH values, and then measured with the blood gas
analyzer. Spectra were collected in reflection using the FT-NIR spectrophotometer equipped
with both Si and InSb photodetectors. Given the importance of the spectral information below
670 nm, we had modified our FT-NIR spectrophotometer to use a green HeNe laser reference
(543 nm) so that we could record spectra using the FT-NIR Si photodetector between 590-1000
|_nm. The spectra collected with the FT-NIR InSb detector are shown in Figure 7.
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The LBTP cuvettes possessed a constant scattering matrix, so the magnitude of baseline
variation is small. The 2% scattering bead concentration was used based on an experiment in
which variable scattering cuvettes (1.6-2.4%) were compared with FT-NIR reflectance spectra of
the human forearm from 10 different subjects. Figure 8 shows the spectra of the variable scatter
tissue phantoms (lower set of spectra) together with the spectra from the human subjects (several
replicate spectra for each subject). The two sets of spectra actually overlap, but have been offset
for clarity. The same water band peak-to-trough ratios exist in both sets of data, and the amount
of baseline variation is remarkably similar. Consequently, we feel confident that the tissue
phantoms are an excellent surrogate for a human tissue matrix and that a scattering concentration
of 2% represents a good estimate for the average level of scatter in human tissue..

The spectral data obtained from the set of cuvettes was modeled using the PLS algorithm.
The pH calibration obtained from the InSb detector (spectral range to 1500-1800 nm) yieled a
SEP of 0.038 pH units, which is shown in Figure 9. The loading vectors generated by the PLS
calibration show features nearly identical to those seen in the whole and lysed blood studies, an
indication that the pH model is based on identical chemical changes in the samples. The
calibration results obtained from the silicon detector were poor, having an SEP of 0.085 pH
units. The detector had drifted significantly during the course of the experiment. This detector
was found to be faulty and sent to the manufacturer for repair.

2.4 DEVELOP PROCEDURE FOR PREPARING MUSCLE CELL SUSPENSIONS (TASK 4)

This set of experiments was carried out using tissue phantoms, but prepared with a
muscle cell homogenate rather than lysed blood. To prepare the muscle homogenate, fresh lean
beef muscle was obtained from a commercial slaughterhouse. Muscles were dissected free of
connective tissues, diced by hand, and homogenized with a Waring blender in 0.9% sodium
chloride irrigation USP solution. Only enough saline was used to create a viscous homogenate.
Specimens were placed in 50 ml centrifuge tubes and were spun at 3000 rpm for 15 minutes in an
IEC 7R refrigerated centrifuge. Tubes were removed, muscle supernatant was pipetted into
flasks, and the flasks were stored at 4°C. Precipitates containing non-homogenized fragments of
muscle, the cell walls, and connective tissue were discarded. The resulting muscle cell
suspension was brought to physiological pH and bicarbonate concentration levels by the addition
of sodium hydroxide and sodium bicarbonate as required. Using a muscle cell suspension
prepared as described above, we found that we could successfully tonometer the suspension to
desired pH values. The Sigaard-Anderson base excess model was used to predict the amounts of
acid or base to add to the suspension prior to tonometering.

2.5 DETERMINE PH OF MUSCLE CELL SUSPENSIONS (TASK 5)

Our original proposal for measuring pH in the muscle cell suspensions was similar to that
for blood samples. We modified our proposal to be similar to that for preparing the LBTP
samples, for the reasons stated above.

2.5.1 pH Determination of Muscle Cell Tissue Phantoms
In our initial muscle cell study we prepared 31 muscle cell tissue phantom (MCTP)
cuvette samples over a range of pH values, analogous to the LBTP cuvette samples. The pH was
8
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varied by tonometering the samples to various amounts of ppCO, after adding a given amount of
acid or base. Thus, the bicarbonate buffer system was adjusted to reach the target pH values.
The experimental design for the MCTP samples included randomizing the order of sample
preparation and orthogonalizing pH and other muscle cell suspension variables (such as
bicarbonate ion concentration). This orthogonal experimental design ensures that pH prediction
cannot be based on spurious correlation to variation in one of the other muscle sample variables.
The MCTP cuvette samples (31 total) span a range of pH values (6.8 - 8.0), and they consist of
70% muscle cell suspension, 21% solution of scattering beads (9.5% concentration), and a 9%
mixture of acid or base and saline. The final bead concentration was 0.02 g/ml (2%) and the
diameter of the beads was 0.042 pm (polystyrene spheres). The samples were sealed in 1 cm
optical cuvettes that also contained a magnetic stirbar,

Each sample was immediately measured with the reflectance FT-NIR spectrophotometer
while being stirred by the magnetic stirrer at 300 rpm. Spectra were collected from both the Si
and InSb photodetectors. The spectra from the FT-NIR InSb detector are shown in Figure 10.
The general appearance and quality of the spectra appear similar to the FT-NIR InSb reflectance
spectra from the lysed blood tissue phantoms (see Figure 7). The spectra obtained from the FT-
NIR Si detector are shown in Figure 11. A calibration model based on the spectral data and the
reference pH values was generated using the PLS algorithm. The InSb spectral data taken
between 1500-1850 nm yielded pH prediction having a cross-validated SEP of 0.045 pH units
(see Figure 12). This result was obtained after removing four outlier samples, which all had
large pH prediction errors. The Si spectral data achieved a pH cross-validated SEP of 0.045 pH
* units, using the spectral region between 580-870 nm (see Figure 13). All 31 samples were used
in the calibration.

This first MCTP sample study showed that the muscle homogenate could be successfully
tonometered to the target pH values over the pH range of 6.8-8.0. Clinically important levels for
pH prediction were obtained from both FT-NIR detectors. However, this muscle cell suspension
was not as stable as was the lysed blood samples. Three out of the four outlier samples removed
from the FT-NIR InSb data set had a significant color change. These samples had been left at
room temperature for a considerable length of time, a fact we now know is detrimental to muscle
cell suspensions. We concluded that tissue phantom samples made from this muscle cell
suspension appear to be stable for about one day, compared with five days for the lysed blood
tissue phantom samples. We felt that these results were encouraging but that further studies were
necessary to confirm the results that we had obtained.

2.5.2 pH Determination of Muscle Cell Tissue Phantoms with NMR Validation

Based on the results presented in Section 2.5.1, we decided to execute further studies to
answer questions regarding the stability of the muscle cell homogenate that was used in
preparing the MCTP samples. This additional research also sought to expand the range of pH
variation of the muscle homogenate and to verify the validity of using the ABG instrumentation
as a reference pH methodology. The viability and stability of the muscle homogenate was
planned to be assessed, in part, using nuclear magnetic resonance (NMR) spectroscopy, which is
well known as an in vivo method for determining tissue lez'M. The NMR work is beyond that
originally planned in the Phase I research proposal. We felt, however, that this additional effort
was necessary to conclusively demonstrate the feasibility of a deep tissue pH monitor.

b
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The stability of the muscle homogenate used in the MCTB samples came into question
with the discovery of several outlier samples in the data set that partially correlated with a color
change in the muscle homogenate preparation. To definitively answer the question of stability,
we made two batches of bovine muscle homogenate. The first batch was made from fresh lean

beef that was stored for four days at 4°C before preparing the muscle homogenate, while the
second batch was made from fresh lean beef that was obtained and processed within five hours
after slaughter from a commercial slaughterhouse. The first batch was pre-processed by
removing the gross fat from the muscle tissue, which was then minced. The minced lean beef
was then given to the UNM Anatomy Department, where the final muscle homogenate was
prepared as described in Section 2.4. The second batch was pre-processed by removing the gross
fat as before but was then passed through a meat grinder. The homogenate was prepared as
described in Section 2.4 with the following exceptions: (1) less saline was needed for the
blending process because of the meat grinding process (homogenate was more concentrated), (2)
the tissue was blended under a nitrogen purge to minimize the possibility of oxidation, and (3)
once received from the Anatomy staff, we collected the muscle homogenate from the bottom of
the container leaving behind the top 10% of the homogenate which contained visible amounts of
lipid. :
The range of pH variation of the samples was expanded to include the low pH values that
are possible during heavy exercise and especially during conditions leading to tissue ischemia.
The protocol used to achieve the target pH values, between 6.2 and 7.6, had to be changed from
that used in the prior studies because the lowest pH values cannot be achieved using CO, as the
acid. We decided to use lactic acid additions to drive the pH to low values and sodium
hydroxide to drive the pH to high values. Following addition of the acid or base, we
tonometered a given sample for five minutes at ambient conditions to force all of the CO, gas out
of the sample (the atmosphere contains only 0.25 mmHg ppCO,). By driving off nearly all of the
CO,, we were assured that the bicarbonate buffer system was inactivated. We hypothesized that
the phosphate buffer systems would now be the dominate buffering system in the muscle
homogenate, since there was little or no hemoglobin (Hb) present in the muscle homogenates
(Hb levels were below the sensitivity limit of a commercial co-oximeter).

We prepared only 15 tissue phantom samples using the first batch of muscle homogenate.
The target pH values were achieved without any difficulty, the pH values being determined from
the ABG instrumental measurements. We obtained the *'P NMR spectra from 12 of the samples.
The NMR spectra we obtained differed from what has been published in the literature'>'*, The
literature on *'P NMR of muscle maintains that a phosphocreatine (PCr) band should be evident
in the NMR spectra, and its chemical shift should be invariant to pH changes of the sample.
Hence, it serves as an internal marker for chemical shifts in other bands. The literature also
states that the inorganic phosphate NMR bands will be very sensitive to sample pH changes. In
fact, the chemical shifts of the inorganic phosphate (P;) bands are directly proportional to pH
changes in the samples. The tissue phantom samples we prepared exhibited a large phospholipid
band in the NMR spectra and no apparent P; or PCr bands. We concluded from these results that
the first batch of muscle homogenate was not viable, since it did not exhibit the P; and PCr NMR
bands that are associated with healthy, normal muscle.

We then prepared 60 tissue phantom samples using the second batch of muscle
homogenate (MCTP2). The range of pH variation in the 60 samples spanned 6.03-7.65 pH units.
L~FT—NIR reflectance spectra were collected using both the Si and InSb detectors, similar to the
10
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MCTP and LBTP sample sets. We obtained the 3'P NMR spectra of 10 of the samples. These
samples were selected such that they spanned the range of pH variation present in the entire data
set. The NMR spectra obtained from these 10 samples are shown in Figure 14. The
phospholipid NMR bands were not observed in any of the spectra, and we now observed strong
NMR peaks that corresponded to the P, and PCr features reported in the literature'>"*.  However,
Figure 14 does show that the PCr peak intensity does decrease as the pH is lower, which has
been observed”. Figure 14 shows that the PCr peak at -2.5 ppm chemical shift does not shift as
the pH of the samples is varied. However, as expected, the P; peak between 1.0-4.0 ppm
chemical shift exhibits an obvious dependence on the sample pH. These results are analogous to
literature results obtained from normal muscle.

To verify the accuracy of the ABG reference pH measurement that we had obtained for
the MCTP2 samples, we calculated the pH16 of the 10 NMR samples and compared it to the pH
determined from the ABG instrument for the same 10 samples. A plot of the ABG pH vs. the
NMR pH is shown in Figure 15, which shows that the two methods agree extremely well. The
two reference methods show slight differences at the upper and lower pH values, but this could
be caused by the fact that the NMR pH values were calculated from an equation in the literature
relating pH and chemical shift'®. The SEP of the ABG pH values from the NMR pH identity line
is 0.033 pH units. These results confirmed that the ABG pH measurement is a valid pH
reference standard. '

The FT-NIR InSb spectra that were collected for the MCTP2 samples are shown in
Figure 16, and the FT-NIR Si spectra are displayed in Figure 17. Using partial least squares
calibration as before, the FT-NIR spectra were calibrated against the ABG pH reference values
The SEP for the FT-NIR InSb data was 0.042 pH units when calibrated over the 5400-6667 cm’”
spectral region (1500-1850 nm). Using the FT-NIR Si spectral data, the SEP was 0.049 pH units
when calibrated over the 14690-17222 c¢m™ spectral region (580-680 nm). These results are
plotted in Figures 18 and 19, respectively.

A chemometrics analysis of the spectral data to discover what spectral features were
important for determining pH was done in a manner identical to that described for the lysed
blood samples in Section 2.3.2. The source of spectroscopic variation correlating to pH in the
FT-NIR InSb spectra appears remarkably similar to that observed in the lysed blood samples (see
Section 2.3.2). This similarity indicates that the histidine molecule absorptions are also
responsible for pH predictions in muscle suspension preparations, which is reasonable since
myoglobin is present in muscle and it possesses histidyl residues analogous to hemoglobin. A
similar chemometrics analysis of the FT-NIR Si data showed spectral features that were similar
to the methemoglobin features observed in the lysed blood pH loading vectors. For muscle
samples, these spectroscopic features would indicate that metmyoglobin is responsible for pH
prediction. It is reasonable that the pH loading vectors should look similar since myoglobin and
hemoglobin have similar visible absorption spectra.

11
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3. CONCLUSIONS

Phase I research has demonstrated the proof-of-principle for measuring deep tissue pH
using NIR/VIS spectroscopy and chemometrics. Our approach to researching the issues involved
in the determination of deep tissue pH has been systematic, building on the knowledge gained
from each experiment we executed. We began our Phase I research by investigating the
spectroscopic requirements for successful pH prediction in whole blood, based upon the fact that
blood is present in tissue and can be readily pH-adjusted. From this initial investigation, we
learned that pH prediction was possible, but we could not clearly elucidate the source of pH
information in the spectra due to relatively large baseline variations caused by variations in cell
sizes. These facts prompted us to investigate lysed blood samples, from which we not only
achieved pH prediction, but also successfully identified the pH spectral information. We
identified two sources of pH information in the spectroscopic data: acid-base changes in the
histidy] residues of hemoglobin and acid-base changes in methemoglobin. These features were
discernible in the NIR (1500-1800 nm) and visible (580-680 nm) portions of the spectral data of
all subsequent studies. We next prepared lysed blood tissue phantom cuvettes to evaluate
whether pH prediction could be maintained in a highly scattering medium similar to human
tissue. The tissue phantom optical cuvettes for lysed blood were almost identical,
spectroscopically, to FT-NIR reflectance spectra of human tissue. Even in the presence of a
scattering matrix, lysed blood pH was successfully predicted to clinically useful values (standard
error of prediction of 0.03 pH units).

This knowledge base in lysed blood positioned us to perform the critical experiments that
would determine whether or not non-invasive deep tissue pH prediction was possible. Bovine
muscle cell homogenate (lysed muscle) was prepared and mixed with a scattering matrix to yield
muscle cell tissue phantoms, analogous to the lysed blood tissue phantoms. The pH of these
muscle cell tissue phantoms was determined with SEP results less than 0.05 pH units, but
questions regarding sample viability and our reference pH measurements were present upon
evaluation of the data. A second bovine muscle cell tissue phantom sample set was prepared in
which NMR measurements were made on a subset of the samples. The NMR results showed that
the homogenate contained signals observed in healthy, normal muscle, indicating that the
homogenate was viable. NMR pH measurements for the subset of 10 samples agreed well with
the arterial blood gas measurements, yielding an SEP of 0.033 pH units between the two
reference measurements. Partial least squares calibration of the FT-NIR InSb and Si spectral
data sets for the second muscle cell tissue phantoms yielded SEP values of 0.042 and 0.049 pH
units, respectively. The source of spectral pH information was also identified for these samples,
which was the acid-base changes of the metmyoglobin and of the histidyl residues on myoglobin,
similar to the information seen with the lysed blood tissue phantom samples.

These results are clinically relevant determinations of pH, they have been achieved in a
scattering matrix similar to human tissue, the reference pH method was verified, and the source
of information responsible for pH prediction was identified. Based on these results, we conclude
that non-invasive deep tissue pH measurement is feasible using FT-NIR spectroscopy and
chemometrics. - Based upon the promising results thus far achieved, our goal is to continue this
investigation under a Phase II research program.

—
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Fig. 3. FT-NIR InSb Absorbance Spectra Of Intact Red Blood Cells
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1 Fig. 5. FT-NIR InSb Absorbance Spectra Of Lysed Red Blood Cells
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Fig. 7. FT-NIR InSb Reflectance Spectra Of Lysed Blood Tissue Phantoms
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Fig. 10. FT-NIR InSb Reflectance Spectra Of Muscle Cell Tissue Phantoms %
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Fig. 16. FT-NIR InSb Reflectance Spectra Of Muscle Cell Tissue Phantoms ]
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Fig. 17. FT-NIR Si Reflectance Spectra Of Muscle Cell Tissue Phantoms (MCTP2)
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