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ABSTRACT

A portable tissue oximeter that uses light-emitting diodes and two-wavelength near infrared spectroscopy has
been developed. The tissue oximeter is compact enough to be portable and it is therefore expected to make
better use of the advantages of NIRS-based oximetry and to expand the scope of applications of monitoring
tissue oxygen. The algorithm for this instrument was deduced through systematic experiments by varying
blood volume and scattering intensity in a tissuelike phantom. The experimental results were compared with
theoretical results obtained from diffusion theory. Experimentally determined coefficients of the algorithm
were in close agreement with the theoretically derived coefficients. From evaluation tests of the algorithm
applied to in vitro and in vivo measurements, it was confirmed that a good linear response to the concentration
of oxygenated and deoxygenated blood can be obtained by this algorithm within a range of about a 50%
change in concentration from an initial state. © 1997 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(97)00102-0]
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1 INTRODUCTION

Tissue oximeters using near infrared spectroscopy
(NIRS) can continuously determine the concentra-
tions of oxygenated and deoxygenated hemoglobin
in a noninvasive manner. Owing to these character-
istics, this type of oximeter is now becoming widely
used for clinical applications, primarily for moni-
toring cerebral oxygenation in adults’™® and
neonates.”” Tissue oximeters have also begun to be
used for diagnosing impaired peripheral circulation
associated with peri]gheral vascular disease (PVD)’
or heart failure,'’ arteriosclerosis obliterans
(ASO),!" and mitochondrial myopathy,'? and for as-
sessing the recovery of skeletal muscle activity in
patients undergoing rehabilitation.”®> Owing to the
noninvasiveness and simplicity of the tissue oxime-
ter, this instrument can also be applied to the field
of sports medicine. The usefulness of this instru-
ment in assessing muscle tissue activity has been
demonstrated.'*!

However, conventional tissue oximeters are not
portable and require the subject to be immobilized
during use. Lasers have been used in most conven-
tional tissue oximeters, but De Blasi et al. used
light-emitting diodes (LED) as a light source.'® We
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have also demonstrated that light-emitting diodes
can be used and have developed the first portable
tissue oximeter, which uses a two-wavelength
LED." This newly developed oximeter is compact
enough to be portable, and it is therefore expected
to make better use of the advantages of NIRS-based
oximetry and to expand the scope of applications of
tissue oxygen monitoring. The algorithm for deter-
mination of tissue oxygenation is very important as
is as the hardware. Although many algorithms
have been used in NIRS, there have only been a few
published reports on their details. A comparative
study of these algorithms has recently been carried
out systematically, based on in vivo spectroscopic
data using a wide range of wavelengths.'®

In this paper, we briefly explain the construction
of our new portable tissue oximeter, present an al-
gorithm for this oximeter deduced through system-
atic in vitro experiments using a tissuelike phantom
by varying blood volume and scattering intensity,
and examine the accuracy of the algorithm in
in vitro and in vivo measurements. Experimental re-
sults are also compared with theoretical results ob-
tained from diffusion theory.
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Fig. 1 The newly developed portable tissue oximeter (HEO-100).

2 CONSTRUCTION OF THE INSTRUMENT
2.1 BASIC SPECIFICATIONS

The new portable tissue oximeter we developed!”
(HEO-100, Omron Ltd. Inc.) consists of a main unit
and a probe unit as shown in Figure 1. The main
unit consists of a one-chip central processing unit
(CPU), an LED driver, an amplifier, a memory card
interface, a liquid crystal display, and a power
source. When the apparatus operates in an on-line
mode, data are fed into a personal computer, which
processes the data to display traces of tissue oxy-
genation. However, in an off-line mode, the main
unit is driven by the battery power source and all
data with respect to reflectance from the probe are
stored in the memory card so that the motion of a
patient/subject is not restricted during the mea-
surement period. The probe unit, molded in elastic
black silicone rubber, has a photodiode in the cen-
ter and a two-wavelength, near-infrared LED on ei-
ther side. The peak wavelengths of the LED are 760
and 840 nm, as shown in the emission spectra of
Figure 2. Although there are some overlaps in the
periphery of the spectra, the diode has sufficiently
differing spectroscopic characteristics; the half-
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Fig. 2 Lightemission spectra of a two-wavelength near-infrared
LED used in the porfable tissue oximeter.

ALGORITHM FOR A PORTABLE TISSUE OXIMETER

Table 1 Basic specifications of the portable tissue oximeter.

Sampling interval 0.5~120s

4AA batteries/6 h in case of
0.5 s sampling rate

Battery/Battery life

Dimensions/Weight 85X 42x 160 mm(WxHXxD)/

340 g (excluding batteries)

A 256 kbyte to 4 Mbyte SRAM
card/28800 to 460800 points

Memory card/Data capacity

Stability of measured A O.D. A O.D. within = 0.004 (6 h of

continuous use)

widths of the spectra are 23.8 and 29.7 nm. The
light-emitting intensities are 12 and 4 mW at 760
and 840 nm, respectively. These intensity levels
were selected by taking into consideration the light
attenuation in living tissue. Other major specifica-
tions are summarized in Table 1.

2.2 PRINCIPLE OF THE ALGORITHM

Tissue oximetry using near infrared spectroscopy is
based on the modified Beer-Lambert law. The fol-
lowing equations are utilized as the basic equa-
tions:

A ODygyo=k1A[HbO,]+k1’A[Hb] (1)

A OD,s=k2A[HbO,]+k2'A[Hb], )

where AODgyy and AODyg indicate changes in op-
tical density at 840 and 760 nm, respectively; and
A[HbO,] and A[Hb] denote changes in the concen-
trations of HbO, and Hb, respectively. The coeffi-
cients k1, k1', k2 and k2’ are assumed to be con-
stant, although they are dependent upon
absorption and scattering when the concentrations
vary greatly. The following equations are obtained
from Egs. (1) and (2).

A[HbO,]=K[A ODgy— (k1" /k2")A ODzg] (3)

A[Hb]=K(k2/k2")((k1/k2)A ODyg—A ODgyg),
(4)
where K is equal to k2'/(k1k2’ k1'k2)
=(1/k2)/(k1/k2—k1'/k2").
ABV, which indicates change in blood volume,
i.e., change in the total amount of hemoglobin, is
obtained as the sum of A[HbO,] and A[HDb]:

ABV=A[HbO,]+A[Hb]

=K[(1—k2/k2")A ODgy+ ((k2/k2")(k1/k2)
—(k1"/k2"))]JA ODyg. ®)

The ratios k1/k2, k1'/k2’ and k2/k2’ can be ex-
perimentally determined by measuring the ratios of
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Fig. 3 Outline of the model experimental setup.

optical density changes in a fully oxygenated state
(oxy) and a fully deoxygenated state (deoxy),'**

k1’ /k2 "'=A OD840 /A OD76O in deOXy (6)
kl/kZ =A OD840 /A OD760 in OXy (7)

k2/k2"=A ODyg in oxy/A ODy4, in deoxy.
(®)
These coefficients were determined from in vitro ex-
periments, as described in the next section. K is ten-
tatively considered to be 1, although this coefficient
can be determined if a differential path length?®' in-
volved in k2 is available.

3 MODEL EXPERIMENT
3.1 METHODS

The experimental setup is shown in Figure 3. A 40-
um-thick polyethylene bag placed within a cylin-
drical polyethylene vessel, 9 cm in diameter, was
filled with phosphate-buffered saline (PBS). The
probe of the oximeter was attached to the polyeth-
ylene bag through a window made on the wall of
the vessel. A nondrying immersion oil for micros-
copy (R.P. Cargille Laboratories, Inc.) was used for
optically good contact between the probe and the
bag. The source to detector distance was 20 mm. To
simulate oxygen consumption in living tissue, yeast
was added to the PBS at a concentration of 6% in
volume. Milk, serving as a scatterer, was then
added to the yeast-PBS mixture, so that the final
total volume of the mixture became 800 ml. The
concentration of milk in the mixture was set at ei-
ther 1% (model 1) or 30% (model 2). The liquid in
the container was gently stirred with a magnetic
stirrer. The temperature of the liquid was main-
tained at 35 to 37°C. Blood was added to the vessel
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in steps (4 to 5 ml/step) to vary the concentration of
red blood cells between 0 and about 2.5% in vol-
ume. At each red blood cell concentration, the
model was exposed to bubbling oxygen gas in or-
der to fully oxygenate the hemoglobin. The oxygen
gas supply was then shut off to allow the oxygen in
the model to be consumed by the yeast and to in-
duce deoxygenation of the hemoglobin. Almost
complete oxygenation and deoxygenation of the he-
moglobin was confirmed by checking that the light
intensity had reached a plateau. Data sampled ev-
ery 1.0 s were fed into a personal computer in the
on-line mode and saved as a file. The optical den-
sity changes from an initial state (0% blood cells)
after oxygenation or deoxygenation were obtained
at each blood cell concentration. The same experi-
ment was performed on both models 1 and 2.

In order to determine the optical properties of the
models, measurements were repeated using black
India ink instead of red blood cells as an absorber,
the extinction coefficient of which was measured by
a spectrophotometer (U-3410, Hitachi). In this ex-
periment, we used a probe that has a 30 mm
source-to-detector distance owing to the smaller at-
tenuation in this model. Reduced scattering coeffi-
cients of the model were then determined by curve
fitting between the experimental data and the theo-
retical curves of changes in optical density that
were obtained from diffusion theory. For the deter-
mination of absorption and scattering, a spatially
resolved technique based on diffusion theory has
been proposed” and applied to in vivo and in vitro
measurement.”>?* In this theory, attenuation is de-
scribed as a function of the effective attenuation co-
efficient p.. The change in optical density is ap-
proximately given by the following equation.?*
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Fig. 4 An example of traces obtained by the model experiment in
the case of model 1. The changes in OD from the initial state were
read from the traces in fully oxygenated and deoxygenated states.
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3.2 EXPERIMENTAL RESULTS

Figure 4 shows an example of traces obtained by
the model experiments. The changes in OD from
the initial state were read from the traces in fully
oxygenated and deoxygenated states and plotted
against the red blood cell concentration, as shown
in Figure 5. Figures 5(a) and 5(b) show the results
obtained for models 1 and 2, respectively. Solid
lines indicate theoretical results obtained from Eq.
(9). In the calculation, we used an absorption coef-
ficient of hemoglobin converted from the volume
percent of red blood cells and a reduced scattering
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Fig. 5 Relationships between changes in OD and red blood cell
concentration in (a) model 1 and (b) model 2. Solid lines indicate
theoretical results obtained by the diffusion theory shown in Eq. (9).
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Fig. 6 Changes in OD in response to changes in the concentration
of black India ink. Solid lines indicate theoretical curves drawn by
obtaining reduced scattering coefficients that provided the best fit
to the plofs.

coefficient that was determined by results of the ex-
periment using ink, which is shown in Figure 6.
Both the experimental and theoretical results show
a nonlinear relationship of change in OD in re-
sponse to change in the red blood cell concentra-
tion. Nonlinearity was more marked in model 2
than in model 1. The AOD of deoxygenated hemo-
globin at 760 nm, with a relatively high extinction
coefficient, showed the strongest nonlinearity.

Figure 6 shows changes in OD in the model in
which black India ink was used as an absorber. The
theoretical curves were drawn by obtaining the re-
duced scattering coefficients that provided the best
fitting to the plots. In the calculation, the absorption
coefficient of water (0.003 mm™) was taken into ac-
count. Absorption due to the milk and yeast was
ignored because it was negligible. The reduced
scattering coefficients (base €) of the models were
estimated to be 024 mm™' at 760 nm and
0.22 mm™! at 840 nm in model 1, and 0.92 mm™"! at
760 nm and 0.84 mm™' at 840 nm in model 2.

The nonlinear relationship between absorption
and optical density change in highly scattering me-
dia is known as a multiple scattering effect.” As
shown in Figure 5, the experimental data obtained
from model 1 are larger than the theoretical curves.
On the other hand, in model 2, the theoretical
curves are nearly consistent with the experimental
data in model 2. Although more detailed experi-
ments are needed to clarify the discrepancy in the
curves in model 1, it seems to be due to increased
scattering caused by red blood cells. In model 1,
which has lower-scattering media, the influence of
scattering by red blood cells is considered to be
relatively large and cannot be ignored.

4 DETERMINATION OF THE ALGORITHM

Because of the nonlinear relationship between
changes in OD and the red blood cell concentration,
the coefficients k1/k2, k1'/k2’ and k2/k2' were
determined from the slopes of the experimental
curves at different red blood cell concentrations. In
the calculation of the slope, nonlinear regression
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Fig. 7 Dependence of coefficients for the algorithm on red blood
cell concentration. Theoretical curves are drawn by dashed lines
(model 1) and solid lines (model 2). k1/k2: open circles, model 1;
closed circles, model 2; k1’/k2’: open squares, model 1; closed
squares, model 2; k2/k2': open friangles, model 1; closed ftri-
angles, model 2.

was applied to the plotted data in order to elimi-
nate errors due to obtaining the slope directly from
the plots. The ratios of the slopes equivalent to the
coefficients defined by Egs. (6) through (8) were
then calculated under various concentrations of red
blood cells; e.g., k1/k2 can be determined from the
slopes of the curves obtained at a fully oxygenated
state. As shown in Figure 7, the calculated coeffi-
cients depended on the concentration of red blood
cells, the coefficients obtained from model 2 are
more dependent on the red blood cell concentration
than those obtained from model 1. Therefore, we
averaged the values for a red blood cell concentra-
tion range of 0 to 2%, because the upper limit of the
range was roughly two times as much as the tissue
hematocrit of the resting skeletal muscle, which is
considered to be about 1%.'* The averaged coeffi-
cients k1/k2, k1'/k2' and k2/k2' were 1.39, 0.65,
and 0.547 in model 1; and 1.35, 0.661, and 0.587 in
model 2. The solid lines drawn in Figure 7 indicate
the theoretically obtained coefficients, which show
a tendency similar to the experimental results. A
detailed comparison between them is given in Sec.
6. We adopted the coefficients in model 2 because
the reduced scattering coefficient value was close to
that of biological tissues. Thus, we obtained the fol-
lowing equations for operation:

A[HbOZ]:A OD840—0.66A OD760 (].O)
A[Hb]ZOSOA OD760—0.59A OD840 (11)

ABV:041A OD840+0.14A OD760. (12)

5 VALIDATION OF THE ALGORITHM
5.1 ERRORS IN CALCULATION

Errors in calculation using the above-mentioned al-
gorithm were analyzed. Concentration changes,
A[HbO,], A[Hb], and ABV, recalculated from the
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Fig. 8 Recalculation of A[HbO,], A[Hb], and ABV using the de-
termined algorithm (a, model 1; b, model 2). Normalization was
done at a red blood cell concentration of 1%. Open circles,
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tively, calculated by applying the algorithm to data obtained in a
fully oxygenated state during the model experiment. Closed circles,
squares and friangles indicate the same parameters calculated by
applying the algorithm to data obtained in a fully deoxygenated
state.

data of the model experiment using this algorithm,
were compared with the varying known concentra-
tions of red blood cells. The results are shown in
Figure 8. In this figure, changes from a reference
concentration of 1% are plotted, since a red blood
cell concentration of 0% is not practical, and the
coefficients of the equations were determined at
about 1% of the concentration by the averaging. As
for blood volume (indicated by triangles), there was
no significant difference between oxygenated and
deoxygenated states in both models. This means
that calculation of blood volume using the present
algorithm is little affected by the state of oxygen-
ation. That is, the cross-talk between blood volume
and two other parameters of oxygenation was al-
most negligible over the entire range of 0 to 2.5%.

As for A[HbO,] and A[Hb], the discrepancy be-
tween oxygenated and deoxygenated states was
also small (less than 10%) in the case of model 1,
but the discrepancy in model 2 was significantly
large (up to 25%). Particularly in a fully deoxygen-
ated state, there was marked cross-talk between



A[HbO,] and A[Hb] because of the strong nonlin-
ear relationship between changes in OD and red
blood cell concentration, as shown in Figure 5(b).

5.2 IN VIVO MEASUREMENTS

Figure 9 shows an example of tissue oximetry using
the above-mentioned algorithm upon human bra-
chia; the source-detector distance was 30 mm.
Blood volume increases with venous occlusion.
Oxygen saturation in mixed venous blood of
healthy subjects is reported to be about 70 to 80%.
Assuming that oxygen saturation of venous blood
in the brachium at rest is also identical, it is likely
that an increase in blood volume by venous occlu-
sion will be accompanied by an increase in HbO,
and Hb concentrations. During the period of com-
plete arterial and venous occlusion, there was no
significant change in blood volume, while HbO, de-
creased and Hb increased due to oxygen consump-
tion of tissue at the same rate of concentration
change.

6 DISCUSSION

As estimated from diffusion theory and shown in
Figures 5 and 6, there was a nonlinear relationship
between change in optical density and absorption,
which is known as a multiple scattering effect in
turbid media.” Therefore, the linear relation of op-
tical density change to absorption is not exactly ap-
plicable to the algorithm for tissue oximetry. For
simplicity, most of the algorithms are based on a
linear relationship in which only a linear approxi-
mation of a small deviation from an appropriate
operating point is valid. Hence, the effects of non-
linearity on the proportional constants of the algo-
rithm are important. These effects are discussed in
the following paragraphs.

When pure absorption without scattering is as-
sumed, the proportional constants of an algorithm
can be determined from the molecular extinction
coefficients; the constants are given by the ratios of
the extinction coefficients. However, this relation-
ship is not strictly applicable to absorption in scat-
tering media. To obtain the theoretical constants,
including the effects of nonlinearity, we differenti-
ated Eq. (9) with respect to the absorption coeffi-
cient and obtained the ratio of the derivatives. The
final form of the coefficient corresponding to each
equating of Egs. (6) through (8) is given by the fol-
lowing equations. Details of derivation of the equa-
tion and other experimental results will be reported
elsewhere.

ky
P

!
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!
EpMsh

where € is a molecular extinction coefficient. The
theoretical curves in Figure 7 were drawn from this

(13)
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equation. It should be stressed that, when assuming
Weep > 1, the coefficient is given by the square root
of that of YIRS 1.
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In both the experimental and the theoretical results,
the proportional coefficients gradually increased
(k1" /k2',k2/k2") or decreased (k1/k2) with the
red blood cell concentration. The tendencies in both
results are in close agreement. However, whereas
the theoretical curves reached plateaus correspond-
ing to Eq. (14), the experimental results, particularly
for model 2, were greatly affected by the red blood
cell concentration. The reason for this is unknown.
It might be due to error in the calculation of the
gradients using nonlinear regression, because the
ratio of gradients is sensitive to errors. In compari-
son with these coefficients, the coefficients esti-
mated directly from the extinction coefficients, as-
suming scatteringless media, were significantly
higher (k1/k2 = 1.82) or lower (k1'/k2’' = 0.467,
k2/k2" = 0.364) and were thus considered to be in-
appropriate for in vivo measurement, because wqip
> 1 in most living tissues.

A linear relationship between the red blood cell
concentration and change in OD was demonstrated
in in vivo measurement of rat skeletal muscles by
Seiyama, Hazeki, and Tamura.?’ They measured
changes in OD at 700, 730, and 805 nm, perfusing
oxygenated and deoxygenated blood into the
muscle by varying the hematocrit from 15 to 50%.
Although we cannot directly compare the linearity
of our data with their results because of the differ-
ences in the wavelengths and source—detector dis-
tances used, the linearity shown in their study
seems to be attributable to a relatively small change
in the concentration of blood. They also determined
the ratio of absorption coefficients of blood for the
algorithm at two wavelengths and found the differ-
ence in the ratios between in vivo measurements on
the rat skeletal muscle and in vitro measurements
by hemoglobin solutions. It should be noted that
the ratios shown in Table 1 of their paper also ap-
proximately satisfy the relation of the square root of
extinction coefficients described above.

The dependence of proportional coefficients on
the red blood cell concentration produces errors in
the tissue oxygenation measured. When data from
the model experiment were subjected to recalcula-
tion for the evaluation of our algorithm shown in
Figure 8, we found that errors were most greatly
affected by the relatively strong nonlinearity of the
optical density change at 760 nm in a fully deoxy-
genated state, which causes cross-talk between
HbO, and Hb. However, when the red blood cell

JOURNAL OF BIOMEDICAL OPTICS * APRIL 1997 * VoL. 2 No. 2 159



SHIGA ET AL.

venous venous venous and arterial
occlusion open occlusion open occlusions open
SN B B A A |
= £
5 02 Al
5 M AHb ff" $
A N ot | \\f ‘ )
(] ’ %
& i | ¢ -
g 0 o
5 N
§ o1 CATA ‘X e
S total Hb
g 02 ( ) /
8 AHbO,
0.3
5 10 15 20 25
time (min)

Fig. 9 An example of traces of A[HbO,], A[Hb], and ABV (total
Hb) calculated by applying the determined algorithm during
venous and arterial occlusion of the forearm.

concentration change is within about 0.5% of the
initial concentration of 1%, the measured concentra-
tion is almost linear. Therefore, within a *50%
change from the reference concentration, the algo-
rithm provides a relatively good linear response to
the concentration. In most in vivo measurements,
the concentration change is within this range except
for severe ischemia such as an occlusion test of long
duration shown in Figure 9. Measurement during
exercise is also not significantly affected by the er-
ror, because the change in blood volume is smaller
during exercise than during occlusion. However,
care is needed in some cases, e.g., when the blood
volume might decrease markedly due to muscle
milking during isometric exercise.

In our algorithm, the value of K was tentatively 1.
Since K=(1/k2)/(k1/k2—k1'/k2"), only k2 is un-
known. This value can be determined by the mo-
lecular extinction coefficient for HbO, at 760 nm,
which is multiplied by a differential path length.*
Assuming a differential path length factor of 4.5 for
the forearm,”® we obtain k2=8.2 (ODmM ') and
then K=0.18 (mM OD™!). If A[HbO,] and A[HDb]
measured by our apparatus are multiplied by K,
the absolute concentration changes can be deter-
mined. Although Figure 9 shows only one set of
traces as an example of our series of measurements
(T. Shiga and K. Tanabe, unpublished data), a fall-
ing rate of HbO, estimated from the trace becomes
0.0087 mM /min. Considering individual differ-
ences among subjects, this value is almost consis-
tent with published data.'

7 CONCLUSIONS

We deduced an algorithm for the portable tissue
oximeter using a tissuelike phantom in which the
concentration of oxygenated and deoxygenated
blood and the scattering intensity were varied. The
experimental results were compared with the theo-
retical results obtained by diffusion theory. The
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proportional coefficients for the algorithm, which
were experimentally determined and theoretically
estimated, were found to be affected by blood con-
centration, because of nonlinearity due to the mul-
tiple scattering effect. The results confirmed that a
good linear response to the concentration of oxy-
genated and deoxygenated blood is obtained by
this algorithm within a range of about a *50%
change in concentration from an initial state.
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