JOURNAL OF BIoMEDICAL OPTICS 3(3), 296—303 (JULY 1998)

OXYGEN SATURATION MEASUREMENTS OF
BLOOD IN RETINAL VESSELS DURING BLOOD

LOSS

Matthew H. Smith,” Kurt R.Denninghoff,* Lloyd W. Hillman,” and Russell A. Chipman'
"The University of Alabama in Huntsville, Department of Physics, Huntsille, Alabama 35899;
The University of Alabama at Birmingham, Department of Emergency Medicine, Birmingham,

Alabama 35226

(Paper JBO-160 received Jun. 18, 1997; revised manuscript received Jan. 5, 1998; accepted for publication Jan. 28, 1998.)

ABSTRACT

We describe a noninvasive technique and instrumentation for measuring the oxygen saturation of blood in
retinal arteries and veins. The measurements are made by shining low-power lasers into the eye, and scan-
ning the beams across a retinal blood vessel. The light reflected and scattered back out of the eye is collected
and measured. The oxygen saturation of blood within the vessel is determined by analyzing the vessel
absorption profiles at two wavelengths. A complete saturation measurement can be made in less than 1 s,
allowing real-time measurement during physiologic changes. The sensitivity of this measurement technique
to changes in retinal saturation has been demonstrated through a series of pilot studies in anesthetized swine.
We present data indicating that retinal venous oxygen saturation decreases during ongoing blood loss, dem-
onstrating a potential application of an eye oximeter to noninvasively monitor blood loss. © 1998 Society of

Photo-Optical Instrumentation Engineers. [S1083-3668(98)01403-8]
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1 INTRODUCTION

Early detection of internal bleeding during trauma
resuscitation could s1gn1ficantly improve the out-
come of a patient’s condition.! Unfortunately, tradi-
tional vital signs such as pulse rate and blood pres-
sure are insensitive indicators of ongoing blood
loss.>” As a result, trauma victims presented to the
emergency department may die when physicians
are unable to identify internal bleeding, or may re-
quire costly and invasive surgery to determine if
bleeding is present.

There presently are technologies that can monitor
blood loss in the hospital setting. For example, fiber
optic catheters can be threaded through the heart
and into the pulmonary artery to measure the
amount of oxygen in the mixed venous blood (re-
call that the pulmonary artery carries deoxygenated
venous blood from the heart back to the lungs). Ar-
terial blood oxygenation, measured through blood
gas analysis or pulse oximetry, gives a supply-side
measure of how well the lungs are oxygenating the
blood. However, mixed venous blood oxygenation
represents a demand-side measure of how much of
the available oxygen is being used by the body. As
a patient loses blood, and thus loses oxygen carry-
ing capacity, the mixed venous oxygen saturation is
known to decrease. From these mixed venous mea-
surements physicians can determine if a patient is
bleeding.! Unfortunately, it is logistically difficult to
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insert these catheters in an ambulance or during the
early period of emergency care. Therefore, a need
exists for a technology that could make quick and
noninvasive (i.e.,, without entering the body or
puncturing the skin) measurements of blood loss.>®

Previous noninvasive techniques for monitoring
blood loss have been attempted, but each approach
had associated weaknesses. Near-infrared spectros-
copy is potentially erroneous due to differences in
skull and scalp thickness that alter the optical path
length Transcutaneous oxygen saturation mea-
surements are made at peripheral vascular beds
and have not been widely accepted despite data
suggesting sensitivity to early blood loss.® Conjunc-
tival pO, measurements have demonstrated sensi-
t1V1ty to blood loss in arumal exsanguination stud-
ies similar to this study The conjunctival oximeter
is somewhat invasive, however, as it requires a
probe to be placed directly on the conjunctiva of the
patient’s eye.'” While a significant need exists for an
accurate blood loss monitor, the lack of acceptance
of each of these technologies emphasizes that such
a monitor must be truly noninvasive, must monitor
a central perfusion bed, and must be easy to use.'

The arteries and veins of the retina can be directly
imaged through the pupil of the eye, and they are
not obscured by thick layers of highly scattering
tissues. Additionally, studies have shown that the
metabolism and perfusion of the retina and of the
cerebrum are similar across a range of normal and
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adverse conditions.'”>™* The optical accessibility of
the retina, coupled with the preservation of retinal
circulation during early stages of shock, has led to
the hypothesis that retinal venous oxygen satura-
tion may be a valuable parameter for monitoring
blood loss.'>!¢

To investigate this hypothesis, we are developin
an instrument called the eye oximeter (EOX).Y”"
The EOX shines low-power lasers into a subject’s
eye. The laser beams are scanned across the veins
and arteries lying on the retina, and the light that
scatters back out of the eye is collected and ana-
lyzed. These scans are made at multiple wave-
lengths, allowing spectroscopic determination of
the oxygen saturation of the blood contained in the
vessels. Experiments in swine have demonstrated
the ability of the EOX to measure the oxygen con-
tent of blood in retinal arteries and veins. This ar-
ticle details the instrumentation and signal process-
ing used to make these measurements, and reports
the results of animal studies intended to calibrate
the EOX' and determine the effect of blood loss on
retinal venous oxygen saturation.'!

2 THE EYE OXIMETER INSTRUMENTATION

Previous retinal vessel oximeters®* developed by
other investigators have been based on modified
fundus cameras. These instruments either exposed
photographic film at multiple wavelengths or
scanned slits of filtered light across retinal vessels.
While each of these techniques demonstrated sensi-
tivity to changes of oxygen saturation in human
subjects, to the best of our knowledge, the eye
oximeter is the first such instrument to be used in
an animal model of blood loss. The EOX is a por-
table device (30X30X12 cm) tethered to an elec-
tronics package and laptop computer. The EOX is
mounted on a slit lamp base that allows it either to
be translated across the cornea and pivoted about
the pupil of an immobilized eye or to be used with
a fixation target on a cooperative patient.

The EOX instrumentation measures the transmit-
tance of retinal blood vessels at multiple wave-
lengths. These measurements are then used to cal-
culate the oxygen saturation of blood within the
retinal arteries and veins. To achieve this goal, we
established a number of design criteria for a proto-
type instrument. The ultimate requirement, of
course, is that the measurement must cause no
harm to the patient. Furthermore, the optical sys-
tem of the EOX should provide a view of the sub-
ject’s retina to the operator, shine lasers into the eye
and scan them across the veins and arteries of the
retina, and collect and measure the laser light re-
flected and scattered back out of the eye. Addition-
ally, data reduction algorithms must analyze the
collected scans to determine the percent transmit-
tance of blood within the scanned vessels, and cal-
culate the oxygen saturation of the blood from
these measured transmittances. Finally, the eye of
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the subject should not need to be chemically di-
lated, the scans should be fast enough to minimize
problems associated with eye movements, and the
instrument should accommodate for a range of pa-
tient refractive errors. An operational prototype
was constructed in accordance with these goals.
The device was tested and shown to measure
changes in retinal oxygen saturation. The imple-
mentation of each subsystem is considered below.

Figure 1 contains a schematic of the eye oximeter
breadboard. In Figure 1, all planes marked r are
conjugate with the subject’s retina, and all planes
marked p are conjugate with the pupil of the sub-
ject’s eye. A small, 6 V incandescent lamp (IL) and a
series of two lenses illuminate a ~2 mm diam cir-
cular area of the subject’s retina. An image of the
lamp filament (1 mmXx4 mm) is formed at the cen-
ter of the subject’s pupil, while an image of the uni-
formly illuminated first lens surface is formed at
the subject’s retina. The pupil image is formed 25
mm beyond the cube beamsplitter (BS).

A fraction (~50%) of the light scattered back out
of the eye is reflected by the cube BS toward an
eyepiece (EP). A white-light retinal image is formed
for the operator. By placing a vertical polarizer after
the lamp and a horizontal polarizer before the eye-
piece, reflections from the cornea are greatly re-
duced, providing a high-contrast retinal image.
Translating the eyepiece provides focus through a
wide range of patient and operator refractive er-
rors.

Intertwined with the retinal illumination/
imaging subsystem is the laser delivery/collection
subsystem. Any number of lasers can be coaligned
and directed into the EOX prototype. For all of the
animal data presented in this report, two astigmati-
cally corrected diode lasers were used due to their
portability and ruggedness. The two wavelengths
used were 670 and 803 nm. The 670 nm laser is
chosen as a wavelength at which the extinction co-
efficient of reduced hemoglobin is much greater
than the extinction coefficient of oxygenated
hemoglobin.” At 803 nm, the extinction coefficients
of reduced hemoglobin and oxygenated hemoglo-
bin are nearly the same. A galvanometer scanning
mirror (SM) that is conjugate to the patient’s pupil
is used to scan the laser beams. The beams pivot
about the center of pupil of the eye (25 mm beyond
the cube BS). The beams are focused to a point at
the subject’s retina, and scanned in a line approxi-
mately 400 um in length. The cube BS directs a frac-
tion of the laser light scattered back out of the eye
to a silicon photodiode (PD) for detection. A cross-
polarizer scheme is again used to minimize corneal
reflections. A limitation of the current instrument is
that no means of adjusting laser collimation to ac-
commodate for patient refractive errors exists.
However, the beams entering the eye are only 1.25
mm in diameter, providing a very large depth of
field. We have had little difficulty acquiring high
spatial resolution scans in each of the swine tested
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Fig. 1 Schematic of the eye oximeter prototype. Planes marked p are conjugate with the patient’s pupil, and planes marked r are conjugate

with the patient’s retina.

with this device. Future versions of the EOX will
provide focusing ability to the lasers, allowing high
spatial resolution scans across a wide range of sub-
ject refractive errors.

The measurement sequence involves illuminating
a spot on the retina with each of the lasers in turn,
and measuring the returned flux from each laser.
The signals from PD are digitized with a 14-bit
analog-to-digital converter and uploaded to a lap-
top computer. The scanning mirror is then moved
to the next scan location and each of the lasers are
again measured in sequence. The procedure is re-
peated 256 times. The resulting linear scan on the
retina contains each of the laser wavelengths. This
procedure requires ~0.1 s. Generally, eight such
scans are made in sequence, resulting in eight indi-
vidual scans for each of the lasers acquired in ~0.8
s. These scans are stored in the computer for post-
processing.

To perform a measurement, an operator observes
the subject’s retina through the eyepiece and
chooses a retinal artery or vein. Since the operator
is directly observing a white-light retinal image, ar-
teries and veins are easily distinguished by their
color and size, and by comparison of the EOX im-
age with the image provided by direct ophthalmos-
copy. Once the intended vessel is targeted by cross
hairs in the eyepiece, the operator initiates the scan-
ning sequence. The operator is able to faintly see
the eight consecutive laser scans across the vessel
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(of the 670 nm laser), and can immediately compare
this with the vessel profiles displayed graphically
on the computer. If the vessel profiles are visible in
the scans, the data are saved for later analysis. If the
vessel is missed (due to misalignment, eye motion,
severe corneal glints, etc.), then the measurement is
immediately repeated by the operator.

Since the eye oximeter shines lasers directly into a
subject’s eye, it is of utmost importance that the
laser power levels are at or below safe levels. All
laser safety considerations for the eye oximeter are
derived from 21 CFR 1040.10, in the Code of Fed-
eral Regulations.”* All laser products with view-
ports that allow direct retinal exposure to laser ra-
diation must limit the level of laser radiation to less
than the emission limits of class I. Class I levels of
laser radiation are not considered to be hazardous.
In all cases, the maximum permissible laser expo-
sure is calculated assuming a failure mode of the
EOX not scanning (i.e., a single retinal location illu-
minated continuously throughout an experiment).
The lasers in the EOX were set to ~130 uW. This is
approximately one-tenth of the class I limit, given
the modulation frequency, duty cycle, scan time,
and experiment length used by the EOX.

Additionally, the white-light exposure level is set
to a retinal irradiance less than 1.4 mW cm™. This
exposure level is not uncomfortable to a subject in a
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Fig. 2 lllustration of the signals collected by the eye oximeter. The white circle represents the field of view observable by the operator. The
white line represents the length of a retinal scan (about 400 um). The graph is the one-dimensional vessel absorption profile that is analyzed

to determine the percent transmittance of the blood within the vessel.

darkened room. The maximum exposure time for
this irradiance significantly exceeds the experiment
time (about 1 min) that would be typical for human
patients.”

3 SIGNAL ANALYSIS AND DATA
REDUCTION

Figure 2 illustrates the type of one-dimensional in-
tensity profile that is measured when scanning a
focused laser across a retinal blood vessel. The eye
oximeter is generally used to measure the larger
veins (~200 um diam) and arteries (~150 um diam)
near the optic nerve head. The white circle in Figure
2 represents the size of the retinal image that the
EOX operator observes. The white line is the ap-
proximate relative length of the laser scans. As seen
in the graph in Figure 2, the collected intensity de-
creases as the scan crosses a vessel, and increases as
the scan emerges from the opposite side of the ves-
sel. Also note that there is generally a small increase
in intensity at the center of the vessel. This increase
is believed to be caused by the irregular specular
reflections often observed along the apex of retinal
vessels.”®

We believe that the vessel absorption profile in
Figure 2 results from a complex combination of nu-
merous light paths within the eye. There is light
that is absorbed by the vessel, reflected from the
underlying retinal layers, and absorbed again by
the vessel in double pass. There is likely also light
absorbed by the vessel, laterally diffused in the reti-
nal layers, and scattered back out of the eye in
single pass. Specular reflections from the inner lim-
iting membrane, scattered light from red blood
cells, and the absorption and scattering properties
of vessel walls also influence the signal. As a final
difficulty, the coloration of the retinal layers can
vary significantly across the length of our retinal
scans.

Efforts to incorporate each of the suspected light
paths into our analysis are underway. However, in
the analysis that follows we assume that the ob-
served optical density of a vessel obeys Lambert-
Beer’s law. That is, the optical density is linearly
related to both the thickness and the concentration
of the medium. The optical density D of a vessel is,
therefore, assumed to be described by

D=seppo,cl+(1—5)emcl, 1)

where D=—log(T), T is the measured transmit-
tance of the vessel, s is the oxygen saturation of the
blood, c is the total hemoglobin concentration of the
blood, ! is optical path length, and ey, and €pp,0, are

the millimolar extinction coefficients of reduced he-
moglobin and oxy-hemoglobin, respectively.”® By
measuring D at two wavelengths, Eq. (1) is easily
solved for oxygen saturation s:

Ay N N1 Ao
D €1 D €1

()

s =
A Ao
D™(€p,

— &)~ D (€0, €pt)

Note that Egs. (1) and (2) assume Beer’s law is
valid in whole blood, which is not the case due to
scatterin% caused by red blood cells. Previous
studies®” have applied multiple scattering
theory” to retinal vessel oximetry; however, it is
not clear that this theory was well suited to the spe-
cific geometry of retinal vessels. While the Beer’s
law assumption in this study has produced encour-
aging results at 670/803 nm, we are continuing our
work developing improved models that will im-
prove the accuracy and precision of retinal oxim-
etry.
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Figure 3 illustrates the technique used to deter-
mine the percent transmittance of a vessel. This
method performs curve fits to compensate for re-
flections from the vessel center, and for variation in
retinal pigmentation. A line is calculated that con-
nects the edges of the vessel profile (where the ves-
sel slope approaches zero). This line estimates what
the collected intensity of the retinal background
would have been in the absence of the vessel. A
cubic function is then linearly fitted to the vessel
data. Only the data points within small regions cen-
tered on the slope extrema are used in the fit calcu-
lation. This cubic function estimates the depth of
the absorption profile in the absence of the central
glint. Dividing the vessel curve by the background
line, and finding the minimum of this ratio, gives
an estimate of the percent transmittance of blood
within the vessel. This percent transmittance is the
physical measurement made by the eye oximeter.

For a single oxygen saturation calculation, eight
scans of each wavelength are acquired and ana-
lyzed as described above. The measured transmit-
tance values are averaged to obtain a single trans-
mittance value T for each wavelength. The
transmittance values are converted into optical den-
sities via the equation D= —log(T). Equation (2) is
then used to calculate the oxygen saturation. Fi-
nally, the standard deviations of the transmittances
are propagated through Eq. (2) to determine the un-
certainty in the saturation calculation.

4 ARTERIAL CALIBRATION DATA

To establish the oxygen sensitivity of the eye
oximeter, a series of arterial calibration experiments
were performed in anesthetized swine.”” Swine
were chosen for these studies due to similarity be-
tween swine and human retinal vasculature,?® and
because they provided a good cardiovascular
model for blood loss studies. All animal protocols
described in this report were approved by the Insti-
tutional Animal Care and Use Committee (IACUC)
of The University of Alabama at Birmingham. All
Public Health Services (PHS) guidelines regarding
the care and use of laboratory animals were fol-
lowed.

Seven young, female swine (18-32 kg) were used
in this experiment. The 18 kg animal was excluded
from this protocol because its retinal arteries were
too small for analysis (see Sec. 6). The swine were
placed in the supine position, intubated endotra-
cheally, and placed on a ventilator. The swine were
put on 2%—4% isoflurane anesthesia during surgical
procedures. A femoral cut down was performed,
and the femoral artery and vein were accessed. A
maintenance solution of 5% dextrose in half normal
saline with 10 mEq/L of KCl was infused intrave-
nously at 80-110 mL/h. A fiber optic mixed venous
oxygen saturation catheter was placed in the pul-
monary artery (which contains venous blood) via
the femoral vein. (This catheter was used for the
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scan position (~400 um total length)

Fig. 3 Vessel profile analysis technique used to analyze the raw
data. This method performs curve fits to compensate for vessel-
center reflections and variations in fundus pigmentation. The trans-
mittance of the blood within the vessel is calculated from the ratio of
these curves.

blood loss study described in the next section.)
When needed, arterial blood samples were drawn
from the femoral artery. Blood samples were mea-
sured using an IL 482 CO-Oximeter system. Once
the surgical preparation was completed, isoflurane
was maintained at 1.25%-2% as needed to maintain
anesthesia. The respiratory rate was adjusted to
maintain arterial CO, tension between 36 and 44
mm Hg, and blood Ph between 7.35 and 7.45.

During the surgical preparation, the eyes of the
swine were dilated using two drops of 1% cyclo-
pentolate. The eyelids were then sutured open, and
one or two sutures were placed in the conjunctiva
to prevent the eye from drifting during the experi-
ment. In order to reduce corneal stresses and ir-
regularities that can cause significant optical aber-
rations, these sutures were placed as far from the
cornea as possible, and as few sutures as possible
were used. Once sutured open, the eye was bathed
with 0.9% saline at least every 45 s to prevent cor-
neal dehydration. The EOX was positioned, and the
white-light image of the retina provided to the op-
erator allowed selection of arteries or veins by di-
rect observation of color (veins are darker) and size
(veins are larger). The instrument was aimed at a
large artery near the optic disk.

To perform this calibration study, the arterial
saturation of the swine was varied via graded hy-
poxia. The oxygen was decreased incrementally
from 100% to 7%. At each increment, the EOX
scanned a large retinal artery, and samples drawn
from the femoral artery were measured on the CO-
Oximeter system. Retinal arterial oxygen saturation
was calculated from the EOX scans in the method
described in the previous section.

Figure 4 displays the correlation between femoral
artery saturation and retinal artery saturation in a
single swine. Error bars on this graph represent the
standard error of each calculated saturation (de-
rived from the eight EOX scans). Strong correlation
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Fig. 4 Arterial calibration line from a single swine. The correlation
between retinal arterial oxygen saturation (measured with the EOX)
and femoral arterial oxygen saturation was very strong (r?
=0.956, p<0.001). Error bars are standard error of the mean.

(r*=0.956, p<<0.001) was found between the two
measurements. This calibration line has a slope of
0.81, and a y intercept of 0.0012.

This experiment was performed on all six swine.
Table 1 summarizes the calibration lines calculated
in each of these experiments. As demonstrated by
the consistently high correlation values, the EOX
measurements are able to follow saturation trends
within a single animal. There is, however, variation
in the slopes and y intercepts of these lines. Figure 5
contains plots of all six calibration lines. The aver-
age of the slopes of these six lines was m=0.80
+0.11, and the average y intercept was b=0.06
#+0.17. From Figure 5 it is seen that four of the lines
fell quite close together, while two had large differ-
ences in their y intercept. One of our current re-
search efforts includes determining the cause of this
variation and working to reduce it.

Table 1 Eye oximeter arterial calibration line data from six swine.
The data from subject 4 are shown in Figure 4. The six calibration
lines are plotted individually in Figure 5.

Number of data

Subject Slope y intercept r points
1 0.734 0.160 0.957 6
2 0.812 0.100 0.897 7
3 0.831 0.770 0.998 6
4 0.814 0.001 0.956 10
5 0.976 -0.237 0.800 7
6 0.696 0.200 0.979 5
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Fig. 5 Arferial calibration lines from six different swine. These
lines illustrate the interanimal variability of the EOX calibration.

5 BLOOD-LOSS DATA

A series of exsanguination studies were performed
in anesthetized swine to determine if the eye
oximeter can detect ongoing blood loss."” Mixed
venous oxygen saturation (measured in the pulmo-
nary artery) is known to decrease predictably dur-
ing blood loss.! As blood volume decreases, the
body’s oxygen carrying capacity decreases. As a re-
sult, a higher percent of O, is extracted at the end-
body level (i.e., at the pulmonary artery). Unfortu-
nately, making mixed venous saturation
measurements requires catheterizing the heart, thus
precluding this measurement during the early
stages of trauma. It has been hypothesized that reti-
nal venous saturation (SrvO,) may also decrease
predictably during blood loss.'® A primary motiva-
tion for developing the eye oximeter has been to
investigate this hypothesis.

Seven young, female anesthetized swine were
used in this study. The surgical preparation de-
scribed in the previous section was performed. The
EOX was positioned and aimed at a large retinal
vein near the optic disk.

The swine were placed on 21% oxygen and bled
at a controlled rate of approximately 0.5% of total
blood volume every minute. This was continued for
40 min, resulting in a 20% blood loss. Throughout
the experiment, mixed venous oxygen saturation
was measured via a fiber optic Swan-Ganz catheter
placed in the pulmonary artery. The eye oximeter
scanned the retinal vein every 2 min throughout the
experiment. Retinal venous oxygen saturation
(SrvO,) was calculated as described in Sec. 3. The
SrvO, calculations in this section have not been ad-
justed based on the arterial calibration study in Sec.

4, and are therefore not expected to be well cali-
brated.
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Fig. 6 Refinal venous oxygen saturation and mixed venous oxygen saturation both decrease with blood loss. These data are from a single
swine, bled at a rate of 0.5% of total blood volume per minute. Error bars on the retinal saturations indicate uncertainty in the calculated

oxygen saturation made with the eye oximeter.

The data in Figure 6 were collected from a single
swine. As expected, mixed venous saturation mea-
sured with the pulmonary catheter decreases pre-
dictably with blood loss (r*=0.96, p<0.001). Retinal
venous saturation also correlates strongly with
blood loss (r>=0.93, p<0.001). The error bars on the
SrvO, values indicate the standard error of the cal-
culated saturation mean due to measurement vari-
ability in the eight EOX scans comprising each data
point.

Figure 7 contains the results of averaging all
seven swine in this study. In Figure 7, the error bars
are the standard deviation of the population mean
(note that to avoid overlap, only one half of each
error bar is plotted). Since the calibration of the pul-
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Fig. 7 The average results of seven swine are shown. Both mixed
venous oxygen saturation and retinal venous oxygen saturation are
found to correlate strongly with blood loss. The error bars represent
standard deviations between subjects. (Note that only one half of
each error bar is drawn in order to prevent overlap.)
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monary catheter was verified prior to each use, the
variability in the mixed venous saturation is ex-
pected to be a result of physiologic variability be-
tween animals. In addition to physiologic variabil-
ity, the retinal venous saturation is also likely
affected by the interanimal calibration variability
observed in the arterial calibration experiment.

The average mixed venous saturation values cor-
relate strongly (r*=0.96, p<0.001) with blood loss.
In addition, the average retinal venous saturation
values, as measured with the EOX, are found to
correlate strongly (r?=0.86, p<<0.001) with blood
loss.

6 DISCUSSION AND CONCLUSIONS

We have established the feasibility of making fast,
precise measurements of the oxygen saturation of
blood within the large veins and arteries of the
retina. Our arterial calibration lines were each
found to be strongly linear; however, variations in
the slopes and intercepts of these lines were ob-
served. It is unclear whether this variation is an in-
strumental effect, a physiologic effect, or a combi-
nation of the two. Improved models of the light-
vessel interaction, the incorporation of additional
wavelengths, and an in vitro calibration study may
lead to a more consistent intersubject calibration.
Our pilot animal data suggest that retinal venous
saturation may be a sensitive indicator of blood
loss. Retinal venous oxygen saturation measured
with the eye oximeter decreased predictably as
blood volume decreased. This resulted from pro-
portionally more oxygen being extracted at the cap-
illary beds as the bleeding ensued. However, this
study was performed in anesthetized swine, and
the response of retinal venous saturation to blood
loss may be different in human trauma victims.



The red and near-infrared wavelengths used in
the EOX restrict its use to retinal vessels larger than
about 50 um in diameter. Vessels smaller than 50
um typically absorb less than 3% of the incident
light at our wavelengths. This low absorptance
makes vessel identification difficult, and results in
large variations in the calculated saturation. The
use of more highly absorbed wavelengths would
allow the EOX to be tuned for these smaller vessels.
In one of the swine used in this study, no retinal
artery greater than 50 um was present and the ar-
terial calibration protocol could not be performed.
This limitation may also prevent the use of the EOX
(in its current configuration) on small children.

In this study, we sutured the anesthetized ani-
mals” eyes open and irrigated the cornea because
the animals could not cooperate with an oph-
thalmic examination. Cooperative human patients
will not require these measures. However, a
method for immobilizing the eye or a complex
tracking system would be required for uncoopera-
tive or unconscious patients, and use of the EOX on
combative patients presents significant difficulties.
The eyes of the swine in this study were dilated to
facilitate alignment of the EOX. The eyes of human
patients can generally be scanned by the EOX with-
out dilation, unless their pupil diameter is less than
about 2 mm. Finally, because of the need for a clear
retinal image, the EOX may not be useful in pa-
tients with cataracts or corneal opacities. Despite
these limitations, the EOX technology is noninva-
sive, and monitoring retinal versus saturation as an
indicator of occult bleeding appears promising and
warrants further investigation.
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