Journal of Biomedical Optics 11(1), 014019 (January/February 2006)

Diffuse reflectance spectra of the palpebral conjunctiva
and its utility as a noninvasive indicator of total

hemoglobin

John W. McMurdy

Brown University

Division of Engineering, Box D
Providence, Rhode Island 02906

Gregory D. Jay
Rhode Island Hospital & Brown University
Department of Emergency Medicine
and Division of Engineering
1 Hoppin St.
Providence, Rhode Island 02903

Selim Suner

Rhode Island Hospital

Department of Emergency Medicine
1 Hoppin St.

Providence, Rhode Island 02903

Flor M. Trespalacios

Rhode Island Hospital

Department of Emergency Medicine
593 Eddy Street

Providence, Rhode Island 02903

Gregory P. Crawford

Brown University

Division of Engineering and Department
of Physics, Box D

Providence, Rhode Island 02906

E-mail: gregory_crawford@brown.edu

1 Introduction

Abstract. The palpebral conjunctiva is an attractive location to quali-
tatively examine for the presence of anemia; however, this method of
diagnosis has not been shown to be accurate. A spectroscopic exami-
nation of the palpebral conjunctiva enables the use of a quantitative
parameter as a basis for diagnoses. Visible range diffuse reflectance
spectra from the palpebral conjunctiva are examined from 30 patients
and hemoglobin levels are extracted from these signatures using both
a partial least-squares (PLS) multivariate regression model and a dis-
crete spectral region model. Hemoglobin concentration derived from
both these models is compared to an in vitro measurement of hemo-
globin. Root mean squared errors of cross validation for the two ana-
lytical methods are 0.67 g/dL and 1.07 g/dL, respectively. Conjunc-
tival reflectance spectra coupled with a PLS analysis achieve an
enhanced specificity and sensitivity for anemia diagnoses over re-
ported observational studies using the palpebral conjunctiva and
achieve improved accuracy to other reported methods of noninvasive

hemoglobin measurement. © 2006 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.2167967]
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and analysis of collected blood in a hematology laboratory. In
the contemporary climate of expanding noninvasive optical

Anemia afflicts 3.5 million Americans, while millions more
go undiagnosed.l Anemia is the shortage of the oxygen carry-
ing protein hemoglobin in the bloodstream, specifically in
concentrations less than 13 g/dL for men and 12 g/dL for
women as is defined by the World Health Organization.”
While there are numerous forms and causes of anemia, it
universally affects physical function through fatigue and
weakness. More seriously, anemia has been shown to decrease
myocardial function, increase peripheral arterial vasodilation,
and activate the sympathetic and reninangiotensin-aldosterone
system, which influences the progression of both heart and
kidney failure.”™ Current clinically accepted methods of di-
agnosing anemia include either collecting blood by finger lan-
cet followed by centrifugation, or the more time-consuming
complete blood count (CBC) test that requires a venipuncture
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diagnostic techniques, the CBC remains extremely accurate,
yet antiquated. A CBC test is painful to the patient, expensive
to perform when including the cost of instrumentation and
labor, and takes time for analysis, causing it to be often ex-
cluded from routine physical exams. Drawing blood inva-
sively also places the phlebotomist at risk for contracting
blood-borne pathogens. Clearly, an alternative method of
measuring hemoglobin levels that is both rapid and easy is
necessary.

The necessity of an enhanced technique to screen for ane-
mia has resulted in investigations on numerous noninvasive
hemoglobin measurement methods including retinal imaging,®
blood oxygenation monitoring,7’8 and photoplethysmography.9
These techniques have shown degrees of success but often
involve complicated, expensive instrumentation and are thus
not viable in a rapid clinical setting. Several other noninvasive
techniques using transmission and reflectance spectroscopy
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have also been explored. Kanashima et al.' tested the perfor-
mance of the Astrim noninvasive hemoglobin monitor, a com-
mercial product from Sysmex (Kobe, Japan) that utilizes
near-IR (NIR) transmission through the fingertip along with
blood vessel imaging in calculation of hemoglobin concentra-
tion. Rendell et al.'' likewise explored NIR transmission
through the fingertip as a marker of total hemoglobin concen-
tration with some success. Geva et al.'> examined a technique
termed occlusion spectroscopy that also uses transmitted and
scattered NIR radiation through the fingertip to infer hemo-
globin concentration. This signal is enhanced by occluding the
blood flow, which in turn accelerates red blood cell aggrega-
tion, and then releasing the occlusion finger cuff and allowing
red blood cells to disaggregate.13 Zonios et al."* described the
use of visible diffuse reflectance from the skin to measure
total oxy- and deoxyhemoglobin concentration as well as
melanin content. The utility of reflectance signals in monitor-
ing total hemoglobin was demonstrated intrapatient through
demonstration of the diffuse signal’s ability to monitor reac-
tive hyperemia following an occlusion and release of blood
flow; however, interpatient predictive ability was not dis-
cussed here. Wu et al."’ as well examined the use of visible
diffuse reflectance spectroscopy to measure total hemoglobin
concentration. This group uniquely took one step further in
improving accuracy by locally controlling the skin tempera-
ture, which has been shown to affect absorption and scattering
coefficients of tissues by altering cutaneous blood flow. Here
an alternative method of spectroscopically measuring total he-
moglobin concentration noninvasively is presented.

As a quick examination for severe anemia, clinicians ex-
pose the inner lining of the lower eyelid, the palpebral con-
junctiva, and look for a pale and uniform tint across the sur-
face indicating anemia as opposed to a bright red tint in
healthy patients.'"® The conjunctiva is an attractive location
to diagnose anemia as it is a highly vascular area. The capil-
laries are close to the surface, and the overlying mucous
membrane of the conjunctiva is quite transparent. More than
90% of physicians report the conjunctiva is the most attractive
anatomical location for diagnosing anemia rather than nail
beds, palmar creases, or the tongue.19 A clinician’s qualitative
examination of the conjunctiva has only been shown to be, at
best, 70% accurate in diagnosing anemia independent of
training.'® Another report has shown diagnosing anemia using
the palpebral conjunctiva hue (PCH) is 80 to 90% specific but
only 40% sensitive and leaves numerous cases undiagnosed.”

Current attempts to take the examination of the conjunc-
tiva from a qualitative inspection to a quantitative evaluation
have been limited to the use of Commission Internationale de
I’Eclairage (CIE)-based color charts as comparative tools;*"
however, this is still subject to clinician interpretive color
matching and has only moderately improved the sensitivity
and specificity of conjunctival anemia diagnosis. Recently, we
examined the feasibility of applying an algorithm to digital
photographs of the conjunctiva as a predictive model for the
hemoglobin concentration with moderately successful
results.” In this paper, we report predicted hemoglobin con-
centrations using diffuse reflectance spectroscopy collected
with a grating spectrometer as a quantitative measurement of
the optical properties of the conjunctiva. A model based on
the reflectance spectra will be used to assess the predictive
ability of this method of analysis. As opposed to the spectro-
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Table 1 Chief complaints of study participants.

Gastrointestinal (GI) Hematological

Gl bleed 1 Thalassemia 1

Abdominal pain 3 Sickle cell attack 1

Infectious Miscellaneous

Abcess 1 Migraine 1
Nausea/vomiting 3
Head trauma 2
None (volunteer) 4

Respiratory Neurological

Dyspnea 4 Confusion 1

Chest pain 2

Bronchitis 1

Ophthalmological Orthopedic

Sluggish ocular 1 Sprains/fractures 4

Response

Total Enrolled: 30

scopic techniques described previously, which uniformly in-
volve characterization of skin tissues and thus are sensitive to
melanin concentrations, the palpebral conjunctiva is a mu-
cosal surface that has comparatively less melanin content and
as a result is less sensitive to interpatient melanin variation
(i.e., ethnicity differences). Furthermore, the closer proximity
of capillaries to the surface than in other tissues enable reflec-
tance signals to be stronger and afford less expensive instru-
mentation for adequate light collection.

2 Materials and Methods
2.1 Patient Demographics

Thirty-two patients from the emergency department at Rhode
Island Hospital (Providence, Rhode Island) were enrolled in
this study. All patients were at least 18 yr of age, able to give
written and verbal consent, and willing to participate. The
institutional review board of Rhode Island Hospital approved
this study. Recruited patients were all ambulatory and had
been approved for participation by an attending physician.
Patients with a variety of complaints were enrolled to simu-
late a random patient population. Patients with acute cardiac
symptoms, musculoskeletal injuries inhibiting comfortable re-
location to the research location, symptoms of stroke, patients
not yet seen or cleared by a physician and critically ill patients
were excluded from this study. Of the 32 consented patients,
30 were able to participate. Two patients were unable to par-
ticipate; one due to nausea and abdominal pain during the
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Fig. 1 Structure of the palpebral conjunctiva.

enrollment procedure, and one because the conjunctiva could
not be sufficiently exposed for spectroscopic measurements.
Additionally, only patients with oxygen saturation >90%
were enrolled to exclude hypoxic patients during preliminary
evaluation of the efficacy of this technique. A list of chief
complaints from patients enrolled is given in Table 1.

2.2 Method for Diffuse Reflectance Spectroscopy

Patients were seated with their heads resting on an in-house
constructed mount to stabilize conjunctiva exposure location.
These mounts were similar in fabrication to those of an oph-
thalmic slit lamp. A PR-705 visible spectrophotometer from
Photoresearch (Chatsworth, California) with eyepiece to tar-
get collection region was mounted on a variable-height plat-
form with a separation of approximately 7 cm from the spec-
trometer to the exposed conjunctiva. Spectral signatures were
collected from 380 to 780 nm. The conjunctiva was illumi-
nated through free space with a quartz-tungsten-halogen
(QTH) source from Lot-Oriel (Surrey, United Kingdom) at an
illumination angle of 50 deg with respect to the plane of the
conjunctiva and a separation of approximately 15 cm from
source element to conjunctiva. A total broadband source
power of 30 W was used for all measurements, chosen to be
as intense as possible without causing the subject discomfort.
The irradiance of this source does not exceed 0.1 W/nm m?
across the visible wavelength range and thus does not pose a
radiation exposure risk according to ANSI Z136.1 standards
for incoherent radiation exposure.24 As a comfort measure,
patients averted their eyes opposite the direction of illumina-

Fig. 2 Digital photographs of the palpebral conjuctiva of four patients
with hemoglobin concentrations of (a) 7.3, (b) 12.7, (c) 14.0, and (d)
14.5 g/dL.
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tion to avoid prolonged retinal exposure to illumination.
Source spectral characteristics were recorded and behaved as
expected for a QTH source with the intensity increasing close
to linearly with increasing wavelength. Collimating optics
were affixed to the source tower to provide uniform illumina-
tion of the conjunctiva, enabling rapid measurement of vari-
ous spatial locations. Ambient sunlight and room lights were
normalized from data by collecting reference source spectrum
each day and comparing conjunctiva spectra to this respective
source data. This method of ambient light correction was the
optimal available technique as a dark room facility was un-
available during clinical trials. Data collection was controlled
by the SpectraWin software platform from Photoresearch
(Chatsworth, California). All spectra were collected in reflec-
tance mode with an aperture size of 1-deg field of view, trans-
lating to an aperture size of approximately 4.5 mm? for spec-
trometer to conjunctiva separation of 7 cm. While a smaller
aperture would be more suited to collect reflectance spectra
from single capillary vessels, the random movements of pa-
tients during acquisition prevented this procedure. A larger
aperture enabled reflectance signal from numerous capillaries
to be integrated together, eliminating artifacts from the aper-
ture moving off and on individual capillaries. Acquisition
times were varied by the SpectraWin software platform to
integrate until a benchmark total signal level was obtained.
This enabled reflectance signals to be comparable in intensity
despite small patient-to-patient variations in conjunctival
structure, illumination angles, and source/spectrometer/patient
separations. The acquisition time for each spectrum was on
average four seconds per spectra as set by the SpectraWin
platform.

The spatial location on the conjunctiva most representative
of the hemoglobin concentration is suspected to be the portion
closest to the mucocutaneous junction; where the conjunctiva
meets the skin layer at the edge of the eyelid. This area of the
anterior rim of the conjunctiva is the tarsal plate, while the
posterior region closer to the sclera is termed the fornix (see
Fig. 1). Spectra were taken from both regions to examine
spectral correlations with hemoglobin concentration in each,
and also to examine the difference in the two regions and
those correlations to the hemoglobin concentration. Three
spectra were taken from the anterior rim of the conjunctiva
and two spectra were taken from the posterior region. These
numbers were chosen to minimize the data collection time
period while still providing multiple spectra. These spectra
were averaged to eliminate as much intrapatient variation as
possible due to inadvertent eye movements. Spectra were ini-
tially collected from both eyes, but data analysis was later
limited to the right eye only due to (1) similarities of reflec-
tance spectra from both eyes, and (2) difficulties providing
uniform illumination on the other eye with the fixed optical
setup due to shadowing from the nose bridge.

2.3 Spectral Analysis

Collected spectra were exported to Matlab (Mathworks, Nat-
ick, Massachusetts) to apply regression algorithms and for
analysis of model quality. Two separate analytical techniques
were used to quantify the correlation of the conjunctival re-
flectance spectra with varying hemoglobin concentration. The
first method employed a coupled partial least-squares (PLS)

January/February 2006 « Vol. 11(1)



McMurdy et al.: Diffuse reflectance spectra of the palpebral conjunctiva...

multivariate calibration and quadratic regression to extract he-
moglobin concentration values from spectral data. The PLS
algorithm is similar to that of principle component regression
(PCR) techniques, but it utilizes the known concentration in-
formation coupled with varying spectral features in forming
optimal predictive orthogonal principle components (PLS
loading vectors). PLS is a widely used technique in absorption
spectroscopy that is described in detail elsewhere in the
literature.”® The quadratic function is applied to the results
of the PLS calibration to adjust for the nonlinearity of diffuse
reflectance spectra with concentration and is used here in
place of a nonlinear multivariate technique. The second tech-
nique is based on ratios of specific regions of the spectra. This
technique does not require collection of a continuous spec-
trum, but rather certain discrete data points. While it is antici-
pated this model will not be as accurate as the PLS calibra-
tion, the motivation for this technique is that a full spectral
collection from the conjunctiva using a grating spectrometer
may not be necessary, rather only reflectance measurements in
a few predefined wavelength regions.

2.4 Digital Photography

Because the PR-705 spectrophotometer used for data collec-
tion is not additionally equipped with a CCD camera for cap-
turing digital images, digital photographs were taken of pa-
tients following data collection. While a previous study has
used photographs as an analytical tool,” here they are purely
for observation and not integrated into analysis.

2.5 CBC

Blood was obtained from each patient enrolled in the study
using standard phlebotomy techniques. Blood samples were
analyzed in the hospital laboratory using a Sysmex (Kobe,
Japan) SE 9500 cell counter.

3 Results

Among the 30 patients recruited for the study, the average age
was 42 years old with 14 males and 16 females. Twenty-one
of these patients were Caucasian, 6 were Hispanic, and 3 were
African-American. The mean hemoglobin concentration was
13.6+2.1 g/dL with range of 7.3 to 16.7 g/dL. The average
oxygen saturation was 98.3+1.5%. Using the World Health
Organization (WHO) definition of anemia, our sample con-
tained seven patients with clinical anemia. Of these seven,
two were a result of congenital hemoglobin defects thalas-
semia and sickle cell anemia respectively, and a third from
pregnancy. The cause of anemia for the remaining four pa-
tients in this subset was not determined.

Digital photographs of the conjunctiva from four patients
with varying hemoglobin levels are displayed in Fig. 2. While
the gross difference in PCH from Fig. 2(a) to Fig. 2(d) is
evident, clearly in a qualitative setting the subtle changes in
hue from one concentration to the next is unclear. The results
presented here show that a quantitative technique removes
much of the subjectivity of a clinician’s analysis of the con-
junctiva. Preliminary regression studies found, as was ex-
pected, the tarsal region of the conjunctiva demonstrated su-
perior correlation over the fornix or a comparison of the
fornix and tarsal regions. These respective regions along with
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Fig. 3 Two reflectance spectra from patients with hemoglobin con-
centrations of 8.1 and 16.7 g/dL. Inset: Absorbance spectra of oxyhe-
moglobin (HbO,) and deoxyhemoglobin (Hb) adafted from pub-
lished absorbance data and plotted on a log scale.””*®

the mucocutaneous junction are shown in Fig. 1. Hereafter,
only reflectance spectra from the tarsal plate are explored with
modeling techniques.

3.1 Precision Testing

The three repeated measurements of the tarsal region of the
palpebral conjunctiva in each patient were compared to assess
the repeatability of reflectance spectra measurements. This
value encompassed both the reproducibility of the PR-705
spectrometer as well as spatial location stability. The coeffi-
cient of variation (CV) is calculated using a ratio of the stan-
dard deviation of the three samples at each wavelength to the
mean at this wavelength. These values are then averaged to
depict the intrapatient deviation. This is calculated for all 30
patients and averaged again to represent the mean CV across
all spectra. CVs are calculated from 400 to 780 nm, removing
the high noise components of the spectra between 380 and
400 nm caused primarily because of low QTH source energy
at these short wavelengths. The mean CV of all 30 spectra
averaged over all reflected wavelengths is 8.97%, implying
that reflectance signals fluctuated on average ~9% around the
mean value at each wavelength. The PR-705, when tested on
a static surface (a Lambertian scattering plate) has shown CVs
close to 1%. Because the three spectra were taken only 30 s
apart, the higher CVs in this experiment are attributed to
small shifts in sampling location from one measurement to the
next rather than a temporal change in the conjunctival char-
acteristics within this timeframe. This is discussed further in
Sec. 4.

3.2 Partial Least-Squares Analysis

Thirty reflectance spectra were normalized to the minima of
hemoglobin absorbance at 680 nm and sent into the PLS al-
gorithm with a maximum of 25 PLS loading vectors. Two
representative conjunctival reflectance spectra are shown in
Fig. 3, with the absorbance spectra of oxyhemoglobin and
deoxyhemoglobin depicted in the inset. The two conjunctival
reflectance spectra have been normalized to the minima of
oxyhemoglobin absorbance at 680 nm to emphasize the dif-
ferent lineshapes. Data was again excluded from 380 to
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Fig. 4 Prediction plot of PLS prediction of hemoglobin concentration
versus invasive CBC calculated hemoglobin concentration. The cor-
relation coefficient is 0.92 and the root mean squared error of cross
validation is 0.67 g/dL.

400 nm preceding analysis due to high noise values in this
region. Due to the limited sample size, predictive ability was
examined using a leave-one-out cross validation. One spec-
trum was removed from the set while the remaining points
were used to generate a PLS model and the quadratic scaling
function for correcting nonlinearity. This model was then used
to predict the concentration of the excluded patient. This pro-
cess is repeated for all remaining data points such that a pre-
dictive value is generated for each patient. The results of the
leave-one-out cross validation using a PLS calibration are
shown in Fig. 4. The Pearson coefficient of correlation was
calculated to be 0.92 and root mean squared error of cross
validation (RMSECV) to be 0.67 g/dL using seven loading
vectors in the PLS algorithm. The standard deviation about
prediction is 0.85 g/dL. The predictive accuracy reaches 97%
(Pearson r=0.92) of its maximum correlation (using 15 load-
ing vectors) with seven factors. Beyond 15 loading vectors,
the predictive ability starts to worsen as the algorithm likely
begins overfitting and modeling the noise as a component of
the spectra.

3.3 Discrete Region Modeling Analysis

Numerous discrete parameters were examined and found to
correlate with the changing hemoglobin concentration. These
included single-point intensities after normalization, ratios of
two-point intensities, and three-point ratios of three spectral
points, all of which provided some degree of predictive abil-
ity. The optimum predictive parameter using only four inputs
was determined based on the PLS calibration vector formed
by the PLS model. Four Gaussian functions were chosen,
each with the same linewidth and varying maxima location, to
overlap significant features in the PLS loading vector. The
Gaussian functions chosen were each 30 nm wide with peak
locations at 470, 518, 558, and 602 nm (see Sec. 4 for expla-
nation). The PLS calibration vector with seven factors is
shown in Fig. 5 with Gaussian peak maxima labeled. The
reflectance signal under the Gaussian function was then scaled
according to the relative intensities of the PLS calibration
vector and this parameter was quadratically fitted to predict
the hemoglobin concentration. Square filter summed regions
of 20-nm bandwidth at these same maxima locations provided
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Fig. 5 PLS calibration vector using seven factors. Maxima of Gaussian
functions used in discrete region model are labeled accordingly.

similar predictive ability. Due to the limited sample size, the
predictive ability of this model was again tested using a leave-
one-out cross validation of the data points. The Pearson coef-
ficient of correlation was 0.77 and the RMSECV was
1.06 g/dL. The standard deviation about regression is
1.30 g/dL. The predictive plot from this model is shown in
Fig. 6.

4 Discussion

The palpebral conjunctiva was explored as an indicator of
hemoglobin because of its high vascularity, its accessibility,
its uniformity across ethnicity, and the transparency of its thin
mucous membrane, which can provide strong reflectance sig-
nals. This is the first report on an analytical technique in as-
sessing the quantitative degree of correlation of the palpebral
conjunctiva with the total hemoglobin concentration.

The sensitivity and specificity of the prediction should be
passable for diagnosing most cases of anemia. Using the
WHO definition of anemia for males and females, the PLS
model and discrete region model can both be evaluated as a
binary predictor of clinical anemia. For the seven patients
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Fig. 6 Prediction plot of discrete region spectral model versus inva-
sive CBC calculated hemoglobin concentration. The correlation coef-
ficient is 0.77 and the RMSECV is 1.07 g/dL.
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dashed lines are drawn at +2 standard deviations (+1.67 g/dL) to
represent limits of agreement. Patients are divided into ethnicity to
emphasize predictive ability across skin pigments.

whose CBC results found them clinically anemic, the PLS
algorithm predicted six to be clinically anemic, resulting in a
sensitivity of 86%. For the 23 patients whose CBC results
showed them to have normal hemoglobin levels, the PLS al-
gorithm predicted 21 to have normal hemoglobin levels, re-
sulting in a specificity of 91%. This is an enhancement in both
factors over color comparison charts or traditional clinician
inspection methods. The utility of the PLS algorithm across
ethnicities is additionally assessed. The results of the PLS/
quadratic algorithm are presented as a Bland-Altman® plot in
Fig. 7. Figure 7 shows the predictive capabilities for the Cau-
casian, Hispanic, and African-American demographics to be
comparable. The average errors using the PLS model for the
Caucasian population (n=21), Hispanic population (n=6),
and African-American population (n=3) were 0.63, 0.59, and
0.83 g/dL, respectively. However, the limited numbers of
participants of varying ethnicity limit clear assessment of the
accuracy of the technique for each skin type. As stated previ-
ously, it is expected that a larger clinical trial will show little
variation of accuracy among skin types because melanin con-
tent is minimal at the mucosal conjunctiva surface. Unfortu-
nately, this study included no participants of Asian decent,
another facet that will be addressed in a future study.

The discrete region model had a much lower coefficient of
correlation, which is anticipated due to the spectral content
discarded on summing Gaussian bands of signal. As a result
of the degraded correlation, the discrete region model has
reduced specificity and sensitivity. The sensitivity of this
model is 57% as only four of the seven clinically anemic
patients were predicted to be anemic by this algorithm. Of the
23 patients found to have normal hemoglobin levels, the dis-
crete region model predicted 23 of the 23 to have normal
levels, resulting in a specificity of 100%. Although the speci-
ficity here is improved over the PLS model, the low correla-
tion coefficient makes it naive to believe this is more than an
artifact of a small data set. With the lower correlation coeffi-
cient in the discrete region model, the accuracy is inferior to
the PLS algorithm and demonstrates that more Gaussian re-
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gions are necessary to more effectively extract hemoglobin
concentration.

Multivariate regression techniques are the methods of
choice for extracting quantitative information from spectral
signals with numerous varying components. While hemoglo-
bin (both oxyhemoglobin and deoxyhemoglobin) is the pri-
mary chromophore affecting the reflectance spectra, other
varying blood constituents, scattering effects, and skin pig-
ments minimally affect spectral signatures. A robust model is
necessary to most effectively predict hemoglobin in the pres-
ence of these varying constituents. The PLS algorithm utilizes
the entire spectral signature to create a model, and unlike a
classical least-squares approach it does not necessitate a pri-
ori knowledge of each varying chromophore’s concentration
in the calibration set, but rather only the chromophore of in-
terest. As stated in Sec. 3, the predictive ability of the PLS
model reaches 97% of its optimal value after only seven load-
ing vectors were applied and concentrations calculated. This
low number of loading vectors implies the spectra can be well
modeled with a limited number of principal components. This
is intuitive as reflectance spectra from the conjunctiva have a
small number of appreciable chromophores contributing to
their signature and thus can be accurately depicted with a
limited number of components.

The oxidation state of the hemoglobin is not represented in
the PLS model; rather, hypoxic patients [as determined with a
Nellcor (Pleasanton, California) pulse oximeter] were ex-
cluded from this study. Oxyhemoglobin and deoxyhemoglo-
bin have similar spectral signatures in the visible range, as
shown in the inset of Fig. 3. The primary differences are
deoxyhemoglobin has a single absorption peak centered at
550 nm, while oxyhemoglobin has a doublet in this region;
and the lineshapes significantly differ beyond 600 nm with
HbO, being much more absorptive. The PLS algorithm
breaks down the full spectral signature into its relative com-
ponents and thus will decompose the spectra into both oxy-
and deoxyhemoglobin signatures. However, because different
linear combinations of the oxy- and deoxyhemoglobin signa-
ture represent total hemoglobin concentration in each patient,
a factor that cannot be calculated by our algorithm, error is
introduced into the prediction. The severity of errors in pre-
dictive accuracy depends both on the range of oxygen satura-
tion values and the similarity of the spectral signatures in
regions utilized for quantitative concentration extraction.

The standard deviation of oxygen saturation as measured
using pulse oximetry was only 1.5%, however, this value may
not be an adequate depiction of the oxygen saturation of the
palpebral conjunctiva. Drawing an arterial blood gas was un-
necessary in the emergency department care of study partici-
pants and as such we cannot comment on the true arterial
oxygen saturation of each patient, but rather only the photo-
metric estimation of this parameter. The standard errors of
pulse oximetry are between 1 and 2%. Capillary oxygen satu-
ration varies as a result of the oxygen gradient from active
metabolism, which depends on an individual’s oxygen con-
sumption, and as a result may have higher variability than
arterial saturation. This variability combined with standard er-
rors of pulse oximetry causes the standard deviation of palpe-
bral conjunctiva capillary oxygenation to potentially be
greater than 1.5%. Regions of data weighted heavily in con-
centration prediction are represented by the PLS calibration
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vector. As shown in Fig. 5, a majority of information used for
concentration prediction is at 600 nm and below, primarily
isosbestic regions for oxy- and deoxyhemoglobin. This im-
plies that the variability of oxygen saturation states, although
possibly greater than the estimated 1.5%, will have a lesser
effect on overall technique efficacy.

The final embodiment of this technique necessitates toler-
ance of all oxygen saturation states. This problem can be ap-
proached using a more robust spectral instrument and the op-
erating principle of a commercial pulse oximeter. A pulse
oximeter records the difference in absorbance at ~660 and
~940 nm of optical transmission during arterial pulses, cor-
relating to the relative amount of oxy- and deoxyhemoglobin
because of differing extinction coefficients for each species at
these wavelengths. If a spectrophotometer capable of measur-
ing reflectance wavelengths as long as 940 nm is imple-
mented, the same principal can be used on diffuse reflectance
spectra from the conjunctiva to infer average capillary satura-
tions. This could potentially be used as an input parameter for
an alternative multivariate calibration from which it could
more accurately predict total hemoglobin concentration inde-
pendent of oxygen saturation.

A drawback of our clinical study herein lies in the fact that
our spectrometer does not capture images of the conjunctiva
while it integrates signal. Because the aperture used to collect
signal is large on the scale of the conjunctiva, even small
movements cause a portion of the integrated signal to be col-
lected from the edge of the eyelid. Although the patients’
heads are stabilized in mounts, small eye movements and in-
advertent blinks can cause this to occur even after the spec-
trometer aperture has been centered on the appropriate region.
The CVs shown in Sec. 3.1 show significant variability in
sampling due to motion artifacts from sampling the edges of
the eyelid, and from sampling slightly different spatial areas
with resultant changing capillary densities in the conjunctiva.
This is anticipated to be one source of error in our experimen-
tal method and can be addressed in further experimentation
through an alternative spectrometer with video capture capa-
bilities, or optimally a real-time spectral monitoring tech-
nique. Ideally, a spectral imaging device could be used to
image the conjunctiva and process reflectance signals from
spatially resolved individual capillary vessels.

Results showing the correlation of hemoglobin concentra-
tion to a four-Gaussian-filter model, although as stated previ-
ously, is less accurate than a PLS calibration, demonstrate the
feasibility of noninvasively measuring total hemoglobin with
a simpler instrument than a grating-based spectrometer. Ob-
serving the absorbance spectra of oxy- and deoxyhemoglobin
in the inset of Fig. 3, the Gaussian functions are located at
important spectral features, specifically near local minima in
the oxyhemoglobin spectra at 470 and 558 nm, at a local
maxima of oxyhemoglobin around 518 nm, and at the center
of the sloping edge of the reflectance spectra at 600 nm. The
PLS algorithm utilizes these features as they vary most ac-
cordingly with total hemoglobin concentration. Summed
30-nm bandwidth filters likely provide better predictive abil-
ity than individual wavelength intensities because they aver-
age small variations in the spectra again caused by the pres-
ence of two species of hemoglobin, especially at the singlet/
doublet region at 550 nm. Utilizing a model analogous to this
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but including more Gaussian regions, a multiple transmission
filter and photodiode device can be envisioned as a compact
and inexpensive method of noninvasive total hemoglobin
measurement.

5 Conclusions

Supplementing a clinician’s inspection of the conjunctiva to
diagnose anemia with a tool that spectroscopically analyzes
the conjunctiva provides a more reliable methodology for de-
tecting even marginal cases of anemia. The high vascularity
and accessibility of the conjunctiva make it an attractive lo-
cation to start developing a quantitative, yet noninvasive
method of hemoglobin concentration measurement. Although
only a small patient population was recruited for this pilot
study, the utility of using reflectance spectra from the con-
junctiva has been shown to have great promise for future ex-
perimentation. This preliminary study has shown that spectro-
scopically analyzing the conjunctiva has yet to approach the
accuracy of widely accepted in vitro testing methods, but in
its embryonic state has achieved comparable accuracies to
alternative methodologies of noninvasive screening.'’"”
While a multivariate algorithm such as PLS coupled with a
nonlinear adjustment has shown to be effective at extracting
the total hemoglobin concentration from the reflectance spec-
tra, future studies will include investigation into nonlinear
multivariate calibrations and their utility here. It was also
shown that a simple ratio of certain bands of data does show
potential to extract similar information. This fact may enable
a device that can measure hemoglobin noninvasively and re-
main more compact than a commercial spectrometer. A device
such as this will enable rapid screening for anemia of all
at-risk patients.
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