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PURPOSE. To assess the accuracy of human blood oximetry
measurements in a model eye with a hyperspectral fundus
camera.

METHODS. Seven human whole blood samples (two arterial, five
venous) were obtained, the oxygen saturations measured with
a CO oximeter, and the samples inserted into quartz tubes with
internal diameters of 100 and 150 �m. The tubes (n � 20; ten
100 �m and ten 150 �m) were placed within a model eye in
front of a background reflectance surface with reflectivities of
20%, 60%, and 99%. Spectral images at wavelengths between
500 and 650 nm were acquired with a hyperspectral fundus
camera and analyzed with an oximetric model to calculate the
oxygen saturation of blood within the tubes. The calculated
oxygen saturations were compared with the measured oxygen
saturations. The effects of the background reflectivity and tube
size on the accuracy of the calculated oxygen saturations were
evaluated.

RESULTS. Background reflectivity and tube size had no signifi-
cant effect on the mean oxygen saturation difference (P � 0.18
and P � 0.99, respectively; repeated-measures, two-way
ANOVA). The mean differences (SD) between the measured
and calculated oxygen saturations in segments of the 100 and
150 �m tubes overlying the 20%, 60%, and 99% background
reflectivities were (100 �m) �4.0% (13.4%), �6.4% (9.9%),
and �5.5% (10.2%) and (150 �m) �5.3% (10.8%), �5.2%
(10.7%), and �5.2% (10.9%), respectively.

CONCLUSIONS. There was reasonable agreement between the
measured oxygen saturation values and those calculated by the
oximetry model. The oximetry model could be used to deter-
mine the functional health of the retina. (Invest Ophthalmol
Vis Sci. 2011;52:2851–2859) DOI:10.1167/iovs.10-6217

Hyperspectral imaging combines the spectroscopy and im-
aging disciplines and enables the acquisition of spectral

information from every pixel in the image plane. By measure-
ment of reflectance or absorption spectra, hyperspectral imag-
ing enables chemical identification and quantification by
means of the spectral signature.

The retina is considered to be one of the most metabolically
active tissues in the human body,1 and an imbalance between
oxygen supply and demand as a result of ischemia is thought to
have a role in the pathogenesis of several retinal diseases.
Diabetic retinopathy,2 glaucoma,3,4 and age-related macular
degeneration5,6 constitute posterior segment diseases that can
cause profound visual disability and blindness. Although sev-
eral studies indicate an ischemic component that may play a
major role in the development of sight-threatening lesions
within the retina and optic disc,7–12 such mechanisms are yet
to be fully understood.

Numerous attempts have been made to develop a method
of measuring the oxygen tension in the retinal vasculature and
tissues. These include the use of oxygen-sensitive microelec-
trodes,13 phosphorescence quenching,14–16 and functional
magnetic resonance imaging (fMRI).17 These methods are in-
vasive and have mostly been limited to animal studies. Conse-
quently, direct evidence of hypoxia in the pathogenesis of
retinal diseases in humans is limited.

Noninvasive techniques for measuring oxygen in the retinal
vasculature have largely evolved from imaging spectrophoto-
metric methods. These techniques exploit the differential spec-
tral absorption characteristics of the two main hemoglobin
derivatives, oxy- and deoxyhemoglobin, and are well estab-
lished in pulse oximetry and CO oximetry.

Since the first reported retinal vessel oximetry experiments
conducted by Hickham et al.18,19 in the late 1950s and early
1960s, various approaches have been undertaken to noninva-
sively measure the oxygen saturation of blood in the retinal
vessels. The methods used have evolved with the availability of
newer technologies from standard photography,18,19 to digital
photography,20–27 to the use of imaging spectroscopy,28–34

multispectral confocal scanning laser ophthalmoscopes35–40

and optical coherence tomography.41 Numerous dual- and mul-
tiple-wavelength combinations that are sensitive to changes in
oxygen saturation have been used in various imaging systems;
however, one of the main challenges of retinal vessel oximetry
is the development of a robust and accurate oximetry tech-
nique that accounts for the complex interaction of light with
the retinal vessels, retinal tissues, and ocular media. As a result,
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there is currently no consensus on a method of calculating
oxygen saturation in the retinal blood vessels. The importance
of in vitro validation experiments in any new retinal oximeter
is therefore paramount. In vitro validation of various retinal
oximetry systems have been reported with various model eye
configurations.22,26,27,29,37,42–44

In this study, we used a hyperspectral fundus camera to
validate the accuracy of oxygen saturation calculations for
arterial and venous human blood of known oxygen saturation
in a model eye. We also sought to establish the effects of the
background reflectance and blood column thickness on the
accuracy of the oxygen saturation calculations.

METHODS

This study was approved by the Gloucestershire Research Ethics Com-
mittee (COREC reference, 06/Q2005/131) and all procedures were
performed in accordance with the tenets of the Declaration of Hel-
sinki.

The Hyperspectral Fundus Camera

The hyperspectral fundus camera is a commercial fundus camera
(CF-60Z; Canon, Tokyo, Japan) in which a liquid crystal tunable filter
(VariSpec; CRI, Woburn, MA), located in the optical path of the
camera’s light source, enables the electronic selection of a combina-
tion of desired light wavelengths between 400 and 700 nm. The liquid
crystal tunable filter has a bandwidth of 7 nm (full width at half
maximum) and is able to change from one wavelength to another in 50
ms. The wavelength selection is controlled with a customized software
interface (LabView VI; LabView, National Instruments, Austin, TX)
installed on a personal computer. A low-noise, cooled, CCD camera
(ORCA-ER; Hamamatsu Photonics KK, Hamamatsu City, Japan), at-
tached to the imaging port of the fundus camera, is used to record a
sequence of spectral images between 500 and 650 nm in 2 nm incre-
ments.

The Model Eye

A model eye was constructed to simulate the salient optical prop-
erties of the human eye (Fig. 1). It is composed of a water-tight
black aluminum outer casing and a �62.5 D doublet convex ach-
romatic lens (Thorlabs, Ltd., Cambridgeshire, UK; AC080-016-A1
series) inserted through an opening in its front surface, such that
when distilled water is instilled into the model eye chamber to
simulate the vitreous, the effective focal length is approximately 22
mm. To determine the effects of the reflectivity on the accuracy of
the oxygen saturation calculation, a background surface was built
with reflectance (Spectralon; Labsphere Inc., North Sutton, NH)
segments with Lambertian albedos of 20%, 60%, and 99%.

Blood-filled, fused quartz tubes (VitroCom, Mountain Lakes, NJ)
could be positioned vertically within the model eye, approximately
300 �m in front of the surface of the reflectance background surface.
The refractive index of the quartz tube was 1.46. Data were recorded
for quartz tubes with internal diameters of 50, 100, and 150 �m (outer
diameters of 80, 170, and 250 �m, respectively), which enabled eval-
uation of the influence of simulated vessel diameter on the accuracy of
the oxygen saturation calculations.

The Model Eye Experiments

The model eye was located in the conventional imaging position in
front of the hyperspectral fundus camera. A straight metal wire (�100
�m in diameter) placed in front of the reflectance surface was used to
help achieve optimal focus. The position of the fundus camera was also
adjusted to attain optimal diffuse illumination (i.e., with minimal vi-
gnetting) within the model eye.

Two arterial and five venous blood samples, contained in a
syringe lined with 2 mL of lithium heparin (LH, 2 mL; Monovette
blood collection system; Sarstedt, Beaumont Leys, UK), were col-

lected from seven subjects in the intensive care unit in Cheltenham
General Hospital. Blood gas analysis of each sample was performed
with a CO oximeter (Gem Premier 4000; Instrumentation Labora-
tory, Bedford, MA) at the time of collection. A small sample of the
blood was inserted into 100 and 150 �m quartz tubes, the ends of
the tubes were sealed with petroleum jelly, and the tubes were
located in the model eye in front of the reflectance background.
Timed-sequence, hyperspectral images were acquired at wave-
lengths from 500 to 650 nm at 2 nm intervals. This process was
repeated with the same blood sample inserted into 50 �m quartz
tubes. The duration of each imaging process was on average no
more than 5 minutes. Several repeated attempts to fill 50 �m quartz
tubes with blood yielded only broken blood columns in the tube,
which were considered unsuitable for oximetry, and consequently
these images were not included in the study.

To enable the analysis of blood at intermediate oxygen saturation
between the higher and lower saturations commonly found in un-
mixed arterial or unmixed venous blood respectively, three of the
venous blood samples were mixed with various volumes of atmo-
spheric air over a period of 30 to 45 minutes. This process resulted in
an increase in the measured oxygen saturation of the venous blood
samples. Subsequent to the blood gas analysis with the CO oximeter,
the small air bubbles were removed from the syringe, which was then
sealed to maintain a stable level of oxygenation before its use in the
model eye. Samples of this blood were then imaged within the quartz
tubes in the model eye, as just described.

Blood gas analyses of all the blood samples were performed again
with the CO oximeter after imaging, and the mean spectrophotometric
measurement of oxygen saturation before and after imaging was cal-
culated to determine the gold-standard measured oxygen saturation.
The mean difference (�SD) between the measured oxygen saturation
before and after imaging was 0.49% (�0.76%).

In total, 20 blood-filled quartz tubes (ten 100 �m and ten 150 �m)
were imaged. Table 1 summarizes the number of blood samples that
were imaged for each type of blood and tube size. The measured
oxygen saturation range (mean � SD) of the arterial and venous blood
samples were 97.9% to 98.9% (98.4% � 0.7%) and 23.4% to 97.5%
(69.7% � 25.3%), respectively. The total hemoglobin concentration
ranges (mean � SD) were 9.9 to 10.7 g/dL (10.3 � 0.5) and 7.1 to 18.3
g/dL (13.7 � 3.7) for the arterial and venous blood samples, respec-
tively. The hematocrit range (mean � SD) of the arterial and venous
blood samples were 28.5% to 30.5% (29.5% � 1.4%) and 32.5% to
57.5% (46.9% � 8.1%), respectively.

Image Processing and Quantitative
Oximetry Calculation

All raw spectral images of the model eye were saved in 12-bit portable
network graphics (PNG) format. Further processing and analysis of the
raw images was performed with commercial software (Mathematica,
ver. 5.2; Wolfram Research, Inc., Champaign, IL). Dark calibration of
each raw image was performed to remove the dark-current offset from
the CCD output. A vessel-tracking algorithm implemented in C��
(Microsoft, Inc., Redmond, WA) and integrated with the software was
used to determine the centerline coordinates along the quartz tubes
and a series of transverse intensity profiles were obtained orthogonal
to the tubes.

For each gray-scale intensity profile, fitting algorithms were used to
estimate the intensity at the center of the tube (minima of the nonlin-
ear curve) and the intensity of the background adjacent to the tube
(gray-scale value of the linear fit at the center of the tube) to enable an
estimate of the optical density of the tube center (Fig. 2), given by

OD��� � �Log10� I���

I0���� (1)

where, I(�) is the estimated intensity at wavelength � at the center of
the tube, and Io(�) is the estimate of intensity at the same position
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obtained by interpolation of the intensities on either side of the
tube—that is, an estimate of the intensity in the absence of the tube.
The effects of reflections (e.g., specular reflection or refractive index
mismatch between the water–quartz–blood interface) on the quartz
tubes are minimized by the curve-fitting technique used to estimate the
intensity at the center of the blood column. The optical densities of a

given point were estimated across the wavelength range (500–650
nm) to calculate the optical density spectral variation, OD(�). This
process was repeated at multiple points along all the quartz tubes.

Calculation of the oxygen saturation along the length of the quartz
tubes was performed by inversion of the complete set of OD(�) given by

OD(�) � aS(�) � �(�)CHbTotald[(�oxy(�) � �de-oxy(�))cOS � �de-oxy(�)]

(2)

where, CHbTotal is the total concentration of hemoglobin, �oxy, and
�de-oxy are the extinction coefficients of oxygenated and deoxygenated
hemoglobin45 respectively corrected for convolution with the spectral
response of the liquid crystal tunable filter, d is the vessel diameter, cOS is
the calculated oxygen saturation, � is the effective optical path length
contribution,37 and a is a scaling constant. The function S accounts for the
backscatter by blood cells. Wavelength-dependent optical scattering val-
ues published by Meinke et al.46 were used in this oximetry model. In

TABLE 1. Number of Blood Sample Types and Quartz Tubes Used in
the Model Eye Experiment

Blood Sample
Type

Number of Blood-Filled Quartz
Tubes Imaged

100 �m Tubes 150 �m Tubes Total

Arterial 2 2 4
Venous 8 8 16
Total 10 10 20

Black aluminum outer casing 

Front of the model eye with an aperture 
containing a 62.5D lens 

Quartz tubes containing human blood 

Chamber of the model eye is filled with 
distilled water during use 

Spectralon Incident light 

Quartz tube 

Lens 

Water 

Aluminum outer casing 

A

B

FIGURE 1. The model eye. (A) The
model eye viewed from the top con-
taining the reflectance background
(Spectralon; Labsphere, North Sutton,
NH) and human blood in 150 �m
quartz tubes. (B) Schematic cross sec-
tion of the model eye.
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essence, this algorithm estimates the free parameters based on the Lev-
enberg-Marquardt nonlinear fit to OD(�), to yield an estimate of cOS.

Statistical Analysis

To determine the effect of the background reflectivity and tube size,
we calculated the mean oxygen saturation differences (difference be-
tween the measured and calculated oxygen saturation) for segments of
the 100 and 150 �m quartz tubes overlying the three different back-
ground reflectivities. A repeated-measures, two-way analysis of variance
(ANOVA) was performed to compare the effect of tube size and back-
ground reflectivity on the mean oxygen saturation difference. A post hoc

power analysis with the mean oxygen saturation difference in each group
(n � 6; three background reflectivities for each tube size), the average
observed SD and a 0.05 significance level was performed with a software
program developed by Faul et al.47 (G*Power, ver. 3.1). Pearson’s corre-
lation between the measured oxygen saturation and mean calculated
oxygen saturation along the length of each tube were calculated.

The Bland-Altman method48 was used to assess the agreement
between the CO oximeter and the values obtained from equation 2 in
100 �m quartz tubes. The mean calculated oxygen saturation of each
segment of the tube overlying the three background reflectivities was
calculated, and the mean of the measured and calculated oxygen
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FIGURE 2. Analysis of the gray-scale intensity profile across a given point in the quartz tube at one
wavelength. (A) Image from a model experiment taken at 500 nm showing the location of the linear profile
across a quartz tube (red solid line) to be analyzed. (B) A plot of the gray-scale intensities along the linear
profile. A curve-fitting algorithm (blue dashed line) was applied to the gray-scale intensity profile to
estimate the gray-scale intensity at the center of the tube. The value I(�) was determined from the
minimum value of the curve. A linear fitting algorithm (green solid line) was used to estimate the intensity
of the background in the absence of the quartz tube, Io(�).
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Arterial blood 
(measured oxygen saturation = 97.9%) 

Venous blood 
(measured oxygen saturation = 23.6%) 
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FIGURE 3. Cropped dark calibrated
spectral images of the model eye con-
taining (A) arterial and (B) venous
blood-filled 150 �m quartz tubes. The
spectral images shown were acquired
at 586, 600, 620 and 650 nm. Each
tube is located in front of three reflec-
tive grades of the background (Spec-
tralon; Labsphere, North Sutton, NH).
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saturation was plotted against the difference between the two meth-
ods. Statistical analyses (except the power analysis) were calculated
with commercial software (SPSS, ver. 16.0; SPSS Inc., Chicago, IL).

RESULTS

Hyperspectral Images of Arterial and Venous
Blood in the Model Eye

Representative narrow-band images of the model eye contain-
ing human arterial and venous whole blood in 150 �m quartz
tubes obtained at wavelengths of 586, 600, 620 and 650 nm are
shown in Figure 3. The vertical dark lines are the quartz tubes
containing human blood. Each of the blood-filled quartz tubes
spans the three reflective grades of reflectance background.
Figure 3A shows a tube containing arterial blood with a mea-
sured oxygen saturation of 97.9%. Figure 3B shows a tube
containing venous blood with a measured oxygen saturation of
23.6%. It can be observed, as expected, that at the isosbestic
wavelength of 586 nm (where the absorbance of oxyhemoglo-
bin and deoxyhemoglobin are equal), both arterial and venous
blood appeared to have similar optical densities and that the
arterial blood had a lower optical density at wavelengths of
600, 620, and 650 nm than did the venous blood.

Oxygen Saturation Calculation of Blood along the
Quartz Tubes

Figures 4 and 5 show the variation of calculated oxygen satu-
ration along the length of 100 �m quartz tubes containing

arterial (measured oxygen saturation � 98%) and venous (mea-
sured oxygen saturation � 23%) blood, respectively. Process-
ing and analysis of the model eye images was used to produce
a pseudocolor image with a colored representation of the
calculated oxygen saturation overlaid on the tube and sequen-
tial calculated oxygen saturation values shown to the left of the
tube (Figs. 4A, 5A). Examples of the nonlinear fitting of the
oximetry model (Figs. 4B, 5B; red lines) to the mean optical
density profile along the length of each tube are illustrated
with the calculated oxygen saturation. The calculated oxygen
saturation values along the length of each tube are also shown
in a plot (Figs. 4C, 5C) and demonstrate small fluctuations
along its length. These fluctuations were comparatively higher
in segments of the arterial and venous blood overlying the 20%
reflective background (SD 1.40% and 1.05%, respectively), pos-
sibly due to the effect of increased texture in the reflectance
background; however, these fluctuations were small. In the
quartz tubes containing arterial and venous blood, the mean
calculated oxygen saturation along their lengths (�SD) was
106% � 1.13% (n � 1891) and 45% � 0.94% (n � 1940),
respectively.

Influence of the Background Reflectivity and
Quartz Tube Size on the Accuracy of the
Calculated Oxygen Saturation

The mean differences between the measured and calculated
oxygen saturations for segments of the 100 and 150 �m quartz
tubes overlying the different reflective backgrounds are ex-
pressed as histograms � SEM in Figure 6. A comparison be-
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FIGURE 4. Calculated oxygen satura-
tion (OS) along the length of a quartz
tube containing arterial blood. (A) A
cropped pseudocolor image of the
model eye with a 100 �m tube con-
taining arterial blood (measured OS �
98%). A colored representation of the
calculated OS was overlaid on the tube
with sequential levels to the left of
the tube. (B) Mean optical density
profile (blue dots) of the whole tube
and the non–linear-fitting oximetry
algorithm (red line) to derive the cal-
culated OS (106%). (C) Calculated OS
(red line) along the length of the
tube (mean calculated OS � SD,
106% � 1.13%). The location of the
different reflective backgrounds with
respect to the calculated OS is indi-
cated in the legends within the
graph. The table shows the mean cal-
culated OS (�SD) of the blood col-
umn over segments of the back-
ground and along the whole length
of the quartz tube.
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tween the groups with a two-way ANOVA showed that the
degree of reflectance and quartz tube sizes had no significant
effects on the mean difference in oxygen saturation (P � 0.18
and P � 0.99, respectively). The post hoc power calculation of
the ANOVA was 0.07.

Correlation between the Measured and Calculated
Oxygen Saturation

A significant and strong correlation between the measured
oxygen saturation and respective mean calculated oxygen sat-
uration of all 10 blood-filled 100 �m (r2 � 0.96, P � 0.000008)
and 10 blood-filled 150 �m (r2 � 0.95, P � 0.000035) quartz
tubes was found.

Accuracy of the Blood Oxygen Saturation
Calculations in the Model Eye

Figure 7 shows Bland-Altman plots for segments of the 100 �m
quartz tubes overlying the reflective backgrounds. The mean
differences (�SD) between the measured and calculated oxy-
gen saturations in segments of the 100 and 150 �m tubes
overlying the 20%, 60%, and 99% background reflectivities
were (100 �m) �4.0% (�13.4%), �6.4% (�9.9%), and �5.5%
(�10.2%) and (150 �m) �5.3% (�10.8%), �5.2% (�10.7%),
and �5.2% (�10.9%), respectively (95% limits of agreement
were �30.2% to 22.3%, �25.9% to 13.0%, and �25.4% to
14.8% for the 100 �m tubes and �26.5% to 15.9%, �26.3% to
15.8%, and �26.5% to 16.1% for the 150 �m tubes).

DISCUSSION

This study demonstrates the ability of our hyperspectral imag-
ing system and oximetry analysis to yield oxygen saturation
calculations and evaluates its accuracy with a model eye.
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FIGURE 5. Calculated oxygen satura-
tion (OS) along the length of a quartz
tube containing venous blood. (A) A
cropped pseudocolor image of the
model eye with a 100 �m tube con-
taining venous blood (measured OS �
23%). A colored representation of the
calculated OS has been overlaid on the
tube with sequential values to the left
of the tube. (B) Mean optical density
profile (blue dots) of the whole tube
and the non-linear fitting oximetry
algorithm (red line) to derive the cal-
culated OS (45%). (C) Calculated OS
(red line) along the length of the
tube (mean calculated OS � SD,
45% � 0.94%). The location of the
different reflective backgrounds with
respect to the calculated OS is indi-
cated in the legends within the
graph. The table shows the mean cal-
culated OS (�SD) of the blood col-
umn over segments of the back-
ground and along the whole length
of the quartz tube.

FIGURE 6. Mean differences between the measured and calculated
oxygen saturations (�SEM) in segments of the 100 �m (n � 10) and
150 �m (n � 10) quartz tubes overlying the three background reflec-
tivities.
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The model eye provided a useful platform to acquire spec-
tral images of blood samples with varying oxygenation. Al-
though it represents a simple optical model of the eye, it has
been a useful tool in determining the applicability of hyper-
spectral imaging to perform oximetry and determine the accu-
racy of our oximetry model with ground truth, a posteriori
knowledge. Figure 3 illustrates an example in which both
arterial and venous blood can be visibly distinguished from the
dark calibrated spectral images. In this example, both arterial
and venous blood appear to have equal optical density at 586
nm; however, at wavelengths of 600, 620 and 650 nm, the
arterial blood appears to be optically, less dense than venous
blood, probably due to lower extinction coefficients of oxy-
genated blood at these wavelengths. This finding correlates
with published descriptions of the extinction properties of
fully oxygenated and fully deoxygenated hemolyzed blood45;
however, these observations provide only qualitative informa-
tion regarding the oxygen saturation of blood.

Our quantitative determination of the blood oxygen satura-
tion used a non-linear fitting oximetry model applied to the
estimated OD(�) along a given column of blood. We have made
attempts to account for variables that influence the propaga-
tion of light in the retina, such as scattering by the red blood
cells, the optical path length, hemoglobin concentration, and
vessel diameter. We have shown that the optical density pro-
files of arterial and venous blood (Figs. 4B, 5B) are spectrally
distinguishable and conform to the published extinction coef-
ficients of fully oxygenated and fully deoxygenated hemoglo-
bin.45 Furthermore, we have demonstrated that the oximetry
model is capable of producing consistent calculated oxygen
saturation values along the length of each quartz tube (Figs. 4C,
5C). The SD of the calculated oxygen saturation along each of
the quartz tubes shown are small, and the fluctuations in the
calculated oxygen saturation values can be explained by the
texture in the background reflectance and/or physiological
noise (scattering within the blood column due to red blood
cells or another component of blood, such as bilirubin, or
physiological fluctuations in the oxygen saturation along the
blood column). Fluctuations in the calculated oxygen satura-
tion were more prominent in segments of the quartz tubes
overlying the 20% reflective background. This effect can be
explained by the increased contrast of the texture in the
low-albedo reflectance surface (Spectralon; Labsphere, Inc.).
Further analysis of the effect of the background reflectivity and
tube size on the mean oxygen saturation differences in all
quartz tubes was subsequently performed with a repeated-
measures, two-way ANOVA. The results indicated that the
effect of the background reflectivity and tube size on the mean
oxygen saturation differences was not significant (P � 0.18 and
P � 0.99, respectively). The consistency in the calculated
oxygen saturation along the length of the quartz tubes (Figs.
4C, 5C) further illustrates the robustness of the oximetry
model to variations in the background reflectivities. The oxi-
metry model can therefore be considered to be robust to
differences in the background reflectivity and tube diameter.
These two features are commonly encountered in the retina,
where there are variable vessel diameters and variable amounts
of fundus pigmentation resulting in different background re-
flectivities. The configuration of the reflectance background
within the model eye was specifically intended to broadly
mimic the variability in fundal pigmentation (20% and 60%
background reflectivity from Spectralon) and the optic disc
(99% background reflectivity) which is relevant to evaluating
the applicability of the oximetry model to a wide population of
subjects. The power of the ANOVA was 0.07, according to the
post hoc power calculation, and an undetected real difference
in the accuracy of the oxygen saturation calculation due to the
small sample size could also explain the nonsignificant effect of
the background reflectivity and tube size. In addition, the
reflectivity of the background cannot be considered to be a
precise simulant of the fundus, which has distinct spectral
characteristics due to the presence of visual pigments, blood,
and other retinal chromophores. Further investigation is
needed to determine the accuracy of the oximetry technique in
the human eye. A further limitation of this study is that tests of
repeatability could not be performed with a high degree of
precision. The main reasons for this were, first, that the oxy-
genation of a given blood sample changed (albeit by a small
percentage) over the period between reimaging. Second, the
process of imaging the blood samples was performed within a
few minutes. From experience, we found that prolonging the
imaging process led to segmentation of the blood column in
the quartz tubes which could lead to undesirable and uncon-
trolled changes in the oxygen saturation of the blood column
within the tube.

FIGURE 7. Bland-Altman plots showing the agreement between the
measured and calculated oxygen saturations in 100 �m quartz tubes.
Each plot represents separate analysis of segments of the quartz tubes
overlying the three reflective backgrounds: (A) 20%, (B) 60%, and (C)
99%. The mean of each corresponding measured and calculated oxy-
gen saturations are plotted against the difference between the mea-
sured and calculated oxygen saturations.
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We demonstrated a significant, strong correlation between
the measured and calculated oxygen saturation in 100 and 150
�m quartz tubes (P � 0.01 in both tube sizes). However, to
assess the agreement between the measured and calculated
oxygen saturation, we used the Bland-Altman method for each
segment of the 100 �m (Fig. 7) and 150 �m quartz tubes
overlying the different reflective backgrounds.

The limits of agreement are high from a clinical point of
view. It is unlikely that they were affected by the variability of
the measured oxygen saturation as the mean difference � SD
between the measured oxygen saturation, before and after
imaging, was small (0.49% � 0.76%). This figure may have
been adversely affected by systematic effects. Two plausible
ones are: the oxygenation of the blood in the tube may have
changed on transfer from the blood gas syringe to the quartz
tube; however, this is unlikely, as the transfer of the blood
samples to the quartz tubes occurred in a few seconds, and
second, and most plausibly, the oximetry model may have
overestimated the true oxygen saturation through an imperfect
match between the optical model for OD(�) and the data. This
is illustrated in Figure 5B, which shows the analysis of a sample
of venous blood with a measured oxygen saturation of 23%.
The spectral variation in optical density for the whole tube
(blue dots) appears to have a distinct bell shape; however, the
oximetry model fits a curve to the data that exhibits a distinc-
tive double hump (red line), which is redolent of fully oxygen-
ated blood. It is therefore likely that a fitting error for venous
blood contributed to an overestimation of its true oxygen
saturation. However, this possible error does not necessarily
provide a full explanation of the wide limits of agreement, as it
can be observed in Figure 7 that there are two underestimates
of the measured oxygen saturation at the higher end of the
oxygen saturation scale. It is unlikely that the limits of agree-
ment were affected by the variability of the measured oxygen
saturation as the mean difference � SD between the measured
oxygen saturation before and after imaging was small. In addi-
tion, the systematic effect of a fitting error does not address the
variability and high SD in the mean differences between the
measured and calculated oxygen saturations. Further experi-
ments and evaluation of the fitting technique would be neces-
sary, to establish a comprehensive explanation for our findings.
Our future research will initially focus on refining the physical
model to remove the effects of this systematic error, particu-
larly at lower oxygen saturations.

The phenomenon of overestimating the true oxygen satu-
ration has been reported in studies on other types of photo-
metric oximeters. Sarnquist et al.49 reported that pulse oxime-
ters overestimate the actual oxygen saturation, with an average
reading of 70% at 50% actual oxygen saturation. This overesti-
mation by pulse oximeters is thought to be caused by the
scattering of red or infrared light in the blood vessels.50 In
addition, Drewes et al.44 reported an error of �52% at 0%
blood oxygen saturation in a model eye with an eye oximeter
and Delori22 reported overestimations of the true oxygen sat-
uration, particularly at lower oxygen saturation, in in vitro tests
of the retinal vessel oximeter. In light of these results, the
accuracy of our oximetry model is comparable to that of those
reports. Errors of this magnitude are higher than is desirable,
since accuracy in the determination of both the arteriolar and
venular oxygen saturation is important in determining the
functional status of the inner retina.

This limitation of our oximetry model of lowering blood
oxygen saturation could be improved by more accurate char-
acterization of scattering effects within and around the blood
column. As a consequence, we have developed and are testing
a second-generation model eye that is able to simulate back-
grounds of increasing complexities, is able to accommodate
tubes manufactured from material with a refractive index close

to water, and has a moving blood column allowing smaller
tubes to be successfully filled with whole blood. The rationale
is to incrementally progress toward a more accurate model of
the true optical properties of the human eye until a sufficiently
accurate oximetry model can be obtained. Refinement involves
a study of light transmission and scattering in and around blood
vessels, the retina, and the choroid, with experimental record-
ing and Monte Carlo modeling to inform the construction of a
model for the spectral variation in optical densities that can be
reliably inverted to yield accurate vessel oximetry.

In conclusion, the model eye has been a useful test bed for
evaluating a hyperspectral method of measuring the oxygen
saturation of blood with a hyperspectral fundus camera. An
accurate oximetry model can be used to determine the oxygen
saturation of the retinal vasculature, which has the potential to
offer useful functional information on the health of the retina.
This model could be implemented to detect, monitor, and
assess the outcome of treatments in posterior segment diseases
such as glaucoma, diabetic retinopathy, retinovascular occlu-
sions, and age-related macular degeneration.
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