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Abstract

Purpose—Pilot study to demonstrate the clinical feasibility of using hyperspectral computed

tomographic spectroscopy (HCTIS) to measure blood oxygen content in human retinal vessels.

Methods—All procedures were performed under a University of Southern California IRB

approved protocol and after obtaining informed consent. Fifty-seven subjects with and without

diabetic retinopathy were dilated for standard fundus photography. Fundus photographs and

retinal vascular oxygen measurements (oximetry) were made using a custom made HCTIS

coupled to a standard fundus camera. Oximetry measurements were made along arteries (Aox) and

veins (Vox) within vessel segments that were 1–2 disc diameters from the optic disc.

Results—For all control subjects (n=45), mean Aox and Vox were 93±7% and 65±5% (p=0.001)

respectively. For all diabetic subjects (n=12), mean Aox and Vox were 90±7% and 68±5%

(p=0.001) respectively. In subjects with proliferative diabetic retinopathy, Aox was significantly

lower and Vox was significantly higher than other groups (85±4% and 71±4% respectively;

p=0.04, ANOVA). There was a highly significant difference in the arteriovenous (AV) difference

between subjects with proliferative diabetic retinopathy and those in the control group (14%

versus 26%; p=0.003).
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Conclusions—HCTIS is a clinically feasible method for measurement and analysis of vascular

oxygen content in retinal health and disease. The current study utilizes techniques relevant to

oximetry however, the breadth of spectral data available through the HCTIS may be applicable to

studying other anatomical and functional features of the retina in health and disease.
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Introduction

Retinal vascular diseases are a major cause of vision loss in the world. Unfortunately, our

understanding of the role of the retinal vasculature in the pathophysiology of these diseases

is far from complete. Noninvasive measurement of retinal vascular oxygen saturation

(oximetry) is a relatively novel method that may improve our understanding of retinal

vascular disease by allowing quantitation of arterial and venous oxygen saturation at various

stages of disease.[1–5] For example, in diabetic retinopathy hypoxic-ischemic damage to the

retina is postulated as one possible mechanism of disease progression. Therefore,

measurements of intravascular oxygen content at various stages of diabetic retinopathy may

reveal diagnostically relevant findings that can better predict disease progression. These

kinds of oximetry measurements have been demonstrated by analysis of specific

wavelengths of reflected light from oxygenated and deoxygenated hemoglobin within retinal

vessels.[1–22] While a number of oximetry methods have been demonstrated, very few have

been applied in a clinical setting with enough samples to generate a normative data set. [20–

25,32,33]

Our group has successfully developed a novel oximetry method using hyperspectral

computed tomographic imaging spectroscopy (HCTIS) and successfully applied it in animal

models of retinal vascular disease. [20,21] While other oximetry methods are available,

HCTIS is notably different in that :

1. HCTIS provides a large amount of spectral information upon which to base

measurements. (Typically > 20 spectral bands per image).

2. HCTIS provides information that may be relevant to measurement of many spectral

features of the retina in addition to oximetry (e.g. pigmented lesions, optic disc

perfusion, macular pigment density, RPE pigmentation)

3. HCTIS is easily adaptable to standard fundus cameras without the need for laser or

confocal illumination.

HCTIS oximetry measurements show a strong correlation with systemic measurements of

oxygen saturation under physiologic conditions. [21] Experimentally induced transient

retinal ischemia has demonstrated reproducible variations in retinal oxygen content

confirming that vascular oxygen content fluctuates under conditions where blood flow is

compromised and that HCTIS can reliably capture these changes.[20,21] These studies have

demonstrated reliable and reproducible oximetry measurements in retinal vessels using
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HCTIS and suggest that application of this method in humans may yield useful diagnostic

measurements.

In this paper, we use HCTIS methodology to perform in vivo measurements of intravascular

oxygen content in normal and diabetic subjects for the first time. This is a proof-of-principal

study and the goal of our report is to:

1. Demonstrate the feasibility of this method by making oximetry measurements in

non-diseased control population and

2. To use this method to study the variability in retinal vascular oxygen content

among those with a proliferative retinopathy (diabetes) that is widely believed to be

associated with hypoxic-ischemic insults to the retina.

Materials and Methods

Human subjects were recruited from the Los Angeles Latino Epidemiological Study

(LALES) using a protocol approved by the Institutional Review Board (IRB) of the study.

All procedures and exams were performed with the full informed consent of the subjects.

Subjects who agree to undergo HCTIS measurements were imaged as described below with

a prototype HCTIS device (Figure 1) in addition to the standard clinical examination and

imaging protocols of the LALES study as described elsewhere [34]. Data collected on each

subject included gender, age, HgA1c, blood pressure, visual acuity, presence or absence of

diabetic retinopathy, stage of diabetic retinopathy, history of treatment for retinopathy, and

color fundus photographs. Control subjects were limited to subjects with refractive error less

than +/− 4D, mild-moderate cataracts, and no other history of ocular disease. Exclusion

criteria include any media opacity preventing a clear view of the posterior pole.

Hyperspectral images were obtained through dilated pupils with a custom-made

hyperspectral camera attached to the accessory port of a standard, commercially available

Zeiss FF450 fundus camera as previously described (Ref [21,22] and Figure 1). Briefly, the

HCTIS can acquire approximately 76 spectral bands (450–700nm; 4nm band resolution)

within the duration of a standard fundus photograph. Images are acquired by a digital

camera and stored on a computer using custom image acquisition software. The calculation

of intravascular oxygen content (oximetry) for arteries (Aox) and veins (Vox) was performed

using a modified Lambert-Beer approximation of the vessel optical density as described in

detail elsewhere.[21] Retinal oximetry was modeled as a least-squares approximation of 28

wavelengths from the oxy- and deoxyhemoglobin spectra.[21] In vivo calibration and

detailed description of the oximetry methods have been reported elsewhere.[20–22] Results

are displayed as pseudocolored oximetry maps where red represents 100% oxygen saturation

and blue represents 0% saturation.

Statistics

Data are presented as standard deviations of the mean unless indicated otherwise.

Comparisons were made between the mean oximetry measurements of the retinal artery and

vein both within and among groups as described in the figure legends. A paired, two-tailed
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Student t-test was used for analysis of the oxygen saturation difference between all pairs of

vessels. A one-way ANOVA was used for comparison of means between groups.

Results

The study population had 57 subjects consisting of 45 controls and 12 diabetic subjects. The

age range of the population was 35–85 years. The overall study population was 30% male.

Table 1 summarizes the demographic and biometric features of the study population by

group. Overall, the study subgroups were not significantly different in any parameters

except for HgA1c and visual acuity. Diabetic subjects had significantly higher HgA1c of 7.8

± 1.8 compared to 5.8 ± 0.9 for controls (p<0.01). Diabetic subjects also had significantly

worse baseline visual acuity (p<0.01; see Table 1). All patients with proliferative diabetic

retinopathy had a history of ablative laser therapy and were quiescent at the time of imaging.

No patients had vitreous hemorrhage or active neovascularization at the time of imaging.

We did not perform routine fluorescein angiograms in this study to identify potential areas

of nonperfusion as this invasive procedure was not indicated for most patients and wide-

field imaging was not available at the study location sites.

Figures 2 and 3 illustrate representative pseudocolored oximetry data from individual

subjects. Figure 2 shows pseudocolored oximetry images from the retinal arcades from two

subjects. Figure 3 shows similar data from the vessels at the disc. The data is summarized in

Figure 4 for all groups. In control subjects, mean Aox and Vox were 93±7% and 65±5%

(p=0.001) respectively. In diabetic subjects, mean Aox and Vox were 90±7% and 68±5%

(p=0.001) respectively. Analysis of variance demonstrated significant difference between

the arterial and venous oxygen measurements of the groups. In subjects with proliferative

diabetic retinopathy, arterial measurements were significantly lower and venous oximetry

measurements were higher than other groups (p=0.04). This finding was confirmed by a

highly significant difference in the arteriovenous (AV) difference between subjects with

proliferative diabetic retinopathy and those in the control group (14% versus 26%; p=0.003,

see Figure 5).

Comparison of the Aox and Vox based on demographic variables including age and gender

did not reveal any significant differences in control or diseased subjects (Figure 6).

Although our control subject data set was not sufficient to perform a regression based on

age, comparison of the Aox and Vox between those control subjects less than 60 and those

greater than 60 years of age did not demonstrate any significant difference. Larger studies

are needed to provide a definitive correlation between age, gender and oximetry

measurements.

Discussion

In the present study, we demonstrate the feasibility of performing HCTIS based spectral

measurements in the human eye by measuring retinal vascular oxygen content. We

demonstrate significant variations of retinal vascular oxygen content among normal subjects

and diabetics using the spectral data available from this method.[35] The HCTIS oximetry

method has been previously validated in animal models [20–22,35,36] and these data are the
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first human data obtained by this method. In the retinal literature, measurements of retinal

vascular oxygen content have been difficult due to technical limitations in speed of data

acquisition and computational analysis of large data sets [21,37] which have been overcome

with this method. Our study did not demonstrate any adverse events and confirms that the

HCTIS method can produce reliable and reproducible results in a human population of

patients.

The variability in the AV difference in advanced diabetic patients is interesting and has

some precedent from results of past oximetry methods [25,29] [38] [39]. The reason for the

decrease in AV difference and increase in venous saturation is not clear. Some explanations

include (1) increased arteriorvenous shunting secondary to large areas of capillary

nonperfusion in advanced diabetic patients (2) decreased oxygen utilization by “sick” retinal

tissue or (3) decreased oxygen delivery. It is also possible that the differences we report are

secondary to ablative laser therapy and not necessarily a direct result of the disease process

since all patients with PDR had already received pan-retinal photocoagulation. It is not

possible to thoroughly evaluate all these possibilities without detailed and simultaneous

studies of retinal blood flow and wide-field fluorescein angiography which are not possible

with any retinal oximeters.

Oximetry measurements are inherently confounded by many factors including media clarity,

vessel size, retinal pigmentation and scatter.[1,21] Previous work has demonstrated the

advantages of the hyperspectral computed tomographic imaging (HCTIS) method used in

this study. In the context of this paper, “hyperspectral” refers to the simultaneous acquisition

of spectra from 450–700nm with ~4nm spectral resolution using a two dimensional

diffraction grating and computed tomographic imaging algorithms.[40,41] This method

provides excellent spectral, spatial and temporal coregistration in vivo compared to devices

that rely on spectral or spatial scanning.[21] This hyperspectral system is mounted on a

commercially available fundus camera and demonstrates reliable and reproducible high

resolution measurements of hemoglobin oxygen saturation within retinal microvasculature

in vivo.[20,21] These measurements are resolved over the duration of standard fundus flash

photography and within vessels as small as ~50 microns wide.

In conclusion, this study utilizes a novel technique (HCTIS) to demonstrate variations in

intravascular oxygen content among normal and diseased subjects. The advantages of the

HCTIS methodology include the adaptability of the device to currently available fundus

cameras, the broad range of spectral data that is collected, and the detailed oximetry maps

that are generated. Although the study size is small, the data demonstrate decreased

arteriovenous difference in advanced diabetic subjects and provide useful normative data for

future studies and comparison with other oximetry methods. Oximetry maps can potentially

be applied to many diseases and may help identify ischemic or pre-ischemic retinal areas,

vascular shunting, and vascular stasis syndromes among others. Further investigation with

HCTIS may provide novel diagnostic information in the evaluation and management of

ischemic retinal diseases. Ultimately, it may be possible to use changes in retinal vascular

oxygen content as diagnostic predictors of disease progression. By extension, oximetry

findings may also be potentially useful for targeting of ablative laser therapy to ischemic
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retina rather than the current pan-retinal ablation that is commonly performed. Future studies

will help shed light on these possibilities.
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Summary Statement

This study utilizes a sophisticated form of reflectance spectroscopy (hyperspectral

computed tomographic spectroscopy; HCTIS) to study the intravascular oxygen content

of retinal blood vessels. The method is validated by demonstrating variations in

intravascular oxygen content among normal and diabetic subjects. We show that diabetic

subjects with proliferative disease have a decreased arteriovenous oxygen gradient

compared to normal subjects. This method may be applicable to many retinal vascular

diseases and may be potentially adapted to study other spectral features of the retina (e.g.

pigmented lesions).
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Figure 1.
Hyperspectral computed tomographic imaging spectrometer (HCTIS) mounted on top of a

standard Zeiss FF450 fundus camera. The HCTIS device is small and easily adaptable to the

top port of the fundus camera. Images are acquired using the standard flash and trigger

mechanism on the fundus camera. Images are saved on a laptop computer (not shown).

Image processing and analysis are done with custom software as described previously [20–

22].
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Figure 2.
Oximetry measurements from human retinal vessels in two representative subjects. (A,D)

Monochromatic images of the vascular arcades. (B,E) Pseudocolored oximetry images of the

retinal vessels in panels A and B. Red=100% saturation. Blue=0% saturation. (C,F)

Illustration of the vessel segments used to obtain average oximetry measurements from

vessels. The area in black represent the manually selected vessel segment from which

oxygen saturation values were averaged for this particular image. Any segment can be

chosen manually per the users preference. In most cases, multiple vessel segments are

chosen and averaged to ensure the reproducibility of the results. The non-shaded vessel

segments in images C and F are purposely not selected for averaging to demonstrate the

manual vessel segmentation method used in this paper.
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Figure 3.
Oximetry measurements from human retinal vessels overlying the disc and periphery in

three representative subjects. (A,E) Standard color photographs of the disc and (G)

periphery. (B,C) Monochromatic images of the vascular arcades from panel A. Note the

decreased absorbance of retinal arteries at 600nm compared to 548nm (red arrows). (D,F,H)

Pseudocolored oximetry images of the retinal vessels in panels A, E and G. Red=100%

saturation. Blue=0% saturation. Pseudocoloring around the margin of the disc in panel F

represents signal artifact from the sharp delineation between the disc and surrounding retina

and is not representative of the local oximetry.
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Figure 4.
Summary data of Aox and Vox measurements in normal and diabetic (DM,NPDR,PDR)

human subjects. Red=Aox. Blue=Vox. There was a significant difference (**) between Aox

and Vox within each group (p=0.0001 for all groups including PDR where p=0.003 by

Student T-test). There was also a significant difference in the Aox and Vox among the groups

(p=0.04) using ANOVA.
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Figure 5.
The arteriovenous (AV) difference was 26% in normal subjects and 14% in subjects with

PDR. This difference was statistically significant (p=0.003).
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Figure 6.
There was no difference between the Aox and Vox among males and females within any

group. There was also no difference in Aox and Vox between those normal subjects age < 60

and those age > 61 (data not shown for age).
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Table 1

Demographics and Baseline Features of Study Population

Control (n=45) Diabetic (n=12) p-value

Mean Age 61 ± 9 60 ± 6 0.47

% Male 28% 25% --

Mean Systolic BP 130 ± 16 133 ± 16 0.82

Mean Diastolic BP 73 ± 10 74 ± 9 0.61

Mean HgA1c 5.8 ± 0.9 7.8 ± 1.8 <0.01

Visual Acuity (LogMAR) 0 ± 0.1 0.2 ± 0.2 <0.01

Mean IOP 15 ± 2.6 14 ± 5.1 0.41

Mean Refraction (±Diopters) 0.2 ± 1.3 0.5 ± 1.1 0.56

Mean Aox 93 ± 7% 90 ± 7% 0.35

Mean Vox 65 ± 5% 68 ± 5% 0.12

BP = Blood pressure; IOP = Intraocular Pressure; Aox = arterial oxygen saturation; Vox = Venous oxygen saturation
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