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Abstract

We demonstrate superluminescent diodes (SLDs) for visible light optical coherence tomography 

(OCT) of the human retina. SLDs are less costly than supercontinuum sources and have lower 

intrinsic excess noise, enabling imaging closer to the shot noise limit. While single SLDs 

are not broadband, they provide power concentrated at specific wavelengths relevant to retinal 

function. As a new, to the best of our knowledge, application, we image human macular pigments 

(MPs), which are thought to both aid vision and protect against advanced age-related macular 

degeneration. Using the unique depth-resolved capabilities of OCT, we localize MPs in depth to 

Henle’s fibers beneath the foveal pit in the living human retina. Our approach reduces the cost 

of visible light OCT to nearly that of near-infrared (NIR) OCT while also providing information 

about clinically relevant MPs which cannot be measured in the NIR.

Visible light optical coherence tomography (OCT) has shown promise for ultrahigh-

resolution imaging [1] and spectroscopy [2] of the retina. Spectral-domain visible light OCT 

requires sources with high spatial brightness and a relatively broad spectral range. Typical 

solutions are based on supercontinuum generation from a short pulse [3], which can be 

expensive, noisy, or both. Though cancelation or balancing approaches can reduce noise [4], 

these advanced methods are more complex.

Superluminescent diodes (SLDs) are widely used for near-infrared (NIR) OCT. Recently, 

visible light SLDs were developed for augmented reality. Their high spatial coherence 

provides sharp displays, and their low temporal coherence reduces speckle [5]. Both traits 

are desirable for an OCT source. Visible SLDs have been implemented for OCT [6,7], but 

their performance for retinal imaging was not reported.

The carotenoid macular pigments (MPs) lutein and zeaxanthin (and meso-zeaxanthin) are 

thought to absorb hazardous blue light, reduce chromatic aberration, scavenge free radicals, 

and protect against lipid peroxidation. Both protect against advanced age-related macular 

degeneration (AMD) [8], a leading cause of blindness [9]. Owing to their protective role in 
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AMD, there is immense interest in measuring MPs in vivo [10]. Heterochromatic flicker 

photometry [11,12], multi-wavelength reflectometry [13–16], retinal pigment epithelial 

lipofuscin autofluorescence [17,18], and Raman spectroscopy [19] have been investigated. 

Current techniques to measure MPs lack depth resolution and require the extrapolation of a 

peripheral reference to the fovea, which incorrectly assumes that the only difference between 

the foveal center and periphery is the presence of MPs. These limitations stand in the way of 

establishing links between MP concentrations and AMD progression [20,21].

Here, we opportunistically evaluate a 3-SLD combined source (VISIIIBLESRGB, Exalos 

AG), for retinal visible light OCT. Taking advantage of the spectral intersection of these 

SLDs with MP absorption, we propose several new methods for OCT imaging and depth 

localization of MPs.

To quantify MP optical density (O.D.), both spatial and wavelength referencing 

(normalization) strategies are critical. We considered two ways of spatial referencing. In the 

eccentricity-referenced approach, inspired by the above MP O.D. methods, we referenced 

foveal measurements to those at a peripheral eccentricity with an assumed negligible MP 

O.D. To overcome the major limitations of the eccentricity-referenced approach, we also 

pursued a depth-referenced approach. In the depth-referenced approach, which leverages the 

unique capabilities of OCT, we referenced spectra to a more superficial layer to derive MP 

information. Additionally, we considered two methods of wavelength referencing. In the 

first method, we referenced blue or green reflectivity to red reflectivity, which is essentially 

insensitive to MP. In the second method, we used subbands of the green SLD to determine 

the MP O.D., taking advantage of the sharp increase in MP absorption at green wavelengths.

A visible light OCT system [22] was modified [Fig. 1(a)] to operate with an alignment SLD 

(red) and a combination of acquisition SLDs (either red and green or red and blue). The 

different SLDs probe wavelengths with high (blue: 452 nm), moderate (green: 512 nm), 

or negligible (red: 637 nm) carotenoid absorption [Fig. 1(b)]. A reflective protected silver, 

71.8 mm mirror [Fig. 1(a)] was added to the spectrometer to enable the red channel to 

be focused onto the 4096 pixel camera simultaneously with either the green (G-R mode) 

or the blue (B-R mode) channel. The mirror essentially extended the spectrometer range, 

enabling the alignment of subjects with a relatively benign and less bright red SLD prior to 

image acquisition with shorter wavelengths. Analog outputs modulated SLD drive currents 

to ensure alignment and acquisition with the appropriate SLDs turned on.

We calibrated the visible light spectrometer as previously described [23] for each SLD using 

the interferometric phase difference, which provides the relative air wavenumber at each 

spectrometer pixel, and the known peak wavelength of the manufacturer-provided spectra 

at a specific SLD current, which determines the air wavenumber at a single pixel [Figs. 2(a)–

2(c)]. The mirror in our spectrometer crops the spectrum, as shown by the disagreement in 

Fig. 2(c). We found that this slight cropping did not significantly impact the image quality.

We next characterized the excess noise of the 3 SLDs independently at 70 kHz by varying 

the number of photoelectrons during the exposure time [24]. As described previously [24], 

we modeled the noise as a quadratic function of photoelectron count (pixel gray level) 

Gupta et al. Page 2

Opt Lett. Author manuscript; available in PMC 2024 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with 3 coefficients representing camera noise (constant term), shot noise (first-order term), 

and excess noise (second-order term). The excess noise was determined as a function of 

wavelength. Using the polynomial fit for each SLD, we predicted the sensitivity relative 

to the shot noise limit versus the reference arm photoelectron count. All SLDs approached 

the shot noise limit with more reference counts [Figs. 2(d)–2(f)], in marked contrast to 

supercontinuum sources [24].

Next, we investigated the sensitivity roll-off and resolution. Note that, since we imaged with 

only 2 SLDs at once in this study, it was possible to change the sensor alignment [Fig. 1(a)] 

to independently optimize the sensitivity and roll-off for either red and blue SLDs [Figs. 3(a) 

and 3(b)] or for red and green SLDs [Figs. 3(c) and 3(d)]. The axial imaging range of the red 

SLD (Fig. 3) was considerably larger than those of the blue [Figs. 3(a) and 3(b)] and green 

[Figs. 3(c) and 3(d)] SLDs due to finer sampling in wavenumber at longer wavelengths. 

Roll-off was only characterized up to the most limiting axial range.

The red SLD (~65 μW) alone was used for alignment. Either red (~65 μW) and blue (~20 

μW) or red (~65 μW) and green (~60 μW) SLDs were used simultaneously for imaging. 

The absolute maximal sensitivity for the green SLD is 91 dB at 30 kHz imaging speed. 

Power levels are consistent with American National Standards Institute calculations and our 

IRB protocol, and accounted for the blue light hazard function. Spline interpolation and 

dispersion compensation [24] were employed in image reconstruction. Protocol 1 acquired 

30 repeated images with 840 axial scans separated by 0.006 mm along the slow axis at a 30 

kHz axial scan rate. Protocol 2 acquired a raster scan with 490 images with 600 axial scans 

at a 70 kHz axial scan rate. A lateral range of 4.5 mm was used for both the protocols. Axial 

motion correction of both channels was performed based on the red frames, followed by 

intensity averaging. For quantitative O.D., all image intensities were corrected for the noise 

background bias [23]. Where noted, peripheral referencing was achieved by subtracting a 

linear fit restricted to >1.25 mm eccentricity. Retinal thickness was taken as the distance 

from band 2 to the vitreoretinal interface (VRI).

A visual comparison of blue [Fig. 4(a)] and red [Fig. 4(b)] light OCT reveals that the retinal 

pigment epithelium (RPE)/photoreceptor (PR) complex in the fovea is markedly attenuated 

at short wavelengths (white arrows), providing clear evidence of MP absorption. To guide 

quantitative measurements, we adopt a simple model of the OCT intensity, I, which includes 

backscattering (B), absorption (μa), and attenuation due to scattering (μs):

I = Bexp −2∫ μs z′ + μa z′ dz′ .

(1)

Our goal is to recover μa accurately, meaning that we must account for differences in 

backscattering and attenuation due to scattering. One approach is to perform wavelength 

referencing:

IRPE/PR λB
IRPE/PR λR

= BRPE/PR λB
BRPE/PR λR

exp −2∫ μs z′, λB + μa z′, λB

−μs z′, λR − μa z′, λR
dz′ . 
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(2)

We defined the single-pass blue-red O.D. ratio as

O . D . λB, λR = 1
2log10

IRPE/PR λR
IRPE/PR λB

− O . D .peripℎ. λB, λR , 

(3)

where λB denotes blue and λR denotes red. Note that a peripheral reference has been 

included, which in practice is approximated by a linear fit. This quantity peaked in the foveal 

pit after peripheral referencing [Fig. 4(c)] with a plausible MP O.D. [25].

Though blue light images [Fig. 4(a)] provided striking visual evidence of MP absorption, 

the signal-to-noise ratio was poor due to low ocular transmission and low incident power. 

Also, the normalization wavelengths were far apart, and differing roll-offs may confound 

measurements. Therefore, we opted not to use blue light subsequently. Turning to the 

green-red imaging experiments, the 70 kHz raster scan with peripheral referencing mapped 

the single-pass O.D. ratio, showing MP localization to the foveal pit [Figs. 4(d)–4(f)]. In 

the fovea, we found that the green-red intensity ratio decreased more steeply in Henle’s 

fiber layer (HFL) than in the ONL [Figs. 4(g)–4(h)]. Assuming that MP absorption mainly 

accounts for the green-red differences, these results suggest highest MP concentration in 

HFL [25].

Next, we asked whether the rising edge of MP absorption intersected by the green SLD [Fig. 

1(b)] could provide additional information to localize MPs. Two complementary subband 

analyses of the green SLD were tested. For both analyses, green subband images with an 

approximately 25 μm FWHM axial tissue resolution were generated by Gaussian shaping. In 

the first analysis, the background-corrected intensity of the photoreceptor–RPE complex was 

determined for both the red SLD and the green subbands. After peripheral referencing, the 

O.D. ratio of each green subband to red showed a peak in the fovea that diminished at longer 

wavelengths [Fig. 4(i)], as expected from MP absorption spectra [Fig. 1(b)]. The mean peak 

foveal single-pass MP O.D. was estimated to be 0.095 at 505 nm across 5 subjects. The 

second analysis aimed to localize MP in depth. For this analysis, we did not normalize 

to red wavelengths, as scattering may differ between wavelengths. Instead, we essentially 

used the longer green wavelengths with low MP O.D. as a spectral reference. The subband 

B-scans were locally averaged over 100 μm in the transverse direction to reduce noise. The 

VRI spectrum outside the fovea was the spatial reference. The intensity (I) at depth z as a 

function of wavelength (λ) and normalized to the reference intensity is

I(z, λ)
I zV RI, λ = B(z, λ)

B zV RI, λ exp −2 ∫
zV RI

z
μs z′ + μa z′, λ dz′ .

(4)
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The backscattering (B) ratio, defined as RB, and the attenuation coefficient due to scattering, 

μs, are assumed not to depend on λ within the relatively small green SLD range. The 

depth-resolved single-pass O.D. is

O . D . (z, λ) = − 1
2log10

I(z, λ)
I zV RI, λ = − 1

2log10 RB(z) + log10(e) ∫
zV RI

z
μs z′ + μa z′, λ dz′ .

(5)

With the above assumptions, the λ dependence of Eq. (5) is fully attributable to μa, and 

thus the MP absorption can be recovered by spectral fitting. The next question is which 

MP spectrum to use. The exact proportion of lutein and zeaxanthin is unknown in vivo 
and varies with eccentricity. There are also discrepancies among published MP spectra [21]. 

Therefore, we adopted a data-driven algorithm to learn the experimental MP absorption 

spectra. Basically, we began by assuming an MP absorption spectrum A(λ) that varied 

linearly with wavelength, fitted the data at each image pixel assuming that the O.D. is 

approximated with coefficients C0 and C1 [Eq. (6)], and then updated our assumed MP 

absorption spectrum A(λ) as the average of the O.D. at high R2 (>0.6) locations

O . D . (z, λ) ≈ C0(z) + C1(z)A(λ) .

(6)

We repeated the fitting procedure with the new MP absorption spectrum A(λ), continuing 

for 8 iterations until A(λ) converged. The shape that was learned from the data agrees 

qualitatively with the absorption coefficient in Fig. 1(b), further reassuring us that the 

absorbance A(λ) is due to MP. We recognize that C1, shown in Fig. 5(b), represents the 

cumulative MP content that is traversed up to depth z,

C1(z) ≈ log10(e) ∫
zV RI

z
μa z′, λ dz′/A(λ) .

(7)

The absorption coefficient is given as μa(z,λ) = ε(λ)ρ(z), where ε is the extinction and ρ is 

the concentration. Figure 5(b) presents the cumulative MP absorption. The derivative dC1/dz 
should yield the local MP concentration [Fig. 5(c)]:

dC1
dz ≈ log10(e)μa(z, λ)

A(λ) = log10(e)ε(λ)ρ(z)
A(λ) ∝ ρ(z),

(8)

where the last step in Eq. (8) assumes that our inferred absorbance A(λ) is proportional to 

ε(λ). As shown in Fig. 5(c), MPs are found to be mainly distributed in the foveal center 

transversely and the HFL axially, in agreement with prior work [21]. We hypothesize that 

detecting trace MP levels in other layers will require improvements in the sensitivity of our 
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system and algorithm. Equation (8) is clearly a depth-referenced approach as it examines 

local changes with depth. However, while Eq. (8) does not depend explicitly on the choice of 

spatial reference, there is an implicit dependence since the absorbance spectrum A(λ) does, 

owing to the above-described data-driven approach used to determine the MP absorption.

In summary, we have presented novel approaches to investigate MPs with SLD-based visible 

light OCT. The approach highlighted in Fig. 5 provides, to the best of our knowledge, the 

first depth localization of MPs in the living eye. Topics of ongoing investigation include 

optimal wavelengths for MP O.D., the detection of MPs in the inner plexiform layer, a 

rigorous comparison of referencing techniques, and even possibly distinguishing lutein from 

zeaxanthin.
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Data availability.

Data underlying the results presented in this paper are not publicly available at this time but 

may be obtained from the authors upon reasonable request.
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Fig. 1. 
(a) Visible light OCT system for in vivo human retinal imaging which operates with an 

alignment SLD (red) and a combination of acquisition SLDs (either red and green or red 

and blue). PC: polarization controller; RC: reflective collimator; AL: achromatizing lens; L: 

lens; NDF: neutral density filter; M: mirror, FG: frame grabber, AO: analog output; DG: 

diffractive grating. A 50/50 coupler after the source provides attenuation. (b) Normalized 

carotenoid absorption [21] with SLD spectra. While all SLDs are shown, only two at a time 

were used for imaging.
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Fig. 2. 
(a)–(c) Comparison of spectra measured by an optical spectrum analyzer (OSA) with those 

measured by our OCT spectrometer [Fig. 1(a)]. (d)–(f) Sensitivity relative to the shot noise 

limit versus the reference gray level at 70 kHz. Maximal sensitivity is attained by nearly 

saturating the reference arm.
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Fig. 3. 
(a) Sensitivity roll-off versus depth in air for (a) the B-R mode and (c) the G-R mode, and 

axial resolution versus depth in air for (b) the B-R mode and (d) the G-R mode.
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Fig. 4. 
(a) Blue and (b) red OCT images. (c) Single-pass blue-red O.D. ratio with peripheral 

referencing (protocol 1). (d)–(f) En face image, retinal thickness, and single-pass green-red 

O.D. ratio (protocol 2). (g) Green OCT image, (h) depth-resolved green-red intensity ratio 

within Henle’s fiber layer (HFL) and the outer nuclear layer (ONL), and (i) single-pass 

green subband-red O.D. ratio with peripheral referencing (protocol 1). T: temporal; S: 

superior; N: nasal; I: inferior. Differences in image detail between (a), (b), and (g) are 

consistent with the axial resolutions [Fig. 3(b) and 3(d)].
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Fig. 5. 
Depth-referenced analysis of the green SLD spectrum (protocol 1). (a) MP absorbance 

versus iteration number for the data-driven approach shows a transition from a linear 

spectrum to a concave-up spectrum, in agreement with Fig. 1(b). (b) Cumulative MP 

absorption [Eq. (6)]. (c) Local MP concentration [Eq. (8)].
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