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Abstract

Purpose—To elucidate the molecular pathogenesis of age-related macular degeneration (AMD) 

and interpretation of fundus autofluorescence (AF) imaging, we identified spectral AF 

characteristics of drusen and retinal pigment epithelium (RPE) in donor eyes with AMD.

Methods—Macular RPE/Bruch’s membrane (BrM) flat mounts were prepared from 5 donor eyes 

with AMD. In 12 locations (1–3/eye), hyperspectral AF images in 10-nm-wavelength steps were 

acquired at 2 excitation wavelengths (λex 436 nm, 480 nm). A non-negative tensor factorization 

algorithm was used to recover 5 abundant emission spectra and their corresponding spatial 

localizations.

Results—At λex 436 nm, we consistently localized a novel spectrum (SDr) with a peak emission 

near 510 nm in drusen and sub-RPE deposits. Abundant emission spectra seen previously (S0 in 

BrM and S1, S2, and S3 in RPE lipofuscin/melanolipofuscin (L/ML), respectively), also appeared 

in AMD eyes, with the same shapes and peak wavelengths as in normal tissue. L/ML spectra 
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localizations in AMD eyes varied widely in their overlap with drusen, ranging from none to 

complete.

Conclusions—An emission spectrum peaking at ~510 nm (λex 436 nm) appears to be sensitive 

and specific for drusen and sub-RPE deposits. One or more abundant spectra from RPE organelles 

exhibit characteristic relationships with drusen.

Keywords

age-related macular degeneration; autofluorescence; Bruch’s membrane; drusen; fluorophores; 
hyperspectral imaging; lipofuscin; non-negative tensor factorization; retinal pigment epithelium; 
subretinal pigment epithelium deposits

Introduction

Age-related macular degeneration (AMD) is the leading cause of vision loss in the 

industrialized world.1_ENREF_1 Drusen are hallmark early signs of AMD.2 They are 

extracellular deposits between the basal lamina of the retinal pigment epithelium (RPE) and 

the inner collagenous layer of Bruch’s membrane (BrM). Drusen are categorized into soft 

and hard based on their clinical appearance, with soft drusen specific for the macula and for 

AMD.3 Over the long term (5–20 years), even hard drusen can progress to soft drusen and 

clinical AMD.4, 5 To date, the only treatment for early AMD with drusen is antioxidant 

supplementation for just a subset of these patients.6–8

Our understanding of drusen biogenesis and therapeutically significant pathways affected by 

AMD would be accelerated by a comprehensive profile of drusen composition.9 Drusen, as 

revealed by ex vivo histochemistry, mass spectrometry, and X-ray microanalysis, have strong 

components of lipids, including esterified and unesterified cholesterol and 

phosphatidylcholine, calcium phosphate in the form of hydroxyapatite, and scores of 

proteins, including apolipoproteins E, B, and J, vitronectin, tissue inhibitor of 

metalloproteinase-3 (TIMP-3), and many proteins in the complement pathway (e.g., 

complement factor H and C9).10–16 Some components are reflected in genetic associations, 

especially complement (innate immunity) and TIMP-3 (regulation of extracellular matrix).17 

The potential impact of new methods for identifying druse molecular components in vivo 
cannot be overestimated.

Abnormal fundus autofluorescence (AF) is another important clinical biomarker for 

understanding retinal degenerations, including AMD, and the source fluorophores, primarily 

in RPE, have been intensely investigated.2, 18–20 The autofluorescent intracellular organelles 

containing these sources, lipofuscin (L), have further been implicated beyond biomarker 

status as an agent of AMD and Stargardt disease, and yet strong clinical evidence refutes this 

hypothesis.18, 21, 22_ENREF_19_ENREF_16 Clearly, the chemical composition of L is 

important to understanding human retinal disease.

However, the knowledge gap about major RPE fluorophores in the human macula remains 

enormous, largely because commonly used analytic methods are not capable of spatial 

localization.19, 20 Thus, when the precise localization of imaging mass spectrometry (IMS) 
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revealed that the major L fluorophore, A2E,20 is abundant in the periphery in humans,23 

corroborating earlier chromatographic evidence,24 the source(s) of the strong macular AF 

signal became uncertain. It is worth also noting in this context the seminal findings of 

Marmorstein et al.,25 who recorded the total spectral AF of RPE, BrM, drusen, and sub-RPE 

deposits in accurate histologic cross-section and found significant differences between 

normal and AMD donors. However, no attempt was made to discover individual tissue 

sources in these sections, and no subsequent experiments using isolated human lipofuscin 

AF have provided macular localizations.26

To begin to address this huge gap in our understanding, we have proposed hyperspectral 

imaging analysis as a tool to identify individual AF spectra of component fluorophores 

within the total tissue AF emission, en route to discovering the fluorophores themselves. 

Originally employed in satellite imagery for water resource control,27, 28 hyperspectral 

imaging is now widely applied in food quality and safety control,29, 30 forensic 

medicine,31–33 and biomedicine.34, 35 By providing spatially resolved spectral imaging, 

hyperspectral imaging has great potential for image-guided surgeries36, 37 and disease 

detection_ENREF_3438–40 and monitoring.41, 42 Hyperspectral imaging may be employed 

in either the commonly used reflectance mode or the state-of-the-art AF mode. In 

reflectance mode, we have used it to study macular pigment43 and retinal oximetry.44 In AF 

mode, we have used it to recover the AF spectra of RPE and BrM in normal donor eyes.45, 46 

It is thus potentially one of the most precise methods to analyze retinal disease involving 

RPE.47

Hyperspectral imaging devices record at each pixel total AF, a mixture of spectra dependent 

on the sources present, as a function of wavelength (λ). The entire imaging dataset is thus a 

3-dimensional hyperspectral data cube, or “hypercube,” of emission data with 1 spectral 

dimension (λ) and 2 spatial dimensions (x,y from the tissue). The spatial dimension images 

are stacked by emission wavelength to form the hypercube (Fig 1). The hypercube can be 

explored with advanced, unsupervised mathematical tools to identify dominant spectral 

signatures. The process of resolving these spectra and finding their spatial distributions is 

called “hyperspectral image unmixing.” We developed a software package based on non-

negative tensor factorization (NTF) to unmix hyperspectral images into the major 

components in the targeted sample. NTF is a multiple excitation dataset formulation of the 

more familiar non-negative matrix factorization (NMF).48

In this study, we applied our algorithm to hyperspectral AF images of AMD donor tissue to 

retrieve the spectra of drusen. We found a novel spectrum that was both sensitive and 

specific for drusen and sub-RPE deposits. Previously, Marmorstein et al. demonstrated a 

total spectral emission of drusen in normal and AMD eyes without identifying drusen-

specific individual components.25 Herein we demonstrate, by hyperspectral unmixing, the 

first AF spectrum that localizes to drusen and sub-RPE deposits only (specific) and is also 

detected throughout these structures (sensitive). RPE spectra previously identified by our 

group in normal tissues were also identified in these AMD tissues, overlapping somewhat 

with drusen. Spectral information from drusen and RPE can provide novel insights into the 

biogenesis of drusen, which in turn can motivate new diagnostic imaging devices and 

facilitate in vivo molecular discovery in AMD.
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Methods

Samples

RPE/BrM flat mounts were prepared from 5 AMD donor tissues, as described.49 Tissues 

were from 2 female and 3 male donors (age range 81–90 years). AMD stage was defined at 

the time of accession using stereo color photographs and the criteria of the Alabama Age-

Related Maculopathy Grading System (≥1 druse larger than 125 μm in diameter or an area 

of pigment change 500 μm in diameter) and confirmed by expert evaluation of the entire 

flat-mounted macula.50, 51_ENREF_45 Some tissues were also examined using ex vivo 
spectral-domain optical coherence tomography (acquired with the Spectralis OCT, 

Heidelberg Engineering, Heidelberg, Germany) to confirm the presence of drusen and 

abnormal hypo/hyperAF. Of the 5 donors, one had early AMD, one had GA, and 3 had 

exudative AMD. Twelve tissue locations with drusen (1 to 3 per eye) were selected.

Image Acquisition

Hyperspectral AF emission images were acquired from each tissue from 420 to 720 nm 

(spectral channel width: 10 nm) with a hyperspectral camera (Nuance FX, Caliper 

LifeSciences, Waltham, MA, USA) attached to a wide-field epi-fluorescence microscope 

(Axio Imager A2, Carl Zeiss, Jena, Germany) with 2 band-pass filter cubes for AF excitation 

(excitation/emission = 436/460 nm and excitation/emission = 480/510 nm; Chroma 

Technology Corp., Bellows Falls, VT, USA), an external mercury arc light source (X-Cite 

120Q, Lumen Dynamics Group, Inc., Mississauga, Ontario, Canada), and a 40X oil 

objective (numerical aperture = 1.4). One hypercube was acquired at each of 2 excitation 

wavelengths (λex 436 nm and λex 480 nm).

Image Registration

All hypercubes were inspected for precise registration of the 2-dimensional spatial slices. In 

some instances, there was a small linear drift within a hypercube and/or a single linear shift 

between the hypercubes associated with the 2 excitation wavelengths. These shifts were 

presumably due to displacements in microscope optics during image acquisition. Subtle non-

linear “barrel”-type distortions were also observed between slices at different emission 

wavelengths, presumably due to chromatic aberrations. These shifts were corrected with 

rigid body and nonlinear registration algorithms, respectively.52, 53

Image Analysis

Hyperspectral AF images were analyzed with our published NTF algorithm.45 In brief, NTF 

is an unsupervised machine-learning technique. NTF for each tissue was initialized with 4 

Gaussian-shaped spectra from RPE and one from BrM for each excitation hypercube to 

search for 5 abundant spectra from each hypercube. Hypercubes at each excitation were 

solved simultaneously to recover the 5 spectra and component localizations in each tissue. 

Spectra were recovered in 5 pairs at λex 436 nm and λex 480 nm, 1 pair for each abundant 

source. Tissue localizations from a given source were thus identical. Localizations were 

displayed as abundance images in false colors. Because the 3 fundamental novel RPE 

spectra previously identified in normal tissues45, 46 were also identified in AMD tissues, we 
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retained the nomenclature and visualization formats from these prior reports, for ease of 

comparison: S1, green; S2, blue; S3, red; and S0 = BrM, gray. The new spectrum of drusen, 

SDr, was assigned the color azure.

Tissue Localizations

Images of human RPE/BrM tissues in flat mounts and in fundus view represent projection 

images of multiple biologically and compositionally distinct layers. At any x,y location, we 

visualize a sum of all layers present in the z-axis, which are RPE, basal laminar deposit (if 

present), basal linear deposit/drusen (if present), BrM, and choriocapillary endothelium. 

Herein, basal laminar deposit (BLamD) and basal linear deposit (BLinD) are collectively 

called sub-RPE deposits, as definitive separation requires transmission electron microscopy 

or high-resolution light microscopy.54 We use the word “co-localize” to indicate signals that 

derive from the same x,y,z point within a specific layer compartment (i.e., 2 signals within a 

druse). We use the word “overlay” or “overlap” to indicate signals that occupy the same x,y 

points but different z points due to different layer compartments (i.e., L granules overlying a 

druse). Further, 3 RPE organelle populations are significant for AF imaging: L, 

melanolipofuscin (ML), and melanosomes (M). In particular, combined L and ML 

populations appear to account for the different emission spectra at excitation wavelengths 

used in this study.

Results

Twelve locations with drusen from 5 AMD donors were imaged using wide-field epi-

fluorescence microscopy. A total of 25 drusen were analyzed: 12 small (≤63 μm diameter), 8 

intermediate (64–124 μm), and 5 large (≥125 μm). Typical composite (RGB) AF images are 

shown in Fig 2C, D, annotated for tissue components and compared to corresponding bright-

field images of melanin distribution (Fig 2A, B). Figs 3A and 3B illustrate spectra recovered 

from tissues shown in Fig 2A, C and 2C, D, respectively. Recovered spectra are in pairs 

representing 1 fluorophore family excited at both λex 436 nm and λex 480 nm. Figs 4A and 

4B show the recovered abundances from these same tissues, 1 for each pair of spectra. Each 

abundance image indicates the spatial origin (localization) of the corresponding AF 

spectrum in histologic detail.

The Specific AF Spectrum of Drusen and Sub-RPE Deposits

The emission spectra (SDr) of drusen and sub-RPE deposits from 2 donor tissues are the 

azure curves in Figs 3A and 3B (spectral output panels). Note that the corresponding azure 

abundance images (Figs 4A and 4B) show localization of these signals strictly to the drusen 

and sub-RPE deposits, with no localization to RPE or BrM. Thus the SDr signal is specific 

to drusen and sub-RPE deposits. The observed spectral peak of SDr at λex 436 nm was 510 

nm in 10/12 tissues (Fig 3B), with the other 2 peaks at 500 nm (Fig 3A) and 490 nm (not 

shown). There were also consistently weaker emissions from drusen excited at λex 480 nm 

(Figs 3A and 3B), with most peaks appearing at 520 nm. A few appeared at 540 nm, and 1 

appeared at 530 nm. These were similarly shaped signatures that appeared to be 100% 

specific for drusen and sub-RPE deposits in all 12 tissues. In addition, in many tissues SDr 

was weakly and irregularly present in areas of intact RPE, which we interpreted to signify 
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deposits under the RPE in these locations. Because all drusen and sub-RPE deposits 

exhibited the same SDr signal, i.e., it did not vary from tissue to tissue or with drusen size, 

SDr was also completely sensitive for these lesions (Figs 4A and 4B).

AF Spectra of the RPE in AMD Tissues with Drusen

We previously identified, in normal tissues, 3 spectra attributable to RPE L/ML as S1, S2, 

and S3.45 In 9/12 AMD tissues with drusen in this study, S1 at λex 436 nm peaked similarly 

and strongly at 530±10 nm (Figs 3A and 3B, solid green curves). The second abundant 

constituent of normal RPE, S2, was also represented in AMD tissues, peaking at 570 nm 

with either excitation, a slightly shorter wavelength than in normal tissues (575 nm). The 

third abundant spectral constituent of normal RPE, S3, was also present in AMD tissues. 

Like S3 in normal eyes, S3 in AMD eyes had a broad tri-modal spectrum either with a 

central flat peak around 620 nm and secondary shoulders at 575 and 650 nm (Figs 3A and 

3B, red curves in spectral outputs at either excitation) or, as is more common for S3 in 

normal tissues excited at λex 436 nm, with the actual peak around 650 nm and secondary 

shoulders at 575 and 620 nm45; these cases were fairly evenly divided. At λex 480 nm, the 

peak was near 620 nm in 9/12 cases. This spectrum appeared to localize to melanin within 

RPE (Figs 4A and 4B, red images). However, at λex 436 nm, S3 in RPE of normal eyes was 

non-zero across the visible spectrum, whereas in AMD eyes it was non-zero only in longer 

wavelengths and declined to zero between 550 and 600 nm (Figs 3A and 3B). Another 

finding in RPE from normal eyes was the frequent splitting of S1 into 2 spectra, S1A and 

S1B. This was not observed in these AMD eyes, because our algorithm was designed to 

recover only 5 spectra total, which were S0, S1, S2, S3, and SDr in each case.

Co-localization of RPE Fluorophores with Drusen and Sub-RPE Deposits

The relationship of RPE signal sources to drusen was complex. Although drusen and sub-

RPE deposits had 1 unique spectral signature, the drusen, but not the sub-RPE deposits, also 

exhibited additional AF that was resolved as combinations of RPE spectra S1–S3. The 

proportion of the fluorophore families S1–S3 within drusen was essentially constant within a 

given tissue and seemed to favor the spectra most abundant in the RPE itself. For example, 

in Fig 4A, S2 (blue) is moderately abundant in the druse, whereas S1 and S3 (green and red) 

are much less so, in proportion to the total spectral strengths in the NMF output (Fig 3A). In 

contrast, in Fig 4B, S1 (green) is abundant in the druse, but S2 and S3 are nearly absent, 

likewise in rough proportion to the total tissue spectral strengths (Fig 3B). This pattern was 

seen in 10/12 tissue samples. With regard to sub-RPE deposits, however, RPE spectra were 

minimally present. In Fig 4B, no RPE fluorophore is detected in the sub-RPE deposits 

(lower right).

Fluorophores of the RPE Adjacent to or Overlying Drusen

It is also possible that localization of an RPE fluorophore to drusen represents overlap. Thus, 

in Fig 4B, what appears to be localization of S2 and S3 to drusen is in fact attributable to L 

granules overlying the drusen, perhaps in effaced RPE, as noted in Fig 2B. Further, S2 and 

S3 are intense within haloes immediately surrounding, but not coinciding with, the drusen, 

perhaps attributable to RPE cells draped over druse margins. Returning to Fig 4A, we see 

that S3, barely present in the druse itself, is strong within RPE immediately surrounding the 

Tong et al. Page 6

Retina. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



druse. In this case, rather than a uniform halo, S3 is present more in the L/ML compartment 

of individual cells.

The AF Spectrum of BrM in AMD Tissues with Drusen

In normal tissues, BrM spectral abundances localized to areas of bare BrM and shone 

through RPE nuclei.46 The spectrum peaked at 490 nm at λex 436 nm, being non-zero 

throughout the full 420–720 nm range. In AMD tissues, BrM spectral abundances still 

localized correctly at a markedly lower intensity relative to normal than the RPE signals S1–

S3 in the same tissues. Further, the BrM spectrum was usually flat and confined to the 420–

500 nm range, without a well-defined peak.

Discussion

The appearance of macular soft drusen is a hallmark of AMD. Treatment with antioxidants 

can slow progression to advanced AMD and is the only known safe therapy.55 However, 

despite recognition of many druse components,10–13, 56 pathways of drusen biogenesis are 

incompletely known. The lipid accumulation on BrM that begins with BLinD and proceeds 

to drusen is best understood,57 and the role and origin of the other components are less clear. 

Which components are of systemic vs. RPE origin is uncertain, because the RPE expresses 

genes for many druse components.58

This study represents a step toward identifying the AF components of drusen and sub-RPE 

deposits. For all stages of AMD and drusen sizes examined, a novel AF emission spectrum 

SDr, which appears to be highly specific and sensitive for drusen and sub-RPE deposits, 

consistently appeared at an emission maximum near 510 nm at λex 436 nm. Furthermore, 

the 3 major L/ML fluorophore families S1–S3, previously identified in normal tissue,46 can 

be identified in drusen in AMD tissues. Therefore, the AF spectra of drusen appear to be a 

mixture of the drusen-specific spectrum SDr and normal L/ML spectra. The fact that SDr 

occupies a range shared by the RPE and BrM spectra suggests that the source drusen 

fluorophore(s) may be of BrM or RPE origin. Remarkably, however, we also have 

demonstrated that SDr localizes only to drusen and sub-RPE deposits and is not shared by 

BrM or RPE. Thus, if the drusen fluorophore originates from BrM or RPE, it has undergone 

chemical and spectral change. The fact that drusen and sub-RPE deposits share some, but 

not all, components59 also has a spectral interpretation in these results. The spectral 

signature SDr, which is sensitive and specific for both these structures, must arise from 

components that are shared between them. However, the L signatures that appear in drusen 

but not in sub-RPE deposits must arise from components of drusen not shared by sub-RPE 

deposits, such as the extracellular matrix proteins in BLamD. In other words, our data 

suggest that the components of drusen not shared by sub-RPE deposits are at least in part of 

RPE L origin.

Of note, we could not determine, without confocal microscopy and precise z-axis control, 

which of the sub-RPE deposits, BLamD (thickened basal lamina) or BLinD (also called 

diffuse drusen),60 was responsible for the spectrum SDr that was shared with drusen. 

Because BLinD is soft druse material in a thin (<3 μm) and diffusely distributed form, a 

reasonable hypothesis is that the signal source was BLinD. In general, in order to understand 
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the fluorophores in any one compartment, it is necessary to understand what is in all the 

compartments, because the fluorophore signals are combined in the projection image.

The distribution of the 3 major L/ML fluorophore families in the drusen in a given tissue 

generally seemed to be dominated by the one with the strongest RPE signal overall, which 

varied between tissues. Clearly, the molecular mechanism by which RPE fluorophores 

incorporate in drusen is a significant open question. Finally, the relationship of RPE L/ML to 

the edges of drusen is complex, with L/ML granules overlying the drusen and/or high 

concentrations of fluorophores surrounding the drusen to form haloes in some cases. All of 

these points indicate an intimate relationship of the RPE and its fluorophores to the 

biogenesis of drusen that merits further research. These points are also relevant to the 

imaging interpretation of clinical AF images, in particular, the origin of hyperAF in and 

around drusen.

The RPE spectra were remarkably similar to those previously catalogued in normal tissue, 

although some variability in emission peaks and shapes may have been caused by sample 

preparation61 or biologically significant differences in spectra between AMD and normal 

eyes. We identified the BrM spectrum in AMD tissues by its accurate co-localization to 

BrM, but it was markedly weaker than in normal tissues, perhaps due to blocking of the BrM 

signal by sub-RPE deposits or reduction of RPE-derived secretions as cellular health 

declines.

It is worth comparing our results with the seminal findings of Marmorstein et al.,25 who 

recorded the spectral AF of RPE, BrM, drusen, and sub-RPE deposits, in normal and AMD 

donor tissue cross-sections, with 4 confocal laser excitation wavelengths (λex 364, 488, 568, 

and 633 nm). No attempt was made to recover individual components in these tissue spectra. 

At λex 488 nm, the wavelength for which we have comparison data, BrM emission in AMD 

was somewhat greater, and sub-RPE emission was somewhat less, than RPE L (Marmorstein 

et al., Fig 3B). Thus BrM AF intensity measured in AMD eyes was much higher relative to 

RPE L than our measured intensities. The most likely reason for this disparity is that the 

BrM emissions in our flat mounts were blocked by sub-RPE deposits and RPE. Examination 

of tissues like ours in cross-section should help resolve this question. For drusen and sub-

RPE deposits in areas of our tissues devoid of RPE, signal intensities were comparable to the 

RPE L emissions (Fig 4B, SDr panel), in agreement with Marmorstein et al. However, for 

clarity it must be emphasized that the total emission spectra recorded by Marmorstein et al. 

is not the same as the specific signal SDr recovered herein by hyperspectral unmixing. As 

noted, NMF hyperspectral unmixing demonstrated that the total emission spectrum of 

drusen seen as a projection image is in fact a combination of SDr and various RPE 

fluorophores, as depicted in the abundance images (Fig 4B). The same caveats apply to other 

published data on the spectra of the RPE, whether in mice with pathology62 or in humans 

with AMD.26 However persuasive, these other unmixed data still all represent total 
emissions awaiting decomposition into contributions from individual fluorophores.

This study has several limitations. We do not have correlative cross-sectional histology or en 

face imaging linked to z-axis position to resolve questions about tissue sources in 3-

dimensional space. Another limitation is that only 5 donor eyes were imaged and analyzed, 

Tong et al. Page 8

Retina. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and imaging locations were not chosen by a systematic sampling scheme to reduce selection 

bias. We also analyzed drusen in samples from the near periphery, which may not represent 

macular drusen, although we found a consistent SDr signal across the regions examined.

A major strength of this technique is that the signals are extracted in an unbiased manner by 

a published automatic algorithm applied uniformly to each RPE/BrM tissue hyperspectral 

AF dataset. Thus, the excellent quality of the RPE/BrM flat mounts analyzed and the 

consistency of the drusen/sub-RPE deposit spectra allowed consistent hyperspectral recovery 

across 12 imaging locations and 25 distinct drusen deposits. Further, the shape of L/ML 

spectra in these AMD tissues was found essentially unchanged compared to RPE from 

normal donors characterized previously.45, 46

Conclusions

Our initial effort to decompose total AF emission tissue spectra of RPE, drusen, and sub-

RPE deposits is a step towards molecular identification of these fluorophores in vivo. Such 

data may aid the understanding of AMD biogenesis. A clinical hyperspectral AF camera that 

could detect the earliest formation of drusen and sub-RPE deposits in vivo could provide an 

early warning for individuals at risk for AMD, as well as facilitate the development and 

monitoring of new therapies based on specific molecular defects. These advances would 

extend profound health and social benefits to our aging population.
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Fig 1. The hyperspectral autofluorescence emission data cube, or “hypercube”
The hypercube is acquired from a retinal pigment epithelium/Bruch’s membrane tissue 

oriented in the x,y plane. For each emission wavelength λ, a 2-dimensional image of the 

tissue, or slice, is acquired, capturing all emissions of the tissue at that wavelength. The 2-

dimensional slices (colored by emission wavelength for illustration) are stacked by λ to 

form the hypercube.
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Fig 2. Bright field (A, B) and corresponding composite (RGB) hyperspectral autofluorescence (C, 
D) images of drusen (blue stars); retinal pigment epithelium (RPE)/Bruch’s membrane (BrM) 
flat mounts from donors with age-related macular degeneration (AMD), viewed at λex 436 nm
Lipofuscin, melanolipofuscin, and melanosomes are densely packed around drusen, while 

some of the granules (white arrowheads, A, B) are also visible on top of the drusen (inset in 

A, top of dome-shaped druse in focus). Granules overlying drusen show autofluorescence 

(AF) signal (white arrowheads, C, D). A small druse is visible in C (blue arrowhead). BrM 

without RPE cells (due to tissue processing) is visible in D (black star). The appearance is 

inhomogeneous, with some brighter green (black ellipse) within the dark green patch, 

consistent with sub-RPE deposits having a less intense AF signal than drusen. Similar areas 

(brighter than BrM, dimmer than drusen) can be found across the imaged locations (black 

ellipses). Donors: 84-year-old male, late exudative AMD (A, C); 81-year-old male, late non-

exudative AMD (B, D). Scale bar: 50 μm.
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Fig 3A. Spectra recovered from tissue with small and intermediate drusen in Fig 2A, C
Emission spectra from λex 436 nm (solid lines) and λex 480 nm (dashed lines) reveal normal 

pairs of retinal pigment epithelium spectra S1, S2, and S3 (green, blue, and red) recovered 

from lipofuscin/melanolipofuscin. The drusen spectra (SDr) are in azure, peaking at 500 nm 

at λex 436 nm. S0 (gray) is a Bruch’s membrane spectrum, weak and truncated compared to 

normal tissue. (NMF = non-negative matrix factorization.)
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Fig 3B. Spectra recovered from tissue with large drusen in Fig 2B, D
Normal paired retinal pigment epithelium spectra S1, S2, and S3 (green, blue, and red) were 

recovered from lipofuscin/melanolipofuscin. The drusen spectra (SDr) are in azure, peaking 

at 510 nm at λex 436 nm. A weak Bruch’s membrane spectrum (S0, gray) was also found. 

(NMF = non-negative matrix factorization.)
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Fig 4A. Spectral localizations to small drusen and surrounding retinal pigment epithelium (RPE)
The upper left image is the composite RGB autofluorescence image in Fig 2C. S2 is 

abundant in the central druse but is not detectable in the tiny druse (blue arrowhead, Fig 2C). 

S1 and S3, however, are nearly absent from both, and their spectral strengths in the tissue 

overall (Fig 3A) are likewise much less than that of S2. S1 and S3, however, form strong 

haloes in the RPE around the larger druse and are also present in granules overlying it 

(annotated in Fig 2A, C). SDr strongly localizes to drusen. Irregular patches of additional 

SDr may correspond to sub-RPE deposits partly screened by the RPE itself. S0 (Bruch’s 

membrane) shines through some RPE nuclei, as previously described, but does not localize 

to the drusen.
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Fig 4B. Spectral localizations to large drusen and surrounding retinal pigment epithelium (RPE)
The upper left image is the composite RGB autofluorescence image in Fig 2D. S1 is 

moderately abundant in the drusen, whereas S2 and S3 are nearly absent. Their total spectral 

strengths in the tissue (Fig 3B) are likewise much less than that of S1. S2 and S3, however, 

form strong haloes in the RPE around the drusen, perhaps in RPE cells draped over the 

drusen margins. S2 and S3 are also present in granules overlying the drusen (annotated in 

Fig 2B, D). With regard to sub-RPE deposits and Bruch’s membrane (BrM), which are both 

present in the patch in the lower right of the micrographs, S0 (BrM) and SDr (drusen and 

sub-RPE deposits) are both present. S0 localizes homogeneously exactly to the area of the 

patch, while SDr is inhomogeneous, appearing brighter in the areas of brighter green on the 

RGB image (Fig 2D), consistent with sub-RPE deposits. S0 also shines through several 

nuclei (upper right corner of S0 panel) but does not localize to the drusen. SDr strongly 

localizes to the drusen and to other flecks of sub-RPE deposit (white arrows) that are 

identified on the composite RGB image. Irregular patches of additional SDr (white asterisk) 

may correspond to sub-RPE deposits partly screened by the RPE itself. However, the 

abundances of RPE spectra S1, S2, and S3 are completely dark (spectra not present) in the 

area of BrM and sub-RPE deposit (lower right of the micrographs).
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