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Abstract

Retinal carotenoids are dietary nutrients that uniquely protect the eye from
light damage and various retinal pathologies. Their antioxidative proper-
ties protect the eye from many retinal diseases, such as age-related macular
degeneration. As many retinal diseases are accompanied by low carotenoid
levels, accurate noninvasive assessment of carotenoid status can help oph-
thalmologists identify the patients most likely to benefit from carotenoid
supplementation. This review focuses on the different methods available to
assess carotenoid status and highlights disease-related changes and potential
nutritional interventions.
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INTRODUCTION

Carotenoids are organic pigments produced by plants, algae, and bacteria. They are unique sub-
stances that work as antioxidants and thereby protect different tissues in the body, especially in
the eye, from light damage. This is of great importance as delicate sensory cells in the eye are
continually exposed to potentially damaging light.

The inside of the human eye is lined with a sensory nerve layer called the retina. Within the
retina, two significant regions are found: the optic nerve and the macula. At the optic nerve, all
retinal axons are bundled, and the light signals are transferred to the brain.The macula is often re-
ferred to as the macula lutea: The term lutea stems from the funduscopically yellowish appearance
of this spot in the macula, which is the area of best visual acuity. At this spot, retinal carotenoids
accumulate and protect the macula from potentially phototoxic light influences. In a healthy eye,
blood vessels do not cross directly over the macula lutea, resulting in the formation of a small
dip, called the fovea centralis. In the center of the fovea, no other layers are present above the
photoreceptor layer, which further improves the visual contrast at this area. The fovea centralis
has a diameter of approximately 1.5 mm. Figure 1 shows the funduscopic image of a healthy eye,
highlighting both the macula and the optic nerve.

Good central vision is an essential function that allows people to clearly see fine details, ob-
jects, and text, yet a variety of diseases can affect the macula and cause visual disturbances or even
blindness. Many of these diseases can be acquired or inherited and are discussed thoroughly in
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AMD: age-related
macular degeneration

FAF: fundus
autofluorescence

OCT: optical
coherence tomography
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Figure 1

Anatomy of a healthy eye. Images from (a) fundus photography and (b) optical coherence tomography. The
line in the lower left corner of panel b indicates the position of the scan within the macula. Abbreviations: I,
inferior; N, nasal; S, superior; T, temporal.

this review. These diseases include age-related macular degeneration (AMD), a prevalent disease
in the Western world that causes vision loss due to changes in the macula lutea. Any distortion to
the retinal layers in this area can lead to decreased central vision. In addition, inherited diseases,
such as retinal dystrophies or even albinism, can cause visual impairment. Therefore, many dif-
ferent techniques have been developed to image and investigate the macula. It is imperative to
characterize the early stages of disease-related changes in the eye as early disease detection may
lead to better treatment.

The breadth and scope of ophthalmic imaging in the posterior segment of the eye has greatly
advanced, from rudimentary fundus photographs to progressively specialized techniques. Fun-
dus autofluorescence (FAF) imaging detects altered retinal fluorescence signals, while fluorescein
angiography can detect changes in the vasculature, such as leakage. The broadly used optical co-
herence tomography (OCT) technique depicts the reflection of light at each individual retinal
layer, providing high-contrast images of the retina. Other imaging techniques focus on investigat-
ing retinal carotenoids.Changes in carotenoid status are associated with many retinal diseases, and
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MP: macular pigment

L: lutein

Z: zeaxanthin

MZ: meso-zeaxanthin

these changes provide further information about disease status. Therefore, assessing carotenoids
is an extremely important and powerful tool for imaging retinal diseases.

This review describes the basic characteristics of carotenoids as well as different measurement
modalities used to assess carotenoid status. The main focus, however, lies within their clinical
applications in ophthalmology. Specifically, this article focuses on the differences between nutri-
tional status in healthy eyes and how carotenoid status changes in different diseases. The aim is to
provide a better understanding of the value of carotenoid imaging in ocular health and disease.

CAROTENOIDS

Biochemical Background

Carotenoids are hydrophobic compounds that cannot be synthesized in animals or in the human
body. Carotenoids can be divided into two groups. If they contain oxygen, they are categorized
as xanthophylls; if not, they fall into the category of carotenes. At the fovea, the macular pigment
(MP) carotenoids consist of a 1:1:1 mixture of three xanthophylls: lutein (L), zeaxanthin (Z), and
meso-zeaxanthin (MZ). L, Z, and MZ are constitutional isomers that share the same molecular
formula of C40H56O2 (14). Figure 2 shows their biochemical structures. Like other carotenoids,
the macular carotenoids are natural antioxidants with high efficacy. Extensive research during the
past decades demonstrates that higher carotenoid status in the human retina is inversely associated
with retinal diseases, such as AMD. Therefore, carotenoid supplementation is thought to help
reduce the risk of developing AMD or to delay disease progression.

Through extensive years of research, macular carotenoids are now understood to have three
distinct types of biochemical and biological specificities: chemical, distributional, and species (88).

OH

HO

3

(3R,3'R,6'R)-Lutein

3'
6'

OH

HO

3

(3R,3'R)-Zeaxanthin

3'

OH

HO

3

(3R,3'S; meso)-Zeaxanthin

3'

Figure 2

Chemical structure of the macular carotenoids lutein, zeaxanthin, and meso-zeaxanthin.
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HDL: high-density
lipoprotein

Chemically speaking, more than 600 carotenoids have been discovered in nature, approximately
50 of which are found in the human food chain and 15–20 of which are detected in the human
bloodstream.Only L and Z can selectively accumulate in the human retina.The highly specific up-
take mechanisms of such carotenoids are mediated by a series of proteins, especially high-density
lipoprotein (HDL) cholesterol receptors and transporters, such as SR-BI and ABCA1; and HDL
apolipoprotein A1 and apolipoprotein E (93). After being released from food and absorbed in the
gut, carotenoids pass through intestinal transporter SR-BI to then be packed into chylomicrons in
the liver. From there, L and Z are delivered to the eye via HDL lipoproteins. L and Z are prefer-
entially presented in HDL complexes, which may partially explain the selective uptake of macular
carotenoids. In addition, it was recently demonstrated that L can be converted to MZ by RPE65,
confirming that MZ is synthesized in the human eye and not ingested by diet (131).

The second carotenoid specificity is distribution specificity. Macular carotenoids are highly
concentrated in the foveal region of the macula, where the concentration can reach 1 mM, which
is the highest concentration found in the human body. We have previously demonstrated that
two carotenoid-binding proteins are responsible for the specific distribution of these xanthophyll
carotenoids in the human retina: The Z-binding protein and L-binding proteins have been iden-
tified as, respectively, GSTP1 and StARD3 (20, 89). More recently, it was shown that transgenic
overexpression of GSTP1 significantly increased the contents of Z in the MP within the retinas
of mice (87).

The third carotenoid specificity concerns species specificity.Amongmammals,MP carotenoids
are uniquely accumulated within the retinas only of primates. In 2014, it was discovered that the
xanthophyll cleavage enzyme BCO2 is relatively inactive in the human retina, while mouse BCO2
efficiently cleaves xanthophyll carotenoids (90). After knockout of BCO2, L and Z begin to accu-
mulate in the retinas of mice fed carotenoids (91). Therefore, the inactivity of the human BCO2
coupled with the strong cleavage activity of BCO1 toward β-carotene appear to underlie the
unique accumulation of carotenoids in the primate retina.

Carotenoids in the Healthy Eye

The carotenoids in the eye are collectively called MP (27). These yellow pigments are located
anterior to the photoreceptors and are mainly localized in the outer plexiform layers, especially
within the Henle fibers, and in the inner plexiform layer. The Henle fibers connect the individual
photoreceptors of themacula to the bipolar and horizontal cells,which can be foundmore laterally
(80, 133). The retinal carotenoids protect the sensory cells of the macula from light damage by
absorbing and quenching light. Absorption of blue light results in central hypofluorescence in
blue light FAF intensity images (71).

L,Z, andMZ are xanthophylls commonly found in plants as part of the photosynthetic proteins
that absorb sunlight (50).They are also found in fruits, vegetables, and eggs (30).As L andZ cannot
be produced by the human body, they are essential in the human diet. L is isomerized in the retina
to form MZ (85). Therefore, carotenoid intake from food is indispensable.

The uniqueness of L, Z, and MZ lies in the hydroxyl groups at both ends of each molecule,
which gives them a dipole character. This allows for discrete orientations in lipid membranes (27).
Based on results from Sharifzadeh and coworkers (130), it appears that all MP is distributed within
a circular area of 1 mm in diameter, centered at the fovea. This distribution is due to the presence
of carotenoid-binding proteins localized within this area of the retina (19). Such binding proteins
were found for Z and MZ as well as L (18, 20, 21). In the center of the fovea (0–0.25 mm from
the center) one may find more than twice the amount of Z and MZ compared with the amount
of L (the ratio is approximately 2.4:1). In the periphery, however, an inverse distribution can be
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Figure 3

Distribution of macular pigment in healthy individuals. Abbreviations: a.u., arbitrary units; τm, amplitude-weighted mean fluorescence
lifetime.

found, with L as the dominant carotenoid. Furthermore, the distribution of L and Z shows a linear
correlation with the distribution of rods and cones (24). MP in healthy eyes shows a mountain-
like distribution, with the peak at the center of the fovea. This mountain of MP can have different
forms. The mountain may be either slim or broad, and some healthy individuals have a broad MP
with a central dip (Figure 3).

The Importance of Retinal Carotenoids

MP protects the macula from oxidative and peroxidative light damage (142). According to Bone
and coworkers (25), two different mechanisms for protection are possible: MP quenches free rad-
icals, especially free oxygen radicals, or carotenoids absorb blue light before it reaches the pho-
toreceptor layer, as this light is especially damaging to the retina. This phototoxic effect is due to
the short wavelength of blue light that corresponds to high energy levels (25, 64, 84).

Because light-induced oxidative damage can be reduced with higher amounts of MP, low
carotenoid levels are likely to be connected to a higher risk of retinal diseases caused by light
damage. AMD is one example of these diseases. It has been shown that patients with AMD have
decreased amounts of MP (10, 26, 100). A connection between visual function and the amount of
MP in the early stages of AMD has been described (5). Therefore, retinal carotenoids are highly
important to preventing retinal diseases, and their assessment is a necessary step in the evaluation
of the fundus.

Retinal Nutrition and Supplementation

Retinal carotenoids can be supplemented in cases of low MP levels or if diseases of the retina
are present. However, this supplementation has been controversial, especially with respect to its
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MacTel: macular
telangiectasia type 2

HFP: heterochromatic
flicker photometry

MPOD: macular
pigment optical
density

unknown long-term effects (7, 11, 107). Previous trials investigating the impact of carotenoids on
the retina include the Age-Related Eye Disease Study 2 (AREDS2) and the LUTEGA trial (2–4,
44).The LUTEGA trial concluded that supplementation increasesMP levels to a saturation point
and advised that it might be helpful to provide supplements to patients in order to prevent the
development and subsequent progression of eye diseases (44). The first AREDS trial investigated
using β-carotene and zinc supplementation, but a high incidence of lung cancer in patients who
were smokers and received supplementation was reported. The subsequent AREDS2 trial exam-
ined L and Z substitution for β-carotene. Although current smoking was an exclusion criterion
for β-carotene use, the incidence of lung tumors was still elevated in former smokers who received
β-carotene. Therefore, when evaluating the recommendation to provide supplements to patients,
smoking status should be evaluated carefully (2, 3). After 5 years of follow-up, the AREDS2 study
reported a significantly reduced risk of developing AMD for the L and Z group compared with
the no L and Z group and superior safety relative to β-carotene supplementation (136). Thus,
supplementation with the L and Z levels used in AREDS2 appears to be a safe and cost-effective
defense against AMD development and progression (5).

ASSESSMENT OF CAROTENOIDS

Impact of Carotenoid Assessment

Because carotenoids appear to play a key role in retinal diseases, intensive research has resulted in
a variety of innovative carotenoid assessment techniques. The breadth of possibilities for assess-
ing retinal carotenoids is often confusing because methodologies, units of measurement, and the
presentation of results vary widely. Accurate readings of carotenoid status are important in order
to correctly advise individuals with regards to supplementation. Furthermore, in diseases such as
macular telangiectasia type 2 (MacTel), the assessment of carotenoidsmay be crucial to the diagno-
sis, as reduced MP levels as well as abnormal distributions are among the first signs of the disease.
Therefore, the measurement of carotenoids can impact clinical practice, and the evaluation of MP
may eventually become an integral part of comprehensive ophthalmological care. The following
sections describe and aim to give an organized overview of different MP assessment techniques.

A large variety of methods are used to assess carotenoid status in humans, most of which are
focused on the eye, but carotenoids can also be measured in tissue outside of the eye, such as
the skin, blood, and the brain. Measurements of ocular carotenoids can be distinguished between
subjective (psychophysical) and objective (optical) methods used to assess the amount of MP. In
subjective methods, a direct answer from the patient is required, whereas objective measurement
methods typically require just enough cooperation to generate an image (73).

Heterochromatic Flicker Photometry

Heterochromatic flicker photometry (HFP) is themost frequently usedmethod for evaluatingMP
amounts in research and clinical settings (9, 134).This subjective method uses a flickering stimulus
that rapidly alternates between anMP-absorbing wavelength (blue light of approximately 460 nm)
and a nonabsorbing wavelength (typically green light at approximately 540 nm). To the patient,
this stimulus appears as a flickering ring or spot, and the patient is asked to adjust the blue light in
a way that minimizes or diminishes the flickering in the patient’s perception. Using different fix-
ation points, both centrally (areas with MP) as well as peripherally (areas without MP), ratios can
be determined that allow for conclusions about the MP optical density (MPOD) of carotenoids at
a limited number of eccentricities in the eye. Patients with high amounts of MP will need stronger
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RPE: retinal pigment
epithelium

AFI: autofluorescence
imaging
(dual-wavelength)

RRS: resonance
Raman spectroscopy

intensities of blue light to eliminate the flickering compared with patients who have only small
amounts of MP (13). Although this test can be conducted without pupil dilation, high degrees of
concentration and compliance are required from subjects in order to achieve reproducible and
comparable measurements (98). Furthermore, the measurements are typically reported as MPOD
at a single parafoveal eccentricity of 0.5–1.0°, where MP distributions may decline steeply. It is
possible to use HFP to measure MPOD at multiple eccentricities, but this is a time-consuming
option.

Dual-Wavelength Autofluorescence Imaging

To estimate retinal carotenoids based on autofluorescence, the intrinsic fluorescence of lipofuscin
is used (47). Lipofuscin is localized in the retinal pigment epithelium (RPE) and shows a strong
fluorescence at the human fundus, but blue light autofluorescence imaging (AFI) of the human
retina shows a dark central spot at the fovea due to the presence of yellow MP, which absorbs
the incoming blue light. To quantify this effect, two autofluorescence measurements at differ-
ent excitation wavelengths are compared. One measurement is acquired at the 488 nm excitation
wavelength, at which carotenoids show strong absorption. The second measurement is done in a
range at which retinal carotenoids show no absorption, either at 514 nm excitation with an argon
laser or at 532 nmwith a frequency-doubled diode laser (138).Digitally subtracting the green from
the blue image with proper correction factors allows for a calculation of MP as well as conclusions
about its distribution (48). Limitations of this technique include its cost, high light intensities, and
need for pupil dilation. Low or irregular lipofuscin levels, as in infants, albinism, or AMD, can
make the use of this technique challenging (49, 117).

Single- or Dual-Wavelength Reflectometry

This method is based on the assumption that MP is localized only in a certain region of the fovea,
and, thus, it changes the reflection spectra of light in this area (29).Dual-wavelength reflectometry
uses two different wavelengths (480–488 nm and 515–540 nm), while in single-wavelength reflec-
tometry the fundus is homogeneously illuminated at one wavelength that is close to the absorption
maximum of retinal carotenoids. Simplistically, it is assumed that the reflection is homogeneously
distributed across the entire fundus and that absorption by the MP occurs solely in the fovea. To
quantify this effect, reference areas from regions withoutMP (areas outside of a papillary diameter
around the fovea) are used. Based on this reflection image, both the distribution as well as the op-
tical density of MP can be captured (45, 126). Using fundus reflectometry requires dilated pupils,
and results may be disturbed by reflections from the juvenile inner limiting membrane; therefore,
it is typically recommended for use in patients who are 40 years or older (122). However, this
modality has been used to image infant MP with a digital video fundus camera (RetCam, Natus,
Pleasanton, California) (15). In fact, reflectometry is the only way to measure MP levels and dis-
tributions in young children because they cannot performHFP, and they have minimal lipofuscin.
Reflectometry requires pupil dilation and bright light levels and will not provide usable results if
significant ocular pathology is present.

Resonance Raman Spectroscopy

Resonance Raman spectroscopy (RRS) can also be used to assess MP. This method was first de-
scribed by Bernstein and coworkers in 1998 (16). It was validated with monkey and human cadaver
eyes and later was used in clinical studies (17, 56, 58, 147). RRS is based on Raman scattering at
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FLIO: fluorescence
lifetime imaging
ophthalmoscopy

HPLC:
high-performance
liquid chromatography

conjugated double bonds of macular carotenoids. In the integral mode, participants are asked
to fixate upon a 1-mm spot from an argon laser that excites the MP. The background fluores-
cence is then subtracted, and the level of light scattering intensity at the carbon–carbon double-
bond stretch frequency can be calculated. This scattering is linearly associated with the amount
of MP (16, 58). Pupil dilation is generally required to minimize the effect of light scattering from
the lens, which may affect the measurement (55). This technique has been described as sensi-
tive, specific, and repeatable in patients with abnormal MP levels (17). Nevertheless, the device
is expensive, difficult to implement in an imaging mode, and not widely available. Furthermore,
RRS needs high light levels to obtain information on carotenoids and, therefore, is not routinely
used.

Fluorescence Lifetime Imaging Ophthalmoscopy

Fluorescence lifetime imaging ophthalmoscopy (FLIO) is a novel method used to assess MP. The
method was developed by Schweitzer and coworkers in 2002 (127), and it has become a valuable
modality for nutritional imaging after fluorescence of MP; the effect of the FLIO measurement
was first described in 2015 (52, 121, 122, 127). FLIO offers a sensitive method to detect metabolic
changes in the human retina, potentially leading to the earlier diagnosis of retinal diseases (53,
118, 128).

A dominant fluorophore (lipofuscin) as well as at least a second minor fluorophore exist in the
macula, with the latter initially thought to be either flavin adenine dinucleotide or a different, un-
known fluorophore (47).More than 10 years after this initial study, the fluorescence of carotenoids
in vivo was first described using RRS (130). The kinetics of carotenoids strongly resemble those
of the minor fluorophore. The spatial dominance of these fluorophores inside the fovea provides
another indication of carotenoid fluorescence. Finally, FLIO has been used in clinical studies to
confirm the fluorescence of carotenoids (117, 122). The principle that fluorescence lifetimes are
independent of fluorescence intensity is the main factor that allows for the detection of MP with
this method (86). Similar to RRS, FLIO signals originate from retinal carotenoids themselves
rather than from the absorption of incoming light (as in AFI, HFP, and reflectometry). Addition-
ally, since MP is anterior to the RPE, competing FLIO signals from lipofuscin are suppressed at
the fovea.

The main parameter of interest in FLIO imaging is the amplitude-weighted mean fluores-
cence lifetime (or τm). Retinal carotenoids show short autofluorescence lifetimes, although the
autofluorescence itself is weak in intensity. Ex vivo studies determined these lifetimes to be around
50–60 ps (117). Currently, this imaging is performed on FLIO prototypes that are based on
the Heidelberg Engineering SPECTRALIS confocal imaging platform (Heidelberg Engineering,
Heidelberg, Germany). For good image quality, patients’ pupils should be dilated. The benefits
of utilizing FLIO in studies include the minimal effort required by the patient, the noninvasive-
ness and short measurement times lasting approximately 2 min, as well as the ability to obtain an
image that does not require healthy reference regions to calculate the amount of MP. Therefore,
it can be used in patients with abnormal lipofuscin distributions as well as patients with albinism
(117).

Carotenoids in Tissues Other Than the Eye

Carotenoids can be assessed noninvasively in the skin and by high-performance liquid chromatog-
raphy (HPLC) of blood and tissue samples. It has been shown that RRS measurements of skin
carotenoids show strong correlations (r = 0.7 to 0.9) with carotenoids in biopsies of human skin
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(57, 96). Skin RRS and reflectometry are particularly useful to assess the carotenoid status of chil-
dren, with skin carotenoid levels strongly associated with fruit and vegetable intake (123). Using
HPLC, the carotenoid status in the plasma can also be assessed (77, 104), and higher L levels
in the serum of patients have been associated with higher visual function. Similarly, carotenoid
assessment in brain tissue suggests that higher carotenoid levels might be beneficial for overall
cognitive performance (65, 74).

EVALUATION OF DIFFERENT ASSESSMENT METHODS

Of all the techniques used to investigate MP that we have presented, HFP is the only subjective
one. It was the first method used to assess MP, and HFP is still used widely in psychophysical
research to correlate MPOD with visual function or as a surrogate for brain levels, but a single
parafoveal MPOD is usually reported. However, the MP continues well past this one eccentricity,
andMP can have vastly different distribution patterns among healthy individuals and patients with
eye diseases. The next part of this review focuses on eye diseases. Ophthalmologists, in particular,
are used to evaluating images of the retina and prefer to look at MP distribution patterns over
single MPOD measurements. Additionally, in order for HFP to be used correctly, patients must
be highly committed and cooperative, as well as having fairly intact visual acuity.Patients have to be
able to adjust the device according to their subjective perception. It is imperative that investigators
are extremely careful when explaining the technique to patients, ensuring that they understand the
tasks necessary for the measurement. The investigator is not able to validate the results externally,
because the patient has control over the measurement outcome. In the realm of ophthalmology,
many patients are relatively old, especially those with AMD; therefore, accurate HFP may be
difficult to obtain in a clinical setting.

We think it is reasonable to say that compared with objective imaging methods, HFP is a less-
expensive alternative for assessing carotenoid status in the eye. Additionally, it is similar to other
psychophysical testing, and pupil dilation is not required. Bright light levels are used with all test-
ing methods, but objective methods usually obtain results faster. Although the equipment used
for objective MP imaging may be more expensive, ophthalmologists are able to obtain MP distri-
butions and not just single MPOD numbers, thus facilitating insight into the pathology behind
changes in carotenoid status. Many objective methods are based on existing ophthalmological
modalities, such as the Heidelberg SPECTRALIS, making it easier to add carotenoid imaging
to the ophthalmological clinical routine. Furthermore, objective methods are highly reproducible
and can be used in longitudinal studies.

It is difficult to determine a preferred technique among the many objective methods for mea-
suring MP because they all possess advantages and disadvantages. All objective measurement
modalities except FLIO rely on healthy surrounding areas in order to calculate the amount of MP.
FLIO, however, may be influenced by cataracts and the natural fluorescence of the lens. There-
fore, we suggest that a combination of FLIO used with either RRS or AFI might be the best way
to truly assess MP in patients with different eye diseases.

CAROTENOIDS IN VARIOUS EYE DISEASES

Abnormal Carotenoid Levels Due to Altered Intake, Diet, and Age

Retinal carotenoids are diet derived. Both extremely low and excessively high intakes can result
in abnormalities of the fundus. Literature describing the amounts of MP in healthy populations
often conclude that carotenoid profiles vary greatly even within a healthy population (39, 122).
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MH: macular hole

A self-induced vitamin A deficiency was reported for one participant with an abnormally low
carotenoid intake who ate essentially no fruits or vegetables (39). The serum retinol concentra-
tion in this person was 0.09 mg/L (normal values are approximately 0.30 to 1.20 mg/L). The
authors mentioned that this participant showed the lowest carotenoid measures they had ever
encountered, with serum carotenoid levels nearly undetectable (30.67 ng/mL). The mean serum
carotenoid status for participants was greater than 500 ng/mL (39). Nevertheless, AFI showed a
small peak of MP in the foveal center of this participant, possibly from the consumption of eggs.
This likely indicates that despite poor dietary intake, carotenoids still bind avidly at the foveal
center in otherwise healthy eyes. That finding is in contrast to abnormally low MP values that
are disease related, which are also discussed in this review. An extremely low intake of carotenoids
may lead to an increased risk of developing eye diseases (14, 109, 113).

However, the excessive intake of retinal carotenoids can also cause a rare crystalline macu-
lopathy in which patients have no functional alteration or visual complaints. A case report of a
50-year-old Asian woman by Choi et al. (35) found that in addition to consuming a 20-mg L sup-
plement and 4 g of fish oil daily, she also consumed an L-rich diet via a daily smoothie, which
included spinach, avocado, broccoli, and kale. Her reported serum carotenoid levels were at an
astounding 5,029 ng/mL (35). After discontinuing L supplementation, the crystals appeared to
resolve in one eye at the 7-month follow-up visit (35). Her MP distribution was similar to that
found in several other studies that noted a distinctMP distribution in patients with extremely high
levels of macular carotenoids, which was described as a central dip or a ring-shaped distribution
(39, 122, 130).

Age also seems to play a role in the amounts ofMP in the retina.Premature infants, for example,
do not have detectableMP at birth,while full-term infants do haveMP, and it continues to increase
during the first 7 years of life (15). Significant declines in macular carotenoid density have been
reported to be related to increasing age in elderly people (10, 17, 66). It has been considered that
the age-related decline in MP could be due to cumulative light exposure (66). However, other
studies have argued against this finding, indicating that it must be a difference in dietary intake
(that is, insufficient intake in elderly people) that accounts for age-related declines in carotenoid
levels (10).This insufficient intake has been reported in other studies as well (22, 69).Other factors
that lead to the depletion of carotenoids in patients could include the loss of photoreceptors and
axons,which is associated with increased age (10, 41). Alternatively, increased oxidative load within
aging eyes and in smokers could lead to excessive destruction of carotenoids, thereby diminishing
MP (103, 109).

Overall, the amount of carotenoids found in the eye strongly depends on an individual’s diet.
Neither insufficient nor excessive intake of carotenoids seems to be beneficial.However, low levels
of retinal carotenoids are likely worse than high levels, as low carotenoid content is associated
with the development of different eye diseases. Therefore, dietary intake of a sufficient amount of
carotenoids is likely helpful in preventing retinal diseases such as AMD.

Carotenoids in Macular Holes

A macular hole (MH) is a retinal defect that occurs in the center of the fovea, the area with the
best visual acuity and highest abundance of MP. Therefore, MHs can function as good models to
investigate the spatial distribution of retinal carotenoids, especially within different layers at the
human fundus. These analyses are yielding important information about carotenoid properties.
Figure 4 shows the distribution of MP in a patient with an MH.

Patients with MHs often complain about visual disturbances, which are typically recognized
when the unaffected eye is closed. The term MH is mostly used in reference to age-related,
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Figure 4

Macular pigment distribution in an eye with a macular hole. Images from (a) fluorescence lifetime imaging ophthalmoscopy, (b) optical
coherence tomography, and (c) dual-wavelength autofluorescence assessment of macular pigment. Abbreviations: FAF, fundus
autofluorescence; τm, amplitude-weighted mean fluorescence lifetime.

idiopathic MHs, which comprise the majority of holes in the macular area. Other holes within
the fovea may be the result of trauma, diabetic or hypertensive retinopathy, microaneurysms, or
other causes. In this section we focus on the idiopathic forms.

MHs were first described in 1869, and 3 in 1,000 people appear to be affected. The disease
shows a higher prevalence in women in their sixth or seventh decade of life. Pathologically, tan-
gential vitreofoveal traction interactions between the vitreous body and the retina cause the for-
mation of MHs (61). For diagnostic purposes, clinical imaging, primarily the use of OCT, is the
gold standard (51). While MHs were long thought to be untreatable, an effective treatment with
vitrectomy and gas tamponade was published in 1991 and has been used since (79). Approximately
80–90% of treated eyes show improvement in visual acuity, and more than 65% of patients have
a visual outcome of 20/40 or better (76).

Many MHs show the presence of an operculum, an opacity at the posterior vitreous that may
be found above the foveal hole (81). It has been demonstrated that these opercula contain MP
(59, 62). FLIO has been used to demonstrate the carotenoid status in MHs as well as in opercula
(121). FLIO was compared with both fundus spectroscopy and the dual-wavelength AFI method
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VEGF: vascular
endothelial growth
factor

GA: geographic
atrophy

for assessing MP in patients with MHs (117, 121). In MHs, the MP can be found adjacent to the
hole as well as in opercula above the holes. It was also found that MP is distributed around the
defect, in the same area where the inner retinal layers are found to be distributed based on OCT
images (75). One FLIO study also investigated macular pseudoholes, a condition in which the
Henle fiber layer is disturbed, but the layers below are still present (121). The presence of short
FAF lifetimes despite the disruption of the Henle fiber layer allows for the conclusion that MP
is not restricted to this layer, and it may also be detected in layers below. This verifies previous
studies (12, 59, 62, 133).

Imaging MP in MHs offers the possibility of understanding the basic distribution of
carotenoids in the retina, but MP imaging may also be used to determine whether visual improve-
ment has occurred as a result of surgery. It was found that MP in MHs tends to be distributed at
the nasal side of the MH (121). With successful surgery, MP redistributes toward the center of
the fovea, which seems to correlate with better visual outcomes (121).

Carotenoids in Age-Related Macular Degeneration

AMD is the leading cause of blindness in the Western world, with a global prevalence of 8.69%
in those aged 45–85 years and with prevalence increasing with age (141). As the global population
ages, the prevalence as well as the incidence of AMD are likely to rise. AMD can be categorized
into two forms: exudative and nonexudative. Initially, exudative AMD was recognized as the most
devastating disease manifestation because it leads to the sudden outgrowth of vessels (neovascu-
larization), often in combination with leakage of fluid and rapid visual decline. Exudative AMD
can be treated with intravitreal injections of vascular endothelial growth factor inhibitors (anti-
VEGFs). There is no comparable or even sufficient treatment for nonexudative AMD (31, 112).
Nonexudative AMD appears to progress more slowly than the exudative form, but it still leads to
central vision loss and legal blindness in the late stages. The late form of nonexudative AMD is
called geographic atrophy (GA) (135). Atrophic areas may initially spare the fovea, which results
in relatively normal central visual acuity. Extensions of atrophic lesions are often inevitable and
can lead to complete central visual loss (72, 95). Because there is no curative treatment, delay-
ing disease progression is the most promising solution for AMD; thus, carotenoids are of great
importance, as supplementing L and Z was reported to slow disease progression in AMD (3, 92).

Although the pathophysiologic processes leading to the development of AMD remain un-
known, oxidative stress and subsequent retinal damage seem to play leading roles. Generally,
drusenoid and basal linear deposits are initial signs of AMD, but the involvement of lipofus-
cin in AMD pathogenesis remains unclear (42, 63). MP levels seem to be altered in AMD (78).
Figure 5 shows significantly altered MP in a patient with AMD.

Bone and coworkers (26) investigated retinal tissue from 56 eyes with AMD and 56 healthy
eyes. The authors examined three different regions of interest: the inner region (0–5°), the me-
dial region (5–19°), and the outer region (19–38°). Tissues were cut from retinal samples and the
amount of carotenoid was determined by HPLC (26). Levels of MP were lower in AMD eyes,
likely attributable to the disease pathology. In living patients, there are detectable differences in
carotenoid levels between healthy eyes and AMD eyes. Higher amounts of serum carotenoids
inversely correlate with the risk of developing AMD (94, 129). In particular, one large study con-
ducted by Seddon and coworkers (129) investigated 356 patients with AMDas well as 520 controls.
After adjusting for other risk factors relating to the disease, a comparison of the highest with the
lowest quintile of carotenoid intake showed a 43% decrease in the risk of AMD.Carotenoids from
dark green, leafy vegetables were associated with the greatest risk reduction, with spinach and col-
lard greens providing the most beneficial carotenoid sources. The consumption of vitamin A, E,
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Figure 5

Macular pigment distribution in an eye with age-related macular degeneration. Images from (a) fluorescence lifetime imaging
ophthalmoscopy, (b) optical coherence tomography, and (c) dual-wavelength autofluorescence assessment of macular pigment.
Abbreviations: FAF, fundus autofluorescence; τm, amplitude-weighted mean fluorescence lifetime.

or C was not significantly associated with a lower risk of AMD. A different study, by Gale et al.
(60), investigated carotenoid serum levels in 380 elderly participants. The authors of this study
came to the same conclusion: Lower carotenoid intake is associated with a higher risk of AMD.
Other studies imaging the levels of MP inside the eye similarly concluded that low levels of MP
increase the risk of AMD development (10, 14, 17, 113). In 2002, a study investigated 93 eyes with
AMD and 220 healthy control eyes using RRS to assess their carotenoid levels (17). On average,
carotenoid levels were 32% lower in AMD eyes in patients who did not consume supplements.
Interestingly, patients with AMD who started carotenoid supplementation with ≥4 mg of L each
day at the time of diagnosis had retinal carotenoid levels that remained within the normal range
(17). Furthermore, patients at risk of developing AMD (that is, with advanced disease in the other
eye and increased age) showed reduced carotenoid levels (10). It has also been shown that lower
amounts of MP are found in both forms of AMD, nonexudative as well as exudative (109). Beatty
and coworkers (10) enrolled 121 participants and positively related higher MP levels to better
visual performance. Other studies have also reported that in early disease stages, the amount of
retinal carotenoids seems to be associated with visual function (5). Carotenoid supplementation
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was identified as the best defense mechanism against AMD in terms of both preventing disease
development and slowing progression (5).

Macular carotenoids seem to be protective against the development and expansion of retinal
atrophy in nonexudative AMD (23). Understanding the mechanisms behind the disease and espe-
cially the phenomenon of foveal sparing is important, as the influence of MP on GA progression
is of interest, but measuring MP in advanced GA is often difficult, and only a few studies have in-
vestigated the changes in MP during the course of disease. FLIO imaging has been used to show
carotenoid distribution in patients with atrophic AMD (54), and short lifetimes were observed in
spared foveas, consistent with a protective effect of MP (54, 120).

Carotenoids in Macular Telangiectasia Type 2

MacTel is an inherited retinal disease with reduced penetrance and relatively late onset, usually
around age 40–60 years (33). It leads to vision changes that often cause metamorphopsia, as well
as problems with reading, but in most cases it does not lead to legal blindness. Nevertheless, the
gradually increasing neurodegenerative and vascular changes cause central vision loss in most pa-
tients. The prevalence of MacTel had initially been reported to be low, but it is now becoming
clear that this is an underestimate. In many cases, patients with MacTel are initially diagnosed as
having abnormal AMD, often resulting in a delay before correct diagnosis (82). Although the exact
pathophysiology of MacTel remains unknown, a dominant inheritance with 38% penetrance was
recently reported (110). The glycine/serine pathway has been identified as playing a role in the
development of MacTel, but individual genes have yet to be identified (105, 124). Different imag-
ing modalities may detect changes related to MacTel, with current diagnostic screening including
color fundus imaging, blue light reflectance images, OCT imaging, FAF intensity imaging, and
fluorescein and indocyanine green angiography (32, 115, 119). Although fluorescein angiography
has been discussed as the gold standard, noninvasive imaging techniques to detect MacTel would
be helpful, as well as beneficial for the patient (114, 137). FLIO has emerged as an excellent novel
tool to diagnose MacTel in its early stages (119). Microperimetry testing seems to be a promising
tool for monitoring the progression of vision loss in patients with MacTel (68). Previous studies
using microperimetry in MacTel patients revealed that the dysfunction of rods seems to be more
severe than that of cones (125). Ellipsoid zone loss is associated with a loss in central visual acuity
as well as a loss of retinal sensitivity (106, 116). Many approaches to treating MacTel have failed.
Treating the disease with anti-VEGF or intravitreal steroids has not been successful (83). How-
ever, very recently ciliary neurotrophic factor has been investigated as a potential treatment for
MacTel. Clinical trials have already shown positive effects, so this treatment may be available for
patients in the near future (34).

As no gene has been found for MacTel, the key to treating patients early is early clinical di-
agnosis. Another approach to early diagnosis is to investigate MP since MP levels in patients
with MacTel are often extremely low. Although some patients with early disease may show nearly
normal levels, patients with more advanced MacTel often exhibit an abnormal ring of MP at 5–
9° eccentricity (14, 119). Figure 6 depicts this finding. MP-binding proteins appear to be un-
affected by MacTel; however, the typical MP distribution cannot be restored by supplementa-
tion with carotenoids (36, 145) and, instead, MP continues to accumulate in the ring-like area
outside the MacTel region. Furthermore, supplementation may lead to the formation of MP de-
posits outside of the fovea (36). FLIO in MacTel has consistently shown low levels of MP and
ring-like distributions (119). FLIO has also detected changes related to MacTel in the form of al-
tered perifoveal FAF lifetime patterns, which makes FLIO an ideal tool to investigate this disease
(118).
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Figure 6

Macular pigment distribution in an eye with macular telangiectasia type 2. Images from (a) fluorescence lifetime imaging
ophthalmoscopy, (b) optical coherence tomography, and (c) dual-wavelength autofluorescence assessment of macular pigment.
Abbreviations: FAF, fundus autofluorescence; τm, amplitude-weighted mean fluorescence lifetime.

Carotenoids in Albinism

Patients with albinism often show foveal hypoplasia (67); photophobia, light skin tone, and vascular
intrusion through the foveal avascular zone are also common. Electrophysiologically, indications
of albinism can be found if the pattern onset of visual evoked potentials across the occipital scalp
shows a reversal of the components of the visual evoked potential. Foveal hypoplasia, however,
results in small or undetectable amounts of MP (117). Figure 7 shows the MP assessment in
a patient with albinism. Wolfson and coworkers (140) investigated MP in albinism using dual-
wavelength AFI and described the possibility of finding evidence for an accumulation of MP in
patients with albinism.Other reports found thatMP is not measurable in patients with this disease
(1, 108).However,MPmight bemiscalculated in AFI because the reference regionmay be affected
by the absence of melanin. In AFI, this may result in a linearly sloping baseline toward the foveal
center, which is not representative of MP (117). FLIO imaging may be of use in these patients as
it does not need a reference region. A recent study found evidence of MP in one eye of a patient
with a mild form of albinism and no evidence of MP in the other eye of the same patient or in
either eye of another patient (117).
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Figure 7

Macular pigment distribution in an eye with albinism. Images from (a) fluorescence lifetime imaging ophthalmoscopy, (b) optical
coherence tomography, and (c) dual-wavelength autofluorescence assessment of macular pigment. Abbreviation: FAF, fundus
autofluorescence; τm, amplitude-weighted mean fluorescence lifetime.

Carotenoids in Other Diseases

Carotenoids may be altered in many other diseases, possibly affecting vision as well as cognitive
performance. These diseases include but are not limited to diabetes, Alzheimer’s disease (AD),
glaucoma, retinitis pigmentosa, and cataracts.

Carotenoids in diabetes have been extensively studied. The primary event in diabetes is hy-
perglycemia, which causes the formation of advanced glycation end products. This results in en-
dothelial dysfunction as well as disturbances in the protein kinaseC pathway (144, 146).A common
complication of diabetes is retinal microangiopathy, which not only results in a disturbed blood–
retina barrier but also causes inflammatory and degenerative processes at the human fundus (8,
38, 146). Macular edema is also a common finding. These retinal changes are known as diabetic
retinopathy, and advanced glycation end products are thought to be important in terms of disease
severity (46). Higher carotenoid intake may be beneficial in patients with diabetes, as carotenoid
supplementation may enhance insulin sensitivity (111). Furthermore, an inverse correlation was
found between serum carotenoid levels and metabolic syndrome, fasting serum insulin level, and
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HbA1c level (40, 143). Overall, carotenoid supplementation seems to decrease not only the risk of
diabetic retinopathy but also the risk of nonocular damage from diabetes (28, 132).

AD is the most common form of dementia, resulting in cognitive impairment that eventually
leads to death. Age is the strongest risk factor for AD, and among people older than 65, AD has
a prevalence of 1,275 new cases per 100,000 people (70). Since the retina is part of the nervous
system, AD manifestations in the eye are of interest to many clinicians. A coexistence of AMD
and AD has been found, with patients with AD also showing significantly lower amounts of MP
(102). Supplementation with the carotenoids L and Z not only increases the amount of MP but it
also significantly improves visual function and contrast sensitivity (99).

Retinitis pigmentosa is an inherited eye disease leading to peripheral retinal degeneration.
Many different genotypes result in similar phenotypes, with the central macula usually being rel-
atively spared. In a spared fovea, MP levels appear to be comparable to those in healthy controls.
When assessed using FLIO and AFI, MP does not seem to be associated with the progression or
severity of retinitis pigmentosa (6).

Similarly, the effects of retinal carotenoids on glaucoma have been extensively studied. In this
condition, constantly increased intraocular pressure can lead to optic neuropathy. The increased
pressure may have different origins, such as the impaired production, flow, or absorption of in-
traocular fluid. In contrast to some previous studies, a recent large study did not find a connection
between retinal carotenoid status and glaucoma (43).

Other studies have investigated the influences of systemic diseases on carotenoid status. In
malabsorption syndromes, such as celiac disease, inflammatory bowel disease, and cystic fibrosis,
carotenoid levels are reduced (139). The effects of these systemic conditions on the risk of eye
pathology need to be further evaluated.

Different studies have suggested that long-term multivitamin supplementation with antiox-
idants such as L and Z may be helpful in preventing cataracts (37, 97). This is reasonable, as
sun exposure is a known risk factor for faster cataract progression. Although cataract surgery is
a well-established treatment, delaying cataract progression will always be superior to surgical
intervention.

Notably, a significant cataract of the lens may interfere with the measurement of MP as image-
basedMPODmeasurements typically increase after cataract surgery relative to preoperative levels
(101). Regression equations that correct for cataract density have been reported (101).

OUTLOOK AND CONCLUSIONS

Retinal specialists are consulted daily by their patients with questions about recommendations for
nutritional interventions to treat or prevent eye diseases.Because there are no fixed guidelines as to
when and at what dosage patients should receive ocular supplements, the large variety of different
products, and the costs not covered by insurance companies often lead to conservative views of
carotenoid supplementation. Before advising patients to start supplementation, specialists often
demand compelling evidence from large placebo-controlled studies that truly show a benefit of
these interventions. Additionally, with the many different methodologies used to image MP, the
limited availability of these instruments, and no universally established gold-standard methods
for measuring and interpreting MP, even experienced ophthalmologists are often confused and
unsure about making recommendations for carotenoid supplementation. Thus, there is a strong
demand for a clear guideline on carotenoid supplementation that highlight not only the benefits
and costs but also provide information about imaging modalities.

Many retinal diseases, especially AMD, feature or are even preceded by altered carotenoid lev-
els. Targeting this pathway with supplementation may be an elegant approach to prevent or delay
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AMD progression. Furthermore, assessing retinal carotenoids may become essential to diagnose
MacTel, as changes in carotenoid levels seem to be one of the earliest signs of the disease. With
rapidly improving treatment options, a correct early diagnosis is indispensable.

We believe that the assessment of carotenoids in the clinical realm is still underrated, as many
devices are research oriented and the benefits of assessing carotenoid status may be poorly under-
stood by clinicians. Although psychophysical researchers prefer HFP, they have different goals for
carotenoid assessment comparedwith ophthalmologists who rely on quick, reproducible, imaging-
based methods that yield distribution patterns of MP. Techniques that can be combined with ex-
isting ophthalmological appliances, such as the SPECTRALIS system, are especially practical for
clinical ophthalmologists. MP modules could be added to the systems that already are used in
clinical routines. For example, carotenoid supplementation could be suggested not only to pa-
tients with intermediate or advanced AMD (as recommended by the AREDS2 guidelines) but
also to younger people with lowMP levels and a positive family history of AMD or other macular
diseases, before they develop maculopathy.

For the future, we suggest that a standardized combination of AFI or reflectometry imaging
should be supplemented with the novel FLIO technique, although the latter is not yet available at
many different centers.We suggest that improving the presentation of MP data would be helpful,
possibly in a three-dimensional plot that could easily be overlaid with other images of the eye.
Similarly, establishing a normative database of MP levels and distributions would be helpful for
clinicians. We strongly encourage the expanded assessment of carotenoids in clinical practice as
this will likely result in improved diagnosis of retinal diseases and optimized recommendations
regarding carotenoid supplementation.
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