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Abstract
Purpose: The aim of this project was to explore a novel description of the spatial distribution of the macular pigment optical density (MPOD) spatial profile using 
customized heterochromatic flicker photometry (cHFP) and assess the variability within a young, healthy subject sample.

Methods: A novel device capable of measuring MPOD across the central 16º of retina along 4 principle radii using cHFP at eccentricities of 0º, 2º, 4º, 6º and 8º was 
built. MPOD was measured at each retinal locus for a 33 subject sample. Individual and mean values at each retinal locus were fit to both Gaussian and Lorentzian 
functions. Area under the curve (AUC) and kurtosis values were then calculated for each resulting function.

Results: The cHFP identified reliable MPOD spatial distribution maps demonstrating a 1st order exponential decay curve as a function of increasing eccentricity 
along each radii out to 8º. Significant correlations were found between all four radii at each respective eccentricity possible supporting the use of a single radius in the 
determination of MPOD spatial distribution. Mean MPOD spatial distribution for the study sample was best-fit by a Lorentzian function. Correlations between 
MPOD spatial distribution described by kurtosis values and integrated area under the curve across the central 16º of retina were non-significant.

Conclusions: MPOD spatial distribution mapping using cHFP across the central 16o is most accurately described by a Lorentzian function supporting previous. A 
single measurement of MPOD may be insufficient and accurate evaluation of the spatial distribution may be possible using a single meridian. Kurtosis as a description 
of MPOD spatial distribution is a novel method and may provide an alternate method to predict visual performance measures.

Introduction
Previous studies of macular pigment (MP) spatial distribution have 

utilized a number of descriptions including exponential decay functions 
[1], bimodal exponential functions [2], Gaussian distributions [3] and 
Lorentzian functions [4]. Four discrete MP distributions have been 
described by Trieschman et al. [5] while Bernstein et al. [6] categorized 
five distinct MP distribution subgroups.

Measurement of MP distribution has been performed using 
a number of both objective and subjective techniques. Objective 
techniques have included 2-wavelength fundus reflectometry [7,8] 
, 2-wavelength autofluorescence [9,10] and Raman resonance 
spectroscopy [11,12]. Subjective techniques of MP spatial distribution 
have included spectral sensitivity differences [13], dichroism-based 
difference measurements [14], heterochromatic flicker photometry 
[15], color matching [16], and minimum motion photometry [17].

Past research has identified the constituents of human macular 
pigment (MP) as lutein (L), zeaxanthin (Z), and a lutein-metabolite, 
meso-zeaxanthin (MZ) [18]. Within the retina, MP is primarily a 
membrane-bound compound found primarily within the photoreceptor 
axons (Henle fiber layer in macular region) and the inner plexiform layer 

and, to a lesser extent, at the level of the retinal pigmented epithelium 
(RPE) [19] and photoreceptor outer segments [20,21]. Robson et al. 
[17] reported that central measures of MPOD show a weak association 
with MPOD measured across the entire macula. Trieschmann et al. 
found that MPOD spatial distribution varies substantially among 
individuals [22]. Wenzel et al. [23] concluded that integrated measures 
of MPOD are potentially more useful than a single, central measure. 
Certain spatial distributions may show significantly different foveal 
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versus parafoveal measurements and quantification of foveal MPOD 
levels in isolation may poorly reflect total levels of MP within the 
central retina. This underscores the importance of determining the 
complete spatial distribution profile of MPOD 

Macular pigment optical density (MPOD) peaks at the fovea 
and falls to negligible levels outside 7º of foveal eccentricity [24]. 

L is found in greater levels within the peripheral retina as the ratio 
of L:Z changes from approximately 1:2.4 at the fovea to 1.8:1 in the 
parafovea to 2.7:1 in the peripheral retina [24]. The inversion of the 
L:Z ratio with eccentricity parallels the rod:cone ratio demonstrated by 
Osterberg [25] and Curcio et al. [26] suggestive of a possible underlying 
process which promotes structure-specific accumulation. Bone et al. 
suggested that MP spatial distribution is highly correlated with cone 
photoreceptor distribution possibly indicating a role in photoreceptor 
function [27].  Nolan et al. [28] proposed that foveal anatomical 
structure directly influences L and Z distribution. Their results found 
that foveal levels of MP integrated under the spatial distribution curve 
shared a significant relationship with foveal width measured as foveal 
crest to foveal crest. Westrup et al. hypothesized that the density 
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the r2 value. MPOD mean values for each retinal locus (0º, 2º, 4º and 
6º) were fit to a Gaussian and Lorentzian distribution using OriginPro9 
software (Northampton, MA). For the resulting two distributions, 
MPOD values were calculated as area under the curve integrated 
across the central16º. Individual Gaussian and Lorentzian distribution 
functions were fit for each of the 33 subjects. 

Results
The cHFP device identified reliable MPOD spatial distribution 

maps and showed a 1st order exponential decay function with 
eccentricity across the 33 subject study sample. Standard error of 
the mean measured for 0º eccentricity was less than 0.01 log unit, 
2º eccentricity was 0.01, 4º eccentricity was 0.01 and 6º eccentricity 
was 0.02 log unit. Correlations of MPOD at each eccentricity were 
performed among the superior, inferior, temporal, and nasal locations. 
Correlation values among the four measured meridians at 2º, 4º and 
6º eccentricity were significant providing support of a high level of 
symmetry among measured meridians. For details of the correlation 
analysis and results, see Putnam et al. [33]. The high correlation values 
among the four measured meridians at each eccentricity allowed 
resulting MPOD values at each retinal loci to be calculated as a mean of 
the superior inferior, nasal and temporal measurements.

MPOD mean values for each retinal locus were fit to an exponential 
decay function resulting in a covariance value of 0.912. The exponential 
functions were fit using 5 points including the 8º eccentricity. The 8º 

eccentricity point is assumed to be outside the region of MP deposition 
[15,34] and is used in the calculation of MPOD as the parafoveal 
reference point. Due to this, the 8º eccentricity is given a near 
negligible value for each meridian of every subject artificially pinning 
the exponential function to the 8º point on the curve. To evaluate 
the influence of this assumption, the exponential decay function was 
also plotted using only the measured retinal points of MPOD: 0º, 2º, 
4º and 6º. The resulting exponential function demonstrated a similar 
covariance value of 0.853. The resulting functions reproduced from 
the original article are shown below [33] (Figure 1). Gaussian and 
Lorentzian curves were fit for each subject resulting in substantial 
variability across the 33 subject sample (Figure 2). The kurtosis value 
and AUC for each subject was also calculated and is shown in a tabular 
format below (Table 1). 

The AUC calculations showed a non-significant relationship with 
kurtosis values (r = -0.004, p=0.984) across the 33 subject sample.

differences of photoreceptor axons at the foveal center versus the 
parafovea underlies the spatial distribution pattern of MP [29]. Their 
findings support that the foveal peak of MP is due to the Müller glial 
cells and the spatial distribution decline of MP is a result of the higher 
density of photoreceptor axons within the Henle fiber layer creating an 
integration of two structures incorporating L and Z: Müller glial cells in 
the foveal center and the Henle fiber layer in the parafovea producing 
a monotonous, exponential decline with eccentricity. Gass et al. [30] 
postulated that a layer of Müller glial cells exists between the internal 
limiting membrane and the Henle fiber layer specifically at the base of 
the foveal depression. Work performed by Reichenbach et al. identified 
a relationship between Müller glial functions and MP deposition and 
transport within the central macula [31]. 

Currently, clinically MPOD measurements involve a single 
central value. The measurement of an isolated, central value may be 
an incomplete description of the high degree of variability in MPOD 
spatial distribution seen among the population. The results shown 
here identify a novel description of MPOD spatial distribution that 
may be used to predict visual performance and response to dietary 
supplementation.

Methods
The current study included a total of 33 subjects with a mean age of 

24.2 years (σ = 2.7). Subjects performed all testing over a 4 week period. 
Study inclusion criteria required no evidence of ocular pathology 
and best corrected visual acuity of 20/25 in the right eye and age less 
than 34 in order to avoid any presbyopic effects. All subjects were 
current optometry students familiar with the devices and techniques 
presented during testing. All procedures were approved by the UMSL 
Institutional Review Board.  

This study utilized a novel device based on the Wooten et al. 
heterochromatic flicker photometer (HFP) [32]. However, our 
device incorporated customized heterochromatic flicker photometry 
(cHFP) using each subject’s individual foveal CFF to model the spatial 
distribution of MP across the central 16º of the retina. The device 
was designed to create a spatial map of MPOD along eight meridians 
(0º, 90º, 180º, 270º) at 0º, 2º, 4º, 6º, and 8º eccentricities. This radial 
pattern was used to generate a spatial profile of an individual subject’s 
MPOD. A full review of the cHFP device and methods can be found in 
a previous paper [33].

MPOD spatial distribution measurements were fit to a 1st-order 
exponential decay curve and variability in the data was described by 

 

Figure 1. MPOD spatial distrbution demonstaring a 1st-order exponential decay function assuming a fixed, negligible parfoveal reference MPOD. The resulting exponential fit equation was 
y = 0.451e-0.543x with a covariance value of r2 = 0.912. (Left Figure) MPOD spatial distribution demonstarting a 1st-order exponential decay function allowing the exponential function to float 
using only measured eccentricites. The resulting exponential fit equation was y = 0.343e-0.404x with a covariance value of r2 = 0.853.
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Conclusions
The spatial distribution of MPOD in this sample as measured 

by cHFP was well-described by a first-order exponential function 
originating at the foveal center in agreement with ex vivo HPLC studies 

[35] and a Lorentzian function across the macula [4,19]. Previous 
studies have identified an edge effect in the measurement of MPOD 
using HFP techniques [9,15]. Bone et al. [36] disputed the edge effect 
measurement of HFP citing that involuntary microsaccadic activity 
was responsible for the apparent edge effect. Hammond et al. [37] 
found strong agreement for the edge effect measurement by HFP but 
only within the central 1o with considerable, non-systematic variability 
was identified outside of 1 degree. Spatial distribution results from this 
study show a high covariance value (r2 = 0.869) using only measured at 
retinal loci at 0º, 2º, 4º and 6º eccentricity and allowing the 8º parafoveal 
reference point unpinned. Although the study sample distribution is 
best fit by a Lorentzian function across the macula, large individual 
differences in distribution shape are seen.

The study sample demonstrates a mean positive kurtosis (i.e. 
leptokurtic) value. This offers support of the Lorentzian fit to MPOD 
spatial distribution over a Gaussian fit due to the higher central peak 
of the Lorentzian function. The relatively large variance in the kurtosis 
values also supports the large variability in individual MPOD spatial 
distributions when fit to a Lorentzian function. Methods of MPOD 
spatial distribution including kurtotic descriptions and integrated AUC 
calculations show substantial variability among individuals and within 
the substantial variability is where differences in visual performance 
measures may lie. 

The overall distribution measure of MPOD shows an inverse 
association with retinal eccentricity. The trend of decreasing MPOD as 
a function of eccentricity has been documented by both ex vivo studies 
[7,26] and in vivo studies [1,38] of the MP spatial distribution.  The 
results of this experiment support and confirm the previously identified 
first order exponential decay curve exhibited by MP as a function of 
retinal eccentricity. Several studies have described a secondary peak 
or ring-like structure of MPOD that is found between approximately 
0.50° and 0.85º eccentric to fovea in 10-20% of the general population 
[39,40]. The cHFP device designed and built for this project focused on 
the overall spatial distribution from 0º to 8º eccentricity measured with 
a 1º stimulus at 2º intervals.  Due to this device design, measurement 
and verification of predicted ring-like MPOD findings is not within the 
scope of the current project but design modifications to the existing 
cHFP device would allow such a measurement.  

Anatomic structure has also been demonstrated to influence 
MPOD spatial profiles. Specifically, Nolan et al. found that foveal width 
was associated with non-typical MP spatial distribution [41]. Increased 
foveal width was significantly related to MP spatial profiles due in part 
to increased length of the foveal cone axons. The slope of the foveal 

 

Figure 2. MPOD spatial distributions were fit to both Gaussian and Lorentzian distributions assuming stimulus center and stimulus point of highest retinal sensitivity for each subject. 
Substantial variability within the sample was seen from highly leptokurtic distributions demonstrated by subject #20 (left) to highly platykurtic distributions demonstrated by subject #21 
(right).

Kurtosis Value Integrated AUC Stimuli
Subject 1 5.166 1.762
Subject 2 2.554 1.879
Subject 3 4.577 2.133
Subject 4 4.308 1.765
Subject 5 3.042 2.098
Subject 6 2.175 1.912
Subject 7 3.363 2.448
Subject 8 1.704 1.954
Subject 9 1.837 1.988
Subject 10 2.271 1.781
Subject 11 5.313 1.551
Subject 12 5.215 1.881
Subject 13 0.399 1.831
Subject 14 4.312 1.498
Subject 15 2.731 2.571
Subject 16 5.395 1.633
Subject 17 0.806 2.018
Subject 18 3.302 1.505
Subject 19 2.392 1.638
Subject 20 7.154 1.513
Subject 21 -0.763 1.705
Subject 22 1.627 2.371
Subject 23 4.603 1.666
Subject 24 1.937 1.579
Subject 25 2.112 2.135
Subject 26 2.246 0.851
Subject 27 0.825 1.245
Subject 28 1.222 1.087
Subject 29 3.719 1.346
Subject 30 2.591 2.587
Subject 31 1.049 1.693
Subject 32 3.102 1.566
Subject 33 -0.503 1.487
Mean 2.781 1.778
Std Dev 1.809 0.393

Table 1. Calculated values for kurtosis, integrated AUC assuming stimulus center and 
integrated AUC for the 33 subject sample using MPOD values measured at 0º, 2º, 4º, 6º 
and 8º eccentricity. The kurtosis values showed a non-significant relationship with AUC 
calculations (r = -0.004, p=0.984) across the 33 subject sample.
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depression was also shown to influence the slope of the MPOD spatial 
distribution. Steep foveal depressions were significantly related to steep 
MPOD spatial distributions.

Risk factors such as age and increased oxidative stress along 
with differences in foveal anatomic architecture have been shown to 
create non-exponential declines in MPOD spatial distribution with 
increasing eccentricity. Assessment of MPOD spatial distribution for 
these individuals would likely be better expressed as an integrated area 
under the curve. Results from the current experiment across 33 subjects 
ages 22-34 supported a monotonic exponential decay curve consistent 
with Kirby et al. which found that younger subjects tended to exhibit 
a typical exponential decay function with increasing eccentricity when 
measured by HFP [42]. Kirby et al. also hypothesized that changes in 
the typical exponential function of MPOD distribution with age may be 
in part to cumulative short-wavelength visible light absorption.

The high level of agreement in MPOD among the 4 measured 
meridians supports a symmetrical, concentric spatial distribution 
pattern in subjects without evidence of retinal pathology. This lends 
support to the use of a single meridian to measure the MPOD spatial 
distribution using cHFP techniques. The use of a single, horizontal 
meridian to determine the overall MPOD spatial distribution may 
allow cHFP to become an inexpensive, viable method in clinical 
practice. Additionally, using kurtosis values in combination with 
calculated AUC may provide a more complete picture regarding spatial 
distribution of MPOD.

MP spatial distribution variability among the population is 
underrepresented by single, central measurements. Foveal secondary 
peaks have been identified by several studies that have ascribed an 
overall bimodal distribution. Using autofluorescence techniques, 
Delori et al. [43] refer to an exponential-like decay function with 
a superimposed annulus if increased density at approximately 0.7º 

eccentricity while Berendschot et al. [39] using a combination of both 
autofluorescence and fundus reflectance, described an exponential 
decay function in combination with a Gaussian distributed ring pattern 
at approximately 0.7º eccentricity. HFP methods employed by Kirby 
et al. [40] identified in a small portion of their subjects a lack of a 
typical central peak with a central distribution dip and 2 wavelength 
autofluorescence utilized by Dietzel et al. [44] found a central peak of 
MPOD surrounded by a ring of increased density extending from 0.5º 
to 0.85º eccentricity [44]. Other studies have described broad areas of 
increased MPOD at eccentricities outside the foveola. Using fundus 
reflectometry, Chen et al. [3] demonstrated MPOD shoulders at 4º 
from foveal center and Robson et al. [17] recognized similar MPOD 
increases around 4o eccentricity in 10% of their subjects.

Hammond et al. measured MPOD spatial distribution out to 4º 
eccentricity using a parafoveal reference point of 5.5º identifying a 
half-maximum at 1.03º (0.38º) [1]. Wooten et al. [38] measured MPOD 
spatial distribution out to 2º using a parafoveal reference point of 4º 
identifying a half-maximum at 0.7º (0.15o). Nolan et al. [41] utilized 
measurements to 5o eccentricity with a 7o parafoveal reference point 
with a half-maximum, inferred from their sample mean spatial profile, 
of approximately 1-1.1o eccentricity. The design of our cHFP device 
allowed a greater extent of the MPOD spatial distribution to be directly 
measured. The previously established exponential decay function of 
MPOD spatial distribution was confirmed out to 6o.

Further studies are warranted to investigate the relationship of 
kurtosis and AUC calculations using an objective measure of MPOD 
such as autofluorescence or fundus reflectometry to confirm the large 

variability of individual spatial distribution maps among subjects. 
Eccentric flicker rates were determined using the subject’s CFF and an 
algorithm look-up table consistent with reported eccentric flicker rates 
reported by Hammond et al. [37], Snodderly et al. [45] and Stringham 
et al. [46] Non-exponential distribution patterns may be a result of non-
optimal eccentric stimulus flicker rates for these subjects. Symmetry 
along both horizontal and vertical meridians was demonstrated out to 
a 6o eccentricity. 

A single meridian measure, likely a horizontal meridian, provides 
a viable option to incorporate spatial distribution measurements in to 
clinical applications using cHFP techniques and a combination of AUC 
and kurtosis values may be a more valuable measure of total MP within 
a defined spatial area. The high symmetry of all measured meridians 
may also allow for a complete 3-dimensional modeling of MPOD across 
the central 16o using cHFP assessments along a single radius. Further 
work is on-going to identify relationships between 3-dimensional 
topographic mapping of MPOD using cHFP and measures of visual 
performance.
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