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Abstract: Lutein and zeaxanthin (L/Z), xanthophylls obtained from the diet, are deposited in 18 

the macula of the eye. The macular concentration of L/Z is quantifiable as macular pigment 19 

optical density (MPOD). The aim of this review was to critically appraise the effect on MPOD 20 

of increasing L/Z intake by dietary intervention in adults. Pubmed, Cochrane Library, Web of 21 

Science, and Cinahl were searched up to April 2020. Ten studies investigating populations with 22 

and without age-related macular degeneration were included. MPOD increased significantly in 23 

two of the eight controlled studies. Studies varied largely in the prescribed dietary L/Z dosage, 24 

duration, and participant characteristics. No relationships between types of dietary L/Z 25 
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interventions and MPOD response could be determined. Limited monitoring of habitual dietary 26 

L/Z intake was identified as a major limitation of all ten studies. Habitual dietary L/Z intake 27 

should be closely monitored in future studies to account for their effects on MPOD response 28 

to dietary L/Z interventions.  29 

Keywords: lutein; zeaxanthin; macular pigment optical density; macula; dietary intervention 30 

 31 

Introduction 32 

Lutein (L), zeaxanthin (Z) and meso-zeaxanthin (MZ) are three xanthophylls, known as the 33 

macular pigments, that accumulate in the macula. The macula is part of the retina responsible 34 

for visual detail and colour vision. Thus, macular damage, as seen in age-related macular 35 

degeneration (AMD), can result in visual impairment or loss. 1 The macular pigments may play 36 

a role in optimising vision, such as visual acuity, 2 contrast sensitivity, 3 photostress recovery, 37 

4 glare reduction, 4 and visual processing speed. 5 Additionally, the macular pigments are 38 

proposed to maintain macular health through two main mechanisms. Firstly, the macular 39 

pigments have direct and indirect antioxidant activity as demonstrated from in vitro studies 40 

using adult retinal pigment epithelial cell line cultures, and animal retinas dissected post-41 

mortem. 6-11 Secondly, the macular pigments are photosensitive molecules and absorb blue 42 

visible light (400-500 nm). 12 Blue light is high energy and can stimulate the production of 43 

damaging singlet oxygen species in other macular photosensitive molecules. 12 The absorbance 44 

range of post-mortem human macular pigment samples has been shown to be between 430 nm 45 

and 490 nm, with peak absorption at approximately 460 nm. 13 The positioning and orientation 46 

of the macular pigments within the macula cell layers allow blue light absorption before it 47 

reaches other photosensitive molecules. Thus, it has been proposed that the macular pigments 48 

reduce the production of damaging singlet oxygen species in the macula. 12  49 

 50 
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Macular lutein and zeaxanthin (L/Z) must be acquired through dietary intake, as they are not 51 

synthesized endogenously. Meanwhile, MZ is synthesised endogenously as a product of L 52 

isomerization in the retina. 14 Despite the required acquisition of L/Z from the diet and 53 

implications in macular health, a recommended dietary intake has not yet been established. 54 

However, the status of ‘bioactive compounds’ has been suggested. 15 The National Institutes 55 

of Health Office of Dietary Supplements defines bioactive compounds as “Bioactive food 56 

components are constituents in  foods and dietary supplements, other than those needed to meet 57 

basic nutritional needs, which are responsible for changes in health status.” 16 Traditionally, 58 

dietary recommendations have been developed for bioactive compounds deemed to be essential 59 

or conditionally essential through a deficiency-repletion model, and apply to protein, vitamins 60 

and minerals. 17 Ranard et al.15 argued that L/Z meet the nine criteria recently proposed by 61 

Lupton et al.18 to determine if a bioactive compound has the depth of evidence relating to 62 

essentiality in health to be considered for intake recommendations. 15,18 To date, determination 63 

of an intake recommendation has been limited by the paucity of clinical data about the effects 64 

of L/Z dietary intake (as opposed to supplemental intake) on macular concentrations and health.  65 

 66 

The concentration of the L/Z/MZ within the macula, or macular pigment optical density 67 

(MPOD), is used as a surrogate marker of macular health. 19 MPOD can be measured through 68 

a number of methods, one of which is heterochromatic flicker photometry (HFP). 20 MPOD 69 

was identified as a potential marker of macular health in a number of cross-sectional studies. 70 

These studies observed MPOD to be significantly lower in eyes of individuals with AMD 71 

compared to healthy controls. 19,21-23 Despite the association between lower MPOD and AMD, 72 

MPOD thresholds representing ‘optimal’ or ‘adequate’ macular health for a specific age-group 73 

have not been determined. Additionally, the magnitude of MPOD change that is clinically or 74 

functionally meaningful is unclear. The lack of clarity surrounding MPOD values may partly 75 
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be due to the difficulty in comparing values obtained from the different measurement methods. 76 

20 However, a higher MPOD is generally perceived to be associated with better macular health. 77 

19       78 

 79 

L/Z/MZ supplementation studies have consistently shown to result in increased MPOD. A 80 

2016 meta-analysis that pooled results from 20 randomised controlled trials (RCTs) 81 

investigating the effects of L/Z/MZ supplementation in adults with or without AMD found a 82 

significant increase in MPOD. 24 The pooled results from nine RCTs in populations with AMD 83 

(n = 938, 50 years of age and above) showed that supplementation with L, Z and/or MZ 84 

increased MPOD by 0.07 optical density units (ODU) compared with placebo. Additionally, 85 

the dose-response relationship in this population indicated that MPOD increased by 0.005 86 

ODU for each additional 1 mg / day in L/Z/MZ supplementation. 24 Comparatively, the results 87 

of eleven pooled RCTs including healthy populations (n = 826, 18 years and above) showed 88 

that supplementation increased MPOD by 0.09 ODU compared with placebo. The dose-89 

response relationship in healthy populations indicated that MPOD increased by 0.004 ODU for 90 

each additional 1 mg / day in L/Z/MZ supplementation. 24 Furthermore, a significant negative 91 

correlation was observed between baseline MPOD values and the degree of MPOD change 92 

with supplementation (r = -0.71, p < 0.001) 24, suggesting supplementation to be more effective 93 

when baseline MPOD values are lower.  94 

 95 

In comparison to supplementation trials, there is less clarity with regard to the effects on MPOD 96 

of increasing L/Z intake through wholefoods. Understanding the impact of dietary 97 

interventions on MPOD is of interest to inform future research for the purpose of prevention 98 

of AMD. The aim of this narrative review was therefore to critically appraise reports from 99 

interventions that investigated the effect of increased dietary L/Z intake on MPOD in adults. 100 
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 101 

Materials and Methods  102 

The method for this review involved a systematic search with defined inclusion and exclusion 103 

criteria, data extraction, quality appraisal of all studies, and synthesis of study findings by 104 

narrative review. 25 105 

Inclusion criteria were: primary research papers published in English, full text availability, an 106 

intervention arm in adults increasing dietary L/Z intake through wholefood consumption, and 107 

measurement of MPOD as an outcome. A dietary intervention was deemed ineligible when the 108 

L/Z food product was prescribed in a highly concentrated form, i.e. freeze-dried powder, or 109 

liquid concentrate. No restrictions were placed on study design or year of publication. Four 110 

databases were searched up to April 2020: Pubmed, Cochrane Library, Web of Science, Cinahl. 111 

Search terms included; “retina*” OR “retinal pigment*” OR “macula lutea” OR “macular 112 

pigment” OR “macular pigment density” OR “macular pigment optical density”) AND 113 

(“lutein” OR “zeaxanthin” OR “xanthophyll*” OR “macular xanthophylls” OR “macular 114 

pigments”) AND (“diet* intake” OR “diet therapy” OR “dietary intervention” OR “diet 115 

supplement*” OR “dietary supplement*”)). Titles and abstracts of 251 papers identified in the 116 

search were screened for eligibility. Full texts were reviewed to decide on inclusion, and 117 

references were screened for any potentially relevant articles that may have been missed 118 

through electronic search methods. The literature selection process is outlined in a flow chart 119 

(Figure 126) adapted from the Preferred Reporting Items for Systematic Reviews and Meta-120 

Analyses. 26 121 

Quality appraisal of selected articles was performed using the Academy of Nutrition and 122 

Dietetics Quality Criteria Checklist (ANDQCC) for primary research. The ANDQCC contains 123 

four questions regarding the relevance of research, and ten questions relating to the validity of 124 

the research. The tool evaluates the quality of reporting of inclusion/exclusion criteria, the 125 
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quality of data collection and analysis, the generalizability of results, and identifies bias in 126 

order to grade the quality of the evidence. 27 One reviewer extracted information from included 127 

studies through identification of the factors of interest including: study design, study duration, 128 

subject characteristics, dietary intervention characteristics, dietary intake measures utilized, 129 

and MPOD outcomes.  130 

  131 

Results  132 

Study characteristics 133 

Ten studies met the inclusion criteria and were published between 1997 and 2020. Study 134 

characteristics and outcomes are summarised in Table 128-37. The ten studies included 613 (62% 135 

female) adults participants aged 18 to 92 years, with study sample sizes ranging from 13 to 114 136 

participants. There were seven RCTs, 28-30,32,33,35,36 one single-blind non-randomised controlled 137 

trial, 34 one open label intervention, 38 and one cross-over study. 31 All studies measured MPOD 138 

by HFP. Specific inclusion criteria across the ten studies included AMD status, sex, age, body 139 

mass index (BMI), and habitual dietary L/Z intake. For the purpose of this review, habitual 140 

dietary intake refers to dietary L/Z intake outside of the intervention food consumption. Eight 141 

studies were conducted in healthy individuals, 28-32,34,36,38 and two in individuals with early 142 

AMD. 33,35 One study investigated exclusively female participants, 30 and three studies only 143 

included individuals 50 years or older. 28,31,33 Two studies included individuals with a BMI of 144 

30 kg/m2 or less, and one study a BMI 25 kg/m2 or more. Lastly, only one study considered 145 

habitual dietary L/Z intake as part of the recruitment inclusion criteria. 28 Scott et al.28 used a 146 

three-question tool to screen for intake low in L rich foods. Only participants consuming less 147 

than three serves per week of leafy vegetables, broccoli and/or eggs were included in the study. 148 

28 149 

 150 
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Seven studies met the criteria to receive a positive quality rating based on the ANDQCC for 151 

primary research, 28,29,31-33,35,36 and three studies a neutral rating. 30,34,38 One study did not 152 

provide adequate information regarding the selection and characteristics of participants. 38 One 153 

study did not clearly outline how participant group assignment occurred, and reported that 154 

mean baseline MPOD was significantly different between all three groups (p < 0.05). 30 Seven 155 

studies reported attrition rates, and rates ranged between 3% and 36%. 28,29,31-34,38 Reasons for 156 

attrition included dislike of intervention food, or gastrointestinal discomfort. 28,31,33 157 

Furthermore, poor adherence to intervention protocol resulted in data exclusion at the time of 158 

analysis in one study. 29 159 

 160 

All studies provided adequate detail regarding the intervention prescription and utilised an 161 

appropriate tool to measure the primary outcome of interest, MPOD. 39 However, intervention 162 

adherence was monitored only in six studies, 28-31,34,38 and data reported only for two studies. 163 

28,29 In these two studies, participants’ dietary intervention adherence was greater than 90%. 164 

28,29 Methods to monitor adherence included diet diaries and food frequency questionnaires in 165 

four studies, 28,29,31,38 return of empty food containers in two studies, 30,31 dietitian-administered 166 

interviews in two studies, 28,31 and supervision during food consumption by a study investigator 167 

in one study. 34 Habitual dietary intake was a secondary outcome that was assessed and reported 168 

in only four studies. 28,31,34,38 Eight studies reported clear and appropriate statistical methods. 169 

28,29,31-35,38 Two of the RCTs did not report between-group analyses, and only considered 170 

change over time within group. 30,36 171 

 172 

The dietary interventions involved provision of a one or two specific foods without change to 173 

the overall habitual dietary pattern, termed prescriptive dietary intake hereinafter. As 174 

summarised in Table 1, for the nine studies that reported the intervention dosage of L/Z/MZ, 175 
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the median dose was 0.98 mg/day (range = 0.26–17.58 mg/day). One study reported the 176 

L/Z/MZ dosage as a combined value, 29 all other studies reported dosage of L, Z, and/or MZ 177 

individually.  The frequency of consumption was daily in seven studies, 28,29,31-33,35,38 six days 178 

weekly in one study, 30 and 5 days weekly in two studies. 34,36 The intervention food was 179 

avocado (two studies) (0.5–0.7 mg/day L/Z), 28,29 egg (five studies) (0.26–1.88 mg/day L/Z), 180 

30-34 goji berries (17.58 mg/day L/Z), 35 spinach (3–4.32 mg/day L), 36 or a combination of 181 

spinach and corn (11.8 mg/day L/Z) in the ten studies. 38 182 

 183 

Eight of the ten studies included a control group. The control intervention included isocaloric 184 

amount of potato (0 mg L),28 isocaloric meal without avocado (0.16–0.21 mg L/Z), 29 185 

continuation of habitual diet, 32,35,36 prescription of a sugar capsule (0 mg L/Z), 30 buttermilk 186 

drink (0 mg L/Z), 33 or non-xanthophyll enriched egg as control in the xanthophyll enriched 187 

egg study. 34 Xanthophyll concentration in enriched and control eggs were monitored but 188 

values not reported. 34 189 

 190 

Effects of dietary interventions on macular pigment optical density 191 

Only two of the eight controlled studies reported a statistically significant increase in MPOD 192 

between the intervention and control groups, as seen in Table 1. 33,35 Of these two studies, the 193 

first study reported a 16% MPOD increase after 12-months (p < 0.05), 33 and the second study 194 

reported a 20% MPOD increase after three months (p = 0.007). 35 Both of these studies were 195 

in adults with early AMD aged 50 years or above, with sample sizes greater than 100. The 196 

other five controlled trials either reported no significant differences between groups, 28,29,32,34 197 

or did not report performing between-group analyses. 30,36 One of the two trials without a 198 

control group reported a significant MPOD increase from baseline by 14 weeks (p < 0.05), 199 

absolute values were not reported. 38 Across the eight controlled studies, no significant changes 200 
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in MPOD in the control group were observed except in one avocado based trial. In this trial, a 201 

significant MPOD increase of 17% from baseline was reported at the halfway point of the 202 

intervention in the control group receiving potato (0 mg L). However, statistical significance 203 

was not maintained by the end of the study. 28 No changes in habitual dietary intake were 204 

reported for the control group, as monitored by dietitian-administered interviews.  205 

  206 

Effects of dietary interventions on blood lutein and zeaxanthin concentrations 207 

Blood concentration of L was measured in all studies, Z in nine studies, 28,30-36,38 and MZ in 208 

one study,34 as seen in Table 1. 209 

 210 

Only three of the eight controlled studies reported a significant increase in blood L response 211 

compared control. 29,32,34 Interestingly, no significant MPOD changes were observed in these 212 

three studies. A significant increase from baseline in mean blood L concentration ranging from 213 

22% to 126% was observed within the intervention groups in nine studies. 28-34,36,38 A 214 

significant increase was also observed in the control groups in two studies. 28,34 In the first 215 

study, a 15% increase from baseline was observed at six months (p = 0.03). 28 This control 216 

group was provided meals containing 0 mg L/Z and requested to make no other dietary 217 

changes. In the second study, a 31% increase from baseline was observed at eight weeks in the 218 

control group (p = 0.007). 34 This control group were provided a normal egg containing L/Z 219 

and requested to make no other dietary changes. Meanwhile, the intervention group in this 220 

study received egg enriched with L and MZ.  221 

 222 

Three of the eight controlled studies reported significant increases in blood Z concentration 223 

compared to the control. 32,34,35 A significant MPOD increase was observed in only one of these 224 

three studies 35. A significant increase from baseline in mean blood Z concentration ranging 225 
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from 36% to 337% was observed in the intervention groups in six studies. 30-35 Of note, 226 

significant increase from baseline in mean blood Z concentrations was also observed in the 227 

control groups of two studies. 28,34 In the first of the two studies, a 20% increase from baseline 228 

was observed at six months (p = 0.004). 28 In the second study, a 41% increase from baseline 229 

was observed at eight weeks (p = 0.009). 34 These two control groups were two of the three 230 

control groups that also reported significant blood L changes. 231 

 232 

One study monitored blood MZ, and MZ was not detectable at baseline for either the control 233 

or intervention group. 34 At eight weeks, blood MZ was significantly increased compared to 234 

the control group which observed no change (p < 0.001). 34  235 

 236 

Dietary intake measurement 237 

Habitual dietary intake was assessed and reported in only four of the ten studies, and assessed 238 

using different tools as seen in Table 1. 28,31,34,38 Scott et al.28 used two types of measures: a 239 

132-item semi-quantitative food frequency questionnaire (FFQ) with a recall timeframe of 12 240 

months, and dietitian-administered interviews. 28 The FFQ was not specifically validated to 241 

quantify L/Z dietary intake. It was administered at baseline and the mean daily L/Z dietary 242 

intake was calculated from a food composition analysis software (Nutrition Data System for 243 

Research software (version 2016). The mean L/Z consumption for the intervention and control 244 

groups were not significantly different (3.0 ± 3.1 mg/ day and 2.8 ± 2.7 mg/day respectively). 245 

The dietitian-administered interviews were conducted monthly to monitor maintenance of 246 

dietary habits. No significant change in habitual dietary intake was identified, but details of the 247 

interview questions were not reported. 28 In the study by Vishwanathan et al.31 a 7-day diet 248 

diary was completed once by participants during each study phase. Total L/Z intake was not 249 

quantified, but the diaries were reviewed for intake of foods known to contain ‘substantial’ 250 
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amounts of L/Z. Whilst the criteria for ‘substantial’ was not defined, the intake of spinach, 251 

broccoli and corn were monitored. Intake of these three foods were reported to contribute 252 

approximately 0.3 mg/day during the study phases. 31 In the study by Kelly et al.34, a dietary 253 

screening tool (DST) was used at baseline to infer whether habitual dietary L/Z intake was high 254 

or low. 34 The DST estimates overall dietary quality graded in three categories based on 255 

adherence to the American Dietary Guidelines. The ‘at-risk’ DST category has been correlated 256 

with lower serum L/Z concentration, when compared to the ‘possible risk’ or ‘not-at-risk’ 257 

categories. 40 The DST does not however quantitatively estimate L/Z intake. In the study by 258 

Hammond et al.38, dietary intake was measured at baseline with the Health Habits and History 259 

Questionnaire, developed from the American National Health and Nutrition Examination 260 

Survey II data. 41 The Health Habits and History Questionnaire is not validated to specifically 261 

quantify L/Z dietary intake. Participants’ L/Z intake was calculated from the questionnaire data 262 

using a food composition database, but values were not reported. 38 Therefore, only one of the 263 

ten studies quantified and reported baseline habitual L/Z dietary intake. 28 None of the studies 264 

quantitatively monitored and reported habitual dietary L/Z intake over the study duration.  265 

 266 

Discussion 267 

This narrative review aimed to critically appraise reports from interventions that investigated 268 

the effect of increased dietary L/Z intake on MPOD in adults. A varied MPOD response was 269 

observed. The reason for this variation is difficult to determine due to substantial heterogeneity 270 

between studies, and limited monitoring of habitual dietary L/Z intake. Only two of the eight 271 

controlled studies reported significant increases in MPOD in the intervention group. 33,35 Of 272 

these two studies, only one also observed significant change in blood Z concentrations. 35 The 273 

other studies observed significant changes in blood L/Z/MZ concentrations, but without 274 

significant MPOD change. Heterogeneity in trial design and participant characteristics between 275 
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studies may explain the inconsistences between study results, and inform future study design. 276 

Identified heterogeneity between the studies included the variety of prescribed intervention 277 

foods, L/Z dosage, intervention duration, and differences in participant characteristics such as 278 

age, sex, AMD status, body composition, baseline MPOD and habitual dietary L/Z intake.  279 

 280 

Influence of participant characteristics on macular pigment optical density response 281 

Participant habitual dietary lutein and zeaxanthin intake. 282 

A quantitative value for habitual L/Z dietary intake was reported at baseline in only one of the 283 

ten studies, 28 and measured but not reported in two studies. 31,38 The importance of quantitively 284 

monitoring habitual dietary L/Z intake is highlighted in the study by Scott et al.28 The baseline 285 

intake of the intervention and control group was reported to be 3.0 3.1 mg/day and 2.8  286 

mg/day respectively. 28 Following baseline, a significant MPOD increase from baseline of 17% 287 

was reported at three months in the control group. 28 This MPOD change was not maintained 288 

at six months, but serum L/Z was significantly elevated. Of note, no changes in dietary intake 289 

were reported, and intake was monitored by dietitian-administered interviews for which 290 

question details were not reported. Thus, the potential impact of change to habitual dietary 291 

intake, such as due to seasonal variation in available foods, cannot be quantitatively 292 

determined. The high baseline inter-individual variability also highlights the need for 293 

quantitative measurement of habitual L/Z dietary intake to determine whether the amount of 294 

L/Z prescribed as part of a dietary intervention is a small, moderate or large change relative to 295 

a participant’s habitual intake. In the study by Scott et al.28 the variable baseline dietary L/Z 296 

intake of the intervention group (3.0 3.1 mg/day) meant the prescribed intervention of 0.5 297 

mg/day of L was highly variable in how much it increased participants’ total L/Z intake. 28 298 

Thus, quantitative estimation of habitual L/Z intake is critical to measure over the whole study 299 

duration when considering the high inter-individual variability reported at baseline, the MPOD 300 
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change observed in the control group, and lack of significant MPOD change observed between 301 

the intervention and control group. Furthermore, the lack of continuous quantitative 302 

measurement is a substantial limiting factor when interpreting the MPOD response observed.   303 

 304 

The importance of monitoring habitual dietary L/Z intake over the study duration is 305 

demonstrated again in the cross-over trial from Vishwanathan et al.31 In this study, the three 306 

foods (broccoli, spinach and corn) analysed from 7-day diet diaries performed once during 307 

each study phase contributed 0.3 mg/day of L/Z in each phase. 31 The 0.3 mg/day of L/Z 308 

provided the equivalent of 33% of the phase 1 egg dosage (0.9 mg/day), and 16% of the phase 309 

2 egg dosage (1.88 mg/day). Relative to the intervention L/Z dose prescribed, dietary L/Z 310 

intake from just three foods were measured to contribute a substantial amount of the total L/Z 311 

being consumed by participants. As a factor that may influence MPOD outcomes, measurement 312 

of total habitual L/Z intake, not just from three foods, is therefore critical to consider when 313 

interpreting the MPOD response observed.  314 

 315 

Habitual L/Z dietary intake was not quantitively monitored over the full study duration in any 316 

of the studies. Therefore, it is unclear for the ten studies in this review whether habitual L/Z 317 

dietary intake influenced reported MPOD outcomes. The lack of habitual L/Z intake 318 

monitoring in these studies is a serious limitation and should be considered when interpreting 319 

MPOD outcomes in this review and in future research. To effectively monitor habitual dietary 320 

L/Z intake in future studies, standardisation of the dietary intake tools utilised is needed. Four 321 

of the ten studies in this review did assess habitual intake at one point throughout the study. 322 

28,31,34,38 However, each study utilised different dietary intake tools, and none of these tools had 323 

been specifically validated to monitor dietary L/Z intake. To our knowledge, there are currently 324 
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no dietary intake tools specifically designed to quantitatively monitor habitual dietary L/Z 325 

intake. The development of such a tool is warranted. 326 

 327 

Participant macular pigment optical density. 328 

The variable MPOD response observed in the ten studies reviewed may have also been 329 

influenced by the protocol utilised to measure MPOD, HFP. HFP has been shown to have high 330 

test-retest reliability. However, HFP is a psychophysical measure as it relies on adequate 331 

participant input and understanding of the activity to complete the measure. As such, when 332 

using HFP, the effect of participant practice in measurement completion has been 333 

acknowledged as an important methodological consideration. 42 A minimum of two 334 

measurements of MPOD per session has been recommended to monitor the influence of intra-335 

person variability and ‘practice effect’ associated with performing HFP. 39 Only four of the 336 

studies in this review clearly indicated that participants were familiarised and provided with 337 

education to understand the HFP procedure. 28,32-34 Five of the studies reported using the mean 338 

of three or more repeated MPOD measurements at a single timepoint, 28,30,31,35,36 and one study 339 

reported measuring twice at baseline but did not clearly indicate which value was utilised. 38 340 

Four studies did not clearly indicate that repeat measures were conducted. 29,32-34 Thus, for 341 

these four studies whether the change in reported MPOD values is due to true change or due to 342 

the practice effect cannot be determined. In addition to the practice effect, MPOD values 343 

obtained were difficult to compare between studies due to multiple different HFP machines 344 

and protocols utilised. One study used a Maxwellian view system, 37 two studies used the 345 

QuantifEYE Macular Pigment Screener II 43, and seven studies used the Macular Densitometer 346 

44. These HFP machines and protocols differ in aspects such as degrees of eccentricity 347 

measured from the fovea in the macula, wavelengths of light used for measurement, 348 

accommodation of inter-individual differences in flicker thresholds, and whether an individual 349 
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is looking for a flicker to appear or disappear.45 These differences between HFP methods may 350 

result in different MPOD values measured, and is described in detail in a review of MPOD 351 

techniques by Howells et al.45. Future research utilising HFP would be strengthened through 352 

completion of a minimum two MPOD measures at each time point as standard practice 353 

recommends, and reporting of the within-session variability, such as by coefficient of variation 354 

or similar reliability measures. Alternatively, utilisation of objective MPOD measures in future 355 

research, such as fundus autofluorescence, would remove the influence of the practice effect. 356 

45  357 

 358 

Another factor that may influence MPOD response with increased L/Z intake is participant 359 

baseline MPOD. 24 Lower baseline MPOD has been associated with a greater MPOD response 360 

to L/Z supplementation. 24 In two of the ten studies in this review, the observed absence of 361 

MPOD response was proposed to be due to the high baseline participant MPOD. 29,31 However, 362 

this association of baseline MPOD influencing responsiveness to elevated L/Z/MZ intake does 363 

not appear as convincing in the studies within this review. Participants’ mean baseline MPOD 364 

was above 0.38 ODU in three of six studies reporting statistically significant MPOD 365 

improvements from baseline, and was as high as 0.7 ODU (a study also reporting significant 366 

MPOD increase compared to the control group). 28,33,35 Any attempt to interpret the potential 367 

influence of baseline MPOD on responsiveness to elevated dietary L/Z intake is made more 368 

difficult by the inability to consider the influence of habitual dietary L/Z intake in this 369 

relationship. Without habitual dietary L/Z intake data, it cannot be determined whether baseline 370 

habitual intake is related to the baseline MPOD values and subsequent responses observed. 371 

Further research is needed to investigate the difference in MPOD response in participants with 372 

a baseline MPOD above or below 0.4 ODU when prescribed the same dietary L/Z intervention. 373 

 374 
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Other participant characteristics. 375 

There was heterogeneity in the age, sex, AMD status, and body composition of participants 376 

across the ten studies. Age and sex are not generally considered to be independent determinants 377 

of MPOD status, 43,46 while AMD has been associated with lower MPOD status. 19,21-23 The 378 

heterogeneity in AMD status of participant groups resulted in additional difficulty when 379 

attempting to compare studies to interpret the trends in MPOD outcomes in relation to the 380 

intervention food used, L/Z dose provided, and intervention duration. 381 

 382 

Two of the ten studies suggested that the absence of any statistically significant increase in 383 

MPOD may have occurred due to the higher body fat composition of the study population. 29,31 384 

This suggestion was based on the BMI being 25.0 kg/m2 or greater in these participants. As 385 

L/Z are fat soluble nutrients they can be deposited in adipose tissue, 47 although mechanisms 386 

regulating carotenoid uptake or release from adipose tissue are not well understood. 48 Higher 387 

percentage of body fat has been previously inversely associated with MPOD. 47 However, in 388 

two of the ten studies, participants’ BMI was 25.0 kg/m2 or greater, and yet significant MPOD 389 

improvement was observed 33,36. Intervention group MPOD increased significantly compared 390 

to the control group in one study, 33 and compared to baseline in the other study. 36 Clearly, 391 

BMI is not an accurate measure of body fatness, and as such it is not possible to draw definitive 392 

conclusions regarding the influence of body fat percentage on MPOD response. None of the 393 

ten studies measured body fat percentage, thus future studies may benefit by including robust 394 

measurement of body composition. An additional consideration is the current lack of 395 

understanding surrounding mechanisms regulating carotenoid uptake or release from adipose 396 

tissue. This consideration provides further reason to consistently monitor habitual dietary L/Z 397 

intake and blood L/Z concentrations. These two measures are important as they may be used 398 
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to provide insight into fluctuations in L/Z bioavailability, and influential factors such as diet 399 

and adiposity.  400 

 401 

Lutein and zeaxanthin dietary intervention dosages  402 

It remains unclear how different prescribed L/Z intervention dosages influences MPOD 403 

response. The aforementioned meta-analysis of RCTs by Ma et al.24 reported that MPOD 404 

increased by 0.004 ODU for each additional 1 mg / day in L/Z/MZ supplementation in healthy 405 

individuals. 24 However, this dose dependent relationship was not observed in the six studies 406 

investigating different dietary dosages of L/Z in this review. 29-32,34,36 In the study by Kelly et 407 

al.32, the control group was prescribed no change to diet, and four groups were prescribed a 408 

range of different L/Z dosages (0.26–1.61 mg/day L/Z) from egg. 32 Despite a range of dosages 409 

from a single food source, no statistically significant within or between group differences were 410 

reported over the study duration. 32 Important to note is the difference in dosages between the 411 

dietary intervention trials and supplementation trials. In the meta-analysis of supplementation 412 

trials 15 of the 19 studies in healthy populations provided L/Z/MZ dosages above 10 mg per 413 

day. 24 These dosages are considerably higher than the doses provided by the dietary 414 

intervention studies included in this review (median dose was 0.98 mg/day, range 0.26–17.58 415 

mg/day). Therefore, variation in habitual dietary L/Z intake is likely to exert a greater 416 

confounding influence on the effects observed after dietary modification providing lower 417 

additional doses of L/Z. Measurement habitual dietary intake must be considered in future 418 

investigations.  419 

 420 

Dietary intervention food source  421 

A statistically significant increase in MPOD from baseline was achieved after consumption of 422 

all of the intervention foods. However, only two prescribed interventions reported a significant 423 
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MPOD response compared to the control group, and both were in populations with early AMD 424 

(50 years of age and above). The difference in MPOD between the intervention and control 425 

groups was 8.33% after 52 weeks with a small L/Z dose (1.59 mg/day) consumed with a fat 426 

source, 33 and 15.8% after 12 weeks with a much larger L/Z dose (17.58 mg/day) consumed 427 

without fat respectively. 35 It has been demonstrated that bioavailability is improved with co-428 

consumption with fat. 49 These two studies in individuals with early AMD demonstrate an 429 

MPOD response achieved through prescription of L/Z containing foods with or without fat. 430 

Further studies demonstrating this relationship are needed in healthy individuals.  431 

 432 

Dietary intervention duration 433 

The time course of MPOD response with dietary intervention prescription remains unclear. An 434 

intervention duration of 12 weeks was the minimum length in which a statistically significant 435 

MPOD response was observed. The durations of studies that did not observe a statistically 436 

significant MPOD increase compared to baseline or to the control group were 12 weeks, 29,32 437 

eight weeks, 34 and five weeks. 31 The two studies in populations with AMD observed similar 438 

significant increases in MPOD compared to the control group over different intervention 439 

durations. In the study by Li et al.35 the intervention group had a 16% greater increase over the 440 

12 weeks compared to the control, whilst a 16% greater increase over 52 weeks compared to 441 

control was observed by Van Der Made et al.33 MPOD was measured pre and post intervention 442 

in these two studies. With no interim measures it is not known when MPOD started to respond 443 

throughout the intervention. 444 

 445 

The time course of MPOD response is also unknown in the studies in healthy populations in 446 

this review. Two studies that observed significant MPOD from baseline increases in the 447 

intervention group performed interim measures throughout the intervention. 28,30  448 
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 449 

In the first study with interim measures by Wenzel et al.30, a significant increase from a baseline 450 

mean MPOD of 0.18 ODU was observed by week four for Group 1 (provided 0.28 mg L daily 451 

from egg), and was not significantly different at week eight or 12 compared to week four. 452 

Meanwhile, for Group 2 (provided 0.83 mg L/Z daily from egg) a significant increase from a 453 

baseline mean MPOD of 0.37 ODU was observed at week four and eight, with a further 454 

significant increase compared to week four and eight observed by week 12. 30 Group 1 and 2 455 

were not compared, and baseline MPOD of the groups were significantly different. An increase 456 

in MPOD was observed in as little as four weeks, however further MPOD increase by 12 weeks 457 

was only observed with the higher L/Z dosage. 458 

 459 

The second study with interim measures provided a dose of just 0.5 mg of L daily from avocado 460 

for 26 weeks. 28 In this study, a significant 23% increase from a baseline mean MPOD of 0.39 461 

ODU was observed at 12 weeks, with no further change between 12 and 26 weeks. 28 No further 462 

increase in MPOD despite three more months of daily L intake may be due to what has been 463 

termed as ‘MPOD saturation’. MPOD saturation is the suggestion that MPOD may be 464 

saturable, and that the threshold of saturation may be different between individuals. 50 This has 465 

been demonstrated in a cohort of 172 adults with AMD, mean age 70  10 years, that were 466 

randomized to 3 groups. 50 Sixty subjects were supplemented daily for 12 months with 10 mg 467 

L and 1 mg Z, 66 subjects with 20 mg L and 2 mg Z, and 46 subjects with a placebo. Significant 468 

increase in mean MPOD compared to baseline and placebo was observed in both treatment 469 

groups by one month, and continued to increase until six months. Between six months and 12 470 

months mean MPOD remained elevated but did not significantly increase compared to the 6-471 

month measure. The absence of continued MPOD increase was suggested to be due to MPOD 472 

saturation. 50 Within the studies of this review, a significant MPOD response from baseline was 473 
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been observed in as little as four weeks, and with a dietary intervention L/Z dosage less than 474 

that of the supplementation study 38. Thus, the saturation theory may also have influenced the 475 

lack of MPOD response observed in four of the ten studies in this review. However, the 476 

potential influence of the saturation theory cannot be unpacked further as the studies in this 477 

review did not closely monitor habitual dietary L/Z intake. Measurement of habitual dietary 478 

L/Z intake is necessary to identify participants with regular consumption of L/Z rich foods that 479 

may influence MPOD saturability and the time course of MPOD.  480 

 481 

Conclusion 482 

No clear relationship between dietary L/Z interventions and MPOD response could be 483 

determined in this review. Appraisal of the studies identified that factors limiting the 484 

determination of any relationship include the lack of quantitative monitoring of habitual dietary 485 

L/Z intake over the study duration, and heterogeneity in study design. Heterogeneity in study 486 

design included variety of food source, L/Z dosages administered, intervention duration, 487 

participant characteristics, and inclusion of a control group. Future studies investigating MPOD 488 

response to dietary L/Z interventions should consider the use of a validated dietary intake tool 489 

designed to quantitatively measure dietary L/Z intake over the study duration. 490 
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Table 1. Study interventions and outcomes 654 

Author 

(date) 

[study 

quality] 

Study 

design 

Participant 

characteristics 

Inclusion 

criteria 

Intervention 

(mg L/Z/MZ 

per food serve) 

Mean MPOD 

Blood L/Z/MZ 

response 
Method to 

monitor 

habitual 

dietary 

intake.  

baselin

e (ODU 

± SD) 

Study 

end 

(ODU 

± SD) 

% change 

from 

baseline 

L % 

change 

from 

baseline 

Z % 

change 

from 

baseline 

Treatment food: avocado 

Scott et al. 

(2017) 28 [+] 

RCT, 26 

weeks 

n = 40 (52% 

female), ≥ 50 

years 

Healthy 

G1: 135 g/day 

avocado (0.5 

mg L)  

G1: 

0.39 ± 

0.14 

G1: 

0.49 ± 

0.14 

G1: 26% c  

G1: 26% 

c  

G1: -10%  

Baseline 

semi-

quantitative, 

132-item 

FFQ and 

monthly 

dietitian 

G2: potato (0 

mg L) 

G2: 

0.38 ± 

0.17 

G2 0.42 

±0.15 

G2: 11% 

G2: 15% 

b 

G2: 20% b  
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administered 

interviews.  

Edwards et 

al. (2020) 29 

[+] 

RCT, 12 

weeks 

n = 84 (63% 

female), 25-45 

years 

Healthy, 

BMI ≥ 25 

kg/m2 

G1: 1x 527-

659 calorie 

meal/day with 

avocado (0.56-

0.7 mg L/Z) 

G1: 

0.47 ± 

0.22  

G1: 

0.50 

±0.21  

G1: 6%  

G1: 33% 

b * 

G1:NR  

Not 

monitored. G2: 1x 529-

662 calorie 

meal/day no 

avocado (0.16-

0.21 mg L/Z) 

G2: 

0.47 ± 

0.19 

G2: 

0.49 ± 

0.20 

G2: 5% G2: -7% G2: NR 

Treatment food: egg 

RCT, 12 

weeks 

n = 24 (100% 

female), 24-59 

years 

Healthy, 

BMI ≤ 30 

kg/m2 

G1: 6 

eggs/week 

G1: 

0.18 ± 

0.02 a  

Values 

NR 

G1: c  

G1: 23% 

b  

G1:NR b  

Not 

monitored. 
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Wenzel et 

al. (2006) 30 

[∅] 

(0.20 mg L, 

0.13 mg Z)  

G2: 6 

eggs/week 

(0.60 mg L, 

0.37 mg Z)  

G2: 

0.37 ± 

0.06 a  

G2: b  G2: 26%  G2: NR b  

G3: 1 x sugar 

pill/day (0 mg 

L/Z) 

G3: 

0.29 ± 

0.04 a 

G3 G3: 10% G3: NR 

Vishwanath

an et al. 

(2009) 31 [+] 

Cross-

over trial, 

4 week 

run in, 5 

week 

n = 52 (60% 

female), ≥ 60 

years 

Healthy 

Phase 1: 2 egg 

yolks/day 

(0.44 mg L, 

0.46 mg Z)  

0.49 ± 

0.04 (at 

0.5 ºE) 

Phase 

1: 0.52 

± 0.04 

(at 0.5 

ºE) 

Phase 1: 

6% (at 0.5 

ºE) 

Phase 1: 

16% b 

Phase 1: 

36% c  

7-day diet 

diary once 

per study 

phase (4 

total).  
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intervent

ion, 4 

week 

break, 5 

week 

intervent

ion 

Phase 2, 4 egg 

yolks/day 

(0.96 L, 0.92 

Z) 

Phase 

2: 0.54 

± 0.03 

(at 0.5 

ºE) 

Phase 2 

(10%) (at 

0.5 ºE) 

Phase 2: 

24% c 

Phase 2: 

82% c 

Kelly et al. 

(2014) 32 [+] 

RCT, 12 

weeks 

n = 97 (59% 

female), ≥ 18 

years 

Healthy, 

BMI ≤ 30 

kg/m2 

G1: 1 non-

enriched 

egg/day (0.17 

mg L, 0.9 mg 

Z)  

G1: 

0.31 ± 

0.14  

G1: 

0.35 ± 

0.22  

G1: 13%    G1: 9%  G1: 64%  

Not 

monitored. 

G2: 1 L 

enriched egg 

yolk in 

buttermilk 

G2: 

0.38 ± 

0.12  

G2: 

0.32 ± 

0.16   

G2: -16%  

G2: 78% 

c *   

G2: 93%   
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drink (0.97 mg 

L, 0.34 mg Z)  

G3: 1 L 

enriched 

egg/day (0.92 

mg L, 0.14 mg 

Z)  

G3: 

0.32 ± 

0.12  

G3: 

0.36 ± 

0.16 

G3: 13% 

G3: 60% 

a c *  

G3: 92%  

G4: 1 Z 

enriched 

egg/day (0.17 

mg L, 0.49 mg 

Z)  

G4: 

0.35 ± 

0.14  

G4: 

0.36 ± 

0.21  

G4: 2% G4: 14% 

G4: 337% 

c * 

G5: nil change 

to diet  

G5: 

0.34 ± 

0.15 

G5: 

0.35 ± 

0.17 

G5: 3% G5: -2% G5: 47%  
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Van der 

Made et al. 

(2016) 33 [+] 

Double-

blind 

RCT, 52 

weeks 

n = 101 (67% 

female), ≥ 50 

years 

Early 

AMD, 

visual 

acuity 

>0.5 

G1: 1.5 L 

enriched egg 

yolk in 

buttermilk 

drink (1.38 mg 

L, 0.21 mg Z)  

G1: 

0.45 ± 

0.14  

G1: 

0.52 

G1: 16% c 

*  

G1: 94% 

c  

G1: NR b 

Not 

monitored. 

G2: buttermilk 

drink no egg 

yolks (0 mg 

L/Z) 

G2: 

0.46 ± 

0.16 

 G2: 

0.48 

(SD 

NR) 

G2: 4% G2: NR  G2: NR  

Kelly et al. 

(2017) 34 [∅] 

Placebo 

controlle

d trial, 8 

weeks 

n = 50 (38% 

female), 18-65 

years 

Healthy 

G1: 1 L, Z, and 

MZ enriched 

egg/day 

(values NR)  

G1: 

0.45 ± 

0.20  

G1: 

0.41 ± 

0.21  

G1: -9%  

G1 126% 

c * 

G1: 68% c  

Dietary 

Screening 

Tool at 

baseline. 
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G2: 1 non-

enriched 

egg/day 

(values NR) 

G2: 

0.41 ± 

0.17 (at 

0.5 ºE) 

G2: 

0.44 ± 

0.20 (at 

0.5 ºE) 

G2: 7% (at 

0.5 ºE) 

 G2: 31% 

b  

G2: 41% b 

MZ not 

detected at 

baseline 

for G1 or 

G2, and 

detected at 

0.084 

µmol/L 

for G1 

only by 

week 8 c *  

Treatment food: goji berries 
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Li et al. 

(2018) 35 [+] 

RCT, 12 

weeks 

n = 114 (70% 

female), 51-92 

years 

Early 

AMD 

G1: 25g/day 

goji berries 

(2.5 mg L, 

15.08 mg Z)  

G1: 

0.73 ± 

0.21  

G1: 

0.88 ± 

0.20  

G1: 21% c 

* 

G1: 2%  

G1: 248% 

c * 
Not 

monitored. 

G2: nil change 

to diet 

G2: 

0.72 ± 

0.19 

G2: 

0.76 ± 

0.19 

 G2: 6% G2: NR G2: 7% 

Treatment food: spinach 

Kopsell et 

al. (2006) 36 

[+] 

RCT, 12 

weeks 

n = 30 (70% 

female), 21-60 

years 

Healthy 

G1: 50 g high 

L variety 

spinach 5 

days/week 

(6.05 mg L)  

G1: 

0.34 ± 

0.04  

G1: 

0.34 ± 

0.04  

G1: 9% b  

G1: 49% 

b 

G1: 36% 

Not 

monitored. 
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G2: 50 g lower 

L variety 

spinach 5 

days/week 

(4.2 mg L)  

G2: 

0.35 ± 

0.04  

G2: 

0.35 ± 

0.04  

G2: 0%  

G2: 28% 

b 

G2: -36% 

G3: nil change 

to diet 

G3: 

0.31 ± 

0.04 

G3: 

0.31 ± 

0.04 

G3: 0% G3: 5% G3: -11% 

Treatment food: spinach and corn 

Hammond 

et al. (1997) 

38 [∅] 

Open 

label 

intervent

ion trial, 

14 weeks 

n = 10 (69% 

female), 30-65 

years 

Healthy 

G1: 60 g 

spinach/day, 

150 g corn/day 

(11.2 mg L, 

0.6 mg Z) 

Values NR G1: b G1: NR b G1: NR 

Healthy 

Habits and 

History 

Questionnair

e at baseline 
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Study quality assessed by ANDQCC for primary research: (+) relevant and valid study, low risk of bias; (∅), relevant study, moderate or unclear 655 

validity and risk of bias 27. a significant difference between groups at baseline p < 0.05, b significant MPOD increase from baseline p <0.05, C p ≤ 656 

0.001, * significant MPOD change versus control group p < 0.05. Abbreviations: AMD, age-related macular degeneration; BMI, body mass index; 657 

°E, degrees eccentricity from macular centre; G, group; L, lutein; MPOD, macular pigment optical density; n= number of participants; NR, not 658 

reported; ODU, optical density units; %, percentage; SD, standard deviation; Z, zeaxanthin. 659 

 660 


