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Abstract

Objective—To examine whether slowed rod-mediated dark adaptation in adults in normal 

macular health at baseline is associated with the incidence of age-related macular degeneration 

(AMD) three years later.

Design—Prospective cohort

Participants—Adults ≥ 60 years old were recruited from primary care ophthalmology clinics. 

Both eyes were required to be step 1 (normal) on the AREDS 9-step AMD classification system 

based on color fundus photographs graded by experienced and masked evaluators.

Methods—Rod-mediated dark adaptation was assessed at baseline in one eye following a 

photobleach using a computerized dark adaptometer with targets centered at 5° on the inferior 

vertical meridian. Speed of dark adaptation was characterized by the rod-intercept value, with 

abnormal dark adaptation defined as rod-intercept ≥ 12.3 minutes. Demographic characteristics, 

best-corrected visual acuity, and smoking status were also assessed. Log-binomial regression was 

used to calculate unadjusted and adjusted risk ratios (RRs) and associated 95% confidence 

intervals (CIs) for the association between baseline dark adaptation and incident AMD.

Main Outcome Measure—AMD presence at the three-year follow-up visit for the eye tested 

for dark adaptation at baseline.

Results—Both baseline and follow-up visits were completed by 325 persons (mean age 67.8 

years). At baseline 263 participants had normal dark adaptation with mean rod intercept of 9.1 (SD 

1.5), and 62 had abnormal dark adaptation with mean rod intercept of 15.1 (SD 4.0). After 

adjustment for age and smoking, those with abnormal dark adaptation in the tested eye at baseline 
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were almost 2 times more likely to have AMD in that eye (RR 1.92, 95% CI 1.03-3.62) by the 

time of the follow-up visit, as compared to those who had normal dark adaptation at baseline.

Conclusions—Delayed rod-mediated dark adaptation in older adults in normal macular health is 

associated with incident early AMD three years later, and thus is a functional biomarker for early 

disease. The biological relevance of this test is high, because it assesses translocation of vitamin A 

derivatives across the retinal pigment epithelium and Bruch's membrane, two tissues with 

prominent age- and AMD-related pathology.

When compared to older adults in normal macular health, persons in the early phases of age-

related macular degeneration (AMD) have delayed rod-mediated dark adaptation, i.e., a 

slowing in the recovery of light sensitivity by rod photoreceptors following exposure to a 

bright light.1-5 Although visual acuity remains very good in early disease, patients with 

AMD cite problems with vision under low light levels or at night that are correlated with the 

depth of their dark adaptation delays.1, 6-8

Increasing evidence supports the biological plausibility that rod-mediated dark adaptation is 

a functional marker of AMD. Metabolic exchange between the choroid and photoreceptors 

in early AMD eyes may be hampered in part by depositions rich in hydrophobic lipids in 

Bruch's membrane and in the sub-retinal pigment epithelium (RPE) space.9, 10 These 

depositions create a diffusion barrier that impedes translocation of plasma lipoproteins 

delivering lipophilic essentials such as vitamin A for rapid outer retinal uptake and 

distribution.11, 12 The ramifications of these changes for night vision are important. Vitamin 

A deficiency reduces the amount of 11-cis-retinal (a derivative of vitamin A) available to 

combine with the protein opsin for form the visual pigment rhodopsin. This results in slowed 

regeneration of rhodopsin after photopigment bleaching and thus a slowed recovery of light 

sensitivity.13 This nutritional barrier will have greater impact on rods and rod-mediated 

visual function than on cones. Unlike rods that derive vitamin A preferentially from the RPE 

and choroidal vasculature, cones have alternative sources of vitamin A through the retinal 

vasculature, Mueller cells, and retinoid targeting mechanisms that are selective for 

cones.14, 15 In addition, persons with early AMD exhibit deficits in rod-mediated vision that 

are more severe than cone-mediated deficits measured in the same retinal areas.3, 16-18 We 

previously showed that the rate of rod-mediated dark adaptation in older adults with normal 

retinal health or AMD accelerated after a 30-day course of high-dose retinol, whereas cone-

mediated dark adaptation was unaffected.7 These findings support a nutritional barrier/

retinoid deficiency hypothesis.1, 19

Results from prior cross-sectional studies motivate a more definitive test through 

longitudinal studies. Does rod-mediated dark adaptation impairment appear before AMD is 

clinically visible in color fundus photos? We previously demonstrated that 22% of older 

adults with a normal macular appearance have significantly longer rod-mediated dark 

adaptation than their age-mates.20, 21 Could this delay serve as a marker for incipient AMD, 

i.e., disease that is funduscopically invisible to the clinician? This hypothesis is attractive, 

because age-related rod loss in the macula 22 is tightly centered around the fovea, where soft 

drusen and basal linear deposit preferentially accumulate in aging and early AMD.23, 24 

Here we report the results of the Alabama Study on Early Age-Related Macular 
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Degeneration (ALSTAR),21 a prospective cohort study specifically designed to determine if 

slowed rod-mediated dark adaptation in adults in normal macular health at baseline is 

associated with the incident development of AMD three years later.

Methods

The Institutional Review Board at the University of Alabama at Birmingham (UAB) 

approved the study. Participants were recruited from two primary eye care practices at the 

Callahan Eye Hospital at UAB, Birmingham, Alabama. Eligibility criteria at baseline were 

as follows: (1) age ≥ 60 years old; (2) normal macular health in both eyes as determined by 

3-field digital stereo-fundus photos (450 Plus camera, Carl Zeiss Meditec, Dublin CA) 

graded by an experienced grader masked to study variables. The 9-step Age-related Eye 

Disease Classification system was used to establish disease presence and severity.25 

Enrollment required a grade of 1 in each eye, indicating normal macular health. (3) Absence 

of diagnoses for glaucoma, other retinal conditions, optic nerve conditions, corneal disease, 

diabetes, Alzheimer's disease, Parkinson's disease, brain injury, or other neurological or 

psychiatric conditions as revealed by the medical record or by self-report. (4) Does not 

reside in a nursing home; (5) availability for both the baseline visit and three-year follow-up 

visit. Enrollment proceeded from June 2, 2009 to December 15, 2011.

The baseline visit took place at the Clinical Research Unit of the Callahan Eye Hospital at 

UAB. After consent was obtained, best-corrected visual acuity for each eye was assessed 

using the Electronic Visual acuity tester and expressed as the logarithm of the minimum 

angle resolvable (logMAR). Rod-mediated dark adaptation was measured in one eye only. 

The eye with better acuity was selected for testing. Dark adaptation was measured 

psychophysically using the AdaptDx (MacuLogix, Hummelstown, PA), a computer-

automated dark adaptometer described previously.2621 Before testing, the eye was dilated 

with 1% tropicamide and 2.5% phenylephrine hydrochloride to achieve a pupil diameter of 

≥ 6 mm. Trial lenses were added for the 30 cm viewing distance if needed to correct for 

optical blur. An opaque patch occluded the fellow eye during testing. The participant's head 

was positioned in the forehead-chinrest of the adaptometer. An infrared camera behind the 

fixation light displayed the eye on a monitor viewed by the examiner, who facilitated the 

positioning of the participant's test eye with respect to the red fixation light using a reticule 

displayed on the eye's image. The procedure began with a photo-bleach exposure to a flash 

(0.25 ms duration, 58,000 scotopic cd/m2 s intensity; equivalent ~83% bleach) while the 

participant was focused on the fixation light. This bleaching light is sufficiently intense to 

generate detectably impaired dark adaptation in early AMD patients with a test protocol of 

20-minutes duration.26 The flash subtended 4° and was centered at 5° on the inferior vertical 

meridian (i.e., superior to the fovea on the retina). This position was also used for the test 

target for measuring light sensitivity. Threshold measurement for a 2° diameter, 500-nm 

circular target began 15 seconds after the bleaching flash. The participant was instructed to 

maintain fixation on the red fixation light and to press a response button when a flashing 

target first became visible within the bleached area. Threshold was estimated using a three-

down/one-up modified staircase estimate procedure26 and continued at 30-second intervals 

for 20 minutes. Log thresholds were expressed as sensitivity (reciprocal of threshold) in 

decibel (dB) units as a function of time from bleach offset.
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The speed of dark adaptation was characterized by the rod intercept value. The rod intercept 

is defined as the duration required for sensitivity to recover to a criterion sensitivity value of 

5.0 × 10−3 scotopic cd/m2 (3.0 log units of attenuation of the stimulus).26 The criterion 

sensitivity level is located in the latter half of the second component of rod recovery.13 An 

increase in the rod intercept is caused by a slowing of the second component of rod-

mediated dark adaptation and, thus, a rightward shift of the dark adaptation function. 

Abnormal dark adaptation was defined as a rod-intercept of ≥ 12.3 minutes.26

Three years after participants’ baseline visit they returned for a follow-up visit where 3-field 

digital stereo-fundus photography was repeated on both eyes. Graders implemented the 

same AREDS 9-step classification system25 used at baseline. Graders were masked to all 

study variables from baseline and follow-up.

Statistical Analysis: T- and chi-square tests were used to compare participants with normal 

and abnormal dark adaptation; Fisher's exact test was used when appropriate. Log-binomial 

regression was used to calculate unadjusted and adjusted risk ratios (RRs) and associated 

95% confidence intervals (CIs) for the association between baseline dark adaptation and 

incident AMD. Differences in baseline and three-year follow-up rod-intercept among 

patients who had normal and abnormal dark adaptation at baseline were compared using 

paired t-tests; comparing these differences between groups was accomplished using analysis 

of covariance. This approach was also used for comparing rod intercept changes with 

respect to AMD status at three-year follow-up. P-values of <0.05 (two-sided) were 

considered statistically significant.

Results

At baseline 390 persons participated in both fundus photography and dark adaptation testing. 

Of the baseline enrollees, 61 persons were lost at follow-up (15.6% of sample); the reasons 

were illness (22), no longer interested (19), unable to contact (7), deceased (6); worked full-

time (4), moved away (3) and incomplete data at follow-up (4). Thus the final analysis 

sample was 325 persons who completed both baseline and follow-up visits. Those lost at 

follow-up were on average 2 years older (p = 0.021) and more likely to be a current or 

former smoker (p = 0.056) than those in the analysis sample.

The mean age of the sample at baseline was 67.8 years and ranged in age from 60 to 86 

years, with the vast majority of participants (> 96%) white of non-Hispanic origin (Table 1). 

Participants with abnormal dark adaptation were on average four years older than those with 

normal dark adaptation. Women were slightly more likely to have abnormal dark adaptation 

than men. Current or former smokers were no more likely to have abnormal dark adaptation 

than were non-smokers. At baseline, visual acuity in the tested eye averaged better than 

20/20 regardless of dark adaptation status and ranged from -0.26 to 0.36 logMAR; 83.6% of 

participants had better than 20/25 acuity in the tested eye. Mean rod intercept for the total 

sample was 10.2 minutes (SD 3.2). There were 263 participants with normal rod-intercepts 

and 62 participants with abnormal rod-intercepts in the eye tested for dark adaptation. Mean 

rod intercept was 9.1 minutes (SD 1.5) for those with normal dark adaptation and 15.1 

minutes (SD 4.0) for those with abnormal dark adaptation.
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At baseline 27.7% of the eyes tested for dark adaptation were pseudophakic with the 

remaining 72.3% being phakic. Those with pseudophakia were more likely to have 

abnormal dark adaptation (28.9%) than those who were phakic (15.3%), p=0.0053, however 

those with pseudophakia were on average older, and after age adjustment, the association 

disappeared (p =0 .45).

Table 2 shows the associations between abnormal dark adaptation at baseline and incident 

AMD three years later. After age adjustment, older adults in normal macular health with 

abnormal dark adaptation in the tested eye at baseline were almost 2 times more likely to 

have AMD in the tested eye (RR 1.99, 95% CI 1.05-3.78) by the time of the follow-up visit, 

as compared to those who had normal dark adaptation at baseline. They also were almost 2 

times more likely to have AMD in either eye at the follow up visit (RR 1.80,95% CI 

1.06-3.04). After further adjustment for smoking status, these associations were similar and 

remained statistically significant. Although similar elevated RRs were observed for incident 

AMD in the fellow eye or in both eyes, these findings did not reach statistical significance. 

Figure 1 shows fundus photographs and dark adaptation functions from two participants 

with normal macular health at baseline. One has normal dark adaptation at baseline and 

normal macular health at the three-year follow-up. The other has abnormal dark adaptation 

at baseline and early AMD at the three-year follow-up.

The rod-intercept increased by 1 minute on average at the three-year follow-up for those 

with normal dark adaptation at baseline (p < 0.001) and by 0.84 minute on average in those 

with abnormal dark adaptation at baseline (p = 0.07) (Table 3). Although these increases are 

very similar, the rod-intercept increase over three years was significantly larger in those with 

normal dark adaptation at baseline compared to those with abnormal dark adaptation at 

baseline. Table 3 also shows that the rod-intercept significantly increased from baseline to 

follow-up for those who were in normal macula health at follow-up ( p < 0.001), and also for 

those with AMD at follow-up (p < 0.001). The rod-intercept increase from baseline to 

follow-up is larger for those who have incident AMD at follow-up as compared to those in 

normal macular health at follow-up (p = 0.001).

The severity of AMD found in the 39 eyes tested for dark adaptation at baseline that 

converted to AMD at follow-up is shown in Table 4. Those eyes with abnormal dark 

adaptation at baseline were more likely to have more severe levels of AMD three years later 

as compared to those with normal dark adaptation at baseline (p = 0.024). Those eyes that 

progressed to incident AMD above grade 3 were limited to those eyes that had abnormal 

dark adaptation at baseline.

Although the purpose of this study was not to evaluate the sensitivity and specificity of the 

rod-intercept as a screening test for incident AMD in those in normal macular health at 

baseline, we used the data to compute sensitivity and specificity, which were 33.3% and 

82.8%, respectively.

Owsley et al. Page 5

Ophthalmology. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Older adults in normal macular health were almost twice as likely to develop early AMD 

three years later if they had abnormal rod-mediated dark adaptation at baseline. To our 

knowledge this is the first study to demonstrate this relationship. Currently there are no 

useful functional endpoint measures available for trials evaluating strategies for AMD 

prevention or interventions to arrest its progression at early stages. Visual acuity is the 

accepted, standard endpoint for preventing or slowing exudative AMD, yet acuity is largely 

undisturbed during early disease. Thus one practical importance of our results is that that 

rod-mediated dark adaptation testing now has demonstrated potential as a functional 

endpoint for evaluating treatments to prevent early AMD. As pointed out in the introduction, 

dark adaptation has strong biological plausibility in terms of retinal aging and AMD 

pathogenesis. Future work should focus on understanding the natural history of dark 

adaptation changes during aging and AMD, especially in terms of how it may relate to other 

disease biomarkers. Our work suggests that rod-mediated dark adaptation may be a useful 

functional assessment for identifying persons who have higher AMD risk, which might 

make them better candidates for enrollment in clinical trials targeting AMD prevention. Our 

study does not suggest that the dark adaptation protocol we utilized is a suitable screening 

test for early AMD, i.e., it does not with high sensitivity identify patients who will develop 

AMD nor does it with high specificity rule out those who will not.

Previous prospective research has examined functional endpoint alternatives to visual acuity 

for AMD; however these studies focused on endpoints predictive of progression to late 

AMD, not on functional endpoints for incident early AMD. A drop in visual acuity under 

mesopic conditions (called the low luminance deficit) is associated with an increased risk for 

visual acuity loss in geographic atrophy (GA)27 and progression to GA.28 Flicker sensitivity 

is decreased in eyes that eventually develop GA or choroidal neovascularization.29 However 

the efficacy of low luminance deficit and flicker sensitivity as markers for early disease 

onset or progression has not been established.

Rod-mediated dark adaptation as a bioassay of RPE-Bruch's membrane health with potential 

as a functional biomarker for incident AMD risk was proposed by our group in 2000,19 and 

is supported by ample biological evidence since then. Our original impetus was evidence 

that (1) rods were more vulnerable than cones in maculas of aged normal and AMD 

eyes 22, 30, (2) rod-mediated sensitivity impairment was common, increasingly worse with 

age, and more severe than cone-mediated impairment in aging and AMD, 16, 20, 31, (3) 

retinoid supply governs the speed of dark adaptation 32; and 4) Bruch's membrane 

lipidization could impair transport between choriocapillaris and outer retinal cells 33, 34, 

impacting delivery of retinoids. Current evidence indicates that: 1) macular rods are 

vulnerable and cones resistant in late as well as early AMD.35; 2) slowed rod-mediated dark 

adaptation is a highly established finding in aging and AMD.2-4, 7, 21, 36-39; 3) a Müller cell-

based visual cycle that can sustain cone function and account for cone resistance 

independent of RPE-Bruch's membrane is well established. 14, 40 4) RPE-secreted 

lipoprotein particles in a dietary lipid recycling system are retained in Bruch's membrane by 

aging changes in extracellular matrix, thus providing a testable molecular basis for a 

previously unknown and striking feature of aging human eyes. 10, 41 Thus the biological 
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rationale for using rod-mediated dark adaptation as a functional assay to elucidate early 

AMD incidence, progression, and phenotypic variation is very strong.

One factor not considered in our initial hypothesis was a layer of extracellular lesions 

between the photoreceptors and the RPE, now known as subretinal drusenoid deposit 

(SDD). SDD is the leading histological candidate for reticular pseudodrusen, a 

biomicroscopic sign found in many AMD eyes.42, 43 SDD is a major independent risk factor 

for AMD progression distinct from drusen.44, 45 Histology and adaptive optics assisted 

imaging together show a stage-specific effect of these lesions on photoreceptor 

structure,46, 47 with greater impact on photoreceptor viability and function, including dark 

adaptation, than drusen.23, 43, 47-50 The degree to which SDD impaired dark adaptation and 

other visual functions in studies prior to this discovery, including our own, is not known. 

The differential significance of SDD and drusen for photoreceptor function is a priority in 

our future research.

Our demonstrating an association between abnormal dark adaptation in eyes with normal 

macular health and incident AMD may have ramifications for how the results of trials for 

drugs designed to slow the visual cycle (visual cycle modulators) will be interpreted and 

applied in clinical practice. Antagonists of serum retinol binding protein and inhibitors of 

the isomerohydrolase RPE65 are under investigation in atrophic AMD5152 The treatment 

objective of these agents is reduction of RPE lipofuscin (i.e., long-lasting inclusion bodies of 

lysosomal origin) and concomitant enhancement of RPE survival. The rationale derives 

from clinical imaging showing hyperautofluorescence surrounding geographic atrophy, 

attributed to high intracellular concentration of lipofuscin, and cell culture studies 

suggesting that exposure to bisretinoid components of lipofuscin is deleterious.5152 Recent 

longitudinal clinical imaging and human eye pathology studies have provided for the first 

time a subcellular basis for fundus autofluorescence imaging while simultaneously 

questioning lipofuscin and its components as causative agents in AMD pathogenesis.53-57 Of 

relevance to our current data is that visual cycle modulators have persistent side effects, 

including dyschromatopsia and importantly, slowed dark adaptation.51, 58 Slowing of dark 

adaptation in treatment trials51, 58 may mask AMD natural history or actually exacerbate 

symptoms in individual patients. Thus our data bring important new information to the 

interpretation of these upcoming trial results.

Strengths of the study include the recruitment of a large sample of older adults in normal 

macular health at baseline making it possible to study three-year incidence for the very 

earliest phases of AMD. We selected a functional test for evaluation that has high biological 

plausibility with underlying mechanisms of early AMD pathogenesis. The dark adaptation 

protocol implemented in this study has been successfully used in previous studies21, 37, 50 

and is valid and reliable.26 Delayed rod-mediated dark adaptation is associated with patient-

reported night vision problems, thus bolstering its patient-centered relevance.1, 6, 7 Study 

limitations must also be acknowledged. Approximately 16% of the sample was lost to 

follow-up despite retention efforts, which reduces statistical power, yet we were still able to 

establish an association between dark adaptation and incident AMD. The dark adaptation 

protocol lasted 20 minutes which is long for a clinically practical functional test, yet ongoing 

research focuses on test strategies to abbreviate the protocol while retaining its essential 
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measurement properties.39 To what extent rod-mediated dark adaptation is useful for 

studying disease progression in later stages of AMD remains to be determined. Although 

other imaging modalities besides color fundus photography (e.g., spectral domain optical 

coherence tomography (SD-OCT), autofluorescence) were not included here as methods for 

defining alternative study outcomes, our future work will explore what these imaging 

modalities reveal about the transition from aging to early AMD, including their relationship 

to rod-mediated dark adaptation, SDD, and choroidal thinning.

To conclude, older adults in normal macular health who have abnormal rod-mediated dark 

adaptation are two times more likely to develop incident early AMD three years later. 

Slowed dark adaptation is a functional marker for increased AMD risk even when the 

fundus looks clinically normal by color photography. Abnormal dark adaptation in these 

older adults is consistent with what is known about the basic biology of AMD. Questions 

remaining to be addressed in future research include the natural history of rod-mediated dark 

adaptation in aging and AMD, whether dark adaptation delays are exacerbated in certain 

AMD phenotypes, and dark adaptometry's potential usefulness as a functional outcome 

measure in interventions to prevent AMD or slow its early progression.
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Figure 1. 
Row A: Participant (#116) showing normal dark adaptation with a rod intercept of 8.8 

minutes at baseline (left panel); normal macular health at baseline (middle panel); and 

normal macular health (right panel) at the three-year follow-up. Row B: Participant (#436) 

showing abnormal dark adaptation at baseline (left panel); dark adaptation was still 

incomplete at 20 minutes, with a rod intercept of 24.5 minutes, nearly 4 times worse than 

#116; normal macular health at baseline (middle panel), and early AMD at the three-year 

follow-up. Inset magnifies drusen shown at arrowheads on this eye.
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