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Abstract

Previous studies reported that characteristic lens opacities were present in Alzheimer Disease 

(AD) patients postmortem. We therefore determined whether cataract grade or lens opacity is 

related to the risk of Alzheimer dementia in participants who have biomarkers that predict a high 

risk of developing the disease. AD biomarker status was determined by positron emission 

tomography-Pittsburgh compound B (PET-PiB) imaging and cerebrospinal fluid (CSF) levels of 

Aβ42. Cognitively normal participants with a clinical dementia rating of zero (CDR=0; N=40) or 

with slight evidence of dementia (CDR=0.5; N=2) were recruited from longitudinal studies of 

memory and aging at the Washington University Knight Alzheimer's Disease Research Center. 

The age, sex, race, cataract type and cataract grade of all participants were recorded and an 

objective measure of lens light scattering was obtained for each eye using a Scheimpflug camera. 

Twenty-seven participants had no biomarkers of Alzheimer dementia and were CDR=0. Fifteen 

participants had biomarkers indicating increased risk of AD, two of which were CDR=0.5. 

Participants who were biomarker positive were older than those who were biomarker negative. 

Biomarker positive participants had more advanced cataracts and increased cortical light 

scattering, none of which reached statistical significance after adjustment for age. We conclude 

that cataract grade or lens opacity is unlikely to provide a non-invasive measure of the risk of 

developing Alzheimer dementia. Key Words: Lens opacity, cataract, Scheimpflug imaging, 

Alzheimer disease biomarkers, preclinical Alzheimer disease
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INTRODUCTION

Alzheimer disease (AD) is a progressive neurodegenerative disease characterized by the 

deposition of extracellular amyloid-β (Aβ) peptides and intracellular tau protein aggregates 

or neurofibrillary tangles. Beta amyloid is derived by proteolytic cleavage of the β-amyloid 

precursor protein (β-APP) with peptides ranging from 39–43 amino acid residues. Aβ has 

been shown at low physiologic concentrations to be neuroprotective through 

vasoconstrictive effects that decrease oxygen demand and facilitate cell membrane function 

(Suo et al., 1998). However, it is believed that accumulation of Aβ aggregates results in 

synaptic damage and neuronal cell death.

The human lens also undergoes degenerative changes with deposition of insoluble proteins 

during the formation of cataracts. Studies have shown that β-APP and Aβ are present in 

oxidative stress-induced cataracts in cultured animal lenses (Frederikse et al., 1996b). These 

findings motivated research to identify changes in lens morphology as a diagnostic marker 

for AD. In an analysis of lenses from nine participants who died with Alzheimer dementia, 

Goldstein et al. identified lens opacities and Aβ in a supranuclear distribution using slit lamp 

photomicroscopy, mass spectrometry, and immunohistochemical analysis (Goldstein et al., 

2003). A follow-up study using similar techniques confirmed the presence of Aβ in 

postmortem lenses from Down’s Syndrome patients, in whom a third copy of chromosome 

21 coding for β-APP often results in early-onset AD (Moncaster et al., 2010). In contrast, 

other studies did not detect supranuclear cataracts or Aβ deposits in lenses from clinically- 

and neuro-pathologically-confirmed AD participants (Ho et al., 2014; Michael et al., 2014; 

Michael et al., 2013).

Cataract type and location and the degree of opacification can be detected relatively easily 

using non-invasive techniques, suggesting that changes in the eye could be used as a 

screening tool to predict the future development of AD dementia or as a surrogate marker to 

monitor participants with existing disease. This study is unique in its use of a well-

characterized living cohort of participants who have been risk stratified for development of 

AD dementia but who are non-symptomatic or demonstrate very mild cognitive impairment.

The supranuclear cataracts observed by Goldstein et al. are noteworthy because, if they 

occurred due to increased protein aggregation, the proteins involved must have been 

synthesized many years before death. The human lens grows at a linear rate from soon after 

birth until death and proteins are only synthesized in the most superficial cortical fiber cells 

(Augusteyn, 2007; Bassnett, 1997; Bassnett, 2002). The adult lens nucleus is comprised of 

the lens fiber cells that were present at the time of birth. This means that proteins in 

supranuclear (deep cortical) cataracts must have been synthesized in childhood or 

adolescence. If cataracts in this region were caused by protein aggregation, it is likely that 

increased protein aggregation would also be detectable in more superficial cortical fiber 

cells. The possibility of detecting cortical opacities and increased light scattering from 

protein aggregation in the lens cortex in pre-clinical AD provided the rationale for the 

present study.
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PARTICIPANTS AND METHODS

This study adhered to the tenets of the Declaration of Helsinki and was approved by the 

institutional review board at Washington University in Saint Louis School of Medicine and 

the University’s Human Research Protection Office. Participants and their informants, 

individuals who know the participant well, provided informed consent. Participants were 

recruited by the Charles F. and Joanne Knight Alzheimer Disease Research Center of the 

Department of Neurology of Washington University in Saint Louis School of Medicine.

Risk-Stratification for Development of Alzheimer Dementia

All participants enrolled in this study had 1) completed PET-PiB imaging and had 

cerebrospinal fluid analysis within 1 year of participation and 2) had at least 1 

neuropsychiatric assessment after their baseline assessment and 3) were aged 45 years or 

older. Participants were risk stratified for development of AD dementia based upon well-

established biomarkers for brain Aβ plaque deposition and incipient Alzheimer dementia 

through 1) cerebrospinal fluids (CSF) analysis of Aβ42 levels and 2) positron emission 

tomography (PET) fibrillar Aβ binding potential. Low concentrations of CSF Aβ42 levels 

have been shown to have high correlation to progression to cognitive impairment in AD and 

presence of Aβ in neuropathology at autopsy (Blennow and Hampel, 2003; Hansson et al., 

2006; Strozyk et al., 2003). Amyloid PET imaging measures binding potential of [11C] 

Pittsburgh compound B (PiB), a modified thioflavin dye for in vivo amyloid imaging, which 

is injected intravenously during a 60-minute dynamic PET scan. Regions of interest curves 

(ROIs) were created for regional specific time-activity curves and the slope of each curve 

reflected PiB binding (Further details can be viewed in (Roe et al., 2013)). Elevated levels of 

PiB binding have been related to the progression to clinical AD dementia (Morris et al., 

2009). Nearly 100% concordance has been demonstrated between those with abnormally 

low CSF Aβ42 levels and elevated PiB amyloid imaging in participants who have received 

both tests (Shaw et al., 2009). All participants also underwent annual clinical 

neuropsychiatric evaluation through semistructured interviews with the participant and 

separately with a familiar informant. After assessment, including health history, depression 

inventory, mini-mental state exam, and a neurological exam, clinician judgment was 

operationalized through assignment of a clinical dementia rating (CDR) ranging from 0, 0.5, 

1, 2 and 3, corresponding to no dementia (cognitively normal), very mild, mild, moderate 

and severe dementia, respectively. A CDR ≥0.5 indicates clinically significant cognitive 

impairment and is based on evidence of onset and progression of memory and other 

cognitive difficulties that represent a change from the participant’s previous exam. The use 

of the CDR has been demonstrated to be reliable (Burke et al., 1988).

Comparisons were made between individuals who were biomarker positive for Alzheimer 

disease, who were at highest risk for subsequent development of AD dementia, and those 

who were biomarker negative and therefore at lowest risk of developing AD. Individuals 

who were AD biomarker positive had CSF Aβ42 <400 pg/ml, and/or PET Aβ fibrillar 

imaging mean cortical binding potential >0.18 and/or CDR = 0.5. Individuals who were AD 

biomarker negative had CSF Aβ42 >400 pg/ml, PET Aβ fibrillar imaging mean cortical 

binding potential <0.18 and CDR = 0. The presence of these amyloid CSF and PET imaging 
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cut-offs have been well-established in the neurology literature to confer greater risk for 

developing cognitive impairment (Mattsson et al., 2009; Roe et al., 2013; Tarawneh et al., 

2011). The presence of these biomarkers therefore designates a preclinical stage of AD in an 

otherwise cognitively normal individual.

Clinical Exam, Anterior Segment Imaging and Scheimpflug Analysis

Participants received a comprehensive neuro-ophthalmologic evaluation by researchers 

masked to the individual’s AD biomarker status. Participant’s irises were pharmacologically 

dilated and research clinicians carefully examined the cataract morphology at the slit lamp 

using the LOCS III scoring system. A LOCS III score of two or greater was considered to be 

a cataract. Cross-sectional and retroillumination images of each lens were captured using a 

Nidek EAS-1000 Scheimpflug anterior segment camera (Nidek Co., Ltd., Aichi, Japan). 

Scheimpflug photography provides in-focus images from the anterior corneal surface to the 

posterior surface of the lens to objectively measure the light scattering properties of the lens 

(Wegener and Laser-Junga, 2009). Use of the Scheimpflug system allows quantification of 

the extent of lens opacification through densitometric analysis that measures backward light 

scattering intensity. A standardized orientation in which the slit beam passed through the 

center of the lens nucleus, with a standard illumination aperture, slit lamp wedge and flash 

intensity were used for each image. All lens images were taken at the same settings: slit 

beam length 10 mm, flash power 150 watt-second and at a standard angle from the temporal 

side of each eye. Retroillumination images were taken with one image focused on the 

anterior cortical layers to best detect cortical cataracts and another focused on the posterior 

cortex to detect posterior subcapsular cataracts.

Images were analyzed with the Nidek EAS-1000 software. Image analysis utilizing linear 

densitometry was performed with a central axis established through the anterior-posterior 

optical axis of the anterior segment of the eye. The intensity plot of scattered light along the 

optical axis allowed delineation of the central clear zone of the lens. Lens opacity was 

quantified as the area under the peak of light scattering through the central line between the 

anterior lens capsule to the anterior cortical and nuclear area in pixel intensity units (Figure 

1). The anterior lens densitometry was divided into cortical and nuclear portions by 

manually selecting the half-height of the anterior nuclear edge density peak (white arrow in 

Fig. 1C).

Grading of all cataracts was also performed with EAS-1000 retro-illumination images 

(Figure 2). Unlike traditional slit lamp photographs used for cataract grading which utilize a 

single plane of focus and are prone to errors from tear film disturbances, use of EAS-1000 

software allowed simultaneous depth of focus throughout the entire image, enhancing 

nuclear density grading and adding the ability to visualize portions of cortical cataracts, 

which could be obscured by a poor tear film quality (Figure 2).

The Lens Opacification Classification System III (LOCS III) was used for cataract grading 

by one investigator, experienced with the use of this grading system (YBS) (Chylack et al., 

1989). In order to avoid bias and reduce subjectivity, EAS images were included for the 

nuclear cataract grading. Since EAS images were only in black and white, all LOCS III 

nuclear cataract grading used the classification of nuclear opalescence (NO). For the cortical 
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cataract grading, EAS retroillumination photographs were used in this study because they 

allowed more accurate identification of the extent of opacification. A LOCS III score of 2 or 

greater was considered to indicate cataract.

Statistical Analysis

Comparison between AD biomarker positive and negative groups was performed using the 

t-test with Satterthwaite approximation for unequal variances when evaluating age (Moser et 

al., 1989). A Χ2 goodness of fit test was used for gender, race analysis and the number of 

participants with nuclear and cortical grading ≥2.

Generalized estimating equations (GEE) were used to determine if AD biomarker status was 

a predictor of nuclear and cortical lens density and LOCS III grade. GEE analysis is an 

extension of traditional linear regression techniques within a longitudinal framework where 

repeated measures are made within every individual (Albert, 1999; Zeger and Liang, 1992). 

Since an individual who has specific cataract morphology in one eye is more likely to have a 

similar one in the other eye, it is incorrect to count both eyes as 2 independent observations. 

Doing so would artificially increase the sample size and can result in biased P values and 

confidence intervals (Murdoch et al., 1998).

Use of GEE analysis allows increased precision of estimation derived from simultaneous 

consideration of both eyes by appropriately accounting for the correlation between fellow 

eyes rather than treating each patient’s eye as independent (Glynn and Rosner, 1992). GEE 

models were run using the GENMOD procedure in SAS 9.2 (SAS Institute, Cary NC) to 

analyze cortical and nuclear density, and LOCS III nuclear and cortical grading. Analysis 

was not performed on posterior subcapsular cataract grading as this cataract type was noted 

in only two of the participants. All GEE models were adjusted for age.

Identical analysis was performed using Mixed Effects Models to confirm accuracy. Under 

mixed effects methods, lens density was modelled as a function of age and biomarker status. 

The effect of the unmeasurable characteristics of the individual which give rise to the 

between eye correlation is modelled implicitly. This differs from GEE methods which 

models lens density as a function of age and biomarker status where the correlation between 

fellow eyes is modelled separately and explicitly. Both of these approaches give similar 

results (Murdoch et al., 1998). Random effects models were run using the MIXED 

procedure in SAS 9.2.

RESULTS

Of the 42 participants, 27 had no biomarkers indicating increased risk of developing 

Alzheimer dementia. Thirteen had positive AD biomarkers, suggesting increased risk of 

developing AD. However, none of these individuals had yet displayed any evidence of 

clinical dementia during detailed neuropsychiatric testing within the year of inclusion into 

the study. Two individuals had positive biomarkers and clinical dementia scores of 0.5.

A total of 83 eyes of the 42 participants were analyzed, as 1 eye was pseudophakic. A 

significant difference in age was noted between the biomarker positive and negative 
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individuals, but no significant difference in race or gender between the two groups (Table 

1). All variables examined including lens density and LOCS III grading were adjusted for 

age in the GEE analysis. A higher proportion of biomarker positive individuals 

demonstrated cortical and nuclear cataracts (LOCS III score ≥2), but these differences did 

not reach statistical significance. There was also no significant difference between AD 

biomarker-positive and -negative individuals in the degree of nuclear or cortical light 

scattering by Scheimpflug densitometry or by LOCS III cataract grading (Table 2). No 

supranuclear cataracts were detected in either the AD biomarker-positive or -negative 

groups. All cortical cataract distributions were consistent with common age-related changes.

DISCUSSION

This study benefitted by having access to a unique group of participants who were tested for 

their likelihood of developing Alzheimer Disease, but had developed no dementia or only 

very mild dementia (N=2). Those who were “biomarker positive,” with high likelihood of 

developing AD, had increased binding of Pittsburgh Compound B (PiB) in their brains, as 

determined from PET scans. PiB binds to amyloid plaques and increased binding is an 

indicator of advanced neurodegeneration (Morris et al., 2009). These participants also had 

lower levels of Aβ42 in their cerebrospinal fluid, another indicator of increased amyloid 

plaque formation and the subsequent development of AD (Shaw et al., 2009). Finally, all 

participants underwent an annual neurological exam from which they were assigned a 

clinical dementia rating (CDR). Except for two participants who were biomarker positive 

and with CDR scores of 0.5, all participants were cognitively normal (CDR=0). Therefore, 

the participants were divided into those with a high risk of developing AD and those with a 

low risk. Since most participants had a CDR of 0, their biomarker status provided a 

“preclinical” assessment of AD.

There is increasing evidence that structural and functional changes in the visual system, and 

within the eye in particular, may occur in patients with clinically significant AD (Frost et al., 

2010; Tzekov and Mullan, 2014). AD patients may have an abnormal pupil response to 

topical ocular cholinergic or anticholinergic medications and may also show specific 

patterns of pupil constriction and dilation following exposure to a light flash (Fotiou et al., 

2007; Idiaquez et al., 1994; Iijima et al., 2003). Retinal changes seen in AD patients include 

retinal nerve fiber layer loss, especially in the peripapillary and macular distribution, which 

can be detected using ocular coherence tomography (Paquet et al., 2007). Retinal cell layer 

thinning appears to correspond to functional changes detected by electroretinogram studies 

(Katz et al., 1989; Parisi et al., 2001).

Lens opacity as a biomarker for Alzheimer Disease was suggested by Goldstein et al. after 

observing deep cortical (supranuclear) cataracts in the lenses of subjects who died from AD 

(Goldstein et al., 2003). This study and subsequent analysis by Moncaster et al. detected 

beta-amyloid in lenses of patients with Down Syndrome using immunohistochemistry and 

mass spectrometry (Goldstein et al., 2003; Moncaster et al., 2010). However, other studies 

of postmortem human lenses did not detect a difference in the type and location of cataract 

between postmortem AD participants and dementia-free controls and found no staining in 

Bei et al. Page 6

Exp Eye Res. Author manuscript; available in PMC 2016 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



lenses from AD patients with thioflavin, Congo red or antibodies to Aβ (Ho et al., 2014; 

Michael et al., 2014; Michael et al., 2013).

Aβ has been found in the lenses of rats, monkeys and transgenic mice that express a copy of 

the human amyloid precursor protein (Tian et al., 2014). The APP over-expressing 

transgenic mice have increased lens opacification and pathological membrane morphology 

when compared to wild type mice (Melov et al., 2005). When cultured intact lenses from 

rats or rhesus monkeys were exposed to oxidative stress, increased levels of APP and Aβ 

were found in cortical fiber cells (Frederikse et al., 1996a). Microscopic examination 

showed changes in lens fiber membrane shape with misalignment of fiber cells and irregular 

fiber arrangements in whorls outside of the fetal nucleus. However, this cataract phenotype 

was variable in severity, onset and even between the two eyes of the same transgenic mouse 

(Frederikse and Ren, 2002). A recent human epidemiologic cohort study found a significant 

correlation between cortical cataract density, later MRI findings of structural brain 

degeneration and poor function on cognitive testing completed at the time of brain imaging. 

Use of the same cohort in a genome-wide association study identified single nucleotide 

polymorphisms in δ-catenin, a gene coding for a cell-junction protein, as a possible link 

between Alzheimer disease and cataract formation (Jun et al., 2012).

The possible overlap of Aβ pathology in the lens and in the brain suggests that changes in 

lens opacity could act as a simple diagnostic marker for Alzheimer Disease, particularly in 

the non-symptomatic, pre-clinical disease phase. This study is unique in its focus on 

characterizing lens morphology and an objective measure of lens opacity as diagnostic 

markers in a well-defined population with a pre-determined higher risk of Alzheimer 

dementia but with no or very mild clinical dementia. By recruiting a longitudinally followed 

cohort with amyloid PET imaging and CSF markers, well-accepted in the literature to be 

predictive of cognitive impairment (Morris et al., 2009; Shaw et al., 2009), we examined the 

feasibility of using lens changes as a marker of increased risk for Alzheimer dementia. This 

study was also able to objectively measure changes in lens opacity using Scheimpflug 

anterior segment imaging which has been shown be highly reproducible and correlates with 

standardized cataract grading systems (Kirkwood et al., 2009; Magno et al., 1994). The fact 

that we did not detect any significant difference in cataract type or extent of opacity in 

biomarker-positive or -negative participants suggests that increased lens protein aggregation 

in AD, if it exists, is not detectable in the earliest, pre-clinical stage of the disease, the time 

at which it would be most useful for diagnosis. The absence of supranuclear cataracts in this 

study parallels an ongoing debate about whether Aβ is confirmed in human lens tissue and 

whether supranuclear cataracts are specific to patients with AD (Ho et al., 2014b; Michael et 

al., 2014a; Michael et al., 2013).

The small differences in cortical opacity and LOCS III score for cortical cataracts could be 

influenced by the greater patient age in the biomarker-positive group, since both values tend 

to increase with age. One limitation of this study is its relatively small sample size. 

Increasing the number of participants could result in a significant difference in LOCS III 

score or cortical opacity value for the biomarker-positive participants, although these 

findings would be unlikely to provide sufficient sensitivity or specificity for use in the 

preclinical diagnosis of AD.
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Highlights

This study used a unique group of participants with biomarkers that predicted their risk of 

developing Alzheimer Disease (AD)

Lens opacity were graded by the LOCS III scoring system and by measuring 

backscattered light with a Scheimpflug camera

No significant difference was detected between those at risk of developing AD 

(biomarker +) and those who were biomarker negative

Lens opacity is unlikely to provide a sufficiently sensitive prediction of those at risk for 

developing AD
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Figure 1. Lens light scattering was detected by Scheimpflug imaging
Figure 1A: original image. Figure 1B: Red line shown is the central lens line automatically 

established by the software. Points 0,0 : the anterior lens capsule; 1X: the central clear zone. 

a: distance between anterior lens capsule to the central clear zone, which represents anterior 

lens thickness. Fig 2C: The total density along the central line is shown as the pink area 

under the curve. The anterior lens densitometry was divided into cortical (b) and nuclear (c) 

parts (point 1x and white arrow) by manually selecting the half-height of the anterior nuclear 

edge density peak (white arrow in Fig. 1C. Fig 2D: This shows the lens layers detected by 
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Scheimpflug imaging, including the central clear zone according to standardized grading 

methodologies for Scheimpflug images (Sasaki et al., 1997; Thylefors et al., 2002).
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Figure 2. Representative EAS-1000 retroillumination images
Areas of cortical opacification could automatically be detected with software-generated 

colors. Figure 2A: This shows a minor cortical opacity by retroillumination and was 

confirmed by software image analysis. Areas of lens opacification appear light blue versus 

transparent areas as deep blue. Figure 2B: The retroillumination image shows several areas 

of cortical opacification while 2B’ distinguishes the true opacity in light blue from the tear 

film in pink. Figures 2C and 2D demonstrate participants with more pronounced cortical 

cataracts and different degrees of cortical opacification shown as light blue, green, yellow, 
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red to black with increasing opacification. LOCS III scores are shown to the right of the 

images.
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Figure 3. Comparison of AD biomarker positive and negative cortical and nuclear density in 
pixel intensity units by Scheimpflug analysis and LOCS III grading
Horizontal lines in the box plots indicate the mean and the box represents the standard 

deviation.

Bei et al. Page 16

Exp Eye Res. Author manuscript; available in PMC 2016 September 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bei et al. Page 17

Table 1

Characteristics of the two groups of participants

AD Biomarker (+) AD Biomarker (−) P-value

N=15 N=27

Age (mean ± SD) 77.1 ± 4.4 74.0 ± 4.5 0.003

Gender (% Male) 16.7 23.8 0.389

Race (% Caucasian) 92.6 86.7 0.397

Cortical Cataract (%)* 63.3 46.3 0.181

Nuclear Cataract (%)* 100.0 96.3 0.453

*
Cortical or nuclear cataracts are considered to be a LOCS III score ≥2.
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Table 2

Cortical density and LOCS III scores for the two groups of participants

AD Biomarker (+)
Mean ± SD

AD biomarker (−)
Mean ± SD

GEE
p-value*

Mixed
Model

p-value*

Cortical Density 1655.8 ± 693.1 1414.6 ± 562.8 0.25 0.25

Nuclear Density 6016.9 ± 1450.3 6086.0 ± 1816.2 0.75 0.79

LOCS III Cortical Grading 2.1 ± 1.1 1.9 ± 0.9 0.66 0.65

LOCS III Nuclear Grading 2.8 ± 0.7 2.6 ± 0.7 0.56 0.59

*
Adjusted for age
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