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Abstract
Context—Alzheimer’s disease (AD) is usually only diagnosed many years after pathology
begins. Earlier detection would allow emerging interventions to have a greater chance to preserve
healthy brain function. A rare form of Alzheimer’s disease, caused by autosomal-dominant
mutations, affects carriers with 100% certainty and at a younger age specific to their mutation.
Studying families with these mutations allows a unique investigation of the temporal sequence of
biomarker changes in Alzheimer’s disease.

Objective—To determine whether the pupil flash response (PFR), previously reported to be
altered in sporadic Alzheimer’s disease, is different in pre-symptomatic mutation carriers.

Design—Researchers blinded to participant mutation status collected pupil response data from
cognitively normal participants in the Dominantly Inherited Alzheimer's Network (DIAN) Study
during 2010–2011.

Setting—The pupil response was examined at the McCusker Alzheimer’s Research Foundation
in Perth, Western Australia.

Participants—Participants were from a single family harboring an Amyloid-Beta Precursor
Protein genetic mutation (APPGlu693Gln). Six carriers and six non-carriers were available for
pupil testing (age 43.0±8.3 years old, 2 males and 10 females, 4 with hypertension).

Main Outcome Measure—Pupil response parameter comparison between mutation carriers and
non-carriers.

Results—75% recovery time was longer in mutation carriers (p<0.0003, ROC AUC 1.000,
Sensitivity 100%, Specificity 100%) and percentage recovery 3.5 seconds after stimulus was less
in mutation carriers (p<0.006, ROC AUC 1.000, Sensitivity 100%, Specificity 100%).

Conclusions—PFR changes occur pre-symptomatically in autosomal dominant AD mutation
carriers, supporting further investigation of PFR for early detection of AD.

Keywords
Alzheimer’s; autosomal; amyloid; eye; pupil

Introduction
A rare form of Alzheimer’s disease (AD)"autosomal dominant AD” (ADAD), affects
carriers of specific gene mutations with penetration approaching 100% [1]. ADAD
represents about 1% of all AD cases and can occur in people as young as 30 years of age. It
is a genetic disorder with specific mutations in primarily amyloid precursor protein (AβPP),
presenilin 1 and presenilin 2 genes known to cause the disease [1–4]. It is inherited in an
autosomal dominant manner. Children of affected individuals have a fifty-percent risk to
develop AD dementia, with a relatively predictable age at onset within each family.

Despite the difference in underlying cause and age of onset, ADAD and the more common
sporadic AD have similar neuropathologic hallmarks and clinical features [5]. Evidence
suggests that AD related pathological changes begin at least 15 years before the
symptomatic stage [6], providing a window of time in which to detect the disease early and
allow emerging therapies the chance to preserve healthy brain function. Hence, new
knowledge about the disease process in ADAD has the potential to translate into better
methods for early detection of sporadic AD.
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Biomarkers of early AD pathology (amyloid plaques and neurofibrillary tangles) are
currently being sought in order to confirm early diagnosis, before irreversible neurological
damage occurs. Early changes to vision reported in AD have motivated investigations of
biomarkers that might exist in the eye [7–9]. The pupil flash response (PFR), the response of
the pupil size to a bright flash of light, is one ocular test that has previously been reported to
be altered in sporadic AD [10–15].

Studies of families harboring known ADAD mutations provide a powerful opportunity to
investigate the temporal sequence of ocular and other AD biomarker changes during disease
progression. Studying pre-symptomatic individuals with ADAD mutations alleviates many
problems inherent in studies of pre-symptomatic sporadic AD, including uncertainty about
disease progression. In addition, the early age of onset in ADAD means that these studies
will be less confounded by age-related co-morbidities such as hypertension and cardio-
vascular disease.

Here we investigate ocular biomarkers in ADAD by utilizing the Dominantly Inherited
Alzheimer Network (DIAN) study cohort [5]. Results from the DIAN study have already
established that AD-related cerebro-spinal fluid (CSF) pathology can be detected in
mutation carriers more than two decades before their estimated age at dementia onset [6].
Studying AD biomarkers in ADAD could prove useful for the development and evaluation
of disease-modifying prevention measures in both ADAD and sporadic AD populations.

Most DIAN study participants are in the pre-symptomatic stages of the disease and hence
provide a unique means by which to investigate the time-course of biomarker changes in the
lead-up to clinical expression of the disease. Since the parental age of dementia onset within
each family is typically known, the stage of disease progression for pre-symptomatic family
members (e.g. 10 years prior to estimated age of dementia onset) can be accurately
estimated and used as a temporal reference for biomarker changes. This also enables
comparison of biomarker changes across families with different mutations and typical age of
onset.

Pupil Responses in Alzheimer’s Disease
The pupil controls retinal illumination and responds dynamically to a bright light flash by
rapidly constricting and then re-dilating. The neurotransmitters responsible for these two
processes are acetyl-choline (Ach; constriction) and norepinephrine (NE; dilation). As the
primary neurotransmitter deficit in AD is acetyl-choline [16, 17], pupil responses have
become a research topic for AD diagnosis and monitoring.

During the 1990s a number of studies investigated the influence of AD on the effects of
pharmacological drugs delivered for pupil constriction or dilation. A hypersensitive pupil
response to a cholinergic agonist (pilocarpine - constriction) or antagonist (tropicamide -
dilation) was reported for AD patients [18–27]. However, other reports were confounding
[12, 28–37], possibly due to problems with stability of eye-drop solutions and variation in
corneal penetration.

As an alternative, PFR was investigated, since it is not reliant on delivery of drugs to the
eye. Changes to a number of PFR parameters have been found in AD compared to healthy
ageing [10–15], with a single parameter (reduced “maximum constriction acceleration”)
facilitating perfect classification in one study [13]. The results from these studies are
summarized in Table 1.

The majority of the results indicate a ‘sluggish’ PFR in AD, with reduced velocities,
accelerations and constriction amplitude, and increased latencies. Similar results have been

Frost et al. Page 3

Curr Alzheimer Res. Author manuscript; available in PMC 2014 January 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



observed in a larger cohort by our group. The result from Ferrario et al. on increased
maximum constriction acceleration in AD stands in contrast, possibly due to different PFR
methodology and participant selection. However, consistent with other reports, constriction
latency was larger in AD. Some results indicate a faster recovery after stimulus in AD,
despite slower constriction and dilation velocities, most likely attributable to the reduced
amplitude [11, 13].

Some studies have found that Parkinson’s disease patients exhibit similar PFR changes [12,
38], hence more research is required to confirm the sensitivity and specificity of each of the
PFR parameters (or a combined panel) as a screening tool for AD. Here, we investigate the
PFR in ADAD mutation carriers, who exhibit similar neuropathological hallmarks and
clinical features as sporadic AD[5]. To the authors’ knowledge, no other study has published
results on PFR in ADAD mutation carriers.

Subjects and Methods
Participants

Participants for the PFR study were recruited from the DIAN study (DIAN, NIA U19
AG032438, JC Morris, PI) at the McCusker Foundation for AD Research, Perth, Western
Australia (www.dian-info.org, clinicaltrials.gov number NCT00869817). DIAN study
procedures are published elsewhere (Morris et. al. 2012, in press) [39] and were approved by
the Washington University Human Research Protection Office and also the Hollywood
Private Hospital Ethics Committee. All PFR experiments were approved by the Ethics
Committee of the University of Western Australia. All participants provided their written
informed consent for this study.

Exclusion criteria for the PFR study were past history of ocular operations or
ophthalmological disease, asymmetrical pupils, receiving anticholinergics, cardiac
glycosides, sympathomimetics or ophthalmic agents affecting PFR.

All participants were white Caucasians from a single family harbouring Dutch cerebral
amyloid angiopathy (hereditary cerebral hemorrhage with amyloidosis - Dutch type,
HCHWA-D). The APP 693 mutation at position 22 of the amyloid-beta fragment
(APPGlu693Gln), resulting in a glutamine for glutamic acid, was identified in the proband
and his affected sister who died at age 61 and 66 respectively, from recurrent lobar
hemorrhages in the brain. Neuritic amyloid plaques were found but neither dementia nor
cognitive decline have been diagnosed in this family, possibly due to earlier onset of
vascular pathology.

The mean paternal anticipated age of onset (AAO) is 51. All but 2 of the 12 were younger
than the parental AAO at time of PFR, and 8 of the 12 were within 15 years younger than
the parental AAO. All participants performed above the mini-mental state examination
(MMSE) [40] cut off score for dementia (>24), indicating normal cognitive function. The
mean MMSE scores were 29.0±0.9 for MC, 27.5±2.1 for NC. Participants were
neuroimaged for the presence of fibrillar brain amyloid using positron emission tomography
(PET) with Pittsburgh Compound B (PiB) [41, 42]. Results for neocortical standardized
uptake value ratio (SUVR) were calculated.

System of Pupillometry
The PFR was collected using a NeurOptics™ VIP™-200 Pupillometer. This is a
commercial, monocular device providing fully automated operation and calculation of
response parameters. The device produces a white flash stimulus and then measures the
pupil size for 5 seconds using infrared illumination. The video frame rate is 33Hz, the
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stimulus/pulse intensity is 180µW and the stimulus/pulse duration is 31 milliseconds. The
pupillometer produces diffuse light over the whole visual field.

The room was darkened for 2 minutes prior to testing. The test was practiced once before
recording, all participants performed the experiment with proper cooperation. Occasionally,
an extra trial was needed to achieve a recording without blinks or artefacts. Data was
rejected if artefacts were present. The right eye was used for all participants. The
pupillometer provided automatic calculation of the following eight parameters; resting pupil
diameter (mm), minimum pupil diameter (mm), response latency (msec), mean constriction
velocity (mm/sec), maximum constriction velocity (mm/sec), mean dilation velocity (mm/
sec), 75% recovery time (sec) and constriction percentage (%) relative to initial pupil size. A
record of the pupil's diameter as a function of time was exported from the pupillometer. Four
extra parameters (constriction amplitude (mm), maximum constriction acceleration (mm/
sec), latency to maximum constriction (sec) and percentage recovery 3.5 seconds after
stimulus (%)) were calculated from the exported PFR data. PFR trials with artefacts or
excessive blinking were discarded. A computer algorithm was used to remove minor blinks.

Genetic Analysis
Genotyping for familial AD mutations and APOE isoforms was performed by the DIAN
Genetics Core. Ambient blood samples were shipped from the DIAN performance sites to
both the National Cell Repository for Alzheimer’s Disease (NCRAD) and the DIAN
Genetics Core at Washington University. DNA was extracted from blood at both sites using
standard procedures. DNA sequencing of AβPP, presenilin 1 and presenilin 2 genes was
performed by DIAN Genetics Core personnel, using Sanger sequencing methods on an ABI
3130xl, to determine the presence/absence of a disease-causing mutation [43]. APOE
genotyping was performed using an ABI predesigned real time TaqMan assay “rs7412 &
rs429358” according to the manufacturer’s protocol (ABI, Foster City, CA). DNA
fingerprinting was performed with the Cell ID kit, using short tandem repeat (STR) analysis
of 10 specific loci in the human genome, nine STR loci and Amelogenin for gender
identification (Promega #G9500, Madison, WI) in order to confirm that DNA samples
obtained by NCRAD and the DIAN Genetics Core were from the same individual. DNA
sequencing, fingerprinting and genotyping was performed on DNA from NCRAD and the
DIAN Genetics Core in parallel for each individual, and the data were compared for quality
control purposes. All individuals included in this analysis have 100% concordant data for
each DNA sample.

Statistical analysis
Demographic analysis between mutation carrier (MC) and non-carrier (NC) groups was
performed using a chi square (χ2) test for categorical variables (gender and APOE ϵ4 carrier
status), and analysis of variance (ANOVA) for the continuous variables (age and MMSE).
ANOVA was also used to compare SUVR between groups.

PFR scores for the MC and NC groups were compared using analysis of variance
(ANCOVA) correcting for age, gender and APOE ϵ4 status. Since 12 PFR parameters were
analysed, the possibility of false positive results was minimised using the false discovery
rate (FDR) method [44].

Receiver-operating characteristic (ROC) curve analysis was also performed to further
illustrate the classification accuracy of the PFR parameters. The area under the curve (AUC)
of the ROC curves was estimated, an AUC of 1 indicates perfect classification ability into
MC or NC, whereas an AUC near 0.5 indicates poor (random) classification ability. All
statistical analyses were conducted in XLstat 2011 (Microsoft Excel).
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RESULTS
The demographic characteristics of the MC and NC groups are described in Table 2. Groups
were not significantly different in age, gender or APOE ϵ4 carrier status. Neocortical plaque
burden (Standardised Uptake Value Ratio, SUVR) was higher in the MC group (1.23±0.08)
than the NC group (1.08±0.04) (p=0.004).

The 75% recovery time (75%RT) was larger in mutation carriers (p=0.0003). Percentage
recovery 3.5 seconds after stimulus (PR3.5) was smaller in mutation carriers (p=0.006) (see
Figure 1). This slower or ‘sluggish’ PFR trend was also observed in mutation carriers for
mean constriction velocity, max constriction velocity, mean dilation velocity and max
constriction acceleration, but did not reach statistical significance. Confounders (age, gender
and APOE ϵ4 carrier status) were not significant in the ANCOVA models for 75%RT and
PR3.5. Confounders were not significant for other PFR parameters with the exception of
constriction amplitude which was smaller in APOE ϵ4 carriers (p<0.0001) and in males
(p<0.0001).

Both the 75%RT and PR3.5 parameters provided perfect classification of mutation carriers
vs non-carriers (sensitivity=100%, specificity=100%) in this cohort. Receiver operator
characteristic (ROC) area under the curve (AUC) was thus 1.0 for both parameters (75%RT:
95%CI=0.84–1.00, p<0.0001; PR3.5: 95%CI=0.84–1.00, p<0.0001). The effect of estimated
years to onset of symptoms (EYO = AAO - age) on 75%RT and PR3.5 was then
investigated to explore possible changes in these parameters as part of the temporal
sequence of biomarker changes during disease progress. The mean EYO was 5.0±5.9 for
MC and for 11.2±9.5 for NC. No evidence of temporal relationships in these PFR
parameters was found.

DISCUSSION
We provide evidence from pupil flash response (PFR) testing that carriers of the
APPGlu693Gln mutation exhibit slower recovery from pupil flash response, with longer
75% recovery time and smaller percentage recovery 3.5 seconds after stimulus, than non-
carriers in the same family. The parameter ‘75% recovery time’ describes the time taken,
after constriction to minimum pupil size, to recover 75% of the constriction amplitude
through re-dilation. The parameter ‘percentage recovery after 3.5 seconds’ refers to the
percentage of the constriction amplitude recovered by re-dilation at time 3.5 seconds after
stimulus. Both parameters are measures of the recovery time for the pupil after flash
stimulus.

A ‘sluggish’ PFR has previously been reported in sporadic AD [10–13], with reduced
resting pupil size, amplitude of constriction and reduced velocity and acceleration of the
pupil size. Despite reduced constriction and dilation velocities, some of these studies
reported a quicker recovery after PFR stimulus in sporadic AD. This is likely due to the
overwhelmingly reduced amplitude of the response. The present study found non-significant
trends for reduced mean constriction velocity, maximum constriction velocity, mean dilation
velocity and maximum constriction acceleration in mutation carriers. Statistically significant
results were found for increased ‘75% recovery time’ and reduced ‘percentage recovery
after 3.5 seconds’ in mutation carriers. APPGlu693Gln mutation carriers appear to exhibit
the sporadic-AD trends for reduced pupil velocity, but not reduced amplitude, resulting in a
significantly slower recovery from stimulus.

The study of families with ADAD mutations provides three major benefits over studies into
sporadic AD. Firstly, mutation carriers progress to disease with 100% certainty and at a well
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defined age-range. Hence, although all participants in the present study were pre-
symptomatic, genetic testing enabled identification of those destined to progress to disease.
Secondly, a typically younger age of onset (about 51 years for the present analysis), usually
results in fewer confounds due to age-related medical co-morbidities. However, in the
present study we still observed 2 individuals with hypertension in each group. Thirdly,
utilizing within-family comparisons reduces the chance of other genetic influences.

Most families in the DIAN study have genetic mutations that result in AD dementia. Aβ
deposition, as measured by positron-emission tomography with Pittsburgh compound B
(PET-PiB), has been found to be higher in mutation carriers in the DIAN cohort, up to 15
years before expected symptom onset [6]. However, the ADAD mutation investigated in the
present study is a mutation of the Amyloid Precursor Protein (APP) at position 22 of the Aβ
fragment (APPGlu693Gln), replacing glutamic acid with glutamine. Mutations in this region
of APP are associated with cerebral amyloid angiopathy (CAA) and ultimately cerebral
hemorrhage. Indeed both the proband and his sister exhibited CAA and recurrent lobar
hemorrhages in the brain, but neuritic amyloid plaques were also found, indicating ADAD
pathology may also result from this mutation. PET-PiB imaging results from the participants
in the present PFR study demonstrated that the mutation carriers had higher SUVR
(1.23±0.08) than non-carriers (1.08±0.04) (p=0.004), although no participants were
categorized as high-SUVR (SUVR>1.5). Neither dementia nor cognitive decline has been
observed in this family, possibly due to earlier onset of CAA and fatal cerebral
hemorrhages.

Despite the difference in underlying cause and age of onset, ADAD and sporadic AD have
similar neuropathologic hallmarks and clinical features [5]. The present results indicate that
PFR changes may occur in the early pathogenic but pre-symptomatic stages of CAA or
ADAD. The lack of correlation between the PFR parameters and estimated years to onset
(EYO) may indicate that PFR changes occur early and subsequently stabilize over the EYO
range of this cohort, but larger cohorts will be required to investigate this hypothesis. The
major limitation of this study is the relatively small number of subjects studied, however the
results support further investigation with larger cohorts and other ADAD mutations.

PFR changes in AD are considered to be due to either degeneration in pupil-control relays in
the midbrain or cholinergic deficits in the peripheral parasympathetic pathway. Mechanisms
by which CAA could impact on PFR could also include damage to pupil-control relays in
the midbrain. As changes to pupil response have now been reported in both sporadic AD and
APPGlu693Gln mutation carriers, PFR deserves further investigation as a useful adjunct to
assist the diagnosis of early AD. PFR may also be useful in monitoring CAA or AD for
management of risk factors and treatment.
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Figure 1.
Difference in (A) 75% Recovery Time and (B) Percentage recovery 3.5 seconds after
stimulus, between 6 mutation carriers and 6 non-carriers from the same family harboring an
APP ADAD mutation.
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Table 2

Demographic characteristics of the mutation carrier and non-carrier groups.

Mutation Carriers Non-Carriers p

Number of Participants: [N] 6 6

Age: Years [mean (SD)] 46.0 ± 5.7 40.0 ± 10.0 0.229

Gender; Males: [N (%)] 5 (83%) 5 (83%) 1.000

Hypertension: [N (%)] 2 (33.3%) 2 (33.3%) 1.000

APOE ϵ4 Carrier: [N (%)] 2 (33.3%) 1 (16.6%) 0.512

MMSE: [mean ± SD] 29.0 ± 0.9 27.5 ± 2.1 0.135

SUVR: [mean ± SD] 1.23 ± 0.08 1.08 ± 0.04 0.004
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