
ORIGINAL ARTICLE

Variable abnormality of the melanopsin-derived portion
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Abstract
Objectives Ascertain and quantify abnormality of the melanopsin-derived portion of the pupillary light reflex (PLR) in patients
with Parkinson’s disease (PD) and parkinsonism features based on a statistical predictive modeling strategy for PLR
classification.
Methods Exploratory cohort analysis of pupillary kinetics in non-disease controls, PD subjects, and subjects with parkinsonism
features using chromatic pupillometry. Receiver operating characteristic (ROC) curve interpretation of pupillary changes con-
sistent with abnormality of intrinsically photosensitive retinal ganglion cells (ipRGCs) was employed using a thresholding
algorithm to discriminate pupillary abnormality between study groups.
Results Twenty-eight subjects were enrolled, including 17 PD subjects (age range 64–85, mean 70.65) and nine controls (age
range 48–95, mean 63.89). Two subjects were described as demonstrating parkinsonism symptoms due to presumed Lewy body
dementia and motor system atrophy (MSA) respectively. On aggregate analysis, PD subjects demonstrated abnormal but variable
pupillary dynamics suggestive of ipRGC abnormality. Subjects with parkinsonism features did not demonstrate pupillary
changes consistent with ipRGC abnormality. There was no relationship between levodopa equivalent dosage or PD severity
and ipRGC abnormality. The pupillary test sensitivity in predicting PD was 0.75 and likelihood ratio was 1.2.
Conclusions ipRGC deficit is demonstrated in PD subjects; however, the degree and constancy of abnormality appear variable.

Keywords Circadian . Retina . Parkinson’s disease . Blue light

Background

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder characterized by muscle rigidity, tremor, and, in ad-
vanced cases, loss of physical movement [1]. Ocular compli-
cations are well described in PD and include reduced retinal

dopamine [2], the primary neurotransmitter for retinal
phototransduction. [3]. The linkage between retinal dysfunc-
tion and PD is an intriguing field of research that has important
relevance not only in regard to PD-related co-morbidities but
as an etiologic component of the disease process [4, 5].
Mounting evidence supports a link between the retina and
nigrostriatal function. For example, bright light therapy for
PD has been found to be beneficial in treatment of sleep ab-
normality through a putative mechanism involving suppres-
sion of retinal melatonin [4–7]. Moreover, bright blue treat-
ment demonstrates not only positive effects on sleep and
mood but also on PD-related motor function [8]. These find-
ings suggest that functionality of the nigrostriatal system is
influenced by a system emanating from the retina to the pineal
gland, denoting a key role of circadian entrainment as a com-
ponent of nigrostriatal operation [9]. The putative link be-
tween the retina and nigrostriatal function supports the notion
that retinal dysfunction and concomitant circadian
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dysregulation are etiologic features in PD that have potential
as both biomarkers and treatment targets of PD. The role of
circadian dysfunction as an etiologic component of PD is re-
inforced in studies byWillis et al. that show PD-related symp-
tomatology can be reversed experimentally by direct intravit-
real delivery of L-dopa in amounts considered inadequate to
result in systemic effects [9, 10]. These studies have implicat-
ed the retina not only as an associated neural system affected
by PD but also as a component of the disease etiology itself [9,
11]. The importance of appropriate functionality of retinal
supported circadian homeostasis is also denoted by exacerba-
tion of PD symptoms in an animal model following enucle-
ation [11].

Light-dark cycles maintained by the retina emanate from a
subset of retinal ganglion cells known to be inherently photo-
sensitive and colloquially termed intrinsically photosensitive
retinal ganglion cells (ipRGCs) [12]. ipRGCs play a key role
in the operation of the suprachiasmatic nucleus in regard to
melatonin secretion and circadian homeostasis [13, 14]. The
function of ipRGCs is based on the chromophore melanopsin,
with peak sensitivity at 470 nm [15]. The response of ipRGC
is energy dependent, with higher levels of irradiance leading
to greater ipRGC activity [16]. The latter property of ipRGC is
intriguing in regard to PD as studies have demonstrated the
benefit of bright short-wavelength exposure in ameliorating
some of the symptoms of PD-related complications [6].
ipRGCs also mediate other non-image-forming (NIF) visual
responses such as the pupillary light reflex (PLR) via co-
release of neurotransmitters glutamate and pituitary adenylate
cyclase-activating peptide (PACAP) from their synaptic
terminals.

Functionality of ipRGC can be reflected in pupillary dy-
namics [12, 17]. The hallmark finding of pRGC function is
persistence of the pupillary response (PPR) denoted by
prolonged pupillary constriction following extinguishing a
light stimulus of suitable wavelength and intensity to activate
the chromophore melanopsin within ipRGCs. A persistent
potentiation of the pupil response following cessation of a
suitable stimulus is the hallmark of healthy ipRGC function
clinically [12]. The circadian dysregulation demonstrated in
PD as well as the response to bright blue light in regard to PD
therapy suggest a key link between functionality of ipRGC
and PD [18, 19]. The purpose of this report is to assess the
characteristics of the PPR in PD subjects and those with par-
kinsonism features versus a control cohort in regard to inter-
pretation of PPR abnormality as a biomarker ipRGC
dysfunction indicative of PD pathobiology.

Methods

This was an exploratory cohort study designed to examine
differences in PPR in patients with PD, parkinsonism, and

controls. Patients were enrolled by consecutive sampling.
Inclusion criteria include prior diagnosis of PD with treatment
of one or more dopaminergic agonists. Patients with parkin-
sonism features but without definitive PD diagnosis were also
enrolled for exploratory analysis. Patients taking drugs known
to impact circadian rhythm including lithium, benzodiaze-
pines, steroidal and nonsteroidal anti-inflammatory drugs,
and vitamin B12 were excluded from the study. Patients were
screened prior to testing for the presence of ocular abnormal-
ities including amblyopia, cataract reducing correctable vision
to less than 20/25 in either eye, glaucoma, or any form of
retinopathy such as that related to diabetes or age-related mac-
ular degeneration. We did not exclude pseudophakic subjects
due to the fact retinal irradiance in phakic patients was nor-
malized and corrected for media loss based on the method of
van deKraats and van Norren [20] This correction factor ob-
viates confounding of pupillary findings arising from devia-
tion of inter-subject retinal illuminance. Overall, one PD sub-
ject and two control subjects were pseudophakic. The degree
of PD severity was evaluated by the Hoehn and Yahr grading
system [21].

Pupillometry

The right eye was dilated with 2.5% phenylephrine and 1%
tropicamide. Dilation of the right eye was employed in an
effort to maintain consistent retinal illumination within and
between subjects during stimulation. Following eye dilation,
the ipRGC-driven pupil response was measured via the con-
sensual post-illumination pupil response (PIPR) in the left
eye. Stimuli presented to the right eye consisted of long-
wavelength (red) and short-wavelength (blue) narrowband 5-
s pulses of light. This establishes the adequacy of the irradi-
ance level used in this study to induce ipRGC action. Light
stimuli were generated using a custom-built Maxwellian-view
optical system consisting of narrow bandpass filters of 25-
mm-diameter short wavelength; “blue” light, λmax = 470
nm; full width half maximum (FWHM) = 10 nm and long
wavelength; “red” light, λmax = 640 FWHM = 10 nm, im-
aged to the plane of the pupil in conjunction with appropriate
neutral density filters to alter power output to 8 or 30μW (ILT
9000, International Light Technology). The stimulus pencil
was constrained using an aperture of 10 mm in diameter.

The experimental setup included use of an infrared-
sensitive XIMEA MQ013RG-E2 machine vision camera
whose parameters were controlled by the bundled XIMEA
CamTool software, which also enables initiation of photo
and video capture which was attached to a Haag Streit 900
model slit lamp with a suitable C mount. Patients were placed
securely in the biomicroscope to maintain alignment in
Maxwellian view while the dilated right eye was stimulated.
The stimuli for both long and short wavelengths were based
on a spectral irradiance of 8 and 30 μW·cm−2·nm−1 resulting
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in irradiance stimuli of 11.421 and 11.995 log photons·cm−2·
s−1 at 640 nm and 14.621 and 15.195 log photons·cm−2·s−1 at
470 nm determined at the corneal plane respectively. Given
the older age of the participants, retinal irradiances were esti-
mated based upon established corrections for age-related
changes in the optical density of the media of the eye for
stimuli greater than 3° in diameter [20]. The pupillary light
reflex was determined by averaging three consensual pupil
recordings of 40 s (5-s pre-stimulus, 5-s stimulus, and 30-s
post-stimulus). Pupillary dynamics were assessed using the
XIMEA CamTool software in conjunction with Adobe
Premiere Pro v.2 video capture and Image J imaging software
(Rasband, W.S., ImageJ, US National Institutes of Health,
Bethesda, MD, USA). Nerve fiber layer thinning has been
associated with PD; therefore, assessment of retinal nerve fi-
ber layer thickness and retinal morphology was assessed in the
stimulated eye using an automated optical coherence tomog-
raphy (OCT) instrument (Zeiss Cirrus Model 5000 OCT, Carl
Zeiss AG, Oberkochen, Germany) [22].

Statistics

All data were normalized to the average pupillary diameter of
the first 5 s of imaging and expressed as percentage baseline
units. In order to ascertain the degree of data variability, both
control and PD subject pupillary size/time curves were con-
verted to interpretative AUC data for assessment of data scat-
ter and trend. Analysis of the median pupillary area from time
zero to time 40 s between high or low energy levels and short
vs long-wavelength stimulation was conducted with a Mann-
Whitney U test.

In order to illustrate the classification accuracy of the PLRs,
we performed receiver operating characteristic (ROC) curve
analysis. Given that the ROC-AUC provides information on
the discriminability of PPR, a classification can be conducted
based on the difference from control subjects. From the over-
all analysis of ROC-AUC in the control group, a threshold
AUC statistic of 0.65 was deemed valid as a cut-off for iden-
tifying normal vs abnormal PPR in the established binary
model. The relative low AUC findings with short-
wavelength high-irradiance stimulation in the control cohort
were consistent with normal PPR. Comparative AUC values
(and confidence intervals) provided a p value (alpha = 0.05)

that addressed the likelihood of generating an AUC statistic as
great or greater than 0.65 assuming no difference in the AUC
between control and PD data. To adjust for multiple compar-
isons, we employed the two-stage linear step-up procedure of
Benjamini, Krieger, and Yekutieli using a false discovery rate
(Q value) of 6.5% (GraphPad v 9.0). A chi-square analysis
was employed to demonstrate sensitivity, specificity, and like-
lihood ratio of the PPR in association with PD. Covariance
between AUC and levodopa equivalent daily dosage and PD
grade severity was determined using a Pearson product-
moment correlation coefficient (r). The two subjects with par-
kinsonian features were assigned to the overall PD subject
cohort for the purposes of data analysis as pupillary abnormal-
ities have been previously described in patients with non-PD
parkinsonian features [23].

Results

Overall, 17 PD subjects, 2 parkinsonian subjects, and 9 con-
trols were enrolled. The two parkinsonian patients were de-
scribed as demonstrating parkinsonism symptoms due to pre-
sumed Lewy body dementia and motor system atrophy
(MSA) respectively. A description of patient demographics
is found in Table 1. Difference in age between PD and control
cohorts was not statistically significant (p = 0.0750).

Aggregate AUC analysis of pupillary tracings demonstrat-
ed between control and PD cohorts with high-irradiance short-
wavelength stimulus demonstrated relative lack of PPR in the
PD cohorts (mean AUC of PD cohort = 2684 vs 2436 for
controls, p = 0.0144, Mann-Whitney U test, alpha = 0.05,
Fig. 1). In contrast to controls, the PD cohort also demonstrat-
ed latency in pupillary recovery (Fig. 1). Mean pupillary area
vs time data between short (470 nm) and long (640 nm)
wavelengths at low irradiance in control and PD cohorts is
shown in Fig. 2. Lack of PPR in the control and PD cohorts
is consistent with the known high-irradiance photochemical
requirement for melanopsin engagement (Fig. 2).
Pupillometry data between short and long wavelengths at high
irradiance in control and PD cohorts is seen in Fig. 3. High-
irradiance short-wavelength stimulus produces a discernable
PPR persistent to the 40-s time interval in the control cohort
while the long-wavelength high-irradiance stimulus lacks

Table 1 Age and OCT metrics,
PD vs control Mean (SD) PD

N = 19*
Range PD Mean (SD) control

N = 9

Range control p value+

Age (years) 70.84 (5.89) 64–85 63.89 (14.81) 48–95 0.1586

OCT (microns) 89.73 (9.93) 78–111 96.80 (12.64) 78–109 0.0750

* Includes 2 patients with parkinsonism features
+ Students t test, alpha = 0.05
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PPR effect. These observations are consistent with the photo-
chemical action spectrum of melanopsin and ipRGC activity.
Lack of PPR in the PD cohort with short-wavelength high-
irradiance stimuli is consistent with ipRGC abnormality (Fig.
3). A notable aberration in pupil latency at both short- and
long-wavelength stimuli is demonstrated in the PD cohort
(Figs. 2 and 3). The mean percent baseline pupillary area at
the ending 40-s time interval for the high-irradiance short-
wavelength stimulus is 66.45% in controls and 80.81% in
PD subjects (p = 0.0012, Mann-Whitney, Fig. 3).

Tables 2 outlines the description of the study cohort in
terms of levodopa equivalent dosage and PD severity grade.
Tables 3, and 4 illustrate the predictive properties of ROC-
AUC analysis to discriminate normal and abnormal PPR in
PD and control cohorts respectively. Of the 19 subjects in the
PD cohort, 8 were found to demonstrate abnormal PPR while
one PD subject was deemed as demonstrating “borderline”
PPR abnormality (Table 3). Interestingly, in the control co-
hort, 3 subjects were determined to demonstrate abnormal

PRR (Table 4). Metrics describing PPR test sensitivity, spec-
ificity, and likelihood ratio in identifying PD are shown in
Table 5. No relationship was found between levodopa equiv-
alent daily dosage (LEDD) or PD severity grade and pupillary
time AUC (r = 0.3551, p= 0.1358; r= 0.2410; p = 0.3184
respectively). Although there was no statistical difference in
the mean retinal nerve fiber layer thickness between the PD
and control cohorts, the PD cohort demonstrated a trend to-
ward decreased retinal ganglion cell layer thickness (Table 1).

Discussion

Findings of the present study demonstrate variable abnormal-
ity in the PLR in a cohort of PD subjects typified by an aber-
rant PPR following short-wavelength, high-irradiance stimuli.
Based on knowledge of the photochemical requirements of
melanopsin activation [24], these findings are consistent with
ipRGC abnormality as part of the melanopsin-derived

Fig. 1 Pupillary tracing between control (left) and PD cohorts.
Figures represent the aggregate of pupil area vs time tracings of the
overall study cohort. Mean AUC of control and PD data = 2436 and
2684, respectively, p = 0.0144 (Mann-Whitney, alpha = 0.05). The

overall flat tracings in the control cohort with relative low AUC
following extinguishing the stimulus is the hallmark of appropriately
functioning ipRGCs. Relative higher AUC data in the PD cohort is
indicative of aberrant PPR and ipRGC abnormality

Fig. 2 Mean pupillary area vs time data between short (470 nm) and long (640 nm) wavelengths at low (8 μW) irradiance in control and PD cohorts.
Lack of PPR in the control and PD cohorts is consistent with the known high-irradiance photochemical requirement for melanopsin engagement
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contribution of the PLR. Our findings support that of prior
studies which have also disclosed abnormal PPR in PD sub-
jects [25]. In contrast however to prior studies examining
ipRGC abnormality in PD patients, the present work included
a cohort with a relatively higher Hoehn and Yahr grade indi-
cating an overall higher level of disease severity [26].
Although prior studies have suggested that retinal nerve fiber
layer thickness is reduced in relation to disease severity, our
findings do not show a similar relationship [25]. Furthermore,
our findings did not show a relationship between the PPR and
PD severity or levodopa equivalent dose as was noted in prior
studies [25]. Additionally, this study supports the notion that
PPR abnormality found in PD is not due to morphologic ab-
normality of the retinal nerve fiber layer as denoted by the
similarity in retinal nerve fiber layer thickness between dis-
ease and control groups reinforcing findings of prior studies
[25]. Retinal nerve fiber compromise has been associated with
abnormality in electroretinography findings in PD patients;
however, the relationship between electroretinography and
pupillary function in PD has not been established [27].
Observations in this study may be explained in several sce-
narios; disease pathobiological variability; systematic error in
the clinical identification of a PD “gold standard”; and
methodologic limitations of empirical ROC-AUC analysis
for biomarker analysis.

Circadian neurohormonal secretion disrupted by ipRGC
abnormality is now regarded as a rational component of neu-
rodegenerative disease pathobiology [28]. Dysfunction of do-
paminergic sub-populations in the retina as a result of PD has
been shown to correlate with PD-related sleep, locomotor, and
visual dysfunction [29]. Curiously, ipRGC are both pre- and
postsynaptic to dopaminergic amacrine (DA) cells via recip-
rocal synapses; inhibitory DA signals are mediated through
GABA co-released from DA along with excitatory dopamine

signaling [30]. Dopamine has functions in the light-adaptation
process by upregulating melanopsin transcription in ipRGCs
and thus increasing the photoreceptor’s sensitivity [30]. DA
releases dopamine extracellularly during daylight, with light

Fig. 3 Mean pupillary area vs time data between short (470 nm) and long
(640 nm) wavelengths at high (30 μW) irradiance in control and PD
cohorts. Left: High-irradiance short-wavelength stimuli in the control
cohort produces the expected discernable PPR persistent to the 40-s time
interval while the long-wavelength high-irradiance stimulus lacks PPR
effect. Right: Lack of PPR in the PD cohort with short-wavelength high-

irradiance stimuli is consistent with ipRGC abnormality. Mean percent
baseline pupillary area at the ending 40-s time interval for the high-
irradiance short-wavelength stimulus = 66.45% in controls vs 80.81%
for PD subjects (p = 0.0012, Mann-Whitney). A notable aberration in
pupil latency at both short- and long-wavelength stimuli is demonstrated
in the PD cohort

Table 2 Description of study cohort identified with PD and/or
parkinsonism

Subject no. LEDD (mg)* PD grade+

101 750 2

102 300 3

103 240 1

104 600 3

105 1197 3

106 450 1

107 1390 3

108 580 1

109 300 1

110 2760 4

111 1995 3

112 1995 2

113 640 3

114 600 3

115-1a 0 1

116-2a 450 1

117 214 4

118 2827 4

119 300 1

Mean (SD) 925.7 (864.8) Median 3

* Levodopa equivalent daily dose
+Hoehn and Yahr grading system at the time of study enrollment
a Patients with non-PD parkinsonism features
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adaptative effects typified by enhancing the activity of cone
cells and increasing sensitivity to color and contrast while
suppressing rod cell and retinal melatonin activity. Thus, due
to diminished retinal dopamine, PD patients are considered to
be in a persistent state of dark adaptation [31].

As noted, in this study, there was no correlation between
LEDD and PPR abnormality. This finding may be interpreted
that either ipRGC dopaminergic dependency acts in a stochas-
tic binary rather than graded fashion or retinal dopamine levels
among the PD cohort lacked sufficient variability for statisti-
cal significance. Binary expression of ipRGC pupil abnormal-
ity in PD may explain the lack of a relationship between
LEDD and PD severity seen in this and other studies [25]. It

is evident that in aggregate analysis, the identification of PPR
abnormality is shown in the PD cohort. However, with the
statistical approach in this study, its apparent significant het-
erogeneity in PPR abnormality exists not only in the PD co-
hort but also in the control group as well. The presence of
abnormal PPR in the control group confounds the sensitivity
and specificity of the PPR as a viable biomarker for PD.
However, one cannot rule out the possibility that abnormality
of PPR in the control cohort is a representative prodromal
marker of an evolving neurodegenerative state. Furthermore,
the variability in the depth of the PPR abnormality in PD
patients is also notable suggesting either a graded degradation
in ipRGC function in PD subjects.

Table 3 AUC/ROC assessment
of PPR abnormality in study
cohort identified with PD and/or
parkinsonism. Predictive
properties of ROC-AUC analysis
to discriminate between normal
and abnormal PPR. A perfect
classification of abnormal PPR =
AUC of 1, while a perfect
classification of normal PPR =
0.5. In this investigation, we
determined a study AUC cut-off
of > 0.65 to best reflect abnormal
PPR

PD subject ROC C statistic (AUC) p value Confidence interval PPR assessment

101 0.5244 0.7075 0.3880 to 0.6608 Normal

102 0.7394 0.0002 0.6140 to 0.8648 Abnormal

103^ 0.7294 0.0004 0.6071 to 0.8517 Abnormal

104 0.7950 0.0001 0.6829 to 0.9071 Abnormal

105 0.6669 0.0102 0.5432 to 0.7906 Abnormal

106 0.6019 0.1168 0.4728 to 0.7309 Normal

107 0.7725 0.0001 0.6606 to 0.8844 Abnormal

108 0.7494 0.0001 0.6271 to 0.8717 Abnormal

109 0.5794 0.2217 0.4446 to 0.7141 Normal

110 0.5819 0.2075 0.4467 to 0.7170 Normal

111 0.7700 0.0001 0.6591 to 0.8809 Abnormal

112 0.5500 0.4414 0.4127 to 0.6873 Normal

113 0.6275 0.0496 0.4930 to 0.7620 Borderline

114 0.5588 0.3657 0.4274 to 0.6901 Normal

115* 0.5581 0.3708 0.4302 to 0.6861 Normal

116* 0.5844 0.1939 0.4546 to 0.7142 Normal

117 0.6050 0.1060 0.4713 to 0.7387 Normal

118 0.6744 0.0073 0.5460 to 0.8028 Abnormal

119 0.5119 0.8549 0.3817 to 0.6421 Normal

* Patients with non-PD parkinsonism features
^ Pseudophakic

Table 4 AUC/ROC assessment
of PRL in the non-PD (control
subjects) cohort

Control subject ROC C statistic (AUC) Adjusted p value CI PPR assessment

201^ 0.5238 0.7146 0.3933 to 0.6542 Normal

202 0.5213 0.7435 0.3917 to 0.6508 Normal

203 0.6263 0.0519 0.4954 to 0.7571 Normal

204 0.5756 0.2443 0.4427 to 0.7086 Normal

205^ 0.5469 0.4705 0.4172 to 0.6766 Normal

206 0.7631 0.0001 0.6469 to 0.8794 Abnormal

207 0.7000 0.0021 0.5811 to 0.8189 Abnormal

208 0.6719 0.0081 0.5480 to 0.7958 Abnormal

209 0.5900 0.1659 0.4611 to 0.7189 Normal

^ Pseudophakic
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The significance of the lack of correlation between
PPR and PD disease grade may also lay in the dual nature
by which ipRGC and conventional photoreceptors operate
in relation to circadian entrainment. Photoreceptors, in-
cluding ipRGCs as well as rods and cones, contribute to
circadian oscillation in two distinct ways, as oscillator
components or as mediators of luminous flux that do not
involve rhythmicity, a phenomena termed masking [32].
In mammals, light is the most important zeitgeber syn-
chronizing circadian rhythm. Luminous flux can therefore
impact human activity in two ways, either by synchroniz-
ing an endogenous oscillator, modulated through ipRGCs,
which in turn operationalize diurnal activity via a zeitge-
ber pacemaker, or through masking [33]. Conceptually,
masking describes behavioral changes due to exogenous
sources of illumination that are non-zeitgeber in origin.
For example, exposure to illumination during periods of
typical zeitgeber darkness will cause increased activity in
a diurnal mammal (positive masking) while decreased il-
lumination during periods of typically zeitgeber daylight
results in decreased activity, or negative masking [33].
Positive masking can therefore be considered as a means
to enhance activity by light in a diurnal species, while
negative masking is used to describe suppression of ac-
tivity by dark in a diurnal species and by light in a noc-
turnal species. Therefore, due to masking effects, PD pa-
tients with abnormal PPR may indeed display PPR aber-
ration and consequent ipRGC efferent abnormality with
resultant sleep and motor abnormality modified by effects
of masking in a manner that may not be predictable or
expected.

Addressing the lack of PPR abnormality in the two pa-
tients with parkinsonian features, previous studies have
shown that patients with MSA indeed demonstrate abnor-
mal PLR typified by deficits in constriction and dilation
velocities [34]. However, these studies did not examine
for PPR abnormality, only dynamics of pupillary constric-
tion and velocity [34]. Although patients with MSA have
been shown to have abnormality in measures of dynamic
pupillometry, in the present study, neither patient with
Lewy body dementia nor MSA demonstrated abnormal
PPR typical of ipRGC deficit. Ideally, use of a PLR

assessment to distinguish parkinsonian features of MSA
or Lewy body dementia from PD would be of significant
value. However, based on findings of the present study, it
does not appear abnormality of PPR has sufficient sensi-
tivity to be used clinically in this manner

Limitations of this study include a small sample size
and the cross-sectional nature of the study design.
Assessment of effect size denoted in this study suggests
the study is underpowered to determine the true diagnos-
tic accuracy of an abnormal PPR as a rational biomarker
for PD. Furthermore, to estimate classification accuracy
using standard ROC methods, a gold standard PD PPR
status must be ascertained clearly without ambiguity,
which is a dilemma as binary PD diagnosis disease clas-
sification may be unattainable or inaccurate. Nevertheless,
use of ROC-AUC analysis as shown in this study pro-
vides a mechanism to both classify and illustrate PPR
abnormality in both a qualitative as well as quantitative
manner. Future studies that leverage analytical methodol-
ogy that improve signal strength interpretation in estimat-
ing both the presence and extent of PLR abnormality in
PD patients are required [34]. In summary, our PD cohort
clearly demonstrates aberrant PPR albeit in a variable
manner suggesting PD-related disruption of melanopsin-
driven circadian entrainment with accompanying down-
stream pathobiological consequences occurs in either a
graded fashion, or in a manner which eludes detection
by current protocol of pupillary assessment.
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