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PURPOSE. To investigate the pupillary light reflex (PLR) of patients with severe loss of vision
due to Leber’s Hereditary Optic Neuropathy (LHON) in the context of a proposed
preservation of melanopsin-expressing retinal ganglion cells (mRGCs).
METHODS. Ten LHON patients (7 males; 51.6 6 14.1 years), with visual acuities ranging from
20/400 to hand motion perception and severe visual field losses, were tested and compared
with 16 healthy subjects (7 males; 42.15 6 15.4 years) tested as controls. PLR was measured
with an eye tracker and the stimuli were controlled with a Ganzfeld system. Pupil responses
were measured monocularly, to 1 second of blue (470 nm) and red (640 nm) flashes with 1,
10, 100, and 250 cd/m2 luminances. The normalized amplitude of peak of the transient PLR
and the amplitude of the sustained PLR at 6 seconds after the flash offset were measured. In
addition, optical coherence topography (OCT) scans of the peripapillary retinal nerve fiber
layer were obtained.
RESULTS. The patient’s peak PLR responses were on average 15% smaller than controls (P <
0.05), but 5 out of 10 patients had amplitudes within the range of controls. The patients’
sustained PLRs were comparable with controls at lower flash intensities, but on average, 27%
smaller to the 250 cd/m2 blue light, although there was considerable overlap with the PLR
amplitudes of control. All patients had severe visual field losses and the retinal nerve fiber
layer thickness was reduced to a minimum around the optic disc in 8 of the 10 patients.
CONCLUSIONS. The PLR is maintained overall in LHON patients despite the severity of optic
atrophy. These results are consistent with previous evidence of selective preservation of
mRGCs.
Keywords: pupillometry, melanopsin, ganglion cells, LHON, OCT

upillary light reflex (PLR) evaluation is a valuable tool for
the objective evaluation of the optic nerve function. In
most cases, there is a strong correlation between pupil
response to light and the severity of optic nerve disease.1–5
Optic neuropathies are frequently characterized by abnormalities of the PLR. However, in patients with mitochondrial
optic neuropathies, there can be visual-pupillary dissociation
such that even with severe visual loss, there is some pupillary
sparing.6–9 In Leber’s hereditary optic neuropathy (LHON), a
maternally inherited form of optic neuropathy due to mito-

chondrial DNA point mutations10,11 some have found a reduced
PLR,12,13 while others have found a relatively preserved
response.6,7
LHON is characterized by a severe loss of RGCs that begins
with those that constitute the papillomacular bundle, but
eventually produces generalized retinal ganglion cells (RGC)
loss. The relative preservation of the PLR observed in some
patients with LHON has been hypothesized to be due to the
relative sparing of the melanopsin-expressing (mRGCs) cells,
which are mediators of the PLR.14–18 In particular, Bose et al.
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TABLE. Demographic and Ophthalmologic Data of LHON Affected Patients
Patient No.
1
2
3
4
5
6
7
8
9
10
Mean
SD

Code

Age

Sex

Eye

VA

TOD

RNFL AV

S

T

I

N

C10005
C10008
C10012
C10027
C10091
S10020
V10013
V10097
V10105
PVE611

65
74
68
41
30
54
51
49
48
36
51.6
14.1

M
F
F
M
M
M
M
M
F
M

OD
OD
OD
OD
OD
OD
OS
OD
OD
OS

20/400
HM
HM
HM
HM
20/500
CF 20 cm
CF 10 cm
20/600
20/400

25
42
36
22
12
13
6
29
5
10
20.0
12.8

61
27
27
16
29
64
27
34
37
23
34.5
15.8

82
31
33
1
35
88
32
38
40
39
41.9
25.3

26
21
23
24
21
25
20
22
29
26
23.7
2.8

81
29
26
31
35
82
34
39
46
40
44.3
20.4

57
27
24
9
23
59
22
37
32
30
32.0
15.6

M, male; F, female; OD, right eye; OS, left eye; VA, visual acuity; HM, hand motion; CF, counting fingers; TOD, time of disease (y); RNFL AV, retinal
nerve fiber layer average (lm); RNFL thickness (lm) according to quadrants as S (superior), T (temporal), I (inferior), and N (nasal).

described a preservation of retinofugal pathway to the olivary
nuclei of the pretectum,19 the pathway of the mRGC
projections. Moreover, a relative sparing of these mRGCs has
been recently demonstrated by La Morgia et al., in a
postmortem evaluation of RGCs and their axons in the retina
and the optic nerves from affected patients with mitochondrial
optic neuropathies, including two with LHON and one with
dominant optic atrophy (DOA).20
The PLR to brief light exposures shows a transient phase of
pupillary constriction attributed to the rod and cone input to
the mRGCs, followed by a sustained pupil constriction, mainly
driven by the intrinsic melanopsin response of the mRGCs.21,22
We measured the transient and sustained response of the PLR
in a group of LHON patients with profound loss of vision due
to severe optic atrophy. In addition, optical coherence
tomography (OCT) was employed to measure the extent of
retinal nerve fiber damage. The results are interpreted in the
context of the hypothesized preservation of the mRGCs.

METHODS
Subjects
Ten affected patients, carrying the 11778/ND4 mtDNA
mutation (7 males; mean age 51.6 6 14.1 years), were
included in this study. Nine of these patients belonged to the
previously published LHON Brazilian pedigree.23 The age of
disease onset ranged from 7 to 35 years. All patients were
submitted to a complete ophthalmological exam and no
additional ophthalmological or neurological diseases were
found. Patients had visual acuity ranging from 20/400 to hand
motion perception (Table). Sixteen healthy age-matched
control subjects (7 males; mean age 42.15 6 15.4 years) were
included for comparison.
Patients’ visual function was also evaluated with the
standard automated perimetry (Humphrey Field Analyzer
program 30-2 full threshold, white stimulus, size V; Carl Zeiss
Meditec, Dublin, CA), and all patients showed a severe
reduction of sensitivity along the 308 central area. Due to the
poor visual acuity of the group, a size V stimulus was used.
Visual field data served to document the extent of the visual
function damage in our patients, but were not included for
further analyses because of the depth of the defect and low
reliability in some of the exams.
The procedures used in this study complied with the tenets
of the Declaration of Helsinki. Informed consent was obtained
from all participants and the study protocol was approved by
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the Committee on Ethics in Research from Federal University
of São Paulo–UNIFESP (# 0974-01).

OCT
Structural evaluation of the retina nerve fiber layer was
determined with the optic disc cube protocol on HD-OCT
software (Cirrus HD-OCT, version 6.0; Carl Zeiss Meditec). This
commercial software places a circle, 3.46 mm in diameter,
around the optic nerve head, extracts 256 A-scan samples from
the data cube along this circle, and calculates retinal nerve
fiber layer (RNFL) thickness based upon a segmentation
algorithm.

Stimuli
Stimuli consisted of a 1-second flash of either blue (470 nm) or
red (640 nm) light, generated by the corresponding LED in a
Ganzfeld, controlled by the A-pattern simulation system (RETIport; Roland Consult, Brandenburg, Germany) They were
presented at the following photopic range of luminances: 1,
10, 100, and 250 cd/m2. The choice of stimulus duration,
wavelengths, and luminances was based on a previous study,
which concluded that cone and melanopsin-driven mRGC
contributions to the PLR could be identified based upon these
parameters.22 We did not use the lower intensities suggested
by Park et al.22 to assess rod contributions, as the nature of the
testing situation made extensive dark-adaptation impractical.

Procedure
All subjects were tested monocularly in the eye with the worst
visual acuity. The other eye was occluded with a patch.
After 10 minutes of dark adaptation, alternating red and
blue flashes were presented starting with the 1 cd/m2
luminance and proceeding to the 250 cd/m2 stimuli. Following
each flash, the PLR was recorded continuously during a period
of time determined by the luminance of the flash. In particular,
after the 1 and 10 cd/m2 flashes, PLR was recorded for 20
seconds and for 60 seconds after the 100 and 250 cd/m2
flashes.

Pupil Response Recording
A binocular eye-tracking camera system with infrared light
emitting diodes (Arrington Research, Scottsdale, AZ) was used
for real-time pupil recording with a sample rate of 60 Hz. The
video camera system was attached to a plastic eye frame in
order to avoid any physical contact between the camera and
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FIGURE 1. Normalized pupillary diameter for different flash luminances. Upper- and lower-left panels show the averages of the control group (n ¼
16), for the red flashes (A) and for the blue flashes (B). Upper- and lower-right panels show the averages of the LHON patients (n ¼ 10) for red
flashes (C) and blue flashes (D). Black bars represent the 1-second stimulus flash.

the eye. The equipment is the same as used by previous
studies.22,24,25
As the stimulator system was separate from the eye tracker,
we used the scene camera of the eye tracker to synchronize
the stimuli and the recordings. The scene camera recorded a
video of the stimulus and its frame timing was synchronized to
the eye tracker data. Time 0 in Figure 1 corresponds to the
time of onset of light emitting diodes (LED).

baseline, not shown, produced similar results.) The sustained
response (SR) was expressed as the pupil diameter at 6
seconds after the flash offset, relative to the baseline.22
As the results did not fit a normal distribution, as shown by
the Shapiro-Wilk test, the nonparametric Mann-Whitney test
was applied for comparisons. A two-tailed Spearman correlation test was used to assess correlation between variables. To
correct for possible errors in multiple comparisons, the HolmBonferroni method was applied.

Data Analysis
Data were analyzed using commercial spreadsheet software
(Microsoft Excel; Microsoft Corporation, Redmond, WA) using
automated macros written in commercial programming
language (Microsoft Visual Basic for Applications 7.0; Microsoft
Corporation). Noise and blinking artifacts were removed from
recordings with median filtering using a 200-ms window and
derivative filtering.
The average pupil diameter during 3 seconds before the
flash onset was used as a baseline value. The filtered response
values were divided by the baseline pupil diameter in order to
normalize the PLR parameters and compare the results of
different subjects. The peak amplitude (PA) was calculated as
the maximum pupil constriction and expressed relative to the
baseline value (PA ¼ max constriction diameter/baseline
diameter). (Note: An analysis of the incremental change from
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RESULTS
Pupil Data
Figure 1 presents the average of normalized PLR of the control
(Figs. 1A, 1B) and LHON groups (Figs. 1C, 1D) for the set of red
(Figs. 1A, 1C) and blue (Figs. 1B, 1D) stimuli. Each line
represents the average normalized pupillary size in response to
a particular luminance of the 1-second duration flash. For the
control group, the peak amplitude (Fig. 1A) of the pupillary
constriction increases with the increasing intensity of the red
stimulus. At each of the luminances presented, there is a return
to the baseline after reaching the peak constriction. A similar
pattern can be observed for the blue flash (Fig. 1B). However,
the return to the baseline takes longer. This sustained response
increases with the luminance of the stimulus. Thus, two

The Pupil Light Reflex in LHON

IOVS j July 2013 j Vol. 54 j No. 7 j 4474

FIGURE 2. Pupil constriction amplitude as a function of flash luminance (log cd/m2). Red symbols represent red flash and blue symbols, blue flash.
Left panels show normalized constriction amplitude of the peak of the pupillary response and right panels show the normalized constriction
amplitude of the pupillary sustained response measured at 6 seconds after flash offset. LHON patients are represented by the x symbols and thin
lines; controls are represented by the circles. Average of each group is represented by the thick line and symbols. Asterisks indicate significant
differences (P < 0.01) between patient and control groups.

distinct components in the PLR were identified: a transient
waveform in response to both red and blue flashes and a
sustained waveform in response to the blue flash, as previously
reported.22,24,25 The LHON group (Figs. 1C, 1D) showed
qualitatively similar responses to those of the control group for
both red and blue stimuli.
The normalized peak amplitude of the transient phase and
the normalized amplitude of the sustained response (measured
at 6 seconds after the flash offset) are plotted as a function of
luminance in Figure 2. In all panels, the open circles and ‘‘x’’
symbols indicate the data for controls and patients, respectively, with the small symbols representing the values for
individuals and the large symbols the averages. A thin solid line
connects the data points for each patient. As expected from
previous work,22 the peak amplitudes (left column) increase
slightly with stimulus intensity as the luminance was increased
from 0 to 2.4 log cd/m2. Further, the peak amplitudes for the
photopically equated red and blue stimuli were similar for both
controls and LHON patients, as shown in Figure 3 (left panel)
where the mean data for the blue and red stimuli are
superimposed. On the other hand, for the sustained responses,
the amplitudes were small and relatively constant in response
to the range of red stimuli (Fig. 3, right panel), but they
markedly increased with increased luminance of the blue

Downloaded From: https://iovs.arvojournals.org/ on 11/20/2018

stimuli. This is consistent with previous work that has shown
the increase we see in the sustained response at these higher
intensities of blue light is driven by melanopsin. This
conclusion was based on the finding that pupil responses
obtained during pharmacological blockade of rod and cone
photoreceptors exhibit the same spectral tuning and slow
kinetics of mRGC responses.15,16
Of primary interest here, is the size of the patients’ PLR as
compared with the controls. Consider the peak response data
(Fig. 2, left column) first. For both red and blue stimuli, the
mean peak amplitude is, on average, smaller in the case of the
patients, by approximately 15% across all intensities. These
differences were small and yet statistically significant (P  0.01
level, Mann-Whitney test). There were five patients within the
normal range of peak amplitudes for all intensities of both red
and blue flashes. However, there was considerable variability
and other patients’ values fell below control values. Similarly,
the sustained responses (Fig. 2, right column) on average are
smaller in the case of the patients, with the largest difference
seen for the most intense blue stimuli. For the blue 2.4 log cd/
m2 stimuli, the average sustained response of the LHON patient
group was 27% smaller than that of the controls (P < 0.016,
Mann-Whitney test). However, the range of control values was
large and most patient values fell within it.

IOVS j July 2013 j Vol. 54 j No. 7 j 4475

The Pupil Light Reflex in LHON

FIGURE 3. Average constriction amplitude of the pupillary light responses as a function of luminance, for red and blue stimuli. LHON patients are
represented by the solid lines and x symbols. Controls are represented by the dashed lines and circles. Left panel shows the normalized pupil
constriction amplitude for the peak response and right panel shows the normalized pupil constriction amplitude for the sustained response.

Pupil size at baseline was larger in the control group (6.29
6 1.14 mm) compared to LHON patients (5.04 6 0.68 mm),
although there was considerable overlap in the baseline values
for the two groups.
We also examined the correlation between the sustained
response and clinical parameters. There was no significant
correlation between the sustained response and age, duration
of disease, or visual acuity (P > 0.05; Spearman correlation).

OCT Data
The average peripapillary RNFL thickness for the patients was
34.5 lm as compared with 94.0 lm for controls, in accordance
with data previously reported.26 The Table (‘‘RNFL AV’’
column) shows the individual values, as well as the RNFL
thicknesses by disc quadrants. It is important to note that
complete loss of RGCs will not result in a complete loss of the
RNFL as measured with OCT,27 unless there is an algorithm
error, as blood vessels and glial cells remain and contribute to
the thickness measure.28 This nonneural residual varies
between approximately 20 and 60 lm depending upon
individual differences, algorithm errors, and disc location.28
Only patients 1 (P1) and 6 (P6) had average RNFL thickness
greater than 60 lm; the other eight patients had average
thickness values 37 lm. The Table (four rightmost columns)
shows the RNFL thickness values for the four optic disc
quadrants. Except for the superior, nasal, and inferior
quadrants of P1 and P6, all other quadrants had RNFL thickness
values less than 47 lm. These values are within the range seen
in ischemic optic neuropathy (ION) patients with macular field
losses greater than 20 dB.27
Figure 4 (left column) shows the RNFL thickness profiles for
the two patients with the thickest RNFL. Although the RNFL
profiles (solid black lines) are markedly thinned (25 and 26
lm) in the temporal section of the disc, these two patients
show measureable RNFL thickness in the rest of the disc,
falling largely within the normal confidence limits. On the
other hand, the other eight patients showed markedly thinned
RNFL around the disc. Figure 4 (right column) shows two
examples. The bumps in the RNFL profiles correspond to
blood vessels and the density plots (insets) indicate that the
thickness remaining was largely due to blood vessels. There
was no correlation between the patients’ RNFL thickness and
their PLR amplitudes (P > 0.05, R2 ¼ 0.1814; Spearman
correlation).
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DISCUSSION
The PLR is relatively preserved in severely affected LHON
patients with advanced optic atrophy. While many of our
patients showed PLR responses that were clearly outside the
normal range, five had peak PLR amplitudes within the range of
controls. These results are consistent with previous studies
that reported both relatively preserved and abnormal PLR
responses in LHON patients.6,7,12,13,29
Overall, the difference in the PLR between LHON patients
and controls was relatively modest. The mean transient
response was approximately 15% smaller than controls for all
four flash intensities and for both red and blue lights. The
largest mean difference seen was for the sustained response to
the most intense blue stimulus, which was 27% smaller than the
average control amplitude. It is not clear why the differences
are larger for the higher intensities. However, we do not have a
good model for how mRGCs combine to produce the normal
PLR, much less how fewer or less healthy cells may contribute.
In contrast to the relative preservation of mRGCs, the OCT
peripapillary disc measures showed profound loss of RNFL
thickness. In fact, in eight of 10 patients, the RNFL thickness
was at levels consistent with those seen in patients with
extreme ION or glaucoma, where this residual RNFL has been
attributed to remaining blood vessels and glial cells.28 Based
upon the Hood and Kardon model, the RNFL thickness falls
within the noise (residual level) when 90% of the RGCs are
lost. As mRGC cells are only approximately 0.2% to 0.8% of the
RGCs in healthy individuals,15,30 the PLR and OCT results
together are consistent with the hypothesis that mRGCs are
differentially preserved in patients with LHON and consistent
with the previous histological evidence in two patients with
LHON.20 The lack of correlation between the patients’ PLR and
OCT data is not surprising given the lack of sensitivity of the
OCT RNFL measure when the RGC loss exceeds 90%.
However, let’s consider the alternative hypothesis that all
RGCs are equally affected by LHON. Under this alternative
hypothesis, we must assume that the relatively robust PLR
responses from these LHON patients are supported by
approximately 10% of the mRGCs. This seems unlikely based
upon previous studies. Other optic neuropathies with severe
RNFL loss often show an abnormal PLR.4,31–33 For example,
recent studies described reduced melanopsin-driven responses
in patients with glaucoma, and this reduction was proportional
to the severity of the disease.32,33
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FIGURE 4. OCT RNFL representation thickness map for patients 1, 2, 6, and 9, for the right eye. Note the generalized reduced RNFL thickness
among all patients. However, P1 and P6 show a small preservation of the superior, nasal, and inferior regions, compared with the temporal region.

In our study of LHON patients, some of them with severe
optic neuropathy still showed a robust pupillary response to
light while others had smaller PLRs. This is best explained by
assuming that the patients might have different numbers of
mRGCs remaining, consistent with published postmortem
studies of LHON patients.20
In conclusion, the PLR, which is mediated largely—if not
entirely—by the mRGCs, is relatively preserved in patients
with LHON despite the profound vision loss, severe optic
atrophy, and associated thinning of the RNFL. These findings
are consistent with the histological findings described by La
Morgia et al.20 and provide an explanation for the visualpupillary dissociation in patients with LHON.
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3. Lagrèze WD, Kardon RH. Correlation of relative afferent
pupillary defect and estimated retinal ganglion cell loss.
Graefes Arch Clin Exp Ophthalmol. 1998;236:401–404.
4. Kerrison JB, Buchanan K, Rosenberg ML, et al. Quantification
of optic nerve axon loss associated with a relative afferent
pupillary defect in the monkey. Arch Ophthalmol. 2001;119:
1333–1341.
5. Bergamin O, Kardon, RH. Greater pupillary escape differentiates central from peripheral visual field loss. Ophthalmology.
2002;109:771–780.
6. Wakakura M, Yokoe J. Evidence for preserved direct pupil light
response in Leber’s hereditary optic neuropathy. Br J
Ophthalmol. 1995;79:442–446.
7. Bremner FD, Shallo-Hoffmann J, Riordan-Eva P, Smith SE.
Comparing pupil function with visual function in patients
with Leber’s hereditary optic neuropathy. Invest Ophthalmol
Vis Sci. 1999;40:2528–2534.
8. Bremner FD, Tomlin EA, Shallo-Hoffmann J, Votruba M, Smith
SE. The pupil in dominant optic atrophy. Invest Ophthalmol
Vis Sci. 2001;42:675–678.
9. Perganta G, Barnard AR, Katti C, et al. Non-image-forming light
driven functions are preserved in a mouse model of autosomal
dominant optic atrophy. PLoS One. 2013;8:e56350.

IOVS j July 2013 j Vol. 54 j No. 7 j 4477

The Pupil Light Reflex in LHON
10. Wallace DC, Singh G, Lott MT, et al. Mitochondrial DNA
mutation associated with Leber’s hereditary optic neuropathy.
Science. 1988;9;242:1427–1430.
11. Carelli V, Ross-Cisneros FN, Sadun AA. Mitochondrial dysfunction as a cause of optic neuropathies. Prog Retin Eye Res.
2004;23:53–89.
12. Jacobson DM, Stone EM, Miller NR, et al. Relative afferent
pupillary defects in patients with Leber hereditary optic
neuropathy and unilateral visual loss. Am J Ophthalmol. 1998;
126:291–295.
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