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Ocular surface health, the cognitive status, psychological health
or human neurological disorders, among others, can be
assessed by studying eye blinking, which can be differentiated
in spontaneous, reflex and voluntary. Its diagnostic potential
has provided a great number of works that evaluate their
characteristics and variations depending on the subject’s
condition (sex, tiredness, health, …). The objective of this study
was to analyse the differences in blinking kinematics of
spontaneous and reflex blinks, distinguishing between direct
and consensual reflexes, using a self-developed, non-invasive
and image processing-based method. A video-oculography
system is proposed using an air jet driven by a syringe to
induce reflex and a high-speed camera to record the blinking of
both eyes. The light intensity diffused by the eye changes
during blinking and peaks when the eyelid closes. Sixty-second
sequences were recorded of 25 subjects blinking. Intensity
curves were off-line fitted to an exponentially modified
Gaussian (EMG) function, whose σ, μ and τ parameters were
analysed. A two-way analysis of variance (ANOVA) of these
parameters was conducted to test the influence of the subject,
the eye and blink type. In the closing phase, direct and
consensual corneal reflexes are faster than spontaneous
blinking, but there was no significant difference between them,
nor between right and left eyes. In the opening phase, the
direct corneal reflex was the slowest and significant differences
appeared between right and left eyes.
1. Introduction
A blink is a temporary closure of both eyes which involves
movements of the upper and lower eyelids [1] to keep the eye
hydrated by distributing tear film over the entire eye surface [2],
and to protect it from foreign objects [3]. Eyelid movements
require simple neural commands and a few active forces, so
blinking represents a normal, simply observable and easily
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accessible phenomenon that reflects central nervous system activation processes without voluntary

manipulation. Its analysis can reveal some muscular or neural disorders [3–5], which makes blinking a
highly relevant source of information and encourages the examination of its characterizing parameters.

Three blink types can be differentiated according to the subject’s will: spontaneous, voluntary and reflex
blinking. Spontaneous blinking occurs regularly without the need for any stimulus. Voluntary blinking is
that performed by the subject consciously. Reflex blinking, also named corneal reflex, is a rapid short-lived
closing movement produced by various external stimuli, including bright lights [6], approaching objects,
loud noises and corneal, conjunctival or eyelash rubbing. It is a reliable measure of afferent trigeminal VI
and efferent facial nerve VII fibres [7]. Closure of stimulated eyelids is referred to as direct corneal reflex
(ipsilateral), and closure of contralateral lids is termed the consensual corneal reflex. The consensual
reflex is any reflex observed on one side of the body when the other side has been stimulated. This reflex
is mainly evidenced in the process of pupil contraction of both eyes when only one of them is
illuminated. Hence, in humans, these two responses are thought to be identical [8,9], and any divergence
between them is attributed to neurological pathology. Nevertheless, some studies have found that the
amplitude of the consensual response is smaller than that of the direct one [10,11], and that it is sex-
dependent [12]. Regarding the analysis of corneal direct and consensual reflexes, in normal animals, the
direct reflex is typically more pronounced than the consensual reflex [13].

The application of electrodes [14–21], the use of the magnetic search coil technique [22–25] and non-
contact recording procedures, such as video oculography [26–30], are techniques that have been used to
evaluate the eye blinking. Electrophysiological examinations provide the two blink reflex components
(R1 and R2 responses) [21]. The R2 response is typically present bilaterally. In normal subjects, the R2
direct response to the stimulus is usually larger than the consensual one [13,20,31,32]. Yet despite the
corneal reflex’s diagnostic potential and reports of the direct reflex being more pronounced than the
consensual reflex, we found no works in the literature that describe such a statement in depth and
through a non-invasive image processing-based method. Only one previous communication by some
of the authors of this paper includes indications of differences, but contain very few data [6].

The objective of this study was to analyse the differences in blinking kinematics of spontaneous and
reflex blinks, distinguishing between direct and consensual reflexes, using for the first time a self-
developed, non-invasive and image processing-based method. This work studied some dynamic
characteristics of spontaneous blinking and the corneal reflex, and their significant differences.
Blinking data are obtained by video sequences recorded with a high-speed camera at a rate of 240
frames per second (fps) and then processed off-line with Matlab (The MathWorks, Inc., Natick, MA,
USA). The data of light diffused by eyelids are adjusted to an exponentially modified Gaussian (EMG)
function. The EMG was introduced in chromatography [33] for describing peak shape because of its
better formal data fitting than other skewed distributions, and its straightforwardly interpretable
parameters. More recently, the EMG has been suggested to be applicable to cell biology [34],
psychophysiology [35], physiology [36], physics [37], computer science [38] and blinking analyses [6].
The proposed form of the function proposed by Delley [39] is
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where erfcx(t) ¼ exp (t2)erfc(t) is a scaled complementary error function, a is the independent term, h is the
amplitude of Gaussian, s is the standard deviation of the normal distribution, m is the mean of the
normal distribution and t is the exponent decay parameter. These parameters can be related to
dynamic characteristics of eye blinking, and are used to compare spontaneous blinks and corneal
reflexes and to describe their differences.

Next, the methodology that we followed is described, including both the subjects participating in the
study and the employed material. Briefly, two video sequences, including spontaneous and corneal reflex
blinks, were recorded with 25 subjects and were then off-line processed. A statistical analysis is presented
in the Results section, which lead us to draw the conclusions.
2. Methods
The students, faculty and staff of the department were recruited as participants. Twenty-five subjects
aged 20–61 years (33 ± 14 years, 16 women and 9 men) participated in the study (figure 1). They did
not have any history of medications or neurological, eye or eyelid disorders that would affect
blinking. They were all informed about the nature and purpose of the study, and gave their informed
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Figure 1. Boxplot of the age of the subjects participating in the study.
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Figure 2. Scheme of the experimental set-up.
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consent in writing. Additionally, all subjects of the study where pre-screened in order to discard subjects
with excessive blinking or with an excessive number of incomplete blinks. We adhered to the Declaration
of Helsinki principles and permission from the Ethical Committee of the University of Alicante was
obtained (UA-2016-04-11).

The experimental set-up consisted of a chinrest on which the subjects rested their head and a high-
speed commercial camera (GOPRO HERO 3+) working at 240 fps, which recorded both eyes during
sequences lasting approximately 60 s [30,40,41]. While recording, the subjects were asked to blink
naturally when they needed to and to not look away. Two air tubes connected to two syringes were
pointed one at each eye. Syringes were randomly pressed, and a jet of air was shot without warning
into one eye to stimulate the corneal reflex. The jet of air lasted less than 150 ms and air volume was
around 20 ml. Two small pieces of paper were attached to the end of the tubes to detect when the jet
of air was shot during video sequences. Two LED lamps (3500 K) were used to illuminate the
subjects’ eyes with an intensity of 1300 ± 100 lux. They were placed obliquely without interrupting the
line of sight or dazzling the participants. Two video sequences for each participant spaced in time
were recorded, in which spontaneous and reflex blinks were recorded. Figure 2 schematically
represents the experimental set-up.

Videos were processed using Matlab. A rectangular region of interest (ROI) around each eye was first
selected. This was done by hand in the first frame of each sequence to make the algorithm
computationally lighter, but this selection was automatic in the following frames. The energy contained
in each region was calculated in all the frames. The amount of light intensity diffused by the eye when it
is open is almost constant. However, when the eyelid closes, the reflected light changes, and so does the
intensity recorded by the camera. Therefore, blinks appear as a rapid increase and decrease in the light
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Figure 3. (a) Frame at an arbitrary moment of the sequence with eyelids open. (b) Frame at the instant when the jet of air is shot.
(c) Frame when eyelids are closed during the corneal reflex. The ROIs selected to compute the light diffused by the eye are depicted
by blue squares. The squared red areas are those selected to determine when the jet of air is shot and to which eye.
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intensity recorded by the camera. This variation in intensity is directly related to changes in the position of
eyelids. By finding these intensity peaks, we extracted blinks from video sequences [28].

Two other ROIs, including the pieces of paper at the end of the air tubes, were also selected by hand
in the first frame and maintained for the other frames in the sequence. The energy in those ROIs was also
tracked in time to determine when the jet of air was shot. In this way, we determined when corneal
reflexes happened, and which ones were direct and consensual reflexes.

In figure 3, we represent three frames of one example sequence. We can see the air tubes at both sides
of the face pointed at each eye. We squared in blue the example ROIs in which the intensity diffused by
the eye was computed (the sum of the grey level of the pixel in the region), which provides the blink
curve. In red, we boxed two example ROIs, used to detect the instant when the jet of air was shot.
Frame (a) is taken before an air shot, and frame (b) is the frame at the instant when the jet of air was
shot into the right eye. We can observe in the left red ROI how the piece of paper attached to the end
of the air tube moves. In frame (c), the eyelid is closed, and the piece of paper has not yet returned to
its initial position.

Blinks were extracted from the video sequences and sorted into spontaneous or reflexes. Data were
reported separately for the left and right eye [24,42–44]. We considered corneal reflexes to be those
blinks that immediately occurred after the jet of air was shot, and spontaneous blinks were the others.
The next step consisted of least square fitting them to an EMG function (1.1) to gain the characteristic
parameters (a, h, s, m, t). Figure 4 provides an example of two blink signals and shows the fittings to
the EMG function. Data correspond to both eyes during a corneal reflex. The instant when the jet of
air was shot is marked by a black line. The data and fitted curve of the right eye are plotted in blue
and those of the left one in red. Intensities are normalized prior to being fitted to the EMG function.
The differences in the baseline value are irrelevant to our study and are discussed later.

As stated in the Introduction, the EMG is used because of its straightforwardly interpretable parameters.
Here, a and h depend on the amount of intensity captured by the camera and do not characterize the blinks,
m merely provides information about the instant in the sequence when the blink occurs, while s and t

describe the shape of the blink peak. As seen in figure 4, the skewness of the blinking curves is positive,
i.e. the tail is on the right. So s parameter describes the left side of the peak, the closing phase, whereas
parameter t refers to the right side, the opening. Note that none of them inform about the instants when
blinks start or finish, but about the time taken to close and open. In general, some criteria could be
stablished to determine the beginning and end of reflexes [40,41], for example, from the instant when the
eyelid is closed. With corneal reflexes, we set the time to zero at the instant when the jet of air was shot.
In this way, parameter m was defined from the instant when the eye received the stimulus, and can also
be used to compare direct and consensual corneal reflexes.



0
20
40
60

0
0 0.05 0.10 0.15 0.20

0.01 0.02

D C S

s (s) s (s) s (s)

t (s) t (s) t (s)

0.03 0.04 0.01 0.02 0.03 0.04 0.01 0.02 0.03 0.04

0 0.05 0.10 0.15 0.20 0 0.05 0.10 0.15 0.20

R
L

R
L

R
L

R
L

R
L

R
L

20

40

60

80

0
20
40

0

200

400

0

100

200

0

50

100

60
80

Figure 5. Histograms of parameters s and t for the direct (D) and consensual (C) corneal reflexes, and the spontaneous blinks (S),
of the right (R) and left (L) eyes.
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Figure 4. Data of a corneal reflex of the right (blue crosses) and left (red crosses) eyes. The blue and red lines are the curves that
resulted from the fitting to (1.1) of the right and left eyes data, respectively. The instant when the jet of air was shot is marked by a
black line.
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3. Results
We processed the two sequences recorded per subject and classified the blinks as spontaneous blinks and
corneal reflexes following the procedure explained above. We obtained 417 corneal reflexes and 933
spontaneous blinks. They were all fitted to the EMG function (1.1). The analysis of the differences in
blinking kinematics of spontaneous and reflex blinks, distinguishing between direct and consensual
reflexes, was based on the comparison of the characteristic parameters obtained from those fittings.
We first analysed the statistics of the parameters of each blink type. In figures 5 and 6, we plotted the
histograms of the parameters s, t and m for the direct (D) and consensual (C) corneal reflexes, and
the spontaneous blinks (S) of the right (R) and left (L) eyes.

In order to know how those independent variables (eye and blink type), in combination, affect any of
the characteristic parameters obtained from the fittings to (1.1), we used a two-way ANOVA. For each
subject a different number of blinks was obtained, so in order to get a balanced statistic analysis, we
have constructed our database by randomly selecting three blinks from each type in each eye from
every subject (3 blinks × 3 types × 2 eyes × 25 subjects). Therefore, each parameter dataset consists of a
matrix with 75 rows (25 subjects × 3 blinks per subject) and six columns (2 eyes × 3 blink types per
eye). The statistics for each characteristic parameter of these datasets are shown in figures 7–9, where
we plotted the boxplots and histograms of each blink type for both eyes.
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All datasets of parameters meet the homoscedasticity necessary to use two-way ANOVA. The
normality of each dataset was tested by the Shapiro–Wilk normality test because it has the most
power for a given significance [45]. Neither the data from the parameter s nor those from parameter t
were normally distributed, as can be guessed from the histograms in figures 5, 7 and 8, but those
from parameter m and the transformations log10 (s) and t 0:5 were. Therefore, when looking for
statistically significant differences among the eyes and blink types, we performed a two-way ANOVA
of these last parameters.
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Table 1. The ANOVA table for log10 (s). SS, sum of squares; d.f., degrees of freedom; MS, mean square, defined by SS/d.f.;
F, F-statistic value; p-value, p-value of the F-statistic value.

SS d.f. MS F p-value

eye and blink type 0.824 5 0.165 16.545 1.99 × 10−14

subjects 1.629 24 0.068 6.813 1.84 × 10−17

interaction 3.312 120 0.028 2.770 8.43 × 10−13

error 2.989 300 0.010

total 8.755 449
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Regarding the log10 (s) parameter, the ANOVA result shown in table 1 establishes that it is influenced
by the two factors and their interaction ( p-values < 0.05). The significant interaction term hindered the
ANOVA interpretation. Hence in order to evaluate, on the one hand, if there were differences between
groups of eyes and blink types, and, on the other hand, if there were significant differences between
subjects, a multiple comparison was made (figure 10).

The groups eye-blink type were R-D, R-C and R-S, corresponding to the direct, consensual and
spontaneous reflex of the right eye, and L-D, L-C and L-S, corresponding to those of the left one,
both, respectively. In figure 10, each group mean is represented by a symbol, and the mean squared



Table 2. The ANOVA table for t0:5. SS, sum of squares; d.f., degrees of freedom; MS, mean square, defined by SS/d.f.;
F, F-statistic value; p-value, p-value of the F-statistic value.

SS d.f. MS F p-value

eye and blink type 0.220 5 0.044 29.251 3.62 × 10−24

subjects 0.450 24 0.019 12.441 1.70 × 10−32

interaction 0.459 120 0.004 2.537 6.32 × 10−11

error 0.452 300 0.002

total 1.582 449
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Figure 11. Multiple comparison test of the groups eye-blink type (R, right; L, left; D, direct; C, consensual; S, spontaneous) for t 0:5.

Table 3. The ANOVA table for m. SS, sum of squares; d.f., degrees of freedom; MS, mean square; defined by SS/d.f.;
F, F-statistic value; p-value, p-value of the F-statistic value.

SS d.f. MS F p-value

eye and blink type 0.0017 3 0.0006 3.9445 9.20 × 10−3

subjects 0.0212 24 0.0009 6.0768 6.83 × 10−14

interaction 0.0177 72 0.0002 1.6921 2.30 × 10−3

error 0.0291 200 0.0001

total 0.0698 299
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error is represented by a line extending from the symbol. Two group means were not significantly
different if their intervals overlapped. In both eyes, there were no differences between the direct and
consensual corneal reflexes, but spontaneous blink differed from them. Moreover, no differences
appeared between eyes for any blink type, as was to be expected in subjects without pathologies and
in line with other works in the literature [20].

The analysis of the parameter t 0:5 shown in table 2 also reports the existence of significant differences
between eyes and blink types, between subjects and, again, their interaction ( p-values < 0.05).

As with the analysis of the above parameter, the multiple comparisons plotted in figure 11 clarify
what these differences were. In this case, the direct corneal reflex differed from the others in both
eyes. The comparison made between eyes showed that both the direct and consensual corneal reflexes
of the right eye had lower parameter values than those of the left eye, but, again, no significant
differences appeared in spontaneous blinking.

The two-way ANOVA results of the parameter m shown in table 3 indicate that groups eye-blink type,
subjects and their interaction affected this parameter ( p-values < 0.05). A multiple comparison test was
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Figure 12. Multiple comparison test of the groups eye-blink type (R, right; L, left; D, direct; C, consensual) for m.

Table 4. Means and standard deviations of each parameter of each group eye-blink type (R, right; L, left; D, direct;
C, consensual; S, spontaneous).

R-D R-C R-S L-D L-C L-S

s(s) 0.020 ± 0.006 0.019 ± 0.005 0.024 ± 0.007 0.020 ± 0.007 0.021 ± 0.007 0.025 ± 0.008

t(s) 0.08 ± 0.03 0.06 ± 0.03 0.06 ± 0.02 0.10 ± 0.04 0.07 ± 0.04 0.07 ± 0.02

m(s) 0.110 ± 0.012 0.112 ± 0.018 0.106 ± 0.016 0.110 ± 0.014
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run to clarify the differences between groups (figure 12), and we can see that there were not differences
between the direct and consensual corneal reflexes in any eye and between eyes with any reflex type. The
only significant difference lay in the p-value < 0.05 in the ANOVA between the consensual reflex of the
right eye and the direct reflex of the left eye.

The lack of normality needed to apply a two-way ANOVA analysis to the distributions of the
parameters s and t was overcome by transforming them. However, the significant differences that
have been found could be extended to the untransformed variables. Table 4 presents the summarized
results of the mean and standard deviation of each parameter of each group eye-blink type.

The differences found in parameter s allowed us to conclude that the spontaneous blink took longer
to close eyes than the corneal reflexes, while direct and consensual reflexes took the same time. Moreover,
no significant differences were found between right and left eyes. The analysis of parameter t, which
describes the duration of the opening phase, allowed us to conclude that the direct reflex blink took
longer to open eyes than the consensual reflex and spontaneous blinks. Moreover, the comparison
made between eyes revealed that both the direct and consensual corneal reflexes of the right eye had
lower parameter values than those of the left eye, and there were no significant differences in
spontaneous blinking. The differences between the right and the left eye could be due to the
asymmetry of blinking [44], but it is likely that they were due to the asymmetries of the experimental
set-up (the way subjects rested the faces, the arrangement of the air tubes, the force with which each
syringe was pressed, etc.) because they appeared only in the corneal reflex. Finally, no differences
appeared between the right and left eyes or between the direct and consensual reflexes in the
parameter m:
4. Discussion and conclusion
Spontaneous blinks and corneal reflexes were assessed by distinguishing between right and left eyes
using a self-developed, non-invasive and image processing-based method. Some parameters from the
fitting to EMG curves were used to characterize and compare the blinks.
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In figure 13, we represent the variation of the intensity diffused in each phase for each eye and blink
type, according to the model and by taking the closed eyelid as the origin. We have used the same
parameter m for all the types obtained as the average value of those in table 4. The eyelid was
considered closed at the peak of the curve. All the intensity curves were normalized to 1, and the
above conclusions were drawn. The closing phase lasted longer with the spontaneous blink, but with
no differences between right and left eyes (green crosses and yellow ochre circles in figure 13). The
opening phase was slower with the direct corneal reflex and differences between both eyes were
found (light and dark blue lines). These results are consistent with those reported in previous works
[13,20,31,32] that assert the direct reflex is typically more pronounced than the consensual reflex.
Differences in closure can be understood as a defence mechanism: when the eyes are attacked, they
react more quickly than normal. This explains how the spontaneous blink takes longer to close than
the corneal reflexes. Regarding eye opening, the eye that suffers aggression remains closed longer in
order to protect itself.

Ethics. We adhered to the Declaration of Helsinki principles and permission from the Ethical Committee of the
University of Alicante was obtained (UA-2016-04-11).
Data accessibility. Data available from the Institutional Repository of the University of Alicante: http://rua.ua.es/dspace/
handle/10045/107152.
Authors’ contributions. J.E. carried out the laboratory work, participated in data analysis, participated in the design of the
study and drafted the manuscript; J.P. carried out the statistical analyses and critically revised the manuscript; D.M.
coordinated the study and helped draft the manuscript. All authors gave final approval for publication and agree to be
held accountable for the work performed therein.
Competing interests. We declare we have no competing interests
Funding. We received no funding for this study.
References

1. Blount WP. 1927 Studies of the movements of

the eyelids of animals: blinking. Exp. Physiol.
18, 111–125. (doi:10.1113/expphysiol.1927.
sp000426)

2. Doane MG. 1980 Interaction of eyelids and tears
in corneal wetting and the dynamics of the
normal human eyeblink. Am. J. Ophthalmol. 89,
507–516. (doi:10.1016/0002-9394(80)90058-6)

3. Evinger C, Manning KA, Sibony PA. 1991 Eyelid
movements: mechanisms and normal data.
Invest. Ophthalmol. Vis. Sci. 32, 387–400.
4. Evinger C. 1995 A brain stem reflex in the blink
of an eye. Physiology 10, 147–153. (doi:10.
1152/physiologyonline.1995.10.4.147)

5. Sun WS, Baker RS, Chuke JC, Rouholiman BR,
Hasan SA, Gaza W, Stava MW, Porter JD. 1997
Age-related changes in human blinks: passive
and active changes in eyelid kinematics. Invest.
Ophthalmol. Vis. Sci. 38, 92–99.

6. Espinosa J, Martínez M, Perez J, Domenech B,
Vazquez C, Mas D. 2020 High-speed video
analysis of spontaneous and reflex to light
blinking. In Optics, photonics and digital
technologies for imaging applications VI,
p. 113531 V. Bellingham, WA: International
Society for Optics and Photonics.

7. Prasad S, Galetta S. 2007 Chapter 10 – The
trigeminal nerve. In Textbook of clinical
neurology, 3rd edn (ed. CG Goetz), pp.
165–183. Philadelphia, PA: W.B. Saunders.
(doi:10.1016/B978-141603618-0.10010-4)

8. Löwenstein O, Friedman ED. 1942
Pupillographic studies: I. Present state of

http://rua.ua.es/dspace/handle/10045/107152
http://rua.ua.es/dspace/handle/10045/107152
http://rua.ua.es/dspace/handle/10045/107152
http://dx.doi.org/10.1113/expphysiol.1927.sp000426
http://dx.doi.org/10.1113/expphysiol.1927.sp000426
http://dx.doi.org/10.1016/0002-9394(80)90058-6
http://dx.doi.org/10.1152/physiologyonline.1995.10.4.147
http://dx.doi.org/10.1152/physiologyonline.1995.10.4.147
http://dx.doi.org/10.1016/B978-141603618-0.10010-4


royalsocietypublishing.org/journal/rsos
R.Soc.Open

Sci.7:201016
11
pupillography; its method and diagnostic

significance. Arch. Ophthalmol. 27, 969–993.
(doi:10.1001/archopht.1942.00880050139010)

9. Lowenstein O. 1954 Clinical pupillary symptoms
in lesions of the optic nerve, optic chiasm, and
optic tract. AMA Arch. Ophthalmol. 52,
385–403. (doi:10.1001/archopht.1954.
00920050387006)

10. Smith SA, Ellis CJ, Smith SE. 1979 Inequality of
the direct and consensual light reflexes in
normal subjects. Br. J. Ophthalmol. 63,
523–527. (doi:10.1136/bjo.63.7.523)

11. Wyatt HJ, Musselman JF. 1981 Pupillary light
reflex in humans: evidence for an unbalanced
pathway from nasal retina, and for signal
cancellation in brainstem. Vision Res. 21,
513–525. (doi:10.1016/0042-6989(81)90097-3)

12. Fan X, Miles JH, Takahashi N, Yao G. 2009 Sex-
specific lateralization of contraction anisocoria in
transient pupillary light reflex. Invest.
Ophthalmol. Vis. Sci. 50, 1137–1144. (doi:10.
1167/iovs.08-2329)

13. Miller PE. 2008 Chapter 1 – Structure and
function of the eye. In Slatter’s fundamentals of
veterinary ophthalmology, 4th edn (eds DJ
Maggs, PE Miller, R Ofri), pp. 1–19. Saint Louis,
MO: W.B. Saunders.

14. Abo-Zahhad M, Ahmed SM, Abbas SN. 2015 A
novel biometric approach for human
identification and verification using eye blinking
signal. IEEE Signal Process. Lett. 22, 876–880.
(doi:10.1109/LSP.2014.2374338)

15. Armstrong BC, Ruiz-Blondet MV, Khalifian N,
Kurtz KJ, Jin Z, Laszlo S. 2015 Brainprint:
assessing the uniqueness, collectability, and
permanence of a novel method for ERP
biometrics. Neurocomputing 166, 59–67.
(doi:10.1016/j.neucom.2015.04.025)

16. Denney D, Denney C. 1984 The eye blink
electro-oculogram. Br. J. Ophthalmol. 68,
225–228. (doi:10.1136/bjo.68.4.225)

17. Visser BWOD, Goor C. 1974 Electromyographic
and reflex study in idiopathic and symptomatic
trigeminal neuralgias: latency of the jaw and
blink reflexes. J. Neurol. Neurosurg. Psychiatry
37, 1225–1230. (doi:10.1136/jnnp.37.11.1225)

18. Roy RN, Charbonnier S, Bonnet S. 2014 Eye blink
characterization from frontal EEG electrodes using
source separation and pattern recognition
algorithms. Biomed. Signal Process. Control 14,
256–264. (doi:10.1016/j.bspc.2014.08.007)

19. Hsieh C-S, Tai C-C. 2013 An improved and
portable eye-blink duration detection system to
warn of driver fatigue. Instrum. Sci. Technol. 41,
429–444. (doi:10.1080/10739149.2013.796560)

20. Manca D, Muñoz E, Pastor P, Valldeoriola F,
Valls-Solé J. 2001 Enhanced gain of blink reflex
responses to ipsilateral supraorbital nerve
afferent inputs in patients with facial nerve
palsy. Clin. Neurophysiol. 112, 153–156. (doi:10.
1016/S1388-2457(00)00516-2)

21. Preston DC, Shapiro BE. 2013 Chapter 5 – Blink
reflex. In Electromyography and neuromuscular
disorders, 3rd edn (eds DC Preston, BE Shapiro),
pp. 47–51. London, UK: W.B. Saunders.

22. Schlag J, Merker B, Schlag-Rey M. 1983
Comparison of EOG and search coil techniques
in long-term measurements of eye position in
alert monkey and cat. Vis. Res. 23, 1025–1030.
(doi:10.1016/0042-6989(83)90013-5)

23. Guitton D, Simard R, Codère F. 1991 Upper
eyelid movements measured with a search coil
during blinks and vertical saccades. Invest.
Ophthalmol. Vis. Sci. 32, 3298–3305.

24. Stava MW, Huffman MD, Baker RS, Epstein AD,
Porter JD. 1994 Conjugacy of spontaneous blinks
in man: eyelid kinematics exhibit bilateral
symmetry. Invest. Ophthalmol. Vis. Sci. 35,
3966–3971.

25. VanderWerf F, Brassinga P, Reits D, Aramideh M,
de Visser BO. 2003 Eyelid movements:
behavioral studies of blinking in humans under
different stimulus conditions. J. Neurophysiol.
89, 2784–2796. (doi:10.1152/jn.00557.2002)

26. Mas D, Domenech B, Espinosa J, Pérez J,
Hernández C, Illueca C. 2010 Noninvasive
measurement of eye retraction during blinking.
Opt. Lett. 35, 1884–1886. (doi:10.1364/OL.35.
001884)

27. Perez J, Espinosa J, Domenech B, Mas D, Illueca
C. 2011 Blinking kinematics description through
non-invasive measurement. J. Mod. Opt. 58,
1857–1863. (doi:10.1080/09500340.2011.
554898)

28. Espinosa J, Domenech B, Vázquez C, Pérez J,
Mas D. 2018 Blinking characterization from high
speed video records: application to biometric
authentication. PLoS ONE 13, e0196125. (doi:10.
1371/journal.pone.0196125)

29. Kwon K-A, Shipley RJ, Edirisinghe M, Ezra DG,
Rose G, Best SM, Cameron RE. 2013 High-speed
camera characterization of voluntary eye
blinking kinematics. J. R. Soc. Interface 10,
20130227. (doi:10.1098/rsif.2013.0227)

30. Sanchis-Jurado V, Talens-Estarelles C, Esteve-
Taboada JJ, Pons ÁM, García-Lázaro S. 2020
Non-invasive high-speed blinking kinematics
characterization. Graefes Arch. Clin. Exp.
Ophthalmol. 258, 2701–2714. (doi:10.1007/
s00417-020-04782-w)

31. Kimura J, Rodnitzky RL, Okawara SH. 1975
Electrophysiologic analysis of aberrant
regeneration after facial nerve paralysis. Neurology
25, 989–993. (doi:10.1212/wnl.25.10.989)

32. Valls-Solé J, Hallett M, Alvarez R. 1996
Postpulse effects on blink reflex responses.
Electroencephalogr. Clin. Neurophysiol. 101,
504–510. (doi:10.1016/s0013-4694(96)95697-0)
33. Grushka E. 1972 Characterization of
exponentially modified Gaussian peaks in
chromatography. Anal. Chem. 44, 1733–1738.
(doi:10.1021/ac60319a011)

34. Golubev A. 2010 Exponentially modified
Gaussian (EMG) relevance to distributions
related to cell proliferation and differentiation.
J. Theor. Biol. 262, 257–266. (doi:10.1016/j.jtbi.
2009.10.005)

35. Palmer EM, Horowitz TS, Torralba A, Wolfe JM.
2011 What are the shapes of response time
distributions in visual search? J. Exp. Psychol.
Hum. Percept. Perform. 37, 58–71. (doi:10.
1037/a0020747)

36. Bach DR, Flandin G, Friston KJ, Dolan RJ. 2010
Modelling event-related skin conductance
responses. Int. J. Psychophysiol. 75, 349–356.
(doi:10.1016/j.ijpsycho.2010.01.005)

37. Fournier B, Coppens P. 2012 Measuring
picosecond excited-state lifetimes at synchrotron
sources. J. Synchrotron Rad. 19, 497–502.
(doi:10.1107/S0909049512010710)

38. Cricenti AL, Branch PA. 2013 The Ex-Gaussian
distribution as a model of first-person shooter
game traffic. Multimedia Syst. 19, 221–229.
(doi:10.1007/s00530-012-0272-2)

39. Delley R. 1985 Series for the exponentially
modified Gaussian peak shape. Anal. Chem. 57,
388. (doi:10.1021/ac00279a094)

40. Agostino R, Bologna M, Dinapoli L, Gregori B,
Fabbrini G, Accornero N, Berardelli A. 2008
Voluntary, spontaneous, and reflex blinking in
Parkinson’s disease. Mov. Disord. 23, 669–675.
(doi:10.1002/mds.21887)

41. Bologna M, Agostino R, Gregori B, Belvisi D,
Ottaviani D, Colosimo C, Fabbrini G, Berardelli A.
2009 Voluntary, spontaneous and reflex blinking
in patients with clinically probable progressive
supranuclear palsy. Brain 132, 502–510.
(doi:10.1093/brain/awn317)

42. Somia NN, Rash GS, Epstein EE, Wachowiak M,
Sundine MJ, Stremel RW, Barker JH, Gossman D.
2000 A computer analysis of reflex eyelid
motion in normal subjects and in facial
neuropathy. Clin. Biomech. 15, 766–771.
(doi:10.1016/S0268-0033(00)00062-0)

43. Sforza C, Rango M, Galante D, Bresolin N,
Ferrario VF. 2008 Spontaneous blinking in
healthy persons: an optoelectronic study of
eyelid motion. Ophthalmic Physiol. Opt.
28, 345–353. (doi:10.1111/j.1475-1313.2008.
00577.x)

44. Kassem IS, Evinger C. 2006 Asymmetry of
blinking. Invest. Ophthalmol. Vis. Sci. 47,
195–201. (doi:10.1167/iovs.04-1279)

45. Mohd RN, Yap B. 2011 Power comparisons of
Shapiro-Wilk, Kolmogorov-Smirnov, Lilliefors
and Anderson-Darling tests. J. Stat. Model.
Analytics 2, 21–33.

http://dx.doi.org/10.1001/archopht.1942.00880050139010
http://dx.doi.org/10.1001/archopht.1954.00920050387006
http://dx.doi.org/10.1001/archopht.1954.00920050387006
http://dx.doi.org/10.1136/bjo.63.7.523
http://dx.doi.org/10.1016/0042-6989(81)90097-3
http://dx.doi.org/10.1167/iovs.08-2329
http://dx.doi.org/10.1167/iovs.08-2329
http://dx.doi.org/10.1109/LSP.2014.2374338
http://dx.doi.org/10.1016/j.neucom.2015.04.025
http://dx.doi.org/10.1136/bjo.68.4.225
http://dx.doi.org/10.1136/jnnp.37.11.1225
http://dx.doi.org/10.1016/j.bspc.2014.08.007
http://dx.doi.org/10.1080/10739149.2013.796560
http://dx.doi.org/10.1016/S1388-2457(00)00516-2
http://dx.doi.org/10.1016/S1388-2457(00)00516-2
http://dx.doi.org/10.1016/0042-6989(83)90013-5
http://dx.doi.org/10.1152/jn.00557.2002
http://dx.doi.org/10.1364/OL.35.001884
http://dx.doi.org/10.1364/OL.35.001884
http://dx.doi.org/10.1080/09500340.2011.554898
http://dx.doi.org/10.1080/09500340.2011.554898
http://dx.doi.org/10.1371/journal.pone.0196125
http://dx.doi.org/10.1371/journal.pone.0196125
http://dx.doi.org/10.1098/rsif.2013.0227
http://dx.doi.org/10.1007/s00417-020-04782-w
http://dx.doi.org/10.1007/s00417-020-04782-w
http://dx.doi.org/10.1212/wnl.25.10.989
http://dx.doi.org/10.1016/s0013-4694(96)95697-0
http://dx.doi.org/10.1021/ac60319a011
http://dx.doi.org/10.1016/j.jtbi.2009.10.005
http://dx.doi.org/10.1016/j.jtbi.2009.10.005
http://dx.doi.org/10.1037/a0020747
http://dx.doi.org/10.1037/a0020747
http://dx.doi.org/10.1016/j.ijpsycho.2010.01.005
http://dx.doi.org/10.1107/S0909049512010710
http://dx.doi.org/10.1007/s00530-012-0272-2
http://dx.doi.org/10.1021/ac00279a094
http://dx.doi.org/10.1002/mds.21887
http://dx.doi.org/10.1093/brain/awn317
http://dx.doi.org/10.1016/S0268-0033(00)00062-0
http://dx.doi.org/10.1111/j.1475-1313.2008.00577.x
http://dx.doi.org/10.1111/j.1475-1313.2008.00577.x
http://dx.doi.org/10.1167/iovs.04-1279

	Comparative analysis of spontaneous blinking and the corneal reflex
	Introduction
	Methods
	Results
	Discussion and conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


