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The Bull’s Eye Pattern of the Tear 
Film in Humans during Visual 
Fixation on En-Face Optical 
Coherence Tomography
Pietro Emanuele Napoli   1,2, Matteo Nioi3, Ernesto d’Aloja3 & Maurizio Fossarello1,2

The aim of the study was to define and characterize the optical behavior of the tear film during 
visual fixation in humans on en-face optical coherence tomography (OCT). We included 20 healthy 
participants, 60% female, aged from 25 to 42 years (33.05 ± 4.97 [mean ± SD]) and ten patients with 
severe dry eye, 50% female, aged from 26 to 42 years (33.7 ± 5.31). To perform high-resolution tear film 
imaging, participants were asked to gaze at the internal fixation point in the spectral-domain anterior 
segment OCT device, and meanwhile scanning session was executed at the following time-points after 
blinking: at the 2nd, 3rd, 4th, 5th, and 6th second. After one hour, OCT imaging was repeated (second 
session) by a different operator masked to the study to verify the reliability of results. During each 
measuring session, a pulse oximetry was used for continuously measuring the heart rate and oxygen 
saturation (SpO2%). A preliminary experiment was also performed to test the absence of geometric 
patterns from the anterior surface of a motionless artificial eye. OCT imaging showed a motionless, 
stable anterior surface of the artificial eye and in dry eye patients. Conversely, in the healthy 
participants of the study, a bull’s eye pattern of the tear film was detected by OCT at the 2nd, 3rd, 4th, 5th, 
and 6th second after blinking, respectively, in 45%, 60%, 45%, 60%, and 40% of OCT scans during the 
first session, and in 35%, 65%, 65%, 60%, and 35% of cases in the second session. Overall, a total of 200 
OCT scans were performed in normal human population. A significant correlation was found between 
the novel tear film pattern and heart rate during the first and the second session (p < 0.01) in healthy 
eyes. Conversely, no correlation was revealed with SpO2%. Intraclass correlation (ICC) analysis for OCT 
imaging of the tear film revealed a statistically significant reproducibility of the results (ICC = 0.838; 
p < 0.01), indicating the high level of reliability of the method, independently of heart rate and SpO2% 
variables. There exists a novel, geometric pattern of the tear film during visual fixation detectable by 
en-face OCT, which is mainly evident as heart rate increases. Its discovery implies in turn the presence 
of a specific vibration (or imperceptible motion) of the tear film that, at present, is not recognized and 
corrected by the OCT software (in image postprocessing) unlike other eyeball movements.

The tear film is the predominant optical element of the eye diopter, with a refractive power of more than 43 diop-
ters, and the first barrier against external agents, including the ultraviolet (UV) light rays1–5.

In the current consensus, the tear film behavior during visual fixation, at least in healthy subjects, is considered 
apparently quiescent, although fixational eye movements (i.e., microsaccades, ocular drifts, and ocular micro-
tremor) normally occur6,7. Of note, the latter are not visible to the human eye or with the traditional eye tests, 
since their amplitudes vary approximately from 2 to 120 arcminutes6. Clearly, small eye movements may be also 
determined by retinal artery pulsation8,9.

From a theoretical point of view, these continuous movements of the eye may transfer energy to the ocular 
surface, thus resulting in a mechanical stimulation, repetitive and transient, of the tear film. Nevertheless, to our 
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knowledge, no activity or propagation of energy of the tear film during visual fixation has yet been reported in 
the literature.

The purpose of our work was to study the en-face OCT optical behavior of the precorneal tear film during 
visual fixation. Moreover, we examined the correlation between the OCT findings and the heart rate or oxygen 
saturation, as well as the reliability of results.

Methods
The study was conducted in accordance with the Declaration of Helsinki guidelines and approved by the local 
Office of Research Ethics (University of Cagliari). Written informed consent was obtained from all participants.

Twenty healthy subjects, 60% female, aged from 25 to 42 years (33.05 ± 4.97 [mean ± SD]), and ten patients 
with severe dry eye, 50% female, aged from 26 to 42 years (33.7 ± 5.31), were recruited from patients of the 
Eye Clinic (Department of Surgical Sciences, Cagliari, Italy) and volunteers from the School of Ophthalmology 
(University of Cagliari, School of Ophthalmology).

As previously reported, all subjects underwent a standard clinical evaluation that included a complete his-
tory and a detailed ocular surface examination10–12. The latter consisted of a series of tests carried out in the 
following order: a standard questionnaire for dry eye (McMonnies questionnaire), fluorescein tear break-up time 
(FTBUT), fluorescein staining of the ocular surface (Oxford system), the Schirmer secretion test without anes-
thesia, and a biomicroscopic examination of the meibomian glands and lid margins. Based on the results of 
these tests, the inclusion criteria for healthy eyes were: no significant symptoms of ocular irritation (OSDI < 12), 
FTBUT > 10 seconds, Oxford scheme ≤ panel A, and Schirmer 1 test score of more than 10 mm in 5 minutes.

Subjects with any systemic disease, ocular surface diseases occurred during the past six months (including 
the meibomian gland dysfunction), any evidence of lid abnormality or abnormal blinking, systemic or topical 
medication, history of eye surgery or contact lenses wear, were excluded from the study.

The various steps of the study were performed under the same conditions of humidity (within a range of 
50–60%) and temperature (within a range of 12–22 °C) in a dimly lit room, as previously described13,14.

En-face OCT imaging.  The OCT imaging was performed by means of a Cirrus HD-OCT 5000 device. This 
spectral-domain OCT platform (Carl Zeiss Meditec Inc, Dublin, CA, USA) uses a wavelength of 840 nm, takes 
68,000 axial scans per second, and has a 5-µm axial resolution (in tissue). Moreover, a tracking mechanism is also 
available in order to trace and compensate/reduce eye motion artifacts in real time.

The Anterior Segment scanning protocol (Cube 512 × 128) was used to acquire all the tear film images. This 
approach acquires a series of 128 horizontal scan lines each composed of 512 A-scan, thus generating a volume 
of data through a 4 mm square grid. It also acquires a pair of high definition scans (i.e. lines of 1024 A-scans) 
through the center of the cube in the vertical and horizontal direction. This scanning protocol therefore creates 
a 3-D image of the data.

During each scanning section, patients were instructed to gaze at the central target in the OCT device, and 
were asked to hold the breath to avoid any movement of the head. In the meantime, the visual fixation was con-
stantly monitored, so that if the patient moved the eyes (or the head), the OCT scan was repeated.

Since the tear film is normally spread in ~ 0.5 s over the whole ocular surface and re-compressed close to eyelid 
margins approximately every 5 s after each blink (or alternatively it remains intact before break up every 7–10 s 
in healthy patients), we performed the OCT scans one by one at the following time-points after blinking (first 
session): at the 2nd, 3rd, 4th, 5th, and 6th second15,16. Before each scan (for each time-point), patients closed their eyes 
and opened again them without blinking, until the individual image was acquired. After one hour, OCT imaging 
was repeated (second session) by a different operator masked to the initial results to verify the data reliability, 
and therefore to exclude the possibility of an optical effect due to random variables (during the sampling or the 
reconstruction stage).

During each measuring session, a pulse oximetry was used for continuously measuring the heart rate (pulse) 
and the oxygen saturation (SpO2%). The heart rate was considered as an indirect measure of the retinal artery 
pulsation. SpO2% was monitored to exclude hypoxemia (e.g. caused by hypoventilation) in each imaging session.

OCT scans were considered eligible for our analysis based on the following conditions: absence of excessive 
artifacts owning to eyelid margin, pulse within a range of 60–100 beats/min, SpO2% ≥95%. Otherwise, results 
were excluded and OCT imaging repeated.

Tear film Patterns on en-face OCT imaging.  Two main appearances of the tear film surface were 
detected by en-face OCT:

	 1.	 The bull’s eye pattern was identified by the presence of concentric rings, well distinguishable from each 
other by the different reflectivity, that periodically reverse their intensity (with high and low color scale val-
ues) from the center towards the periphery. This geometric pattern (as a representation of various figures) 
was characterized by an inhomogeneous distribution of OCT signal with irregular reflectivity on entire 
scanned area (Fig. 1).

	 2.	 In contrast, en-face OCT images free from concentric circles (Fig. 2) were characterized by a reflectivity 
approximately homogeneous (except for some lines) over the entire scanned area (that we defined as regu-
lar, stable, or quiescent pattern).

Preliminary experiment n. 1.  (Motionless, Artificial eye).  A preliminary experiment was performed to 
test the absence of geometric patterns from the anterior surface of a motionless artificial eye. For this purpose, a 
“test eye”, normally used for calibration of IOLMaster biometer (Carl Zeiss Meditec), was placed on a mechanical 
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Figure 1.  A Bull’s Eye Pattern from the tear film surface on en-face OCT imaging. This geometric pattern 
was characterized by multiple figures, mainly concentric circles, which cyclically reverse their intensity (with 
different color scale values) from the center towards the periphery. This bull’s eye appearance was detected 
only in healthy subjects, and never in the context of the cornea (see also Video SI2). (Sectors were as follows: 
N: nasal; T: temporal; S: superior; I: inferior. Each scan line within the data volume was labeled with a number. 
Scale bar = 1 mm). Reflectivity of the en-face image [Color bar: intensity = 0 (dark blue) to intensity = 1 (red)].

Figure 2.  A regular, tear film pattern (free from geometric figures) by en-face OCT imaging. A reflectivity 
approximately homogeneous (except for some lines, or corneal reflex artifacts) over the tear film surface was 
observed in OCT images free from concentric circles. We defined this pattern as regular, stable, or quiescent. 
This appearance was found both in the artificial eye (top), and in all dry eye patients (bottom). (Sectors were as 
follows: N: nasal; T: temporal; S: superior; I: inferior. Each scan line within the data volume was labeled with a 
number. Scale bar = 1 mm). Color bar as in Fig. 1.
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support in front of OCT device. Radius of curvature of the “test eye” was 7.18 ± 0.03 mm. As a result, OCT imag-
ing showed a motionless, stabile anterior surface of the “test eye” (Fig. 3; Video SI1).

Furthermore, to investigate the potential role of the mucoaqueous and lipid layer on the ocular surface in 
OCT signal transmission (e.g. verifying a hypothetical thin-film interference effect), we separately instilled a cal-
ibrated quantity (35 µl, with a micropipette) of a mucomimetic (MAT) and of a lipid-based (LAT) artificial tear. 
Surprisingly, a more homogeneous reflectivity was detected in both cases, indicating the great ability to reflect the 
OCT signal from the wet surface of the eye, but the “bull’s eye pattern” has never been detected (Fig. 4).

Preliminary experiment n. 2.  (Dry Eyes).  In order to unveil the OCT optical behavior of human eyes in 
absence (or paucity) of tears, we performed the scanning protocol also in ten patients with severe dry eye syn-
drome (whose diagnosis was established as reported in previous studies)11,12.

This allowed us to understand the different role of the tear film and of fixational eye movements in OCT signal 
transmission, separately. In fact, the bull’s-eye pattern was observed in no patient with dry eye, thus demonstrat-
ing that a dry ocular surface in humans, despite the fixational movements, is not sufficient to determine a geomet-
ric pattern (with inhomogeneous appearance) of the tear film on OCT imaging.

This in turn means that, as with posterior segment imaging, many irregularities of the anterior segment are 
normally corrected by OCT software, but this is possible as long as there is little (or no) liquid in motion above 

Figure 3.  En-face OCT imaging of an artificial eye, motionless and dry. En-face OCT scan of an artificial eye. 
To verify the presence of patterns of geometric figures from the anterior surface of the eye (see text), a “test eye” 
(normally used for calibration of IOLMaster biometer) was placed on a mechanical support in front of OCT 
device. A stable anterior surface of the artificial eye was obtained by OCT imaging, confirming the absence of 
geometric figures or image distortion (please see also Video SI1). (Sectors were as follows: N: nasal; T: temporal; 
S: superior; I: inferior. Each scan line within the data volume was labeled with a number. Scale bar = 1 mm). 
Color bar as in Fig. 1.

Figure 4.  En-face OCT imaging of an artificial eye with a mucomimetic or lipid layer. A mucomimetic (left) 
and a lipid-based (middle) artificial tear was separately instilled on two artificial eyes in order to unveil the 
optical behavior of the mucoaqueous and lipid layer on en-face OCT imaging (e.g. verifying the presence of a 
hypothetical thin-film interference effect). As a result, a regular pattern with increased reflectivity was detected 
in both cases, but the bull’s eye appearance has never been detected. The 3-D image of the artificial tear film 
(right) helps to understand the great ability to reflect the OCT signal from these layers. (Sectors were as follows: 
N: nasal; T: temporal; S: superior; I: inferior. Each scan line within the data volume was labeled with a number. 
Scale bar = 1 mm). Color bar as in Fig. 1.
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the tissue being scanned. Indeed, a liquid may have continuous deformations (since a fluid represents a state of 
matter with no fixed shape) which can be difficult to “attenuate” or “smooth” successfully in image postprocessing.

Statistical analysis.  Statistical analyses were executed via computer with a statistical software package SPSS 
for Windows version 21.0 (SPSS Inc., Chicago, Illinois). The normality of data distributions was performed by 
Shapiro-Wilk test and Kolmogorov-Smirnov test with Lilliefors correction.

Correlation analysis between OCT results (i.e. the number of times the oscillations of the tear film were 
detected for session) and heart rate (pulse) or oxygen saturation (SpO2%) was determined by calculating 
Spearman’s ρ test and Kendall’s τ test. The OCT data obtained at the second scanning session were used for the 
reproducibility analysis. Accordingly, the correlation between measurements was evaluated by the intraclass cor-
relation coefficient (ICC).

The sample size calculation was performed accepting an alpha risk of 0.05 and a beta risk of 0.2 in a two-sided 
test. To recognize as statistical significant a correlation coefficient greater than or equal to 0.86 would require 
eight patients.

Statistical significance was defined as P < 0.05.

Results
The results of instrumental and clinical exams (pulse and SpO2%) are reported in Table 1–3. The heart rate was 
74.7 ± 10.15 beats/min, and SpO2% was 98.4 ± 0.99%. Informative images of tear film behavior were obtained in 
all participants.

Scanning time after blinking (seconds)

2nd 3rd 4th 5th 6th

Scanning session 1* 45% (9/20) 60% (12/20) 45% (9/20) 60% (12/20) 40% (8/20)

Scanning session 2* 35% (7/20) 65% (13/20) 65% (13/20) 60% (12/20) 35% (7/20)

Table 1.  Detection of the bull’s eye pattern of the tear film by OCT in healthy subjects. *Absolute frequencies 
and percentages. OCT scans were performed at the following time-points after blinking (first session): at the 2nd, 
3rd, 4th, 5th, and 6th second. Before each scan (for each time-point), patients closed their eyes and opened again 
them without blinking, until the individual image was acquired. After one hour, OCT imaging was repeated 
(second session) by one different operator masked to the study to verify the reliability of results. Thus, the 
bull’s eye pattern was detected in 50% (50/100) and in 52% (52/100) of OCT scans during the session 1 and 2, 
respectively.

Scanning 
session 1*

Scanning 
session 2*

Heart rate 
(beats/min) SpO2 (%)

Patient n. 1 0 0 60 99

Patient n. 2 1 2 63 99

Patient n. 3 3 3 80 98

Patient n. 4 3 3 77 98

Patient n. 5 4 5 84 98

Patient n. 6 4 4 85 98

Patient n. 7 2 2 70 99

Patient n. 8 2 2 72 99

Patient n. 9 0 0 64 97

Patient n. 10 0 0 61 96

Patient n. 11 1 2 67 99

Patient n. 12 4 4 82 99

Patient n. 13 4 4 84 98

Patient n. 14 5 5 90 99

Patient n. 15 2 3 70 100

Patient n. 16 2 2 70 100

Patient n. 17 3 1 75 98

Patient n. 18 4 4 88 97

Patient n. 19 1 1 62 99

Patient n. 20 5 5 90 98

Table 2.  Individual OCT findings, heart rate and oxygen saturation (SpO2) in healthy subjects. *Number of 
times the bull’s eye pattern was detected (or imaged).
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Overall, a total of 200 OCT scans were performed in healthy subjects. Thus, the bull’s eye pattern was found 
in 50% (50/100) and 52% (52/100) of OCT images during the session 1 and 2, respectively. Specifically, it was 
detected at the 2nd, 3rd, 4th, 5th, and 6th second after blinking, respectively, in 45%, 60%, 45%, 60%, and 40% of cases 
during the first session, and in 35%, 65%, 65%, 60%, and 35% of scans in the second session (see Fig. 1; Table 1; 
Video SI2).

A significant correlation was found between the tear film pattern and the heart rate during the first (τ1 = 0.924, 
p < 0.01; ρ1 = 0.979, p < 0.01) and the second session (τ2 = 0.86, p < 0.01; ρ2 = 0.943, p < 0.01). Conversely, no 
correlation was revealed between the tear film pattern and the SpO2% (τ1 = −0.178; ρ1 = −0.194; τ2 = −0.128; 
ρ2 = −0.13).

Reproducibility analysis demonstrated a significant coefficient of intraclass correlation (ICC) value for OCT 
imaging of tear film pattern (ICC = 0.838; p < 0.01), indicating the high level of reliability of our results, inde-
pendently of pulse and SpO2% variables.

With regard to the patients with dry eye and to the artificial eye, the bull’s eye pattern was not detected under 
any circumstances.

Discussion
In the present work, we revealed for the first time the existence of a novel, bull’s eye pattern of the tear-film 
free-surface on OCT imaging during visual fixation, i.e. in a condition in which the eyes are only apparently 
motionless. In addition, our preliminary experiments clearly demonstrated that this geometric pattern cannot 
occur in absence (or paucity) of tears or when small movements of eyes (and tears) are missing. Consequently, 
this discovery implies in turn the indirect demonstration of the presence of slight movements of the precorneal 
tear film during visual fixation, which are not necessarily aligned (or synchronous) with the movements of the 
cornea (e.g. during the pulsation of the retinal artery) (see Video SI2).

As in case of the wagon-wheel effect, the movements of the object being scanned may lead to an aliasing effect 
in OCT imaging with the appearance of a novel, particular pattern17. In our study, the bull’s eye pattern was spe-
cific at the level of tear film and missing in the rest of the cornea.

Generally, aliasing effects (e.g. wagon-wheel effect) occur when there is an unfit sampling of the signal, which 
results in a production of the reconstructed signal with different characteristics from the original ones (aliases), 
or between overlapping transparent objects (moiré effect)18.

In accordance with this, the bull’s eye pattern was observed only in healthy subjects, i.e. in case of a nor-
mal tear film, and therefore in presence both of tears and of physiological small eye movements. Conversely, as 
demonstrated in an artificial eye and in patients with dry eye, a motionless surface or a dry eye state cannot cause 
a similar artifact.

Therefore, although OCT software can successfully attenuate some irregularities or distortions, as it happens 
regularly for posterior segment imaging, this procedure can be adequately performed if there is little (or no) liq-
uid in motion above the tissue being scanned. In fact, a liquid as the tear film is easily deformable (i.e. changeable 
in shape, but not in volume) and it may have continuous deformations, which may be difficult to correct success-
fully in image postprocessing.

As demonstrated in an experimental study, a Newton’s rings fringe pattern (a similar interference pattern) 
can be created based on the position of the incident beam on the galvoscanner mirror and on the interface optics 
used, so that the reference-arm length is thought of as the equivalent of the distance to surface under test19,20. 
Clearly, a vibrating tear film (above a curved, ocular surface) may also create a variable, optical path length differ-
ence of reflected rays from its moving surface.

As is known, perfect immobility is alien to biological systems. Likewise, when fixating a target, the eyes of both 
human and non-human primates are known to perform small movements, called fixational eye movements, whose 
role has been broadly discussed and debated for a long time6. In the current consensus, fixational eye movements 
contribute to maintaining visibility, by continuously stimulating neurons in the early visual area of the brain, which 
mostly respond to transient stimuli. In the absence of retinal jitter (a laboratory condition called retinal stabiliza-
tion), stabilized images as a visual percept rapidly fade out and completely disappear21. On the other hand, retinal 
artery pulsation may also contribute to determine small eye movements on the antero-posterior axis8.

Heart rate (beats/min) SpO2 (%)

Scanning session 1
Spearman’s ρ test ρ1 = 0.979, (p < 0.01) ρ1 = −0.194 (p = 0.41)

Kendall’s τ test τ1 = 0.924, (p < 0.01) τ1 = −0.178 (p = 0.33)

Scanning session 2
Spearman’s ρ test ρ2 = 0.943, (p < 0.01) ρ2 = −0.13 (p = 0.58)

Kendall’s τ test τ2 = 0.86, (p < 0.01) τ2 = −0.128 (p = 0.50)

Reproducibilitya
Intraclass correlationb = 0.721 (p < 0.01)

Intraclass correlationc = 0.838 (p < 0.01)

Table 3.  Correlation Coefficients between OCT results and heart rate or oxygen saturation (SpO2), and 
reliability results in healthy subjects. Reproducibility: Two-way mixed effects model where people effects are 
random and measures effects are fixed. aType C intraclass correlation coefficients using a consistency definition-
the between-measure variance are excluded from the denominator variance. bThe estimator is the same, 
whether the interaction effect is present or not. cThis estimate is computed assuming the interaction effect is 
absent, because it is not estimable otherwise.
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In general, artifacts are considered negative features in OCT imaging that is desirable to correct (or attenuate), 
but in some cases they can lead to the understanding of novel aspects of ocular physiology, as happened in the 
present study22–25. Indeed, the bull’s eye pattern of the tear-film free-surface reveals the existence of a motion of 
the tear film (in addition to those already recognized and corrected by the OCT software), which can be detected 
in absence of other deformations in the cornea, probably due to the inertial forces of the liquid mass (i.e. the tear 
film) with respect to the solid mass (i.e. the ocular surface). As a consequence, this finding implies in turn the 
presence of a specific vibration of the precorneal tear film beyond the well-known movements of the ocular struc-
tures that are regularly hidden by image reconstruction techniques (in image postprocessing).

Theoretically, in the absence of fixational eye movements and other tremors, the free surface of a physiological 
tear film would be homogeneous and free from undulations. On the contrary, the presence of a bull’s eye pattern 
implies a transfer of energy derived from small movements of the ocular surface to the human tears, similarly to 
what happens in the free surface of a liquid that vibrates inside a moving vessel.

Although the exact movement of the tear film is currently difficult to be imaged, it is plausible that it is very 
similar to a wave motion, roughly alike to the bull’s eye OCT pattern (in which, concentric circles might refer 
to some wavefronts of human tears). In fact, as is known, if the free surface of a liquid is stimulated, waves are 
elicited on the surface.

This previously unknown vibration of normal human tears clearly may have a variable number of impli-
cations, both optical and biological, and suggests a novel, theoretical model of the tear film non-quiescent, in 
continuous motion.

From an optical point of view, the small movements of the tear film, acting as “irregularly-curved surfaces” or 
irregular lenses, can lead to cyclic changes in direction of propagation of incident light rays (see Fig. 5)26,27. This is 
of particular interest as regards the cyclical and transient stimulation of photoreceptors (i.e., for maintenance of 
vision), as well as the photochemical, or light-driven, reactions initiated/maintained by light radiation21,28. For this 
reason, all chronic movements of the tear film may have important implications on the eye physiology and the 
pathogenesis of various eye disorders (e.g., photo-oxidation related modifications)4. Consequently, we strongly 
believe that behavior abnormalities of the tear-film free-surface may lead to a loss of protection from UV light 
rays, and therefore predispose to some diseases of the ocular surface and cornea (e.g., photoconjuntivitis, pho-
tokeratitis, epithelial damage, altered natural cross-linking), lens pathologies (e.g., nuclear or cortical cataracts), 
glaucoma, vitreous abnormalities (e.g., topographically different metabolic areas), and retina/optic disc diseases 
(e.g., age-related macular degeneration, melanoma)4,28–30. Again, an excessive vibration the tear film, as might 
occur in patients with nystagmus, may lead to a chaotic transmission of light to the retina, thus resulting in visual 
impairment for young patients31.

On the other hand, the waves of the tear film may exert a mechanical action on the limbal stem cells (i.e., 
acting as a mild and physiological stress), thus determining the activation of the ATR protein, which is a protein 
stimulated by vibration32. By activation of the ATR protein, the tremors of the tear film may have a protective 
role for the limbal stem cells, which are normally exposed to UV light (e.g., sunlight), and a promoting action 
of the healing process at the level of the ocular surface33. Accordingly, the tumors and the altered competence of 

Figure 5.  Schematic diagram of coordinate system (x, y) used to describe the interaction between a wavy tear 
film and light rays. Propagation of light rays (arrows) at the interface between air and tear film depends on 
whether they travel perpendicular to the boundary between the two media (angle of incidence measured from 
the normal, θi = 0) or with an oblique angle (θi ≠ 0). Exact values of refractive indices are assumed to be non 
influential, for simplicity. Considering the light rays perpendicular to the tear film plane, the movements of the 
tears, acting as “irregularly-curved surfaces” or irregular lenses (i.e. as an inhomogeneous medium), can lead to 
changes in direction of propagation of incident light rays depending on whether they strike a point of surface 
wave “intermediate” (i), or “extreme” (that is the crest (C) or the trough (T), which are respectively the highest 
and the lowest point of the disturbance in the tear film). In particular, at intermediate points (i) between C and 
T, there is a change in direction of incident light rays (since the refractive indices of the two media are different) 
that implies a deviation angle (θd) in their propagation (dotted lines): θd ≠ 0. Conversely, the light rays that strike 
the most extreme points of the wave (traveling perpendicular to the boundary between the media) can continue 
their route beyond the free surface without being deflected (θd = 0), with a change only in their speed (dashed 
lines). Since the waves travel or vibrate through the free surface of the tear film, the propagation angle (θd) of 
incident light rays varies over time and the spatial points placed behind the tear film are alternatively struck by 
them one after the other, cyclically.
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regenerating ocular surface epithelium might have a relationship with an abnormal behavior of the tear film (e.g., 
in dry eye patients)32.

Of note, our results show that the ability of OCT to image the bull’s eye pattern of the tear film increases as the 
heart rate rises. This finding implies the existence of a relationship among the lacrimal system, the vascular system 
(heart rate), and the neuroscience (fixational eye movements), thus suggesting a possible relationship between 
various systemic medications (e.g. drugs acting on the cardiovascular system or on the nervous system) and the 
ocular surface (e.g., dry eye).

Moreover, it is possible to hypothesize that OCT imaging of the bull’s eye pattern was easier to perform in the 
short instants in which the waves generated by the retinal artery pulsation were overlapped to those due to fixa-
tional movements (constructive interference).

Similarly to the rapid eye movements (R.E.M) that obviously take place during eyelid closure (sleeping and 
dreaming), one of the functions of the slight movements of the tear film during eye fixation may be the mixing of 
the tear film, that is to say of nutrients and waste substances during the period of eye opening34,35.

Although some interference patterns are generally due to the overlap of transparent layers (such as the moiré 
effect), at the moment we cannot be sure about which specific tear layer (or interaction between tear layers) can 
give rise the bull’s eye pattern, since we have disclosed, in a motionless artificial eye, that neither the aqueous nor 
the lipid component of the tear film is by itself able to determine it36.

Our study has some limitations. Since the normal geometry of the cornea is characterized by a central pro-
trusion, which potentially explains the detection of the pattern mainly at the central level, it would be desirable 
to study various corneal geometries (e.g. keratoconus). Moreover, these observations should be compared and 
validated with different OCT technologies (e.g. swept source, full-field, or micro-OCT approaches)37,38. Clearly, 
potential age- and gender-related variations should be further evaluated with a more comprehensive sample of 
healthy subjects. Again, future studies would be used to evaluate the effect of systemic drugs associated with dry 
eye (e. g., psychotropic drugs, or drugs for hypertension) or the role of several diseases on the modulation of the 
bull’s eye pattern of the tear film.

In conclusion, there exists a novel, bull’s eye pattern of the tear film during visual fixation detectable by en-face 
OCT, which is mainly evident as heart rate increases. Its discovery implies in turn the presence of a specific 
vibration of the tear film that, at present, is not recognized and corrected by the OCT software (in image post-
processing) unlike other eyeball movements. Moreover, this finding may have an important, promoting role in the 
understanding of physiology of vision and of various ocular diseases (e.g., dry eye, nystagmus and light-related 
diseases), and in the evaluation of relationship among the lacrimal system, the vascular system (heart rate), and 
the nervous system (fixational movements).

Data and Materials Availability
All data are reported in the present manuscript.

References
	 1.	 Navarro, R. The optical design of the human eye: a critical review. J. Optom. 2(1), 3–18 (2009).
	 2.	 Albarrán, C. et al. Influence of the tear film on optical quality of the eye. Cont. Lens and Anterior Eye. 20(4), 129–135 (1997).
	 3.	 Bolanos-Jimenez, R. et al. Ocular surface as barrier of innate immunity. Open Ophthalmol. J. 9, 49–55 (2105).
	 4.	 Chen, Y., Mehta, G. & Vasiliou, V. Antioxidant defenses in the ocular surface. Ocul. Surf. 7(4), 176–85 (2009).
	 5.	 Barabino, S. et al. Ocular surface immunity: homeostatic mechanisms and their disruption in dry eye disease. Progr. Retin. Eye Res. 

31(3), 271–285 (2012).
	 6.	 Martinez-Conde, S., Macknik, S. L. & Hubel, D. H. The role of fixational eye movements in visual perception. Nat. Rev. Neurosci. 

5(3), 229–240 (2004).
	 7.	 Lemp, M. A. et al. The definition and classification of dry eye disease: report of the Definition and Classification Subcommittee of 

the International Dry Eye WorkShop. Ocul. Surf. 5(2), 75–92 (2007).
	 8.	 Kasprzak, H. T. & Iskander, D. R. Spectral characteristics of longitudinal corneal apex velocities and their relation to the 

cardiopulmonary system. Eye 21(9), 1212–1219 (2007).
	 9.	 Singh, K. et al. Measurement of ocular fundus pulsation in healthy subjects using a novel Fourier-domain optical coherence 

tomography. Invest. Ophthalmol. Vis. Sci. 52(12), 8927–8932 (2011).
	10.	 Napoli, P. E. et al. A simple novel technique of infrared meibography by means of spectral-domain optical coherence tomography: a 

cross-sectional clinical study. PloS one. 11(10), p.e0165558 (2016).
	11.	 Napoli, P. E., Coronella, F., Satta, G. M., Zucca, I. A. & Fossarello, M. A novel OCT technique to measure in vivo the corneal 

adhesiveness for sodium carboxymethylcellulose in humans and its validity in the diagnosis of dry eye. Invest. Ophthalmol. Vis. Sci. 
55(5), 3179–3185 (2014).

	12.	 Napoli, P. E., Satta, G. M., Coronella, F. & Fossarello, M. Spectral-domain optical coherence tomography study on dynamic changes 
of human tears after instillation of artificial tears. Invest. Ophthalmol. Vis. Sci. 55(7), 4533–4540 (2014).

	13.	 Napoli, P. E., Nioi, M., d’Aloja, E. & Fossarello, M. Post-mortem corneal thickness measurements with a portable optical coherence 
tomography system: a reliability study. Sci. Rep. 6, 30428 (2016).

	14.	 Nioi, M. et al. Morphological analysis of corneal findings modifications after death: A preliminary OCT study on an animal model. 
Exp. Eye Res. 169, 20–27 (2018).

	15.	 Owens, H., & Phillips, J. R. Tear spreading rates: post-blink. In Lacrimal Gland, Tear Film, and Dry Eye Syndromes 3 (pp. 1201–1204). 
Springer, Boston, MA (2002).

	16.	 Abelson, M. B. et al. Alternative reference values for tear film break up time in normal and dry eye populations. Lacrimal Gland, Tear 
Film, and Dry Eye Syndromes 3. Springer US. 1121–1125 (2002).

	17.	 Fuchs, M. et al. Real-time temporal shaping of high-speed video streams. Comput. Graph. 34(5), 575–584 (2010).
	18.	 Kamal, H., Völkel, R. & Alda, J. Properties of moiré magnifiers. Optical Engineering 37(11), 3007–3015 (1998).
	19.	 Podoleanu, A. G. et al. Combined multiplanar optical coherence tomography and confocal scanning ophthalmoscopy. J. Biomed. 

Opt. 9(1), 86–94 (2004).
	20.	 Podoleanu, A. G. et al. Coherence imaging by use of a Newton rings sampling function. Optics Letters. 21(21), 1789–1791 (1996).
	21.	 Coppola, D. & Purves, D. The extraordinarily rapid disappearance of entopic images. Proc. Nat. Aca. Sci. 93, 8001–8004 (1996).
	22.	 de Kinkelder, R. et al. Heartbeat-induced axial motion artifacts in optical coherence tomography measurements of the retina. Invest. 

Ophthalmol. Vis. Sci. 52(6), 3908–3913 (2011).

https://doi.org/10.1038/s41598-018-38260-5


www.nature.com/scientificreports/

9Scientific Reports |          (2019) 9:1413  | https://doi.org/10.1038/s41598-018-38260-5

	23.	 Yun, S. H., Tearney, G. J., De Boer, J. F. & Bouma, B. E. Motion artifacts in optical coherence tomography with frequency-domain 
ranging. Optics Express. 12(13), 2977–2998 (2004).

	24.	 Ricco, S., Chen, M., Ishikawa, H., Wollstein, G., & Schuman, J. Correcting motion artifacts in retinal spectral domain optical 
coherence tomography via image registration. In International Conference on Medical Image Computing and Computer-Assisted 
Intervention (pp. 100–107). Springer, Berlin, Heidelberg (2009, September).

	25.	 Chhablani, J., Krishnan, T., Sethi, V. & Kozak, I. Artifacts in optical coherence tomography. Saudi J. Ophthalmol. 28(2), 81–87 
(2014).

	26.	 Born, M., & Wolf, E. Principles of optics: electromagnetic theory of propagation, interference and diffraction of light. Elsevier 
(1980).

	27.	 Birt, B., Cowling, I. & Coyne, S. UVR reflections at the surface of the eye. J. Photochem. Photobiol. B. 77, 71–77 (2004).
	28.	 Kanski, J. J., & Bowling, B. Clinical ophthalmology: a systematic approach. Elsevier Health Sciences (2011).
	29.	 Kohlhaas, M. Kollagen-Crosslinking mit Riboflavin und UVA-Licht beim Keratokonus. Der Ophthalmologe. 105, 785–796 (2008).
	30.	 Locci, E. et al. A metabolomic approach to animal vitreous humor topographical composition: a pilot study. PloS one. 9(5), e97773 

(2014).
	31.	 Dutton, G. N., & Jacobson, L. K. Cerebral visual impairment in children. Seminars in Neonatology. 6(6), WB Saunders (2001).
	32.	 Kumar, A. et al. ATR mediates a checkpoint at the nuclear envelope in response to mechanical stress. Cell. 158(3), 633–646 (2014).
	33.	 Cimprich, K. A. & Cortez, D. ATR: an essential regulator of genome integrity. Nat. Rev. Mol. Cell Biol. 9(8), 616–627 (2008).
	34.	 Monti, J., Pandi-Perumal, S. R., & Sinton, C. M., (Eds). Neurochemistry of sleep and wakefulness. Cambridge University Press 

(2008).
	35.	 Dilly, P. N. Structure and function of the tear film. Lacrimal Gland, Tear Film, and Dry Eye Syndromes. Springer US, 239–247 (1994).
	36.	 Miao, H. et al. A universal moiré effect and application in X-ray phase-contrast imaging. Nat. Phys. 12(9), 830 (2016).
	37.	 Nahas, A., Bauer, M., Roux, S. & Boccara, A. C. 3D static elastography at the micrometer scale using Full Field OCT. Biomed. Opt. 

Express 4(10), 2138–2149 (2013).
	38.	 Ang, M. et al. Anterior segment optical coherence tomography. Prog. Retin. Eye Res, https://doi.org/10.1016/j.preteyeres.2018.04.002 

[Epub ahead of print] (2018).

Author Contributions
Conceived and designed the experiments: P.E.N. Performed the experiments: P.E.N. M.F. Analyzed the data: 
P.E.N. M.N. E.D. M.F. Contributed reagents/materials/analysis tools: P.E.N. M.N. E.D. M.F. Wrote the paper: 
P.E.N. M.N. E.D. M.F.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-38260-5.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-018-38260-5
https://doi.org/10.1016/j.preteyeres.2018.04.002
https://doi.org/10.1038/s41598-018-38260-5
http://creativecommons.org/licenses/by/4.0/

	The Bull’s Eye Pattern of the Tear Film in Humans during Visual Fixation on En-Face Optical Coherence Tomography

	Methods

	En-face OCT imaging. 
	Tear film Patterns on en-face OCT imaging. 
	Preliminary experiment n. 1. 
	(Motionless, Artificial eye). 

	Preliminary experiment n. 2. 
	(Dry Eyes). 

	Statistical analysis. 

	Results

	Discussion

	Figure 1 A Bull’s Eye Pattern from the tear film surface on en-face OCT imaging.
	Figure 2 A regular, tear film pattern (free from geometric figures) by en-face OCT imaging.
	Figure 3 En-face OCT imaging of an artificial eye, motionless and dry.
	Figure 4 En-face OCT imaging of an artificial eye with a mucomimetic or lipid layer.
	Figure 5 Schematic diagram of coordinate system (x, y) used to describe the interaction between a wavy tear film and light rays.
	Table 1 Detection of the bull’s eye pattern of the tear film by OCT in healthy subjects.
	Table 2 Individual OCT findings, heart rate and oxygen saturation (SpO2) in healthy subjects.
	Table 3 Correlation Coefficients between OCT results and heart rate or oxygen saturation (SpO2), and reliability results in healthy subjects.




