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Abstract

Background: Lateral eye movements are part of natural ocular motility, and their effect
on tear film behavior is largely unknown because they are usually not evaluated during
tear film examinations, where patients are required to look straight ahead. This study
aimed to determine what happens to the tear film during lateral eye movements in the
absence of blinking. Methods: Tear film dynamics during a sequence of open-eye lateral
gaze maneuvers were recorded using an infrared camera system (TearView). Results:
The study included 15 healthy participants (5 female; median age 26) who had no ocular
surface-related complaints. It was observed that lateral eye movements exposed new ocular
surface areas not previously covered by the tear film. The tear film margins reacted to
lateral eye movements by spreading towards the newly uncovered ocular surface areas,
thereby recoating them. This response was asymmetrical, with a tear reservoir in the lacus
lacrimalis of the medial canthus providing additional tear film spread only during ocular
abduction. Conclusions: These findings expand our understanding of tear film physiology
beyond static gaze. They might also bear implications for dry eye disease and oculoplastic
surgical techniques affecting the medial canthus.

Keywords: dry eye; eye movement; tear film dynamics; saccades; infrared; caruncle; lacus
lacrimalis; tear film imaging; ocular surface

1. Introduction

Knowledge about tear film behavior has come from studying the stationary eye in
forward gaze with blinking under instruction [1]. Little is known about tear film dynamics
during lateral eye movements [2]. Lateral eye movements expose an area of ocular surface
previously covered by the eyelid with minimal change to palpebral fissure height. They
occur frequently in everyday life. Reading provides an example of lateral saccades of
moderate rates and size [3]. Many, but not all, saccades are followed by a blink [4-7].
For example, smooth pursuit lateral movements, such as during finger-following, are
usually not accompanied by blinks [5]. The extreme case of lateral movement is maximal

J. Clin. Transl. Ophthalmol. 2026, 4, 18

https:/ /doi.org/10.3390/jcto4030018


https://crossmark.crossref.org/dialog?doi=10.3390/jcto4030018&domain=pdf&date_stamp=2026-07-02
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jcto
https://www.mdpi.com
https://orcid.org/0000-0002-8526-4712
https://orcid.org/0000-0002-9438-4740
https://orcid.org/0009-0003-0805-3422
https://orcid.org/0000-0001-9701-8204
https://doi.org/10.3390/jcto4030018

J. Clin. Transl. Ophthalmol. 2026, 4, 18 20f12

eye adduction to abduction, a change of gaze of almost 90 degrees [8]. While not strictly
physiological, these large movements are most likely to reveal what happens to the newly
exposed ocular surface in terms of the tear film.

Yokoi et al. investigated the effects of lateral eye movements on the tear film using
fluorescein and interferometry. These techniques were limited to the precorneal tear
film [9,10] and could not reveal what occurs with the tear film over the bulbar conjunctiva.
With new technology, detecting infrared emittance [11-14], it is now possible to investigate
the tear film in these areas. This technology has been used to investigate the dynamics of
the tear film in response to vertical eye movements and revealed that the fully formed tear
film expanded to cover the newly exposed ocular surface [13]. The purpose of this research
was to determine if a similar phenomenon occurs with lateral eye movements.

2. Materials and Methods
2.1. Recruitment and Experimental Conditions

The Institutional Review Board/local ethics committee of Saarland University, Hom-
burg, Germany, approved this study (Ha 83/20; approval date: 8 June 2020). The research
was conducted in compliance with the Declaration of Helsinki, and informed consent was
obtained from all participants.

2.2. Experimental Procedures

Participants were seated at a slit lamp (SL800, Zeiss Meditec AG, Jena, Germany) with
the infrared camera (TearView, Beyond700 Ltd., Sydney, Australia) attached to a proprietary
arm inserted into the slit lamp’s accessory turret hole. With the participant placed in the
headrest, the infrared camera was focused on the eye using the slit lamp mechanism.
For consistency and convenience, only the right eyes were imaged. Long-wavelength
infrared radiation, naturally emitted from the ocular surface, was captured at a resolution
of 640 x 480 pixels, with a noise equivalent temperature resolution of 30 mK, and a frame
rate of 25 frames per second in real time. The camera is designed so that the field of view
is filled by the ocular surface and adnexa. This enables visualization of the tear film over
the entire palpebral fissure, from the nasal canthus to the temporal canthus, and from the
lower to the upper lid margin [12].

2.3. Ocular Movement Paradigms

A baseline recording of tear film formation following a spontaneous blink was made
with participants in primary gaze. Movement paradigms were based on previously pub-
lished work where fluorescein and interferometry were used to study tear film dynamics [2].
The participants were instructed to keep their eyes open and without blinking, and move
their eyes rapidly towards an acoustic signal on one or the other side of the head.

2.3.1. Rapid Excursion Movement

Participants rapidly (as quickly as possible) moved their eyes from maximal abduction
to adduction repeatedly.

2.3.2. Adduction (Nasal) First Paradigm

Participants performed an extreme nasal saccade (adduction) following an acoustic
signal. After waiting ~5 s, performing an extreme temporal saccade (abduction).

2.3.3. Abduction (Temporal) First Paradigm

This was identical to the adduction paradigm, but starting with an extreme temporal
saccade and moving the eye nasally on instruction.
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2.3.4. Smooth Pursuit Paradigm (Finger Following)

Participants were asked to track the examiner’s finger as it moved from temporal to
nasal and vice versa.

2.3.5. Lid Wipe Experiment

Based on the results from the other experimental paradigms, the possibility of the
lacus lacrimalis being a tear reservoir was investigated. In four participants, the caruncle
region was wiped with a Blephaclean sterile lid wipe (Thea Pharma, Clermont-Ferrand,
France), and then the abduction first paradigm was performed.

Note on Terminology

We define the fully formed tear film as the complete tear film consisting of a mu-
coaqueous subphase and a lipid layer [15]. We use this term because it is known that a
complete tear film, all components working together, resists evaporation, and this cannot
be attributed to the lipid layer alone [16,17]. Since evaporative cooling (dark patches) is not
seen with TearView following the spread of a normal tear film (the images are uniform in
appearance), this is interpreted as representing a fully formed tear film. When evaporative
cooling is observed, the infrared images do not indicate the component or components of
the tear film responsible, just that the tear film is dysfunctional [12]. The tear film margin
as seen with TearView demarcates the border between the complete(d) tear film and the
incomplete one. While the ocular surface beyond the margin might be moist and covered
by a “subaqueous layer” [2], it is not covered by a complete tear film. Tear film spread,
flow, or expansion means an increase in the area of the complete tear film.

Note on the Figures

Images and videos were not cropped or manipulated post-recording. In some of the
images (particularly in the videos), the infrared reflection of the camera lens as well as the
examiner’s hand can be seen. These reflections are artifacts and bear no significance. In the
top right corner, there is an eye (and a nose) symbol indicating the position of the cornea
(blue). The numbers in the box at the bottom right indicate experimental time (in seconds).
The blue bar indicates that a saccade/eye movement has been performed.

3. Results

Participants were 10 males, 5 females (mean age 32 =+ 15 years, median age 26, range
21-70) with no ocular surface-related complaints (OSDI < 13) or contact lens wear.

Slit lamp examination confirmed no abnormalities of the lids and anterior segment,
and participants did not use any topical medication.

In forward gaze following a blink, all participants showed a normal tear film char-
acterized by a dark front swiftly moving to and disappearing at the upper eyelid margin.
Thereafter, with the eye open, the tear film was even and unchanging with no discernible
difference between the cornea and conjunctiva. The participants in this study were the
same participants from the previously published study [13].

3.1. Rapid Excursion Movement Recordings

In all participants, repeated rapid adduction and abduction movements showed that
the central tear film, largely identical to the precorneal tear film, moved with the eye
(Supplemental Video S1). This means that the ocular surface did not move underneath the
tear film. There was no lag between the eye movements and tear film movement, meaning
there were no movements due to inertia. Other evidence that the tear film was moving with
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the eye came from occasional examples when an inclusion/defect in the tear film could be
seen. An example is shown in a later figure (Figure 3, bottom row).

3.2. Adduction (Nasal) First Paradigm Recordings

The initial adduction saccade exposed a crescent of ocular surface with the tear film
margins initially retaining the shape of the temporal canthal angle (Figure 1; 0.6 s). The
existing preocular tear film expanded slowly to cover the exposed ocular surface. The tear
film did not expand out from the tear menisci at the lid margins. Typically, this expansion
was incomplete, leaving a small crescent adjacent to the canthus (Supplemental Video S2;
Figure 1; 7.2 s). A maximal abduction saccade after the adduction revealed different
features: The tear film did not entirely separate from the medial canthus. Instead, a blotchy
tear film was immediately present, appearing to have stretched out from the lacus lacrimalis
region (Figure 1; 7.9 s). This new tear film only covered a region extending from the upper
and lower anatomical limits of the lacus lacrimalis, leaving uncovered surfaces above and
below (Figure 1; 7.9 s, blue arrows). These uncovered regions were eventually covered by
the expansion of the fully formed tear film, and from the tear film originating from the
lacus lacrimalis (Supplemental Video S2, Figure 1; 16.7 s), i.e., tear flow to cover the newly
exposed ocular surface was not from the lid margins towards the exposed areas. These
findings were consistent across all participants, meaning that the movement direction of
the tear film in response to eye movement was the same for all of them. There was never a
case where the tear film did not expand, nor where it expanded in the opposite direction.

Figure 1. Adduction (nasal) first paradigm. An initial adduction (0.6 s) revealed a temporal crescent
of exposed ocular surface, which was slowly filled in with tear film from nasal to temporal, leaving
a small, uncovered portion next to the lateral canthus (7.1 s; arrow). The abduction saccade (7.9 s)
revealed new tear film forming immediately, bounded by the extent of the lacus lacrimalis (arrows).
With time, complete coverage of the ocular surface occurred (9.5 s).

3.3. Abduction (Temporal) First Paradigm Recordings

Changes to the tear film and its subsequent expansion were almost identical to those
described for the adduction first paradigm (Figure 2). The main difference was that it took
a shorter time for the tear film to fill in the exposed eye surface in the medial canthus
upon the initial abduction (Supplemental Video S3). This is ascribed to the initial ocular
movement being less extreme (45 degrees), compared to the above paradigm where the
ocular abduction movement was about 90 degrees (abduction paradigm; compare Figure 1;
7.9 s onwards with Figure 2; 0-5.7 s). This was consistent across participants, i.e., tear film
expansion was in the same direction for all of them.
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Figure 2. Abduction (temporal) first paradigm. An initial abduction (0.9 s) showed tear film being
“drawn out” of the lacus lacrimalis. The tear film margin above the lacus lacrimalis retained the
outline of the upper portion of the medial canthus. Within about 5 s, complete coverage of the
ocular surface was achieved (5.7 s). The subsequent adduction saccade (7.0 s) revealed a large area of
uncovered ocular surface. The tear film failed to completely cover this area, leaving a small crescent
of exposure, developing an intense evaporation signal (13.7 s; arrow).

3.4. Smooth Pursuit Paradigm/Finger Following Recordings

Finger following is the classic test to examine smooth pursuit eye movements [18].

Eye movements tracking the examiner’s finger were slower than the extreme saccade
movements. Consequently, the tear film started to fill in the newly exposed ocular surface
even during the eye movement (Supplemental Video S4). This meant that there was barely
any uncovered area left as the eye stopped moving, both during abduction and adduction.
During slow abduction, a series of dark vertical bands appeared near the medial canthus,
which then rapidly disappeared as the eye continued moving (Figure 3; 4.7 s). This might
be explained by the tear film initially being embedded within the conjunctival folds and
stretched out like unfolding pleats with lateral movement. We did not observe any obvious
differences regarding these phenomena across participants.

Figure 3. Finger following. Following the finger of the examiner into adduction had the tear film
“filling in the gaps”, even as the eye was being rotated (1.0 s), leaving only a small defect in the
very periphery (4.2 s). A subsequent slow abduction revealed vertical dark bands of exposed ocular
surface (4.7 s, arrow), which quickly disappeared through tear film expansion (5.7 s). An incidental
defect in the tear film indicated the amount of eye rotation (9.1 s, arrow).
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3.5. Lid Wipe Experiment Recordings

A lid wipe was used to gently wipe the caruncular region (lacus lacrimalis) prior
to saccadic movements. In all four participants, abduction revealed that the tear film
separated from the lid margin and retained the outline of the nasal canthus, similar to that
observed at the temporal canthus following adduction (Supplemental Video S5). This was
different from normal conditions in that there was no spread from the caruncle region, but
instead, there was a slight flow from the existing tear film towards the caruncle (Figure 4).

Figure 4. Caruncle wipe experiment. After gently wiping the caruncular region with a Blephaclean
wipe, only a minor defect in the tear film could be seen in forward gaze (0.0 s, blue arrow). Abduction
of the eyeball revealed that no new tear film is transferred onto the nasal bulbar conjunctiva. Moreover,
the emittance of the caruncle (dark appearance) revealed increased evaporation (15.0 s, arrow). Eye
adduction showed an absence of a reservoir on the temporal side, with an initial retention of the
outline of the canthal angle (20.4 s). A second abduction maneuver showed a couple of tear film
specks (24.4 s).

4. Discussion

Our experiments parallel the eye movement/tear film experiments of Yokoi et al. [2].
Instead of interferometry and fluorescein tear film staining, infrared imaging was used
to passively capture tear film dynamics over the whole ocular surface without disturbing
the tear film. Adding additional volume as needed for fluoresceine staining was also
unnecessary with this technique [19], neither was bright light shone into the eye; a likely
cause of reflex tearing in both fluoresceine staining and interferometry.

The main findings were that the newly exposed ocular surface was covered by the
spreading of fully formed tear film, and in the case of the medial canthus, additional
tear film from the lacus lacrimalis. This matches our previous findings where tear film
movements following vertical eye movements were studied [13].

4.1. The “Fluid Shell”

A detailed comparison with the work of Yokoi et al. [2] is presented in Appendix A. To
briefly summarize, infrared imaging in the present study demonstrated that the tear film
can be regarded as a fluid shell that moves synchronously with the eye (Rapid excursion
movement, see Supplemental Video S1), which is generally in accordance with the findings
of Yokoi et al. The fully formed tear film moves as a single unit with eye movement, and
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there is no lag upon eye movement initiation. This indicates that there is no momentum-
driven movement of the tear film.

4.2. The Reservoir Function of the Lacus Lacrimalis

The lacus lacrimalis is generally overlooked in terms of tear film function and dry eye
assessment. Anatomically, it comprises the semilunar fold, the lacrimal caruncle, and the
adjacent lid margins of the medial canthus and is filled with tear fluid [20]. It has been
regarded as merely a pool of used tears ready for drainage through the puncta [21-23].
Our data suggest that the lacus lacrimalis also provides a reservoir of tears for use during
abduction to coat the newly exposed ocular surface (Figure 1; 7.9 s; Figure 5). This is likely
to be assisted by unfolding of the conjunctival folds during globe rotation and movement
of the canthus itself [24-27]. This makes the tear film response to lateral movements
asymmetrical, with almost instant coverage of the newly exposed bulbar conjunctiva with
tear film only occurring during abduction of the globe (Figure 5). Also worth noting is
that despite there being no meibomian glands at the margins of the medial canthus [28],
evaporative cooling in the infrared images was never observed in the lacus lacrimalis
in forward gaze or subsequent to spread following lateral gaze. This indicates that it is
protected by a complete tear film, including a mucoaqueous and lipid layer. The lipid layer
must arise from neighboring meibomian glands from either eyelid, from sebaceous glands
present in the caruncle [29,30], or both. Secreted proteins, which form an integral part of
the mucoaqueous layer, might be secreted directly by the caruncular tissue or by adjacent
conjunctiva [31,32].

S

Abduction Forward gaze Adduction

Figure 5. Schematic of the asymmetrical tear film response to lateral eye movements coming from
forward gaze as seen in the infrared image. The approximate position of the cornea is depicted with
a dotted circle. The approximate position of the plica semilunaris, the lateral border of the lacus
lacrimalis, is depicted with a white arc. (Forward gaze) shows the post-blink fully formed tear film
(light grey). Upon (Adduction), the tear film moves together with the eye, leaving an uncovered
darker crescent of ocular surface around the lateral canthus. The fully formed tear film expands
laterally to cover this area (white arrows). Upon (Abduction), tear film is immediately present across
the newly exposed bulbar conjunctiva, often with vertical defects (vertical dark grey columns). The
tear film then spreads in both directions at the same time, originating from the fully formed tear film
and the lacus lacrimalis (white arrows). L: lateral; M: medial.

The concept that the lacus lacrimalis has a tear reservoir function was supported by
the lid wipe experiment, where the results can be explained by the reservoir being removed,
and hence, the tear film spread upon lateral eye movement was solely from the fully formed
tear film. This closely resembled what was seen in the lateral canthus following adduction
(compare to Figure 5).

The purpose of the observed asymmetry in tear film response, spreading from the
medial canthus (lacus lacrimalis) during abduction but not adduction, remains speculative.
One plausible explanation is the protection of the medial canthal region, including the
lacrimal puncta and drainage system, from desiccation by rapid tear film recoating. The
lacus lacrimalis primarily collects excess tears for drainage via the puncta; swift coverage
during abduction could offer additional protection for this critical drainage pathway. Tear
film spread originating in the medial canthus might also be a remnant of the action of the
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nictitating membrane (third eyelid), which exists in almost all mammals to some extent
except for the higher primates, and which sweeps the eye from medial to lateral during
a blink [33]. In contrast, the lateral canthus lacks drainage structures and benefits from
proximity to the lacrimal gland, providing sufficient aqueous tears without the need for
additional spreading [30].

There are clinical implications if the lacus lacrimalis has a tear reservoir. Oculoplastic
surgery of the medial canthal region could disrupt the structure of the lacus lacrimalis,
with the consequence of compromised tear film formation upon lateral eye movements [34].
Diseases of the medial canthus could similarly compromise the reservoir function. For
instance, pterygia can lead to a loss of vertical length of plica semilunaris [35] and lead to a
unique tear film break-up pattern [36]. Interestingly, lacrimal caruncular epitheliopathy
has been associated with meibomian gland dysfunction [37]. In this case, an incomplete
tear film might be present in the lacus lacrimalis due to lack of meibum and this could lead
to the caruncular epitheliopathy.

4.3. Comparison to Predictions

Prior to our studies, it has not been possible to directly observe the dynamic behavior
of the tear film over the peripheral bulbar conjunctiva in response to lateral eye movement.
Nevertheless, predictions have been made. Yokoi et al. [2] used lateral eye movement
paradigms similar to ours and made predictions based on the fact that during abduction,
the area of exposed nasal bulbar conjunctiva increases and the area of exposed temporal
conjunctiva decreases, and vice versa during adduction. On the decreasing side, they spec-
ulated that the lipid layer would either be compressed or redistributed into the marginal
lipid reservoir. On the increasing side, they supposed that the tear film might be stretched
out or that the ocular surface might just be covered with a “subaqueous phase” drawn forth
from behind the eyelids. They also predicted that for the flow of the lipid (layer) to occur,
the lipid layer would need to be continuous with the lipid in the meibomian reservoirs
from which lipids would be drawn. In addition, they expected the central region of the tear
film, being a fluid shell, to remain stable.

In agreement with Yokoi et al., using infrared imaging, we found that the central fluid
shell remained intact during lateral eye movements. However, we observed that the fully
formed tear film separated from the lid margins during adduction and then expanded
laterally to cover the newly exposed ocular surface (Figure 5), rather than stretching or
flowing from the lid margins as predicted by Yokoi et al. This tear film expansion towards
the lid margin has also been observed following vertical eye movements and so appears
to be a consistent feature of tear film physiology [13]. A new finding in this study was
the observation of tear film flow originating at the lacus lacrimalis. While not strictly
part of the meibomian reservoirs of the lid margins, it does seem to be continuous with
the fully formed tear film during abduction (Figure 5) and thus in agreement with Yokoi
et al.’s predictions.

The mechanism behind the expansion of the tear film in response to eye movements
in the absence of blinking is unknown. One possibility is that the expansion is due to shear
forces that are exerted on the tear film fluid shell by the eyelids during eye movement.
This idea differs from Yokoi et al., who concluded that shearing during horizontal saccades
would be “insufficient to disturb the tear film structure greatly” [2]. However, Tiffany
found that the shear rates between blinking and saccades are almost identical [38], so that
the resulting shear stress should be similar as well [39]. Another possibility states that the
tear film is able to adjust itself to cover a palpebral fissure of differing size without the need
for shear forces. This possibility has been explored in detail in a previous publication by
the authors [13].
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4.4. Limitations

The study was limited to 15 participants and thus had a small sample size. However,
observed phenomena were consistent across all participants, and the number of participants
is comparable to previous studies on tear film dynamics [40,41].

No quantitative analysis and statistics were performed. This is consistent with an
observational study wherein phenomena are reported for the first time, with the phenomena
consistent for all the participants. This is similar to studies of Yokoi et al. [2], in which they
reported the dark arc as a new phenomenon in lateral eye movement studies and did not
quantify it. Moreover, there is no consensus on what, where, and how to measure tear film
dynamics such as lipid layer spreading speed, coverage area, and time to stabilization of
the tear film [42]. For clinical studies, it could be useful to quantify tear film dynamics
following eye movement, where there would be at least two distinct populations to compare.
A study comparing healthy participants and dry eye disease patients could measure tear
film spreading velocity, stabilization time, and surface coverage with a view to determining
if examining tear film behavior during lateral eye movement could provide an additional
diagnostic test for dry eye disease.

5. Conclusions

The tear film forms a gel-like fluid shell over the exposed ocular surface and
moves with the ocular surface during large lateral movements through which previously
retropalpebral ocular surface lacking a tear film becomes exposed. The fully formed tear
film responds to this by spreading outwards from its margins to cover the newly exposed
ocular surface area. On the nasal side, this spread is supported by a tear reservoir made
up of the lacus lacrimalis. Overall, this blink-independent tear film spread appears to be
sufficient to cover newly exposed ocular surface area during physiological eye movements,
e.g., during finger following and small saccades. These sorts of eye movements are common
during everyday activities such as reading or looking outside a car window while it is
moving [43,44].

Investigating how the tear film copes with eye movements broadens our under-
standing of tear film physiology. It might also bear implications for oculoplastic surgical
techniques affecting the medial canthus. Further investigation of tear film dynamics during
eye movements and their role in ocular surface health and disease is needed.
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Appendix A. Comparison with Fluorescein Staining and Interferometry

Using fluorescein staining, Yokoi et al. described dark arcs in the pre-corneal tear film
that formed at the end of a horizontal return saccade [2]. This was attributed to the lid
margins at the canthus partially covering the cornea, causing meniscus-induced thinning
of the pre-corneal tear film. The presence of dark arcs implied gel-like properties of the
marginal tear film and, with it, the presence of a tear film fluid shell that moves with
the eye. The images of the dark arcs from lateral movement appear to be similar to the
tear film margins observed with TearView (compare [2]; Figure 7f and our Figure 1; 0.6 s).
However, they likely do not correspond to the same process. Once formed, the dark arcs in
the fluorescein images were not filled in by the surrounding fluorescein-stained tear film
and remained stable until they were painted over by another eye rotation. With infrared
imaging, the examiners observed arcuate margins but no arcs (which would be delineated
by a margin on each side of it) on eye rotation (Figure 1; 0.6 s). These margins, while
very briefly retaining the shape of the canthal angle, were dynamic and expanded almost
immediately from the post-blink fully formed tear film covering newly exposed ocular
surface area (Figure 1; 7.1 s). This likely means that the dark arcs are not identical to what
can be observed in the infrared image.
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