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Abstract

Purpose—The outer surface layer tears is presumably composed of lipid. The thickness of this
layer is considered critical to retard evaporation. Prior thickness measurements differ widely.
Advances in ellipsometry have availed more precise and accurate measurements for thin films. The
range in thickness of the surface layer of tears was studied by ellipsometry to uncover the source
of prior discrepancies.

Methods—Tear surface layers of normal and dry eye subjects were measured by in-vitro
ellipsometry. Lateral and Z resolutions of ~ 1 micron and 0.1 nm, were achieved respectively.
Thicknesses were derived from matrices and a Levenberg—Marquardt multivariate regression
algorithm to Fresnel equations for multi-layered films.

Results—Ellipsometric measurements of pooled and individual human tears in-vitro revealed a
larger overall range (2.6-500 nm) of surface film thicknesses than previously reported by any one
study. Each sample showed thin areas (0-2.6 nm) with interspersed thicker regions (~200-500 nm).
Repeat measurements of a single donor collected at weekly intervals showed a broad range of
surface thicknesses within and between samples. Thickness measurements from a dry eye subject
overlapped that of normal subjects.

Conclusion—The data show that published disparity in surface film thickness may be
attributable to limitations of prior methodologies. The range and overlap of surface film
thicknesses challenge less rigorous methodologies that claim to segregate normal and dry eye.
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Introduction

The tear film has been classically modeled as 3 distinct layers. Historically, the surface layer
is presumed to be composed of lipid. This conclusion is based on the observation of
interference fringes on the aqueous layer [1]. The lipid layer is considered to be critical for
retardation of evaporation. The thickness of the surface layer of tears has been suggested as
a criterion to distinguish dry eye disease from normal subjects and to evaluate therapy for
dry eye disease [2—-4]. Understanding the normal range of surface film thickness is crucial to
these applications. However, a review of the representative studies show substantial variation
in the reported thickness of the surface tear film layer (Table 1).

The reported variation must be considered in light of the techniques used for these
measurements. Most methodologies are inherently restricted to specific ranges of
wavelength that result in color. For example, methods based on color interferometry are
limited by the color spectrum and the range is limited to integers of ¥ wavelength. Observed
color in a thin film occurs cyclically at thicknesses that vary by hundreds of nanometers
[14]. Within a single color range the thickness may vary by increments of 20-100
nanometers. Colors are not usually observed below a threshold on the order of 150-200 nm
[15]. Therefore, judging the thickness of a surface film by its color is fraught with potential
error.

Further complications may arise in the methods used for fitting. Most algorithms in
interferometry and reflectometry require an initial estimation of thickness. Mis-estimation
risks finding local minima closest to the assumed thickness. Ellipsometry has a significant
advantage over these techniques. Ellipsometry measures the degree of phase shift as light is
reflected from a surface film, which markedly increases sensitivity over a reflection
measurement. Further, unlike most reflectometers, ellipsometers measure more than a single
amplitude parameter. For each point of measurement ellipsometry fits both phase and
polarization amplitudes to generated local fits for multiple wavelengths and/or incident
angles [16]. This data set permits a global fit for a true minimum. Another source of error in
clinical studies is error related to the measurement environment. Most tear film surface
thickness measurements have been performed in-vivo. Clinical measurements are subject to
dynamic changes from tear film thinning, motion of the eye, and eyelids, as well as tear film
angular deviations from menisci and corneal curvature. The lateral resolution in such
dynamic environments is diminished. The inescapable result is that clinical measurements
reflect an average over a relatively large region of interest. Many of these problems are
minimized when measurements are performed in-vitro.

Recent advances in measurement of thin films have been driven by the semi-conductor
industry. The result is improved instrumentation and software for metrology. These
innovations have led to high lateral (on the order of a micron) and excellent z resolutions
(sub-nanometer) [17]. Computationally challenging fitting has been facilitated for complex
models and can even be mapped for thickness measurements at each pixel. Global fitting
algorithms have been thoroughly vetted. Thicknesses can be accurately measured over a
range of less than 1 nm to many microns. This range exceeds that provided by currently
available techniques in use for tear films. These advances in ellipsometry were applied to
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measurements of the human tear film to investigate the sources of variation in thickness in
prior studies.

2. Methods

2.1 Tear collection

Stimulated human tears were collected from healthy volunteers in accordance with the tenets
of the Declaration of Helsinki and approved by the institutional review board. Informed
consent was obtained from donors after explanation of the nature and possible
consequences. Human subjects were screened for symptoms of dry eye disease as previously
described [18]. One subject met the criteria for mild to moderate dry eye on the basis of
symptoms, punctate corneal fluorescein staining, a tear breakup time of 5 seconds, and a
Schirmer’s test of 0-2 mm (repeated on 3 separate occasions). Slit lamp examination of the
tarsal conjunctiva revealed disrupted Meibomian gland in focal areas. Stimulated tears were
collected as previously published with polished glass tips and glass transfer pipettes [19].
Tears from 30 normal subjects (ages 19-25) were pooled into three lots of ten subjects each
in polytetrafluoroethylene-lined glass vials and stored under nitrogen at —80C until use.
Tears from single donors were pipetted directly into the sample chamber for immediate
ellipsometry measurement.

2.2 Sample chamber

The sample holder was fabricated from a 25 mm diameter x 10 mm length disc of black
polyether ether ketone thermoplastic polymer to vitiate the menisci at the water-lipid
interface. The tear samples were placed in an internally milled cylindrical sample chamber
of 12.5 mm diameter x about 2 mm in depth. The bottom of the sample chamber was
skewed at an angle to minimize reflection from that surface. The minimum volume of tears
necessary for an adequate signal in the chamber was about 200 uL.

2.3 Ellipsometry

Imaging ellipsometry measurements were obtained with an imaging nulling ellipsometer
nanofilm-EP4 (Accurion Gmbh, Gottingen, Germany) at 20°C. Polarizer and analyzer
angles were determined under the nulling conditions for each region of interest (ROI) with a
Nikon 20x objective. Measurements were made in two modes to obtain both overall average
and detailed point to point mapping in ROISs.

Variations between ROIs of the same sample were observed by constructing thickness maps
scanning an area of up to 300 x 300 microns. Thickness measurements and maps were made
in the nulling mode with a 658 nm 50mW laser light source. Angular measurements of the
polarizer and analyzer reflect the polarization and phase shift, and are referred to as psi (¥)
and delta(A). ¥ and A values were measured at each pixel in different ROIs of the scan. The
lateral resolution approximates 1 um as given by the overall resolution provided by the
optics in the reflected light beam. Measurements were collected at 1 degree intervals of
incident angles between 50-57 degrees. The data were modeled for a lipid surface layer
under air and over an aqueous substrate (index of refraction, n=1.333), all considered
transparent films in the model. The refractive index was also separately tested for fit using
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the stacked layered model [16]. The optical constant n=1.491 for the 658 nm wavelength
matched that given for Meibomian lipids [20]. The reflectance (r) matrix is described by the
ratio p= rp/rs =tan ¥ el® where the amplitude of the parallel (o) and orthogonal ()
components of the reflected light are normalized to initial amplitude of the incoming light
with the ellipsometric angles ¥ and A, respectively. To derive thickness measured
ellipsometric angles ¥ and A were parameters input into the Accurion proprietary modeling
software (EP4Model software), that uses a Berreman matrix algorithm for multilayered films
fitting and a Levenberg—Marquardt multivariate regression algorithm to Fresnel equations
for multilayered films [16,21]. The material stack included successive layers of air lipid and
water. Negative control substrates included water and tear mimicking buffer, devoid of a
surface layer. Positive controls consisted of oleic acid and 1,2 dipalmitoyl-sn-glycero-3-
phosphatidyl choline (DPPC), (Avanti Polar lipids, Inc, Alabaster, AL) monolayers on the
negative controls substrates. Lipids dissolved in 1ul of hexane and chloroform were layered
on the substrates. The lipids were gravitometrically measured to just cover the surface area
of the sample chamber as described [22,23]. In keeping with the purpose of discerning the
variation within and between samples, calculated thickness are reported herein generally as a
range rather than average thicknesses with root mean square error values. A minimum of 6
measurement scans were made from each sample in regions that encompassed the thinnest
and thickest measurements. A minimum of 4 areas were scanned in each sample. The
system was initially calibrated with a silicone dioxide wafer of known surface layer
thickness.

3. Outcome data

3.1 Resolution of monolayer surface films by ellipsometry

The control substances were chosen to validate the resolution of the ellipsometer for surface
films in solution. For monolayers oleic acid and a phospholipid were chosen. Oleic acid is
the principal component of the first substances for which monolayers were recognized and
characterized [23][22]. The thickness obtained for this monolayer (Table 2) matches that
previously published. Similarly, the monolayer of DPPC matches the expected value (Table
2) and demonstrates the z resolution available by ellipsometry [24]= .

3.2 Precision of tear surface film thickness

The data for range of thicknesses found in the controls and various tear samples are
summarized in Table 2. To determine the precision of individual measurements, scans were
repeated over one field of one subject’s tears 7 times within about 10 minutes. The range for
the average measurements from these scans was 17.6-20.5 nm, mean + standard deviation =
19.4 £ 1.1 nm. The measurements in the same ROI showed a similar range of about 0-105
nm with high end of the range varying only between 90-110 nm. Despite unavoidable
diffusion of the molecules in the surface layer the measurements are highly precise.

The values obtained for individual tear samples vary widely and cover the overall published
range when considered as a group (Table 1). The low end value of 2.6 nm this matches
published estimates done by Brewster angle microscopy and vibrational analysis [10,11].
Although this early published work has been largely overlooked in the current literature, the
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data depict the thinnest areas of the surface layer of the tear film. In more recent work, King-
Smith et al. acknowledged that regions of the tear film surface layer may be thinner than 20
nm or greater than 120 nm, but was unable to achieve measurements beyond these limits of
resolution with a home built reflectometer. The ellipsometer is very accurate at the low end
of measurement. Ellipsometry has been predicted to have an uncertainty of £ 0.025 and + 7
nm for lipid refractive index and lipid thickness, respectively for clinical measurements of a
tear film thickness of 150 nm [25]. The measurement of 2.6 nm in tears achieved by
ellipsometry is consistent with a monolayer or bilayer depending orientation and chain
length of the molecules that compose those regions. Only one very early study roughly
predicted the upper limit of the range (~500 nm) for the tear film observed in the current
study (Table 1). The probable explanation for bias toward the lower range in many studies
involves the cyclical nature of the color interference phenomenon as described in Newton’s
fringes. The assumption of the lowest fractional integer for any specified color for fitting
purposes will of course exclude the same color with a higher fractional integer of a thicker
layer [14]. A global fit vitiates this problem.

The heterogeneity of individual samples is best visualized by maps of the surface layer of
the tear film. The high contrast image from ellipsometry of an exemplary lot of pooled tears
is shown in Figure 1. The predominance of the dark areas indicate very thin layers with
much thicker islands of lipids. These areas both were fit to a refractive index of 1.491,
consistent with the reported refractive index for meibomian lipids [20].

3.3 Comparison of surface film thickness by ellipsometry to prior studies

Most studies report averages rather than ranges or distribution maps of thickness. However,
the range may be more important to assess overlap. There is one notable exception [13]. The
excellent maps gathered by King-Smith et al. include description of islands of thick lipids
rising from a sea of lower thickness. These observations match the ellipsometric pattern of
raised aggregates in a background of a thinner film. Although the z resolution in the study
by King-Smith et al. was limited to greater than 20 nm and less than 120 nm, the authors
astutely describe the variation in clinical measurements. The concordance of their in-vivo
thickness measurement with those of the in-vitro sample here was reassuring.

Aggregation of tear lipids on surface films has also been seen in model systems. Meibum is
known to form heterogeneous surface films including regions with monolayers and
aggregates of multilayers of molecules in Brewster angle microscopy [24-29]. Squalene
forms lenses and aggregates with compression in Langmuir trough studies [30]. In vitro
studies have demonstrated that meibum spread as thin films yield surface films of 5.2 nmin
thickness [33]. Metrology performed here on tears reaffirm the heterogeneous nature of the
surface film created by meibum and provide a broader range of thicknesses. A methodologic
concern for the collection of pooled stimulated tears is that a narrow and deep storage
container might not reflect the amount of lipid that exists clinically. However, the in-vitro
methods appear to be reassuringly consistent to the findings in-vivo.
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3.4 Ellipsometry of the surface layer of freshly collected tears in individuals

To gain further insight individual tear samples were collected without pooling or storage and
immediately studied by ellipsometry. Even though stimulated tears are dilute the amount of
lipid present obtained during collection at least should reflect the amount on the surface of
tears initially. The rationalization was that lipid would rise to the surface and provide a
similar amount to that present clinically. Further, the surface area of the sample container
was designed to approximate that of the cornea. The individual samples showed a range of
thickness greater than that of the pooled tears (Table 2). One explanation for a greater
thickness in the unstored samples is that some surface film molecules may be lost in the
process of freezing and storing the pooled lots. Alternatively, the greater range may simply
represent natural variation in the samples. As a test, fresh tears from the same individual
were collected and measured in 3 successive weeks. The surface film thickness of tears from
this individual varies greatly from week to week (Figures 2 and 3). The surface film
thickness measured one week was less and another week greater than that observed with the
pooled frozen stored lots. The low end of the range < 5 nm was seen in each case in the
maps of freshly collected samples. Again the patterns observed from ellipsometric imaging
resemble both the form and variation as previously described [13]= .

3.5 Ellipsometry of the surface film of tears from a patient with dry eye

Only one subject who met the criteria for mild to moderate dry eye provided enough tears
for immediate study by ellipsometry. The range overlapped that of thickness of normal
individual subjects here and that reported in prior studies (Tables 1 and 2). Figure 4 shows
the thickness map. Within the ROI a large range of thickness was observed. The average
thickness (mean of about 36 nm) of the dry eye subject was higher than that of 2 of the 4
normal subjects. One possible explanation for overlap with normal subjects is the dry eye
disease of this subject may be aqueous deficiency rather than meibomian gland disease.
However, the measured average tear surface film thickness of the dry eye patient and 2 of the
normal subjects would have been under the 75 nm or even 60 nm cut-off values for the
detection of meibomian gland disease[34].

3.6. Unusual finding of focal baseline shifts

One subtle finding was observed in focal regions of the thickness maps. The baseline
appears shifted upward (Figures 2a, 3a, 4a). The shifts are generally focal and minimal (1-2
nm) and correction did not significantly affect the calculated average or the range. However,
in these areas the subphase n=1.33 is not uniform and the superficial layer n=1.49 appears
pushed upward. To highlight this finding these areas were not normalized to baseline.
Possible explanations include contamination with debris localized to the interface of the
surface and subphase or perhaps molecules penetrating the surface such as proteins. The
ladder explanation has been suggested as proteins unfolding at the surface in Langmuir
trough in-vitro studies [35,36], but has not been shown before in tears samples. The exact
biochemical nature of the molecules responsible for the shift will require further
investigation. The finding has not been previously reported with other instruments for
surface film measurements of tears.
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3.7 Implications

The importance of determining the range of normal thickness is important because
instruments used for surface film thickness measurements often assume there is a lower limit
to normal thickness, e.g., less than 100nm or 75 is abnormal [3,34]. The presence of surface
film molecular aggregates and the intra- and inter-subject variation both in-vitro and in-vivo
with high resolution ellipsometry challenge prior comparisons for normal and dry eye
measurements [4]. The data presented here expand the range of variability within samples
described by King-Smith et al. [13]. The overlap in the measured thicknesses in-vivo may be
dependent on temporal and spatial considerations. The data in-vitro without motion show
even larger variation and overlap between individuals. The variability of tear surface film
thickness, as currently measured, is unlikely to be useful to segregate dry eye disease.

3.8 Shortcomings of in-vitro and in-vivo measurements

Both in-vivo and in-vitro measurements have method-related shortcomings. The mation of
the subject, eye, tear film in clinical measurements on a curved surface reduce precision and
accuracy. In vitro measurements are made on relatively static films in controlled
environments. In vitro measurements are less vulnerable to dynamic variation but may not
recapitulate the clinical situation and require more sample. In this study, some reassurance is
gained for implementing in vitro studies as a model. The general range of thicknesses match
that of published clinical studies when the data are viewed as a whole. One might argue that
stimulated tears dilute lipids resulting in lower thicknesses than observed clinically.
Conversely, one could claim that multiple collections concentrate lipids to excess on the
surface film. But the ellipsometric data show an extended the range of thickness of each
sample at both higher and lower limits compared to clinical studies. Differences cannot be
attributed to a consistent bias from the in-vitro collection, preparation or measurement.

4. Summary and Conclusions

The findings here do not necessarily render tear surface film thickness measurements
unimportant. The relevance of thickness measurements must be considered in the context of
overall lipid production. Individual thickness measurements are made in very short time
frame and may not reflect overall lipid excretion. The time scale of point measurements for
both in-vivo and in-vitro methods are roughly on the order of seconds or less. Perhaps
surface layer thickness differences should be considered on a much longer time scale of
hours to days. In this case, an approach to integrate clinical thickness measurements over a
much longer duration might possibly reveal differences between normal and dry eye
patients.
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Figure 1.
Surface layer of pooled tears. Left: Two dimensional (2D) thickness map for pooled tears.

The intensity (brightness) of the image pixel corresponds to the relative thickness. Top right,
Histogram of thickness (z axis) derived from linear section at the x, y coordinates as
depicted by the green line on the map. Bottom: 3D map of image thickness from another
area, calculated from ¥ and A at various pixels in interpolation mode.
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Figure 2.
Surface layer of one individual’s tears analyzed immediately after collection. Left shows the

2 D map for thickness computed from the ¥ and A map. The intensity (brightness) reflects
relative thickness. The green box represents the area from which data was extracted for the
histogram (top right). The y axis represents the frequency of each thickness. Bottom right
shows the 3 D map for thickness. Note in some cases the baseline is shifted upward due to
an uneven agqueous subphase.
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Figure 3.
Tears analysed immediately after collection from the same subject as shown in Figure 2, but

collected one week later. Left, image map shows relative intensity from 21 nm (black) to 500
nm (white). Top right, histogram is taken from the area depicted in green. Bottom right, 3D
map of thickness fit from ¥ and A at each pixel. Notice the baseline is slightly irregular.
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Figure 4.
Tears from an individual with dry eye disese. Left, 2D image of thickness map constructed

from ¥ and A. The histogram from data bounded by the green box is shown in the histogram
(top right). The 3D map of thickness is shown (bottom right).
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Table 1.

Variation in Thickness Reported for the Surface Film on Tears

Reference
[1]=
[8]=
[O]= =
[10]=
[11]=
[12]=
[4]=
[13]=
[5]=
[6]=
[7]=

Method

Specular Reflection (color interference)
Specular Reflection (color interference)
Specular Reflection (color interference)
Surface Potential vibrating glass plates
Brewster Angle Microscopy

Specular Reflection (color interference
Specular Reflection (color interference)
Microscopy and Reflectance
Ellipsometry (LED)

OCT

Interference (global fit from RGB values)

Interpreted thickness (nm)
~100-370 (500)

102

60-180

2-4

~2-10

~100

75 (72% of normals)
<20->120

(150 +/- 7) theoretical
20-60

68
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Table 2.

Thickness Ranges for Controls and Tear Sample in this Study

Sample Thickness range (nm)
H20 with no surface layer (control) 0-.1

Monolayer of oleic acid on water (control) 1.1-1.6

Monolayer of DPPC on water (control) 2.6-2.8

Tears stored lots of 30 normal individuals 0-197

Tears (fresh, 4 normal individuals ) 0-500

Tears (fresh 1 normal individual, 7 repeat measurements from same ROI)  0-110

Tears (fresh from individual with dry eye) 0-60
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