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Abstract

Purpose

To examine the relationship between pre-corneal and pre-contact lens tear film stability
(TFS), and to determine whether pre-corneal TFS is a reliable predictor of subsequent pre-
lens TFS after a contact lens is placed on the eye.

Methods

667 records met inclusion criteria and were extracted from a soft contact lens multi-study
database. Multivariable linear mixed effects models were fit to examine the association
between pre-corneal and pre-lens TFS, adjusting for potential confounders and accounting
for repeated measures. Receiver Operating Characteristic (ROC) analysis was employed to
assess the predictive performance of pre-corneal TFS for subsequent pre-lens TFS. TFS
was quantified for this analysis as the non-invasive tear breakup time (NITBUT).

Results

Pre-corneal NITBUT was significantly related to the pre-lens NITBUT at both 10 min
(p<0.001) and 2—6 hrs (p<0.001) post-lens insertion. However, the sensitivities of pre-cor-
neal NITBUT for predicting symptom-associated thresholds of pre-lens NITBUT ranged
from 50-65%, and specificities ranged from 57-72%, suggesting poor-to-moderate diag-
nostic performance.

Conclusions

Despite the association of pre-corneal and pre-lens TFS, the inherent lability and sensitivity
to environmental exposures of the tear film introduce significant variability into NITBUT mea-
surements. Using pre-corneal NITBUT to identify likely successful contact lens candidates
prior to fitting is thus not sufficiently accurate to be relied upon in the clinical setting.
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Introduction

Despite continual technical advances and improvements in soft contact lens wear, symptoms
of dryness and discomfort, often leading to patient discontinuation, continue to be of substan-
tial concern [1-4]. When a contact lens is placed on the eye, the pre-corneal tear film is com-
partmentalized into pre-lens and post-lens segments, each thinner than the original pre-
corneal tear film. While perfect agreement has not been established, due primarily to differ-
ences in measurement techniques, the most widely accepted estimates of pre-corneal tear film
thickness range from 3 to 11 um [5-11]. Estimates of the thickness of the compartmentalized
tear film segments with a soft contact lens in situ range from 2 to 7 um pre-lens [5, 9, 11-13],
and from 3 to 12 um post-lens [9, 11, 12, 14, 15]. A tear film that is stable between blinks is
widely agreed to be a necessity for comfort during contact lens wear [16, 17], but the compart-
mentalization of the tear film into two thinner segments by the lens can result in a destabiliza-
tion of this important thin film over the lens surface [18, 19] and increased ocular dryness and
discomfort [20].

Several studies have documented this link between an unstable pre-lens tear film and con-
tact lens-related discomfort, dryness, and dissatisfaction. Vidal-Rohr et al., for example, found
that at 1 week and 1 month post-dispensing of soft contact lenses with and without a surface
coating to improve lubricity, the coated lens had better reported comfort, and also had longer
pre-lens tear breakup time measured non-invasively [16]. Rohit et al. found a significant rela-
tionship between ocular comfort and lens surface drying time measured non-invasively in 40
habitual soft contact lens wearers (p = 0.003), although the model did not explain a large pro-
portion of the variability (r = 0.21) [17]. Nichols et al. found faster pre-lens thinning time to be
significantly related to self-reported dry eye symptoms in 360 contact lens wearers [21]. From
numerous studies employing different measures of pre-lens tear film stability, and assessing
different subjective outcomes, it has become widely accepted that a primary factor in contact
lens discomfort, dryness and dissatisfaction is an unstable pre-lens tear film [20].

A number of studies have also found significant associations of pre-corneal (no contact
lens) tear film stability with subsequent contact lens wearing outcomes. Best et al. found that
shorter pre-corneal non-invasive tear breakup time (NITBUT) and fluorescein tear breakup
time (FTBUT) were both significantly related to CL dropout within 6 months [22]. Baseline
pre-corneal NITBUT in particular averaged approximately 5 sec faster among those who
dropped out within 6 months, compared with those who were still successfully wearing lenses
at 6 months. Predictive performance was moderate, however, with a sensitivity of 63% and a
specificity of 76%, which are broadly in line with published estimates for other outcomes
related to symptomatology [23, 24]. Glasson et al. found that tolerant soft contact lens wearers
had significantly longer pre-corneal NITBUT than did intolerant wearers [25]. Yeh et al. also
found significant relationships between pre-corneal NITBUT and FTBUT and visual analog
scale (0-100) ratings of the severity and frequency of contact lens-related dryness [26].

As pre-corneal tear film stability is likely related to subsequent comfort during contact lens
wear, it could be hypothesized that pre-corneal tear film instability leads to an even more
unstable pre-lens tear film during contact lens wear, thus increasing the likelihood of contact
lens discomfort, dissatisfaction and dropout [27, 28]. Wong et al. found a significant relation-
ship between baseline pre-corneal and subsequent pre-lens NITBUT, with pre-lens breakup
averaging 2.6 sec faster [29]. Kopf et al. found measures of tear film surface quality measured
non-invasively by videokeratoscopy to significantly worsen when a soft contact lens was placed
on the eye [19].

If it were possible to measure pre-corneal TBUT non-invasively and predict what the pre-
lens TBUT will likely be without first having to fit a contact lens, it could significantly aid the
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clinician by identifying those patients who are unlikely to have sufficient pre-lens tear film sta-
bility for successful, symptom-free lens wear. This has not been widely studied, and what
results there are in the literature are equivocal [29-32]. In this study, we examine data from a
multi-study database of soft contact lens wearers to address the following questions: (a) is the
pre-corneal NITBUT significantly related to the pre-lens NITBUT observed 10 min post-inser-
tion?; (b) does the same relationship hold 2-6 hrs post-insertion?; (¢) if significant relation-
ships exist, to what extent can the pre-corneal NITBUT be used predictively to identify
prospective contact lens wearers who are more likely to remain free of symptoms of discomfort
and dryness?

Methods
Ethics statement

All subjects participating in this research were oriented as to the goals, procedures, and poten-
tial risks and benefits of the studies, after which written informed consent was obtained from
all subjects. All studies contributing to the database used in this analysis were approved by the
University of California, Berkeley Committee for the Protection of Human Subjects This study
adhered to the tenets of the Declaration of Helsinki, and was HIPAA compliant with respect to
data safety and subject anonymity.

Study data and procedures

The data for this analysis were selected from a multi-study database of soft contact lens wear
studies conducted at the University of California, Berkeley Clinical Research Center (CRC).
All studies eligible for selection employed identical inclusion/exclusion criteria, including
being free of ocular infection or inflammation, having no history of prior ocular surgery, and
not taking any ophthalmic medications or systemic medications with effects on the ocular sur-
face or tear film. All subjects were experienced, current soft contact lens wearers who had been
wearing lenses for at least 8 hrs per day, at least 5 days per week, for at least the prior month.
The protocols for all eligible studies included a pre-corneal NITBUT measurement after at
least 24 hrs of discontinued lens wear, and a pre-lens NITBUT measurement at either ~10 min
post-insertion (i.e., after lens settling), between 2 and 6 hrs post-insertion, or both. These time
frames were chosen to reflect a range of recommended examination times of newly-fitted CL
wearers for lens fit, performance, safety, and symptomatology [33-35]. In all eligible studies,
NITBUT was measured 3 times using a corneal topographer (Medmont E300, Medmont Inter-
national PTY LTD, Australia) and averaged. The automated timing feature was not used due
to the inadequate video frame rate, and more accurate NITBUT measurement at a finer resolu-
tion can be achieved by a well-trained observer using a digital stopwatch. Measurements were
taken alternating between eyes, and the time between measurements was < 1 min, during
which the subject blinked normally, followed by 3 full deliberate blinks prior to the next mea-
surement. Breakup was considered to have occurred at the first sign of distortion in the
reflected image of the mires, and all observers were trained and calibrated to the same criteria
for identifying the first moment of distortion.

Statistical methods

After a thorough exploratory analysis, a linear mixed effects modeling approach was employed
to estimate the pre-lens NITBUT at 10 min and 2-6 hrs post-insertion of either hydrogel or sil-
icone hydrogel soft contact lenses. The pre-lens NITBUT was modeled as a function of pre-
corneal NITBUT measured prior to lens insertion, and adjustments for covariates including
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age, gender, ethnicity, contact lens material and investigator were examined. Eyes were consid-
ered to vary randomly within subjects, and a compound symmetric covariance structure was
assumed. Models were compared by F-test p-value, residual and other diagnostic plots, the
log-Likelihood for nested models and Akaike’s Information Criterion for non-nested models.
NITBUT was truncated at 30 sec and square root-transformed to better approximate normal-
ity of residuals. The sensitivity and specificity of pre-corneal NITBUT to predict whether pre-
lens NITBUT would be below thresholds linked to symptoms were estimated using Receiver
Operating Characteristic (ROC) analysis. Previous work by the authors [24] established that
symptoms of contact lens-induced dryness were linked to a pre-lens NITBUT of < 2.5 sec, and
that severe dryness symptoms were linked to a pre-lens NITBUT of < 2.0 sec. In addition to
the full dataset analysis, the analysis was repeated on the subset of data with pre-corneal
NITBUT < 10 sec, a long-established threshold commonly used in clinical practice [36, 37], in
order to determine its relationship to pre-lens NITBUT and its predictive performance in a
group of subjects with clinically questionable tear film stability prior to lens wear.

Results

Data selection

Six studies in the CRC soft contact lens study database were determined to meet eligibility cri-
teria for inclusion in this analysis. All studies included measurement of the pre-corneal NIT-
BUT after a minimum of 24 hrs discontinuation of lens wear, and prior to insertion of lenses
at the study visit. A single study measured the pre-lens NITBUT at 10 min post-lens insertion
only, one study measured pre-lens NITBUT at 2 hrs post-insertion only; the other four studies
measured pre-lens NITBUT at both 10 min and 2-6 hrs post-insertion. One hundred thirty-
nine (139) subjects contributed a total of 667 records to the database, with fellow eyes included,
and some study protocols requiring multiple visits and some subjects participating in multiple
studies. For the comparison of pre-corneal NITBUT to pre-lens NITBUT at 10 min post-con-
tact lens insertion, 348 records from five studies met the inclusion criteria. Two hundred sixty-
three (263) of these records were included in the sub-group analysis of those with unstable tear
films (i.e., pre-corneal NITBUT < 10 sec). For the comparison at 2-6 hrs post-insertion, 647
records from five studies met the inclusion criteria, with 514 included in the unstable tear film
sub-group analysis. The data for this analysis were collected between the years 2009 and 2018
by 6 different investigators, each of whom primarily performed data collection for one study.

Baseline subject characteristics

Subjects ranged in age from 18 to 41 years, with a mean (SD) age of 22.9 (4.2) years. Subjects
were 74.2% female and 25.8% male, 48.4% of Asian ethnicity and 51.6% non-Asian. The Asian
sub-group was defined as subjects of Chinese, Vietnamese, Japanese, Korean or Pacific
Islander descent. The non-Asian ethnic group was defined to consist of Caucasian, Latino,
African-American or Indian subjects.

Seventeen different soft contact lens brands were worn for these studies, with 48.4% being
of hydrogel material, and 51.6% silicone hydrogel. Asymptomatic contact lens wearers consti-
tuted 62.3% of subjects, with 37.7% being symptomatic. A designation of symptomatic was
defined as having a score > 4 on the Berkeley Dry Eye Flow Chart (DEFC) [24], which indi-
cates self-reported dryness and discomfort during an average week of lens wear sufficient to
interfere with visual activities (e.g., reading, using a computer, wearing contact lenses) either
“sometimes” or “usually/always”. This designation was made at baseline (pre-lens insertion),
at the first visit for those with repeated visits.
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Fig 1. Distributions of raw (1a) and square root-transformed (1b) pre-corneal NITBUT (all data combined, n = 667).
https://doi.org/10.1371/journal.pone.0247877.9001

Baseline pre-corneal NITBUT ranged from 0 to the maximum value of 30 sec, with a
median of 6.67 sec, and a mean (SD) of 8.48 (5.96) sec. The distribution of baseline pre-corneal
NITBUT is depicted in Fig 1a. It is evident from the figure that the distribution of raw NIT-
BUT was right-skewed, therefore we elected to analyze the square root-transformed NITBUT,
depicted in Fig 1b.
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Fig 2. Pre-corneal vs. pre-lens NITBUT at 10 min post-contact lens insertion (n = 348).
https://doi.org/10.1371/journal.pone.0247877.9002

Pre-corneal vs. pre-lens NITBUT: 10 min post-insertion

The raw data for the comparison of pre-corneal to pre-lens NITBUT at 10 min post-lens inser-
tion are depicted in Fig 2. Modeling the square root of the pre-lens NITBUT as a function of
the square root-transformed pre-corneal NITBUT provided the best fit. The pre-lens NITBUT
at 10 min post-insertion was significantly related to the pre-corneal NITBUT (p < 0.001) as
follows:

= 0.9352 + 0.3153 %V PreCorneal NITBUT

Omin

\/ PreLens NITBUT,
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Adjustment for the different investigators was also significant (p < 0.001), however the dif-
ference in the estimated pre-lens NITBUT with and without adjusting for investigators
was < 1 sec and thus clinically negligible. Table 1 shows model-estimated pre-lens NITBUT
for various values of the pre-corneal NITBUT. The models confirm that the pre-lens NITBUT
at 10 min post-insertion is shorter, on average, than the pre-corneal NITBUT. The models also
suggest that the difference between the pre-corneal and pre-lens NITBUT increases the more
stable the pre-corneal NITBUT is. Pre-lens NITBUT at 10 min post-insertion was not signifi-
cantly related to subject age, gender, ethnicity, contact lens material (hydrogel or silicone
hydrogel), or to being a symptomatic contact lens wearer (as defined above).

As stated above, contact lens-related dryness symptoms have been linked to a pre-lens
NITBUT of < 2.5 sec, and for severe symptoms < 2.0 sec. According to our model estimates,
the pre-corneal NITBUT corresponding to a pre-lens NITBUT at 10 min post-insertion
of < 2.5 sec is approximately 4.20 sec; the pre-corneal NITBUT corresponding to a < 2.0 sec
pre-lens NITBUT at 10 min post-insertion is approximately 2.31 sec (Fig 3). In terms of the
actual predictive performance of the pre-corneal NITBUT, we employed ROC analysis to
estimate the sensitivity, specificity and optimum threshold to predict a pre-lens NITBUT at
10 min post-insertion of < 2.5 sec and < 2.0 sec. Although the pre-corneal NITBUT was sig-
nificantly related to the pre-lens NITBUT in the associative model, sensitivity and specificity
were poor, at approximately 50% and 57%, respectively for a symptom-associated threshold
of 2.5 sec, and approximately 54% and 60%, respectively for a threshold of 2.0 sec (Table 2).
Fig 2 clearly shows that, while on average the pre-lens NITBUT rises in direct accordance
with the average pre-corneal NITBUT, for any given pre-corneal value, a range of pre-lens
values spanning several seconds can be observed, making for poor performance in terms of
direct prediction.

In a sub-group analysis, we investigated whether the same relationships would hold
amongst those subjects presenting with pre-corneal NITBUT < 10 sec, as those would repre-
sent patients with questionable-to-poor tear film stability prior to contact lens fitting. The rela-
tionship was significant in the sub-group (p < 0.001) with a similar slope to that for the full
group (0.317 and 0.315, respectively). The pre-corneal NITBUT corresponding to 2.5 sec pre-
lens NITBUT was 3.86 sec, and corresponding to 2.0 sec pre-lens NITBUT was 2.07 sec. Pre-
dictive performance of pre-corneal NITBUT for pre-lens NITBUT at 10 min post-insertion
was moderate-to-poor for this sub-group with possible tear film instability. Sensitivity and
specificity for predicting pre-lens NITBUT < 2.5 sec were approximately 61% and 60%,
respectively, and for pre-lens NITBUT < 2.0 sec were approximately 65% and 64%, respec-
tively (Table 2).

Table 1. Model estimates and estimated values of pre-lens NITBUT for various values of the pre-corneal
NITBUT.

Estimated Pre-Lens NITBUT (sec)

Pre-Corneal NITBUT (sec) 10 min Post-Insertion 2-6 hrs Post-Insertion
1 1.56 2.15
3 2.19 2.69
5 2.69 3.09
7 3.13 3.44
10 3.73 391
15 4.65 4.60

https://doi.org/10.1371/journal.pone.0247877.t001
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Fig 3. Model estimates for pre-lens NITBUT at 10 min post-contact lens insertion. Crosshairs highlight the pre-corneal NITBUT at dryness
symptom-associated thresholds of pre-lens NITBUT (< 2.5 sec for any symptoms, < 2.0 sec for severe symptoms). For these pre-lens thresholds, the
associated pre-corneal values are 4.20 sec and 2.31 sec, respectively.

https://doi.org/10.1371/journal.pone.0247877.9003

Pre-corneal vs. pre-lens NITBUT: 2-6 hrs post-insertion

The raw data for the comparison of pre-corneal to pre-lens NITBUT at 2-6 hrs post-lens inser-

tion are depicted in

Fig 4. The pre-lens NITBUT at 2-6 hrs post-insertion was significantly

related to the pre-corneal NITBUT (p < 0.001) as follows:

\/PreLens NITBUT,, . = 1.2320 + 0.2355 %V/PreCorneal NITBUT

Pre-lens NITBUT at 2-6 hrs post-insertion was not significantly related to subject age, gen-
der, ethnicity, contact lens material, investigator, or to being a symptomatic contact lens
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Table 2. Sensitivity and specificity of pre-corneal NITBUT (sec) for predicting subsequent pre-lens NITBUT at 10 min post-insertion below thresholds associated
with any dryness symptoms (2.5 sec) and severe dryness symptoms (2.0 sec).

NITBUT at 10 min Post-Insertion

Sensitivity [95% CI] Specificity [95% CI] Threshold: Pre-Corneal
All Subjects
Pre-Lens < 2.5s 50.0 [40.1, 59.9] 57.2 [53.1, 61.2] 5.86s
Pre-Lens < 2.0s 53.8 [41.7, 66.0] 60.2 [56.3, 64.1] 5.59s
Sub-Group
Pre-Lens < 2.5s 60.5 [49.8,71.1] 60.4 [53.3, 67.5] 5.86s
Pre-Lens < 2.0s 64.8 [52.1, 77.6] 63.6 [57.1,70.2] 5.63s

The sub-group consists of subjects with pre-corneal NITBUT < 10 sec. Sensitivity and specificity are given as percentages (n = 263). CI = confidence interval.

https://doi.org/10.1371/journal.pone.0247877.t1002

wearer. According to model estimates, a pre-corneal NITBUT of approximately 2.20 sec corre-
sponds to a pre-lens NITBUT of < 2.5 sec at 2-6 hrs post-insertion; a pre-corneal NITBUT of
approximately 0.60 sec corresponds to a < 2.0 sec pre-lens NITBUT at 2-6 hrs post-insertion
(Fig 5). As with 10 min post-insertion, the sensitivity of pre-corneal NITBUT was poor, at
approximately 52% and 53%, respectively, for symptom-associated thresholds of 2.5 sec and
2.0 sec. The specificity, however, was improved at 2-6 hrs post-insertion, at approximately
72% and 69%, respectively for thresholds of 2.5 sec and 2.0 sec (Table 3).

In the sub-group analysis of those subjects presenting with pre-corneal NITBUT < 10 sec,
the relationship between pre-corneal NITBUT and pre-lens NITBUT at 2-6 hrs post-insertion
remained significant (p < 0.001) with a similar slope compared with analyzing the full group
(0.197 and 0.236, respectively). The pre-corneal NITBUT corresponding to 2.5 sec pre-lens
NITBUT was 1.41 sec, and corresponding to 2.0 sec pre-lens NITBUT was 0.12 sec. Predictive
performance of pre-corneal NITBUT for pre-lens NITBUT at 2-6 hrs post-insertion was simi-
larly modest for this sub-group with possible tear film instability. Sensitivity and specificity for
predicting pre-lens NITBUT at 2-6 hrs post-insertion < 2.5 sec were approximately 56% and
68%, respectively, and for pre-lens NITBUT < 2.0 sec were approximately 57% and 65%,
respectively (Table 3).

Discussion

In this study, we examined both the associative and the predictive relationships of pre-corneal
(no lens wear) tear film stability to pre-lens tear film stability with soft contact lenses in situ.
While there is a direct and significant associative relationship between pre-corneal and pre-
lens tear breakup times, the predictive performance of pre-corneal NITBUT for subsequent
tear film stability after inserting a contact lens is not sufficiently strong to be relied upon clini-
cally. We found that over the range of pre-corneal tear breakup times observed, any given pre-
corneal value is associated with a range of pre-lens times spanning several seconds. This is also
reflected in the moderate-to-poor sensitivities and specificities of pre-corneal NITBUT in pre-
dicting whether a potential lens wearer will be above or below symptom-associated pre-lens
NITBUT thresholds.

There are several reasons that a given pre-corneal NITBUT cannot accurately predict later
pre-lens NITBUT consistently for individuals in this group of contact lens wearers. First is the
group itself: our study sample contained a wide range of symptomatic and asymptomatic sub-
jects with pre-corneal and pre-lens tear film stability spanning the full measurement range;
what is consistent across this group is that they were all 41 years of age or younger, full-time
contact lens wearers in spite of any tear film instability or symptoms of dryness or discomfort.
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Fig 4. Pre-corneal vs. pre-lens NITBUT at 2-6 hrs post-contact lens insertion (n = 647).
https://doi.org/10.1371/journal.pone.0247877.9004

Although NITBUT was measured 3 times and averaged in an effort to mitigate within-subject
variability, it is possible that some individual NITBUT measurements, given the known inter-
day variability in tear film stability, were values that would not be typical for those subjects,
with normal day-to-day tear film stability sufficient to maintain contact lens wear. It could be
that a study designed with a larger number of repeated measures per subject (i.e., to get a better
picture of each subject’s typical day-to-day values), or in a different study population that
exhibited more stable, less variable breakup times, or who were contact lens neophytes [38],
would find a closer predictive relationship between pre-corneal and pre-lens NITBUT.

A second broad reason for poor predictive performance are the lability and exposure sensi-
tivities of tear breakup times [39-41]. Individuals often exhibit clinically significant differences
in breakup times from one day to the next, at different times of day, after different visual tasks
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Fig 5. Model estimates for pre-lens NITBUT at 2-6 hrs post-contact lens insertion. Crosshairs highlight the pre-corneal NITBUT at dryness
symptom-associated thresholds of pre-lens NITBUT (< 2.5 sec for any symptoms, < 2.0 sec for severe symptoms). For these pre-lens thresholds, the

associated pre-corneal values are 2.20 sec and 0.60 sec, respectively.

https://doi.org/10.1371/journal.pone.0247877.9005

(e.g., distance viewing with normal blinking vs. prolonged near work with reduced blinking),
and after various environmental exposures (e.g., eye makeup or facial skin care products,
excessive wind or dust, low humidity, swimming). The fact that normal tear film stability natu-
rally varies a great deal [42], coupled with its sensitivity to the multiple, often overlapping
exposures to which most people are subject in day-to-day life, together result in a pre-corneal
measurement that is consistently associated with pre-lens measurements on average in a large
group, but that is subject to too much inherent variability to be of individual predictive value
to the clinician. A carefully conducted prospective study employing a controlled environment
chamber would likely result in better predictive performance, however this would be unlikely
to be of much value to the clinician for the reasons that (a) few if any clinical practices are
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Table 3. Sensitivity and specificity of pre-corneal NITBUT for predicting subsequent pre-lens NITBUT at 2-6 hrs post-insertion below thresholds associated with
any dryness symptoms (2.5 sec) and severe dryness symptoms (2.0 sec).

NITBUT at 2-6 hrs Post-Insertion

Sensitivity [95% CI] Specificity [95% CI] Threshold: Pre-Corneal
All Subjects
Pre-Lens < 2.5s 52.2 [44.4, 60.0] 722 [68.3, 76.0] 5.16
Pre-Lens < 2.0s 52.8 [42.4,63.2] 69.4 [65.6,73.1] 5.16
Sub-Group
Pre-Lens < 2.5s 56.2 [47.9, 64.5] 68.4 [63.7, 73.1] 493
Pre-Lens < 2.0s 57.1 [46.1, 68.2] 65.2 [60.8, 69.7] 4.93

The sub-group consists of subjects with pre-corneal NITBUT < 10 sec. Sensitivity and specificity are given as percentages (n = 514). CI = Confidence Interval.

https://doi.org/10.1371/journal.pone.0247877.t003

equipped with such expensive, specialized equipment, and (b) predictive results obtained
under such controlled conditions would bear little resemblance to conditions obtaining in the
real world.

Another contributor to the lack of good predictive performance is the method of NITBUT
itself to assess tear film stability. The sensitivity of NITBUT to detect tear film instability
depends on the number, size, and spacing of the reflected mires. Tear film instability can occur
without being captured by the reflected mires, making the measurements potentially less sensi-
tive to the initiation of instability due to the potential lack of detection. From the larger per-
spective of comparing results across the literature, this also means that results from different
NITBUT instruments with different mire sizes and densities may vary from one to another in
terms of diagnostic performance. Lastly, one may postulate that the poor performance of pre-
corneal NITBUT for predicting pre-lens NITBUT is due to different physical phenomena that
determine how pre-corneal and pre-lens tear films deposit over the corneal and the contact
lens surfaces, respectively, as different radii of tear menisci may be formed [43] before and dur-
ing lens wear.

It is interesting to note that in our models of pre-lens tear film stability, the longer the pre-
corneal NITBUT the bigger the difference between the pre-corneal NITBUT and the estimated
pre-lens NITBUT. For example, at 10 min post-insertion a pre-corneal NITBUT of 5 sec is
associated with a pre-lens NITBUT of 2.69 sec-a difference of 2.31 sec; for a pre-corneal NIT-
BUT of 15 sec, the estimated pre-lens NITBUT is 4.65 sec-a difference of 10.35 sec. Although
only suggestive from these data, it is possible that above a certain threshold, no additional
extensions of pre-corneal tear film stability will result in additional stability once a lens is in
place. In other words, there may be an upper limit to the length of time a tear film can remain
stable on the surface of a soft contact lens. This could have implications for both contact lens
manufacturers and clinicians in contact lens practice, and warrants further investigation with
a properly designed study involving a greater sample size and a variety of lens materials.

Models from the current study estimate that at 10 min post-lens insertion, a pre-corneal
NITBUT of 4.2 sec corresponds to a pre-lens NITBUT of 2.5 sec (the threshold for dry eye
symptoms), and a pre-corneal NITBUT of 2.3 sec corresponds to a pre-lens NITBUT of 2.0 sec
(the threshold for severe dry eye symptoms). This is in agreement with other studies that have
shown that on average, the thinner, pre-lens segment of the compartmentalized tear film with
lenses in situ breaks up faster than does the whole tear film without lenses [42, 44]. After 2-6
hrs post-insertion, however, models estimate that a pre-corneal NITBUT of 2.2 sec corre-
sponds to a 2.5 sec pre-lens NITBUT, and a pre-corneal NITBUT of 0.6 sec corresponds to a
2.0 sec pre-lens NITBUT. This counterintuitive result, in which the pre-corneal tear film is
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estimated to have a shorter breakup time than the pre-lens tear film in the first few seconds
after eye opening, may be due in part to the paucity of data below 3 sec (n = 26, or ~4%).
Above 3 sec, in which our models estimate the pre-lens NITBUT to be shorter than the pre-
corneal as expected (see Table 1), is where the bulk of the data (n = 621, or ~96%) lie. The fitted
line below 3 sec gives these estimates not because of the very few data points in that range, but
because of the vast majority of the data above 3 sec that determine the slope. Additional data
in the very short and long NITBUT ranges would likely improve the models fits.

A further source of variability in pre-lens NITBUT readings that affects the fit of the models
and the reliability of predictions is the possibility of undetected, low-level reflex tearing.
Although readings with lenses on that had obviously visible reflex tearing at the study visits
were rejected and measurements redone, there was possibly some lower-level reflex tearing in
some subjects that was not detected at the time and that contributed to apparently longer NIT-
BUT with lenses on than without lenses. Although it cannot be determined from video evi-
dence, if this is indeed the case (n.b., as might be expected to occur more often with lenses on
due to mechanical interaction with the cornea), the predictive ability of pre-corneal NITBUT
might be improved with more detailed assessment of possible reflex tearing with lenses (e.g.,
measuring small changes in tear meniscus parameters). Beyond some cases of low-level reflex
tearing, NITBUT times vary a great deal even within individuals, often by many seconds from
one measurement to the next. It is also possible that some subjects happened to have relatively
fast pre-corneal breakup on that particular measurement, and then transitioned temporarily to
amore stable state when pre-lens NITBUT was being measured, simply due to natural variabil-
ity in tear film stability. On an individual basis, the exact correspondence of pre-corneal to
pre-lens tear film stability is difficult to ascertain; it is only on average for a large group that
there are sufficient data to overcome the inherent variability of NITBUT measurements and
observe the significant association between pre-corneal and pre-lens NITBUT.

Taken as a whole, these results suggest that factors other than native pre-corneal tear film
stability can impact pre-lens tear film stability for many people. Young and Efron found, for
example, that pre-lens NITBUT times depended on the water content of hydrogel lens materi-
als [44]. Bruce et al. demonstrated that having an Etafilcon-A lens on the eye resulted in differ-
ent tear breakup locations than on the cornea without lenses [45]. Lens materials can have
effects on the composition, and thus the stability characteristics, of the pre-lens tear film.
Mann et al. suggest that the pre-lens portion of the compartmentalized tear film-particularly
the lipoidal components-is subject to increased autoxidative degeneration, and that the lens
material itself can deplete the tear film by absorbing or reducing certain tear components [46].
In our laboratory setting, factors such as temperature, humidity, wind speed, and environmen-
tal exposures are controlled (e.g., airborne particulates are filtered, eye makeup is prohibited
during study), but are likely to result in additional uncontrolled effects on the pre-lens tear
film in the real-world clinical setting. In summary, it is clear that while pre-corneal and pre-
lens tear film stability are directly related and can provide useful data for investigating research
questions statistically, in the clinical setting a patient having good individual pre-corneal tear
film stability at a single visit is not a good predictor that that individual will maintain a stable
tear film once fit with a contact lens.

Author Contributions
Conceptualization: Andrew D. Graham, Meng C. Lin.
Data curation: Andrew D. Graham, Meng C. Lin.

Formal analysis: Andrew D. Graham.

PLOS ONE | https://doi.org/10.1371/journal.pone.0247877  June 28, 2021 13/16


https://doi.org/10.1371/journal.pone.0247877

PLOS ONE

Pre-corneal and pre-lens tear film stability

Funding acquisition: Meng C. Lin.

Investigation: Andrew D. Graham, Meng C. Lin.
Methodology: Andrew D. Graham, Meng C. Lin.

Project administration: Meng C. Lin.

Resources: Meng C. Lin.

Software: Andrew D. Graham.

Supervision: Meng C. Lin.

Validation: Andrew D. Graham.

Visualization: Andrew D. Graham.

Writing - original draft: Andrew D. Graham, Meng C. Lin.

Writing - review & editing: Andrew D. Graham, Meng C. Lin.

References

1.

10.

1.

12

13.

14.

Canavan K, Coles-Brennan C, Butterfield R, Sulley A. Clinical evaluation of lapsed wearers refitted with
senofilcon A contact lenses. Contact Lens Ant Eye. 2018; 41(1):S2.

Dumbleton K, Caffery B, Dogru M, et al. The TFOS International Workshop on Contact Lens Discom-
fort: Report of the Subcommittee on Epidemiology 2013. IOVS. 2013; 54(11): TFOS20-36.3.

Richdale K, Sinnott LT, Skadahl E, Nichols JJ. Frequency of and factors associated with contact lens
dissatisfaction and discontinuation. Cornea. 2007; 26: 168—174. https://doi.org/10.1097/01.ico.
0000248382.32143.86 PMID: 17251807

Dumbleton K, Woods CA, Jones LW, Fonn D. The impact of contemporary contact lenses on contact
lens discontinuation. Eye Contact Lens. 2013; 39: 92-98. https://doi.org/10.1097/ICL.
0b013e318271caf4 PMID: 23266586

Fogt N, King-Smith PE, Tuell G. Interferometric measurement of tear film thickness by use of spectral
oscillations. J Optical Soc Am. 1998; 15(1):268-275. https://doi.org/10.1364/josaa.15.000268 PMID:
9459794

Wong H, Fatt |, Radke CJ. Deposition and thinning of the human tear film. J Colloid Interface Sci. 1996;
184(1):44-51. https://doi.org/10.1006/jcis.1996.0595 PMID: 8954638

Creech JL, Do LT, Fatt I, Radke CJ. In vivo tear film thickness determination and implications for tear
film stability. Curr Eye Res. 1998; 17(11):1058—1066. https://doi.org/10.1076/ceyr.17.11.1058.5233
PMID: 9846624

King-Smith PE, Fink BA, Fogt N, Nichols KK, Hill RM, Wilson GS. The thickness of the human precor-
neal tear film: evidence from reflection spectra. Invest Ophthalmol Vis Sci. 2000; 41(11):3348-3359.
PMID: 11006224

Wang J, Fonn D, Simpson TL, Jones L. Precorneal and pre- and postlens tear film thickness measured
indirectly with optical coherence tomography. Invest Ophthalmol Vis Sci. 2003; 44(6):2524—2528.
https://doi.org/10.1167/iovs.02-0731 PMID: 12766052

Danjo Y, Nakamura M, Hamano T. Measurement of the precorneal tear film thickness with a non-con-
tact optical interferometry film thickness measurement system. Jpn J Ophthalmol. 1994; 38:260-266.

King-Smith PE, Fink BA, Hill RM, Koelling KW, Tiffany JM. Mini-Review: The thickness of the tear film.
Current Eye Research. 2004; 29(4-5):357-368. https://doi.org/10.1080/02713680490516099 PMID:
15590483

Nichols JJ, King-Smith E. Thickness of the pre- and post-contact lens tear film measured in vivo by
interferometry. Invest Ophthalmol Vis Sci. 2003; 44(1):68—77. https://doi.org/10.1167/iovs.02-0377
PMID: 12506057

Doane MG, Gleason WJ. 1994. Tear layer mechanics. In Clinical Contact Lens Practice, ed. Weissman
B, pp1-17. Philadelphia: Lippincott. Rev. ed.

Lin MC, Graham AD, Polse KA, Mandell RB, McNamara NA. Measurement of post-lens tear thickness.
Invest Ophthalmol Vis Sci. 1999; 40(12):2833—2839. PMID: 10549643

PLOS ONE | https://doi.org/10.1371/journal.pone.0247877  June 28, 2021 14/16


https://doi.org/10.1097/01.ico.0000248382.32143.86
https://doi.org/10.1097/01.ico.0000248382.32143.86
http://www.ncbi.nlm.nih.gov/pubmed/17251807
https://doi.org/10.1097/ICL.0b013e318271caf4
https://doi.org/10.1097/ICL.0b013e318271caf4
http://www.ncbi.nlm.nih.gov/pubmed/23266586
https://doi.org/10.1364/josaa.15.000268
http://www.ncbi.nlm.nih.gov/pubmed/9459794
https://doi.org/10.1006/jcis.1996.0595
http://www.ncbi.nlm.nih.gov/pubmed/8954638
https://doi.org/10.1076/ceyr.17.11.1058.5233
http://www.ncbi.nlm.nih.gov/pubmed/9846624
http://www.ncbi.nlm.nih.gov/pubmed/11006224
https://doi.org/10.1167/iovs.02-0731
http://www.ncbi.nlm.nih.gov/pubmed/12766052
https://doi.org/10.1080/02713680490516099
http://www.ncbi.nlm.nih.gov/pubmed/15590483
https://doi.org/10.1167/iovs.02-0377
http://www.ncbi.nlm.nih.gov/pubmed/12506057
http://www.ncbi.nlm.nih.gov/pubmed/10549643
https://doi.org/10.1371/journal.pone.0247877

PLOS ONE

Pre-corneal and pre-lens tear film stability

15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Petroll WM, Kovoor T, Ladage PM, Cavanagh HD, Jester JV, Robertson DM. Can postlens tear thick-
ness be measured using three-dimensional in vivo confocal microscopy? Eye Contact Lens. 2003; 29
(1):S110-S114. https://doi.org/10.1097/00140068-200301001-00030 PMID: 12772745

Vidal-Rohr M, Wolffsohn JS, Davies LN, Cervifio A. Effect of contact lens surface properties on comfort,
tear stability and ocular physiology. Contact Lens Ant Eye. 2018; 41(1):117-121. https://doi.org/10.
1016/j.clae.2017.09.009 PMID: 28927731

Rohit A, Willcox MD, Stapleton F. Lipid supplements and clinical aspects of tear film in habitual lens
wearers. Optom Vis Sci. 2017; 94(2):174—-182. https://doi.org/10.1097/OPX.0000000000000996 PMID:
27841790

Guillon M, Theodoratos P, Patel K, Gupta R, Patel T. Pre-contact lens and pre-corneal tear film kinetics.
Contact Lens Ant Eye. 2019; 42(3):246-252.

Kopf M, Yi F, Iskander DR, Collins MJ, Shaw AJ, Straker B. Tear film surface quality with soft contact
lenses using dynamic videokeratoscopy. J Optom. 2008; 1(1):14-21.

Craig JP, Willcox MDP, Arglieso P, Maissa C, Stahl U, Tomlinson A, et al. The TFOS International
Workshop on Contact Lens Discomfort: Report of the Contact Lens Interactions With the Tear Film Sub-
committee. Invest Ophthalmol Vis Sci. 2013; 54: TFOS123-TFOS156. https://doi.org/10.1167/iovs.13-
13235 PMID: 24058139

Nichols JJ, Sinnott LT. Tear film, contact lens, and patient-related factors associated with contact lens-
related dry eye. Invest Ophthalmol Vis Sci. 2006; 47(4):1319-1328. https://doi.org/10.1167/iovs.05-
1392 PMID: 16565363

Best N, Drury L, Wolffsohn JS. Predicting success with silicone-hydrogel contact lenses in new wearers.
Contact Lens Ant Eye. 2013; 36(5):232—237. https://doi.org/10.1016/j.clae.2013.02.013 PMID:
23522993

Mengher LS, Pandher KS, Bron AJ. Non-invasive tear film break-up time: sensitivity and specificity.
Acta Ophthalmologica. 1986; 64:441-444. https://doi.org/10.1111/j.1755-3768.1986.tb06950.x PMID:
3776509

Graham AD, Lundgrin EL, Lin MC. The Berkeley Dry Eye Flow Chart: A fast, functional screening instru-
ment for contact lens-induced dryness. PLOS ONE. 2018; 13(1): e0190752. https://doi.org/10.1371/
journal.pone.0190752 PMID: 29364947

Glasson MJ, Stapleton F, Keay L, Willcox MDP. The effect of short term contact lens wear on the tear
film and ocular surface characteristics of tolerant and intolerant wearers. Contact Lens Ant Eye. 2006;
29(1):41-47. https://doi.org/10.1016/j.clae.2005.12.006 PMID: 16497539

Yeh TN, Graham AD, Lin MC. Relationships among tear film stability, osmolarity, and dryness symp-
toms. Optom Vis Sci. 2015; 92(9):e264—e272. https://doi.org/10.1097/OPX.0000000000000649 PMID:
26154693

Tonge SR, Hunsaker J, Holly FJ. Non-invasive assessment of tear film break-up time in a group of nor-
mal subjects—implications for contact lens wear. J British Contact Lens Assoc. 1991; 14(4):201-205.

Markoulli M, Kolanu S. Contact lens wear and dry eyes: challenges and solutions. Clin Optom. 2017;
9:41-48. https://doi.org/10.2147/OPTO.S111130 PMID: 30214359

Wong M.K., Lee T.T., Poon M.T., Cho P. Clinical performance and factors affecting the physical fit of a
soft toric frequent replacement contact lens. Clin Exp Optom. 2002; 85:350-357. PMID: 12452785

LLorens-Quintana C, Mousavi M, Szczesna-Iskander D, Iskander DR. Non-invasive pre-lens tear film
assessment with high-speed videokeratoscopy. Contact Lens Ant Eye. 2018; 41(1):18-22. hitps://doi.
org/10.1016/j.clae.2017.08.005 PMID: 28863982

Siddireddy JS, Tan J, Vijay AK, Willcox M. Predictive potential of eyelids and tear film in determining
symptoms in contact lens wearers. Optom Vis Sci. 2018; 95(11):1035-1045. https://doi.org/10.1097/
OPX.0000000000001290 PMID: 30339638

Mousavi M, Jesus DA, Garaszczuk IK, Szczesna-Iskander DH, Iskander DR. The utility of measuring
tear film break-up time for prescribing contact lenses. Contact Lens Ant Eye. 2018; 41(1):105-109.
https://doi.org/10.1016/j.clae.2017.08.003 PMID: 28863983

Martin R, Alonso E. Comparison of the number of visits and diagnostic lenses required to fit RGP, con-
ventional hydrogel and silicone hydrogel contact lenses. J Optom. 2010; 3(3):169-174.

Weissman B.A., Barr J.T., Harris M.G., McMahon T., Rah M., Secor G.B. 2nd Ed. American Optometric
Association; St. Louis, USA: 2006. Optometric clinical practice guideline: Care of the contact lens
patient.

Truong TN, Graham AD, Lin MC. Factors in contact lens symptoms: evidence from a multistudy data-
base. Optom Vis Sci. 2014; 91(2):133—141. https://doi.org/10.1097/0OPX.0000000000000138 PMID:
24317134

PLOS ONE | https://doi.org/10.1371/journal.pone.0247877  June 28, 2021 15/16


https://doi.org/10.1097/00140068-200301001-00030
http://www.ncbi.nlm.nih.gov/pubmed/12772745
https://doi.org/10.1016/j.clae.2017.09.009
https://doi.org/10.1016/j.clae.2017.09.009
http://www.ncbi.nlm.nih.gov/pubmed/28927731
https://doi.org/10.1097/OPX.0000000000000996
http://www.ncbi.nlm.nih.gov/pubmed/27841790
https://doi.org/10.1167/iovs.13-13235
https://doi.org/10.1167/iovs.13-13235
http://www.ncbi.nlm.nih.gov/pubmed/24058139
https://doi.org/10.1167/iovs.05-1392
https://doi.org/10.1167/iovs.05-1392
http://www.ncbi.nlm.nih.gov/pubmed/16565363
https://doi.org/10.1016/j.clae.2013.02.013
http://www.ncbi.nlm.nih.gov/pubmed/23522993
https://doi.org/10.1111/j.1755-3768.1986.tb06950.x
http://www.ncbi.nlm.nih.gov/pubmed/3776509
https://doi.org/10.1371/journal.pone.0190752
https://doi.org/10.1371/journal.pone.0190752
http://www.ncbi.nlm.nih.gov/pubmed/29364947
https://doi.org/10.1016/j.clae.2005.12.006
http://www.ncbi.nlm.nih.gov/pubmed/16497539
https://doi.org/10.1097/OPX.0000000000000649
http://www.ncbi.nlm.nih.gov/pubmed/26154693
https://doi.org/10.2147/OPTO.S111130
http://www.ncbi.nlm.nih.gov/pubmed/30214359
http://www.ncbi.nlm.nih.gov/pubmed/12452785
https://doi.org/10.1016/j.clae.2017.08.005
https://doi.org/10.1016/j.clae.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28863982
https://doi.org/10.1097/OPX.0000000000001290
https://doi.org/10.1097/OPX.0000000000001290
http://www.ncbi.nlm.nih.gov/pubmed/30339638
https://doi.org/10.1016/j.clae.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28863983
https://doi.org/10.1097/OPX.0000000000000138
http://www.ncbi.nlm.nih.gov/pubmed/24317134
https://doi.org/10.1371/journal.pone.0247877

PLOS ONE

Pre-corneal and pre-lens tear film stability

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

Mengher LS, Bron AJ, Tonge SR, Gilbert DJ. A non-invasive instrument for clinical assessment of the
pre-corneal tear film stability. Current Eye Research. 1985; 4(1):1-7. https://doi.org/10.3109/
02713688508999960 PMID: 3979089

Wolffsohn JS, Arita R, Chalmers R, Djalilian A, Dogru M, Dumbleton K, et al. TFOS DEWS || Diagnostic
Methodology report. The Ocular Surface. 2017; 15:539-574. https://doi.org/10.1016/j.jtos.2017.05.001
PMID: 28736342

Dogru M, Ward SK, Wakamatsu T, Ibrahim O, Schnider C, Kojima T, et al. The effects of 2 week senofil-
con-A silicone hydrogel contact lens daily wear on tear functions and ocular surface health status. Con-
tact Lens Ant Eye. 2011; 34(2):77-82. https://doi.org/10.1016/j.clae.2010.12.001 PMID: 21190890

Brown B, Cho P. Inter- and intra-individual variability of non-invasive tear breakup time in Hong Kong
Chinese. Clin Expt Optom. 1994; 77(1):15-23.

Sullivan BD, Crews LA, S6nmez B, de la Paz MF, Comert E, Charoenrook V, et al. Clinical utility of
objective tests for dry eye disease: variability over time and implications for clinical trials and disease
management. Cornea. 2012; 31(9):1000-1008. https://doi.org/10.1097/ICO.0b013e318242fd60 PMID:
22475641

Borchman D, Foulks G, Yappert MC, Mathews J, Leake K, Bell J. Factors affecting evaporation rates of
tear film components measured in vitro. Eye Contact Lens. 2009; 35(1):32—37. https://doi.org/10.1097/
ICL.0b013e318193f4fc PMID: 19125046

Elliot M, Fandrich H, Simpson T, Fonn D. Analysis of the repeatability of tear break-up time measure-
ment techniques on asymptomatic subjects before, during and after contact lens wear. Contact Lens
Ant Eye. 1998; 21(4):98-103.

Nagahara Y, Koh S, Maeda N, Nishida K, Watanabe H. Prominent decrease of tear meniscus height
with contact lens wear and efficacy of eye drop instillation. Eye Contact Lens. 2015; 41(5):231-322.
https://doi.org/10.1097/ICL.0000000000000134 PMID: 25839348

Young G, Efron N. Characteristics of the pre-lens tear film during hydrogel contact lens wear. Ophthal
Physiol Opt. 1991; 11:53-58. PMID: 2034456

Bruce AS, Mainstone JC, Golding TR. Analysis of tear film breakup on Etafilcon A hydrogel lenses. Bio-
materials. 2001; 22(24):3249-3256. https://doi.org/10.1016/s0142-9612(01)00162-4 PMID: 11700796

Mann A, Tighe B. Contact lens interactions with the tear film. Exper Eye Res. 2013; 117:88-98. https://
doi.org/10.1016/j.exer.2013.07.013 PMID: 23886658

PLOS ONE | https://doi.org/10.1371/journal.pone.0247877  June 28, 2021 16/16


https://doi.org/10.3109/02713688508999960
https://doi.org/10.3109/02713688508999960
http://www.ncbi.nlm.nih.gov/pubmed/3979089
https://doi.org/10.1016/j.jtos.2017.05.001
http://www.ncbi.nlm.nih.gov/pubmed/28736342
https://doi.org/10.1016/j.clae.2010.12.001
http://www.ncbi.nlm.nih.gov/pubmed/21190890
https://doi.org/10.1097/ICO.0b013e318242fd60
http://www.ncbi.nlm.nih.gov/pubmed/22475641
https://doi.org/10.1097/ICL.0b013e318193f4fc
https://doi.org/10.1097/ICL.0b013e318193f4fc
http://www.ncbi.nlm.nih.gov/pubmed/19125046
https://doi.org/10.1097/ICL.0000000000000134
http://www.ncbi.nlm.nih.gov/pubmed/25839348
http://www.ncbi.nlm.nih.gov/pubmed/2034456
https://doi.org/10.1016/s0142-9612%2801%2900162-4
http://www.ncbi.nlm.nih.gov/pubmed/11700796
https://doi.org/10.1016/j.exer.2013.07.013
https://doi.org/10.1016/j.exer.2013.07.013
http://www.ncbi.nlm.nih.gov/pubmed/23886658
https://doi.org/10.1371/journal.pone.0247877

