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PURPOSE. The purpose of this study was to present the determination of inter- and intra-
day variations in tear flow rate, and tear fluid protein concentration, as well as protein
composition regarding their impact for future biomarker studies.

METHODS. Tear fluid was collected noninvasively from 18 healthy subjects by perform-
ing Schirmer tests at 4 different time points repetitive in a period of 2 days. The tear
flow rate on the Schirmer test strips was measured. Proteins were extracted from strips
and quantified using amino acid analysis. Protein composition was analyzed by the strips
data-independent (DIA) based mass spectrometry. To exclude any impairments to health,
volunteers underwent a detailed neurological as well as an ophthalmological examina-
tion.

RESULTS. Whether tear fluid was collected from oculus sinister or oculus dexter did not
affect the tear flow rate (P ≈ 0.63) or protein concentration (P ≈ 0.97) of individual
subjects. Moreover, protein concentration was independent from the tear volume, so that
a change in volume may only influence the total protein amount. When the examination
days were compared, investigation of tear flow rate (P ≈ 0.001) and protein concentration
(P ≈ 0.0003) indicated significant differences. Further, mass spectrometric analysis of tear
fluid revealed 11 differentially regulated proteins when comparing both examination
days.

CONCLUSIONS. Our findings provide evidence of inter-day variation in tear flow rate, tear
proteome concentration, and composition in healthy subjects, suggesting that inter-day
variation needs to be taken into consideration in biomarker research of tear fluid. Identi-
fied proteins were assigned to functions in the immune response, oxidative and reducing
processes, as well as mannose metabolism.

Keywords: mass spectrometry, protein concentration, Schirmer test, tear film, tear flow
rate, tear volume

Tears have a variety of functions, and protection against
pathogens is provided not only by its rinsing action,

but also by various antimicrobial substances it contains.1

Although tear fluid appears quite inconspicuous, the diver-
sity of its functionality makes it an interesting object of
research. The analysis of tear fluid offers several advantages.
Collection is simple and minimally to noninvasive, for exam-

ple, using a glass capillary or Schirmer strips.2,3 In addition,
it contains fewer microbes than other mucosal surfaces1 and
has a lower complexity of the proteome compared to, for
example, plasma.4 Because differences in low-complexity
samples can be detected easier than in highly complex
ones, the search for biomarkers is simpler.4 Specific tear
biomarkers were identified for eye diseases, such as dry
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eye, Sjogren’s syndrome, glaucoma, and age-related macu-
lar degeneration.5 In addition, tear fluid biomarkers are
discussed in neurodegenerative diseases.3,6–9

Currently, only a limited number of biomarkers found
in tear fluid have been validated in independent study
groups, as shown also for other body fluids.10,11 We hypoth-
esize that high variability of protein abundance within
tears, between as well as within individuals, might be a
reason for that. Hence, we investigated the inter- and intra-
individual variability of the tear fluid proteome in a time
course. We also analyzed tear fluid rate as well as protein
concentration.

METHODS

Study Group

This longitudinal study design comprises 18 subjects. Ethics
approval was obtained from the ethics committee of the
Ruhr-University Bochum (approval number 4905-14), the
study was conducted in accordance with the Declara-
tion of Helsinki. The participants were informed about
the procedure and gave written consent. The sequence
of sample collection up to clinical (neurological as well
as ophthalmologic) examinations was the same for each
subject.

Ocular and Neurological Assessments

All participants underwent a patient health (Patient Health
Questionnaire 4-item [PHQ-4])12 and an adapted Michigan
Neuropathy Screening Instrument (MNSI)13,14 evaluation.
PHQ-4 scores of 6 or greater are considered “yellow flags”
and PHQ-4 scores of 9 or greater are “red flags” for the pres-
ence of a depressive or an anxiety disorder.15 The MNSI
included 2 assessments: a 15-item self-administered ques-
tionnaire and a lower extremity examination that includes
inspection and assessment of vibratory sensation and ankle
reflexes. A score of ≥ 7 is considered abnormal. With the
MNSI we wanted to exclude neuropathies that could affect
the corneal nerves and possibly the tear film. Then, the
following dry eye examinations were performed: Schirmer
tests, the Ocular Surface Disease Index (OSDI) evaluation,16

tear break-up-time (TBUT), and corneal fluorescein stain-
ing.17 The 12 items of the OSDI questionnaire were graded
and the OSDI score was calculated. For TBUT, 5 mL of
2% sodium fluorescein solution was instilled and the aver-
age time until the appearance of the first break in the tear
film was calculated from 3 measurements using cobalt blue
illumination at the slit-lamp. Corneal staining was evalu-
ated under cobalt blue illumination 2.5 to 3.0 minutes after
fluorescein instillation, staining levels were graded accord-
ing to the National Eye Institute (NEI)/Industry Workshop
scale.18

Assessment of Tear Flow Rate

For the assessment of tear flow rate, a Schirmer test strip
(Haag-Streit UK LtdA, Bishop’s Stortford, Hertfordshire,
England, UK) was placed in the lower lid of each eye simul-
taneously, without anesthesia (inter-eye variability analysis).
After 5 minutes, the strips were removed and the tear flow
was measured with a ruler. The tear flow rate was defined as
mm tear flow (with a maximum of 30 mm) within 5 minutes.
The strips where transferred in a reaction tube before being

stored at −80°C for later analysis. To assess intra-eye vari-
ability during the day, the sampling process was repeated
four times throughout the day (8 AM, 12 AM, 6 PM, and
10 PM). To evaluate intra-individual variability between days,
the collecting was repeated 2 days later at the same time
points (Fig. 1).

Tear Fluid Protein Elution

Proteins were eluted from the Schirmer tear test strips
by adding 500 μL PBS solution (Thermo Fisher Scientific
Inc., USA) containing 1% Triton X-100 (AppliChem GmbH,
Germany) as well as protease inhibitor (complete EDTA-
free Protease Inhibitor Tablets; Roche Diagnostics GmbH,
Germany). After incubation overnight at 4°C, the resulting
sample solution was transferred to a new reaction tube and
aliquoted prior to storing at −80°C. The remaining strips
were discarded.

Analysis of Tear Protein Concentration

A volume of 4 μL tear fluid was used for performing protein
concentration determination by amino acid analysis accord-
ing to Guntermann et al.19 For a detailed method description,
see May et al.20 To avoid contamination, glass vials were
first incubated in a muffle furnace (Carbolite CWF 1100,
USA) at 400°C for 4 hours. After that 4 μL of eluted tear
fluid was transferred to the glass vial, dried in a vacuum
concentrator (RVC2-25CD plus), and then placed in an evac-
uation vessel. Thereafter 400 μL of 6 M hydrochloric acid
and a phenol crystal were added. The samples were evac-
uated alternately four times and aerated with argon. Acid
gas phase hydrolysis was performed at 150°C for 1 hour
followed by evacuation. Derivatization was performed by
adding 30 μL AccQ-Fluor borate buffer with internal stan-
dard norleucine and 10 μL AccQ-Fluor reagent (10 mM 6-
aminoquinolyl-N-hydroxysuccinimidylcarbamate in acetoni-
trile), followed by incubation at 55°C for 10 minutes. The
primary and secondary amines were converted to stable
derivatives. The stable amine derivatives were separated
on a C18 reversed-phase column (2.1 mm 100 mm length;
Waters GmbH, Germany) by dissolving in 10 μL of 20 mM
hydrochloric acid. A two-solvent gradient system was used
for separation (solvent A: AccQ-Tag Ultra Eluent A, and
solvent B: AccQ-Tag Ultra Eluent B). The flow rate was set
at 0.7 μL per minute with a column temperature of 55°C and
increasing solvent A in the gradient. Amino acid derivatives
were detected at an emission wavelength of 260 nm (Waters
GmbH, Germany). Each sample was run in duplicate. Differ-
ent concentrations of an internal amino acid standard were
used for quantification. Taking into account the volume and
molar mass of each amino acid, the protein concentration of
the tear sample was calculated.

Sample Preparation for Mass Spectrometric
Analysis

Tear samples from 10 female subjects were selected for addi-
tional mass spectrometric analysis, to reveal variations in the
tear proteome. A detailed description of the mass spectro-
metric analysis is given in the Supplementary File S1. Data
files generated as part of the described workflow will be
hosted in the public repository PRIDE under the identifier
PXD037811.

Downloaded from iovs.arvojournals.org on 04/24/2024



Inter- and Intra-Day Variability in Tear Fluid IOVS | October 2023 | Vol. 64 | No. 13 | Article 13 | 3

FIGURE 1. Sampling process. Tear fluid was collected from 18 healthy subjects at 8 AM, 12 AM, 6 PM, AND 10 PM as well as 2 days later at
the same time points. There were 72 samples from the left eyes as well as from the right eyes that were obtained per day, 288 in total. The
proteins were eluted by extraction buffer and quantified using quantitative amino acid analysis. Differences in the proteome were analyzed
by mass spectrometry (created with BioRender.com).

Statistical Analysis

Coefficient of variation - The relative measure of dispersion
can be expressed by the coefficient of variation (CV). This
indicates the ratio between the standard deviation (SD) and
the mean value (x̄) in percent (formula 1).

CV = SD

x̄
∗ 100 (1)

In order to draw conclusions about the degree of disper-
sion of tear protein concentrations within subjects, an
intra-individual CV was calculated for both days (CVi). An

inter-subject CV (CVs) was calculated to determine the
measure of dispersion between all subjects. It was formed
from the median of all CVis. Furthermore, the measure of
dispersion within each time point and within a day was
calculated independently of oculus sinister (OS) and oculus
dexter (OD) and referred to as intra-time point CV (CVt) and
intra-day CV (CVd), respectively.

Functional Pathway Analysis

Functional proteomic analysis was performed using Reac-
tome, a curated database for the visualization, interpretation,
and analysis of pathway knowledge.21 The implemented

Downloaded from iovs.arvojournals.org on 04/24/2024

BioRender.com


Inter- and Intra-Day Variability in Tear Fluid IOVS | October 2023 | Vol. 64 | No. 13 | Article 13 | 4

pathway overview visualization ReacFoam is based on
Voronoi tessellation.

RESULTS

Tear secretion and protein concentration were analyzed,
followed by protein identification. First, this was determined
within a single subject at each of the different time points
(intra-individual). Second, the differences of the tear fluid
between the subjects were calculated (inter-subject). In addi-
tion, the measured values were compared at defined time
points (intra-time point), during two single examination days
(intra-day), and finally between the respective days (inter-
day).

All study subjects (mean age 26.83 ± 4.00 years; 7 men
and 11 women) were healthy volunteers with no previ-
ous eye diseases, surgeries, or injuries. None of the volun-
teers suffered from diabetes or rheumatism, two were taking
medication for hypothyroidism, and two had a history of
migraine. Mean PHQ-4 score was 0.99 ± 1.44 for all partici-
pants. Hence, there was no indication of a depressive or an
anxiety disorder. In addition, MNSI score was unremarkable
for all subjects (0.22 ± 0.43).

All dry eye paraments were unremarkable, corneal fluo-
rescein staining was 0.06 ± 0.24 for both eyes from
all subjects, mean OSDI score was 4.78 ± 6.27 for all
subjects, and tear break-up time was 10.72 ± 2.22 seconds
for OD and for 10.44 ± 2.66 seconds for OS (Table 1).
Thus, according to the examination results of the clinical
tear film parameters, study subjects had a healthy ocular
surface.

Tear Flow Rate Shows no Significant Differences
Between Eyes, But Between Days

The tear flow rate (mm tear flow with a maximum of 30 mm
within 5 min) at both days of OS and OD was examined
(Fig. 2). The averaged tear flow rate of all 18 healthy subjects
on day 1 for OS was 21.15 ± 8.47 mm and for OD 22.46 ±
9.1 mm. On day 2, 18.94 ± 9.58 mm was obtained for OS
and 18.64 ± 9.75 mm for OD. Tear flow rate of OS and OD
was not significantly different on the respective days (P >

0.05). However, a higher tear flow rate was observed on day
1 compared to day 2 (P < 0.001).

Tear Secretion Underlies Individual Biological
Variations

The intra-individual CVi values of tear flow rate of each
subject on day 1 and day 2, as well as for OS (see Supple-
mentary File S1 Table S1A) and OD (see Supplementary
File S1 Table S1B) were determined. Next, the inter-subject
CVs values were calculated from the mean value of the

TABLE 1. Study Group Characteristics and Dry Eye Results

OD
(Mean ± SD)

OS
(Mean ± SD)

Age, y 26.83 ± 4.00
Gender (M/F) 7/11
Corneal fluorescein
staining (points)

0.06 ± 0.24 0.06 ± 0.24

OSDI score (points) 4.78 ± 6.27
Tear break-up time (s) 10.72 ± 2.22 10.44 ± 2.66

FIGURE 2. Averaged tear flow rate of OS and OD on day 1 and
2.Mean tear flow rate from the left (OS; yellow) and right eye (OD;
blue) of all 18 subjects for day 1 and 2 were plotted, which was
significantly lower on day 2. Values are median ± second/third quar-
tiles ± first/fourth quartiles. *** P < 0.001.

respective CVi. Here, the dispersion of the tear flow rate
on day 1 was 11.11% for OS and 21.61% for OD. On day
2, a mean dispersion of 30.59% for OS and 27.77% for
OD was calculated. To support this finding, CVt was deter-
mined. This CVt gives the measure of dispersion of the tear
flow rate of all subjects independent of OS or OD at one
time point. The median of all four time points, called CVd,
of day 1 was 43.38% and that of day 2 was 59.29%. That
the tear flow rate varied more in the morning than in the
evening or vice versa could not be detected (see Supple-
mentary File S1 Table S2). With regard to OS and OD, tear
flow rates on both days were subject to similar variation
(P > 0.05). When comparing day 1 and day 2, the tear
flow rate varied significantly more on day 2 than on day 1
(P ≈ 0.019).

Protein Concentration Shows no Significant
Differences Between Left and Right Eye, But
Between Days 1 and 2

Tear secretion of a single subject varies over the day. This
raises the question whether the protein concentration also
varies depending on the time of day. Hence, the protein
concentrations of the individual time points of each subject
were averaged and plotted separately for OS and OD as well
as day 1 and day 2 (Fig. 3). On day 1, the averaged protein
concentration in the tear fluid was 0.52 ± 0.31 μg/μL of OS
and 0.55 ± 0.34 μg/μL of OD. The mean protein concentra-
tion of the tear fluid on day 2 was 0.42 ± 0.22 μg/μL for OS
and 0.39 ± 0.19 μg/μL for OD. Similar protein concentra-
tions were measured in the tear fluid of OS and OD on the
respective days. In summary, no significant difference was
detected between OS and OD (P ≈ 0.97). In contrast, the
protein concentration on day 1 was significantly higher in
both eyes than on day 2 (P ≈ 0.0003).

As for the tear flow rate, the intra-individual dispersion
measure was calculated (CVi) to show the variance of the
protein concentration in the tear fluid within the individ-
ual subjects. Direct comparison of CVi values revealed no
significant differences for OS and OD (P ≈ 0.31). When
comparing the CVi values of day 1 and day 2, there were
significant differences (P ≈ 0.0018). Furthermore, the inter-
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FIGURE 3. Averaged protein concentrations of the tear fluid of
OS and OD on day 1 and 2.Mean protein concentrations in μg/μL
of tear fluid from all 18 subjects were plotted for both day 1 and day
2 for OS (yellow) and OD (blue). It was significantly lower on day 2.
Values are median ± second/third quartiles ± first/fourth quartiles.
***P < 0.001.

subject coefficient of variation was calculated (CVs), based
on the median of all CVi. The CVs had a value of 19.15%
for OS and 15.58% for OD on day 1. On day 2, the CVs
was 25.23% for OS (see Supplementary File S1 Table S3A)
and 24.16% for OD (see Supplementary File S1 Table S3B).
The variance of the protein concentration between both eyes
on the respective days was comparable. Compared to day
1, the variance of the protein concentration on day 2 was
higher. Comparisons of inter-subject variance was carried
out using determination of the CVt for each time point (see
Supplementary File S1 Table S4). These varied on day 1
from 69.58% to 94.09%. On day 2, variations in the vari-
ances ranged from 51.42% to 85.51%. Moreover, the vari-
ance between the time points of both days was calculated

(CVd). This variance was 73.36% on day 1 and 63.59% on
day 2.

Moderate Correlation Between Tear Flow Rate
and Protein Concentration

Because both tear flow rate and protein concentration varied
in the subjects, it is reasonable to assume that there exists
a dependence between these parameters. As with the tear
flow rate, higher values were detected for protein concen-
tration on day 1 compared to day 2. Accordingly, the tear
fluid volume potentially correlates with the protein concen-
tration. To check a possible dependency, the protein concen-
tration was plotted as a function of the tear flow rate (Fig. 4).
Spearman’s rank correlation coefficient ρ revealed a value
of 0.545 for day 1 and 0.610 for day 2, indicating a moder-
ate positive correlation between the tear flow rate and the
protein concentration, also over both examination days (ρ =
0.598).22

Tear Fluid Proteins With Meaningful Function in
Immune-Metabolic Homeostasis

Proteins within the tear fluid of 10 female subjects were
further evaluated by data-independent (DIA) mass spec-
trometry. For data analysis, a spectral library was created
from an already published dataset.23 In total, 2362 unique
peptides were identified and assigned to 595 different
proteins within our samples (see Supplementary File S2
Sheet 1). These proteins were further investigated to deter-
mine their biological context using Reactome pathway
database. There were 475 out of the 595 proteins that
were found, whereby 183 pathways were hit by at least
one of them.23 Seven major pathway elements compris-
ing “immune system”, “metabolism”, especially “metabolism
of proteins”, “homeostasis”, “cellular response to stimuli”,

FIGURE 4. Relationship between tear flow rate and protein concentration on day 1 and day 2. Protein concentrations of the tear fluid
were plotted against the tear flow rates from every subject. No distinction was made between OS and OD. Values for day 1 are represented
by circles, and for day 2 by squares. The respective regression lines were shown by dotted lines in the respective color of the days, as well
as their associated functions and Spearman’s rank correlation coefficient ρ. A moderate positive correlation between the tear flow rate and
the protein concentration, also over both examination days, was noted.
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FIGURE 5. High level pathway overview of human tear fluid proteins. There were 475 proteins (out of 595 proteins) contained in the
spectral library that were assigned to 183 different biological pathways. Significant pathway elements are shown with a gradient from copper
(P ≤ 0.05) to yellow (P closer to 0) based on the Benjamini–Hochberg procedure.

FIGURE 6. Protein interaction analysis using STRING. Database analysis showing the interaction between the differential and highly
significant proteins in tear fluid. Comparison of tear fluid from 2 examination days resulted in 31 differential proteins (A), of which eleven
proteins were significantly regulated with at least 2 peptides (B).
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TABLE 2. Overview of Significant Differential Proteins

Protein ID Protein Name
Regulation
on Day 2

P30041 Peroxiredoxin-6 (PRDX6) ↓
P13639 Elongation factor 2 (EEF2) ↑
P04040 Catalase (CAT) ↓
P49189 4-trimethylaminobutyraldehyde

dehydrogenase (ALDH9A1)
↓

P00352 Retinal dehydrogenase 1 (ALDH1A1) ↓
Q13228 Methanethiol oxidase (SELENBP1) ↓
P13796 Plastin-2 (LCP1) ↑
P17931 Galectin-3 (LGALS3) ↓
O60547 GDP-mannose 4,6 dehydratase (GMDS) ↓
P20618 Proteasome subunit beta type-1 (PSMB1) ↓
P30044 Peroxiredoxin-5 (mitochondrial) (PRDX5) ↓

Protein regulation at day 2 relative to day 1 is indicated by an
arrow. Arrow down means proteins are less expressed at day 2 than
at day 1, and arrow up means proteins are more expressed at day 2
than at day 1.

“vesicle-mediated transport”, as well as “programmed cell
death” were visualized with ReacFoam (Fig. 5).

Significant Differences of the Tear Fluid of Both
Test Days

Two-sample t-test between OS and OD (P < 0.01) revealed
no significant differences between OS and OD at both,
peptide as well as protein levels. Differentially regulated
peptides assigned to 31 various proteins (P < 0.01) were
observed between day 1 and day 2 (Fig. 6A), independent
of OS or OD. Further, only proteins to which at least two
peptides could be assigned were then considered. After
applying these search criteria, 11 proteins remained (Table 2,
see Supplementary File S2 Sheet 2). Two of these proteins
were upregulated. Interestingly, the identified proteins show
a strong interaction according to pathway analysis (Fig. 6B).

DISCUSSION

To date, studies have not focused on day-dependent tear
fluid variation in healthy subjects comparable to ours. Diur-
nal analysis on tear stability, tear film osmolarity, cytokine,
and chemokine concentrations were already investigated in
the past by other groups.24–27 In addition, protein varia-
tions of small proteins with a molecular weight under 20
kDa within the tear fluid were described.28 A comprehen-
sive differential analysis of the whole proteome of the tear
fluid over the course of the day and between days in a clini-
cally well-characterized as well as statistically powerful study
population of healthy subjects has not yet been performed.
Supplemented by simultaneous analysis of tear secretion
and tear protein concentration of the same study group, our
results extend the knowledge of tear film variation during
and between days and confirm published findings.

Tear fluid analysis offers a noninvasive and promis-
ing method for predictive, preventive, and personalized
medicine.29 Thus, diseases directly related to the ocular
surface can be diagnosed at an early stage.30 Furthermore,
diseases of other organs can be detected, it can be used for
external drug screening, as well as for pharmacokinetic stud-
ies.30,31 Because the eye is in direct contact with the outside
world and thus exposed to stimuli, including dirt particles,

light, wind, and also pathogens,32 it is reasonable to assume
that the tear fluid concentration, rate, as well as proteome is
subject to diurnal changes. Therefore, the timing and method
of tear fluid collection should be considered. Consequently,
this work aimed to analyze human tear fluid over the course
of the day.

Variations in the Tear Flow Rate of Healthy
Individuals

Due to constant contact with the environment, tear fluid is
subject to diurnal fluctuations.33 Some studies state that tear
fluid osmolarity is not subject to intra- or inter-day varia-
tions,34 whereas others suggest it is somewhat influenced
by the time of day.35 Garcia et al. used the tear fluores-
cein clearance-test.34 Therefore, depending on the type of
intended tear fluid analysis, it is essential to consider the
timing of the study. To learn more about possible time-
dependent variations, protein concentration and content
were examined over time.

In the present study, the tear flow rate was first investi-
gated with regard to its variance. The individual tear flow
rate revealed no significant differences between OS and OD
on both days. In addition, the corresponding intra-individual
dispersion measures (CVi) showed no significant differences.
In summary, in regard to healthy subjects, it makes no differ-
ence to both the average and variance of the flow rate
whether tear fluid is sampled from OS or OD. By contrast,
Bachhuber et al. found significantly lower tear flow rates
in the second eye.36 However, this could be due to a slight
temporal offset when inserting the Schirmer tear test strip in
their study as a comparable effect was not observed in the
same study using glass capillaries.

Examination of individual tear flow rate between the
two experimental days revealed a significantly shorter rate
on day 2 (P < 0.001). Comparing the variances of the
CVi between the two experimental days also revealed
slightly significant differences (P ≈ 0.019). To make clearer
statements about the different variances in tear formation,
the method of determining tear formation needs to be
adapted. One solution for better comparability would be
to calculate the tear flow rate per minute.37 In conclusion,
considering the obtained data, a prompt repeated collec-
tion of tear fluid should be avoided. The reason for this is
that lower tear secretion could result in the total amount of
protein in the tear fluid being too low for further proteomic
analysis. Furthermore, the lower variance of tear flow rate
on day 1 argues for more accurate and reproducible results.

Variations in the Tear Fluid Protein Concentration

When comparing OS with OD, neither a significant differ-
ence between the individual protein concentration nor
between the individual variance of the subjects could be
detected. With this, it is irrelevant for the protein concen-
tration whether tear fluid is collected from OS or OD.

When looking at the individual protein concentrations
of the subjects, significant differences (P < 0.001) were
detected when comparing the examination days. The vari-
ance of protein concentration was higher within subjects on
day 2 than on day 1, and likewise for the tear flow rate. A
comparison of the variances of protein concentrations also
revealed significant differences between days (P ≈ 0.0018).
This result allows the interpretation that for better repro-
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ducibility of analyses, tear collection has to be performed
on one day. Further studies need to show whether tear flow
rate and protein concentration have a normal biological vari-
ance or whether relatively timely repeated collection carries
such an effect.

Correlation Between Tear Flow Rate and Protein
Concentration

Many diseases can affect tear secretion.38,39 Similarly,
external conditions, including low humidity, can lead to
decreased tear secretion.40 Tear flow could have an effect
on protein concentration. Hence, we investigated the corre-
lation between tear flow rate and protein concentration on
day 1 and 2. Here, the protein concentration was moderately
dependent on the tear volume and a change in volume there-
fore only influences the total protein quantity. For further
studies, this means that if tear production is too low, the
total protein amount might not be sufficient for mass spec-
trometric analyses. Furthermore, tear samples do not need
to be matched, which greatly simplifies sample generation
and preparation for mass spectrometric analyses.

Protein Regulation of Tear Fluid

Mass spectrometry-based proteomic analysis of body fluids
is widely used to identify potential disease biomarkers.41 If
these biomarkers exhibit a high natural variance between
individuals, their specificity is highly questionable.10 False
conclusions regarding an individual’s disease status could
be the result.42,43 Hence, to make statements about possi-
ble disease-specific biomarkers, it must first be ensured that
the comparison group provides constant results in protein
abundance. Proteins that are already highly differentially
expressed in healthy individuals must be present and signi-
ficantly up- or downregulated in diseased individuals, to
truly function as biomarkers. It is postulated that this vari-
ance can lead to false positive results.10 The high biologi-
cal protein variance described for cerebrospinal fluid could
also apply to tear fluid. Consequently, this protein vari-
ance should be included in the assessment of appropriate
biomarker candidates. Furthermore, tear studies also have
to consider how much difference there is in the variance
of the results between eyes. No significantly differentially
regulated proteins between OS and OD could be identified
in this work. However, 11 proteins were significantly differ-
entially regulated between day 1 and day 2. According to
the STRING database, six proteins could be associated with
leukocyte activation, six proteins with oxidation and reduc-
tion processes, respectively, with two proteins playing a role
in one as well as in the other processes.44 Interestingly, one
protein could be linked exclusively to mannose metabolism
and showed no direct interactions with the other proteins.
LGALS3, downregulated on day 2, is a galactose-specific
lectin that binds to IgE and in this way plays a key compo-
nent in the defense against microbes, such as Streptococ-
cus pneumoniae.45 Uchino et al. found a significantly higher
concentration of LGALS3 in the tear fluid of patients with
dry eye disease compared to healthy individuals.46 Whether
the study results of Uchino et al. are true hits or the result of
a naturally high variance of this protein should be analyzed
in subsequent studies with larger as well as equally sized
study groups. ALDH1A1, downregulated on day 2, has a
protective function against cytotoxicity induced by oxida-
tive stress in human lens epithelial cells.47 Furthermore,

ALDH1A1 oxidizes retinaldehyde to retinoic acid. Both are
derivatives of vitamin A and serve as crystallins to main-
tain tear transparency.48,49 The presence of vitamin A and
its derivatives is essential for maintaining ocular surface
integrity.50 PRDX5 was upregulated in patients with derma-
tochalasis, a conjunctival disease.51 However, only small
study groups were analyzed and the fold changes found
were small (1.92). SELENBP1 was upregulated in the tear
fluid of hard contact lens wearers compared to soft contact
lens wearers.52 Contact lenses might also have affected the
altered regulation of SELENBP1 observed in our study.

Already in 2012, the group of Gonzales et al. reported
subtle differences when comparing tear fluid samples by
MALDI-TOF mass spectrometry from 6 individuals over
7 days. In this study, the focus was on proteins with a
molecular weight below 20 kDa.28 These results are further
extended and underlined by the results of the DIA-based
mass spectrometric method used in our study. Using this
approach, all ions in a predefined m/z range (or time
window) are fragmented. This results in a more complete
map of the fragment ion spectra. Thus, allowing for more
reliable quantification and greater coverage of the whole
proteome for quantification.

Summarized, our results support the hypothesis that the
natural variability strongly impacts tear secretion, concentra-
tion, as well as protein content. All these can affect project
results. Therefore, when planning a study or evaluating
results with tear fluid, investigations should be given a high
emphasis toward comparable sampling conditions, a biomet-
ric design, as well as a sufficiently large study group due to
natural variation.

Strengths and Weaknesses

In our study, we analyzed the variability of tear fluid in terms
of protein concentration, tear secretion, and protein compo-
sition both during the day and across days. Healthy subjects
who underwent both neurologic and ophthalmologic
examinations were selected to obtain a well-characterized
study population. The study population presented here is
intended to allow other researchers to compare it extensively
with their own. This is particularly important when compar-
ing the here described study group to corresponding patient
ones. Environmental conditions and their effects on the tear
fluid are not insignificant, as has been described extensively
in the literature.40,53,54 In our study, we deliberately chose
not to use controlled conditions in terms of temperature,
humidity, or controlled airflow chambers because we wanted
to have the most realistic clinical conditions possible. In
everyday clinical practice, these tests are rarely performed
under these standardized conditions and we wanted the
results to be comparable with other studies. This also applies
to potential protein biomarkers for disease. They must have
high sensitivity and specificity, even if the environment is
not standardized. The listed proteins were variable under
normal conditions in healthy subjects. Therefore, if these
proteins turn out to be disease biomarkers in studies, they
should be considered with caution, as has already been
shown for other body fluids, such as cerebrospinal fluid.55

We strongly recommend that future studies investigate the
variance in tear proteome, tear protein concentration, and
tear secretion in regions with, for example, different climatic
conditions or replicate them under different standardized
conditions. These results will form the basis for robust
biomarker candidates or clinical parameters related to tear
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flow rate and concentration for ophthalmologic, neurologic,
or other diseases. In addition, it would be interesting to study
larger time intervals to further assess the natural variations
of the tear fluid in healthy subjects.
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