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Abstract: Dry eye disease (DED) is one of the conditions that most commonly leads patients to
visit an ophthalmologist. Fast and accurate diagnosis relieves patient discomfort and spares them
from long-term effects on the ocular surface. Many tests used in the diagnosis of DED may be
considered subjective as they rely on an experienced observer for image interpretation, resulting
in variations in diagnosis. On one hand, the non-contact nature of the anterior segment optical
coherence tomography (AS-OCT) device and its rapid image acquisition enable the measurement
of the tear meniscus parameter without reflex tearing. On the other hand, an ocular hygrometer
allows a rapid, safe, but also efficient, analysis and is associated with low costs and the repeatability
of the procedure.

Keywords: dry eye disease; AS-OCT; ocular hygrometer

1. Introduction

Dry eye disease (DED) is one of the most common ophthalmic conditions, affecting
millions of people worldwide with a prevalence of between 5% and 50%, based on the diag-
nostic procedures used and study populations [1–5]. Although symptoms arising from DED
have been reported as the most common reason to visit an ophthalmologist, it is considered
one of the most underdiagnosed and undertreated syndromes in ophthalmology [2,6].

The definition of a dry eye, according to the Tear Film and Ocular Surface Society
Dry Eye Workshop II (TFOS DEWS II), is: “a multifactorial disease of the ocular surface
characterized by a loss of homeostasis of the tear film, and accompanied by ocular symp-
toms, in which tear film instability and hyperosmolarity, ocular surface inflammation and
damage, and neurosensory abnormalities play etiologic roles” [1]. DED is classified into
two subtypes defined by the underlying mechanism of the disease: aqueous deficiency
DED, with inadequate tear production from the lacrimal gland, and evaporative DED,
where the function of the meibomian glands is typically compromised [1,7,8]. Dry eye
disease is induced by many factors, including age, gender, levels of certain hormones,
autoimmune disorders, local environmental conditions, contact lens wear and exposure to
some medications [2,9–11].
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Based on the TFOS DEWS II, there are several factors that lead to the loss of tear film
homeostasis with the development of abnormalities affecting the ocular surface [7]. The
pathophysiology of DED comes from evaporation-induced tear hyperosmolarity, which leads
to the inflammatory damage of the ocular surface and associated ocular symptoms [7,12,13].
The symptoms of DED include eye irritation, photophobia, ocular discomfort and fluctuat-
ing vision disturbance [14]; however, chronic ocular pain is the most commonly reported
symptom among DED patients [15]. The condition can be painful and may result in lasting
damage to the cornea and long-term damage to the corneal nerves through the irritation
and inflammation of the ocular surface [8,13]. DED symptoms can significantly impact
patients’ work productivity and quality of life and have various effects on different every-
day activities, including a delayed reaction time while driving and a decline in sustained
reading performance. DED has also been associated with depression and anxiety, especially
when the patient is affected by Sjögren syndrome [2,16].

Despite recent technological advances and research targeting DED that have led to
new approaches to DED diagnosis, the clinical results collected from all available diagnostic
tests often do not correlate with the severity of clinical symptoms reported by the patient.
As a result, there is currently no single clinical test that can be considered definitive in the
diagnosis of DED [17,18]. Therefore, several tests are typically used in sequence, combining
the results obtained with information collected from questionnaires regarding patient
symptoms. These tests demand significant resources and are time-consuming. Tests for
determining the physical parameters of tears include the tear break-up time (TBUT), the
Schirmer’s test, tear osmolarity and tear meniscus height [19]. Other tests used for the
diagnosis of DED include ocular surface staining, corneal sensibility, interblink frequency,
corneal surface topography, interferometry, aberrometry and imaging techniques, such
as meibography, anterior segment optical coherence tomography (AS-OCT) and in vivo
confocal microscopy (IVCM).

2. Current Methods of Diagnosis

After the collection of a complete history and details of the symptoms, the visit should
start with an in-depth examination with a slit lamp, both with and without eye staining,
in order to detect signs of DED. The first important marker of DED that can be measured
by slit lamp biomicroscopy is the presence of a low tear film meniscus height. The in-
spection should continue with the assessment of DED-associated conjunctival hyperaemia,
which usually involves the fine horizontal vessels of the exposed bulbar conjunctiva [20].
Furthermore, DED-associated redness can be objectively assessed by investigator grading
scales and computer-automated redness grading scales, developed for both diagnostic and
follow-up aims [20]. Subsequently, it is crucial to investigate the presence of meibomian
gland dysfunction (MGD) by carefully examining the eyelid rim, eyelashes and glandular
duct orifices for telangiectasias, collarettes and chalazia [21]. Nevertheless, the operator
dependent variability and low repeatability of the various MGD grading scales limit the
classification of MGD [17,21]. Lid-parallel conjunctival folds (LIPCOFs) is a promising
DED diagnostic sign, although it needs to be evaluated with more objective methods, such
as optical coherence tomography (OCT), for its classification [22,23].

Fluorescein sodium staining can be used during slit lamp examinations to highlight
defects in the corneal epithelium. The corneal surface is stained wherever there is a break in
the epithelial cell-to-cell junctions. Resultant staining may show corneal superficial punctate
epithelial erosions in patterns consistent with some of the causes of dry eye disease. For
example, erosions identified in the lower third of the cornea could be due to eyelid-related
exposure problems, such as infrequent or incomplete blinking or lagophthalmos. However,
since corneal epithelial erosions can be related to other causes, fluorescein sodium staining
is unable to provide direct evidence of DED, nor can it be considered a truly specific or
sensitive test [24,25]. Rose bengal staining is an important tool in evaluating dry eye disease
as it occurs in corneal or conjunctival areas that are devoid of membrane-associated mucins,
but its clinical use is limited by its toxic effects on the corneal epithelium and by its poor
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sensitivity and specificity [26]. Moreover, rose bengal staining can occur in asymptomatic
patients and there is no clearly defined relationship between ocular surface damage that
is specific to dry eye disease and the patient’s symptoms [27]. Lissamine green dye has a
similar staining pattern to rose bengal but, unlike the latter, the former is better tolerated as
it does not determine epithelial corneal toxicity [28,29].

There are many grading systems for assessing ocular surface staining, including
the Oxford Scheme, the van Bijsterveld system and the National Eye Institute/Industry
Workshop guidelines [30,31]. However, there is no common consensus among researchers
and there are no published scientific papers showing that one grading system is superior to
the others.

For measuring tear production, the Schirmer test is still one of the most commonly
used procedures. The Schirmer test type I is performed without instilling anesthetic drops
and it measures total tear secretion, including both reflex and basal tears. One edge of the
Schirmer strip is placed inside the lower conjunctival sac and, after 5 min, the length of
wetting on the strip is recorded in millimeters. The result of the test is considered normal
when the value obtained is greater than 10 mm [32]. However, a false negative result was
found in patients who performed the Schirmer test type I with their eyes closed because
the stimulation of the lid margin and eyelashes can increase the tear turnover rate. The
Schirmer test type II, which uses topical anesthesia, only measures basal tear production
by applying the same strips. The Schirmer test is more reproducible in advanced cases of
DED. Although the Schirmer test is one of the most widely used tools in diagnosing DED,
the protracted nature of the test, the irritating and invasive sensations experienced by the
patients and its unreliable and largely irreproducible features may lead to a high risk of
underdiagnosis [17,33].

TBUT is one of the most common tests for measuring tear film stability. TBUT is
evaluated during a slit lamp examination with blue light and after fluorescein staining.
TBUT measures the amount of time it takes for the first break in the tear film to appear
after a blink while the patient refrains from blinking. The test result is suggestive of dry
eye disease when it is less than 10 s [34]. Once the instability of the tear film has been
confirmed, the physician has the task of further investigating the causes and looking for
the presence of superficial irregularities or diseases of the eyelid margin. Although this
test is cheap, quick to perform and uses readily available supplies, it is inaccurate, operator
dependent and not reproducible [17,21,35,36].

The tear film osmolarity reflects the balance between tear production, evaporation,
drainage and absorption [37]. The measurement of these variables can identify the cause
of DED due to the associated derangement in the normal physiological parameters [38].
For a more accurate diagnosis, it is necessary to evaluate the average tear film osmolarity
as a single osmolarity reading could be normal even in patients with DED [38]. Moreover,
the variability of tear film osmolarity has been shown to correlate directly with DED
severity [39]. An osmolarity value greater than 308 mOsm/L is generally indicative of
dry eye disease [39]. However, this technological investigation methodology is costly and
time-consuming and, at the same time, is unable to accurately differentiate between dry
eye disease patients and controls.

Another way to assess dryness is by analyzing tear protein patterns. Quantitatively,
dry eye disease patients typically have a lower protein content than healthy controls [40].
Qualitatively, however, tear samples from dry eye disease patients contain fewer pro-
tective proteins and more proinflammatory markers, such as matrix metalloproteinase 9,
interleukin-1Ra and interleukin-8 [41]. In addition, elevated cytokine levels of interleukin-17,
interleukin-6 and tumor necrosis factor-alpha have been found in patients with both dry
eye disease and Sjögren syndrome compared to patients with dry eye disease without
Sjögren syndrome and controls [42]. Furthermore, dry eye disease biomarkers can also
be analyzed on conjunctival cell samples, which are obtained quickly and painlessly by
impression cytology. However, further studies are needed to elucidate its sensitivity and
specificity in the differential diagnosis of various diseases involving the ocular surface.
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The study of biomarkers may lead to developments in drugs that can help to treat dry eye
disease. However, although promising, its use is limited in current clinical practice due to
high costs and the absence of insurance reimbursement.

Non-contact infrared meibography, based on transillumination with infrared photog-
raphy, provides the two-dimensional shape of the meibomian glands (MGs) [43]. Healthy
meibum is showed as a bright area due to its autofluorescence while dark areas in the MGs
indicate an altered meibum condition, which is determined as MG dropout [43,44]. In order
to evaluate MG dropout, the MGF Workshop recommend the Gestalt grading scale and the
meiboscale among the various grading scales proposed [43]. Continuous grading scales
have also recently been developed using semiautomated software, which in an automatic
way of estimating the ratio of the MG loss area to the total eyelid area [45]. Both the severity
of MGD and the percentage of MG dropout showed a positive correlation with the TBUT,
dry eye disease symptom score and corneal stain score [44,45]. MG dropout measured
using infrared meibography has proven to be useful for differential diagnosis between
MGD and aqueous deficiency DED [46]. However, infrared meibography cannot provide
three-dimensional images of the deeper structures, thereby reducing its reliability [47].
Therefore, the MG dropout assessed by this technology should be carefully interpreted and
additional information that is acquired with other imaging techniques may be required in
order to properly diagnosis and manage MGD [47].

Tear interferometry is a non-invasive diagnostic method that, through the visualization
of the light reflection at the lipid–aqueous interface of the tear film, allows for the investiga-
tion of the tear lipid layer [47,48]. Interferometry enables the objective assessment of tear
film features, such as lipid layer thickness, tear meniscus height (TMH), break-up charac-
teristics, changes in tear film thickness and wetting patterns with sequential blinking [49].
It has been shown that the grading of the lipid layer interference pattern has a significant
correlation with the corneal staining score and TBUT, while the interferometric TMH has
correlation with the Schirmer’s score [48]. In addition, a difference in the interferometric
patterns among aqueous-deficient DED, MGD and healthy patients has been described,
suggesting that interferometry can be helpful for the differential diagnosis of subtypes
of DED.

3. Anterior Segment Optical Coherence Tomography

AS-OCT produces cross-sectional images of the anterior structures of the eye by low-
coherence interferometry [50]. It allows for the precise measurement of certain parameters
of the tear meniscus, such as the tear meniscus area (TMA) and the tear meniscus height
(TMH), without the interference reflex tearing thanks to the rapidity of the image acquisi-
tion and its non-contact nature [51]. TMH acquired by time domain OCT (TD-OCT) has
been shown to correlate well with the Schirmer test, corneal staining scores and strip menis-
cometry [52]. Subsequently, the introduction of spectral domain OCT (SD-OCT) allowed
for the improvement of the sensitivity and specificity of the diagnostic biomarkers of DED,
TMH and TMA, compared to those achieved with TD-OCT [53]. One study reported that
the diagnostic accuracy of SD-OCT was the highest for Sjögren syndrome and acceptable for
non-Sjögren aqueous-deficient DED, but the lowest efficiency was found for the diagnosis
of evaporative DED [54,55]. Finally, the advent of swept source OCT (SS-OCT) has made it
possible to measure the tear meniscus volume (TMV) in addition to the TMH and TMA,
thanks to its ability to acquire three-dimensional images as well as the greater imaging
depth and enhanced scanning speed [56]. Moreover, these parameters, TMH, TMV and
TMA, measured with SS-OCT showed a correlation with the Schirmer test, TBUT and
the corneal staining score [57]. AS-OCT can capture the tear lake in a single moment in
time, but as there may be changes in TMV throughout the day, the acquired value of a
single measurement has questionable significance [58]. Therefore, it may be necessary to
perform serial OCT measurements to establish an average tear film thickness and tear lake
volume. In cases of evaporative DED, AS-OCT can aid in the diagnosis of MGD due to
the introduction of a 3D imaging method for the MGs [59,60]. However, OCT is expensive,



Appl. Sci. 2022, 12, 1647 5 of 12

time-consuming and often not reimbursed by insurance. In addition, further studies in
larger populations need to be performed to assess the specificity and the sensitivity of this
technology in the diagnosis of DED.

4. Innovative Device

Nowadays, clinicians are still missing a single, non-invasive and fast test to easily
diagnose DED in its alternative forms. Several innovative devices have been developed
to reach this unmet need in the DED field. In particular, several studies have focused on
the development of ocular hygrometers, such as DEvice© (AI, Rome, Italy), which allow
the assessment of the DED diagnosis as well as its alternative subtype, evaporative or
hypo-secretive, by a single measurement. DEvice© is a low-cost prototype (Figure 1a,b)
able to rapidly detect the entity of production, the clearance and the stability, as well as the
severity of the evaporation of the tear film, and then drives the subsequent treatment by
the use of easy algorithms. This diagnostic tool is also effective in the local nebulization of
drugs, leading to an alternative future therapeutic use of the instrument.

Figure 1. Cont.
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Figure 1. (a) DEvice© ocular hygrometer. (b) A schematic design of the diagnostic tool system.
The figure shows a side and rear view of the schematic representation of a mono sensor diagnostic
prototype with: an eyepiece cup (10); the sensor (20) placed inside it; a processing board (30) equipped
with processor (31), memory (34) and wireless connection device (32); the optional connection
cable (33); a digital screen (40) with buttons (41); and a rechargeable power supply battery (50) placed
in the handle.

The two units are directly connected in a complete diagnostic–therapeutic tool for the
management of the ocular surface but are also designed and built to be used independently.
When focusing on the balance between the liquid and gaseous state of the tear film, quanti-
fying the latter by the level of humidity and its variations in a closed environment would
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provide specific indices for each form of imbalance and, therefore, for each form of dry
eye disease. Then, the diagnostic part of the device acts by evaluating the evaporation of
the tear film from the ocular surface by means of measurements made at a variable rate,
which can be adjusted by the operator. The instrument is based on the measurement of the
relative humidity (RH) variation in a closed microenvironment around the ocular surface
(Figure 2). RH can be expressed as RH = ρω/ρs × 100%, where ρω is the water vapor
density and ρs is the saturated water vapor density. Therefore, the advantage of using
a sensor that can distinguish the RH differences between those affected by the various
forms of dry eye disease/ocular surface pathologies and the normal population through
its measurements is evident. The sensor measures the RH value at a given temperature
and is placed inside a cup that is to be placed in front of the ocular surface, which is placed
by the operator on the orbital margins. This cup and the overall ocular surface system
constitute the closed environment in which the measurements are performed. From the
data obtained, the progression curves of RH, corrected for temperature, can be constructed.
Furthermore, the instrument allows the defining of the time t0 and time t1 at which to
evaluate the RH value and to measure the time necessary to reach a given RH value. This
constitutes a new frontier in the diagnostic analysis of dry eye disease and in the future,
other functions and indices may be defined according to its particularly high versatility
and its non-contact/invasive measurement. The non-contact system eliminates the bias
generated by the direct interaction with the ocular surface of our actual tests. The mea-
surements obtained constitute “basal” values that are integrated with measurements taken
as a result of various types of stimuli, such as puffs of air, temperature changes in the
microenvironment around the ocular surface, light stimuli, etc. Furthermore, in designing
this diagnostic unit, the importance of the patient’s subjective value of discomfort was
taken into account. Therefore, Device© allows the quantifying of the RH value at which
the discomfort linked to the pathology of the ocular surface is significantly attenuated,
disappears or increases at a given temperature through dedicated tests and structural
elements. Finally, the device also allows a certain amount of tear evaporation to be collected
through a non-contact sampling mechanism. Therefore, the analysis of the composition of
the sample obtained by spectrometry or rapid tests can confer further specificity and the
diagnostic sensitivity of the instrument.

Figure 2. The DEvice© ocular hygrometer cup probe.
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Preliminary Data

In a small observational pilot study, we tested the device on volunteers to assess the
variation in relative humidity (∆RH) by evaluating the curvature shape, the rapidity of
changes in relative humidity and the final relative humidity after 1 min. Subjects were
randomly recruited and the procedure was performed in the same setting, consecutively,
asking patients to avoid any blinking for the assessment period.

Eight volunteers were recruited and signed informed consent; two of them had a
previous clinical diagnosis of dry eye disease and were grouped together, while the other
healthy subjects were considered controls. Clinical changes were measured, notably a faster
curve rise and higher relative humidity values were seen for the DED patients than for the
healthy subjects (Figure 3).

Figure 3. (A) The RH increase in time considering the whole trial for patients with dry eye disease;
(B) the RH increase in time considering the whole trial for healthy subjects; (C) the mean values of
RH increase in time: patients with dry eye disease vs. healthy subjects.

However, these preliminary data should be confirmed by a further randomized con-
trolled pilot clinical trial, which may also take into consideration the different types of dry
eye disease and use stricter exclusion and inclusion criteria.

5. Discussion

The ocular surface system [13] is a complex morphofunctional unit made of different
tissues, such as conjunctiva, cornea, lids and lacrimal glands, and also a complex network
of nerves [61,62], hormones [11], immune cells [63] and metabolites [64] that interplay
mainly in the tear film [12,65], which acts as the blood flow in the other tissues. Therefore,
the status of the tear film is a reflection on the ocular surface system function. Tear film
analysis may be considered as a local prognostic, diagnostic and therapeutic test to assess
the healthy or diseased condition of the ocular surface system and is particularly studied in
the most prevalent of ocular surface diseases, such as dry eye disease [66].

Different diagnostic tests are suitable for DED diagnosis; however, their sensitivity and
specificity vary significantly according to patient-specific characteristics, disease severity
and other factors [14,47]. Despite the large prevalence of DED among the population,
there is no gold standard diagnostic approach to diagnose DED. Routine clinical exams
poorly correlate with patient symptoms and are subject to observer bias [14,17]. Several
assessments exist to evaluate the quality and quantity of ocular surface and tear dysfunc-
tions; however, the set of assessments that are capable of diagnosing DED with acceptable
specificity and sensitivity remains unknown [17,47]. AS-OCT is an innovative tool which
allows for the specific evaluation and measurement of the quality and quantity of the tear
film, but it is time-consuming, costly and requires a long learning curve since it is quite a
complex procedure. The DEvice©, which quantifies the gaseous state of the tear film as the
humidity variations in a closed environment, could provide specific indices for each form of
imbalance and, therefore, for each form of dry eye disease. A similar technology is already
used in the dermatological field for the measurement of transepidermal water loss [67].
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In fact, various dermatological diseases in which the skin barrier is altered are associated
with an increased loss of transepidermal water. The latter can be measured indirectly, by
calculating the change in the density of water vapor at the skin surface over time compared
to the atmospheric humidity, using an open-chamber device, an unventilated-chamber
device or a condenser-chamber device. These devices are influenced differently by the
surrounding environment [68,69]. The ocular hygrometer is an attempt to evaluate the
quality and quantity of the tear film in a non-physiological context. It was developed
as a sort of tear change in an artificial system. In fact, we could notice different relative
humidity curves in DED patients versus the controls in our pilot study. The environmental
airflow [70] would definitively affect the homeostatic equilibrium of a non-healthy tear
film, but this would be subsequently related to a different relative humidity curve assessed
in the device’s artificial chambers. Finally, blinking, incomplete blinking and tear clearance
may affect the device’s measurements; therefore, further studies are required on a larger
cohort of patients in order to confirm the innovative and promising early results and to
improve the features of the DEvice©.

Ocular hygrometers, such as DEvice©, represent the future scope of ocular surface
diagnostic research by mixing low costs with the efficiency, accuracy, rapidity and safety
(no contact) of the measurement of tear films.
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