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ABSTRACT One approach to the noninvasive monitoring of
blood glucose concentration is to monitor glucose concentra-
tions in tear fluid. While several methods for sensing glucose
in tear fluid have been proposed, controversy remains as to the
precise concentrations of tear glucose in normal and diabetic
subjects and as to whether tear fluid glucose concentrations
correlate with blood glucose concentrations. This review covers
the present understanding of the physiology of glucose trans-
port in tears, the regulation of the aqueous tear fraction, and
studies of tear glucose concentration over the last 80 years.
The various tear collection methods employed greatly influence
the measured tear glucose concentrations. Studies that involve
mechanical irritation of the conjunctiva during sampling measure
the highest tear glucose concentrations, while studies that avoid
tear stimulation measure the lowest concentrations. Attempts to
monitor tear glucose concentration in situ by using contact lens-
based sensing devices are discussed, and new observations are
presented of tear glucose concentration obtained by a method
designed to avoid tear stimulation. These studies indicate the
importance of the sampling method in determining tear glucose
concentrations. On the basis of these results, we discuss the
future of in vivo tear glucose sensing and outline the studies
needed to resolve the remaining questions about the relationship
between tear and blood glucose concentrations.
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I. INTRODUCTION

ccording to current statistics, approximately 20.8
million people in the United States, or about 7% of

the population, has diabetes mellitus.! Worldwide,
over 180 million people have diabetes mellitus, and the
prevalence of this disease is expected to double by the year
2030.%2 The economic cost of diabetes mellitus in the United
States alone is about $132 billion, representing about 10%
of healthcare expenditures.?

The Diabetes Control and Complications Trial clearly
demonstrated that tight glycemic control is critical in manag-
ing diabetes mellitus and preventing complications such as
retinopathy, nephropathy, and neuropathy.* To control blood
glucose levels, current standards of care require self-monitor-
ing of glucose several times a day, with increased frequency
for patients receiving insulin.> Currently, self-monitoring of
blood glucose requires a finger-stick blood sample for direct
measurement of glucose. Many noninvasive approaches to
blood glucose monitoring have been investigated, but none
have been able to replace the direct measurement of glucose.®
Implantable, continuous glucose sensors have shown prom-
ise for improving glycemic control.”# However, currently ap-
proved devices must be calibrated at least twice a day with a
direct blood measurement and must be replaced after 3-7 days.

Noninvasive glucose monitoring techniques under
development include infrared (IR) spectroscopy,®!® Ra-
man spectroscopy,'!'? measurement of optical polarization
rotation,!? photoacoustic phenomena,'* optical coherence
tomography,? fluorescence measurements,'®!” surface-
plasmon resonance in nanoparticles,'® and electrical
impedance measurements.!® A single noninvasive device
for monitoring blood glucose, the GlucoWatch (Cygnus,
Redwood City, CA), has been approved by the U.S. Food
and Drug Administration for supplementary blood glucose
monitoring. However, results from the GlucoWatch must be
frequently checked against direct blood glucose measure-
ments. Additionally, recent studies have found that adding
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GlucoWatch monitoring to standard self-monitoring of
blood glucose did not result in improved glycemic control.?°

One approach to noninvasive blood glucose monitoring
is to measure the concentration of glucose in an accessible
surrogate fluid, such as tears. Tear glucose in diabetic patients
has been studied for over 80 years,?! and the now widespread
use of contact lenses has motivated ideas for their use in tear
glucose analysis to detect and monitor glycemic control in pa-
tients with diabetes mellitus. At least three independent groups

have developed glucose sensors that can be incorporated into
contact lenses.???> The safety of daily wear soft contact lenses
in diabetic patients has recently been demonstrated,*®?” sug-
gesting that contact lens monitoring is potentially a viable
supplement or alternative to blood glucose monitoring. For
this approach to be successful, it is necessary to understand
how blood and tear glucose concentrations correlate and to
know the underlying physiology of glucose secretion into tears.
Currently, significant disagreement exists as to the absolute
concentrations of tear glucose in normal and diabetic subjects,
as well as to whether tear glucose concentrations correlate with
blood glucose concentrations.

Reported values for tear glucose in normal individuals
range from O to 3.6 mM (65 mg/dL),*® whereas concentra-
tions as high as 84 mg/dL (4.7 mM) have been reported for
patients with diabetes mellitus.?! The reported tear glucose
concentrations are generally lower when the analytical
techniques require smaller tear volumes. Recently, median
glucose concentrations of 89 pM have been measured in 5 pL
tear samples,?® whereas concentrations of 28 pM have been
measured in 1 pL tear samples,* all from fasting, nondia-
betic individuals. Although older studies generally measured
glucose in larger volumes of chemically or mechanically
stimulated tears, most recent studies specifically try to avoid
conjunctival irritation and tear stimulation (Figure 1).
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FIGURE1 Summary of average tear glucose concentrations found in nondiabetic subjects from 1930 to present. Studies are grouped by the
type of stimulation used to induce tearing (chemical, mechanical, and noninvasive). These are arranged in chronological order from left to
right within each section. The details of each study are discussed in the tables and text. Note that studies employing mechanical stimulation

measure the highest tear glucose concentrations.
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Although the effect of the collection method on the tear
glucose concentration has been considered,?' there has
been little clarification of the discrepancies in reported tear
glucose concentrations. The recent interest in developing
in situ tear glucose monitors has motivated this review of
the current state of glucose sensing in tear fluid.

Il. TEAR PRODUCTION AND GLUCOSE TRANSPORT

The tear glucose concentrations measured appear to be
determined by both the amount of glucose present and the
volume of the aqueous tear fraction collected. Changes in
the transport of water in and out of the tear film have as
much or greater effect on the tear glucose concentration as
changes in glucose transport into the tear film. The structure
and function of the tear film, especially as these relate to
the regulation of the aqueous tear volume, is central to the
determination of tear glucose concentration.

The tear film on the surface of the eye is composed of
several layers. Most superficially is a lipid layer that is less
than 100 nm thick and serves several functions, including
preventing evaporation of the underlying aqueous layer and
providing a smooth optical surface over the cornea.? This
layer is comprised of sterol esters, wax esters, and many
other minor lipid components.?* These are secreted from the
meibomian glands located on the margins of the eyelids, just
posterior to the eyelashes. Dysfunction of these glands can
lead to increased evaporation of tears from the eye, causing
an increased tear osmolarity and clinical dry eye.>* The lipid
layer is compromised when contact lenses are worn; this layer
may be completely absent over rigid contact lenses.??

Just below the lipid layer is the aqueous fraction. Mea-
surements of the thickness of this layer over the cornea vary
from 2.7 pm to 46 pm, with the most recently reported
value being 3.3 pm.* One difficulty in measuring the thick-
ness of this layer is that it changes immediately after a blink,
thinning as it distributes over the surface of the eye.* In
the presence of a contact lens, the aqueous tear film can be
measured both in front of the lens (pre-lens) and between
the lens and the cornea (post-lens). Both the pre-lens and
post-lens tear films are approximately 3 pm thick.*> With or
without a contact lens, the tear film is considerably thicker
near the margins of the eyelids, where a meniscus forms.
The total volume of the aqueous tear film is about 7 uL.%
Its production and elimination are discussed below.

Below the aqueous layer of the tear film is a mucin layer,
consisting of glycoproteins, which lubricate the surfaces of
the eye. At least 20 different mucins are present in this layer.
They provide a hydrophilic surface, over which the aqueous
fraction can rapidly flow.>"38 This layer is approximately
30 pm thick,*? and its components are produced by both
the cornea and conjunctiva.>® The mucin layer moves freely
over the glycocalyx, which is comprised of membrane-as-
sociated mucins bound to the cornea and conjunctiva.

A. Production and Elimination of Aqueous Tear Fluid
The rate of tear production can vary by a factor of over
100 between basal tear production and active tearing.*

By studying the clearance of fluorescein, Mishima et al
estimated the average rate of tear fluid production to range
between 0.5 and 2.2 pl/min (with an average of 1.2 pl/min)
at baseline.?® After the introduction of fluorescein, a rapid
decrease in fluorescence was observed that was ascribed to
reflex tearing. After about 5 minutes, the fluorescein clear-
ance rate decreased to about 17% per minute. Calculation of
the “unstimulated” tear production was based on the lower
fluorescein clearance rates seen at later times.>®
Although estimates of the rate of baseline tear fluid pro-
duction have not varied significantly since the 1966 report of
Mishima et al, the relative contributions of different sources to
the aqueous tear fraction continue to be debated. Traditionally,
aqueous tear fluid was thought to be almost entirely produced
by the main lacrimal gland with very minor contributions
from the accessory lacrimal glands and goblet cells in the
conjuctiva.*' Recent studies, however, have shown that the
rate of water flow across the conjunctiva can be as high as 1-2
pl/min and may account for a large proportion of basal tear
production.* Although estimates of the contribution of con-
junctival secretion to basal tear fluid production vary widely,
recent models of tear production suggest that 25% of tear
fluid is produced by the conjunctiva in the absence of reflex
tearing.®® The aqueous fraction in stimulated tears is derived
primarily from the lacrimal glands, but the aqueous fraction in
unstimulated tears may have a significant conjunctival source.
Elimination of the aqueous fraction of tears can also
influence the concentration of tear fluid analytes. The major
routes of elimination for aqueous tears are drainage through
the lacrimal canaliculi to the nasolacrimal duct and evapo-
ration.*! Under certain conditions, conjunctival or corneal
absorption of water can contribute to the elimination of
aqueous tears.” During a blink, tears are swept from the
lateral canthus toward the medial canthus.** Tears then pass
into the lacrimal canaliculi, which connect to the lacrimal
sac. The tears then drain by gravity through the nasolacrimal
duct and into the inferior nasal meatus.** Blockage of this
drainage system by cautery or with plugs increases the basal
tear volume, and is a common treatment for dry eyes.>*
The rate of tear film evaporation is proportional to the
surface area of the eye exposed to the environment.* The pal-
pebral fissure, ie, the distance between the upper and lower
eyelids, varies between subjects. It can also be increased by
lid surgery or by disease states, such as hyperthyroidism.*
Disturbances of the lipid tear film can lead to dramati-
cally increased rates of evaporation. When the lipid layer
is washed from the eye or if the meibomian glands are oc-
cluded, the rate of evaporation increases from 0.1 pl/min
to 1.7 pl/min.>? Rates of evaporation also depend on the
ambient temperature and humidity>* As noted above, the
lipid layer can be compromised by contact lenses, with
increased tear evaporation during contact lens use.* This
increase in evaporation does not appear to vary significantly
with contact lens composition or level of hydration.* The
average increase in the rate of evaporation during contact
lens wear is about 35%; however, the rate of evaporation
may vary significantly between subjects.*®
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B. Glucose Transport in Tear Fluid

The source of glucose in tears remains unclear. Explana-
tions for the mechanisms of glucose transport into the tear
fluid have changed as different tear glucose concentrations
were observed. The studies that used mechanically irritative
methods to obtain tear fluid found the highest glucose con-
centrations. Those studies also found a correlation between
blood and tear glucose concentrations.>*-* Mechanical
irritation abrades the conjunctiva and results in the leak-
age of glucose from epithelial cells or the interstitial space
directly into the tear fluid.>#!

Studies that attempt to avoid abrasion of the cornea and
stimulation of tearing measure the lowest glucose concentra-
tions.??! It has been suggested that exclusion of glucose from
tear fluid aids in preventing bacterial infections of the exterior
eye.’® Many of the studies of chemically stimulated tears
find very low concentrations of glucose, suggesting that very
little, if any, glucose comes from the lacrimal glands.?:#8:°

There is only limited evidence for glucose transport-
ers in the tear glands, the conjunctiva, and the cornea.
The constitutive glucose transporter, GLUT-1, is present
in the apical corneal epithelium,>! but absent in the lac-
rimal glands and conjunctiva.’* Expression of GLUT-1 in
the corneal epithelium is increased after corneal abrasion
and appears to have a role in corneal wound healing.>® A
sodium/glucose cotransporter, SGLT-1, is present on the
apical side of the bulbar and palpebral conjunctiva.”*>
This transporter operates in both directions, allowing both
secretion and absorption of glucose, depending on sodium
and glucose concentrations.”® Although this transporter
removes glucose from the tear fluid under physiological
conditions,’” it can add glucose to the tear fluid during
the hypo-osmotic stress that occurs when the eye is rinsed
with water or after swimming, 28435657

Recent models of electrolyte and metabolite trans-
port in the tear fluid suggest that a paracellular transport
mechanism is required to fully explain observed electrolyte
concentrations.” Studies of polyethylene glycol oligomer
permeability in the cornea and conjunctiva of rabbits sug-
gest that there are paracellular pores with diameters of
~4 nm and ~2 nm in the conjunctiva and cornea, respec-
tively.’® Although glucose should be able to pass though
these pores and into the tear fluid, its transit has not been
directly measured. The distribution and regulation of glu-
cose transporters affecting the tear glucose concentration
is not yet fully characterized, but glucose transport across
the conjunctiva appears to be the major determinant of tear
glucose concentration in the absence of reflex tearing.

C. Stimulated Tears

Increased aqueous tear volumes can be caused by in-
creased tear production (lacrimation) or by decreased tear
elimination, which may be caused by obstruction of the tear
drainage system or paralysis of the muscles responsible for
sweeping tears towards the puncta.* Some authors have
questioned the existence of a true basal tear production rate,
suggesting that all tears are “stimulated.” This argument is

based on the fact that the rate of tear production decreases
dramatically with the administration of anesthesia. However,
although tear production from the lacrimal gland may require
stimulation, the epithelial cells of the conjunctiva continu-
ously secrete water and ions in response to electrolyte and
metabolite concentration gradients.>” The rate of aqueous tear
production can increase over 100-fold in response to a variety
of physical or chemical stimuli; the changes in aqueous tear
production may alter the chemical composition of tear fluid.*

In a 1981 review of tear biochemistry, Van Haeringen
recounted several methods of inducing tearing in order to
increase the sample volume.*! Chemical stimulants of lacri-
mation include onion vapors, ammonia, formalin, benzyl
bromide, chloroacetophenone, and bromoacetone.*! Ciga-
rette smoke and onion vapors have also been used to stimu-
late tearing.*!:°® Mechanical stimulation of the conjunctiva
or cornea with absorbent materials, such as filter paper,
cellulose sponges, and cotton thread, is also commonly used
to increase tear production.*'#749 Because these methods
can abrade the conjunctiva, which could alter analyte con-
centrations, other methods of stimulating lacrimation that
do not directly contact the conjunctiva have been investi-
gated. These include stimulating the nasal mucosa, induc-
ing a gag reflex with a tongue depressor, having subjects
look into the sun, and inducing emotional tearing. #0159

Lacrimation in response to physical and chemical stimu-
lation of the ocular surfaces and photo stimulation of the
optic nerve is mediated by a reflex arc. Activation of afferent
sensory nerves in the conjunctiva, cornea, nasal mucosa, or
optic nerve leads to reflexive stimulation of efferent sympa-
thetic and parasympathetic nerves innervating the lacrimal
gland.®-%? Although neurotransmitters from the autonomic
efferent nerves, such as acetylcholine and norepinephrine,
are the most potent stimulants of tearing, many other
minor neuromediators have been identified and recently
reviewed.%%%3 Recent immunohistochemical studies suggest
that there is direct parasympathetic enervation of goblet
cells in the conjunctiva and direct sympathetic enervation
of stratified squamous cells in the conjunctiva.’® Therefore,
transport of fluid and mucins directly across the conjunc-
tiva may also lead to increased tear volume and mucin
secretion after mechanical stimulation of the conjunctiva.

Clearly, reflex tearing must be avoided if basal tear glu-
cose concentration is to be accurately measured. In practice,
this is very difficult, because only small volumes of basal
tear fluid are available. Individuals may respond differently
to even the most benign collection techniques; the mere dis-
cussion of tear fluid collection is sufficient to stimulate tear-
ing in some subjects. There may also be uncontrolled and
unrecognized variables affecting tear stimulation in different
subjects, such as changes in room temperature or humidity
from day to day. In addition to all of these factors, contact
lens use can cause irritation and stimulate tear production.*
This could alter the relevant basal tear glucose concentra-
tion measured by a contact lens-based glucose sensor. As
contact lens wearers adapt to their lenses, however, this
irritation, as measured by blink frequency, decreases.*
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D. Effects of Diabetes Mellitus on Tear Glucose Transport

Most studies of tear physiology have been conducted on
nondiabetic animals and humans. If tear glucose analysis is
to be used to detect or monitor diabetes mellitus, we must
consider the effects of this disease on aqueous tear produc-
tion and glucose transport in tear fluid. While the relative
importance of different molecular mechanisms in diabetes
mellitus pathogenesis is debated, the increased intravascular
concentration of glucose that results from diabetes mellitus
ultimately leads to microvascular and nerve damage.®*% In
light of the above discussion of aqueous tear film produc-
tion, damage to either the vasculature supplying blood to
the eye or the nerves of the lacrimal reflex arc might be
expected to alter tear production.

Keratoconjunctivitis sicca, or dry eye, can be caused by
decreased tear production or alterations in the tear fluid,
such as loss of the lipid layer, leading to increased tear
osmolarity. Dry eye is more common in diabetic patients,
and it correlates with poor glycemic control as measured
by mean annual HbAlc levels.®® When measured by
fluorescent dye clearance, basal tear secretion rates are
indistinguishable in control and diabetic subjects.”:%
Reflex tearing, as measured by a Schirmer test without
anesthesia, is decreased significantly in diabetic subjects.®”
This decrease in reflex tearing may be due to a decreased
sensitivity of the conjunctiva resulting from neuropathy.®”
During episodes of hyperglycemia, increased osmolarity in
the extracellular fluid may also impede aqueous tear flux
across the conjunctiva or into the lacrimal gland.®® Other
differences noted in the eyes of diabetic subjects include
a decreased tear break-up time, loss of mucin-secreting
goblet cells, and squamous metaplasia of the conjunctiva,
indicating chronic irritation.®” Overall, diabetes mellitus can
affect tear composition and the structure and function of
the tissues that contribute to aqueous tear production.

Increased tear glucose concentration in diabetic subjects
has been repeatedly demonstrated.?!2%47-49.70-73 However,
many of these studies used filter paper to collect the tear
sample, and the observed high glucose levels may be due to
intercellular fluid leaking through the abraded conjunctiva.?!
A recent study of tear glucose concentration in 50 nondiabetic
subjects and 33 diabetic subjects specifically tried to avoid
chemical or mechanical stimulation by collecting tear samples
with a glass microcapillary?® That study found overlapping
ranges of tear glucose concentration in fasting normal and
diabetic subjects, but found a statistically significant increase
in average tear fluid concentrations in the diabetic subjects (89
M for normal and 150 uM for diabetic subjects).

Although tear glucose concentrations are clearly in-
creased in diabetic subjects, the precise mechanism re-
mains unclear. Studies using sampling methods that cause
mechanical stimulation of the conjunctiva are likely to be
simply measuring analytes in direct equilibrium with inter-
cellular fluid. Studies of nonstimulated tears may measure
increased glucose due to paracellular glucose transport in
the conjunctiva. It is also possible that the reported studies
were not entirely successful in avoiding contact with the

eye during sampling with glass microcapillaries over the
required 5-minute sampling periods.?*3!

Ill. MEASUREMENT OF TEARS IN EXTRACTED
TEAR FLUID

The chemical components of tears were first studied
by Fourcroy and Vauquelin over 200 years ago.”* The first
quantitative report of glucose in tear fluid appears to be
from 1930, when Ridley reported tear glucose concentra-
tions of 3.6 mmol/L (65 mg/dL).” Although the method
of glucose analysis was not described in this study, the tear
volume studied was 0.2 mL, suggesting that tearing was
induced to collect such large volumes. Reported values of
tear glucose concentration have steadily decreased as the
analytic methods required less sample volume.

At the opposite extreme, LeBlanc et al recently reported
an average tear glucose concentration of 7.25 = 5.47 pmol/L
in five patients in an intensive care unit.”® Glucose was
measured using high performance liquid chromatography
with pulsed amperometric detection. The sample volumes
studied were variable and not individually reported, but
were presumably less than 1 pL.7"78 The fact that the re-
ported values of tear glucose concentrations have varied by
1000-fold between studies demonstrates the need for care-
ful consideration and control of experimental parameters,
such as collection method, analysis method, and selection
of the clinical population.

A. Mechanical Stimulation

Because the tear fluid collection method seems to have
the greatest influence on the reported tear glucose con-
centrations, we have grouped the previous studies of tear
glucose concentration by collection methodology. As noted
above, tear collection methods that mechanically stimulate,
and presumably abrade the conjunctiva, measure the high-
est levels of glucose (Table 1).

These studies generally use a filter paper or Schirmer
test strip to collect the tear sample. Glucose is then extracted
from the filter paper and measured enzymatically,>7® or
transferred to a glucose oxidase reagent strip and measured
“semiquantitatively” by comparing the color of the strip to
a calibrated color chart.*” More recent investigations have
instilled reagent strips in the lower conjunctival sac to more
directly measure glucose concentration.*8° A limitation of
these studies is that color comparison can be subjective,
and the subjects could only be stratified into four or five
arbitrarily defined groups.*49.71.72

Van Haeringen and Glasius compared glucose concen-
trations in the chemically and mechanically stimulated tears
of normal and diabetic subjects.?! They first stimulated
tearing with 2-chloracetophenone and collected 20 pL
tear samples with a capillary tube. They then collected a
second tear sample using filter paper strips. The tear glu-
cose concentration determined using filter paper collection
was higher for all subjects. The increase was between 0.1
and 1.5 mmol/L for subjects with blood glucose below
10 mmol/L (180 mg/dL) and as high as ~9 mmol/L for
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* Estimated from graph

a Mechanical rubbing of bulbar conjunctiva

T Number of samples collected

extremely hyperglycemic subjects with blood
glucose concentrations of ~20 mmol/L (360 mg/
dL). A 1969 dissertation by Lax, which is cited
by Van Haeringen and Glasius, found glucose
concentrations of 0.206 + 0.027 mmol/L (mean
+ SD) using capillary collection and 1.141 =
0.159 mmol/L using filter paper collection in
non-diabetic subjects.?!8!

Daum and Hill used capillaries to collect 5 pL
tear samples at different times from nondiabetic
subjects after mechanical stimulation of the con-
junctiva with a cotton applicator.8? They measured
an increase in tear glucose concentration from
~0.28 mmol/L (~5 mg/dL) before stimulation to a
peak value of ~2.5 mmol/L (~45 mg/dL) 10 min-
utes after stimulation. Tear glucose concentrations
remained elevated at 30 minutes, but returned to
baseline at 60 minutes. This time course suggests
that caution must be exercised in planning and
interpreting tear glucose studies. Unrecognized
conjunctival stimulation early in a time course
study of tear glucose may affect many subsequent
measurements. A similar increased tear glucose
concentration after corneal or conjunctival irrita-
tion has also been observed in rabbits.?>8*

Daum and Hill also observed an increase in tear
glucose after hypo-osmotic stress induced by im-
mersion of the eye in distilled water for 60 seconds.
Itis not immediately clear whether this should be
considered mechanical or chemical stimulation of
tearing. However, the tear glucose response seems
similar to that of mechanically stimulated tears.

Studies of mechanically stimulated tears
generally find a correlation between the tear
and blood glucose. This is not surprising, as the
glucose measured in these studies likely comes
directly from the interstitial space in the con-
junctiva. Rabbit studies suggest that short-term
contact lens use increases tear glucose concen-
trations in a manner similar to other means of
mechanical stimulation.**8* However, it should
be noted that our recent study found no evidence
of increased tear glucose concentrations in fast-
ing subjects wearing contact lenses.°

B. Chemical and Noncontact Stimulation

Early analytical techniques used to study tear
glucose concentration required analyte volumes
that would take hours to collect at basal rates of
tear secretion. Hence, many studies have used
a chemical lachrymator to induce tearing and
speed sample collection (Table 2).

The concentration of many analytes is known
to vary with tear secretion rate. Protein and cal-
cium concentrations decrease as the flow rate
increases, whereas potassium concentrations
increase with the flow rate.*! In a 1984 study,
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Daum and Hill collected 5 pL tear samples every 20 seconds
for 2 minutes after nondiabetic subjects were exposed to
raw onion (Allium Cepa) vapors for 30 seconds.®? Tear
glucose concentration decreased monotonically from 0.3
mmol/L (6 mg/dL) before tearing to 0.1 mmol/L (2 mg/dL)
at 2 minutes after exposure.

Comparison between studies that used chemically stim-
ulated tears is difficult, as different lachrymators are used
and the precise timing of tear collection is rarely reported.
Some of these agents have been shown to cause corneal and
conjunctival edema and epithelial erosion or ulceration.®
Hence, long-term exposure to lachrymators may cause a
significant increase in glucose concentration as the physi-
cal barriers of the ocular surface are compromised. Use of
lachrymators is also likely to cause subjects to rub their
eyes, which we have anecdotally found to correlate with in-
creased tear glucose concentrations in our recent studies.*°

Overall, the average tear glucose concentrations mea-
sured in studies of chemically stimulated tears fall within
the range of tear glucose concentrations measured in non-
stimulated tears. Many studies of chemically stimulated tears
did not find a general correlation between tear and blood
glucose for all subjects.”® However, the ability to broadly
classify subjects as diabetic or nondiabetic through tear glu-
cose measurement was often demonstrated in these studies,
especially when postprandial samples were considered.*®7!

C. Nonstimulated Tears

As more sensitive analytical methods have been devel-
oped, investigators have attempted to study glucose concen-
trations in nonstimulated or basal tears (Table 3). Nonstimu-
lated tear samples are generally collected with a capillary
by gently touching it to the tear film meniscus. Daum and
Hill trained subjects to collect their own tears throughout
the day,?®82 but most investigators have conducted their
investigations by collecting tear samples in a clinical setting.

One of the first large studies of nonstimulated tears mea-
sured an average tear glucose concentration of 0.42 + 0.356
mmol/L in 875 tear samples from 12 nondiabetic subjects.?8
This average tear glucose concentration was somewhat higher
than more recent measurements of chemically stimulated
tears. Although studies using lachrymators could be measur-
ing artificially low tear glucose concentrations, it is also pos-
sible that some mechanical stimulation was involved in the
collection of basal tears in this study. The glucose dehydro-
genase method used in this study required sample volumes
of 5 uL, which would have required sample collection times
of at least 5 minutes. Even if mechanical stimulation were
avoided during sampling, increased evaporation due to the
prolonged suppression of blinking could alter the glucose
concentration. One of the interesting results of this study
was the observation of diurnal variations in tear glucose that
roughly track changes in blood glucose.

One of the largest and most recent studies of tear glu-
cose concentration was reported by Lane et al in 2006.2°
This study monitored tear glucose concentration in 73
normal subjects and 48 diabetic subjects before and after

an oral glucose bolus. These groups were further divided
into fasting and nonfasting groups. The 5 pL tear samples
collected at each time point were analyzed with a liquid
chromatography-pulsed amperometric detection method.
Average tear glucose concentration in normal subjects was
0.16 = 0.03 mmol/L, whereas average tear glucose concen-
tration in diabetic subjects was 0.35 + 0.04 mmol/L (mean
+ standard error). Individual glucose determinations, how-
ever, varied from below the limit of detection to over 9.1
mmol/L. Lane et al were able to show a modest correlation
between average tear and blood glucose concentrations at
the five time points in the study. Unfortunately, only results
averaged over the subject population were reported. Thus,
there is no indication of how well tear and blood glucose
concentrations correlate within individual subjects. The use
of 5 uL tear samples may have precluded the study of truly
nonstimulated tears for the reasons noted previously.

A few recent studies analyzed microliter or submicroliter
volumes of tears.>%:60.76.77.86 The previously mentioned study
of critically ill patients attempted to assess the feasibility
of monitoring tear glucose instead of blood glucose in the
intensive care unit.”® The investigators obtained 44 simul-
taneous blood and tear samples from five sedated subjects
who were receiving insulin, two of whom had a history of
diabetes mellitus. This study measured the lowest average
tear glucose concentration (7.25 + 5.47 umol/L) of any study
where glucose was detected in tears. Despite a wide range of
blood glucose concentrations, the study did not detect a clini-
cally useful correlation between these values. These results
in critically ill patients are of little use in predicting whether
tear fluid analysis can be used to monitor glucose in healthy
people. However, it is clear that tear glucose monitoring
with this method in the intensive care unit is not a feasible
replacement for blood glucose monitoring.

Arecent study in our laboratory found a median (range)
tear glucose concentration of 28 (7-161) pmol/L or 0.50
(0.13-2.90) mg/dL in 25 fasting normal subjects.’® The
mean (standard deviation) tear glucose concentration was
37 £ 37 umol/L. We found a highly skewed distribution of
tear glucose values; tear glucose concentrations were less
than 42 pmol/L in 80% of subjects. We found no statistically
significant difference between contact lens wearers and non-
wearers. Linear regression showed a modest correlation be-
tween tear and blood glucose concentrations (R =0.5). We
compared tear glucose concentrations within subjects over
30 minutes and did not see any significant trend with time,
suggesting that conjunctival irritation was minimized or
eliminated. In our study, glucose concentrations were mea-
sured with liquid chromatography and electrospray ioniza-
tion mass spectrometry. Because we collected only 1 pL tear
samples, studied nondiabetic fasting subjects, and observed
no evidence of conjunctival stimulation, we believe this to
be one of the most precise studies of baseline tear glucose.

As described in detail above, there is very little reli-
able information on whether glucose concentrations in
unstimulated tears track blood glucose concentrations.
While previous studies showed correlations between
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Tear Glucose During Oral Glucose Load
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FIGURE 2 Tear and blood glucose concentrations in a non-diabetic,
male subject. Blood glucose concentration doubles by ~70 minutes
after glucose ingestion.

averaged tear and blood glucose concentrations, there is
little direct information about the existence of such a cor-
relation within individual subjects. We recently used our
mass spectrometry method to investigate the relationship
between blood and tear glucose concentrations in subjects
during a glucose tolerance test (oral administration of 75
grams of glucose). Tear samples of 1 puL were collected and
analyzed as previously reported, and great care was taken
to avoid abrasion of the conjunctiva.®®

Figure 2 shows the blood and tear glucose concentra-
tions over time for a nondiabetic subject. Tear glucose
concentrations appear to track blood glucose concentra-
tions in this subject with a lag time of ~20 minutes. The
tear glucose concentration in the left eye remains elevated
even after the blood glucose concentration decreases.
Although this may be the true physiological response for
this subject, it could also be explained by an unrecognized
irritation of the left conjunctiva during the latter half of the
experiment (140-160 min). An essential point is that while
the blood glucose concentration increases ~2-fold, the left

Tear Glucose During Oral Glucose Load
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FIGURE 3 Tear and blood glucose concentrations in a diabetic,
female subject. Blood glucose concentration peaks at ~80 minutes
after glucose ingestion with a ~60% increase.
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FIGURE 4 Tear and blood glucose concentrations in a replicate of the
study shown in Figure 2. a) The tear glucose concentration scale must
be expanded to show the large and abrupt increase in tear glucose
before glucose intake. Blood glucose concentration peaks at ~40
minutes after glucose ingestion with a ~80% increase. b) Plotting the
tear glucose on the same scale as in Figure 2 highlights that the tear
glucose concentration appears to track the blood glucose concentra-
tion except for the early spike in tear glucose concentrations.

and right eye tear glucose concentrations increase ~7-fold.
This demonstrates a complex relationship between tear and
blood glucose concentrations for this subject.

Figure 3 shows a similar plot of blood and tear glucose con-
centrations during a glucose tolerance test for a diabetic sub-
ject. Blood and tear glucose concentrations are clearly higher
for the diabetic subject at all times. Prior to glucose ingestion,
the blood glucose concentration in this subject was about
twice as high as for the non-diabetic subject of Figure 2. How-
ever, the basal tear glucose concentration of the diabetic sub-
jectis about ten times higher than for the nondiabetic subject.

The extraordinary ~5-fold increase in tear glucose con-
centration in the left eye differs completely from the change in
the right eye, where (excepting a single point at ~95 minutes)
the ~60% increase in tear glucose concentration is roughly
proportional to the increase in blood glucose concentration.
Itis possible that the dramatic increase in left eye tear glucose
concentration results from unrecognized conjunctival irrita-
tion, causing interstitial glucose to leak into the tear fluid.

Areplicate of the glucose tolerance test shown in Figure
2, with the same nondiabetic subject, demonstrates the
challenge of determining a correlation between tear and
blood glucose concentration (Figure 4.) Identical sampling

289



TEAR GLUCOSE ANALYSIS TO DETECT DIABETES MELLITUS / Baca, et al

and tear glucose determination procedures were followed,
and the same glucose load was given. Before glucose inges-
tion, the blood glucose concentrations are similar for both
experiments (~105 mg/dL). Basal tear glucose concentra-
tions at the earliest times are also similar (~20 pmol/L).
In contrast to the first study, we see an abrupt increase in
the tear glucose concentration before glucose intake. The
right eye tear glucose concentration increases by ~100 fold,
while the left eye tear glucose concentration increases by
~50 fold, suggesting nonphysiologic transport of glucose
into the tear fluid. The timing and magnitude of this spike
in tear glucose concentration suggest that the increase may
be due to a perturbation during sampling. Although we
attempted to exclude this possibility, the increased glucose
concentration in both eyes might suggest that the subject
rubbed his eyes after slight conjunctival irritation.

The tear glucose concentrations appear to return to
baseline after about 60 minutes. This time scale agrees with
the time that Daum and Hill measured for tear glucose to
return to baseline after the conjunctiva was stimulated by a
cotton applicator.3? When the results of the replicate study
are plotted on the same scale as Figure 2, we see that the
tear glucose concentrations at later times (after 60 minutes)
appear to track changes in the blood glucose concentration.
However, the relative tear glucose elevation (~5-fold) in the
left eye is much less than observed in Figure 2, whereas the
relative increase in tear glucose concentration in the right
eye is comparable.

Most of our studies show that before glucose intake,
the blood and tear glucose concentrations remain relatively
constant. Repeat measurements of tear glucose concentra-
tion in the presence of a constant blood glucose concentra-
tion can be used to define the baseline relationship between
tear and blood glucose. After glucose ingestion, the blood
and tear glucose concentrations generally increase together,
with an apparent 20-30-minute delay between increases
in blood glucose concentration and in tear glucose con-
centration.

In our other studies of tear glucose concentration in
subjects undergoing a glucose tolerance test, we see only
a few instances of the 50-100-fold spikes in tear glucose
concentration seen in Figure 4. In general, these abrupt
changes do not seem to correlate between the different eyes
of the same subject. In future studies it would be desirable
to use a hyperglycemic clamp®’ to maintain blood glucose
at a constant, elevated concentration while tear glucose is
measured repeatedly. This would clarify the relationship
between tear and blood glucose concentrations in the pres-
ence of elevated blood glucose concentration.

Although most studies of tear and blood glucose correla-
tion collect and analyze tears from a single eye, we measured
glucose concentrations in tears from both eyes. Our prelimi-
nary results suggest that tear glucose may differ between the
left and right eye of a single subject. While we previously
showed a general correlation between the tear glucose in
the right and left eyes of fasting subjects,?® we occasionally
observe significant differences in glucose concentration

between eyes. Future studies that analyze tear glucose in
both eyes could help to better define the correlation in
tear glucose concentration between left and right eyes.

Although we do not have enough data to specify the
precise relationship between tear and blood glucose con-
centrations over time and its variation between subjects,
we believe that our tear collection method, which spe-
cifically attempts to avoid mechanical stimulation of the
conjunctiva, can answer some of the outstanding questions
regarding the utility of tear glucose sensing for monitoring
or detecting diabetes mellitus. We have shown that we can
track changes in tear and blood glucose concentrations over
time. However, our results to date indicate that repeated
tear sampling can affect glucose concentrations; it may
be extraordinarily difficult to completely and accurately
characterize daily tear glucose dynamics with a method
that requires the collection of tear samples.

IV. IN SITU TEAR GLUCOSE MEASUREMENTS

There are limited reports of in situ tear glucose deter-
minations using contact lens-based devices. March et al
developed and reported the first clinical trial of a contact
lens tear glucose sensor.?* This sensor uses fluorescence to
report the tear glucose concentration using a competitive
binding mechanism. As the glucose concentration increases
in the modified contact lens, quenching groups are dis-
placed and the fluorescent signal increases. In this study, the
absolute fluorescent signal was not calibrated to allow the
determination of absolute glucose concentrations. Rather,
fluorescence intensity changes reported relative changes
in tear glucose concentrations. This group also developed
a hand-held photofluorometer to monitor the fluorescent
signal. March et al reported a glucose tolerance test for five
diabetic subjects wearing the sensors. While the fluorescent
signal appeared to track the blood glucose concentration,
the scale had to be changed for each subject in order for the
fluorescence signal to fit the blood glucose concentration
profile. This study clearly showed that changes in tear and
blood glucose concentration correlate. However, this ap-
proach would be unable to predict blood glucose levels in a
patient without extensive calibration of the sensor response
and of the correlation between tear and blood glucose
concentration each time a new contact lens was inserted.

Domschke et al developed a holographic, glucose-
sensitive contact lens and tested it in a single subject.?>
The wavelength of light diffracted from the contact lens
changed as the holographic spacing changed in response
to glucose binding. A red-shift in diffracted wavelength
indicated an increase in glucose concentration. This sen-
sor motif eliminates the challenge of measuring absolute
fluorescence intensities. This sensor also detects relative
changes in tear glucose concentration. Domschke et al did
not show a calibration curve for the diffracted wavelength
dependence on glucose, and they only reported the peak
diffraction wavelength as a function of time. The peak dif-
fraction wavelength appears to track the increasing blood
glucose concentration with little or no delay. These results,
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although clearly preliminary, indicate the potential utility
of monitoring tear glucose concentrations in order to de-
termine blood glucose concentrations. Larger studies are
needed to evaluate the possibility of long-term tear glucose
monitoring with these contact lens sensors.

V. SUMMARY AND CONCLUSIONS

Any future studies that measure ex vivo tear glucose
concentrations must use nonstimulating or minimally
stimulating collection methods. As reviewed here, the lit-
erature clearly demonstrates spuriously high tear glucose
determinations with use of paper strip collection methods
that contact the conjunctiva. Although it is clear that
measured tear glucose concentration can vary throughout
the day?® and from eye to eye,* it is still not clear to what
extent these variations are biological and to what extent they
are introduced by the sampling method. Further studies
of conjunctiva and lacrimal gland immunohistochemistry
along with the cell signaling mechanisms behind glucose
transport in these tissues may help to better discriminate
between biological and sampling variations.

Although several large studies have found evidence
for a correlation between averaged tear and blood glucose
concentrations, the nature of this correlation within indi-
viduals is not yet fully characterized. The limited studies
of critically ill patients, which showed little blood-tear
glucose correlation within individuals, contrasts with the
clinical studies of contact lens-based glucose sensors, which
showed significant correlations between blood and tear
glucose concentrations.

There is clearly enough evidence of a correlation be-
tween tear and blood glucose to justify continued efforts to
develop contact lens glucose sensors. Due to the difficul-
ties of collecting tear samples without altering the glucose
concentration, it may be difficult to predict how well these
sensors will work on the basis of ex vivo glucose analysis
alone. Only well-designed in vivo animal studies or further
clinical trials of contact lens sensors in humans will be able
to determine the potential utility of glucose-sensing con-
tact lens sensors to help achieve glycemic control through
noninvasive glucose monitoring.
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