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Characterization by Belmonte’s Gas Esthesiometer of
Mechanical, Chemical, and Thermal Corneal Sensitivity
Thresholds in a Normal Population
Marisa Tesón,1 Margarita Calonge,1,2 Itziar Fernández,1,2 Michael E. Stern,3 and
Marı́a J. González-Garcı́a1,2
PURPOSE. We used a prototype gas esthesiometer to measure
corneal threshold sensitivity values for mechanical, chemical,
and thermal stimuli. We also evaluated the reproducibility of
the esthesiometer measurements, the influence of previous
corneal symptoms, and the safety of this technique.
METHODS. Forty healthy subjects participated in the study.
Mechanical, chemical, and thermal (hot and cold) thresholds
were determined at the center of the cornea using a prototype
Belmonte’s gas esthesiometer. To determine reproducibility of
the results, the sensitivity thresholds were measured for each
eye on 2 days. Corneal fluorescein staining and bulbar
hyperemia after completion of the tests were analyzed.
RESULTS. There were no differences for any sensitivity threshold
between eyes or between the first and second esthesiometries.
The reproducibilities of mechanical and hot thresholds were
higher than for chemical and cold thresholds. Men had
significantly higher chemical intensity thresholds than did
women (men: 23.50 6 5.10; women: 10.20 6 2.16, P ¼
0.021). There were no alterations of the ocular surface after
completion of the measurements.
CONCLUSIONS. Mechanical, chemical, and thermal corneal
sensitivity thresholds in the central cornea have been
established in healthy men and women of different age groups.
The use of the Belmonte gas esthesiometer is safe and
reproducible, with the highest reproducibility in determining
mechanical and hot thresholds. (Invest Ophthalmol Vis Sci.
2012;53:3154–3160) DOI:10.1167/iovs.11-9304

T

he cornea is one of the most densely innervated tissues in
human anatomy.1–4 The principal function of the corneal
nerve plexi is to preserve vision by ensuring the defense of the
ocular surface against external attack. There are numerous eye
conditions that can have a direct effect on corneal sensitivity,
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such as dry eye, conjunctivitis, uveitis, keratitis, contact lens
wear, and corneal surgery (especially refractive surgery),
among others.5,6 Traditionally, clinical evaluation of corneal
sensitivity has been performed with the Cochet-Bonnet
esthesiometer that determines mechanical sensitivity by
corneal contact.7 Belmonte et al.8 developed a noncontact
gas esthesiometer to measure mechanical and chemical corneal
sensitivities, and more recently thermal (hot and cold)
sensitivity.9 This new device allows exploration of different
types of sensory fibers, such as mechanosensory fibers that
respond to mechanical forces; polymodal nociceptive fibers
that are the most prevalent and respond to a wide variety of
stimuli, including mechanical forces, irritants, extreme temperatures, and endogenous inflammatory mediators; and cold
fibers that are less abundant and activated mainly by decreases
of temperature.10–12 As a noncontact instrument, it avoids the
risk of producing mechanical damage in hypoesthesic and
fragile corneas (Hsu HY, et al. IOVS 2008;49:ARVO E-Abstract
1912), as can occur with contact esthesiometers.13–16
The Belmonte gas esthesiometer has been previously used
to assess corneal sensitivity in different pathologies, such as
dry eye5,17–21 and diabetic and herpetic keratitis,22,23 in
contact lens wearers,24–26 and to assess the recovery of
corneal sensitivity after different types of refractive surgery.27–30 In the present study, we used Belmonte’s gas
esthesiometer to establish corneal mechanical, chemical, and
thermal sensitivity thresholds in healthy subjects. We also
analyzed different aspects of this technique, such as reproducibility and safety, as well as the influence of other factors, such
as the previous presence of dry eye symptoms.

MATERIALS

AND

METHODS

Subjects
A total of 80 eyes in 40 healthy subjects were explored. To eliminate
the biases of age and sex,31 subjects were distributed in 5 balanced
groups of 4 men and 4 women, each according to the following age
ranges: 20 to 29, 30 to 39, 40 to 49, 50 to 59, and 60 years and older.
The nature of the research and protocols were explained to each
subject before written consent was obtained. The study complied with
the tenets of the Declaration of Helsinki, and the protocol was
approved by the institutional review board of the School of Medicine,
University of Valladolid, Valladolid, Spain. Exclusion criteria included
previous contact lens wear, any ocular or systemic disease, refractive
spherical values over 66.00 diopters, astigmatism higher than 62.00
diopters, and use of any topical medications. To exclude subjects with
dry eye disease, McMonnies test, Ocular Surface Disease Index (OSDI)
questionnaire, tear breakup time (TBUT), Schirmer’s tear test without
anesthesia, phenol red thread test, and corneal and conjunctival
fluorescein stainings were performed. The presence or absence of
symptoms evaluated in McMonnies questionnaire32 (secretions,
Investigative Ophthalmology & Visual Science, May 2012, Vol. 53, No. 6
Copyright 2012 The Association for Research in Vision and Ophthalmology, Inc.

IOVS, May 2012, Vol. 53, No. 6
grittiness, dryness, eyestrain, tearing, itching, and redness) was used
for correlation analysis with corneal sensitivity thresholds.

Esthesiometry
Using a prototype Belmonte’s gas esthesiometer,8 the corneal
thresholds for mechanical, chemical, and thermal (hot and cold)
sensitivities were determined in the central cornea of both eyes of each
subject on 2 different days, separated by a minimum of 24 hours and a
maximum of 6 days8; the period of time between inclusion visit and the
first esthesiometry was between 24 and 48 hours. Three-second air
pulses of adjustable flow rate, composition (CO2%), and temperature
were applied to the center of the cornea for determining corneal
sensitivity thresholds. Mechanical stimulation consisted of a series of
variable flows of medicinal air (0–200 mL/min). Air was heated at the
tip of the probe at 508C so that it reached the ocular surface at 348C to
prevent a change in corneal temperature caused by the airflow.8,9,33–35
For chemical threshold, we used a mixture of medicinal air with
different concentrations of CO2 (0%–90% CO2, 99.8% purity), at 508C
at the tip of the probe and with a flow rate of 10 mL/min below
mechanical threshold.5,8 Thermal thresholds were determined by
heating or cooling the air to produce changes in basal corneal
temperature of 60.18C,8,35 with a 10 mL/min flow below mechanical
threshold.5,8

Threshold Measurements
The probe of the esthesiometer was mounted on a base adapted to a
slit lamp. Subjects were instructed to look at a fixation target at 3 m,
and the tip was placed perpendicular to the center of the cornea, 5 mm
from the surface, measured with a transparent ruler.5,8 Subjects were
allowed to blink at will during the test, but were instructed to close
and open their eyes just before launching the stimulus. Each eye
remained opened during the 3 seconds of airflow, which was easily
identified by the click produced by the opening and closing of a valve
inside the probe.5,8
The mean temperature and humidity of the examination room were
22.17 6 1.078C and 36.27% 6 1.98%. All measurements were
performed by the same operator between 3:30 PM and 8:00 PM to
reduce diurnal variations.24,36–38 All threshold levels were determined
by using methods previously described.8,17 On the first day of
measurements, each subject was trained in intensity evaluation by
exposing him or her to different intensities of each stimulus. During
every procedure, pulses of zero flow were interspersed to detect falsepositive results.8 When a stimulus or a false stimulus was delivered,
subjects were requested to verbally indicate the presence or absence of
sensation and the degree of intensity. To avoid alignment errors
between the tip of the esthesiometer and the center of the cornea, an
auxiliary operator controlled the alignment constantly during all the
procedure. The subject indicated verbally with a number between 0
and 100 the degree of sensation that was felt. The auxiliary operator
recorded the current value indicated by the patient on a visual
analogue scale from 0 to 100, for which 0 indicated the ‘‘absence of
sensation’’ and 100 indicated ‘‘maximum sensation.’’8,35,39
The mechanical threshold was always determined first,5,8 and the
order in which chemical, heat, and cold thresholds were determined,
as well as the starting eye, was randomized. To avoid biasing the
subject with respect to the modality and intensity of the stimulus, the
subjects were not informed of this information. With the exception of
the chemical stimulus, 15-second pauses were given between pulses.
To determine the chemical threshold, 2-minute pauses were given
between CO2 pulses to avoid chemical sensitization of polymodal
nociceptors.17,40 Each of the tests took 10 to 15 minutes per eye and
were alternated between eyes. Thus, after a test, while the
contralateral eye was being tested, the first eye rested. Afterward,
the next test was applied to the first eye and so on.
Bulbar hyperemia and fluorescein corneal staining were evaluated
and graded on a 0 to 4 scale41 before and after the measurements to
evaluate the safety of the technique.
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Statistical Analysis
Data were expressed as means 6 SEMs. Statistical analyses were
performed using the Statistical Package for the Social Sciences software
(SPSS 18.0 for Windows; SPSS Inc., Chicago, IL) and R software42 by a
licensed statistician (I.F.). P values of 0.05 or less were considered
statistically significant. The Shapiro-Wilk test was used to check the
assumption of normal data distribution. Differences of sensitivity
thresholds were evaluated by Mann-Whitney U and Kruskal-Wallis tests
for qualitative variables. Spearman Rho correlation coefficient was used
for quantitative variables. To determine if there were differences
between measurement days, a Wilcoxon signed-rank test was used.
Reproducibility was evaluated by analyzing variability between two
measurements of the same individual on different days. Esthesiometry
variability could be due to three variables: esthesiometry day, eye, and
subjects and the interactions among them. Thus, the data were
analyzed using these variables in a three-way ANOVA with three
independent variables: day, eye, and the subject; and all three pairs of
two-way interaction terms. It is expected that most sampling variations
are due to the variability between subjects and their interactions with
esthesiometry days and eyes. The reproducibility was quantified by the
esthesiometry day variable. If the percentage of variability explained by
the esthesiometry and its interactions with the other two variables was
below 10%, then it was considered acceptable. If above 30%, it was
considered unacceptable.
To assess the concordance between measurements, Bland-Altman
analysis and the determination of the intraclass correlation coefficient
(ICC) was performed. The ICC represents the proportion of the total
variability due to the variability between subjects, and it takes values
between 0 and 1. For ICC ¼ 1, all of the observed variability would be
attributed to differences between subjects and the different measurement days. For ICC ¼ 0, the observed variability would be attributed to
random effects. We classified the ICC values as follows: higher than
0.90, very good; 0.71 to 0.90, good; 0.51 to 0.70, moderate; 0.31 to
0.50, mediocre; less than 0.30, poor.43 Bland-Altman plots represent
the differences between two measurements and the mean of those
measurements, with limits of agreement obtained from the 95%
confidence interval of the difference of two measurements. For good
agreement between the measurements, the average difference would
be about 0. Such measurements would be within the limits of
agreement with the data points not following any trend.

RESULTS
Forty subjects (80 eyes) with a mean age of 44.1 6 2.4 years
were examined (Table 1). All of the ocular surface metrics,
TABLE 1. Clinical Characteristics of the Subjects
Metric
Age,* y
OSDI
McMonnies
T-BUT, s
OD
OS

Value
44.1 6 2.4 (range: 20–72)
1.03 6 0.31
5.53 6 0.59
10.53 6 0.62
11.11 6 0.72

Phenol red thread test, mm
OD
OS

26.26 6 0.79
26.50 6 0.63

Schirmer’s test, mm/5 min
OD
OS

18.00 6 2.12
16.97 6 2.03

OSDI, Ocular Surface Dry-eye Index; T-BUT, tear breakup time;
OD, right eye; OS, left eye.
* n ¼ 40.
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TABLE 2. Sensitivity Thresholds of the Central Cornea by Age Groups for the Right Eye in the First Esthesiometry
Sensitivity Thresholds
Age Groups

n

20–29
30–39
40–49
50–59
‡ 60
Mean 6 SEM

8
8
8
8
8

Mechanical Threshold
58.26
69.73
56.44
56.11
56.20
59.35

6
6
6
6
6
6

Chemical Threshold

17.84
19.83
17.70
26.93
20.51
6.30

25.59
24.80
18.06
14.93
18.25
20.27

including dry eye questionnaires, TBUT, phenol red thread test,
and Schirmer’s test, were within the range of normal eyes.
There were no significant differences in the esthesiometry
values between right and left eyes of the same subject, or
between esthesiometry values on the first and second visits.
For this reason and to simplify the statistical analysis, only right
eye data for the first esthesiometry are shown (Table 2).
For the mechanical threshold, the percentage of variability
explained by the interactions of esthesiometry with the eye
and the subject was 9.17% (Table 3). Thus, the reproducibility
of the technique for the detection of this threshold was
acceptable. Also, the effect of the eye and the subject was
significant (P ¼ 0.024 and P ¼ 0.001, respectively). The
concordance for this threshold, ICC ¼ 0.77 (Table 3), was good.
Bland-Altman analysis (Fig. 1A) showed that the values
measured on the first and follow-up visits were centered on
the ‘‘0’’ value, indicating that there was no clear trend for
changes in the threshold between the first and second
esthesiometry.
For the chemical sensitivity, the percentage of variability
explained by esthesiometry and its interactions with the other
variables was 18.06% (Table 3), a value intermediate between
acceptable (<10%) and unacceptable (>30%). In this case,
only the subject effect was significant (P ¼ 0.005). The strength
of concordance, ICC ¼ 0.49, was mediocre. Bland-Altman
analysis (Fig. 1B) showed that the measurements on the first
and follow-up visits were centered on the ‘‘0’’ value in ranges
between 0% and 640%. Above this value, the differences were
mostly negative, suggesting that values for the second
esthesiometry were lower than the first.
For heat sensitivity, the percentage of variability explained
by esthesiometry and its interactions with the other variables
was 2.88% (Table 3), within the acceptable threshold. The only
significant effect was associated with the subject (P ¼ 0.001).
The strength of concordance for this threshold, ICC ¼ 0.64,
was moderate. Bland-Altman analysis (Fig. 1C) showed that the
values measured on the first and follow-up visits were centered
on the ‘‘0’’ value, suggesting that there were no significant
differences between measurements.
TABLE 3. Analysis of the Reproducibility and Concordance between
Measurements

Mechanical threshold
Chemical threshold
Thermal threshold–hot
Thermal threshold–cold

Esthesiometry
Variability, %

ICC

95% CI

9.17
18.06
2.88
16.01

0.77
0.49
0.64
0.64

0.63–0.87
0.18–0.71
0.42–0.79
0.44–0.77

Esthesiometry variability was determined by ANOVA and represents the variability explained by the interactions of esthesiometry with
other variables. CI, confidence interval; ICC, intraclass correlation
coefficient.
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6
6
6
6
6
6

11.70
13.46
5.31
6.56
9.52
3.01

Hot Threshold
1.56
1.47
1.25
1.44
1.39
1.42

6
6
6
6
6
6

0.99
1.17
1.02
0.96
1.43
1.07

Cold Threshold
-1.32
-2.14
-1.65
-1.62
-1.65
-1.68

6
6
6
6
6
6

1.52
1.27
1.41
1.31
1.27
1.32

The reproducibility for the cold threshold was questionable.
The percentage of variability explained by esthesiometry and
its interactions with the other variables was 16.01% (Table 3).
The interaction effects of esthesiometry with the eye (P ¼
0.012), subject (P ¼ 0.001), subject · eye interaction (P ¼
0.027), and esthesiometry · subject interaction (P ¼ 0.001)
were all significant. For this threshold, the strength of
concordance, ICC ¼ 0.64, was moderate. In the Bland-Altman
analysis of changes between the initial and follow-up visits (Fig.
1D), the data were centered on the ‘‘0’’ value, again indicating
that there was no clear trend for changes between the first and
second esthesiometries. Greater differences between measurements were present in the intermediate thresholds taken
between 208C and 408C, however.
Subjects with previous symptoms of gritty sensation had
significantly lower mechanical thresholds (n ¼ 5, 26.00 6
10.17 mL/min, Fig. 2A) than those without (n ¼ 35; 64.11 6
6.70 mL/min; P < 0.05). Subjects with previous symptoms of
red eyes had significantly lower chemical thresholds (n ¼ 15,
13.12% 6 2.58% CO2; Fig. 2B) than those without (n ¼ 25,
32.89% 6 5.37% CO2; P ¼ 0.011). Subjects experiencing
itching had lower chemical thresholds; however, the difference
was not significant. There were no differences for thermal
thresholds for any of the symptoms studied.
When a chemical stimulus was delivered, the subjective
intensity perceived, indicated by the patient on the visual
analogue scale, was significantly higher in men than in women
(men: 23.50 6 5.10; women: 10.20 6 2.16; P ¼ 0.021). There
were no significant differences for the other thresholds.
The total duration of the tests for both eyes in the first
esthesiometry session was 60.8 6 2.6 minutes and 58.1 6 2.1
minutes in the second. The range of the number of stimuli
needed to determine all sensitivity thresholds varied between
6.6 6 0.4 pulses for chemical threshold and 8.8 6 0.6 pulses
for mechanical threshold. There were no significant differences in the duration of the tests or the number of stimuli needed
to reach the threshold between the two measurements.
Nevertheless, the data showed a trend toward decreased test
durations.
To evaluate the safety of the technique, corneal staining and
hyperemia after esthesiometry measurements were compared
with those values obtained during the initial screening visit.
There were no significant differences between these values for
either first or second esthesiometry sessions.

DISCUSSION
The Cochet-Bonnet esthesiometer is the most common
instrument used to evaluate corneal sensitivity7,44; however,
the procedure is invasive and explores only the corneal
mechano-nociceptors. The development of noncontact esthesiometers,8,45,46 such as Belmonte’s gas esthesiometer,8 allows
the exploration of different corneal sensory fibers in a
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FIGURE 1. Bland-Altman analysis for mechanical (A), chemical (B), thermal-hot (C), and thermal-cold (D) sensitivity thresholds. These types of
graphs represent the differences between two esthesiometries against their mean. The x-axis represents the mean of the measurements for each
subject at the initial and follow-up visit. The y-axis represents the difference between the two esthesiometries for each subject. Dashed lines, limits
of agreement; dotted lines, 95% confidence interval for the limits of agreement.

noninvasive way, and thus provides a greater amount of
information.
In this study, we used a prototype Belmonte gas esthesiometer to establish threshold values of corneal sensitivity for
mechanical, chemical, and thermal stimuli in the central
cornea for a healthy population that covered a wide range of
ages and both sexes. The resulting data were repeatable and
the methodology was safe.
The sensitivity thresholds obtained in our study of healthy
subjects were slightly lower than data from previous reports
with Belmonte’s gas esthesiometer.8,9,17,47 Studies using
different esthesiometers report different results. These discrepancies could be because of differences in the procedures
or in the characteristics of the instrument used, such as units of
measurement,25,29,45,46 the stimuli, 48 diameters of the
probes,24,49 distances to the ocular surface,17,24,49 pulse
stimulus durations,24,44,46,49 and time of the day when
measurements were taken.5,9,25
Most studies report that corneal sensitivity decreases with
age5,22,31,50–53; however, this is not a universal finding.17,47,53
Also, sex is a variable that can influence in the sensitivity
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thresholds.5,17,31,50,52 We have designed this study with age
and sex balance to avoid these effects on the variables studied.
Over intervals of 1 to 6 days, we measured the reproducibility of the esthesiometry for all sensitivity thresholds. All
experiments were performed during the same hour range to
minimize the effects of diurnal variations described by
previous authors.24,36–38 The reproducibility of mechanical
threshold measurements using noncontact esthesiometers has
been previously reported46,49; however, to the best of our
knowledge, this is the first study of the reproducibility of
Belmonte’s gas esthesiometer for all of the corneal sensitivity
thresholds at the same time (i.e., mechanical, chemical,
thermal-hot, and thermal-cold). We found no differences
between first and second esthesiometry sessions, with the
mechanical threshold having the highest ICC and the chemical
threshold having the lowest. Thus, there is good concordance
between measurements taken on different days and for both
eyes of the same individual, as others have shown.24,35,46,47,49
For some diagnostic techniques, like perimetry, there is a wellknown learning factor effect.54–56 We did not find any
difference between days, however, so this technique may be
relatively insensitive to any previous experience or training.
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FIGURE 2. Sensitivity for mechanical and chemical thresholds as functions of previous symptoms. The x-axis represents the mean of (A) mechanical
and (B) chemical thresholds and the size of each bubble corresponds to the number of subjects referring the symptom during the threshold
measurements.

Further studies are needed to assess interday variations over at
least 3 consecutive days to assess whether or not these tests
have a learning factor.
Previous studies have shown that subjects with dry eyes
have thresholds for mechanical, chemical, and thermal
stimulation significantly higher than healthy subjects5,20;
however, another study reported the opposite.17 Recently,
Chen and Simpson57 evaluated contact lens wearers with and
without symptoms of dry eye and did not find differences
between the two groups in the mechanical threshold. Our
study is the first that evaluated the impact of dry eye symptoms
on corneal sensitivity thresholds in healthy subjects. We found
that the presence of grittiness and redness symptoms were
associated with a decrease of mechanical and chemical
sensitivity thresholds respectively. Several reports suggest that
corneal hypersensitivity may be associated with ocular surface
inflammation. Inflammatory mediators, such as IL-1 and
prostaglandin E2, have been reported to produce hyperesthesia.58,59 Also, prostaglandins produced by arachidonic acid
metabolism contribute to local inflammatory reaction, sensitization, and excitation of nerve endings.39 It is possible that in a
preclinical stage of dry eye development, the inflammation is
responsible for generating the hyperesthesia and the presence
of symptoms without any other ocular surface alterations. The
sustained inflammation over time could then generate clinical
manifestations, such as alteration of the epithelium, resulting in
the onset of symptoms. The changes could finally cause overt
dry eye disease and corneal hypoesthesia, a hypothesis that is
consistent with one suggested recently by Situ et al.18 This
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raises the possibility that the symptoms may be the result of an
increase of sensitivity of the sensory receptors caused by the
presence of inflammatory mediators. The response mechanisms then generate tear film instability and disruption of the
ocular surface.
We also studied the safety of the technique. No alterations
of the ocular surface with respect to conjunctival hyperemia
and corneal fluorescein staining were detected in any of the
subjects. These results support previous studies and corroborate the safety of this technique.8
The development of a comprehensive database of corneal
sensitivity thresholds in the healthy population is essential to
know the impact of corneal sensitivity on ocular surface
pathologies. Further investigations are needed to determine
which factors influence corneal sensitivity in healthy subjects.
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