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Purpose: To evaluate the feasibility of using signal detection theory (SDT) in estimat-
ing criterion and detectability indices for corneal pneumatic stimuli and test corneal
psychophysical data against linking hypotheses from nonprimate physiology using
Bayesian analysis.

Methods: Corneal pneumatic stimuli were delivered using the Waterloo Belmonte
esthesiometer. Corneal thresholds were estimated in 30 asymptomatic participants and
1.5× threshold stimuli were used as signals (with 0.4 probability). There were 100-trial
mechanical and cold stimulus experiments and 50-trial chemical experiments. Trials
were demarcated auditorily and “yes” or “no” recorded after each trial. Cold stimulus
experiments were conducted with 0.6 signal probability. Criterion (c), likelihood ratio
(lnβ), and d′ were calculated from the yes-no responses.

Results: Average d′ was 0.59 ± 0.1, 1.65 ± 0.37, and 1.14 ± 0.3 units for cold, mechani-
cal, and chemical stimuli, respectively. Bayes factors obtained using Bayesian analysis of
variancemildly favored (BF10 = 1.55) differences between d′s of the stimulus types, with
no support for differences in criteria between stimulus types. Multiple comparisons of d′
supported linking hypotheses based on nociception and nerve conductance theories.

Conclusions: Our experiments are the first to demonstrate the feasibility of estimat-
ing SDT indices and test different hypotheses. The conservative strategy (reporting “no”
more often) chosen by participants was anticipated due to relatively large proportion of
catch trials.

Translational Relevance: SDTwhen using pneumatic esthesiometry is vital to evaluate
bias in responses of participants. Considering the varied forms of inherent noise in the
corneal sensory system, SDT is critical to understand the sensory and decisional charac-
teristics.

Introduction

The corneal neural network has been assumed to
be similar to the somatic pain network, consisting
of a complex network of neurons with the nerve
terminals on the corneal surface detecting potentially
noxious stimuli and other ocular surface changes.1–4
The human cornea is considered one of the most sensi-
tive and most densely innervated structures of the
human body, but its underlying sensory processes are
still unclear perhaps partly due to the lack of electro-
physiologic studies.3,5–8 Traditionally, corneal thresh-
olds have been used as estimates of human corneal
sensory processing, whereas the underlying neuro-

physiologic concepts are adapted from the electro-
physiologic studies on cat, rabbit, and guinea pig
corneas.3,4,9–17 However, these thresholds are suscepti-
ble to bias (something unable to have been determined
during or after these experiments),18,19 and therefore
in this study, we would like to use signal detection
theory (SDT) to estimate both sensory (detection)
and non-sensory (decision or bias) components of the
processing of pneumatic corneal stimulation and test
the support provided by these detection and decision
estimates using evidence based on nonprimate electro-
physiology.20–23

Among many others, there are two theories about
sensory processing of corneal stimuli we will directly
test, based on nociception and nerve conductance.
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Histochemical and microscopy studies of human
cornea and electrophysiologic studies of nonprimate
corneas have identified two types of corneal nerve fibers
based on conduction velocities, diameter, tortuosity,
and thickness of myelin sheath surrounding the axons:
these are thinly myelinated fast-conducting Aδ fibers
and unmyelinated slow-conducting C fibers.4,10–12,24,25
In addition, most nonprimate corneal electrophys-
iologic studies have identified three functional
types of sensory receptors (mechano-nociceptors,
polymodal nociceptors, and cold thermoreceptors)
that conduct nerve impulses either through Aδ or
C fibers.3,13,14,26,27 The cold thermoreceptors and
polymodal nociceptors have been shown to conduct
impulses through the C fibers, whereas rapidly adapt-
ing low-threshold mechano-sensitive nociceptors
use Aδ fibers for an instantaneous response to the
nociceptive stimuli.25,27,28 Since there is no system-
atic neurophysiologic examination on the effects of
human corneal stimulations, the presence of recep-
tors/channels in the human cornea has been evaluated
psychophysically.29 Feng and Simpson29 have hypoth-
esized multiple corneal psychophysical channels in
the human cornea, and the detection of the human
corneal and conjunctival stimuli has been shown
to be complex due to the interdependence of these
components of the ocular surface sensory process-
ing system (both within and between the cornea and
conjunctiva).

The sensitivity of the ocular surface is usually
measured with an esthesiometer such as the Cochet-
Bonnet esthesiometer30 and the Belmonte esthesiome-
ter.3,28,31–33 Traditionally, corneal sensitivity has been
estimated using a classical psychophysical technique
such as the method of limits, method of constant
stimuli, or (more recently) staircases.3,24,31,32,34–37
The detection threshold (generally, the statistically
lowest stimulus intensity reliably detected by the
participants18) has frequently been used to measure
ocular surface sensation.32,34,36,38–40 However, these
thresholds have been found to vary and often
produced conflicting results when compared between
groups2,33,40 and with or without dry eye disease
(among others).4,33,41,42 Generally, participants were
also able to correctly identify suprathreshold stimulus
type above chance when presented in random order
(except the mechanical one, identified as mechani-
cal about half the time and reported as a chemical,
hot, or cold stimulus approximately equally for the
rest of the time).43 Other aspects of ocular surface
sensory processing that also have been examined using
pneumatic esthesiometry include adaptation to the
stimuli,44–46 difference thresholds,47 and hypersensitiv-
ity.42,48,49

In classical psychophysics, the decision criterion is
assumed to be fixed (and therefore cannot be assessed;
only the threshold is estimated). The observer’s crite-
rion, both if it is constant or if it varies during the
psychophysical test, may lead to bias in response to a
stimulus.18,19 Each observer chooses their own decision
criteria based on multiple factors that are available
to them at the time of the experiment, including the
previous experience, characteristics of the instruction,
frequency of the signal perceived, and the intensity of
the stimulus.50,51 When the stimulus is presented, if
the result of the sensory process exceeds the decision
criteria, a “yes” response would be provided by the
participant or else a “no”would be provided. However,
in an experiment, the participants might choose a
liberal or a conservative criterion (being more likely
to say “yes” or less likely to say “yes,” respectively)
or also might change within an experiment. Therefore,
because the criterion in a classical method cannot be
controlled (or evaluated), the threshold obtained is not
independent of bias. The criterionmay change depend-
ing on the participant’s level of habituation, anticipa-
tion, or both.18,19 Non-sensory factors such as anxiety,
personality, or previous experiences have been reported
to influence the criterion while detecting the painful
stimuli.52–55

Unlike classical methods, SDT has been used in
examining both sensory and decisional aspects of
responses to the painful stimuli since pain is subjective
and the perception of pain could vary.20–22,56,57 There
are also reports that have questioned the use of SDT
in pain literature.58,59 However, the utility of the SDT
in somatic, dental, and other areas of pain perception
has been demonstrated in several studies.53,56,58,60–71
The sensory component of the pain perception is given
by the detectability (d′) and the decisional aspects are
given by the criterion (c) and likelihood ratios (lnβ).
The d′ provides the participant’s ability to detect a
stimulus from the background noise, and the location
of the c on the decision axis defines the general
tendency of the participants to respond yes-no to the
trials.72

Since electrophysiologic studies are not available
on human cornea, linking propositions (as explained
by Teller73) are used in this study to understand
the relationship between the psychophysical data of
human ocular surface sensitivity and the electrophys-
iologic studies on cat and rabbit corneas. In making
these links in this article, we acknowledge the scientific
tenuousness of relating primate human and conscious
data to primarily extracellular neural events measured
in unconscious nonprimates. Since, currently, these are
the only corneal electrophysiologic data, all we are able
to do is test specific linking hypotheses, attempting to
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account for our data based on these extant results.
The linking hypotheses are tested using Bayesian analy-
ses, which provide a measure of support provided by
the data pertaining to the hypothesis tested. Several
studies have shown the effectiveness of using Bayesian
data analysis in place of the traditional frequentist
model of null hypothesis significance testing (NHST)
because it allows the researchers to consider both null
and alternate hypotheses while interpreting the results
in terms of the probability (in this instance) using
the Bayes factor (BF) and 95% high-density intervals
(HDIs).74–76

The main aim of this study is to test the utility
of an SDT approach to obtain d′, c, and lnβ

of the suprathreshold corneal pneumatic stimuli in
“normals.”Another aim is to test these psychophysical
data against different theories that are proposed, using
animal models as direct representations of the human
corneal sensory system.

Hypothesis

• The detection theory indices of suprathreshold
stimuli are different between the stimulus types.

Restrictive Hypothesis for Bayesian Testing

1. Detection theory indices of the nociceptive
stimuli (mechanical and chemical) are different
from the non-nociceptive (cool) stimuli.

((Chemical = Mechanical ) �= Cold )

Hypothesis 1 examines the linking hypothesis that
nociceptive corneal receptors detect mechanical and
chemical stimuli, whereas cold stimuli are sensed by
non-nociceptive cold receptors.

2. Detection theory indices of the mechanical
stimuli (myelinated Aδ fibers) are different from
the rest (unmyelinated C fibers).

((Chemical = Cold ) �= Mechanical )

Hypothesis 2 examines a nerve conductance linking
hypothesis that mechanical processing is primarily by
faster conducting Aδ fibers, producing sharp pain,
whereas the other (cool and chemical) stimuli are
processed using slower conducting C fibers.

3. Detection theory indices of chemical processing
differ from mechanical and cool indices.

((Cold (mL/min) = Mechanical (mL/min)) �= Chemical (%CO2))

Figure1. The control box and alignment video camera setupof the
Waterloo Belmonte pneumatic esthesiometer.

Hypothesis 3 examines the theory that the cool and
mechanical stimuli are a distinct group and are different
from chemical stimuli.

Methods

Ethics Statement

This project was reviewed and approved by the
University of Waterloo Office of Research Ethics
(ORE #19252) and was conducted in accordance with
the Declaration of Helsinki. Informed consent was
obtained from all the participants.

Subjects and Study Protocol

Experiments were conducted to measure the d′, c,
and lnβ of suprathreshold pneumatic corneal stimuli,
and the experiments were divided based on the type
of the stimulus used. Participants were recruited
separately for each stimulus type using convenience
sampling from the graduate student community of the
School of Optometry and Vision Science, University
of Waterloo. Participants had no history of any ocular
surface abnormalities, had no systemic conditions that
might affect the ocular surface, and were asymptomatic
at the time of study visit. Contact lens wearers were
advised not to wear their lenses on the day of the study
visit. The ocular surface was screened using slit-lamp
biomicroscopy. The Waterloo Belmonte esthesiome-
ter32 was used to deliver pneumatic stimuli to the center
of the corneal surface (Fig. 1). After the end of each
visit, the ocular surface was evaluated using slit-lamp
biomicroscopy and fluorescein staining.
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Esthesiometry

The stimuli were presented using the Water-
loo Belmonte esthesiometer, and the stimulus types
used were mechanical, chemical, and cold.31,46,47 The
mechanical stimulus was medical air heated to 50°C
(which translates to approximately 33°C at the ocular
surface47,77). The “cold” or “cool” (non-noxious)
stimulus was room-temperature medical air that was
estimated to reduce the corneal surface temperature
by 1.4°C.77 The flow rate of the stimulus through the
nozzle was either increased or decreased to change the
mechanical and cold stimulus intensity. The mechan-
ical threshold was always obtained before the chemi-
cal threshold estimate, as flow rate for the chemical
stimulus was set to half of the mechanical thresh-
old to avoid any mechanical effect contaminating the
participants’ indices with the chemical stimulus. The
carbon dioxide (CO2) proportion in the medical air
(%CO2) was systematically varied at a constant flow
rate (half mechanical threshold) to change the inten-
sity of the chemical stimulation. The stimulus duration
of mechanical and cold stimuli was 3 s, and the
chemical stimuli were presented for 2 s. The esthe-
siometer nozzle was positioned 5 mm in front of
the corneal surface. Participants received instructions
read from a script before each experiment. Additional
computer-controlled tones demarcated the stimulus
intervals indicating times before and after, during
which participants could blink and during which it
was requested that they not blink. An additional audio
prompt was used during the chemical trials because
the previous stimulus air column had to be removed
after each trial before the next chemical stimulus
was presented. During this interval, participants were
explicitly instructed to keep their eyes closed or to
look down so that their eyelids completely prevented
the purged air from stimulating their ocular surface.
Each trial consisted of either a signal (stimulus) or a
catch trial (no stimulus). After each trial, participants
responded either “Yes, the signal was present” or “No,
there was no stimulus” using a button box. Partici-
pants were also instructed at the start of each exper-
iment to respond based on the irritation (in the case
of the mechanical stimulus), stinging/burning (chemi-
cal), or cooling “breezy” sensation (for the cold stimu-
lus). The instructions to participants were identical
for mechanical, chemical, and cold stimuli except for
detailing the stimulus type itself. Participants could
blink freely between trials, and the intertrial inter-
vals were approximately 10 s for mechanical and cold
stimuli and at least 30 s for chemical stimuli. The exper-
iment (audio prompts, stimuli intensities, and presenta-
tion sequences) and the participant’s response record-

ings were automated using the custom software. Breaks
were provided at the halfway mark of the experiment
and when requested by the participants in an attempt
to minimize the fatigue.

Experiment 1: Detectability and Bias of
Non-nociceptive Suprathreshold Pneumatic
Corneal Cold Stimuli

This experiment with cold stimuli included two
study visits, and 9 of 10 participants recruited were
able to complete both study visits. In each visit,
thresholds were measured twice using the ascending
method of limits (AMOL) and averaged. The SDT
trials were conducted following the threshold experi-
ment. There were 100 trials in each visit, but the stimu-
lus probability was 0.4 or 40% (40% signal trials and
60% catch trials) in the first visit and 0.6 or 60% in
the second visit. The initial protocol used 0.4 stimu-
lus probability; it was subsequently decided to add
0.6 stimulus probability to the protocol, and these data
were collected after all of the 0.4 stimulus probabil-
ity experiments were completed. It was anticipated that
participants would adopt different criteria at each visit
(stricter criteria on the first visit and more liberal on
the second visit). A suprathreshold stimulus of the
1.5× threshold was used in the signal trials. Catch
trials were randomly presented during the experiment
and the audio prompts/instructions for the catch trials
were the same as the signal trials, but no stimulus was
presented during the trial. The pre-SDT instructions to
the participants were the same for both visits. Based on
the results of this dual-criteria experiment, the stimulus
probability for nociceptive stimuli experiment (Experi-
ment 2) was chosen.

Experiment 2: Detectability of the
Nociceptive Suprathreshold Pneumatic
Corneal Stimuli

Twenty participants (10 for each type of stimu-
lus) were recruited. The nociceptive stimuli used were
mechanical and chemical 1.5× threshold stimuli, and
the experiments were conducted on two separate study
visits. For the mechanical stimuli, the threshold was
derived initially by averaging two AMOL estimates,
followed by SDT experiments. For the chemical stimuli,
the mechanical thresholds (to determine the flow rate
of chemical stimuli) were measured first, followed by
the chemical thresholds (by increasing the %CO2 in
the stimulus column with the flow rate at 50% of the
mechanical threshold) and chemical SDT experiments.
Similar to the cold SDT experiment, the mechanical
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SDT experiment was conducted using a 1.5× threshold
intensity stimulus. The chemical SDT experiment was
conducted using a 1.5× CO2 threshold intensity stimu-
lus. A stimulus probability of 40% was used in both
the mechanical and chemical SDT experiments since
the variances of SDT parameters were lower in Exper-
iment 1 with 40% probability (see Results). There were
100 trials in the mechanical experiment and 50 trials in
the chemical experiment. The reduction in the number
of trials for the chemical experiment was necessary
because of the longer interstimulus intervals needed to
purge previous stimulus air columns and prepare and
deliver the next stimulus.

Analysis

Signal Detection Theory Analysis
Theoretically, participants were required to

separately identify the distribution of the neurosensory
effect when the stimulus was present (the “signal”) from
the distribution of the neurosensory effect when the
stimulus was absent (the “noise”). The yes-no responses
were compiled for each participant separately for each
stimulus type, and the hit rates (HRs) (the proportion
of signal trials correctly identified as a signal) and false
alarm rates (FARs) (proportion of catch trial incor-
rectly identified as a signal) were calculated. Using
the HR and FAR, the detection theory indices were
calculated using the formula in the Excel spreadsheet.72

The d′ is the separation between the means of signal
(z (HR)) and noise distribution (z (FAR)) in standard
deviation units (Equation (1)). The d′ is a paramet-
ric estimate based on the assumption of both signal
and noise being Gaussian normal distributions, andAz
provides the nonparametric estimation of detectabil-
ity. Bias is determined (among others) using the crite-
rion (c) and likelihood ratio (β).18,51,72 The location of
the criterion on the decision axis defines the general
tendency of the participants to respond yes-no to the
trials. The criterion is effectively the distance between
the neutral point (where there is no bias) and the
location of the criterion in standard deviation units
(Equation (2)). The other form of bias determination,
β, is the estimation of how likely the participant would
respond “yes” to each trial (Equation (3)).

d ′ = z (HR) − z (FAR) (1)

c = − 0.5 (z (HR) + z (FAR)) (2)

β = exp
(
0.5

(
z (FAR)2 − z (HR)2

))
(3)

Table 1. Jeffreys Interpretation of Bayes Factor
(BF10)82,83

Bayes Factor
(BF10)

Support for Alternate
Hypothesis (Jeffreys)

1–3 Anecdotal
3–10 Substantial
10–20 Strong
20–30 Strong
30–100 Very strong
100–150 Decisive
>150 Decisive

Statistical Data Analysis
The detection theory indices for the cold stimuli

from two different stimulus probabilities were
compared using the Bayesian paired t-test, and the
detection theory indices between three stimulus
types were compared using the Bayesian analysis
of variance. Also, Bayesian correlations were used
to find the relationship between the thresholds using
AMOL and the indices of detection theory. Along-
side Bayesian analysis, appropriate NHST analyses
were also conducted for comparison. R software78,79
was used in the analysis: the BayesianFirstAid80 R
package was used to obtain Bayesian probabilities
and HDI estimates for paired t-test and correlations.
The prior used by the “BayesianFirstAid” package
for Bayesian posterior estimation was an exponential
distribution.74,80 The 95% HDIs provide estimates
of the ranges of values between which the highest
probability densities of the data are located.74 If the
95% HDI of the paired t-test involved 0, then there
is enough evidence that zero mean difference is a
possibility. Similarly, if the 95% HDI in Bayesian
correlation analysis included 0, it indicates there is
enough evidence in the data to demonstrate no associ-
ation between the variables compared.

In addition to 95% HDIs, Bayes factors were
estimated for both paired t-tests and analyses of
variance (ANOVAs) using the BayesFactor81 R
package. The prior distribution to calculate Bayes
factor was a noninformative Jeffreys prior on means
of the distribution and a Cauchy prior with r scale
= �2/2 (or) 0.707 on standardized effect size.81 The
BFs obtained from the analysis were interpreted with
Jeffreys scaling for Bayes factors82,83 (Table 1), which
provides a ratio of the probability of the data favoring
one hypothesis relative to another.75 The BF is typically
denoted by BF10 (data in favor of the alternate hypoth-
esis) or BF01 (data in favor of the null hypothesis).
Multiple comparisons (restrictive hypotheses 1, 2,
and 3) between the stimulus types were tested by
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taking advantage of the BF analysis as explained by
Morey.84–86

The variance of the paired samples was tested using
the Bonett-Seier test of scales for paired samples using
the PairedData R package.87 The violin plots (vioplot
R package) were used in place of regular boxplots as
they provide a distribution of the data along with the
boxplot.88

Results

Thresholds

Even though themain aim of the studywas to evalu-
ate the detection theory indices, to scale the stimulus
relatively across the participants, the threshold from
the AMOL was used as a baseline for the detection
theory experiment. The average cold thresholds (± SE)
for visits 1 and 2 were 27.43 ± 3.79 and 31.14 ±
9.18 mL/min, respectively. The Bayesian analysis of the
paired differences of the thresholds obtained between
visits suggested a paired difference of zero as a credi-
ble outcome (95% HDI: –21.1 to 15.4), and a BF01 of
2.5 suggested the data were also in favor of the null
hypothesis (Fig. 2A). The variance of the paired differ-
ences between the visits was in the range of 9.04 to
1540 (mL/min)2 (Fig. 2B). The NHST equivalent
Student’s paired t-test of the thresholds was not signif-
icantly different between the visits (p = 0.62). The
average thresholds (± SE) for the mechanical and
chemical stimuli were 34.8 ± 4.6 mL/min at 50°C
and 20.8% ± 3.7% CO2, respectively. The threshold
between the stimulus types could not be compared due
to the difference in the unit of measurement.

Detectability

Experiment 1
The average (± SE) d′ for the suprathreshold cold

stimulus for the experiment with 40% and 60% stimu-
lus probabilities was 0.60 ± 0.13 and 1.05 ± 0.30,
respectively. The Bayesian paired comparison of the d′
suggested the data were in favor of the null hypothesis
by a factor (BF01) of 1.70, indicating a higher proba-
bility of obtaining zero difference in the d′ between
stimulus probabilities. The 95% HDI obtained from
the posterior distribution of the paired d′ differences
ranged from –1.53 to 0.675 and included zero paired
difference as a credible outcome (Fig. 3). The NHST
paired Student’s t-test also did not show any significant
difference (p = 0.29) between the d′ obtained in each
study visit.

The variance of the d′ was also compared between
study visits. The Bonett-Seier test of the paired sample
showed a significant difference (p = 0.032) in the
variance of the d′ between stimulus probabilities. The
variability of the data was higher during the visit with
60% stimulus probability, which was apparent from the
violin plot (Fig. 3B). Similar to the NHST variance
analysis, the variance of the paired differences obtained
using Bayesian analysis also showed a larger variabil-
ity in the posterior distribution with 95% HDI ranging
from 0.198 to 5.52 square units (Fig. 3B).

Experiment 2
The average d′ of the noxious suprathreshold

mechanical and chemical stimuli with 0.4 stimulus
probability was 1.65± 0.37 and 1.14± 0.4, respectively
(Fig. 4 and Table 2). The d′ of all three stimulus types
was compared using a Bayesian one-way ANOVA. A

Figure 2. The Bayesian posterior distribution of paired differences of the thresholds between visits (A) and variance of the paired threshold
differences (B).
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Figure 3. (A) Histogram of the predicted posteriors using the default prior distribution for the paired mean differences of detectability
along with the HDI. (B) The variance of the paired differences of the d′ of cold stimuli between two stimulus probabilities. (C) The boxplot
(center) and density distribution (gray shaded area) of the original data represented using violin plots.

Table 2. Average (± SE) Detection Theory Parameters for Cold, Mechanical, and Chemical Suprathreshold Stimuli

Variable Stimulus Strength Stimulus Probability, % d′ (Mean ± SE) c (Mean ± SE) lnβ (Mean ± SE)

Cold 1.5× threshold 40 0.60 ± 0.13 0.33 ± 0.09 0.08 ± 0.03
Cold 1.5× threshold 60 1.05 ± 0.30 0.54 ± 0.13 0.27 ± 0.11
Mechanical 1.5× threshold 40 1.65 ± 0.37 0.58 ± 0.10 0.48 ± 0.14
Chemical 1.5× threshold 40 1.14 ± 0.40 0.37 ± 0.13 0.21 ± 0.12

Figure 4. The d′ of the suprathreshold stimuli at 40% stimulus
probability for three stimulus types are presented as boxplots in the
middle of the violin plot. The white dot in the middle of the boxplot
represents the median, with the edges of the box representing the
quartiles. The outlines of the violin plot represent the kernel density
curves (i.e., the width of the shaded area represents the proportion
of data located there).

factor (BF10) of 1.55 indicated an anecdotal/mild favor-
ing of the data toward the alternate hypothesis. The
restrictive hypotheses listed above were tested against
both the null hypothesis and alternative hypothesis

(even though we observed slight favoring of alter-
nate hypothesis). The NHST analysis using one-way
ANOVA showed no significant difference, F(2, 26) =
3.25, p = 0.06, between the d′ of stimulus types.

While testing restrictive hypothesis 1 against the null
hypothesis, the data favored the restrictive hypothe-
sis based on nociception with a BF10 of 1.98. When
compared to the default alternate hypothesis, the
restrictive nociception hypothesis was mildly favored
by a BF10 = 1.27. Restrictive hypothesis 2 tested the
difference in the d′ based on the type of nerve fibers (α
versus C) used by the receptors. Similar to the results
of hypothesis 1, the data favored the difference in nerve
fiber hypothesis compared to the null hypothesis (BF10
= 1.87) or the default alternate hypothesis (BF10 =
1.21), whereas the data substantially favored the null
hypothesis and alternate hypothesis when compared
against restrictive hypothesis 3 based on the chemical
combination of the stimulus with BF01s of 2.76 and
4.29, respectively.

Bias Indices

Experiment 1
The average c (± SE) for the cold suprathresh-

old stimulus with an experiment stimulus probabil-
ity of 40% and 60% was 0.33 ± 0.09 and 0.54 ±
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Figure 5. The posterior Bayesian probabilities and HDI for pairedmean criteria (A) and lnβ (D) differences; the posterior distribution of the
variance of paired difference (B and E). The violin plots for original data of criteria (c) and lnβ (F). Each plot compares the values obtained
using the 40% and 60% stimulus probabilities.

0.13, respectively. The average lnβ (± SE) for the
cold suprathreshold stimulus was 0.08 ± 0.03 (40%
stimulus probability) and 0.27 ± 0.11 (60%). The
BF10 for c (1.23) and lnβ (1.04) between stimulus
probabilities anecdotally favored the alternate hypoth-
esis of the bias being marginally different between
the probabilities. Although the BF10 for bias provided
evidence of anecdotal favoring of the alternate hypoth-
esis, the Bayesian estimation for c (HDI: –0.51 to 0.09)
and lnβ (–1.16 to 0.27) suggested zero paired difference
between the probabilities as a credible parameter (Fig.
5). An NHST paired t-test of bias showed no signifi-
cant difference in the bias (c, p = 0.09; lnβ, p = 0.13).

The variance of the paired sample using Bayesian
(95%HDI) ranged from 0.015 to 0.41 for c and 0.095 to
2.31 for lnβ. The difference in the variance of the bias
compared using the Bonnet-Seier test showed no signif-
icant difference for the c (p = 0.95), whereas a signif-
icant difference (p < 0.001) was observed for the lnβ

between stimulus probabilities.

Experiment 2
The average (± SE) criterion with 40% stimulus

probability for the mechanical, chemical, and cold

stimuli was 0.58 ± 0.097, 0.37 ± 0.13, and 0.33 ± 0.09,
respectively (Table 2). The comparison of c between
the stimulus types produced a BF10 of 1.08, suggest-
ing the data favored neither the null nor the alternate
hypothesis. The NHST one-way ANOVA of criterion
showed no significant difference (p = 0.09) between
stimulus types (Fig. 6). AKruskal-Wallis rank-sum test
was performed on lnβ values due to the chemical and
mechanical distribution being non-normal. The lnβ

was significantly different between the stimulus types
(p = 0.03).

Similar to d′, the restrictive hypotheses were tested
against the null and alternative hypothesis for the
bias indices as well. The c was anecdotally in favor
of nociception (hypothesis 1) and nerve fiber type
(hypothesis 2) restrictive hypothesis by a BF10 of 1.19
and 1.7, respectively, against the null hypothesis and
1.09 and 1.57, respectively, against the default alter-
nate hypothesis. The c did not support the hypothesis
based on the chemical composition (hypothesis 3) by a
BF01 of 2.7 and 2.9 against null and alternate hypoth-
esis, respectively. The lnβ also anecdotally favored the
default alternate hypothesis (BF10 = 1.278) against the
null hypothesis. The lnβ favored the nerve conductance
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Figure 6. Violin plot with boxplot in the middle of the violin plot. The violin plot representing the distribution, median, and quartiles of
the c (A) and lnβ (B) for suprathreshold stimulus types. The frequency distribution of the data is given by the kernel density curve on either
boxplot.

(hypothesis 2) against the null hypothesis with the BF10
of 2.32. The lnβ favored the default alternate hypoth-
esis or the null hypothesis more than the first (BF10 =
1.08) or third (BF01 = 2.5) restrictive hypothesis.

Correlations

A Bayesian Pearson correlation analysis was
performed to obtain the relationship between thresh-
olds, d′, c, and lnβ for each stimulus type. Mild to
strong positive relationships were observed between
the parameters. However, the Bayesian analysis found
only a few relationships that were supported by the data
(Fig. 7). Strong evidence (BF10 = 44.02) was found in
favor of a positive association between the mechanical
thresholds and d′ of the mechanical stimuli with a 95%
HDI between 0.67 and 0.99. Strong evidence (BF10
= 12.13) was found in favor of a positive association
between the mechanical d′ and lnβ with a 95% HDI
between 0.47 and 0.98. Substantial evidence (BF10 =
7.07) was observed in favor of a positive relationship
between the mechanical threshold and lnβ with a
95% HDI between 0.33 and 0.97. Substantial evidence
(BF10 = 3.51) was observed in favor of a positive
relationship between the cold threshold and lnβ with a
95% HDI between 0.17 and 0.96.

The NHST Pearson correlation analysis (Fig. 8)
revealed that the mechanical threshold was positively
correlated with d′ (r = 0.93, p < 0.001) and lnβ (r =
0.81, p = 0.005). The d′ for the mechanical stimuli was
positively correlated with lnβ (r = 0.86, p = 0.002).
Similarly, the cold stimulus threshold was positively
correlated with the lnβ (r = 0.76, p = 0.017).

Discussion

In the present study, we showed that sensory and
non-sensory (bias) signal detection parameters could
be assessed for all three types of corneal pneumatic
stimuli, and this is the first study to obtain SDT
parameters for such potentially problematic stimuli.
We also showed using Bayesian analysis that the detec-
tion theory indices from human participants were in
favor of theories based on nonprimate corneal neuro-
physiology (hypotheses 1 and 2). We also showed
that the detection theory indices favored responses to
different types of stimuli being independent of each
other, based on chemical composition and temperature
(hypothesis 3).

The literature on using SDT to study pain has
indicated a need for careful selection of the stimu-
lus to obtain d′ and bias.58,89 Since no detection
theory experiments have been conducted before for
corneal pneumatic stimuli, we used the somatic pain
literature to choose an appropriate stimulus for our
feasibility study. The experimenters in pain SDT
studies have used stimuli scaled to detection thresh-
olds90–94 or stimuli of predefined intensities.89,95 The
advantages and disadvantages of both methods were
discussed in the thesis by Tan.89 An experiment with
a predefined stimulus intensity for ocular pneumatic
stimuli will not be plausible due to the unavailability
of any normative data and the possibility of damag-
ing the corneal surface with a high intense stimulus.
So, it is advisable to use a stimulus that is scaled to
detection thresholds. To determine whether a detection
theory approach was feasible with pneumatic esthe-
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Figure 7. Bayesian estimation of Pearson correlation to obtain the relationship between the thresholds, d′, c, and lnβ for each stimulus
type. Data that favored the relationship are shown in graphs between (A) threshold and d′ of mechanical stimuli, (B) threshold and lnβ of
mechanical stimuli, (C) d′ and lnβ ofmechanical stimuli, and (D) threshold and lnβ of cold stimuli. The red lineson the upper x- and right-hand
y-axes of each panel show the histograms of the x and y data, respectively. The 95% HDIs show the range over which 95% of the posterior
estimates lie.

siometry, we needed a “Goldilocks stimulus” that was
neither too strong nor too weak. Studies that have
previously examined the intensity of the stimuli for
SDT experiments have commonly used the threshold-
level stimuli, but there are suggestions from pain litera-
ture to rather use more intense (suprathreshold) stimuli
to examine pain.22,96 A very strong stimulus might be
easily detectable, but it would have produced a perfect
HR and no FAR, resulting in an error/difficulty in
calculating SDT parameters. Participants could also
adapt to the strong stimulus if multiple presentations
were presented, altering the perceived intensity as the
experiment progressed.46,48 On the other hand, a weak
stimulus may not be readily detected, resulting in a
higher FAR and lower HR.97 Also, in the previous
corneal sensitivity experiment in our lab, with the same
instrument and stimulus, participants categorized the
1.5× detection threshold stimuli as mild to moder-
ately intense.45,46 Therefore, pilot experimentation and

theoretical considerations led us to use the stimulus
intensity of 1.5× detection threshold.

The feasibility of this type of experimental assess-
ment of corneal sensory processing was determined
in terms of the variability of the detection theory
indices, the number of participant discontinua-
tions, and frequency of the symptoms of severe
discomfort during/end of the experiment or severe
staining at the end of the experiment. All participants
completed the 40% stimulus probability experiments,
but one participant discontinued the study before
the 60% stimulus probability experiment of the cold
stimuli for personal reasons not related to the stimula-
tion or the psychophysical task. Five participants took
extra breaks during the experiment, which were mostly
due to non-experiment-related factors. Mild corneal
staining was observed for three participants at the end
of the experiment with the mechanical suprathreshold
stimulus, but no discomfort, irritation, or pain sensa-
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Figure 8. Correlationmatrix with Pearson correlations to analyze the relationship between the thresholds, d′, c, and lnβ for (A)mechanical,
(B) cold, and (C) chemical stimuli. The scatterplot with loess line fit and correlation ellipses provide the relationship between the variables
analyzed. The numbers represent the correlation coefficient for each comparison, with stars indicating the correlation probability (*p< 0.05,
**p < 0.001, ***p < 0.0001).

tions were reported by the participants. The next day,
no symptoms were present, and there was no corneal
staining.

In terms of study outcomes, we were able to obtain
d′ and bias for all participants who completed the
experiment. In addition to being able to derive detec-
tion and criteria metrics, we were able to use Bayesian
analysis to evaluate different hypotheses based on
hypothetical extensions of nonprimate corneal neuro-
physiology and somatic nociception. Higher variabil-
ity in d′ was observed for the experiment with the
cold stimulus and 60% stimulus probability compared
to the experiment with 40% stimulus probability. A
similar observation was observed for the bias indices
as well. The variability of d′ of the mechanical and
chemical stimuli was also larger than cold stimuli at
40% stimulus probability, but the variability of the
criteria was lower and similar for all the experiments,
with 40% stimulus probabilities similar across stimulus
types. The criterion has been considered an unbiased
estimate of bias by SDT literature, and considering the
criterion was not highly variable between the stimulus
types, the variability in the d′ between stimulus types
was analyzed further. These observations collectively
suggest that this suprathreshold protocol is feasible and
safe when measuring SDT attributes of ocular surface
sensing.

With the limitation of not being able to measure a
neurophysiologic effect of human corneal stimulation,
it was also evident from the studies that the corneal
sensory information such as thresholds could not be
compared between the stimulus types due to the differ-
ence in the stimulus characteristics/measurement units.
However, with SDT, d′ becomes a common measure

of sensitivity across the stimulus types provided the
intensity was relatively same across stimulus types. We
did scale the stimulus based on the detection thresholds
(1.5× threshold) to keep the perceived sensation similar
across participants and stimulus types psychophysi-
cally.89 There were no negative d-primes obtained for
the mechanical and chemical stimuli, but two partici-
pants (one for each stimulus probability) had a small
negative d′ in the cold stimulus category. The average
d′ of the cold stimuli was also low, indicating a general
difficulty in detecting cold stimuli. The bias (both c
and lnβ) for all three stimulus types were generally
toward the conservative side, indicating a cautious
approach by the participants in their responses to the
suprathreshold stimuli. There is only one previous
report of ocular surface sensing based on SDT (in
contact lens wearers) by Beuerman and Rozsa,94 but
the study reported detection theory parameters for
corneal thermal stimuli (warm waterjet), delivered
when the ocular surface was immersed in a water bath.
Since the water bath produces a raised background
stimulation compared to normal conditions,
this experiment is more similar to the discrimination
experiment for the thermal stimuli than a detection
experiment. This difference in their sampling, stimula-
tion and psychophysical task, making it rather difficult
to perform comparisons between the results of their
and our experiments.

As mentioned earlier, the average d′ of the cold
stimuli was lower than the mechanical and chemical
stimuli. We could only speculate on the reason for the
smaller d′ for cold stimuli because there are electrophys-
iologic studies on nonprimate corneas, but no similar
studies on the human cornea and a general assump-
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tion are that the neural behavior is similar. One possi-
bility for the lower detectability is higher background
activity of the cold receptor, and another is the non-
noxious nature of the cold stimuli compared to other
stimuli affecting mechano- and polymodal nocicep-
tors (which also have been reported to have little
background activity).3,4,17,28,98,99 This sort of distinc-
tion between painful and nonpainful stimuli has been
proposed before.100

Our linking hypothesis explicitly assumes similar
functioning in primate as in nonprimate corneas.43 In
reports about corneal sensitivity, the authors appear
to assume similar animal-human linking hypotheses in
reaching conclusions about the human cornea.3,24,28
Many factors in this assumption are unknown, and
making these links becomes problematic when attempt-
ing to apply SDT to a human cornea. For example,
the amount of noise (frequency and amplitude of
background activity) and the factors controlling the
background activity are unknown and could not be
controlled. After deliberation, assuming all the factors
mentioned above were constant during the experiment,
we analyzed the psychophysical data using Bayesian
ANOVA.

The Bayes factor and Bayesian estimates find the
data were in favor of this nociception theory (hypoth-
esis 1), and this is the first time the theory has been
psychophysically tested directly in human participants.
Similar to the nociception theory (hypothesis 1), the
psychophysical data also supported the nerve conduc-
tance theory (hypothesis 2). Since histochemical6 and
nerve conductance analyses3 are currently impossible
in living human cornea, the identification and classifi-
cation of the type of nerve fibers in the human cornea
have not been achieved. Even though there is still little
evidence of the presence these fibers,6 the Aδ and C
fibers have been assumed to be present in the human
cornea similar to the nonprimate cornea.

As described in the Methods, the mechanical and
cold stimuli use medical air at different temperatures,
whereas the chemical stimulus contains a mixture of
CO2 andmedical air. Cold stimuli have been frequently
used to evaluate corneal sensitivity in place of mechani-
cal sensitivity, but in theory, the cool stimuli should not
have any mechanical/thermal component.33,40,101–103
According to a study by Nosch et al.,101 room-
temperature stimuli plus 10°C or 15°C (similar to the
temperature of the mechanical stimuli of our study)
produced the least amount of change in the ocular
surface temperature (i.e., it produced only the intended
mechanical effect) and suggested that if the stimulus
was outside of this range (room + 10°C to 15°C), there
would be a thermal component in a pneumaticmechan-
ical stimulus. We tested hypothesis 3 with the assump-

tion that if the mechanical stimulus had a cold compo-
nent, then the mechanical and cold stimuli would be
detected similarly by the participants. However, our
psychophysical data did not favor hypothesis 3.

We observed a higher variability in the d′ of the
mechanical and chemical stimuli. Also, we observed a
significant correlation between the mechanical thresh-
old and d′ and also a significant correlation between
themechanical threshold and lnβ (Fig. 7). Even though
there was no obvious grouping of the data in the
mechanical threshold, we observed two groups of
participants in the d′ of mechanical stimuli. Partici-
pants had a low d′ or high d′, and the participants
who had lower d′ had a low threshold and lower bias
using lnβ or vice versa. A similar decrease in d′ and
bias has been seen in SDT literature that analyzed
the effect of anxiety,52,58,96,104–109 although most of
the articles reported changes in the β and no change
in the detectability. It is also not clear whether the
conservative approach by the participants resulted
in a higher threshold, which in turn increased the
detectability in SDT (since we used threshold from
the AMOL to obtain suprathreshold stimulus), or
participants really had high thresholds. In addition, we
obtained a binary (yes-no) response from the partic-
ipants and used a conservative stimulus probability
(40%), which may have constrained the participants
to choose a more conservative strategy (less false
alarms).

We were also unable to statistically detect criterion
changes during the experiment thatmight partly be due
to the binary response that participants used: uncer-
tainty was not allowed, and perhaps, this too was a
drawback of a yes-no experimental design. We would
need a multiple criterion experiment such as the rating
SDT to analyze the changes in the criterion and evalu-
ate the role of other psychological factors such as
anxiety that, as we stated earlier, can affect the signal
detection metrics.

In summary, for the first time, the feasibility of
using basic yes-no SDT was demonstrated, despite the
ocular surface being a relatively noisy sensory system.
In addition, the experiments provided some support
for corneal sensory linking hypotheses based on animal
models.

Acknowledgments

Supported by Natural Sciences and Engineer-
ing Research Council of Canada (NSERC) and the
Canadian Foundation for Innovation (CFI) Infrastruc-
ture Grant 51 to TLS. The funders had no role in



Cornea and Yes-No Signal Detection Theory TVST | November 2020 | Vol. 9 | No. 12 | Article 17 | 13

study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Supported by an equipment grant from CFI and an
operating grant fromNatural Sciences andEngineering
Research Council of Canada (NSERC).

Disclosure: V. Jayakumar, None; T.L. Simpson,
None

References

1. Rosenthal P, Borsook D. The corneal pain sys-
tem. Part I: The missing piece of the dry eye puz-
zle. Ocul Surf. 2012;10(1):2–14.

2. Belmonte C, Nichols JJ, Cox SM, et al. TFOS
DEWS II pain and sensation report. Ocul Surf.
2017;15(3):404–437.

3. Belmonte C, Garcia-Hirschfeld J, Gallar J. Neu-
robiology of ocular pain. Prog Retin Eye Res.
1997;16(1):117–156.

4. Kovács I, Luna C, Quirce S, et al. Abnormal
activity of corneal cold thermoreceptors under-
lies the unpleasant sensations in dry eye disease.
Pain. 2016;157(2):399–417.

5. Craig JP, Willcox MDP, Argüeso P, et al. The
TFOS International Workshop on Contact Lens
Discomfort: report of the contact lens interac-
tions with the tear film subcommittee. Invest Oph-
thalmol Vis Sci. 2013;54(11):TFOS98.

6. Müller LJ, Vrensen GFJM, Pels L, Cardozo
BN, Willekens B. Architecture of human
corneal nerves. Invest Ophthalmol Vis Sci.
1997;38(5):985–994.

7. Kenshalo DR. Comparison of thermal sensitiv-
ity of the forehead, lip, conjunctiva and cornea. J
Appl Physiol. 1960;15(6):987–991.

8. Carlos B, Juana G. Corneal nociceptors.
In: Belmonte C, Cervero F, eds. Neurobiol-
ogy of Nociceptors. Oxford: Oxford Univer-
sity Press; 2012:146–183, doi:10.1093/acprof:
oso/9780198523345.003.0006.

9. BeuermanRW, Schimmelpfennig B. Sensory den-
ervation of the rabbit cornea affects epithelial
properties. Exp Neurol. 1980;69(1):196–201.

10. Tanelian DL, Beuerman RW. Responses of rab-
bit corneal nociceptors tomechanical and thermal
stimulation. Exp Neurol. 1984;84(1):165–178.

11. Belmonte C, Gallar J, Pozo MA, Rebollo I. Exci-
tation by irritant chemical substances of sen-
sory afferent units in the cat’s cornea. J Physiol.
1991;437(1):709–725.

12. Gallar J, Pozo MA, Tuckett RP, Belmonte
C. Response of sensory units with unmyeli-

nated fibres to mechanical, thermal and chem-
ical stimulation of the cat’s cornea. J Physiol.
1993;468(1):609–622.

13. Müller LJ, Marfurt CF, Kruse F, Tervo TMT.
Corneal nerves: structure, contents and function.
Exp Eye Res. 2003;76(5):521–542.

14. Tanelian DL, MacIver MB. Simultaneous visu-
alization and electrophysiology of corneal A-
delta and C fiber afferents. J Neurosci Methods.
1990;32(3):213–222.

15. Alamri AS, Wood RJ, Ivanusic JJ, Brock
JA. The neurochemistry and morphology of
functionally identified corneal polymodal noci-
ceptors and cold thermoreceptors. PLoS One.
2018;13(3):e01905018.

16. Lele PP, Weddell G. Sensory nerves of the
cornea and cutaneous sensibility. Exp Neurol.
1959;1(4):334–359.

17. Giraldez F, Geijo E, Belmonte C. Response
characteristics of corneal sensory fibers to
mechanical and thermal stimulation. Brain Res.
1979;177(3):571–576.

18. Gescheider G. Psychophysics: The Fundamentals.
3rd ed. Mahwah, NJ: Lawrence Erlbaum Asso-
ciates; 1997.

19. Swets JA. Is there a sensory threshold? Science
(80-). 1961;134(3473):168–177.

20. Coppola R, Gracely RH. Where is the noise
in SDT pain assessment? Pain. 1983;17(3):257–
266.

21. Yang JC, Richlin D, Brand L, Wagner J,
Clark WC. Thermal sensory decision theory
indices and pain threshold in chronic pain
patients and healthy volunteers. Psychosom Med.
1985;47(5):461–468.

22. Chapman CR. Sensory decision theory meth-
ods in pain research: a reply to Rollman. Pain.
1977;3(4):295–305.

23. Swets JA. The relative operating characteristic in
psychology. Science (80-). 1973;182(4116):990–
1000.

24. Chen X, Gallar J, Pozo MA, Baeza M, Bel-
monte C. CO2 stimulation of the cornea: a
comparison between human sensation and
nerve activity in polymodal nociceptive afferents
of the cat. Eur J Neurosci. 1995;7(6):1154–
1163.

25. MacIver MB, Tanelian DL. Structural and func-
tional specialization of A delta and C fiber free
nerve endings innervating rabbit corneal epithe-
lium. J Neurosci. 1993;13(10):4511–4524.

26. Belmonte C, Giraldez F. Responses of cat corneal
sensory receptors to mechanical and thermal
stimulation. J Physiol. 1981;321(1):355–368.

https://doi.org/10.1093/acprof:oso/9780198523345.003.0006


Cornea and Yes-No Signal Detection Theory TVST | November 2020 | Vol. 9 | No. 12 | Article 17 | 14

27. MacIverMB,TanelianDL. Free nerve ending ter-
minal morphology is fiber type specific for A delta
and C fibers innervating rabbit corneal epithe-
lium. J Neurophysiol. 1993;69(5):1779–1783.

28. Belmonte C, Aracil A, Acosta MC, Luna C, Gal-
lar J. Nerves and sensations from the eye surface.
Ocul Surf. 2004;2(4):248–253.

29. Feng Y, Simpson TL. Characteristics of human
corneal psychophysical channels. Invest Ophthal-
mol Vis Sci. 2004;45(9):3005–3010.

30. Millodot M. Psychophysical scaling of corneal
sensitivity. Psychon Sci. 1968;12(8):401–402.

31. Vega JA, Simpson TL, Fonn D. A noncon-
tact pneumatic esthesiometer for measurement of
ocular sensitivity: a preliminary report. Cornea.
1999;18(6):675–681.

32. Feng Y, Simpson TL. Nociceptive sensation and
sensitivity evoked from human cornea and con-
junctiva stimulated byCO2. InvestOphthalmolVis
Sci. 2003;44(2):529–532.

33. Spierer O, Felix ER,McClellan AL, et al. Corneal
mechanical thresholds negatively associate with
dry eye and ocular pain symptoms. Invest Oph-
thalmol Vis Sci. 2016;57(2):617–625.

34. Acosta M, Tan M, Belmonte C, Gallar J. Sen-
sations evoked by selective mechanical, chem-
ical, and thermal stimulation of the conjunc-
tiva and cornea. Invest Ophthalmol Vis Sci.
2001;42(9):2063–2067.

35. Murphy PJ, Lawrenson JG, Patel S, Marshall
J. Reliability of the non-contact corneal aesthe-
siometer and its comparison with the Cochet-
Bonnet aesthesiometer. Ophthalmic Physiol Opt.
1998;18(6):532–539.

36. Golebiowski B, Papas E, Stapleton F. Corneal
mechanical sensitivity measurement using a
staircase technique. Ophthalmic Physiol Opt.
2005;25(3):246–253.

37. Golebiowski B, Lim M, Papas E, Stapleton F.
Understanding the stimulus of an air-jet aes-
thesiometer: computerised modelling and sub-
jective interpretation. Ophthalmic Physiol Opt.
2013;33(2):104–113.

38. Golebiowski B, Papas E, Stapleton F. Assessing
the sensory function of the ocular surface: impli-
cations of use of a non-contact air jet aesthe-
siometer versus the Cochet-Bonnet aesthesiome-
ter. Exp Eye Res. 2011;92(5):408–413.

39. Situ P, SimpsonTL, FonnD, Jones LW.Conjunc-
tival and corneal pneumatic sensitivity is asso-
ciated with signs and symptoms of ocular dry-
ness. Invest Ophthalmol Vis Sci. 2008;49(7):2971–
2976.

40. Murphy PJ, Patel S, Marshall J. A new non-
contact corneal aesthesiometer (NCCA). Oph-
thalmic Physiol Opt. 1996;16(2):101–107.

41. Benítez-Del-Castillo JM, Acosta MC, Wassfi
MA, et al. Relation between corneal inner-
vation with confocal microscopy and corneal
sensitivity with noncontact esthesiometry in
patients with dry eye. Invest Ophthalmol Vis Sci.
2007;48(1):173–181.

42. Situ P, Simpson TL, Jones LW, Fonn D.
Conjunctival and corneal hyperesthesia in sub-
jects with dryness symptoms. Optom Vis Sci.
2008;85(9):867–872.

43. Acosta M, Belmonte C, Gallar J. Sensory expe-
riences in humans and single-unit activity in cats
evoked by polymodal stimulation of the cornea. J
Physiol. 2001;534(2):511–525.

44. TanelianDL, BeuermanRW.Recovery of corneal
sensation following hard contact lens wear and
the implication for adaptation. Invest Ophthalmol
Vis Sci. 1980;19(11):1391–1394.

45. Chen J, Simpson TL. A role of corneal mechan-
ical adaptation in contact lens-related dry
eye symptoms. Invest Ophthalmol Vis Sci.
2011;52(3):1200–1205.

46. Chen J, Feng Y, Simpson TL. Human corneal
adaptation to mechanical, cooling, and
chemical stimuli. Invest Ophthalmol Vis Sci.
2010;51(2):876–881.

47. Sundar Rao SB, Simpson TL. Measurement
of difference thresholds on the ocular sur-
face. Invest Ophthalmol Vis Sci. 2014;55(2):1095–
1100.

48. Situ P, Simpson T, Begley C. Hypersensitivity to
cold stimuli in symptomatic contact lens wearers.
Optom Vis Sci. 2016;93(8):909–916.

49. De Paiva CS, Pflugfelder SC. Corneal epithe-
liopathy of dry eye induces hyperesthesia to
mechanical air jet stimulation. Am J Ophthalmol.
2004;137(1):109–115.

50. National Research Council (US) Committee on
Vision. Emergent Techniques for Assessment of
Visual Performance. Washington, DC: National
Academies Press; 1985.

51. Macmillan NA, Creelman CD.Detection Theory:
AUser’s Guide.Mahwah,NJ: Lawrence Erlbaum;
2005.

52. Malow RM. The effects of induced anxiety on
pain perception: a signal detection analysis. Pain.
1981;11(3):397–405.

53. Schumacher R, Velden M. Anxiety, pain experi-
ence, and pain report: a signal-detection study.
Percept Mot Skills. 1984;58(2):339–349.



Cornea and Yes-No Signal Detection Theory TVST | November 2020 | Vol. 9 | No. 12 | Article 17 | 15

54. Russ MJ, Roth SD, Lerman A, et al. Pain
perception in self-injurious patients with bor-
derline personality disorder. Biol Psychiatry.
1992;32(6):501–511.

55. Lauriola M, Levin IP. Personality traits and
risky decision-making in a controlled experimen-
tal task: an exploratory study. Pers Individ Dif.
2001;31(2):215–226.

56. Naliboff BD, Cohen MJ, Schandler SL, Hein-
rich RL. Signal detection and threshold measures
for chronic back pain patients, chronic illness
patients, and cohort controls to radiant heat stim-
uli. J Abnorm Psychol. 1981;90(3):271–274.

57. LloydMA, Appel JB. Signal detection theory and
the psychophysics of pain: an introduction and
review. Psychosom Med. 1976;38(2):79–94.

58. Rollman GB. Signal detection theory measure-
ment of pain: a review and critique. Pain.
1977;3(3):187–211.

59. RollmanGB,HarrisG. The detectability, discrim-
inability, and perceivedmagnitude of painful elec-
trical shock. Percept Psychophys. 1987;42(3):257–
268.

60. Stubbs DA. Response bias and the discrimina-
tion of stimulus duration. J Exp Anal Behav.
1976;25(2):243–250.

61. Birnie KA, Petter M, Boerner KE, Noel M,
Chambers CT. Contemporary use of the cold
pressor task in pediatric pain research: a system-
atic review of methods. J Pain. 2012;13(9):817–
826.

62. Lipman JJ, Blumenkopf B, Parris WCV. Chronic
pain assessment using heat beam dolorimetry.
Pain. 1987;30(1):59–67.

63. Weidemann CT, Kahana MJ. Assessing
recognition memory using confidence rat-
ings and response times. R Soc Open Sci.
2016;3(4):150670.

64. Goolkasian P. An ROC analysis of pain reactions
in dysmenorrheic and nondysmenorrheic women.
Percept Psychophys. 1983;34(4):381–386.

65. Craig KD, Prkachin KM. Social modeling influ-
ences on sensory decision theory and psychophys-
iological indexes of pain. J Pers Soc Psychol.
1978;36(8):805–815.

66. Ellermeier W, Westphal W. Gender differences in
pain ratings and pupil reactions to painful pres-
sure stimuli. Pain. 1995;61(3):435–439.

67. Streff A, Kuehl LK, Michaux G, Anton F. Dif-
ferential physiological effects during tonic painful
hand immersion tests using hot and ice water.Eur
J Pain. 2010;14(3):266–272.

68. Kemperman I, Russ MJ, Clark WC, Kakuma T,
Zanine E, Harrison K. Pain assessment in self-

injurious patients with borderline personality dis-
order using signal detection theory. Psychiatry
Res. 1997;70(3):175–183.

69. Beck B, Làdavas E, Haggard P. Viewing the
body modulates both pain sensations and pain
responses. Exp Brain Res. 2016;234(7):1795–
1805.

70. Tataryn DJ, Kihlstrom JF. Hypnotic tactile anes-
thesia: psychophysical and signal-detection anal-
yses. Int J Clin Exp Hypn. 2017;65(2):133–161.

71. Allan LG, Siegel S. A signal detection theory
analysis of the placebo effect. Eval Health Prof.
2002;25(4):410–420.

72. Stanislaw H, Todorov N. Calculation of signal
detection theory measures. Behav Res Methods
Instrum Comput. 1999;31(1):137–149.

73. Teller DY. Linking propositions. Vision Res.
1984;24(10):1233–1246.

74. Kruschke J. Bayesian estimation supersedes the t-
test. J Exp Psychol Gen. 2013;142(2):573–603.

75. Goodman SN. Toward evidence-based medical
statistics. 2: the Bayes factor. Ann Intern Med.
1999;130(12):1005–1013.

76. Kruschke JK. Bayesian data analysis.Wiley Inter-
discip Rev Cogn Sci. 2010;1(5):658–676.

77. Efron N, Young G, Brennan NA. Ocular sur-
face temperature. Curr Eye Res. 1989;8(9):901–
906.

78. Team RDC, Core Team R, Team RDC. R: A
language and environment for statistical comput-
ing. R Found Stat Comput. 2008;3, https://www.
r-project.org/. Accessed November 2, 2020.

79. TeamRStudio. R Studio: integrated development
environment for R. 2015, http://www.rstudio.
com/. Accessed November 2, 2020.

80. Bååth R. Bayesian first aid: a package that imple-
ments Bayesian alternatives to the classical *.test
functions inR. In:UseR! 2014—The International
R User Conference. 2014, https://github.com/
rasmusab/bayesian_first_aid. Accessed Novem-
ber 2, 2020.

81. Morey RD, Rouder JN. BayesFactor: compu-
tation of Bayes factors for common designs. R
package version 0.9. 2018, https://cran.r-project.
org/web/packages/BayesFactor/index.html.
Accessed November 2, 2020.

82. JaroszAF,Wiley J.What are the odds?Apractical
guide to computing and reporting Bayes factors.
J Probl Solving. 2014;7(1):2.

83. Jeffreys H. Theory of Probability. 3rd ed. Oxford,
UK: Oxford University Press; 1961.

84. Morey RD. Multiple comparisons with Bayes-
Factor, part 1. 2015, http://bayesfactor.
blogspot.com/2015/01/multiple-comparisons-w

https://www.r-project.org/
http://www.rstudio.com/
https://github.com/rasmusab/bayesian_first_aid
https://cran.r-project.org/web/packages/BayesFactor/index.html


Cornea and Yes-No Signal Detection Theory TVST | November 2020 | Vol. 9 | No. 12 | Article 17 | 16

ith-bayesfactor-1.html. Accessed August 25,
2018.

85. Morey RD. Multiple comparisons with
BayesFactor, part 2—order restrictions.
2015, http://bayesfactor.blogspot.com/2015/01
/multiple-comparisons-with-bayesfactor-2.html.
Accessed August 25, 2018.

86. Morey RD, Wagenmakers E-J. Simple relation
between Bayesian order-restricted and point-null
hypothesis tests. Stat Probab Lett. 2014;92:121–
124.

87. Champely S. PairedData: paired data analysis.
R package version 1.1.1. 2018, https://cran.
r-project.org/web/packages/PairedData/index.
html. Accessed November 2, 2020.

88. Adler D, Kelly ST. vioplot: Violin plot. R
package version 0.3.2. 2018, https://github.com/
TomKellyGenetics/vioplot. Accessed November
2, 2020.

89. Tan CW. Signal detection theory in the study of
nociceptive and pain perception processes (Doc-
toral dissertation, Queen Margaret University).
2008.

90. Notebaert L, Large B, MacLeod C, Clarke P.
It’s all about control: memory bias in anxiety is
restricted to threat cues that signal controllable
danger. J Exp Psychopathol. 2016;7(2):190–204.

91. Healy AF, Kubovy M. The effects of payoffs and
prior probabilities on indices of performance and
cutoff location in recognitionmemory.MemCog-
nit. 1978;6(5):544–553.

92. Akaike H. A new look at the statistical model
identification. IEEE Trans Automat Contr.
1974;19(6):716–723.

93. Chapman CR, Chen AC, Bonica JJ. Effects of
intrasegmental electrical acupuncture on den-
tal pain: evaluation by threshold estimation and
sensory decision theory. Pain. 1977;3(3):213–
227.

94. Beuerman RW, Rozsa AJ. Threshold and signal
detection measurements of the effect of soft con-
tact lenses on corneal sensitivity. Curr Eye Res.
1985;4(6):742–744.

95. Tan CW, Palmer ST, Martin DJ, Roche PA.
Detection theory analysis of scaling and discrim-
ination tasks: responses to noxious thermal stim-
uli. Percept Psychophys. 2007;69(6):994–1001.

96. ClarkWC. Pain sensitivity and the report of pain:
An introduction to sensory decision theory. In:
Weisenberg M, Tursky B, eds. Pain. Boston, MA:
Springer; 1976:195–222, https://doi.org/10.1007/
978-1-4684-2304-4_15.

97. Szczesna DH, Alonso-Caneiro D, Robert Iskan-
der D, Read SA, Collins MJ. Predicting dry
eye using noninvasive techniques of tear film
surface assessment. Invest Ophthalmol Vis Sci.
2011;52(2):751–756.

98. Belmonte C, Gallar J. Cold thermoreceptors,
unexpected players in tear production and ocu-
lar dryness sensations. Invest Ophthalmol Vis Sci.
2011;52(6):3888–3892.

99. Belmonte C, Acosta MC, Schmelz M, Gallar J.
Measurement of corneal sensitivity tomechanical
and chemical stimulation with a CO2 esthesiome-
ter. Invest Ophthalmol Vis Sci. 1999;40(2):513–
519.

100. Stevens SS. To honor Fechner and repeal his law.
Science (80-). 1961;133(3446):80–86.

101. Nosch DS, Pult H, Albon J, Purslow C, Murphy
PJ. Does air gas aesthesiometry generate a true
mechanical stimulus for corneal sensitivity mea-
surement?Clin Exp Optom. 2018;101(2):193–199.

102. Lawrenson JG. Corneal sensitivity in health and
disease. Ophthalmic Physiol Opt. 1997;17:S17–
S22.

103. Tavakoli M, Kallinikos PA, Efron N, Boul-
ton AJM, Malik RA. Corneal sensitivity is
reduced and relates to the severity of neuropa-
thy in patients with diabetes. Diabetes Care.
2007;30(7):1895–1897.

104. Dougher MJ. Sensory decision theory analysis of
the effects of anxiety and experimental instruc-
tions on pain. J Abnorm Psychol. 1979;88(2):137–
144.

105. Leelavathi G, Venkatramaiah SR. Effect of anx-
iety on certain parameters of the theory of sig-
nal detectability (TSD). Indian J Clin Psychol.
1976;3(1):35–39.

106. Clark WC. Sensory-decision theory analysis of
the placebo effect on the criterion for pain
and thermal sensitivity (d′). J Abnorm Psychol.
1969;74(3):363–371.

107. Davey CJ, Harley C, Elliott DB. Levels of state
and trait anxiety in patients referred to ophthal-
mology by primary care clinicians: a cross sec-
tional study. PLoS One. 2013;8(6):e65708.

108. Kuzminskyte R, Kupers R, Videbech P, Gjedde
A, Fink P. Increased sensitivity to supra-
threshold painful stimuli in patients with
multiple functional somatic symptoms (MFS).
Brain Res Bull. 2010;82(1–2):135–140.

109. Malow RM, West JA, Sutker PB. Anxiety and
pain response changes across treatment: sensory
decision analysis. Pain. 1989;38(1):35–44.

http://bayesfactor.blogspot.com/2015/01/multiple-comparisons-with-bayesfactor-1.html
http://bayesfactor.blogspot.com/2015/01/multiple-comparisons-with-bayesfactor-2.html
https://cran.r-project.org/web/packages/PairedData/index.html.
https://github.com/TomKellyGenetics/vioplot
https://doi.org/10.1007/978-1-4684-2304-4_15

