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Abstract 

 

A series of experiments probed into the degree of chemosensory detection 

additivity exhibited by mixtures of ethyl propanoate and heptanoate in terms of their 

trigeminal detectability via nasal pungency (i.e., irritation) and eye irritation. Nasal 

pungency was tested in subjects lacking a functional sense of smell (i.e., anosmics) to 

avoid olfactory biases. First, we built concentration-detection functions for each chemical 

and sensory endpoint. Second, we used the data from the functions to prepare mixtures of 

the two compounds in complementary proportions, and suitable single-chemical 

standards, all of which should be equally detectable under a rule of complete additivity, 

i.e., independence of detection. Third, we compared the experimentally obtained 

detectability with that expected under such rule. The outcome revealed that, at a low 

detectability level (but still above chance), the mixtures showed complete additivity for 

both trigeminal endpoints. At a high detectability level (but below perfect detection), the 

mixtures showed complete additivity for nasal pungency but less than complete additivity 

for eye irritation. In the context of previous studies, the results consolidate a picture of 

higher degree of detection additivity at perithreshold levels in trigeminal than in olfactory 

chemoreception. The outcome presents another line of evidence suggesting broader 

chemical tuning in chemesthesis compared to olfaction. 

 

 

Keywords: Trigeminal nerve — Concentration-detection functions — Eye irritation 

— Nasal pungency — Chemosensory irritation from mixtures. 
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Introduction 

 

Advances in molecular biology have provided a better understanding of some of 

the transduction mechanisms at play in sensory chemoreception, particularly in olfaction 

(Rawson and Gomez 2002) and, to a lesser extent, in chemesthesis (Bryant and Silver 

2000). In the mucosae of the face, chemesthesis is principally mediated by the trigeminal 

nerve (Finger et al. 1999). Nociceptors present in free nerve endings of the trigeminal 

nerve are responsible for their chemical sensitivity. Nociceptors are present in axons 

belonging to C and Adelta fibers (Martin and Jessell 1991). 

 

 A relevant question in ocular and nasal trigeminal chemoreception of airborne 

chemicals is whether the stimulus can directly activate certain receptors or whether 

activation comes from release of mediators as a result of some degree of cellular injury 

produced by the stimulus. Mediators such as ATP, H+, and K+, among others, can then 

act upon specific receptors and ion channels to activate nociception (McCleskey and 

Gold 1999; Sutherland et al. 2000; Cook and McCleskey 2002). Alternatively, other 

chemicals can directly activate specific receptors in sensory neurons. Among these 

substances, capsaicin is probably the most widely studied (Szallasi 1994; Caterina et al. 

1997; Szallasi and Blumberg 1999; Caterina and Julius 2001), but nasal trigeminal nerve 

endings also seem to contain specific receptors for nicotine (Alimohammadi and Silver 

2000). In addition, a receptor for menthol, a compound producing a typical chemesthetic 

sensation of cooling or freshness, has also been recently identified in trigeminal sensory 

neurons (McKemy et al. 2002; Peier et al. 2002). Interestingly, the receptors for capsaicin 
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and menthol are also activated by temperature in the warm/hot and cool/cold ranges, 

respectively, which broadens substantially the nature of the physiological role that these 

receptors play in the intact organism. 

 

Activation of the capsaicin, nicotine, and menthol receptors, respectively, is 

accomplished by chemicals possessing defined structural requirements (Eccles 1994; 

Walpole et al. 1996; Alimohammadi and Silver 2000). In agreement with this, specific 

blockage of nicotinic nasal trigeminal receptors seems to leave sensitivity to unrelated 

volatile organic compounds (VOCs) intact (Alimohammadi and Silver 2000). A myriad 

of VOCs has the potential to evoke trigeminal chemosensory responses such as eye 

irritation and nasal pungency in humans (Cometto-Muñiz and Cain 1995). Many of these 

VOCs are relatively nonreactive vapors (cf. Alarie et al. 1998), unlikely to damage 

mucosal tissue simply upon brief vapor exposure. Still, despite their enormous diversity 

in chemical structure (Cometto-Muñiz 2001) and their nonreactive nature, they produce 

mucosal sensory irritation. We interpreted this observation as an indication that the 

trigeminal impact of these VOCs would rest principally on physicochemical parameters 

governing the transfer of the VOC from the vapor phase to a receptive biophase, i.e., the 

free nerve endings of the trigeminal nerve, rather than on restrictive structural 

requirements. The expectation was born out when a solvation equation (cf. Abraham and 

Weathersby 1994) that models transfer processes proved very successful in describing 

and predicting human nasal pungency and eye irritation thresholds (Abraham et al. 

1998a; Abraham et al. 1998b; Abraham et al. 2001). 
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 The studies on human trigeminal chemoreception mentioned above focused on 

single chemicals, typically members of various homologous chemical series. Studies of 

mixtures offer additional information on the functional characteristics of the trigeminal 

system and on the breadth of chemical tuning of the reception processes involved. A 

previous study on nasal pungency and eye irritation thresholds for mixtures of up to 9 

VOCs showed agonistic sensory effects among the mixed chemicals (Cometto-Muñiz et 

al. 1997). This investigation measured “thresholds” but recognized the importance of 

measuring detectability or concentration-detection (i.e., psychometric) functions for a 

better characterization of trigeminal detection and a better knowledge of the 

physicochemical basis that underlies chemical irritation potency. These advantages can 

outweigh the intensive investment in labor and time that measuring such functions 

demand, particularly in the chemical senses. The present study of binary mixtures of two 

esters, ethyl propanoate and ethyl heptanoate, includes measurement of trigeminal 

detectability functions for the single chemicals. It explores the degree of chemesthetic 

detection additivity in mixtures, and its implications for understanding human trigeminal 

chemoreception of VOCs. 

 

Materials and Methods 

 

The Human Subjects Committee of the University of California, San Diego, 

approved the study protocol. Subjects gave written informed consent on forms approved 

by the Committee. 
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Subjects 

 

 Participants were given the CCCRC test of olfactory function to establish normosmia 

or anosmia (Cain 1989). 

 

 Experiment 1. Eye irritation detectability of the single chemicals. We tested 18 

normosmic subjects (i.e., normosmics) (10 females, 8 males) with an average age (±SD) 

of 25 (±20) years, and ranging from 19 to 53 years of age. All participants were 

nonsmokers. 

 

 Experiment 2.  Eye Irritation detectability of binary mixtures. We tested 20 

normosmics (10 females, 10 males) with an average age (±SD) of 25 (±13) years, and 

ranging from 18 to 54 years of age. All participants were nonsmokers. Eight subjects (4 

females, 4 males) had participated in Experiment 1. 

 

 Experiment 3. Nasal Pungency detectability of the single chemicals. We tested 5 

anosmic subjects (i.e., anosmics) (2 females, 3 males) with an average age (±SD) of 44 

(±20) years, and ranging from 20 to 64 years of age. All participants were nonsmokers. 

They included three congenital anosmics (2 males, 1 female), one head-trauma anosmic 

(male), and one idiopathic anosmic (male). 

 

 Experiment 4. Nasal pungency detectability of binary mixtures. We tested 4 

anosmics (2 females, 2 males) with an average age (±SD) of 51 (±9) years, and ranging 
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from 45 to 64 years of age. Three of them (1 female, 2 males) had participated in 

Experiment 3. All participants were nonsmokers. They included three congenital 

anosmics (2 females, 1 male) and one idiopathic anosmic (male). 

 

Stimuli and Equipment 

 

 Experiment 1. Eye irritation detectability of the single chemicals. Stimuli 

comprised ethyl propanoate (97+%) and ethyl heptanoate (98+%). Mineral oil (Light, 

Food Chemical Codex quality) served as solvent and blank. For both stimuli we prepared 

duplicate dilution series made in 2-fold steps. The series for ethyl propanoate ranged 

from 1% to 0.0625% v/v. The series for ethyl heptanoate ranged from 10% to 0.625% 

v/v. Vapor stimuli were stored and delivered (at 4 l/min) from glass vessels (1,900 ml 

capacity) containing 200 ml of solution. Briefly described, by means of compressed air 

(Medical air, USP quality) an aliquot of the headspace of the vessel was delivered for 3 

sec to a conical container (25 ml) where the eye was exposed (Cometto-Muñiz et al. 

2001). 

 

 Vapor concentrations in the headspace of vessels were measured weekly using gas 

chromatography (flame ionization detector, FID), via direct sampling with a gas-tight 

syringe. The relationship between liquid-phase (% v/v) and vapor-phase (ppm by 

volume) concentration was given by the following equations (see Cometto-Muñiz et al. 

2003b): 

For ethyl propanoate:  y = 1.020x + 3.417 with r= 0.996   (1) 
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For ethyl heptanoate:  y = 0.807x + 1.439 with r=0.998   (2) 

where “y” represents log ppm and “x” represents log % v/v. The coefficient of variation 

across dilution steps for the weekly measurements averaged (±SD) 6.4% (±2.9) for ethyl 

propanoate and 6.4% (±0.6) for ethyl heptanoate. Chromatographic readings were 

converted into concentration units (ppm by volume) by reference to a calibration curve 

created by repetitive liquid injections of known masses of each chemical into the gas 

chromatograph (Cometto-Muñiz et al. 2003b). 

 

 Experiment 2. Eye irritation detectability of binary mixtures. The chemicals were 

identical to those used in Experiment 1. The glass vessels adapted for ocular testing were 

also identical to those employed to test the single chemicals. The stimuli used in this 

experiment, however, included both single chemicals and binary mixtures of ethyl 

propanoate and ethyl heptanoate. 

 

 To prepare the binary mixtures, we used the psychometric function obtained for each 

chemical in Experiment 1 (cf. Figure 2). Detection probability or detectability (P) was 

corrected for chance (Macmillan and Creelman 1991) and adjusted to a scale ranging 

from 0.0, i.e., chance detection, to 1.0, i.e., perfect detection. Two levels of detection 

probability (“P” values) were selected: A relatively high one (P=0.80) and a relatively 

low one (P=0.40). “P” values, expressed as z-scores, depict a linear relationship with 

concentration (see Figure 2). The corresponding linear equations can then be used to 

calculate the concentration of each chemical producing any pre-determined detection 

probability (previously transformed into the equivalent z-score). To create the five stimuli 
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tied to P=0.80 we used the linear equations to calculate the concentration of each 

chemical producing detection probabilities of 0.20, 0.40, and 0.60, that is, P values 

corresponding to 1/4, 1/2, and 3/4 of 0.80. Next, we assembled a set of five stimuli as 

follows: 1) the concentration of ethyl propanoate producing P=0.80 (labeled EP0.80); 2) a 

mixture of the concentration of ethyl propanoate producing P=0.60 (i.e., 3/4 of 0.80) and 

that of ethyl heptanoate producing P=0.20 (i.e., 1/4 of 0.80) (labeled EP0.60+EH0.20); 3) a 

mixture of the concentration of ethyl propanoate producing P=0.40 (i.e., 1/2 of 0.80) and 

that of ethyl heptanoate also producing P=0.40 (labeled EP0.40+EH0.40); 4) a mixture of 

the concentration of ethyl propanoate producing P=0.20 (i.e., 1/4 of 0.80) and that of 

ethyl heptanoate producing P=0.60 (i.e., 3/4 of 0.80) (labeled EP0.20+EH0.60); and 5) the 

concentration of ethyl heptanoate producing P=0.80 (labeled EH0.80). In this way, the set 

of five stimuli contained two that comprised a single chemical (stimuli # 1 and 5) and 

three that comprised binary mixtures of the two compounds in varying but 

complementary proportions (stimuli # 2, 3, and 4). Thus, the mixtures were prepared in 

such a way that the sum of the detection probabilities of the two constituent chemicals 

would always produce P=0.80, the same level of detectability as that of the two stimuli 

that comprised only a single chemical. Under an assumption of complete additivity of 

detection between the chemicals, all five stimuli should approximate equal detection (see 

Data analysis). 

 

 To create the five stimuli tied to P=0.40, we again used the linear equations in Figure 

2 to calculate the concentration of each chemical producing detection probabilities of 

0.10, 0.20, and 0.30, that is, P values corresponding to 1/4, 1/2, and 3/4 of 0.40. Thus, 
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following the same strategy and notation described above we assembled another set of 

five stimuli labeled: 1) EP0.40, 2) EP0.30+EH0.10, 3) EP0.20+EH0.20, 4) EP0.10+EH0.30, and 5) 

EH0.40. Under an assumption of complete additivity of detection between the chemicals, 

these five stimuli too should approximate equal detection (see Data analysis) albeit at a 

lower level than the previous five. 

 

 To minimize the possibility of depletion of the headspace vapor in any vessel (as a 

result of excessive repetitive sampling through a testing session) each stimulus described 

above was prepared in quintuplicate. Chromatographic samples were taken weekly from 

alternate stimuli and replicas to monitor stability. 

 

 Experiment 3. Nasal pungency detectability of the single chemicals. The 

chemicals were identical to those used in Experiment 1. For both stimuli we prepared 

duplicate dilution series made in 2-fold steps. The series for ethyl propanoate ranged 

from 0.50% to 0.031% v/v. The series for ethyl heptanoate ranged from 40% to 1.25% 

v/v. Vapor stimuli were stored and delivered from the same type of glass vessels as in 

Experiment 1, containing 200 ml of solution, but adapted with two nosepieces as 

described previously (Cometto-Muñiz et al. 2000). As in Experiment 1, vapor 

concentrations in the headspace of vessels were measured weekly to monitor stability. 

For the stimuli used in this experiment, the average coefficient of variation (±SD) for the 

gas chromatographic measurements was found to be 8.2% (±2.9) for ethyl propanoate 

and 5.3% (±1.6) for ethyl heptanoate. 
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 Experiment 4. Nasal pungency detectability of binary mixtures. The chemicals 

were identical to those used in Experiment 1. The glass vessels were the same as those 

employed in Experiment 3. The stimuli used in this experiment, however, included both 

single chemicals and binary mixtures of ethyl propanoate and ethyl heptanoate. 

 

 To prepare the binary mixtures, we used the psychometric function obtained for each 

chemical in Experiment 3 (cf. Figure 5). To prepare the mixtures (and single chemicals) 

for studying nasal pungency we followed exactly the same strategy and procedure as in 

the case of eye irritation (described in Experiment 2). Thus, we prepared a set of five 

stimuli (two single chemicals and three mixtures) for a relatively high level of nasal 

pungency detectability (i.e., P=0.80), and another analogous set of five stimuli for a 

relatively low level of nasal pungency detectability (i.e., P=0.40). Again, each stimulus 

was prepared in quintuplicate and chromatographic samples were taken weekly from 

alternate stimuli and replicas to monitor stability. 

 

Procedure 

 

 Experiment 1. Eye irritation detectability of the single chemicals. To obtain 

concentration-detection (psychometric) functions for eye irritation from the single 

chemicals, we utilized a 3-alternative, forced-choice procedure with presentation of 

ascending concentrations and a 3-sec stimulation time. This method required participants 

to select which of the 3 vessels in a trial produced a sensation different from the other 

two. Subjects were not aware that, in a trial, 2 vessels contained blanks (mineral oil) and 
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one contained a target chemical stimulus at some concentration. Position of blanks and 

stimulus were randomized. In a test series, dilution steps of a chemical were presented to 

the participant twice (once to each eye), in ascending order of concentration. Since we 

prepared duplicate vessels per dilution step, each vessel was presented only once in a 

series, thus minimizing depletion of headspace vapor. The inter-trial interval was at least 

45 sec. 

 

 To avoid detection of the stimulus by smell, subjects wore nose clips during testing of 

each triad of vessels. Participants were told that, before removing the nose clips, they had 

to indicate verbally which vessel was different and had to rate their level of confidence in 

the choice. Confidence was rated on a scale ranging from “1” (not confident) to “5” 

(extremely confident). 

 

 Subjects participated in 2 to 5 sessions of 1 to 4 hours to complete a total of 10 test 

series per chemical (20 presentations per concentration, 10 in each eye). Within a test 

series, subjects alternated the left and right eye so that at the end of the series each eye 

had been exposed to every concentration. The chemical presented first and the eye tested 

first in a series followed an irregular order across series for the same subject and across 

subjects. The data from all series for each chemical were averaged, first, within 

individuals and, then, across individuals to obtain group data. 

 

 Experiment 2. Eye irritation detectability of binary mixtures. We used the same  

methods and instructions to subjects as those employed in Experiment 1, i.e., a 3-
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alternative forced-choice procedure, randomized position of blanks and stimulus, an 

inter-trial interval of at least 45 sec, use of nose clips, confidence ratings, etc. In addition, 

order of presentation of the five stimuli in the P=0.80 series and the five in the P=0.40 

series was randomized and each stimulus was prepared in quintuplicate. 

 

 Subjects participated in 1 to 4 sessions of 1 to 3 hours to complete a total of 20 trials 

per stimulus in the P=0.80 series and another 20 per stimulus in the P=0.40 series. (Two 

subjects, a male and a female, only completed 10 trials per stimulus on each series.) 

Participants first completed the P=0.80 series and then the P=0.40 series. The eye tested 

alternated from right to left. Individual and group averages were calculated as before. 

 

 Experiment 3. Nasal pungency detectability of the single chemicals. We used a 

procedure parallel to that described in Experiment 1, but using nosepiece attachments on 

the vessels to deliver the vapors to both nostrils simultaneously on a trial. Anosmics 

participated in 2 to 5 sessions of 1 to 3 hours each to complete 10 series for each 

chemical (20 presentations per concentration) using the same mode of testing as in 

Experiment 1. 

 

 Experiment 4. Nasal pungency detectability of binary mixtures. We used an 

analogous procedure to that described in Experiment 2 as regard to testing the stimuli but 

using the nosepiece attachments and testing both nostrils simultaneously as mentioned 

under Experiment 3. Anosmics participated in 4 to 6 sessions of 1 to 3 hours each to 
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complete a total of 20 to 40 trials per stimulus in the P=0.80 series and 20 to 30 trials per 

stimulus in the P=0.40 series. 

 

Data analysis 

 

 Plots of detection probability as a function of stimulus concentration (in log ppm by 

volume) summarized the outcome. Detection probability was corrected for chance 

(Macmillan and Creelman 1991) and adjusted to a scale ranging from 0.0 for chance 

detection to 1.0 for perfect detection. A repeated measures analysis of variance 

(ANOVA) (SuperANOVA v.1.11, Abacus Concepts, Inc.) as described under Results 

served to test for significance. The following formula was used to calculate the 

theoretical values of detectability under an assumption of complete additivity of 

detection, i.e., independence of detection, for the individual chemicals (Feller 1968-

1971): 

Pdet.EP,EH = 1 - [(1-Pdet.EP)(1-Pdet.EH)] 

In this formula, Pdet.EP,EH = Probability of detection of the binary mixture of ethyl 

propanoate and ethyl heptanoate, Pdet.EP = Probability of detection of ethyl propanoate 

alone, and Pdet.EH = Probability of detection of ethyl heptanoate alone. 

 

Results 

 

Experiment 1. Eye irritation detectability of the single chemicals. 

 



 15 

 Figure 1 depicts the psychometric (i.e., detectability) functions for eye irritation from 

ethyl propanoate and heptanoate. In agreement with previous data (see review in 

Cometto-Muñiz 2001), trigeminal chemosensory potency (in this case, eye irritation) 

increases with carbon chain length within a homologous series. This reflects itself in the 

function for ethyl heptanoate lying to the left (toward lower concentrations) of that for 

ethyl propanoate. In addition, the function for heptanoate is steeper than that for 

propanoate Also shown are the confidence ratings associated with each concentration and 

detectability. As expected, confidence ratings increased with detectability for both 

chemicals. Detection probabilities can be converted into corresponding z-scores and the 

ogival functions become linear, producing the following equations: 

For ethyl propanoate:  y = 2.019x – 5.557 with r= 0.986   (3) 

For ethyl heptanoate:  y = 3.633x – 7.953 with r=0.996   (4) 

where “y” represents z-score and “x” represents vapor concentration in log ppm. 

 

Insert Figure 1 about here 

 

Experiment 2. Eye irritation detectability of binary mixtures. 

 

 Figure 2a shows the eye irritation detectability of the five stimuli per preselected level 

(i.e., P=0.8 and P=0.4) and their associated confidence rating, whereas Figure 2b 

compares the experimental detectability obtained with the theoretical values expected 

from complete additivity. The two single stimuli selected based on the results of 

Experiment 1 to produce a detectability of 0.8, produced detectabilities close to 0.8 (ethyl 
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propanoate) and to 0.6 (ethyl heptanoate), not far from target albeit slightly unbalanced. 

The corresponding mixtures for the P=0.8 series tended to fall short of complete 

additivity of detection, particularly as the composition of the mixtures gained in the 

proportion of heptanoate present, creating an inverted “U” with a skewed appearance. 

The two single stimuli selected based on the results of Experiment 1 to produce a 

detectability of 0.4, produced detectabilities between 0.2 and 0.3, lower than target but 

very close to each other, i.e., balanced. In contrast to the outcome for the P=0.8 series, the 

corresponding mixtures for the P=0.4 series depicted complete additivity of detection, 

irrespective of the relative proportion of the components. For all stimuli, confidence 

ratings followed tightly the trend seen with actual detectability. The results of a repeated 

measures ANOVA including the factors target detectability (two levels: P=0.8 and 

P=0.4), stimulus (five levels: two single chemicals and three mixtures), and their 

interaction, gave statistical support to the trends observed: 1) detectability of stimuli at 

target P=0.8 was significantly higher than at target P=0.4 (F(1,19) = 90.07, p < 0.0001); 

2) detectability among the five stimuli was significantly different (F(4,76) = 15.00, p < 

0.0001); and 3) there was a significant interaction between target detectability level 

(P=0.8 or P=0.4) and the five stimuli (F(4.76) = 14.12, p < 0.0001), indicating that the 

trends observed (skewed inverted “U” for the P=0.8 series and a horizontal line for the 

P=0.4 series) differed significantly. 

 

Insert Figure 2 about here 

 

Experiment 3. Nasal pungency detectability of the single chemicals. 
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 Figure  3 depicts the psychometric (i.e., detectability) functions for nasal pungency 

from ethyl propanoate and heptanoate. Also shown are the confidence ratings 

corresponding to each concentration and detectability, for both compounds. The outcome 

roughly parallels that obtained for eye irritation: The function for heptanoate is shifted to 

the left and steeper than that for propanoate, and confidence ratings increase with 

detectability for both substances. Nevertheless, confidence ratings given by the anosmic 

group for nasal pungency tended to be lower than those given by the normosmic group 

for eye irritation at comparable detectabilities. Conversion of detection probabilities into 

z-scores produced the following linear functions for nasal pungency: 

For ethyl propanoate:  y = 1.881x – 5.204 with r= 0.990   (5) 

For ethyl heptanoate:  y = 3.394x – 8.473 with r=0.998   (6) 

where “y” represents z-score and “x” represents vapor concentration in log ppm. The 

slope value differed between chemicals but was very close to that obtained for eye 

irritation from the same chemical. Also, another difference emerged between the shorter 

and the longer homolog in terms of their comparative trigeminal chemosensory potency 

in the ocular and nasal mucosae: As shown in Figure 4, whereas for ethyl propanoate the 

eyes and the nose were equally sensitive, for ethyl heptanoate the eyes were uniformly 

more sensitive than the nose across the entire detectability range. 

 

Insert Figures 3 and 4 about here 

 

Experiment 4. Nasal pungency detectability of binary mixtures. 
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 Figure 5a shows the nasal pungency detectability of the five stimuli per preselected 

level (i.e., P=0.8 and P=0.4) and their associated confidence rating, whereas Figure 5b 

compares the experimental detectability obtained with the theoretical values expected 

from complete additivity. The two single stimuli selected based on the results of 

Experiment 3 to produce a detectability of 0.8, actually produced a detectability of 0.8, 

right on target. The detectabilities of the mixtures for the P=0.8 series did not depart from 

the theoretical values expected from complete additivity (Figure 5b). This marked a 

contrast with the trend seen for the mixtures in the eye irritation experiment (Figure 2b, 

target P=0.8). The two single stimuli selected based on the results of Experiment 3 to 

produce a detectability of 0.4, produced detectabilities between 0.25 and 0.38, somewhat 

lower than target but close to each other. The corresponding mixtures for the P=0.4 series 

also did not depart from the theoretical values expected from complete additivity (Figure 

5b). Thus, the trend for this series was similar to that for eye irritation (Figure 2b, target 

P=0.4). For stimuli on both series, confidence ratings followed the trend seen with actual 

detectability, an outcome also observed regarding eye irritation albeit absolute values of 

confidence of detection were, again, lower for the nasal than for the ocular response. The 

results of a repeated measures ANOVA analogous to the one performed on the eye 

irritation data confirmed that nasal detectability of stimuli at target P=0.8 was 

significantly higher than at target P=0.4 (F(1,3) = 48.56, p = 0.006) and that the 

differences in detectability among the five stimuli and the interaction between target 

detectability level and the five stimuli failed to reach significance. 
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Insert Figure 5 about here 

 

Comparability of vapor concentrations in single stimuli and mixtures. 

 

 Since we measured the actual vapor concentrations of both single and mixed stimuli, 

we can compare the values obtained in the headspace of the same liquid dilution when 

the stimulus was presented singly (Experiments 1 and 3) or in a mixture (Experiments 2 

and 4). Also, as described above, we included testing of single chemicals (acting as 

‘references” or ‘standards”) when the mixtures were tested. In these cases we can 

compare the vapor concentration of the same liquid dilution of a single chemical prepared 

and tested in one (i.e., single) or the other (i.e., mixtures) experimental context. Table 1 

presents such comparisons as the ratio of vapor concentrations (in log ppm) 

“Single/Mixed” corresponding to the same liquid dilution measured in the context of 

testing single chemicals or in the context of testing mixtures. The outcome showed that 

all ratios equal or are very close to one. This meant that the vapor concentration from a 

certain liquid dilution of a chemical remained unchanged whether the chemical was 

singly or in a mixture. It also served as an internal control to show that repetitive 

preparations of the same liquid dilution for different experiments produced the same 

vapor concentration. Thus, changes in chemosensory detectability of stimuli in 

Experiments 2 and 4 cannot be attributed to variability of presented vapor-phase 

concentrations. 

 

Insert Table 1 about here 
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Discussion 

 

 A previous investigation measuring trigeminal (nasal and ocular) and olfactory 

thresholds for the detection of single and mixed chemicals indicated the existence of 

various degrees of sensory agonism in the mixtures, with chemesthesis showing 

somewhat more agonism than olfaction (Cometto-Muñiz et al. 1997). A later study on 

mixtures of 1-butanol and 2-heptanone looked into the issue in more detail by measuring 

complete concentration-detection functions for eye irritation, nasal pungency, and odor of 

the chemicals singly and mixed (Cometto-Muñiz et al. 1999). The approach used with 

this alcohol/ketone mixture focused on testing whether a general trend of dose-addition 

between individual chemicals would hold along the continuous range of detectability, 

from slightly above chance to near perfect detection. As a first approximation, the 

outcome lent support to such a trend for the three chemosensory responses. Two 

subsequent studies on mixtures that addressed, respectively, ocular and nasal 

chemesthesis (Cometto-Muñiz et al. 2001), and olfaction (Cometto-Muñiz et al. 2003a) 

tested the structurally more dissimilar compounds butyl acetate and toluene. They also 

resorted to measure complete concentration-detection functions for the single chemicals 

but, as in the present study, focused on testing a hypothesis of complete additivity of 

detection between individual chemicals presented in mixtures of varying but 

complementary proportions, at low and high detectability. The results showed that, for 

the three sensory endpoints, the detection of mixtures followed a rule of complete 

additivity at relatively low levels of detectability, i.e., 0.0<P<0.5, but fell short of 
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complete additivity at relatively high levels of detectability, i.e., 0.5<P<1.0. A further 

comparative look at the results revealed that the degree of departure from complete 

additivity at high detectability levels was small for nasal pungency, larger for eye 

irritation, and largest for odor (Cometto-Muñiz et al. 2002; Cometto-Muñiz et al. 2003a). 

 

 The pair of esters tested here are structurally much closer than the ester/aromatic pair 

tested earlier, yet they still lie far enough apart within the same homologous series to 

expect differences in chemosensory potency. In terms of trigeminal detection of single 

chemicals, the expected differences came out in the direction predicted by previously 

measured chemesthetic thresholds within members of homologous chemical series (see 

review in Cometto-Muñiz 2001): For both eye irritation and nasal pungency, the homolog 

with the longer chain-length was detected at lower vapor concentrations than that with 

the shorter chain-length. In terms of trigeminal detection of mixtures, a comparison of 

results between the present pair ethyl propanoate/ethyl heptanoate and the previous pair 

butyl acetate/toluene revealed that: 1) neither pair, at relatively high detectabilities, could 

achieve complete additivity of detection for eye irritation (Figure 6, top), and 2) the 

present pair achieved complete additivity for nasal pungency, even at high detectabilities, 

whereas the previous pair fell barely short of that (Figure 6, bottom). Despite this small 

difference probably resting on the closer resemblance in structure and chemical 

functionality between members of the present pair, the overall outcome is comparable for 

both the similar (i.e., present) and the dissimilar (i.e., previous) pair, an indication of the 

relatively wide breadth of chemical tuning in chemesthesis (see below). 
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Insert Figure 6 about here 

 

Mixture addition at low vs. at high detectability, contrast between the ocular and 

nasal mucosae 

 

 The present finding of a higher degree of mixture addition at low vs. at high 

detectability for eye irritation but not for nasal pungency presents a contrast between the 

chemesthetic response of the two mucosae. At relatively high levels of chemosensory 

stimulation, a decrease from complete addition between the mixture components can be 

expected as the concentration of both chemicals in the receptor environment increases, 

transforming what might have began as agonism into a process of competitive agonism 

between the stimulating molecules impinging into an array of receptors. There is ample 

precedent for such phenomenon from previous studies in mice and rats dealing with nasal 

irritation from binary, ternary, and more complex mixtures (Kane and Alarie 1978; 

Nielsen et al. 1988; Cassee et al. 1996; Kasanen et al. 1999). Our experiments, though, 

involve relatively low levels of stimulation considering that, even in cases of “high 

detectability”, detection of the stimulus is below 100%. One can argue that, under such 

conditions, the number of available receptors has not yet become a limiting factor, and 

mixture components sharing substantial chemical similarity can achieve response-

addition as was the case for nasal pungency from the present mixture. Why, then, might 

the situation be different in the ocular mucosa for that same mixture? Perhaps the answer 

relates to an issue of homogeneity of receptors or receptor environments. Recent 

psychophysical studies have indicated differences in sensitivity (including chemical 
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sensitivity) between the cornea, more sensitive, and the conjunctiva, less sensitive 

(Acosta et al. 2001; Feng and Simpson 2003). Such lack of homogeneity in the ocular 

mucosal environment might have contributed to the failure to achieve complete response-

addition, even for the chemically similar mixture tested here. 

 

Response-addition vs. dose-addition 

 

 The experiments reported here directly address the issue of response- addition in the 

trigeminal detectability of these binary mixtures. A direct test of dose-addition would 

require measurement of families of psychometric functions with one chemical as the 

independent variable and the other as the parameter (and viceversa) (cf. Cometto-Muñiz 

et al. 1999). Nevertheless, in an indirect way, the present approach can suggest trends of 

compliance or departure from a rule of dose-addition among the mixtures studied. 

 

 We have shown that the vapor concentration from a fixed liquid-dilution of ethyl 

propanoate or heptanoate remains constant whether it comes from a single stimulus or a 

mixture, and also that has remained constant across the various experiments (Table 1). 

Thus, the changes in detectability observed from single stimuli common to Experiments 1 

and 3, and from those common to Experiments 3 and 4 have to originate from variability 

between the respective testing conditions and/or group of subjects. For example, it is 

possible that the repetitive presentations of “ascending concentration test series” 

employed in Experiments 1 and 3 could have produced, for essentially the same stimuli, 

slightly higher detectability than the “random presentation” employed in Experiments 2 
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and 4. From this it follows that it might be misleading to apply directly the psychometric 

functions obtained in Experiments 1 and 3 to the calculation of trends in dose-addition in 

Experiments 2 and 4. Nevertheless, from the latter experiments, we have two 

detectability points from each chemical that can be used to estimate their respective linear 

psychometric functions (via z-scores) under the conditions and subjects tested in those 

experiments (i.e., 2 and 4). Admittedly, relying on only 2 experimental points to derive a 

linear function is far from ideal but if the new functions fall into register with those 

obtained in Experiments 1 and 3 the calculated dose-addition trends rest on firmer ground 

and can be considered, at least, preliminary. This preliminary analysis of the data indicate 

agreement between response- and dose- addition. 

 

Breadth of chemical tuning in chemesthesis 

 

 As mentioned in the Introduction, recent studies have explored the nature and 

characteristics of chemesthetic receptors responding to capsaicin, menthol, and nicotine. 

The specificity of each of these receptors is difficult to assess since at least the first two 

of them also respond to temperature in the warm/hot and cool/cold range, respectively. 

Capsaicin receptors can be modulated by H+ and activated by chemicals structurally 

distinct from vanilloids (Szallasi et al. 1996) and even by an unrelated VOC such as 

ethanol (Trevisani et al. 2002). In fact, a diverse family of GPCRs has been found to be 

expressed in nociceptive sensory neurons (Dong et al. 2001). These findings, along with 

data on comparative structure-activity relationships between chemesthetic and olfactory 

thresholds for VOCs (Abraham et al. 2001) reinforce the concept of a narrower chemical 
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tuning in olfactory than in trigeminal detection. Such narrower tuning could underlie the 

larger break-down in detection additivity of mixtures, at high detectabilities, observed for 

olfaction compared to chemesthesis (Cometto-Muñiz et al. 2003a). In addition, another 

contributing factor could include a more prominent role of inhibitory circuits in the 

olfactory pathway than in the chemesthetic pathway, even at perithreshold levels. There 

is ample evidence for such inhibition in olfaction although its interpretation is open to 

debate (Laurent 1999; Mori et al. 1999). The immediate follow-up of the present 

experiments will consist on testing mixtures of ethyl propanoate/ethyl heptanoate but 

regarding olfactory detection additivity. 
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Table 1. Ratios of vapor concentrations (log ppm) corresponding to the same liquid 

dilution of a stimulus when it was prepared singly (Experiments 1 and 3) or in a mixture 

context (Experiments 2 and 4). EP(s): ethyl propanoate, singly; EP(m): ethyl propanoate, 

mixture context; EH(s): ehtyl heptanoate, singly; EH(m): ethyl heptanoate, mixture 

context. 

 

Modality 
tested 

Target 
detectability 

series (P) 

Stimulus Ratio 
EP(s) / EP(m) 

Ratio 
EH(s) / EH(m) 

Eye irritation 0.8 EP 0.98  
  3/4EP - 1/4EH 0.98 1.04 
  1/2EP - 1/2EH 0.99 1.02 
  1/4EP - 3/4EH 1.01 1.03 
  EH  1.02 
 0.4 EP 0.96  
  3/4EP - 1/4EH 1.01 1.01 
  1/2EP - 1/2EH 1.05 1.03 
  1/4EP - 3/4EH 1.01 1.08 
  EH  1.01 
Nasal pungency 0.8 EP 1.01  
  3/4EP - 1/4EH 1.01 1.04 
  1/2EP - 1/2EH 1.00 1.00 
  1/4EP - 3/4EH 1.02 1.03 
  EH  1.07 
 0.4 EP 0.98  
  3/4EP - 1/4EH 0.98 0.99 
  1/2EP - 1/2EH 0.95 0.99 
  1/4EP - 3/4EH 0.98 1.00 
  EH  1.02 
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Figure  Legends 

 

Figure 1. Psychometric (i.e., detectability) functions (left y-axis) and confidence ratings 

(right y-axis) for eye irritation evoked by increasing concentrations of ethyl propanoate 

and heptanoate. Each point represents the average of 360 trials (half with each eye) made 

by 18 normosmics. Bars, hidden by the symbol in the case of detectability functions, 

indicate standard errors (SE). 

 

Figure 2. a) Detectability (left y-axis) and confidence ratings (right y-axis) for the eye 

irritation evoked by the five stimuli in the P=0.8 series and the five stimuli in the P=0.4 

series (see text). Each point represents the average of 400 trials (half with each eye) made 

by 20 normosmics. Bars indicate standard errors (SE). b) Same detectability data as in a) 

but compared with the theoretical detectability expected from complete additivity of 

detection of the individual chemicals. Bars indicate standard errors (SE). 

 

Figure 3. Psychometric (i.e., detectability) functions (left y-axis) and confidence ratings 

(right y-axis) for nasal pungency evoked by increasing concentrations of ethyl propanoate 

and heptanoate. Each point represents the average of 100 trials made by 5 anosmics. Bars 

indicate standard errors (SE). 

 

Figure 4. Showing how, for ethyl propanoate, the ocular and nasal trigeminal 

chemosensitivity are virtually identical, whereas, for ethyl heptanoate, ocular 

chemosensitivity is uniformly higher (i.e., displaced to the left, towards lower 
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concentrations) than nasal chemosensitivity. Bars, sometimes hidden by the symbols, 

indicate standard errors (SE). 

 

Figure 5. a) Detectability (left y-axis) and confidence ratings (right y-axis) for the nasal 

pungency evoked by the five stimuli in the P=0.8 series and the five stimuli in the P=0.4 

series (see text). Each point represents the average of 133 trials in the P=0.8 series and 

100 trials in the P=0.4 series, made by 4 anosmics. Bars indicate standard errors (SE). b) 

Same detectability data as in a) but compared with the theoretical detectability expected 

from complete additivity of detection of the individual chemicals. Bars indicate standard 

errors (SE). 

 

Figure 6. Top. Showing, for eye irritation, how detection of mixtures of varying 

proportions of ethyl propanoate/ethyl heptanoate (filled circles) and toluene/butyl acetate 

(filled squares), at equivalent detectability of the single chemicals, compare with the 

theoretical functions representing complete additivity of detection (dashed lines) of the 

same mixtures (empty circles and empty squares, respectively). Note that both kind of 

mixtures tend to fall short of complete additivity of detection. Bars indicate standard 

errors (SE). Bottom. Analogous to above but for nasal pungency. Note that whereas the 

mixture ethyl propanoate/ethyl heptanoate (filled circles) achieves complete additivity 

(empty circles), the mixture toluene/butyl acetate (filled squares) falls slightly short of 

complete additivity (empty squares). Bars indicate standard errors (SE). 
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FIGURE 2a 
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FIGURE 3 
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FIGURE 4 
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FIGURE 5a 

1

2

3

4

5

C
o

n
fi

d
e

n
c

e
 
ra

ti
n

g

0.00

0.25

0.50

0.75

1.00

 
D

e
te

c
ti

o
n

 
P

ro
b

a
b

il
it

y
(c

o
rr

e
c

te
d

 
fo

r 
c

h
a

n
c

e
)

1 2 3 4 5

Stimulus

Confidence
(P=0.40 series)

Confidence
(P=0.80 series)

Detectability
(target P=0.40)

Detectability
(target P=0.80)

Nasal Pungency

EP EP 3/4

EH 1/4
EP 1/2

EH 1/2

EP 1/4

EH 3/4 EH

 
 
 
FIGURE 5b 
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FIGURE 6 
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