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Introduction 

 

 The detection of external chemicals by humans is accomplished by smell (olfaction), 

taste (gustation), and chemical sensory irritation (1-4). The latter was originally labeled the 

common chemical sense (5). More recently it has been referred to as chemical nociception (6). 

Nevertheless, at low levels of stimulation, the sensations evoked might not be perceived as 

painful or even irritating. Since this sensory modality rests on chemically-induced somesthesis, 

or chemical “feel”, the quite appropriate and descriptive term “chemesthesis” is now often 

employed (3, 7, 8). In the nasal, ocular, and oral mucosae, chemesthesis is principally mediated 

by the trigeminal nerve (cranial nerve V). Thus, it is common to refer to trigeminal 

chemosensitivity when addressing this topic (9, 10). In the aggregate, eye, nose and throat 

irritation have been referred to as “sensory irritation,” and along with secondary reflex symptoms 

in that anatomical distribution, constitute an important symptom constellation in so-called 

“problem buildings,” as well as being the basis for a substantial fraction of occupational 

exposure standards (11, 12). Nasal chemesthesis, the main focus of this chapter, arises from 

stimulation with airborne chemicals. Many of these, although not all of them, are volatile organic 

compounds (VOCs). The chemesthetic sensations that they can evoke in the nose are typically 

pungent, i.e., sharp. They include: stinging, freshness, coolness, burning, piquancy, tingling, 

irritation, prickling, and the like. 

 

 Most, if not all, volatile compounds capable of eliciting nasal chemesthesis also elicit 

olfactory sensations. With few exceptions (e.g., ß-phenyl ethyl alcohol), compounds that smell, 

i.e., odorants, can also evoke nasal chemesthesis. As a rule, when the concentration of an 
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airborne chemical rises, it is first noticed by its smell, but as it continues to rise it also engages a 

chemesthetic response. It is then important to define the concentration range at which a 

substance remains undetected, that at which it evokes only an olfactory response, and that at 

which it evokes an olfactory plus a trigeminal response (13). Carbon dioxide (CO2) is a 

compound that, arguably, only elicits chemesthesis with little, if any, smell. On the other hand, 

some compounds do have a smell but fail to evoke chemesthesis. Such chemicals have been 

often found by testing homologous series of VOCs, where a certain homolog is reached beyond 

which chemesthesis cannot be elicited (14) (see the “cut-off” effect section below). 

 

 In view of the higher olfactory than trigeminal sensitivity, and the scarcity of compounds 

that evoke nasal chemesthesis but not smell, it was a challenge to implement bias-controlled 

(e.g., forced-choice) psychophysical procedures to gauge nasal chemesthesis independently of 

olfaction. One strategy to achieve this goal entailed testing nasal detection of chemical vapors in 

subjects lacking a functional olfaction (i.e., anosmics) and, thus, only responding to trigeminal 

chemesthesis. Another strategy, entailed employing subjects with normal olfaction (i.e., 

normosmics) in a task requiring not the detection but the localization (lateralization) of the vapor 

to the left or right nostril when air is simultaneously delivered to the contralateral nostril (15-17). 

Nasal localization rests on trigeminal input (18, 19) rather than on olfactory input as originally 

thought (20). The following sections describe these and other strategies to study nasal 

chemesthesis in humans. 

 

Psychophysics of Nasal Irritation 
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Nasal pungency thresholds (NPTs) in anosmics 

 

 As mentioned, testing anosmic subjects in tasks of nasal detection of vapors represents 

one way to eliminate the biasing influence of olfaction in estimating the nasal chemesthetic 

potency of airborne chemicals (21, 22). These early papers suggested that relatively simple 

physicochemical and molecular structural properties could predict nasal chemesthesis. 

Nevertheless, the lack of a guiding unit of chemical change among the very wide range of 

compounds capable of evoking nasal irritation, made it difficult to pursue a systematic study of 

chemesthetic potency across VOCs, for example, by measuring nasal pungency thresholds 

(NPTs). Along homologous chemical series, carbon chain length constitutes a practical unit of 

chemical change. This strategy was applied in a series of studies that measured NPTs in 

anosmics and odor detection thresholds (ODTs) in normosmics for homologous alcohols, acetate 

esters, 2-ketones, n-alkylbenzenes, aliphatic aldehydes, and carboxylic acids, and for selected 

terpenes, using a uniform methodology (23-28). The method comprised a two-alternative forced-

choice procedure, an ascending concentration approach, and a fixed criterion of five correct 

choices in a row. The outcome showed that both NPTs and ODTs decline with carbon chain 

length along n-homologs in each series (Figure 1). Lower thresholds indicate higher potency of 

the stimulus. NPTs lay between one and five orders of magnitude above ODTs. The simple 

delivery system (i.e., “squeeze bottles”) used to obtained these thresholds, combined with the 

stringent criterion chosen to define them, had produced values on the higher end of reported 

thresholds. Indeed, improved techniques and methodologies did render lower absolute thresholds 

but left the relative chemesthetic and olfactory potency across VOCs virtually unaltered (29-31). 

Interestingly, in terms of nasal pungency, many of these series reached a large enough homolog 
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that failed to be detected consistently by one or more anosmics, even at vapor saturation (27). 

Once such homolog was reached, the failure to detect (i.e., to elicit nasal pungency) became 

increasingly more evident for all ensuing homologs. In other words, the increasing nasal 

pungency potency of successive homologs (reflected in decreasing thresholds) ended rather 

abruptly upon reaching a member that lacked potency altogether. This cut-off effect in 

chemesthesis is discussed below. 

 

Insert Figure 1 about here 

 

The use of anosmics to gauge nasal trigeminal sensitivity presumes that the lack of 

olfaction in these subjects does not alter to a significant extent chemesthetic sensitivity, 

compared to normosmics. A number of investigations have explored this issue but the results 

have been mixed. In behavioral tests where anosmics showed lower sensitivity and intensity 

ratings for chemesthesis, normosmics were not “blind” to the odor of the stimuli, which could 

have affected the results (32, 33). Congenital anosmics tested with CO2 gave lower intensity 

ratings than normosmics (34), but anosmics after upper respiratory tract infection (URI) and 

those after head trauma gave intensity ratings no different than those from normosmics (35). 

Still, anosmics after URI and those after head trauma, but not hyposmics, had higher CO2 

detection thresholds than normosmics (36). Unfortunately, these CO2 thresholds were obtained 

from yes-no answers (quite prone to criterion-based biases) rather than from a more robust 

forced-choice procedure. Electrophysiological tests on nasal chemesthesis have included 

peripheral responses, namely the negative mucosal potential (NMP), and central responses, 

namely trigeminal event related potentials (tERP) generated in the cortex. For peripheral 
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responses to CO2 stimulation, congenital anosmics and those from acquired etiologies had a 

larger activation than normosmics (34, 35). In contrast, for central responses to CO2 stimulation, 

congenital anosmics showed no significant differences with normosmics (34), whereas anosmics 

from acquired etiologies (and hyposmics) had a significantly smaller activation than 

normosmics. The specific component(s) responsible for this smaller central activation remain 

unclear since in some instances the smaller activation has occurred for the peak-to-peak 

amplitude of the early P1N1 wave (37), and, in other instances, for the base-to-peak amplitude 

P2 and peak-to-peak amplitude N1P2 (35). 

 

Nasal localization thresholds (NLTs) 

 

 The nasal lateralization task provided a good opportunity to compare the chemesthetic 

performance of normosmics and anosmics. Again, the results were mixed. Congenital anosmics 

did not differ from normosmics in their ability to lateralize neat eucalyptol (34). In contrast, 

hyposmics and anosmics from acquired etiologies did poorer than normosmics in their ability to 

lateralize neat benzaldehyde and eucalyptol, with the difference sometimes reaching statistical 

significance (38) and sometimes not (35). 

 

Subjects with normal and absent olfaction were tested for NLTs under an ascending 

concentration approach that included dilutions of the chemicals, not only the neat compound, and 

that involved quantification of vapors by gas chromatography. Homologous n-alcohols, selected 

terpenes, and cumene served as stimuli (16, 28). The outcome showed a picture of slightly higher 

sensitivity (lower NLTs) for normosmics compared to anosmics, but the difference did not 
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achieve statistical significance (Figure 2). Overall, the three estimates of nasal chemesthesis 

(NLTs in normosmics, NLTs in anosmics, and NPTs) and even ocular chemesthesis (i.e., eye 

irritation thresholds, EITs) often provided a similar picture of trigeminal sensitivity for each 

VOC (Figure 2). We note that some compounds could not reach the specific criterion for nasal 

and/or ocular threshold in all participants on all repetitions (even when presented neat), see 

details in (16, 28). Among the n-alcohols, 1-octanol did not achieve the NLT criterion in either 

normosmics or anosmics, and very often failed to achieve it for NPTs; nevertheless, octanol did 

reach EIT in both groups (16) (Figure 2). Among the terpenes, delta-3-carene and 1,8-cineole 

were the most reliable chemesthetic stimuli, reaching NPT, NLT and EIT (the last two in 

normosmics and anosmics) in virtually all subjects and repetitions, whereas geraniol very 

commonly failed to reach criterion for these same thresholds (28) (Figure 2). Based on the results 

presented in this and the previous section we conclude that any advantage in nasal chemesthetic 

sensitivity that normosmics might have over anosmics, if indeed real, appears relatively small. 

 

Insert Figure 2 about here 

 

Cut-off point for eliciting chemesthesis along vapors from homologous series 

 

  As noted above, thresholds for nasal (and ocular) chemesthesis decline with carbon chain 

length along homologous series, but only until reaching a large enough homolog that begins to 

fail to evoke chemesthetic detection altogether, even at vapor saturation at room temperature 

(≈23°C). The point where this happens within each series has been labeled the cut-off point for 

chemesthesis, and the shortest homolog failing detection, the cut-off homolog (13). A number of 
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recent studies, particularly in the ocular mucosa, have defined the cut-off homolog for various 

series, and have provided indications on the likely basis for the effect in terms of a structure-

activity context (14, 39-45). This is discussed next. 

 

 The appearance of a cut-off effect in the detection of chemesthesis from homologous 

vapors can rest on at least two possibilities. One is that the series has reached a member whose 

vapor pressure is too low to reach the necessary threshold concentration. Another is that the 

series has reached a member who lacks a key property to trigger transduction. For example, the 

homolog might be too large to interact effectively with a target site or a binding pocket in a 

receptive macromolecule. To look into these issues we devised three approaches. The first 

approach consisted in applying a successful quantitative structure-activity relationship (QSAR), 

based on a solvation equation (46), to calculate and model predicted NPTs along homologous 

series (47-49). (This QSAR for nasal chemesthesis is described in detail in Chapter 25, “Physico-

chemical modeling of sensory irritation in humans and experimental animals”.) Then, trends in 

measured and calculated NPTs were compared with trends in saturated vapor concentrations at 

room temperature (23°C) and at body temperature (37°C) across homologs. The outcome 

showed that an extrapolation of the trend depicted by measured and calculated NPTs to the point 

of the cut-off homolog produced a predicted NPT concentration lower than the saturated vapor at 

23°C (acetates case) or lower than that at 37°C (alcohols case) (Figure 3). We conclude that: a) 

for the acetates, the cut-off was not likely the result of a low vapor concentration, and b) for the 

alcohols, if indeed the cut-off resulted from a low vapor concentration, raising the concentration 

of the cut-off homolog to vapor saturation at 37°C should overcome the effect and precipitate 

detection. The outcome of this strategy is discussed next. 
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Insert Figure 3 about here 

 

 The second approach consisted in testing the chemesthetic detection of each cut-off 

homolog at vapor saturation at 37°C, where the concentration for both compounds (decyl acetate 

and 1-undecanol) will be clearly above the predicted threshold (see Figure 3). For decyl acetate, 

the test has been performed for both nasal and ocular chemesthesis. The results for nasal 

chemesthesis revealed no significant increase in its detection at the higher vapor saturation, 

arguing against a cut-off based on a concentration restriction (14) (Figure 4). The results for 

ocular chemesthesis did find a slight, but significant, increase, for the group data; but analysis of 

the individual data revealed that the increase was only seen for half of the 12 participants, 

whereas the other half did not show it at all (39). It was suggested that the exact cut-off point 

might vary slightly among subjects, perhaps due to genetic variability in the receptors involved. 

For 1-undecanol, the test involving increased vapor saturation has been, so far, only performed 

for ocular chemesthesis. The results mimicked those obtained for decyl acetate in the eye, 

including the sharp contrast between the performance of two subgroups of subjects (39). 

 

Insert Figure 4 about here 

 

The third approach to probe into the basis for the cut-off effect has been only explored in 

the ocular mucosa, up to the moment. It consists in measuring concentration-detection functions 

for chemesthesis, instead of only a threshold value, and establishing whether the function for the 

cut-off homolog reaches a plateau at some low level of detection such that further increases in 
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concentration fail to increase detectability. The results from studies of homologous alcohols, 

acetates, alkylbenzenes and 2-ketones have supported the existence of this kind of plateau for the 

respective cut-off homolog: 1-undecanol, decyl acetate, heptylbenzene, and 2-tridecanone (44, 

45). The outcome provides additional support to the idea that the cut-off often emerges from a 

restriction other than vapor concentration; for example, it could emerge from the homolog 

exceeding a critical molecular dimension to activate chemesthesis. 

 

Nasal chemesthesis and exposure time 

 

 Nasal irritation from chemicals often increases with time of exposure until reaching a 

plateau and, sometimes, declining thereafter (50). At the perithreshold level and for short 

exposures (<10 sec), this temporal effect produces lower chemesthetic thresholds as stimulus 

duration increases. Whether measured with a trigeminally-induced reflex apnea (51) or with the 

nasal lateralization technique, temporal integration of threshold nasal chemesthesis has been 

described for ammonia, CO2, and the n-alcohols ethanol, butanol, and octanol (52-56). The 

outcome suggests that, within a short time-frame (≈4 sec) detection of nasal chemesthesis relies 

on total mass rather than on concentration of the stimulus. However, the relationship between 

time and concentration falls, to a smaller or larger degree, short of a perfect trading: It takes 

somewhat more than doubling the exposure duration to compensate for a twofold decrease in 

concentration. 

 

 Suprathreshold ratings of nasal chemesthesis (i.e., perceived intensity) increase with 

stimulus duration, at least for up to about 4 sec, as shown for ammonia (53, 56) and CO2 (57). In 
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addition, the amplitude of the P3 peak from the tERP response to CO2 also increases with 

stimulus duration in the very-short range of 100 to 300 msec (58). Chamber studies with 

formaldehyde at a fixed concentration showed that the perceived intensity of (nasal and ocular) 

chemesthesis grows steadily with time during the 29-min exposure (59). Daily home or 

occupational exposure to an airborne chemical that might be causing mild irritation can increase 

the nasal chemesthetic threshold to that chemical (i.e., produce desensitization) but the effect 

does not seem to generalize to other irritants (15, 60, 61). Experiments entailing 2 to 3 hours 

exposures to mixtures of VOCs (62) and to environmental tobacco smoke (63) showed that the 

perceived intensity of chemesthesis clearly increases with time. 

 

Nasal chemesthesis and chemical mixtures 

 

 Most, if not all, the studies we have discussed have dealt with the production of 

chemesthesis in humans from exposures to single chemicals. In contrast, environmental 

exposures at work and at home, indoors and outdoors, typically involve the presence of complex 

mixtures of compounds (64). It is, then, very relevant to explore and understand how the human 

nasal chemesthetic system processes mixtures of irritants. For convenience, we can distinguish 

those investigations that focused on the perithreshold level, i.e., detection of nasal irritation by 

mixtures, from those that focused on the suprathreshold level, i.e., magnitude (or intensity) of 

nasal irritation by mixtures. Under both strategies, one important goal is to uncover the rules that 

govern the chemesthetic impact of the mixture as compared to that of the individual components. 
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 Human investigations addressing the nasal chemesthetic intensity of chemical mixtures 

are relatively few compared to those in olfaction. The total nasal perceived intensity of mixtures 

of the pungent odorants ammonia and formaldehyde grew with concentration in a way indicating 

that the perception of the mixture switched from being significantly lower to being significantly 

higher than the sum of the perceived intensities of its components (65). This suggested that an 

increase of the relative contribution of nasal chemesthesis over olfaction underlay the effect, an 

interpretation later confirmed in additional experiments (66). The complex stimuli environmental 

tobacco smoke elicited both nasal and ocular chemesthesis, although the ocular mucosa seemed 

the most sensitive (63). These studies have relied on instructing the subjects to assess separately 

the odorous and the chemesthetic (pungent) component of the nasal sensation, a task quite prone 

to different biases across subjects (67, 68). 

 

 Regarding the perithreshold detection of mixtures, an intensive study of 9 single 

chemicals and their mixtures, including two three-component, two six-component, and one nine-

component mixtures, observed various degree of agonism (additive effects) among the 

constituents (69). The outcome comprised not only NPTs, but EITs and ODTs as well. The use 

of short-chain and longer-chain homologs from four different series facilitated the interpretation 

of the results in physicochemical terms. The degree of chemosensory agonism became larger as 

the number of components and their lipophilicity increased. The chemesthetic thresholds showed 

stronger agonism than the olfactory ones, with eye irritation having stronger agonism than nasal 

pungency. While physicochemical properties were shown to play an important role in the 

chemosensory detection of single chemicals (see Figure 1), they seem to have relevance for 
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mixtures too. Later studies took a more comprehensive look at the study of mixtures by 

measuring not just threshold values but complete concentration-detection, i.e., psychometric or 

detectability, functions, see (30). This quite intensive and detailed approach geared the effort to 

the simpler case of binary mixtures. Again, components of the mixtures were selected form 

homologous series and included 1-butanol and 2-heptanone (70), butyl acetate and toluene (71), 

and ethyl propanoate and ethyl heptanoate (72). The idea behind this selection was to explore a 

pair from different series but with similar chemical functionality, a pair from different series with 

dissimilar functionality, and a pair from the same series and functionality. The results were 

analyzed in terms of response-addition (sum of detectabilities) and of dose-addition (sum of 

doses within a selected psychometric function). The overall results indicated relative agreement 

between response- and dose-addition, and, irrespective of the structural or chemical similarity 

between components, a stronger degree of addition of detection at low than at high levels of 

detectability (73). (We clarify that in these studies low levels of detectability were still above 

chance detection, and high levels were still below perfect detection.) Interestingly, nasal 

pungency showed a stronger degree of addition than eye irritation, particularly at high levels of 

detectability. 

 

 Complex mixtures of airborne compounds, e.g. environmental tobacco smoke (74), 

fragranced household products (75), indoor air (62, 76-78), and outdoor air surrounding 

composting facilities (79) or animal production facilities (80, 81), have been employed to assess 

their potential to elicit human mucosal sensory irritation. In these cases the focus has been 

exclusively on the total effect of the mixture, at one or another dilution level, on a healthy 

sample of subjects, or on two or more groups of subjects with or without a certain condition (for 
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example, asthmatics). No attempts were made to relate the chemesthetic impact of the mixture to 

that of the individual components. In fact, in some cases, the very complex mixtures could not be 

fully defined from a chemical standpoint. 

 

Respiratory Behavior and Nasal Irritation 

 

Reflex nasal transitory apnea 

 

 When a chemical irritant entering the nose reaches a certain level, a momentary and 

reflex interruption of breathing (apnea) occurs. This physiological effect has been employed to 

understand functional features of nasal chemesthesis and to assess the comparative chemesthetic 

sensitivity of groups of subjects by gender, age, and smoking-status (51, 56, 82-85). The results 

indicated that females, young individuals, and non-smokers are more sensitive than males, older 

individuals, and smokers, respectively, as probed by the reflex transitory apnea. The differences 

have been confirmed by psychophysical procedures (38, 82, 86-91). In addition, physiological 

techniques (e.g., rhinomanometry, NMP, tERP) have also been employed to study these and 

other group differences, for example, those due to nasal disease or condition, see reviews in (90, 

92). These methods and outcomes are described in detail in Chapter 8, “Exposure and recording 

systems in human studies”. 

 

Other respiratory behavior alterations 
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 Airborne chemicals producing odor and irritation can change breathing parameters, for 

example, they can reduce tidal volume (93). The odorants acetic acid, amyl acetate, and phenyl 

ethyl alcohol were selected as representative of compounds possessing strong, medium, and null 

(or minimal) nasal trigeminal impact in an investigation that combined estimates of odor and 

nasal irritation with measurements of nasal patency and respiratory behavior (94). As expected, 

the compounds showed greater differences in nasal irritation than in odor strength. It was pointed 

out that tidal volume seemed to have a close and inverse relationship to nasal irritation. 

 

 Using a visual analogue scale, normosmics and anosmics estimated the magnitudes of 

odor and irritation evoked by the presentation of a wide range of concentrations of propionic 

acid, while their breathing characteristics were recorded (95, 96). As concentration increased, 

inhalation volume began to decline in normosmics at a lower concentration and at a faster rate 

than it did in anosmics. When normosmics first began to show this decline, their estimates of 

both odor and nasal irritation where already significantly higher than in the clean air condition 

(control). In contrast, inhalation duration began to decline at the same concentration in 

normosmics and anosmics, and it did it at a concentration where anosmics first reported nasal 

irritation. Still, as observed for inhalation volume, inhalation duration declined with 

concentration faster in normosmics than in anosmics. The authors favored the interpretation that 

the higher sensitivity of normosmics to a decline in inhalation volume validated their reports of 

nasal irritation at concentrations undetected by anosmics. 

 

 In an environmental chamber study, phlebotomists occupationally exposed to isopropanol 

and unexposed controls were challenged with a 400 ppm concentration of isopropanol (its time-
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weighted average threshold limit value) during 4 hours (97). Exposures to phenyl ethyl alcohol 

and to clean air served as a negative control for irritation, and as a negative control for both odor 

and irritation, respectively. The only physiological end-point that changed exclusively in the 

isopropanol condition was respiratory frequency. It increased, relative to baseline, in both subject 

groups, with no differences among them. Since reports of irritation and odor intensity declined 

with time, the authors attributed the increase in respiration frequency to a voluntary change in 

breathing in response to an unpleasant, solvent-like odor (i.e., a cognitive mediation) rather than 

to a reflexive change due to sensory irritation (i.e., an autonomic event). 

 

The significance of the phenomenon of irritant-induced respiratory alterations lies, at 

least in part, in establishing an analogy with (and basis for extrapolation from) animal studies of 

a similar endpoint.  Several decades of work have documented the effects of irritants of different 

anatomical specificities (i.e., “sensory,” “pulmonary,” “respiratory”) on breathing patterns in 

experimental animals. Alarie (98) coined the term “RD50” to describe the endpoint of 50% 

reduction in respiratory rate that occurs upon exposure to (generally) water-soluble irritants with 

predominant impact on the upper respiratory tract (see Chapter 11, “Nasal reflexes – including 

alterations in respiratory behavior – in experimental animals.”). Several reviews have since 

supported the relevance of the RD50 in predicting human sensory irritation (99-101) whereas 

other reviews remain skeptical of using the RD50 model for human risk assessment purposes 

(102, 103). 

 

Summary 
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 Nasal chemosensory irritation (i.e., chemesthesis) in humans results form stimulation of 

the trigeminal nerve. Almost all chemical vapors that produce odor can evoke nasal chemesthesis 

at higher concentrations, although there is a cut-off point along homologous series beyond which 

larger homologs fail to be detected by chemesthesis. The failure seems to rest on some aspect of 

molecular structure or dimensions rather than on a low vapor concentration. In turn, almost all 

irritants can also elicit an odor with the arguable exception of carbon dioxide (CO2). To separate 

the trigeminal from the olfactory response of the nose, investigators have tested subjects lacking 

olfaction (i.e., anosmics) and have measured nasal lateralization thresholds, i.e., the ability to 

localize whether a vapor entered the right or the left nostril when air enters the contralateral 

nostril. Such ability rests on trigeminal, not olfactory input. Detection of nasal chemesthesis from 

chemical mixtures reveals additive effects among constituents, particularly at low levels of 

detectability (but still above chance detection). As a rule, increases in time of exposure decrease 

chemesthetic thresholds (i.e., enhances sensitivity) and produce higher ratings of irritation 

intensity. Nasal chemesthesis can produce alterations in respiration, including a reflex, transitory 

apnea, and reductions in the duration and volume of nasal inhalations. Relative consistency has 

been found for irritation thresholds among two of three anatomical structures subsumed within 

“sensory irritation” – i.e., the nose and eye.  Thus for predictive toxicology and risk assessment 

purposes, an argument can be made that measurements using one system can often be 

extrapolated to the other. 

 



 18 

 

 

 

 

 

 

 

Acknowledgements 
 

Preparation of this chapter was supported by grants number R01 DC 002741 and R01 DC 

005003 from the National Institute on Deafness and Other Communication Disorders (NIDCD), 

National Institutes of Health (NIH). 

 



 19 

References 

 
1. Doty R, ed. Handbook of Olfaction and Gustation. 2nd ed. New York: Marcel Dekker, 

Inc.; 2003. 

2. Green B, Mason J, Kare M, eds. Chemical Senses. Volume 2. Irritation. New York: 

Marcel Dekker, Inc.; 1990. 

3. Bryant B, Silver WL. Chemesthesis: The Common Chemical Sense. In: Finger TE, Silver 

WL, Restrepo D, eds. The Neurobiology of Taste and Smell 2nd Edition. New York: Wiley-Liss; 

2000:73-100. 

4. Doty RL, Cometto-Muñiz JE, Jalowayski AA, Dalton P, Kendal-Reed M, Hodgson M. 

Assessment of upper respiratory tract and ocular irritative effects of volatile chemicals in 

humans. Crit Rev Toxicol 2004;34(2):85-142. 

5. Parker GH. The relation of smell, taste, and the common chemical sense in vertebrates. J 

Acad Nat Sci Phila 1912;15:219-234. 

6. Lee Y, Lee CH, Oh U. Painful channels in sensory neurons. Mol Cells 2005;20(3):315-

24. 

7. Green BG, Mason JR, Kare MR. Preface. In: Green BG, Mason JR, Kare MR, eds. 

Chemical Senses, Volume 2: Irritation. New York: Marcel Dekker, Inc.; 1990:v-vii. 

8. Green BG, Lawless HT. The psychophysics of somatosensory chemoreception in the 

nose and mouth. In: Getchell TV, Doty RL, Bartoshuk LM, Snow Jr. JB, eds. Smell and Taste in 

Health and Disease. New York: Raven Press; 1991:235-253. 

9. Finger T, Silver W, Bryant B. Trigeminal nerve. In: Adelman G, Smith B, eds. 

Encyclopedia of Neuroscience, Vol II. Amsterdam: Elsevier; 1999:2069-2071. 



 20 

10. Doty RL, Cometto-Muñiz JE. Trigeminal chemosensation. In: Doty RL, ed. Handbook of 

Olfaction and Gustation. 2nd edition ed. New York: Marcel Dekker; 2003:981-1000. 

11. Cometto-Muñiz JE, Cain WS. Sensory irritation. Relation to indoor air pollution. Ann N 

Y Acad Sci 1992;641:137-51. 

12. Meldrum M. Setting occupational exposure limits for sensory irritants: the approach in 

the European Union. Aihaj 2001;62(6):730-2. 

13. Cometto-Muñiz JE. Physicochemical basis for odor and irritation potency of VOCs. In: 

Spengler JD, Samet J, McCarthy JF, eds. Indoor Air Quality Handbook. New York: McGraw-

Hill; 2001:20.1–20.21. 

14. Cometto-Muñiz JE, Cain WS, Abraham MH. Determinants for nasal trigeminal detection 

of volatile organic compounds. Chem Senses 2005;30(8):627-42. 

15. Wysocki CJ, Dalton P, Brody MJ, Lawley HJ. Acetone odor and irritation thresholds 

obtained from acetone-exposed factory workers and from control (occupationally unexposed) 

subjects. Am Ind Hyg Assoc J 1997;58(10):704-12. 

16. Cometto-Muñiz JE, Cain WS. Trigeminal and olfactory sensitivity: comparison of 

modalities and methods of measurement. Int Arch Occup Environ Health 1998;71:105-110. 

17. Dalton PH, Dilks DD, Banton MI. Evaluation of odor and sensory irritation thresholds for 

methyl isobutyl ketone in humans. Am Ind Hyg Assoc J 2000;61(3):340-50. 

18. Schneider RA, Schmidt CE. Dependency of olfactory localization on non-olfactory cues. 

Physiol Behav 1967;2:305-309. 

19. Kobal G, Van Toller S, Hummel T. Is there directional smelling? Experientia 

1989;45:130-132. 



 21 

20. von Bèkesy G. Olfactory analogue to directional hearing. J Appl Physiol 1964;19:369-

373. 

21. Doty RL. Intranasal trigeminal detection of chemical vapors by humans. Physiol Behav 

1975;14:855-859. 

22. Doty RL, Brugger WE, Jurs PC, Orndorff MA, Snyder PF, Lowry LD. Intranasal 

trigeminal stimulation from odorous volatiles: psychometric responses from anosmic and normal 

humans. Physiol Behav 1978;20:175-185. 

23. Cometto-Muñiz JE, Cain WS. Thresholds for odor and nasal pungency. Physiol Behav 

1990;48:719-725. 

24. Cometto-Muñiz JE, Cain WS. Nasal pungency, odor, and eye irritation thresholds for 

homologous acetates. Pharmacol Biochem Behav 1991;39:983-989. 

25. Cometto-Muñiz JE, Cain WS. Efficacy of volatile organic compounds in evoking nasal 

pungency and odor. Arch Environ Health 1993;48:309-314. 

26. Cometto-Muñiz JE, Cain WS. Sensory reactions of odor and nasal pungency to volatile 

organic compounds: The alkylbenzenes. Am Ind Hyg Assoc J 1994;55:811-817. 

27. Cometto-Muñiz JE, Cain WS, Abraham MH. Nasal pungency and odor of homologous 

aldehydes and carboxylic acids. Exp Brain Res 1998;118:180-188. 

28. Cometto-Muñiz JE, Cain WS, Abraham MH, Kumarsingh R. Trigeminal and olfactory 

chemosensory impact of selected terpenes. Pharmacol Biochem Behav 1998;60(3):765-770. 

29. Cometto-Muñiz JE, Cain WS, Hiraishi T, Abraham MH, Gola JMR. Comparison of two 

stimulus-delivery systems for measurement of nasal pungency thresholds. Chem Senses 

2000;25(3):285-291. 



 22 

30. Cometto-Muñiz JE, Cain WS, Abraham MH, Gola JMR. Psychometric functions for the 

olfactory and trigeminal detectability of butyl acetate and toluene. J Appl Toxicol 2002;22(1):25-

30. 

31. Cometto-Muñiz JE, Abraham MH. Human olfactory detection of homologous n-alcohols 

measured via concentration-response functions. Pharmacol Biochem Behav 2008;89(3):279-91. 

32. Kendal-Reed M, Walker JC, Morgan WT, LaMacchio M, Lutz RW. Human responses to 

propionic acid. I. Quantification of within- and between-participant variation in perception by 

normosmics and anosmics. Chem Senses 1998;23(1):71-82. 

33. Gudziol H, Schubert M, Hummel T. Decreased trigeminal sensitivity in anosmia. ORL J 

Otorhinolaryngol Relat Spec 2001;63(2):72-5. 

34. Frasnelli J, Schuster B, Hummel T. Subjects with congenital anosmia have larger 

peripheral but similar central trigeminal responses. Cereb Cortex 2007;17(2):370-7. 

35. Frasnelli J, Schuster B, Hummel T. Interactions between olfaction and the trigeminal 

system: what can be learned from olfactory loss. Cereb Cortex 2007;17(10):2268-75. 

36. Frasnelli J, Schuster B, Zahnert T, Hummel T. Chemosensory specific reduction of 

trigeminal sensitivity in subjects with olfactory dysfunction. Neuroscience 2006;142(2):541-6. 

37. Hummel T, Barz S, Lotsch J, Roscher S, Kettenmann B, Kobal G. Loss of olfactory 

function leads to a decrease of trigeminal sensitivity. Chem Senses 1996;21(1):75-9. 

38. Hummel T, Futschik T, Frasnelli J, Huttenbrink KB. Effects of olfactory function, age, 

and gender on trigeminally mediated sensations: a study based on the lateralization of 

chemosensory stimuli. Toxicol Lett 2003;140-141:273-80. 

39. Cometto-Muñiz JE, Cain WS, Abraham MH. Molecular restrictions for human eye 

irritation by chemical vapors. Toxicol Appl Pharmacol 2005;207(3):232-43. 



 23 

40. Cain WS, Lee NS, Wise PM, et al. Chemesthesis from volatile organic compounds: 

Psychophysical and neural responses. Physiol Behav 2006;88(4-5):317-24. 

41. Cometto-Muñiz JE, Cain WS, Abraham MH, Sánchez-Moreno R. Chemical boundaries 

for detection of eye irritation in humans from homologous vapors. Toxicol Sci 2006;91(2):600-9. 

42. Abraham MH, Sánchez-Moreno R, Cometto-Muñiz JE, Cain WS. A quantitative 

structure-activity analysis on the relative sensitivity of the olfactory and the nasal trigeminal 

chemosensory systems. Chem Senses 2007;32:711-719. 

43. Cometto-Muñiz JE, Cain WS, Abraham MH, Sánchez-Moreno R. Cut-off in detection of 

eye irritation from vapors of homologous carboxylic acids and aliphatic aldehydes. Neuroscience 

2007;145:1130-1137. 

44. Cometto-Muñiz JE, Cain WS, Abraham MH, Sánchez-Moreno R. Concentration-

detection functions for eye irritation evoked by homologous n-alcohols and acetates approaching 

a cut-off point. Exp Brain Res 2007;182:71-79. 

45. Cometto-Muñiz JE, Abraham MH. A cut-off in ocular chemesthesis from vapors of 

homologous alkylbenzenes and 2-ketones as revealed by concentration-detection functions. 

Toxicol Appl Pharmacol 2008 (in press). 

46. Abraham MH. The potency of gases and vapors: QSARs — Anesthesia, sensory 

irritation, and odor. In: Gammage RB, Berven BA, eds. Indoor Air and Human Health 2nd 

Edition. Boca Raton: CRC Lewis Publishers; 1996:67-91. 

47. Abraham MH, Andonian-Haftvan J, Cometto-Muñiz JE, Cain WS. An analysis of nasal 

irritation thresholds using a new solvation equation. Fundam Appl Toxicol 1996;31(1):71-76. 

48. Abraham MH, Kumarsingh R, Cometto-Muñiz JE, Cain WS. An algorithm for nasal 

pungency thresholds in man. Arch Toxicol 1998;72:227-232. 



 24 

49. Abraham MH, Gola JMR, Cometto-Muñiz JE, Cain WS. The correlation and prediction 

of VOC thresholds for nasal pungency, eye irritation and odour in humans. Indoor and Built 

Environment 2001;10(3-4):252-257. 

50. Shusterman D, Matovinovic E, Salmon A. Does Haber's law apply to human sensory 

irritation? Inhal Toxicol 2006;18(7):457-71. 

51. Dunn JD, Cometto-Muñiz JE, Cain WS. Nasal reflexes: Reduced sensitivity to CO2 

irritation in cigarette smokers. J Appl Toxicol 1982;2:176-178. 

52. Wise PM, Radil T, Wysocki CJ. Temporal integration in nasal lateralization and nasal 

detection of carbon dioxide. Chem Senses 2004;29(2):137-42. 

53. Wise PM, Canty TM, Wysocki CJ. Temporal integration of nasal irritation from 

ammonia at threshold and supra-threshold levels. Toxicol Sci 2005;87(1):223-31. 

54. Wise PM, Canty TM, Wysocki CJ. Temporal integration in nasal lateralization of 

ethanol. Chem Senses 2006;31(3):227-35. 

55. Wise PM, Toczydlowski SE, Wysocki CJ. Temporal integration in nasal lateralization of 

homologous alcohols. Toxicol Sci 2007;99(1):254-9. 

56. Cometto-Muñiz JE, Cain WS. Temporal integration of pungency. Chem Senses 

1984;8:315-327. 

57. Wise PM, Wysocki CJ, Radil T. Time-intensity ratings of nasal irritation from carbon 

dioxide. Chem Senses 2003;28(9):751-60. 

58. Frasnelli J, Lotsch J, Hummel T. Event-related potentials to intranasal trigeminal stimuli 

change in relation to stimulus concentration and stimulus duration. J Clin Neurophysiol 

2003;20(1):80-6. 



 25 

59. Cain WS, See LC, Tosun T. Irritation and odor from formaldehyde: Chamber studies. In: 

IAQ'86 Managing Indoor Air for Health and Energy Conservation. Atlanta, Georgia, USA: 

American Society of Heating, Refrigerating and Air-Conditioning Engineers, Inc.; 1986:126-

137. 

60. Dalton P, Dilks D, Hummel T. Effects of long-term exposure to volatile irritants on 

sensory thresholds, negative mucosal potentials, and event-related potentials. Behav Neurosci 

2006;120(1):180-7. 

61. Smeets M, Dalton P. Perceived odor and irritation of isopropanol: a comparison between 

naive controls and occupationally exposed workers. Int Arch Occup Environ Health 

2002;75(8):541-8. 

62. Hudnell HK, Otto DA, House DE, Molhave L. Exposure of humans to a volatile organic 

mixture. II. Sensory. Arch Environ Health 1992;47(1):31-8. 

63. Cain WS, Tosun T, See LC, Leaderer B. Environmental Tobacco-Smoke - Sensory 

Reactions of Occupants. Atmos Environ 1987;21(2):347-353. 

64. Feron VJ, Arts JH, Kuper CF, Slootweg PJ, Woutersen RA. Health risks associated with 

inhaled nasal toxicants. Crit Rev Toxicol 2001;31(3):313-47. 

65. Cometto-Muñiz JE, García-Medina MR, Calviño AM. Perception of Pungent Odorants 

Alone and in Binary-Mixtures. Chem Senses 1989;14(1):163-173. 

66. Cometto-Muñiz JE, Hernandez SM. Odorous and pungent attributes of mixed and 

unmixed odorants. Percept Psychophys 1990;47(4):391-9. 

67. Dalton P. Odor, irritation and perception of health risk. Int Arch Occup Environ Health 

2002;75(5):283-90. 



 26 

68. Dalton P. Upper airway irritation, odor perception and health risk due to airborne 

chemicals. Toxicol Lett 2003;140-141:239-48. 

69. Cometto-Muñiz JE, Cain WS, Hudnell HK. Agonistic sensory effects of airborne 

chemicals in mixtures: odor, nasal pungency, and eye irritation. Percept Psychophys 

1997;59(5):665-74. 

70. Cometto-Muñiz JE, Cain WS, Abraham MH, Gola JM. Chemosensory detectability of 1-

butanol and 2-heptanone singly and in binary mixtures. Physiol Behav 1999;67(2):269-76. 

71. Cometto-Muñiz JE, Cain WS, Abraham MH, Gola JM. Ocular and nasal trigeminal 

detection of butyl acetate and toluene presented singly and in mixtures. Toxicol Sci 

2001;63(2):233-44. 

72. Cometto-Muñiz JE, Cain WS, Abraham MH. Chemosensory additivity in trigeminal 

chemoreception as reflected by detection of mixtures. Exp Brain Res 2004;158(2):196-206. 

73. Cometto-Muñiz JE, Cain WS, Abraham MH. Detection of single and mixed VOCs by 

smell and by sensory irritation. Indoor Air 2004;14 Suppl 8:108-17. 

74. Walker JC, Kendal-Reed M, Utell MJ, Cain WS. Human breathing and eye blink rate 

responses to airborne chemicals. Environ Health Perspect 2001;109 Suppl 4:507-12. 

75. Opiekun RE, Smeets M, Sulewski M, et al. Assessment of ocular and nasal irritation in 

asthmatics resulting from fragrance exposure. Clin Exp Allergy 2003;33(9):1256-65. 

76. Meininghaus R, Kouniali A, Mandin C, Cicolella A. Risk assessment of sensory irritants 

in indoor air--a case study in a French school. Environ Int 2003;28(7):553-7. 

77. Otto D, Molhave L, Rose G, Hudnell HK, House D. Neurobehavioral and sensory irritant 

effects of controlled exposure to a complex mixture of volatile organic compounds. Neurotoxicol 

Teratol 1990;12(6):649-52. 



 27 

78. Laumbach RJ, Fiedler N, Gardner CR, et al. Nasal effects of a mixture of volatile organic 

compounds and their ozone oxidation products. J Occup Environ Med 2005;47(11):1182-9. 

79. Müller T, Thissen R, Braun S, Dott W, Fischer G. (M)VOC and composting facilities. 

Part 2: (M)VOC dispersal in the environment. Environ Sci Pollut Res Int 2004;11(3):152-7. 

80. Schiffman SS, Walker JM, Dalton P, et al. Potential health effects of odor from animal 

operations, wastewater treatment, and recycling of byproducts. J Agromed 2000;7:7-81. 

81. Schiffman SS, Williams CM. Science of odor as a potential health issue. J Environ Qual 

2005;34(1):129-38. 

82. Garcia-Medina MR, Cain WS. Bilateral integration in the common chemical sense. 

Physiol Behav 1982;29(2):349-53. 

83. Cometto-Muñiz JE, Cain WS. Perception of Nasal Pungency in Smokers and 

Nonsmokers. Physiol Behav 1982;29(4):727-731. 

84. Stevens JC, Cain WS. Aging and the perception of nasal irritation. Physiol Behav 

1986;37(2):323-8. 

85. Shusterman DJ, Balmes JR. A comparison of two methods for determining nasal irritant 

sensitivity. Am J Rhinol 1997;11(5):371-8. 

86. Cometto-Muñiz JE, Noriega G. Gender differences in the perception of pungency. 

Physiol Behav 1985;34(3):385-9. 

87. Stevens JC, Plantinga A, Cain WS. Reduction of odor and nasal pungency associated 

with aging. Neurobiol Aging 1982;3(2):125-32. 

88. Shusterman D, Murphy MA, Balmes J. Differences in nasal irritant sensitivity by age, 

gender, and allergic rhinitis status. Int Arch Occup Environ Health 2003;76(8):577-83. 



 28 

89. Shusterman D, Murphy MA, Balmes J. Influence of age, gender, and allergy status on 

nasal reactivity to inhaled chlorine. Inhal Toxicol 2003;15(12):1179-89. 

90. Shusterman D. Trigeminally-mediated health effects of air pollutants: sources of inter-

individual variability. Hum Exp Toxicol 2007;26(3):149-57. 

91. Wysocki CJ, Cowart BJ, Radil T. Nasal trigeminal chemosensitivity across the adult life 

span. Percept Psychophys 2003;65(1):115-22. 

92. Shusterman D. Individual factors in nasal chemesthesis. Chem Senses 2002;27(6):551-

64. 

93. Warren DW, Walker JC, Drake AF, Lutz RW. Assessing the Effects of Odorants on 

Nasal Airway Size and Breathing. Physiol Behav 1992;51(2):425-430. 

94. Warren DW, Walker JC, Drake AF, Lutz RW. Effects of odorants and irritants on 

respiratory behavior. Laryngoscope 1994;104(5 Pt 1):623-6. 

95. Walker JC, Kendal-Reed M, Hall SB, Morgan WT, Polyakov VV, Lutz RW. Human 

responses to propionic acid. II. Quantification of breathing responses and their relationship to 

perception. Chem Senses 2001;26(4):351-8. 

96. Kendal-Reed M, Walker JC, Morgan WT. Investigating sources of response variability 

and neural mediation in human nasal irritation. Indoor Air 2001;11(3):185-91. 

97. Smeets MA, Maute C, Dalton PH. Acute sensory irritation from exposure to isopropanol 

(2-propanol) at TLV in workers and controls: objective versus subjective effects. Ann Occup 

Hyg 2002;46(4):359-73. 

98. Alarie Y. Sensory irritation by airborne chemicals. CRC Crit Rev Toxicol 1973;2(3):299-

363. 



 29 

99. de Ceaurriz JC, Micillino JC, Bonnet P, Guenier JP. Sensory irritation caused by various 

industrial airborne chemicals. Toxicol Lett 1981;9(2):137-43. 

100. Schaper M. Development of a database for sensory irritants and its use in establishing 

occupational exposure limits. Am Ind Hyg Assoc J 1993;54(9):488-544. 

101. Kuwabara Y, Alexeeff GV, Broadwin R, Salmon AG. Evaluation and application of the 

RD50 for determining acceptable exposure levels of airborne sensory irritants for the general 

public. Environ Health Perspect 2007;115(11):1609-16. 

102. Bos PM, Zwart A, Reuzel PG, Bragt PC. Evaluation of the sensory irritation test for the 

assessment of occupational health risk. Crit Rev Toxicol 1991;21(6):423-50. 

103. Bos PM, Busschers M, Arts JH. Evaluation of the sensory irritation test (Alarie test) for 

the assessment of respiratory tract irritation. J Occup Environ Med 2002;44(10):968-76. 

 



 30 

Figure Legends 

 

Figure 1. Nasal pungency thresholds (NPTs) in anosmics and odor detection thresholds (ODTs) 

in normosmics for homologous alcohols, acetate esters, 2-ketones, n-alkylbenzenes, aliphatic 

aldehydes, and carboxylic acids, for cumene, and for selected terpenes. NPTs could not be 

measured for some compounds. Only n-homologs are joined by a line. Dashed lines indicate the 

appearance of a cut-off effect in NPTs such that one or more anosmics consistently failed to 

achieve the criterion chosen to reach an NPT. Bars indicate standard deviation (SD). 

 

Figure 2. Showing nasal localization thresholds (NLTs) in normosmics and anosmics, and nasal 

pungency thresholds (NPTs) (by definition, always in anosmics) for homologous alcohols, 

selected terpenes, and cumene. For comparison, eye irritation thresholds (EITs) in normosmics 

and anosmics are also shown for the same VOCs. For some compounds, one or more types of 

thresholds could not be measured at all; for other compounds, some participants (normosmics 

and anosmics) could not achieve the criterion for chemesthetic threshold on all repetitions, see 

details in (16, 28). Bars indicate standard deviation (SD). 

 

Figure 3. Above. Trends of measured and calculated NPTs, and of saturated vapor at 23 and 37 

°C, as a function of the variable carbon chain length of n-acetates. The arrow points to the cut-off 

homolog (decyl acetate, C10) and shows that the saturated vapor concentration at 23°C is higher 

than the calculated (i.e., expected) threshold. Thus, the observed nasal pungency cut-off is 

unlikely to arise from a concentration restriction (14). Below. Analogous data for n-alcohols. The 

arrow points to the likely cut-off homolog (from experiments on ocular chemesthesis) (undecyl 
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alcohol, C11) and shows that, if the cut-off indeed arises from a low vapor concentration, raising 

the concentration to vapor saturation at 37°C should make undecyl alcohol detectable. This did 

not occur, at least for ocular chemesthesis (39). 

 

Figure 4. Above. Homologs located at (decyl acetate) or beyond (octanoic acid) the cut-off point 

fail to increase their detection via nasal pungency (in anosmics) despite the increase in 

concentration achieved from vapor saturation at 23°C to vapor saturation at 37°C. In contrast, 

homologs located before the cut-off (octane) do increase their detection at the higher 

concentration. Below. The same homologs also fail to increase their detection when nasal 

chemesthesis is gauged via nasal localization (lateralization) in normosmics. In contrast, 2-

undecanone, a homolog located just before the cut-off (which occurs with 2-tridecanone in the 

ketones series) does increase its detection. Bars indicate standard error (SE). 
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FIGURE 2 
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FIGURE 3 
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FIGURE 4 
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