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Abstract

Identifications of 5 odorants selected to be nontrigeminal stimuli were compared using retronasal and oral-cavity-only (OCO) air-
phase presentations, with OCO produced by both exhalation through the mouth and a nose clip that closed the nostrils. Nine
identifierswere available on each trial; 1 or 2were correct for each odorant. Correct retronasal identificationsweremore common
than OCO identifications and exceeded chance across subjects and for each subject; OCO correct identifications did not exceed
chance. Retronasal reaction times were briefer than OCO reaction times. Correct retronasal identifications for vanillin, octanoic
acid, phenylethyl alcohol, coumarin, and octane were 88%, 73%, 87%, 70%, and 85%, respectively; correct OCO identifica-
tions were, respectively, 10%, 12%, 18%, 35%, and 33%. Identifiers selected for retronasally presented odorants differed from
those for other retronasally presented odorants, but identifiers for OCO-presented odorants did not differ between odorants.
Overall, the retronasal identifications of nontrigeminal odorants both depended upon the odorant that was presented and cor-
responded to previous reported orthonasal identifications. In contrast, the OCO identifications, characterized by low percentages
of correct identifications and an absence of differences between odorants in selected identifiers, suggested that OCO responses
to nontrigeminal, purely olfactory odorants lack sufficient sensory information for either correct or differential identification.

Key words: human psychophysics, olfaction, oral cavity, smell, trigeminal

Introduction

Odorants may be categorized in many ways. One approach

is chemical, including the general molecular structure (e.g.,

alkanes, alkenes, esters, and terpenes) or the presence of par-
ticular groups (e.g., alcohols, aldehydes, and amines) (e.g.,

Cain 1988; Leffingwell 2001). Another approach is func-

tional, which can emphasize genetic, perceptual, or neuroan-

atomical aspects. A functional genetic categorization of

odorants can include relevant genes and their associated

receptors (see Malnic et al. 1999; Mombaerts 2004; Pernollet

et al. 2006). A perception-based approach can address cate-

gories to which humans assign odorants (e.g., citrus, floral,
grassy, and woody [see Moncrieff 1967; Cain 1978, 1988;

Lawless 1989, 1997; Jellinek 1992; Wise et al. 2000]) or, in-

stead, specific identifications (e.g., almond, gasoline, and ‘‘va-

nilla’’). A third functional approach focuses on the cranial

nerve or nerves involved in behavioral responses to vapor-

phase stimuli (e.g., olfactory and/or trigeminal nerves [see

Silver and Finger 1991; Rawson 2000; Doty and Cometto-

Muñiz 2003]). Categorization as a vapor-phase trigeminal

stimulus (aka trigeminal odorant) is often based upon the ex-

tent to which individuals who lack a functional olfactory sys-

tem, that is, anosmics, can detect or describe the stimulus and
the degree of nasal pungency (e.g., Doty et al. 1978; Kobal

and Hummel 1992; Cometto-Muñiz et al. 1998, 2005). An-

other measure of the responsiveness of the human trigeminal

system to odorants (i.e., nasal chemesthesis [see Shusterman

2002; Cain et al. 2005]) has been the degree to which odorants

could be lateralized to one nostril or the other (e.g., Kobal

et al. 1989; Kobal and Hummel 1992; Radil and Wysocki

1998; Savic and Berglund 2000;Wysocki et al. 2003;Wysocki
and Wise 2004; Cometto-Muñiz et al. 2005; Frasnelli and

Hummel 2005; Cain et al. 2006) (but see Mainland and

Sobel 2006).

An odorant consisting of a single pure chemical that is

rarely detected or not reliably described by anosmics, or is

not readily lateralized, has been designated as ‘‘lacking nasal

chemesthetic impact,’’ ‘‘nontrigeminal,’’ ‘‘odor-only,’’ or

as a ‘‘pure’’ olfactory odorant (e.g., Cometto-Muñiz et al.
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2005). In general, these nontrigeminal, purely olfactory odor-

ants have been tested by presenting them to the nostrils (an-

terior nares) for smelling. That is, an orthonasal presentation

was used in which odorants are normally inhaled into and

through a nasal cavity. Nonetheless, air-phase nontrigeminal
chemical odorants such as vanillin and phenylethyl alcohol

(PEA) (see Doty et al. 1978; Cometto-Muñiz et al. 2005) have

also been presented via a retronasal route (seeHalpern 2004a,

2004b; Shepherd 2004) and found effective (e.g., Voirol and

Daget 1986;Heilmann andHummel 2004).More specifically,

both these purely olfactory odorants could be discriminated

and could be assigned intensities when delivered by a retro-

nasal route (identificationswere notmeasured). In contrast, if
such nontrigeminal pure chemical odorants were restricted to

a region that had trigeminal but no olfactory innervation,

such as the oral cavity, it would be expected that they would

not be effective stimuli.

Odorants that are present in the oral cavity at concentra-

tions which are effective for retronasal smelling may fail

to initiate reliable judgments during respiration if access

to the nasal cavities is prevented (e.g., Dragich and Halpern
forthcoming). For oral-cavity-only (OCO) stimulation, clo-

sure of the nostrils together with exhalation from the mouth

is the usual approach (e.g., Murphy et al. 1977; Pierce and

Halpern 1996; Mojet et al. 2003; Lim and Lawless 2005; Sun

and Halpern 2005). Such restriction of odorants to the oral

cavity while respiration continues is often done to allow

a comparison of OCO and retronasal stimulation. However,

it should be noted that in some instances, the intention has
been to permit controlled delivery of odorants to a nasal cav-

ity independently of respiration. In this instance, odorants

are delivered directly into the nasal cavity, and the velum

is elevated to isolate the nasal cavities from the oral cavity

(e.g., Kobal and Hummel 1991, 1992).

A velopharyngeal closure produced by sufficient elevation

of the velum provides a mechanical barrier between the oral

and the nasal cavities (see Buettner and Schieberle 2000;
Halpern 2004a, 2004b). If complete, a velopharyngeal closure

would isolate the oral cavity and the oropharynx from the

nasal cavity, thus preventing anymovement of odorants from

the oral cavity to the nasal cavities. Respiration through the

nostrils would also be prevented. In contrast, nostril closure,

often done using a nose clip, prevents respiration through the

nostrils and therefore precludes respiratory movement of

odorants into the nasal cavities from the oral cavity. How-
ever, in principle, given sufficient time, diffusion of odorants

from the oral cavity to the nasal cavitiesmight occur. Because

this diffusion would be relatively slow, any identification

based upon diffusion from the oral cavity would be expected

to yield a positive relationship between reaction times and

correct identifications. Consequently, measuring the reaction

time of OCO identifications could provide an indication of

the possibility that they were diffusion based.
The present research had 2 goals. These goals were to

examine retronasal identifications of orthonasally character-

ized purely olfactory odorants and to compare retronasal

and OCO identifications of these odorants. The hypotheses

were that retronasal identifications would be predicted by

previously measured orthonasal identifications and that

identifications during OCO presentations would differ from
retronasal identifications andmight be unrelated to the odor-

ant presented. Confirmation of the first hypothesis would in-

dicate that despite potential retronasal versus orthonasal

differences in airflow patterns, odorant conduction, and

central nervous system processing, purely olfactory single

odorants nonetheless received similar qualitative character-

izations. The second hypothesis would evaluate the degree to

which retronasal identifications of the tested purely olfactory
odorants were based only upon stimulation within the nasal

cavities. A brief report of these data has been made (Chen

and Halpern 2006).

Materials and methods

Subjects

Subjects were 20 paid volunteers, 14 females and 6 males

(mean age = 22 years), ranging from 18 to 49 years of age.

They were nonsmoking, nonpregnant, and nonlactating indi-

viduals associatedwithCornell University, over the age of 18,

who could communicate in American English, recruited

using posters and an online Web site (http://susan.psych.
cornell.edu/). No chemosensory screening of subjects was

done.Theprotocolwas reviewed andapprovedby theCornell

University Committee on Human Subjects (UCHS). Each

potential subject read and signed an Informed Consent Form

approved by the UCHS before participating in the experi-

ment. Subjects were asked not to eat and drink anything

except water for 1 h before a scheduled session. They were

informed that the experiment would compare 2 different
methods of sensing odors, retronasal and trigeminal, that

is, OCO. For the purposes of this study, retronasal smelling

was described as inhaling through the mouth and exhaling

through the nose; OCO perception, both inhaling and

exhaling through the mouth.

Odorants

The 5 odorants were 1) high performance liquid chromatog-

raphy ‡ 99% coumarin, 2) 98% reagent grade octane, 3) ‡98%
octanoic acid, 4) high performance liquid chromatography
‡99% coumarin, Food Chemicals Codex PEA, and 5) 99%

ReagentPlus vanillin, all from Sigma-Aldrich, Inc.

(St Louis, MO). These 5 chemicals were selected as nontrige-

minal odorants on the basis of previous data indicating little

or no detection by anosmics upon orthonasal presentation

and a general lack of nasal lateralization (Doty et al. 1978,

Radil and Wysocki 1998; Wysocki and Wise 2004;

Cometto-Muñiz et al. 2005).However, it should be noted that
Kobal and Hummel (1992) found some orthonasal laterali-

zation with PEA, and Savic and Berglund (2000) reported

lateralization of octane.
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The correct identifications (IDs) of the odorants (Table 1)

were based upon previous reports (coumarin: cinnamon

[Buttery et al. 1978]; octane: gasoline [Moncrieff 1967;

Haz-map Octane 2007; MSDS Octane 2007]; octanoic acid:

rancid [Moncrieff 1967; O’Neil 2006]; PEA: floral, rose
[Moncrieff 1967; Livermore and Laing 1998; O’Neil 2006];

vanillin: vanilla [O’Neil 2006]); and preliminary experiments.

Odorants were presented at room temperature, 21 ± 1 �C.
Eachpresentation of anodorant in anodorant delivery con-

tainer (ODC) (see Odorant delivery containers) had a total of

5ml of the liquid odorant including diluent. The solvents used

for dilution were United States Pharmacopeia-Food Chem-

icals Codex glycerin for coumarin, octanoic acid, PEA, and
vanillin; sunflower oil (Wessonbrand) for octane.Concentra-

tions of the presented odorants (Table 1) are given in refer-

ence to the undiluted odorant, which would be 100% (i.e.,

neat). The concentrations that were used were based upon

previous studies (PEA [Kobal and Hummel 1992; Radil

and Wysocki 1998; Ferreira et al. 2000; Dalton et al.

2003]; octanoic acid [Laska and Teubner 1998; Ferreira

et al. 2001; Acree and Heinrich 2004]; vanillin [Eccles et al.
1989; Kobal and Hummel 1992; Snyder and Drummond

1997; Radil and Wysocki 1998; Savic and Berglund 2000;

Glasser 2002; Sulmont et al. 2002]; coumarin [Rychlik

et al. 1998; Acree and Heinrich 2004]; octane [Laing 1988;

Sobel et al. 1999]), and preliminary experiments that con-

firmed that the concentrations were sufficient to consistently

evoke retronasal judgments. The goal was to obtain concen-

trations that were suprathreshold for retronasal smelling.
Fresh dilutions were made every 2 days.

Odorant delivery containers

Odorants were presented for both retronasal and OCO con-

ditions using an ODC (Figure 1). They were clean, odorless,

0.4-mm wall thickness, black homopolymer polypropylene,

118 ml volume, 5.1 cm high, tapered elliptical containers
(Ellipso Portion Cups, Newspring Packaging, Kearny, NJ,

http://www.Instawares.com). The upper major axis was

7.8 cm; upper minor axis, 4.9 cm. The lower major axis

was 5.4 cm; lower minor axis, 2.7 cm. The 5 ml total volume

of a diluted odorant just covered the bottomof theODC, pro-

viding an odorant surface area of 11.45 cm2. In the tight-

fitting, transparent homopolymer polypropylene elliptical

lids for the containers, two 5-mm diameter holes were made,

centered on themajor axis, 1.8-cm apart, and 3.5 cm from the

ends of the lid. In one of the holes, a 6.5-cm long, 5-mm outer

diameter, 4.8-mm inner diameter, homopolymer polypropyl-

ene straw (Jetware Unwrapped Plastic drinking straw, Jet
Plastica Industries, Inc., Hatfield, PA) was inserted perpen-

dicular to the lid, such that 3.25 cm of the strawwas inside the

container, and was fixed in position. This allowed each straw

to sample the headspace over a liquid odorant but precluded

contact with the liquid odorant. Aluminum foil rectangles,

with holes corresponding to the 2 holes in the lids, were po-

sitioned over the lids in order to prevent visual observation by

subjects of the diluted odorants (Figure 1). Each ODC, in-
cluding lid and straw, was used for 1 odorant and was dis-

carded after use with 1 subject.

Nose clip

All odorant presentation procedures began with the subject

putting on a nose clip (Spirometrics Nose Clip #2104,

Spirometrics, Gray, ME; 207-657-6700) prior to receiving

an ODC containing an odorant. Each nose clip was used

for 1 subject and then discarded. The nose clip was removed
at the beginning of each retronasal odorant flow from the

oral cavity but remained in place for OCO odorant presen-

tations (see Odorant ID).

Training

Empty ODC

Subjects were presented with an empty ODC, whereas an ex-

perimenter used another empty ODC to demonstrate its use.

Subjects were taught to hold the ODC such that the larger

surface was on top and horizontal, with the straw upright.

Table 1 Concentrations, solvents, and correct identification for odorants

Odorant Concentration
%

Solvent Correct identification
(letter association)

Octanoic acid 10 Glycerin Rancid (r), sweat (s)

PEA 10 Glycerin Floral (f), rose (o)

Coumarin 10 Glycerin Almond (a), cinnamon (n)

Vanillin 10 Glycerin Vanilla (v)

Octane 67 Sunflower oil Cleaner (c), gasoline (g)

Figure 1 Photographof theODC,with straw inplace in1of the2holes in the
tight-fitting lid, which was covered with aluminum foil. The ODC had a total
volume of 118 ml. During identification trials it contained 5 ml of odorant,
which just covered the bottom. The horizontal calibration line represents 3 cm.
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For both retronasal andOCOpresentations, the first training

instruction was 1) ‘‘Put on the nose clip.’’ Subjects were

guided through the subsequent steps of the procedures. For

retronasal presentations, subsequent training instructions

were 2) ‘‘Exhale deeply through your mouth’’; 3) ‘‘Place your
mouth over the straw, close your lips, and inhale deeply

through your mouth’’; 4) ‘‘Keeping your lips closed, remove

the strawfromyourmouth’’; 5) ‘‘As the experimenter removes

the nose clip, exhale deeply through your nose.’’ The subject

was told that if this were an identification trial on the com-

puter, they would press the space bar on the computer as

the experimenter removed the nose clip, 6) ‘‘If there were

an odorant present, you would now identify it as quickly
as possible.’’ The procedures for identification are presented

below, after training for OCO presentations is described.

For the OCO presentations, the first training instruction

was 1) ‘‘Put on the nose clip.’’ However, in contrast to retro-

nasal trials, the nose clip remained in place throughout the

trial.TheOCOtraining instructionswithanemptyODCafter

the nose clip was put on were 2) ‘‘Place your mouth over the

straw, close your lips, and inhale deeply through your
mouth’’; 3) ‘‘Exhale slowly.’’ Subjects were told that if this

were an identification trial on the computer, they would press

the space bar on the computer as they began to exhale, 4) ‘‘If

there were an odorant present, you would now identify it as

quickly as possible.’’ The procedures for identification are

presented below.

ID list

After training with the empty ODC, subjects were given

a printed list of the 9 available identifiers (IDs) and the single

letters associated with each (Table 1). These letters would

subsequently be entered by subjects on the computer key-
board to provide identification of odorants.

Odorant ID learning

Next, in a fixed random order, subjects were given the 5

odorants, each in a separate ODC, and asked to identify each

odorant using the printed list of 9 IDs (Table 1), first with the

retronasal procedure and then with the OCO procedure, as

described above. However, because each ODC now con-

tained an odorant, when the subject inhaled deeply through

the ODC’s straw, they obtained an air-phase odorant. Pre-

sentations of odorants were separated from a preceding iden-
tification by at least 10 s. Selection of a correct identifier was

confirmed and the next odorant presented; incorrect ID was

corrected and the odorant sampled again. Subjects were told

that they would be asked to identify the odorants again later

and were encouraged to become familiar with the ID of each

odorant. An ID was required for each presentation.

Computer ID practice

Next, so that subjects could become facile with entering IDs

for the odorants using the computer keyboard, the list of 9

IDs and their associated letters (see Table 1) were presented

on a computer display. Subjects were told that the odorants

which they were going to identify retronasally andOCOwere

the same ones for which they had just learned IDs, were

reminded to press the space bar when they began to exhale
after sampling the odorant from theODC, andwere told that

the letter associated with an ID was to be typed on the com-

puter keyboard as quickly as possible after exhalation began.

The 5 odorants were presented, following both retronasal

and OCO procedures, using a fixed random order different

from that used for the odorant ID learning. An ID was re-

quired for each presentation.

Odorant ID

The complete sequence of instructions for retronasal presen-

tations, and subsequently for OCO presentations, were pro-
vided on a computer display. Subjects had as much time as

they wished to read the instructions. Each odorant was

presented 3 times, in blocks of 5, in a fixed random order

different from those used for odorant ID learning and

computer ID practice, first retronasally and then OCO. At

least 10 s elapsed between the time that the subject pressed

a key on the computer keyboard to indicate an ID and pre-

sentation of the next odorant-containing ODC. Retronasal
odorant ID trials consisted of 8 steps, with odorant flow from

the oral cavity starting on step 7: The retronasal trials se-

quence was 1) the subject put on their nose clip, 2) the subject

exhaled through their mouth, 3) the subject placed their

mouth over the ODC’s straw, 4) the subject inhaled through

the ODC’s straw, 5) The subject removed the straw from

their mouth while keeping their lips closed, 6) The experi-

menter said ‘‘ready, set, go,’’ removing the subject’s nose clip
on ‘‘go’’, 7) the subject then immediately pressed the com-

puter’s space bar, simultaneously deeply exhaling through

the nose, and 8) the subject typed the letter that best identi-

fied the odorant as quickly as possible. Pressing the space bar

began the timing for each trial, which ended when a key was

pressed indicating the odorant’s ID. The resultant time inter-

val was the reaction time for that trial.

For OCO presentations, the nose clip remained in place.
After the subject inhaled deeply through the ODC’s straw,

the subject maintained closed lips until she/he began to ex-

hale slowly from the mouth and simultaneously pressed the

space bar. Here too, pressing the space bar began timing for

a trial, which ended when a key was pressed indicating the

odorant’s ID. An ID was required for each presentation.

Statistical analyses

Overall percent correct identification for each odorant was

calculated using all 60 identifications (20 subjects and 3 judg-

ments each, see Figure 2) for each of the 2 presentation con-
ditions. This provided an overall indication of the degree of

correct identifications for the retronasal and OCO presenta-

tion conditions across all subjects and trials for each odorant
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under each presentation condition. Central tendencies and

variability of correct identifications were obtained by calcu-
lating median and semi-interquartile range (SIR) percent

correct identifications for each odorant for each of the pre-

sentation conditions, using the percentage of correct identi-

fication of each of the 20 subjects (Table 2). This required

first calculating, for each subject, each odorant, and each

presentation condition, the percentage of correct identifica-

tion. The percentage of correct identification could range

from 0% to 100%, based upon 3 identifications by that sub-
ject. For example, for 1 subject and 1 odorant, no correct

identifications would be 0%; 1 correct, 33%; 2 correct,

67%; 3 correct, 100%, for each of the 2 presentation condi-

tions, with percentages rounded to closest integer (Table 2).

In order to provide specific information on the extent to

which each of the IDs was selected across odorants and pre-

sentation conditions, the percent of identifications selected

for each of 9 IDs (plus no response) by the 20 subjects
was calculated for retronasal and OCO presentations (Table

3). The identifications that are summarized in Table 3 per-

mitted evaluation of the extent to which the IDs that were

selected for retronasal or OCO presentations of each odorant

differed from the IDs selected for the other odorants. In ad-

dition, because the percentages for both the correct identifi-

cations and for all other identifications are provided, Table 3

constitutes a confusionmatrix, indicating the extent to which
odorants were misidentified as well as correctly identified.

The 3 reaction times of a subject’s 3 IDs for each odorant

for each of the 2 presentation conditions were used to calcu-

late a median reaction time for that odorant, subject, and

presentation condition. These 20 median reaction times for

each subject, odorant, and presentation condition were used

to calculate median and SIR reaction times for odorants and

presentation conditions (Table 4).

For inferential statistics, because of the relatively small
sample size and in order to avoid unnecessary assumptions,

nonparametric statistics were used whenever possible, with

P £ 0.05 taken as an indication of statistical significance.

Friedman nonparametric analysis of variance (ANOVA),

Wilcoxon signed-rank tests, Kendall’s rank correlation,

and factorial ANOVA were used.

Results

Identifications

There was a significant difference in the number of correct

identifications for retronasal and OCO conditions across

the 5 odorants P < 0.0001 (Friedman nonparametric

ANOVA, degrees of freedom [df] = 9, v2 = 113.14). This
Friedman ANOVA outcome indicated that one or more dif-

ferences in the numbers of correct identifications existed

between presentation conditions and that pairwise

comparisons between conditions were justified. Pairwise

comparisons for each odorant delivered retronasally versus

OCO found that the number of correct identifications was

significantly greater for all odorants when presented retrona-

sally (P £ 0.004, Z <�2.92, Wilcoxon signed-rank test). This
outcome showed that the 2 odorant presentation conditions,

retronasal versus OCO, produced differences for all tested

odorants in the number of correct identifications. A factorial

ANOVA confirmed this outcome. In this case, interactions

between odorant and presentation condition (retronasal or

OCO) for the number of correct identifications for each of

the 5 odorants were significant, P < 0.0001 (factorial

ANOVA, df = 4, sums of squares > 15, F > 9.7).
Thedegree towhich theodorantshadcomparableordissim-

ilar effects on the number of correct identifications within

each presentation condition was tested using the Friedman

ANOVA. Across odorants presented retronasally, there

was not a significant difference in the number of correct iden-

tifications (P = 0.16, df = 4, v2 = 6.577), but across odorants

presented OCO, there was a significant difference in the num-

ber of correct identifications (P = 0.02, df = 4, v2 = 11.28),
Friedman nonparametric ANOVA. This outcome showed

that, for retronasalpresentations, the5odorantsdidnotdiffer

in the number of correct identificationsproduced. In contrast,

for the OCO method, the number of correct identifications

produced was not comparable across the 5 odorants.

For all odorants, the overall percentages of correct identi-

fications for retronasal smelling exceeded the overall per-

centages of correct identifications for OCO identifications
(Figure 2). For retronasal smelling, the overall percentages

of correct identifications ranged from 70% to 88%; for OCO,

from 10% to 35%. The median percent correct identifications

Figure 2 Overall percent correct identifications by 20 subjects presented
each of 5 air-phase odorants 3 times, randomized in blocks of 5, either retro-
nasally or OCO (oral).
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with retronasal smelling ranged from 100% for 4 of the odor-

ants (SIR= 4–34%) to 67% for coumarin (SIR= 21%) (Table

2). In contrast, with OCO presentations, median percent cor-

rect identifications ranged from 0% correct for vanillin and

octanoic acid (SIR < 18%) to 33% for the 3 other odorants

(SIR = 17–34%) (Table 2).
For each odorant, within each presentation condition

(OCO or retronasal), the percentages of correct identifica-

tions (see Table 2) were compared with the percentages of

correct identifications predicted by chance, both across sub-

jects and for each subjects. A correct identification by chance

across the 9 IDs would occur on 11% of trials for those odor-

ants with 1 correct ID (1/9 = 0.11) and on 22% of trials for

odorants with 2 correct IDs. Across subjects, for each retro-

nasally presented odorant, the percent correct identifications

were significantly different from chance (P £ 0.0002,

Bonferroni corrected, Z ‡ �3.765 < �4.129, Wilcoxon

signed-rank test). Within subjects, for each presentation con-
dition, each subject made 3 identifications of an odorant;

therefore, 1 correct ID would be 33% correct. It was found

that the retronasal percent correct identifications for all 20

subjects were greater than chance for coumarin, octane,

PEA, and vanillin and for 19 of the 20 subjects for octanoic

acid. That is, every subject made at least 1 retronasal correct

identification for coumarin, octane, PEA, and vanillin, and

all but 1 subject made at least 1 retronasal correct identifi-
cation for octanoic acid (Table 2). Furthermore, 13 of the

20 subjects made more than 1 correct retronasal identifica-

tion for octanoic acid (i.e., at least 67% correct), 15 of the 20

subjects made more than 1 correct retronasal identification

for coumarin, 18 of the 20 subjects for octane and vanillin,

and 19 of the 20 subjects for PEA (underlined or boldfaced

Table 2 Percent correct identifications by each of 20 subjects for 3 trials of 5 air-phase odorants, randomized in blocks of 5, presented retronasally
(retronasal) and OCO (oral cavity), and median percent correct identification and SIR for each odorant and presentation condition

Subject Odorants

Coumarin Octane Octanoic acid PEA Vanillin

Retronasal Oral cavity Retronasal Oral cavity Retronasal Oral cavity Retronasal Oral cavity Retronasal Oral cavity

1 67 0 100 67 33 0 100 0 100 0

2 67 33 67 100 33 0 100 33 100 33

3 100 0 100 33 67 0 33 0 100 0

4 67 33 67 67 100 33 100 0 100 67

5 100 100 100 0 100 33 67 0 67 0

6 100 0 100 67 0 0 67 33 100 0

7 100 0 100 0 33 0 100 33 100 0

8 100 0 100 33 100 0 100 33 100 0

9 100 67 67 33 100 33 67 0 100 0

10 67 33 33 0 33 33 67 33 67 0

11 33 67 100 0 100 33 100 0 33 0

12 33 0 100 67 100 33 100 33 100 33

13 67 67 67 67 100 0 67 33 100 0

14 67 33 100 0 100 0 100 33 100 33

15 33 33 100 0 100 0 100 33 33 0

16 67 67 100 33 100 0 100 0 100 0

17 33 0 100 0 33 33 100 33 100 33

18 67 100 100 67 33 0 67 0 67 0

19 100 33 67 33 100 0 100 33 100 0

20 33 33 33 0 100 67 100 0 100 0

Median 67 33 100 33 100 0 100 33 100 0

SIR 21 34 17 34 34 17 17 17 4 4

100% correct identifications are in boldface; 67% correct identifications are underlined. Percents are rounded to nearest integer.
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values of Table 2). These outcomes showed that not onlywere

correct retronasal identifications the general finding for all
odorants tested but also that the pattern of correct retronasal

identifications was observed for essentially all subjects.

Quite different results occurred with OCO presentations

(Table 2). Across subjects, the percent correct identifications

for OCO-presented coumarin, octane, PEA, and vanillin did

not differ significantly from chance (P ‡ 0.453, Bonferroni

corrected, Z > �0.589 < 1.51) and were less than chance

for OCO-presented octanoic acid (P = 0.014, Bonferroni cor-
rected, Z = �2.986, Wilcoxon signed-rank test). Within sub-

jects, the OCO percent correct identifications differed from

chance for only about half the subjects or less (Table 2). Spe-

cifically, for OCO-presented odorants, subject’s percent cor-

rect identifications were greater than chance for 5 of the

20 subjects for vanillin, greater than chance for 7 of the 20

subjects for OCO-presented octanoic acid, for 11 of the 20

subjects for PEA, and 12 of the 20 subjects for coumarin
and octane (Table 2). These comparisons of OCO correct

identifications with identifications based upon chance

extended the direct comparisons between retronasal and

OCO correct identifications: not only were frequencies of
OCO correct identifications different from and less than ret-

ronasal correct identifications but also OCO correct identifi-

cation frequencies were at chance rates.

Overall identification percentages for all 9 IDs, for retro-

nasal and OCO presentations, are shown in Table 3. For ret-

ronasal presentations, analysis across the 5 odorants of the

IDs selected by the 20 subjects for the 3 trials of each odorant

showed that there were 1 or more differences between the 5
odorants in the identifications selected, P < 0.0001 (df = 4,

v2 = 174.921, Friedman nonparametric ANOVA). Pairwise

comparisons showed that the IDs selected for each of the ret-

ronasally presented odorants were significantly different

from the IDs selected for the other retronasally presented

odorants, P < 0.0004, Bonferroni corrected (Z < �3.527,

Wilcoxon signed-rank test).

The identifier-selection outcomes for OCO presentations
were quite different. For OCO presentations, although anal-

ysis across the 5 odorants of the IDs selectedby the 20 subjects

Table 3 Percent of identifications (IDs) selected for each of 9 IDs (plus no response) by 20 subjects presented each of 5 air-phase odorants 3 times,
randomized in blocks of 5, retronasally or OCO

Odorant Percent of each ID selected for each odorant and presentation condition

No
response (%)

Almond
(%)

Cleaner
(%)

Gasoline
(%)

Rancid
(%)

Sweat
(%)

Cinnamon
(%)

Floral
(%)

Rose
(%)

Vanilla
(%)

Coumarin Retronasal

0 58 5 0 2 0 12 0 2 22

OCO

0 30 12 2 2 10 5 10 7 23

Octane Retronasal

0 0 72 13 7 5 0 2 2 0

OCO

2 12 25 8 8 8 3 3 8 22

Octanoic acid Retronasal

3 2 17 2 37 37 0 0 2 2

OCO

0 12 25 2 5 7 3 10 12 25

PEA Retronasal

0 2 3 0 2 5 0 33 53 2

OCO

2 10 12 2 17 20 2 7 12 18

Vanillin Retronasal

0 8 2 0 0 2 0 0 0 88

OCO

0 12 20 3 8 13 3 15 15 10

Boldface percents are correct identifications for each odorant. Percents are rounded to nearest integer.
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for the 3 trials of each odorant also showed that there were 1

or more differences between the 5 odorants in the identifica-
tions selected, the probability that the difference was due to

chancewasmuch higher than had been the case for retronasal

presentations (P = 0.02, df = 4, v2 = 12.107, Friedman non-

arametricANOVA). Pairwise comparisons showed that none

of the IDs selected for each of the OCO-presented odorants

differed significantly from the IDs selected for the other

OCO-presented odorants, P > 0.08, Bonferroni corrected

(Z<�0.365>�2.611,Wilcoxon signed-rank tests).Without
the Bonferroni corrections for multiple analyses, 3 compar-

isons, between the IDs selected for OCO-presented vanillin

versus coumarin and octane, and between octane versus

PEA IDs, would have been significant, P < 0.05 (Z <

�1.978 > �2.610 Wilcoxon signed-rank tests). None of the

other comparisons of the IDs selected for OCO presentation

of odorants would have been significant if Bonferroni correc-

tions had not been applied (P > 0.05, Z < �0.365 > �1.949,
Wilcoxon signed-rank tests). These analyses indicated that

subjects selected a unique set of IDs from the available array

for each of the retronasally presented odorants but failed to

select different IDs for each odorant when the same odorants

were presentedOCO. If a less demanding statistical approach

is applied, a few differences between the IDs selected for

OCO odorants are indicated, with the IDs for most oral

cavity odorants still not significantly different.
Viewed as a confusionmatrix (SeeWright 1987; Kurtz et al.

2001; Sun and Halpern 2005), Table 3 indicated that vanilla

was often an incorrect OCO ID, accounting for 22% of the

incorrect OCO ID choices overall. Frequent selection of va-

nilla as an incorrect OCO ID included the odorants octane,

octanoic acid, and PEA (27% of incorrect ID). In contrast,

when presented retronasally, these 3 odorants were either

never (octane) or very rarely (2%of trials) identifiedas vanilla.

Across all odorants, 4 IDs, vanilla, ‘‘cleaner,’’ rancid, and

sweat, were 47% of all incorrect OCO IDs. For the odorant
vanillin, which was rarely (2% of trials) identified as cleaner

retronasally, cleaner was the most numerous incorrect ID for

OCO stimulation, 22% of incorrect vanillin OCO IDs.

Reaction time

There was a significant difference in identification reaction

times for retronasal and OCO smelling across the 5 odorants

P < 0.0001 (Friedman nonparametric ANOVA df = 9, v2 =
83.542). This Friedman ANOVA outcome indicated that

1 or more differences in identification reaction times existed
between conditions or odorants and that additional compar-

isons were justified. Within presentation conditions (retro-

nasal or OCO), there were no significant differences in

identification reaction times, P > 0.33 (df = 4, v2 > 0.82 <

1.6, Friedman nonparametric ANOVA). However, for each

odorant, there was a significant difference between retro-

nasal and OCO identification reaction times (P < 0.0007,

Z < �3.435 > 3.845, Wilcoxon signed-rank test). Median
OCO identification reaction times were longer than the me-

dian retronasal reaction times for all odorants (Table 4). On

the other hand, there were no significant correlations be-

tween the number of correct identifications and reaction

times for any of the odorants for either retronasal (P >

0.093, Tau < �0.038 > �0.203) or OCO (P > 0.158, Tau <

0.154 > �0.22) presentations (Kendall’s rank correlation).

Discussion

By definition, purely olfactory odorants must reach an array

of olfactory receptor neurons if olfactory responses are to

occur (e.g., Sobel et al. 1999). In humans, the olfactory re-
ceptor neurons are located only on limited regions of nasal

cavity turbinates (see Rawson 2000; Hornung 2006). Retro-

nasal smelling can afford access to these regions. Under nor-

mal circumstances, odorants that are smelled retronasally

originate in the oral cavity, are carried into the nasal cavities

during exhalations, and exit through the nostrils. In the pres-

ent study, retronasal smelling of the 5 odorants produced

consistent identifications, with percent correct identifications
ranging from 70% to 88%. Given these high percent correct

retronasal identifications, other finding follow logically: the

retronasal correct identifications differed from chance, and

the IDs selected for each retronasally presented odorant were

significantly different from the IDs selected for the other ret-

ronasally presented odorants. Thus, using several measures,

correct retronasal identifications of the odorants were not

only accurate but also highly consistent.
The identifications categorized as correct had been largely

based upon identifications previously found during ortho-

nasal smelling. Thus, the first hypothesis, that retronasal

Table 4 Overall median identification reaction times, and SIR, in seconds,
for 5 odorants presented 3 times each, randomized in blocks of 5, to 20
subjects, both retronasally and OCO

Odorant Presentation
condition

Reaction time

Median SIR

Vanillin Retronasal 1.96 0.62

OCO 4.04 1.48

PEA Retronasal 2.18 0.82

OCO 4.04 1.47

Coumarin Retronasal 2.43 0.96

OCO 3.96 1.36

Octane Retronasal 1.62 0.33

OCO 3.05 1.06

Octanoic acid Retronasal 2.09 0.67

OCO 4.11 1.53

SIR, Semi-interquartile range, that is, the difference resulting from the
first quartile (Q1) subtracted from the third quartile, (Q3), divided by 2
[(Q3 � Q1)/2].
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identification of purely olfactory odorants would be pre-

dicted by previously measured orthonasal identifications,

is confirmed. It might seem that this qualitative correspon-

dence between orthonasal and retronasal identifications is

not surprising because previous reports indicated that ortho-
nasal and retronasal identification of complex, multicompo-

nent odorants were often qualitatively comparable (e.g.,

Pierce and Halpern 1996; Sun and Halpern 2005). However,

the use of single pure chemicals that were considered to be

purely olfactory stimuli, all at concentrations not adjusted

for differences between retronasal versus orthonasal sensitiv-

ity, provided a more demanding test than prior studies.

The prior studies had used common substances or natural
extracts that might have offered more familiar stimulus pat-

terns for retronasal identification. In addition, one of those

prior studies (Sun and Halpern 2005) required each subject

to separately choose retronasal and orthonasal concentra-

tions that matched, for each subject, the perceived intensity

of a common standard. Based on the present outcome, to-

gether with earlier reports, it can be proposed that for a wide

variety of air-phase suprathreshold concentration odorants
that have relatively familiar orthonasally derived linguistic

labels, the same labels will be chosen when suprathreshold

retronasal presentations are done. It follows that compara-

ble cognitive categorizations and linguistic connections oc-

cur for responses to the 2 odorant presentation methods.

This could be unexpected given the known differences be-

tween responses to orthonasal and retronasal odorant pre-

sentations in detection threshold sensitivity (Voirol and
Daget 1986; Heilmann and Hummel 2004), identification ac-

curacy (Sun and Halpern 2005), airflow patterns and odor-

ant conduction within the nasal cavities (Zhao et al. 2004),

and central nervous system processing (Small et al. 2005).

The second hypothesis was that identifications during

OCO presentations would differ from retronasal identifica-

tions andmight be unrelated to the odorant presented. It was

found that the number of correct identifications produced by
OCO smelling were significantly different from those occur-

ring during retronasal smelling. Correct identifications for

OCO presentations ranged from 10% to 35%, whereas cor-

rect retronasal identifications ranged from 70% to 88%. Dif-

ferences in median percent correct identifications were even

more striking, being 100% correct for 4 of the 5 odorants pre-

sented retronasally, compared with a median of 0% correct

for 2 of the same odorants presented OCO and medians of
33% correct identifications for the other OCO presentations.

At the level of individual subjects, every subject made at least

1 correct retronasal identification for coumarin, octane,

PEA, and vanillin (1 subject made no correct retronasal iden-

tifications for octanoic acid). Seventy percent of the subjects

made correct retronasal identifications on at least 2 of their 3

trials for all odorants. In contrast, at least 60% of the subjects

made no correct OCO identifications for octanoic acid, PEA,
and vanillin; the remaining subjects made only 1 correct

identification for octanoic acid and PEA. The statistically

significant differences, as well as the numerically large and

disparate overall and median percent correct identification

differences, together with the correct identification differen-

ces at the level of individual subjects, all confirm the ‘‘differ-

ence between OCO and retronasal correct identifications’’
part of the second hypothesis.

However, the differences between numbers of correct OCO

and retronasal identifications could indicate either that iden-

tification during OCO presentations simply did not corre-

spond to retronasal identifications or, in full conformity

with the second hypothesis, that the identifications reported

during OCO presentations were not determined by the odor-

ants presented. The latter possibility is supported by the
observation that the IDs selected for each of the OCO-

presented odorants did not differ significantly from the

IDs selected for any of the other OCO-presented odorants.

This outcome is perhaps equivocal in that if Bonferroni cor-

rections for multiple comparisons are not applied, 3 of the 9

possible OCO ID comparisons would be significantly differ-

ent: the IDs selected for OCO vanillin would differ signifi-

cantly from those for coumarin and octane, and the IDs
for PEA would also differ from those for octane. Although

there have been arguments that Bonferroni corrections are

too conservative and should not be applied (see Nakagawa

2004), use of these corrections for the retronasal ID data had

allowed strong conclusions to be reached concerning the

unique status of the IDs selected for each retronasal odorant.

It does not seem appropriate to abandon Bonferroni correc-

tions in order to find a few ID differences within OCO-
presented odorants.

If the OCO-presented odorants provided minimal or per-

haps no differential sensory information, selection of IDs

would be very difficult and, presumably, slow. Compatible

with this idea were the observations that the median identi-

fication reaction times for OCO odorants were 1 or 2 s longer

than retronasal identification reaction times (Table 4) and

that OCO identification reaction times for all odorants were
significantly different from reaction times for retronasal

identifications.

Examination of the IDs selected for OCO-presented odor-

ants reveals a relatively high incidence of vanilla for several

of the odorants (Table 3). It is tempting to suggest that, un-

der the OCO condition, vanilla was often chosen when sub-

jects knew that some odorant must be present but had no

sensory information upon which to base a choice. This sug-
gestion would be compatible with the observed absence of

significant differences between the IDs selected for OCO

odorants. However, vanilla as a default identification does

not fit the outcome for OCO vanillin, for which 5 other

IDs were more common than vanilla, with cleaner the most

numerous. Vanillin never was identified as cleaner on any

retronasal identification trial.

Some correct identifications were selected in the OCO con-
dition. Because this presentation condition was produced by

the presence of a nose clip that prevented exhalation through
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the nostrils, it is possible that diffusion from the oral cavity

to the nasal cavities permitted very slow access to the olfac-

tory receptor neurons during OCO presentations. The ab-

sence of significant correlations between reaction times

and the number of correct identifications during OCO pre-
sentations fails to support this possibility. Consequently, it

appears that the use of a nose clip is an adequate method to

restrict odorants to the oral cavity. However, it should be

noted that odorant conduction both to and within the nasal

cavity is complex and can change with not only alterations in

the diameter of the nasal valve, the olfactory cleft, and other

regions but also with the sorptive characteristics of odorants

(see Sobel et al. 1999; Kurtz et al. 2004; Zhao et al. 2004,
2006; Ishikawa et al. 2006). Consequently, although diffu-

sion from the oral cavity to the nasal cavities during the

observed OCO reaction times appears unlikely, direct mea-

surements or appropriate modeling are needed to permit

definitive conclusions.

Previous studies found that octanoic acid, PEA, and

vanillin were rare if ever detected by anosmics (Doty et al.

1978;Cometto-Muñiz et al. 2005) and could not be lateralized
during quiet breathing (Radil and Wysocki 1998; Wysocki

and Wise 2004), although Kobal and Hummel (1992) found

some orthonasal lateralization with PEA. Most of these

observations indicated that octanoic acid, PEA, and vanillin

were not trigeminal stimuli, at least when presented by an

orthonasal route. In agreement with this prior characteriza-

tion of certain odorants as purely olfactory odorant, that

is, nontrigeminal stimuli, in the present study these 3 odorants
had the lowest overall percentages of correct identifications

during OCO presentations, 10–18%. Octanoic acid, PEA,

and vanillin also had 0% median correct identifications for

OCO presentations, correct identifications across subjects

at chance levels, and ID selections that did not differ signif-

icantly between these 3 odorants for OCO presentations.

Coumarin and octane had the highest percentages of cor-

rect ID during OCO, 35% and 33% (median percentages of
correct ID of 33%). The significant difference across odor-

ants in the number of correct ID for the OCO condition sug-

gested that the 5 odorants were not comparable as OCO

stimuli. A previous study found that octane was detected

by 30% of anosmics at 23 �C; by 70% at 37 �C (Cometto-

Muñiz et al. 2005). Another study reported that octane could

be lateralized, implicating trigeminal stimulation (Savic and

Berglund 2000). These prior reports indicated that octane
probably can be a trigeminal stimulus, with its effectiveness

increasing sharply with vapor-phase concentration. The

present data may imply that differential octane elicited–

OCO responses may occur in some subjects. For example,

12 of the 20 subjects provided correct ID with a frequency

greater than chance, although across subjects, correct

OCO ID for octane did not differ from chance. In addition,

if ID selections were evaluated using a lower statistical cri-
terion, employing non-Bonferroni–corrected probability

values, the IDs selected for OCO octane would differ from

those for OCO vanillin and PEA. Overall, in agreement with

prior findings, octane may have been an effective trigeminal

stimulus for some subjects.

The concentrations of the odorant were all intended to be

not only suprathreshold for retronasal smelling but also
comparable for a relevant retronasal psychophysical mea-

sure. The median percent correct retronasal identifications

of 100% for 4 of the 5 odorants, and 67% correct for the fifth,

indicate that the concentrations were clearly suprathreshold.

This was confirmed by the findings that the median percent

correct identifications for all retronasally presented odorants

were significantly different from chance across subjects, that

every subject’s percent correct IDs were greater than chance
for 4 of the odorants, and for 19 of the 20 subjects for

octanoic acid. The absence of a significant difference in

retronasal reaction times denotes comparable retronasal

psychophysical efficacy.

Several aspects of the findings of this study are noteworthy.

The observation that orthonasally derived identifications of

pure chemicals were correctly used during retronasal smell-

ing indicates that both orthonasal and retronasal smelling
provide sensory input that can utilize a common set of lin-

guistic categories or labels. This connotes significant shared

attributes of these 2 smell systems, as had been noted in a pre-

vious study (Pierce and Halpern 1996). Thus, the spatial–

temporal distinctions between retronasal and orthonasal

pathways and odorant conduction (Zhao et al. 2004;

Halpern 2004a, 2008), as well as central nervous system dif-

ferences (e.g., Small et al. 2005), do not necessarily prevent
shared identifications.

A second important observation is the lack of oral cavity–

derived differential identifications when presented with the

purely olfactory vapor-phase odorants that were so effective

retronasally. This demonstrates a limitation of the trigeminal

receptor neurons located in the oral cavity. If nasal cavity

trigeminal receptor neurons have response characteristics

that are similar to those of the oral cavity, the observed ret-
ronasal identifications occurred only because of olfactory

receptor neuron’s responses. However, questions remain

for octane and coumarin, at least for some subjects. In addi-

tion, the lack of successful identifications does not preclude

differential responses to some odorants from oral cavity

stimulation. For example, vapor-phase peppermint and dl-

menthol were correctly identified when restricted to the oral

cavity (Dragich andHalpern forthcoming; Parikh et al. 2007).
At a more technical level, the 2 outcomes noted above, that

is, correct retronasal identifications and the lack of correct

OCO identifications, demonstrate that the OCO procedures

(a nose clip and oral breathing) successfully prevented retro-

nasal smelling. This is important because it provides, using

a set of frequently studied pure chemicals, validation of a sim-

ple and often-used technique designed to limit odorants to

the oral cavity.
Inconclusion, correct retronasal identifications for the stud-

ied nontrigeminal odorants were qualitatively comparable to
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orthonasal identifications andwere bothmuchmore frequent

and faster than identifications for OCO presentations. Iden-

tifiers selected for retronasal but not OCO presentations

differed between odorants, indicating a lack of differential

sensory responses from the trigeminally innervated oral cav-
ity. Although use of a nose clip to prevent retronasal airflow

does not preclude eventual diffusion from the oral cavity to

the nasal cavities, for the trial durations of the present study,

typically less than 10 s, diffusion from the oral cavity to the

nasal cavities was probably not a factor in those correct

OCO identifications that did occur.
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