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Abstract

We recently demonstrated that a supine position causes a decrease in olfactory sensitivity compared with an upright position.
We pursued that initial finding in 3 separate experiments in which we explored the extent of, and mechanism underlying, this
phenomenon. In Experiment 1, we replicated the decrease in olfactory sensitivity when in a supine compared with an upright
position. In Experiment 2, we measured body position–dependent shifts in physiological variables and sniff measures while
smelling suprathreshold odorants and performing a perithreshold odor intensity discrimination task. Olfactory performances
were reduced while supine. However, no relationships between the shift in olfactory performances and either the physiological
variables or sniff measures were found. In Experiment 3, we determined that there were no position-dependent shifts in ability to
discriminate or identify suprathreshold odors or rate them for pleasantness, intensity, or familiarity. However, a drop in scores was
observed, and performance was slowed, on a cognitive skill while supine. These results demonstrate a body position–dependent
shift in olfactory sensitivity only for perithreshold odors that appears to be mediated by cognitive rather than physiological
factors. Implications for olfactory imaging studies are discussed.
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Introduction

We recently demonstrated that body position affects olfac-

tory functions (Lundstrom et al. 2006). A reduced olfactory

sensitivity to a pure odorant was observed when subjects

were in a supine compared with an upright position. This
finding expanded initial report of Mester et al. (1988) that

body position modulates odor identification performance.

When in an upside-down position, subjects’ ability to iden-

tify odors was greatly reduced compared with when sitting

up. This effect could not be explained by changes in physi-

ological measures, such as blood pressure, heart rate, or na-

sal resistance.

Body position–dependent effects on sensory processing
have in the past mainly been reported with reference to the

auditory system (Miltich 1968; Macrae 1972, 1974; Lackner

1974;Daniel et al. 1985;Fukai et al. 2005).Thesefindingshave

led to speculationswhether thebodyposition–dependent shift

in sensory functions could be mediated by an increase in in-

tracranial cerebral blood flow while lying down (de Kleine

et al. 2001). Shifts in intracranial blood pressure seem, how-

ever, unlikely to be the mediating mechanism. Neither global

cerebral blood flow (Pittet et al. 1989) nor regional cerebral

blood flow (Ouchi et al. 2001) shifts in a noticeable degree

between a sitting and supine position. Similarly, there have

also been reports of body position–dependent effects for
the visual system (Marendaz et al. 1993; Mast et al. 2003).

Body position–dependent changes hence appear to be present

for most of our sensory systems, but the mediating mecha-

nisms behind these changes are not known.

It has previously been speculated that the body position–

dependent shift in sensitivity might be linked to a change in

sniffing behavior between body positions (Mester et al. 1988).

To date, several studies have investigated the relationship be-
tween respiratory variables and olfactory sensitivity, with

contradictory results. Studies have demonstrated that there

are no solid relationships between sniff duration and per-

ceived intensity (Laing 1985), sniff volume and perceived in-

tensity (Teghtsoonian et al. 1978; Hornung et al. 1997), or

nasal resistance and odor sensitivity (Doty et al. 1988; Eccles

et al. 1989). However, others have reported the opposite.

Olfactory threshold has been shown to vary linearly with
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nasal airflow (LeMagnen1945;Laing 1983; Sobel et al. 2000),

and a recent study demonstrated that a surgically induced in-

crease in nasal airflow led to a heightened odor sensitivity and

increased olfactory identification and discrimination per-

formance (Damm et al. 2003). Interestingly, Laing (1986)
showed that the duration of a sniff influenced identification

performance only at perithreshold concentrations, indicating

that sniff-inducedmodulation of the odor percept takes place

only for weak odors (Laing 1986). From this, one might pos-

tulate that the body position–dependent change in olfactory

sensitivity would bemodulated by a change in sniffing behav-

ior between body positions only for weak odors.

Posture is further known to alter several physiological var-
iables.Cardiovascularvariables (Tomaselli et al. 1987;Mester

et al. 1988; Schondorf and Low 1992; Jones and Dean 2004),

lung volume (Moreno and Lyons 1961), maximal expiratory

pressure and expiratory flow (Badr et al. 2002), andhypother-

mia (Nakajima et al. 2002) all decrease in a supine position

compared with when sitting up. Little is known of the impact

these physiological variables may have on olfactory sensitiv-

ity. The reduction in olfactory sensitivity experienced in a su-
pine position could thus be mediated by either a shift in the

physiological state or a change in sniff behavior between

the 2bodypositions. In an effort to elucidate thepotentialme-

diating mechanisms behind our initial finding of decreased

olfactory sensitivity when in a supine position, we here report

3 complementary experiments. In Experiment 1, we sought

to replicate our initial effect of reduced olfactory sensitivity

in a supine compared with a sitting-up position. In Experi-
ment 2,we investigatedwhether shifts in physiological or sniff

measures between body positions could explain the position-

dependent effects on olfactory performance, and in Ex-

periment 3, we explored potential body position–dependent

effects on olfactory tasks using suprathreshold odors. All

aspects of the studies were performed in accordance with

the Declaration of Helsinki approved by the Montreal

Neurological Institute’s Research Ethics Board, and written
informed consent was obtained prior to enrolment.

Experiment 1

Methods

Participants

Forty healthy subjects (20 women; mean age 23.6; range

19–35) participated in Experiment 1. Inclusion criteria were

self-reported absence of nasal congestion, acute infection, or

decreased olfactory function. Participants were asked not to

wear perfume on the day of testing and not to eat or drink

anything other than water 1 h prior to testing.

Materials

Olfactory thresholds for PEAwere assessed using the Sniffin’

Sticks threshold set (Hummel et al. 1997), which consists of

felt-tip pens filled with phenyl ethyl alcohol (PEA) diluted in

propylene glycol in 16 different concentrations. The set

ranges from 16.3 lM (dilution 16) to 0.54 M (dilution 1) in

a geometric series consisting of 16 steps with dilution ratio

of 1:2. In addition, participants’ ability to discriminate
between odorants was assessed using the Sniffin’ Sticks dis-

crimination test, comprising 16 suprathreshold target odors,

each of which is presented together with 2 identical lure odors

(for a detailed description of the test, see Kobal et al. 2000).

The Sniffin’ Sticks were selected for odor delivery because

they lack the volatile headspace that is present in bottles; that

is, there would be no difference between the 2 body positions

in how the odor was administered.

Procedure

Each participant’s sensitivity for PEA and ability to discrim-

inate between odors was tested twice, once lying down and
once sitting up, in a pseudorandomized order. When lying

down, participants were situated comfortably in a supine po-

sition and were allowed to rest for 3 min before testing to

allow time for stabilization of cephalic circulation. When

tested sitting up, participants were seated in a comfortable

chair and also allowed to rest for 3 min before testing to pre-

vent any dissimilarities between the conditions. Threshold

tests were of an ascending staircase, 3-alternative, no feed-
back, forced-choice design, and similarly, the discrimination

tests were of a 3-alternative, no feedback, forced-choice

design. Each trial included 1 target (a pen with the odorant

in propylene glycol) and 2 control stimuli (pens with only

propylene glycol for the threshold test or pens with a dis-

tractor odorant in propylene glycol for the discrimination

test). For the threshold test, odorants were presented in as-

cending concentrations until the participant correctly dis-
cerned the odorant in 2 successive trials, which triggered

a reversal (Doty 1991). The threshold test ended after 7 rever-

sals of the staircase. Themean of the concentration at the last

4 reversal points was calculated to estimate the olfactory

threshold, and the total number of correct discriminations

(maximum = 16) was calculated as the discrimination score.

Values for power estimates for each analysis are given as

Cohen’s d ’ (Cohen 1977).

Results

Average olfactory thresholds for PEA were one dilution step
higher (i.e., lower threshold) when participants were tested

sitting up (11.58 ± standard deviation [SD] 2.4) than while

lying down (10.59 ± SD 3.1). When in a supine position, 26

participants (65%) demonstrated a decrease in olfactory

sensitivity, 6 an increase (15%), and 8 (20%) showed no

difference compared with when in an upright position.

A repeated-measures analysis of variance (rm-ANOVA)

with ‘‘body position’’ as a within-subject variable and ‘‘sex’’
as a between-group variable indicated a significant main ef-

fect of body position on olfactory sensitivity, F(1, 38) =

12.50, P< 0.01, d#= 0.93; see Figure 1A. There were nomain
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effects of the variables sex, F(1, 38) = 1.73, P = 0.20, d# =
0.25, or ‘‘starting position,’’ F(1, 38) = 0.82, P = 0.37,

d# = 0.11, as tested with rm-ANOVAs with body position

as the within-subjects variable and either the variables sex

or starting position as the between-subjects variable. There

was no significant interaction between the variables sex and

body position, F(1, 38) = 0.16, P = 0.69, d# = 0.07.

Although there was a body position–dependent shift in ol-
factory sensitivity, there was no such difference in discrim-

inatory performance. The average discrimination score was

13.05 (SD ± 2.2) while sitting up and 13.13 (SD ± 1.4) while

lying down. A rm-ANOVA with body position as within-

subjects variable and sex as between-group variable indi-

cated that there was no significant main effect of body

position on discrimination, F(1, 38) = 0.05, P = 0.83, d# =

0.06; see Figure 1B. No significant main effects for the var-
iables sex, F(1, 38) = 1.58, P = 0.22, d# = 0.23, starting po-

sition, F(1, 38) = 2.51, P = 0.12, d# = 0.37, or an interaction

between sex and body position, F(1, 38) = 0.87, P = 0.36,

d# = 0.15, could be detected for olfactory discrimination.

To conclude, participants were more sensitive to the odor

of phenylethyl alcohol when sitting up than when lying

down—a body position–dependent effect on olfactory sensi-

tivity. A comparison between the result obtained in this
study and our previous one (Lundstrom et al. 2006) demon-

strates a remarkable similarity. In both studies, the mean

difference in sensitivity between the 2 body positions was

one dilution step. Similarly, the distribution of participants

demonstrating an effect was almost identical to what we

previously reported (Lundstrom et al. 2006). There was,

however, no effect on the ability to discriminate among

suprathreshold odors.
As discussed above, the reduction in olfactory sensitivity

experienced in a supine position could be mediated by either

a shift in the physiological state or a change in sniff behavior

between the 2 body positions. To explore whether the docu-

mented changes in odor sensitivity between body positions is

induced by altered sniff behavior or physiological states, in

Experiment 2 we measured sniff-related variables, blood

pressure and heart rate, while smelling perithreshold or
suprathreshold odors in a sitting-up or a supine position.

Experiment 2

Methods

Participants

Thirty healthy subjects (15 women; mean age 22.9; range

18–33) participated, none of whom had participated in

Experiment 1, with identical inclusion criteria and enrolment

instructions as in the previous experiment.

Materials

Sniff parameters were recorded birhinally with a nasal can-
nula coupled with a pneumatotachograph that relayed

changes in intranasal pressure to an amplifier (PowerLab

4SP, A. D. Instruments, Milford, MA). The transduced sig-

nal was displayed and recorded at 100 Hz, and measures of

sniff amplitude and volume were extracted with commer-

cially available software (CHART 5.0.2.26, A. D. Instru-

ments). Blood pressure (systolic and diastolic) and heart

rate were measured with an automatic blood pressure and
heart rate monitor (3BXO-A, Thermor Inc., Markham,

Ontario, Canada) using an inflatable arm cuff.

Olfactory thresholds, sitting up and lying down, were

assessed as described above for Experiment 1 with the main

exception that n-butanol was used as the target odorant.

Subjects were additionally exposed to 16 suprathreshold

odorants using the Sniffin’ Sticks odor identification test

(Kobal et al. 2000), while measuring sniff volume and ampli-
tudes. Eight odorants were used randomly in each body

position and subjects had to identify the odorant in a

4-alternative, forced-choice identification task.

Results from Experiment 1 suggest that only perithreshold

odor sensations are affected by an individual’s body posi-

tion. Assessing sniff parameters while subjects perform a

staircase detection threshold test would result in large indi-

vidual differences in the number of sniffs needed to deter-
mine the threshold, yielding unbalanced sniff measures.

To enable the assessment of sniff parameters while sub-

jects smell odors at peri- and suprathreshold concentra-

tions using a defined number of sniffs, we administered

Figure 1 (A) Mean olfactory thresholds expressed in threshold steps and divided by body position when tested. (B) Mean discrimination scores shown
separately for each body position when tested. Higher values mean better olfactory performance in both figures. ** significant difference (P < 0.01) and
‘‘ns’’ denotes a nonsignificant difference as indicated by a rm-ANOVA. Error bars symbolize SEM.
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the suprathreshold odors and a new perithreshold odor

intensity discrimination test (POID) that we devised. The

POID test allowed us to empirically assess performance

differences between body positions for a perithreshold odor

task and also, by allowing only one sniff per presentation,
we could measure sniff variables during a defined number

of sniffs. The POID consists of 2-alternative, forced-choice

discriminations between an odor at the individual’s thresh-

old (target), as determined by the prior threshold test, and

the same odor either just above or just below their assessed

threshold (foil). For each pair, the participant is asked to

identify which one is the ‘‘stronger’’ concentration. Two

concentration steps above (+1 and +2) and 2 concentration
steps below (�1 and�2) their identified threshold, that is, tar-

get, were used as foils. The 2 odors in each pair were presented

in a similar fashion to that described above for the detection

threshold, with a separation of at least 30 s between odor pairs

to allow recovery of sensitivity. Only n-butanol was used in

the POID because this was the odor used for the detection

threshold test. Each concentration was repeated 4 times in

each test, yielding a total of 32 sniffs: 16 sniffs of an odor
at the subject’s threshold, 8 sniffs at an odor above, and

8 sniffs at an odor below threshold odor concentration.

State and trait anxiety was measured using the well-

validated Spielberg State Trait Anxiety test, which consists

of 2 subscales, STAI-S and STAI-T. STAI-S is meant tomea-

sure situational anxiety and STAI-T a more underlying, or

trait, anxiety (Spielberger et al. 1970). Although we did not

expect a body position–dependent modulation of trait anx-
iety, STAI-T was included as a control task to give the vas-

cular and cephalic circulation systems additional time to

stabilize before measures were taken while still keeping

the participant active.

Procedure

The experiment was a repeated measures, within-group de-
sign in which all participants underwent all measures in both

body positions (see Figure 2). Thresholds for n-butanol were

initially assessed in each body position, with a randomized

starting order for body position, using identical procedures

as in Experiment 1. Participants then placed themselves in

the a priori selected starting body position and were fitted

with a nasal cannula. The STAI were administered followed

by measures of blood pressure and heart rate.
Sniff amplitudes and volumes were determined while par-

ticipants performed the POID and smelled the suprathres-

hold odors in both body positions in a pseudorandomized

fashion. After the POID, the suprathreshold odors were ad-

ministered. Participants were asked to identify the odor after

each presentation and, as for the POID, allowed to take only

one sniff of each pen to ensure consistency among partici-

pants. The suprathreshold odors were always administered
at the end of the session to avoid olfactory adaptation, which

could potentially influence the POID test.

Data processing and reduction

The data obtained from the sniff measures were analyzed on

an individual and group level for each of the sniff conditions.
A marked increase in amplitude directly after stimulus pre-

sentation, lasting longer than 0.5 s, was considered a sniff

(Mainland and Sobel 2006). Sniffs deemed to be extreme val-

ues due to their maximum peak amplitude or because they

were extremely short were removed based on outlier analyses

using a cutoff value of 3 SDs from the mean. Sniffs were

truncated at 2.5 s and standardized by dividing each individ-

ual value within a measured time unit from the sum of all
values obtained within that time unit. One subject was re-

moved completely from the individual level analyses of

the maximum peak amplitude and area under the curve

due to too few remaining nonoutlier recordings. Area under

the curve and maximum peak amplitude value was calcu-

lated from the averaged sniff for each subject and condition.

For the sniff measures in the POID test, we only analyzed

sniffs obtained during smelling the target odor. This measure
ensured that only data obtained during a perithreshold sen-

sation were collected. rm-ANOVA with body position

(sitting up, lying down) as a within-subject factor and sex

(men, women) as between-subject factor were used to assess

main effects.

Results

Behavioral measures

Contrary to previous findings, there was no difference be-

tween body positions in olfactory threshold for n-butanol,

F(1, 28) = 1.07, P = 0.31, d# = 0.17; see Table 1 for mean

values of behavioral and physiological measures. There was,

however, a significant interaction between the variables body

position and sex with respect to threshold for n-butanol, see

Figure 3, F(1, 28) = 4.93, P = 0.03, d# = 0.57. Men became
less sensitive while lying down (7.12 ± SD 2.3) compared

with when sitting up (8.22 ± SD 1.5; t(14) = 2.21, P =

0.04, d# = 0.55), whereas the sensitivity of women did not

change significantly (lying down: 9.18 ± SD 2.9; sitting

up: 8.78 ± SD 2.5; t(14) = 0.94, P = 0.37, d# = 0.14). There

was no significant difference between body positions in abil-

ity to identify the odors, F(1, 28) = 0.24, P = 0.63, d# = 0.08,

nor was there a significant interaction between the variables
body position and sex, F(1, 28) = 1.30, P = 0.26, d# = 0.20.

Although there was no significant main effect of body po-

sition on sensitivity to n-butanol, there were significant dif-

ferences between body positions for the POID test, F(1, 28)=

5.88, P = 0.02, d# = 0.65, see Figure 4. Seventeen participants

(59%) demonstrated a reduction in the lying down position,

4 (14%) did not change their performance, whereas 8 (27%)

participants demonstrated a slightly increased performance
while lying down compared with when sitting up. These

results are again consistent with the previously reported

body position–dependent reduction in odor sensitivity

26 J.N. Lundström et al.
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(cf. Experiment 1, Lundstrom et al. 2006). There was also

a significant interaction between sex and performance for

the POID test, F(1, 28)= 4.68,P= 0.04, d#= 0.55. Compared
with when sitting up, men performed the intensity discrim-

ination task less accurately when lying down, whereas

women did not demonstrate a similar change in accuracy.

No body position–dependent effects could be found for ei-

ther the state anxiety (STAI-S), F(1, 28)= 0.15,P= 0.69, d#=
0.07, or the trait anxiety (STAI-T) measures, F(1, 28) = 2.03,

P = 0.17, d# = 0.28. Likewise, no interactions between the

factors body position and sex could be found, all Fs <

0.27; all Ps > 0.60. The lack of body position–dependent
effects on self-reported anxiety indicates that participants

did not find lying down more stressful than the upright po-

sition. There was, however, a main effect of sex, independent

of body position, on the state anxiety measure. Women felt

overall less anxious than men, reporting a mean score of 27.9

(standard error of the mean [SEM] ±1.6) compared with the

men’s score of 34.8 (SEM ±1.6). No sex-related difference

was found for the trait anxiety measure.

Physiological measures

There was a significant body position–dependent shift in

measured heart rate, F(1, 28) = 17.07, P < 0.01, d# = 0.98.

The heart rate dropped almost 6 units from sitting up to lying

down. A similar shift was seen in blood pressure. The mea-

sured diastolic blood pressure was significantly lower when

in the supine position compared with when sitting up,

F(1, 28) = 9.89, P < 0.01, d# = 0.86. No such difference
was found for the systolic blood pressure, F(1, 28) = 0.26,

P = 0.61, d# = 0.08, and no significant interactions between

the variables body position and sex was found for any of

the physiological variables, all Fs < 3.2; all Ps > 0.10.

Sniff measures

There were large differences between body positions for

all measured sniff variables independently of whether the
odors were of a perithreshold or suprathreshold concentra-

tion. For sniffs obtained while smelling the suprathreshold

odors, the peak amplitude value while lying down was

Figure 2 Figure depicts temporal order of the experimental design in Experiment 2. Colored boxes indicate measures obtained in a supine body position
and the dotted enclosure marks tasks in which sniff parameters were measured. Circular arrows indicate repeated measures. STAI, state trait anxiety inventory;
BP/HR, blood pressure and heart rate; POID, perithreshold odor intensity discrimination; SO, suprathreshold odorants.

Table 1 Mean scores and SD for each variable and body position

Variable Body position Mean value (SD)

Threshold test (ns) Sitting up 8.50 (2.07)

Lying down 8.15 (2.81)

Identification test (ns) Sitting up 6.63 (1.13)

Lying down 6.63 (0.91)

POID testa Sitting up 10.93 (2.01)

Lying down 10.01 (1.85)

Heart ratea Sitting up 64.04 (12.43)

Lying down 58.03 (11.25)

Systolic blood pressure (ns) Sitting up 118.23 (12.75)

Lying down 119.13 (12.11)

Diastolic blood pressurea Sitting up 73.67 (1.52)

Lying down 68.07 (1.66)

STAI-S (ns) Sitting up 31.60 (8.26)

Lying down 31.17 (6.89)

STAI-T (ns) Sitting up 39.47 (10.36)

Lying down 38.43 (10.19)

ns, no main effect of body position.
aMain effect of body position (P < 0.05).
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0.20 (SEM ± 0.021) measuring units and 0.31 (SEM ± 0.030)

units while sitting up, a significant difference, F(1, 27) =

35.15, P < 0.01, d# > 0.99. Similarly, sniff volumes were sig-

nificantly larger (3421.59, SEM±356.8) when sitting up com-

pared with lying down (1948.41, SEM ±242.9), F(1, 27) =

48.24, P < 0.01, d# > 0.99.

There were also significant differences in sniff behavior for
the perithreshold odors of the POID in both sniff volume

and peak amplitude. The peak amplitude of the sniff while

lying downwas 0.22 (SEM± 0.026) measuring units and 0.33

(SEM ± 0.032) units while sitting up, constituting a signifi-

cant difference, F(1, 27) = 90.23, P < 0.01, d# > 0.99. Sim-

ilarly, sniff volumes were significantly larger (3399.35, SEM

±368.9) when sitting up compared with lying down (2736.30,

SEM ±398.3), F(1, 27) = 78.10, P < 0.01, d# > 0.99.

Sniff-dependent relationships

Although a clear difference in both sniff volume and peak

amplitude between body positions was observed, it is not

clear whether the differences in behavioral performance

on the POID test and physical measures is directly related

to the change in sniff behavior. To elucidate the relationship

between the measured body position–dependent changes in

sniff behavior and the physiology of behavioral perfor-
mance, separate bivariate Pearson correlation analyses were

performed between individual changes. For each individual

and variable, a score was calculated by subtracting the

obtained value while lying down from the corresponding

value while sitting up. This gave us individual change scores

that indicated the effect body position had on each individ-

ual for each variable; these change scores were subsequently

used as dependent variables in the correlation analyses.
Change between body positions for the POID test corre-

lated significantly with the change in sniff behavior for only

one variable. There was a significant negative correlation be-

tween the change in POID performance and the change in

sniff volume while performing the task, r(29) �0.49, P <

0.01, see Figure 5. No other significant correlations between

sniff measures and behavioral measures were observed, all

rs < �0.27 and Ps > 0.17. Further, there were only 2 statis-
tical tendencies for correlations between changes in sniff var-

iables and physiological measures, both related to the

significant drop in diastolic blood pressure. These were rela-

tionships between change in diastolic blood pressure and the

difference in peak amplitude, r(29)�0.37, P = 0.05, and sniff

volume, r(29) �0.37, P = 0.05. However, no significant cor-

relation was evident between changes in POID and diastolic

blood pressure, r(29) �0.09, P < 0.61. No other significant
correlations between behavioral and physiological measures

were observed, all rs < �0.06 and Ps > 0.74.

To conclude, Experiment 2 demonstrates that performance

in a perithreshold odor task is affected by body position.

However, the body position effect on odor sensitivity is

not primarily mediated by a change in either sniff behavior,

physiological variables such as blood pressure or heart rate,

or levels of self-reported anxiety. Experiment 1 indicated that
performance in tests using suprathreshold odors are not af-

fected by shifts in body position. Moreover, contradictory to

the result previously reported by Mester et al. (1988), the re-

sult of the identification test in this experiment indicated that

there was no effect of body position on a participant’s ability

to identify strong odors. Hence, it is possible that body

position–dependent effects in odor perception are limited

to tasks involving perithreshold odors. To test whether body

Figure 4 Mean POID performance shown separately for each body position
when tested. Higher values mean better performance. * significant difference
(P < 0.05) as indicated by a rm-ANOVA. Error bars symbolize SEM.

Figure 3 Mean olfactory thresholds for n-butanol expressed in threshold
steps and shown separately for each body position when tested and sex
of participants. Higher values mean higher sensitivity. * significant difference
(P < 0.05) as indicated by a rm-ANOVA. Error bars symbolize SEM.
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position affects either our ability to identify suprathreshold

odors or our general odor perception, in Experiment 3 we

measured identification performance once again using more

odorants and wemeasured subjective perception of intensity,
pleasantness, and familiarity of suprathreshold odors.

Experiment 3

Methods

Participants

Forty healthy subjects (20 women; mean age 22.8; range 18–

39) participated with identical inclusion criteria as in the

previous 2 experiments, and none had participated in either

Experiment 1 or 2.

Materials

Odor identification was assessed using 40 common odors

placed inside Sniffin’ Sticks felt-tip pens (Kobal et al.

2000). Sixteen of the odors emanated from the Sniffin’ Sticks

validated olfactory identification set, and to enable a re-

peated testing design without repetition of odor stimuli,
24 other unique odors were added. In addition to identifica-

tion performance, ratings of perceived pleasantness, inten-

sity, and familiarity were obtained for each odor using

100-mm visual analog scales (VAS). Cognitive performance

was assessed using the Raven’s Standard Progressive Matri-

ces test (Raven et al. 2000), designed to measure the ability to

form visual-based perceptual relations, a so-called logical

reasoning task. In order to avoid repetition of single test
items, the test was divided into 2 halves with an equal pro-

gression in difficulty, yielding a total of 18 test items for each

position.

Procedure

Each participant was tested twice for the ability to identify

odors, once lying down and once sitting up in an identical
manner to Experiment 1. In this task, participants were

allowed one sniff of each odor, which they then attempted

to identify (free odor identification). Next, they rated the

pleasantness, intensity, and familiarity of the odor on 3

separate VAS. The anchors for pleasantness ratings were

‘‘extremely unpleasant’’ and ‘‘extremely pleasant’’; for inten-

sity, ‘‘not perceivable’’ and ‘‘extremely intense’’; and for

familiarity ratings, ‘‘extremely unfamiliar’’ and ‘‘extremely
familiar.’’ Following the rating task, cued identification

was tested using a cue card containing the name of the target

odor and 3 foils. This sequence was repeated for each odor

with roughly 40 s between odor presentations. Twenty

unique odors were presented in each body position in a com-

pletely randomized order.

For the Raven’s Standard Progressive Matrices (cognitive

test), the individual problems were presented by the experi-
menter and subjects were given a maximum of 30 s to solve

each one, after which the next item was presented. The total

number of correct responses and total time in seconds to

completion were recorded. The starting body position and

order of the olfactory and cognitive tests was pseudor-

andomized and a 3-min pause between body positions was

imposed to allow for stabilization of circulatory systems.

Results

The general influence of the variable body position was

initially assessed by multivariate analysis of variance

(MANOVA) with all 7 dependent variables included: free

odor identification, cued odor identification, perceived in-

tensity, familiarity, pleasantness, correct responses on the

cognitive test, and time taken to complete the cognitive

test. The MANOVA revealed a borderline statistical signif-
icance for the overall influence of body position when all de-

pendent variables were considered, F(7, 33) = 2.24, P = 0.05,

d# = 0.74.

Separate rm-ANOVAs indicated, however, that there were

no main effects of body position on either free odor identi-

fication, F(1, 39) = 2.11, P = 0.16, d# = 0.29, or cued odor

identification, F(1, 39) = 0.04, P = 0.84, d# = 0.05. Further,

no significant main effects of body position were observed on
the subjective ratings of the odors for ratings of familiarity,

F(1, 39) = 0.03, P = 0.87, d# = 0.05; pleasantness, F(1, 39) =

0.02, P = 0.90, d# = 0.05; or intensity, F(1, 39) = 0.38, P =

0.54, d# = 0.09. See Table 2 for descriptive values of all var-

iables. In contrast, a significant difference was observed on

the cognitive test accuracy score: subjects performed better

while sitting up than while lying down, F(1, 39) = 8.88, P <

0.01, d# = 0.83; see Figure 6a. There was in addition a statis-
tical tendency that subjects required less time to complete the

test in an upright compared with a supine position, F(1, 39)=

3.52,P= 0.07, d#= 0.45; see Figure 6b. No interaction effects

Figure 5 Correlation between the shift in sniff volume from sitting up to
lying down and the shift in performance on the POID from sitting up to lying
down. Circles represent individual participants and solid line indicates the
regression line.
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between the factors body position and sex were observed, all

Fs > 0.69 and all Ps < 0.41.

General discussion

The body position–dependent shift in odor sensitivity for the

odorant PEA seems to be a stable finding. In 2 consecutive

experiments (Experiment 1 and Lundstrom et al. 2006), the
reduction in sensitivity from sitting up to a supine position

was one scale step, corresponding to a 50% decrease in odor

concentration. As discussed below, this seems to be an odor-

ant dependent effect because we did not find a similar effect

for the odorant n-butanol. There were no effects on either the

ability to identify suprathreshold odors, as indicated by

Experiments 2 and 3, or on perceptual ratings of the same.

The lack of a body position effect on odor identification in
our experiments is contradictory to the findings of Mester

et al. (1988), who reported that odor identification was af-

fected by body position. This discrepancy can, however,

be explained by 2 major differences between the studies.

Mester et al. assessed identification performance for only

10 odors in each position using a mere 16 participants,

and the body position–dependent effect in their case was

a marked reduction in identification while subjects were sus-
pended upside down. We used more odorants and more sub-

jects, reducing the likelihood of type 1 error. Furthermore,

we found no body position–dependent effects on olfactory

identification in either Experiment 2 or 3. We therefore con-

clude that body position does not influence the ability to

identify odors in suprathreshold concentration.

The shifts between body positions in measured sniff ampli-

tude, sniff volume, heart rate, and blood pressure were quite
substantial. There were, however, no significant correlations

between these changes and the observed change in perithres-

hold odor intensity discrimination performance other than

the negative correlation between performance and sniff

volume. No straightforward link between olfactory perfor-

mance and sniff volume exists (Teghtsoonian et al. 1978).

Although one study has demonstrated that nasal patency

decreases in healthy subjects when in a supine compared
with upright position (Kase et al. 1994), others have failed

to find this connection (Rundcrantz 1969; Hasegawa and

Saito 1979; Haight and Cole 1984; Cole and Haight 1986;

Riechelmann and Krause 1994; Lal et al. 2006). Moreover,

most studies to date have found that neither nasal patency

(Doty et al. 1988; Eccles et al. 1989) nor sniff volume (Teght-

soonian et al. 1978; Hornung et al. 1997) affects olfactory

functions. However, studies that do demonstrate a connec-
tion have indicated that greater volume leads to a better

performance (cf. Mainland and Sobel 2006). To the best

Table 2 Mean scores and SD for each variable and body position

Variable Body position Mean value (SD)

Free odor identification (ns) Sitting up 5.00 (2.21)

Lying down 5.60 (1.82)

Cued odor identification (ns) Sitting up 14.98 (1.25)

Lying down 15.05 (1.69)

Familiarity rating (ns) Sitting up 7.04 (1.31)

Lying down 7.01 (1.21)

Pleasantness rating (ns) Sitting up 6.22 (0.97)

Lying down 6.24 (0.85)

Intensity rating (ns) Sitting up 6.31 (1.17)

Lying down 6.37 (1.02)

Cognitive testa Sitting up 15.63 (1.76)

Lying down 14.65 (2.17)

Time to complete cognitive
testb (seconds)

Sitting up 198.68 (42.31)

Lying down 211.03 (44.16)

The scores for Familiarity ratings range from 0 extremely unfamiliar to 10
extremely familiar, Pleasantness ratings range from 0 extremely unpleasant
to 10 extremely pleasant, and Intensity ratings range from 0 ‘‘not
perceivable’’ to 10 extremely intense. ns, no main effect of body position.
aSignificant main effect of body position (P < 0.01).
bDenotes a statistical tendency for main effect (P < 0.10).

Figure 6 (A)Mean accuracy scores on Raven’s Progressive Matrices divided by body position when tested. Graph is scaled at the chance value of 4. (B)Mean
total time in seconds required to complete all items on Raven’s Progressive Matrices divided by body position when tested. ** significant difference (P < 0.01)
and y statistical tendency (P < 0.10) as indicated by a rm-ANOVA. Error bars symbolize SEM.

30 J.N. Lundström et al.

 by guest on O
ctober 3, 2012

http://chem
se.oxfordjournals.org/

D
ow

nloaded from
 

http://chemse.oxfordjournals.org/


of our knowledge, no previous data exist that demonstrate

a negative relationship between sniff volume and behavioral

performance. We therefore conclude that the observed re-

duction in POID performance, and with that the shift in ol-

factory sensitivity when lying down, was not solely mediated
by either sniffing behavior or any one of the measured phys-

iological variables.

We found in Experiment 3 that there was a body-depen-

dent shift in the ability to solve a logical reasoning task. Par-

ticipants found fewer correct solutions and neededmore time

to complete the task while in the supine compared with the

sitting-up position. Posture related effects on other cognitive

variables have been reported in the past. As mentioned
above, there is a dissociation in the visual system between

perceptual and cognitive tasks in how they are affected by

a shift in body position (Mast et al. 2003). Body position

is also known to modulate cognitive performance (Rand

and Wapner 1967; Dijkstra et al. 2007). Whether the re-

duced performance in the logical reasoning test in the supine

position is indicative of a reduction in subjects’ general

cognitive function or an alteration of attention/vigilance
still remains to be elucidated. However, recent data indicate

that olfactory sensitivity is greater to attended stimuli than

to unattended stimuli (Marks 2002), supporting the latter

mechanism.

In line with the notion that an alteration of attention could

mediate the demonstrated reduction in sensory functions

when in a supine position is the finding that body position

alters the measured levels of midday salivary cortisol
(Hennig et al. 2000; however, not the cortisol response upon

awakening Hucklebridge et al. 2002). Cortisol is one of the

main regulators of the state of alertness and vigilance. One

might postulate that a supine position leads to a reduction in

circulating cortisol. This in turn would alter attention and,

subsequently, performance on tests demanding a high degree

of attention such as our cognitive test and the attention de-

manding threshold and POID tasks. Thus, it is conceivable
that the mediating mechanism is an alteration of circulating

cortisol. Changes in attention while lying down would have

a potentially large impact on imaging experiments due to the

forced supine position in the scanner. Functional imaging

experiments often correlate perceptual and cognitive meas-

ures obtained outside the scanner (normally in an upright

position) with the acquired functional data. If attention is

reduced inside the scanner, 2 different states would be
compared. One of our initial concerns was that imaging

paradigms would be compromised by the demonstrated re-

duction in odor sensitivity due to the often forced supine

position inside the scanner. However, we have now demon-

strated that only perithreshold odors are affected by a shift in

body position, with no noticeable effects on suprathreshold

odors. Whether general cognitive functions are altered by

body position remains to be elucidated.
There was nomain effect of body position on olfactory sen-

sitivity in Experiment 2 when assessed with n-butanol rather

than PEA as the target odor. This seems to be dependent on

differences between the sexes. Men demonstrated a clear

body position–dependent change in their sensitivity but

women did not. Similarly, although there was a main effect

of body position on the POID test, men demonstrated
a larger effect than women did. Identical methods and sim-

ilar populations were used in the previous studies with the

exception of target odorant. The main difference between

the 2 odorants is that PEA (Experiment 1) is considered

a pure odorant with little to no stimulation of the trigeminal

system, whereas n-butanol (Experiment 2) is considered to be

a bimodal odorant (Doty et al. 1978; Savic et al. 2002); that

is, in higher concentrations the odorant activates both the
olfactory and the trigeminal system (Cometto-Muniz et al.

1999). Recent data indicate that there is a sex difference

in the cortical processing of bimodal odorants. Large dif-

ferences in hemispheric processing (Savic et al. 2002;

Lundstrom and Hummel 2006) have been reported for bi-

modal odors, whereas similar comparisons for pure odorants

show no sex specific effects (Bengtsson et al. 2001). We are

not inferring that the stimuli used here were perceived as ei-
ther pungent or irritating by the participants. However, low

n-butanol concentrations clearly activate the cortical trigem-

inal system (Savic et al. 2002). Hence, one might speculate

whether bimodal odorants are processed differently from

pure odorants also at concentrations below a conscious tri-

geminal percept. Future experiments using a wider range of

odorants, concentrations, and behavioral measures are

needed to fully understand this discrepancy between studies.
The effect distribution between experiments, that is, per-

centage of participants demonstrating a body position–

dependent change in sensitivity (cf. Lundstrom et al. 2006,

Experiment 1, and Experiment 2—POID [see Figure 5]),

seems very consistent with an interesting small subgroup

of participants who exhibit an effect opposite to the main

one. Although this is expected in behavioral experiments,

and especially so in olfactory sensitivity experiments as they
are known to exhibit a large intersubject variability (Stevens

et al. 1988), the consistency between experiments in the

proportion of this group warrants some attention. Under-

standing of the common often comes from studying the un-

common. Hence, future studies on body position–dependent

effects would benefit from focusing on individuals whose

sensitivity is affected by changes in body position in an op-

posite direction to that of the general population.
To conclude, in 3 consecutive experiments we have demon-

strated that body position affects olfactory sensitivity and

olfactory performance, but only for weak perithreshold

odors. No discernable effects were observed on suprathres-

hold odors. In addition, although the ability to discriminate

between perithreshold odors was affected by body position,

no clear relationships between heart rate, blood pressure,

or sniff behavior were observed. In Experiment 3, we dem-
onstrated that the ability to perform a cognitive task was

affected by body position. This effect, paired with the
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previously reported effects on auditory threshold, indicates

that the body position–dependent effects on sensory perfor-

mance demonstrated by us and others might not be mediated

solely by changes in the peripheral sensory and nervous sys-

tems. Rather, it seems that the body position effects are me-
diated by a complex interplay between both the peripheral

and more central cognitive variables.
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