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Abstract

The insular cortex plays a key role in the integration of multimodal information and in

interoceptive and exteroceptive processing. For instance, neurons in the central dor-

sal insula that are active during interoceptive tasks, also show an adaptation to gusta-

tory stimulation. We tested the link between interoception and exteroception for the

olfactory system (i.e., the second domain of chemosensation). In a sample of 31 par-

ticipants, olfactory function was assessed in a two dimensional approach while the

Heartbeat Perception Task served as a measurement for cardiac interoceptive accu-

racy. Subsequent fMRI sessions were performed on a 3-Tesla MR scanner containing

12–15 olfactory stimulation trials with a mildly pleasant food-related odor (coffee).

Persons scoring high in the cardiac interoceptive accuracy task presented stronger

smelling abilities as well as enhanced BOLD responses following olfactory stimula-

tion. The olfactory stimulation triggered enhanced insular activation patterns in the

central dorsal insular cortex. Consistent with prior findings on the coherence of gus-

tatory and interoceptive processing in the central dorsal insula, these results base the

insula as a common region for the integration of interoception and exteroception.

We propose an explanatory model of how exteroception triggers the integration of

intero- and exteroceptive sensations in the central dorsal insular cortex.
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1 | INTRODUCTION

In human perception, a division is often made between perception of

the external environment, and perception of the physiological condi-

tion. The former, termed exteroception, is the perception of sur-

rounding stimuli through the classical sensory organs. The latter,

termed interoception, is the perception of internal bodily states,

through signals coming from within the body. For instance, bladder

distension, heart palpitations, or the feeling of fullness are defined as

interoceptive stimuli (Craig, 2002; Tan et al., 2018). It is only through

the integration of exteroceptive and interoceptive stimuli, that an

organism can experience itself as an integrated entity (Damasio,

1999). Intero- and exteroceptive stimuli are constantly updated, and

disturbances leading to an imbalance in homeostasis are immediately

processed and recognized, with balance restored by the initiation of

adapting countermeasures (Craig, 2007). As the insular cortex is a key

structure in monitoring the relevance of incoming sensory informa-

tion and maintaining homeostasis (Menon & Uddin, 2010), it is con-

sidered as the integration center of intero- and exteroception

(Craig, 2009).
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Interoceptive sensations reach the posterior insular cortex by

two major tracks—First, through the laminaI spinothalamic pathway,

and second, through afferents relaying input from cranial nerves IX

and X to the solitary nucleus (Craig, 2002; van der Kooy, Koda,

McGinty, Gerfen, & Bloom, 1984). Both sympathetic and parasympa-

thetic afferent pathways connect to the ventromedial posterior

nuclei thalami either directly, or by passing the parabrachial nucleus

first. From there, the peripheral-sensory information is forwarded

along the posterior insula to the mid and anterior insula

(Craig, 2002).

Exteroceptive sensations like visual, auditory, gustatory, or

somatosensory input reach higher processing and association centers

by the lateral geniculate body, the medial geniculate body or the ven-

tral posteromedial nucleus (VPM) of the thalamus (Lambert, Simon,

Colman, & Barrick, 2017). The olfactory input, however, is directly

mediated to the insular cortex, without passing the thalamus first

(Gottfried, 2006). Both gustatory and olfactory input converge in the

anterior-dorsal insula—a subdivision of the insula, which is specialized

in chemosensory processing (Kelly et al., 2012; Kurth, Zilles, Fox,

Laird, & Eickhoff, 2010).

Consistent with its central location, the insula serves as a meeting

and distribution point—integrating information from the autonomic

nervous system and guiding subsequent higher cognitive responses

(Uddin, 2015). The insula stands out by its broad cortico-cortical as

well as cortico-subcortical network. In particular, the connections

from the insular to the cingulate cortex seem to be intensified in a

specific order: the anterior insula is more linked to the anterior cingu-

late cortex while the posterior insula is more linked to the posterior

cingulate cortex (Ghaziri et al., 2017). The connections to the cingu-

late cortex enable forwarding information to initiate behavioral

responses. Further, connections to the amygdala, the nucleus

accumbens and the thalamus allow for sensory processing, reward,

and emotional responses (Ghaziri et al., 2018).

The convergence of exteroception and interoception in the insula

enables salience detection (Menon & Uddin, 2010). Consequently, the

perception of internal stimuli is crucial for the organism to interpret

the salience of surrounding external stimuli. For instance, the warm

smell of freshly cooked bread is generally more inviting for people

with an empty stomach and low blood sugar levels, than sated individ-

uals (with high blood sugar levels).

In the long run, interoceptive abilities serve the purpose to selec-

tively attend to those external stimuli which are important to keep in

balance according to the current interoceptive demands. The insula's

specialized function in sensory integration is supported anatomically

by convergence of interoceptive and exteroceptive information along

posterior to anterior pathways in the insula. Specifically, interoceptive

information is processed in more posterior and middle parts and inte-

grated with exteroceptive input (e.g., from olfaction) in middle to ante-

rior parts. Finally, salience detection—resulting from combined

information—is located in anterior parts of the insula (Craig, 2011;

Kelly et al., 2012; Kurth et al., 2010).

We assume that intero- and exteroceptive abilities impact each

other and that the interoceptive ability shapes the ability to attend

to external stimuli in the long run. For instance, a person who is very

prone to perceive her own heartbeat may be more aware of poten-

tially dangerous environmental situations, and identify such situa-

tions more frequently than a person with lower heartbeat

sensitivity.

So far, studies focusing on both, intero- and exteroceptive abili-

ties in the same study sample are rare. For olfaction and interoception

we only know of the one done be Krajnik, Kollndorfer, Notter,

Mueller, and Schopf (2015). In an interoceptive-attention paradigm,

Stern et al. (2017) examined the performance of healthy individuals, in

rating the brightness/blinking rate of words while monitoring their

skin temperature/heartbeat (Stern et al., 2017). The researchers found

no interaction between visual perceptive abilities and interoceptive

abilities.

In contrast, studies in chemosensory domains, show different

results. For gustation, a recent fMRI study found a specific group of

neurons in the central dorsal insula that were sensitive to both gusta-

tory and interoceptive tasks (Avery et al., 2017). The central dorsal

insula further presents a chemosensory overlap of gustatory and

olfactory sensations reflected in clinical responses to electrical stimu-

lation of this brain area (Mazzola et al., 2017). Stimulation of the cen-

tral dorsal insula also evoked oral somatosensation, leading to the

hypothesis of the central dorsal insula as an integrated oral sensory

region (Mazzola et al., 2017). For olfaction, it was found that dysosmic

participants had lower cardiac interoceptive accuracy compared to

normosmics, as reflected in reduced scores in the mental tracking

method. These attenuated scores for dysosmics correlated with the

duration of reduced olfactory functioning (Krajnik et al., 2015). The

findings suggest a situational interaction of intero- and exteroceptive

stimulus processing which may extend to long-term consequences in

the interplay of intero- and exteroception.

Guided by prior findings on the relation of olfactory threshold

and interoceptive awareness by Krajnik et al. (2015), we assume that

the relation is bidirectional and hypothesize that people with high car-

diac interoceptive accuracy also score high in all subtestings of olfac-

tory function (olfactory discrimination, olfactory identification,

olfactory threshold). Further, we assume that this relation of inter-

oception and exteroception is reflected in enhanced neuronal

responses to olfactory stimuli in the insular cortex in people with high

interoceptive abilities.

2 | METHODS

2.1 | Study sample

2.1.1 | Ethic statement

The study followed the declaration of Helsinki on Biomedical

Research involving human subjects and was approved by the local

ethics committee of the Technical University Dresden. All participants

were informed about the study paradigm and data security, which

was documented by written consent.
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2.1.2 | Participants

In total 36 participants (24 women, 12 men, aged between 18 and

36 years, mean: 24, 2 years, SD: ±4.1) were included in the study. Exclu-

sion criteria were (a) mental disorders as screened by the Patient Health

Questionnaire (Kroenke, Spitzer, Williams, & Lowe, 2010), as those may

impact interoceptive abilities; (b) olfactory dysfunction reflected in a

combined olfactory threshold-discrimination-identification score below

30 (Hummel, Kobal, Gudziol, & Mackay-Sim, 2007), as we aimed to

draw conclusions for normosmic individuals; and (c) general diseases

presenting an impact on smelling abilities such as diabetes mellitus,

renal insufficiency, and acute or chronic sinusitis. Due to time and MRI

capacity limitations, only the first 33 participants were invited to partici-

pate in the olfactory fMRI experiment (11 participants on each testing

day). Due to drop outs, the remaining fMRI group consisted of 31 partic-

ipants (19 women, 12 men, aged between 18 and 36 years, mean age

24, 3 years ± 3.71 SD). All subjects were right-handed.

2.2 | Procedure

The study was embedded in a larger project themed on the hedonic

value of odors. As individual odors might evoke different brain signa-

tures, we based our hypothesis—driven analysis on the group-neutral

odor, which was identical for all participants. This project included an

extensive pre-testing to determine subjective odor preference before

the fMRI measurements. There were three functional runs in the scan-

ner per participant—Presentation of the individually most-preferred

odor, presentation of the individually least-preferred odor, and pre-

sentation of a neutral-odor, which was the same for each participant.

The present analysis is based on the neutral odor condition (Coffee,

medium valence = 3.31 + −1.22SD, Scales 1 (unpleasant) to 5 (pleas-

ant), brand: fragrance resource, Hamburg, Germany). In line with the

focus of the present study and for sake of brevity, description of the

pretesting procedure and the two other functional runs focusing on

the hedonic valence is omitted.

2.2.1 | Psychophysical testing of chemosensory
function

Smelling abilities were tested by application of the “Sniffin' Sticks” Bat-

tery (Burghart GmbH, Wedel, Germany), ensuring olfactory functioning

in a two dimensional approach. Firstly, the olfactory threshold testing

reflects basal peripheral functioning—do I smell anything? Here, the par-

ticipants were asked to identify the odor-containing pen among the

solvent-containing pens in varying dilutions. Secondly, the discrimina-

tion and identification testings relate to higher cognitive processing of

olfactory sensations—what do I smell? (Hedner, Larsson, Arnold, Zucco, &

Hummel, 2010). For olfactory discrimination, the participants were

asked to smell three odor-containing pens and to name the pen that

smells different to the other two (repeated 16 times). For olfactory

identification, the participants smelled 16 commonly known odors and

identified them by choosing from four pictures presenting possible

odors. For more details, please see Hummel et al. (2007).

2.2.2 | Interoceptive accuracy

There is marked heterogeneity in the use of interoceptive awareness

and its subconstructs in the literature. For example, interoceptive

accuracy has been defined as both a dimension of interoception, relat-

ing to the “objective accuracy in detecting internal bodily sensations,”

(Garfinkel, Seth, Barrett, Suzuki, & Critchley, 2015, p. 3, Table 1), and

as a feature of interoceptive awareness describing the ability to “pre-

cisely and correctly monitor changes in internal body state,” (Khalsa

et al., 2018, supplement, p. 4). For reasons of clarity, we use inter-

oception as umbrella term for the interoception sciences in general,

while interoceptive awareness is used as the umbrella term for intero-

ceptive sensations that are consciously available. Thus, under this

classification, cardiac interoceptive accuracy (i.e., an individual's cor-

rect perception of their heart rate) is a feature of interoceptive aware-

ness and at the same time a part of interoception.

In this study, interoceptive accuracy was tested with the mental

tracking method. We, therefore, used a modified version of the Heart-

beat Perception Task (HBPT; Schandry, 1981), as described in another

study examining the impact of olfactory dysfunction on interoceptive

awareness (Krajnik et al., 2015). According to this restricted method

of assessing interoceptive accuracy, we can only conclude for cardiac

interoceptive accuracy. For this modified version, participants were

asked to intrinsically feel and silently count their own heartbeats dur-

ing three different counting phases of 30s, 20s, and 40s. At the same

time, the study coordinator held onto the wrist of each participant

and counted their heartbeats by feeling their pulse. The subjectively

estimated values were compared to the objectively observed ones,

and an index was calculated according to the following formula
1
3

P
1− observed−counted

observed (Schandry, 1981; Stern et al., 2017).

The HBPT or mental tracking method was performed six times

per person, divided into two blocks with three runs per block

(Figure 1). The cardiac interoceptive accuracy was tested across two

blocks to see if the measurements show to be reliable over time. Due

to test effects, we based all statistical analyses on the mean cardiac

interoceptive accuracy scores of the “naive” first block.

2.2.3 | fMRI—Data acquisition

Data collection was performed with an eight-channel head-coil on a

3-Tesla MR scanner (Trio; Siemens Medical, Erlangen, Germany) at the

University Hospital Dresden. Each participant took part in a functional

session with a coffee odor, consisting of 120 volumes with 36 axial

slices (slice-thickness 3; imaging matrix 384 × 384; TR 3,000 ms; TE

40 ms; FA 90�; voxel size 3 × 3 × 3 mm; no interslice gap). These slices

were transversally acquired with a 2D GE echo-planar imaging

sequence. In addition, high resolution T1-weighted image were con-

ducted for anatomical mapping and exclusion of potential brain
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pathology in participants (3D IR/GR sequence: imaging matrix

384 × 384; TR 1,820 ms/TE 3,24 ms, FA 15; voxel size 1 × 1 × 1 mm).

The coffee-fragrance was presented using a respiration triggered

olfactometer (Sezille et al., 2013). Two 10-m long, 4-mm diameter poly-

urethane tubes from the olfactometer (placed outside of the scanning

room) reached a mixing head that was located next to the participant.

From this mixing head, two 4-mm diameter polyurethane tubes led the

odor into the participant's nostrils at a constant airflow of 1 L/min. The

total duration of the session was set to 6 min, consisting of 10–12 on–

off-stimulation periods, with 12 s odor presentation followed by 12 s

baseline (airflow only). During the sessions, participants were instructed

to keep their eyes open and to focus on a screen, where the instructions

were constantly displayed. After each baseline, the monitor presented the

word “fragrance” for 1 s and thereafter the next exhalation triggered the

presentation of the next olfactory stimulation. Due to the exhalation

triggered onset, the interstimulus period varied depending on the individ-

ual respiration cycle. After each odor presentation, the monitor presented

the question “How pleasant was this fragrance?” for 5 s. Participants were

instructed to make the pleasantness-rating using a five-finger keyboard,

where the first finger (thumb) indicated a very unpleasant percept, the

fifth finger (little finger) indicated a very pleasant percept, and the other

fingers indicating consecutive values in-between (Figure 1).

2.3 | Statistical analysis

2.3.1 | Behavioral data

Statistical analysis was performed by the SPSS Statistics Software

(IBM Corp. Released 2017. IBM SPSS Statistics for Windows, Version

TABLE 1 Sample description. Thirty-one participants took part in the fMRI study of which 19 were female and 12 were male

Olfactory subtestings Cardiac interoceptive accuracy

Age Threshold Discrimination Identification First block Second block

Mean 24.3 11.0 12.2 13.2 0.713 0.767

Median 24.0 10.5 12 13 0.723 0.792

Standard deviation 3.71 1.95 1.49 1.21 0.170 0.157

Minimum 18.0 7.50 9 11 0.371 0.351

Maximum 36.0 15.3 15 15 0.972 0.981

F IGURE 1 Study protocol. (Left panel) Every participant took part in a modified version of the Heartbeat Perception Task (HBPT). Individuals
were instructed to silently count their heartbeats during three runs (30s, 40s, and 20s). These counted scores were compared to the ones
observed by the study coordinator holding on to the participant's wrist (A. radialis pulse). (Right panel) Basic presentation protocol per block.
Every session consisted of 10–12 on–off-blocks. The duration per block is dependent on the individual respiration cycle, with approx. 12 s of
odor presentation per olfactory stimulation (ON) and 12 s of air presentation per baseline (OFF). After each baseline, the word “fragrance” was
presented on a monitor for 1 s. The following exhalation triggered the presentation of the next odor
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25.0. Armonk, NY: IBM Corp.), graphics were created in R (R Core

Team 2018. R: A language and environment for statistical computing)

and tables with jamovi (jamovi project (2018). jamovi (Version 0.9)

[Computer Software]. Retrieved from https://www.jamovi.org).

In SPSS, a linear regression analysis was performed for the calcu-

lated means of the first and the second cardiac interoceptive accuracy

task block. Comparisons of the means were done by a paired t test.

The cardiac interoceptive accuracy scores were subcategorized

according to “low” (score < 0.60), “medium” (0.60 < score < 0.85), and

“high” (score > 0.85) cardiac interoceptive accuracy. The threshold

score of 0.85 was adapted according to a prior study (Pollatos,

Gramann, & Schandry, 2007), while the threshold score of 0.62 was

determined by a median split of those individuals scoring below 0.85.

Multiple linear regression analysis was calculated with cardiac

interoceptive accuracy as the dependent variable and the three olfac-

tory subtestings as the independent variables (i.e., olfactory discrimi-

nation, olfactory identification, and olfactory threshold). Further linear

regression analysis was conducted, by entering each olfactory sub-

testing separately as independent variables.

2.3.2 | fMRI analysis

For the fMRI analysis, a standard GLM approach was implemented in

SPM12 (Statistical Parametric Mapping; Welcome Department of

Imaging Neuroscience, in the Institute of Neurology at University Col-

lege London [UCL], UK) and incorporated in Matlab (Matlab 9.1, The

MathWorks IncS., Natick, MA). Preprocessing of the imaging data

started with realignment and coregestering with fourth degree B-

spline; thereafter normalization was performed using the segmenta-

tion procedure implemented in SPM 12 with affine registration to the

ICBM space template (MNI space), bias regularization of 0.0001, and

spatial smoothing with a Gaussian kernel of 6 × 6 × 6 mm3 FWHM.

Individual motions-based noise was used as a regressor in the analysis,

if movement during the runs was outside the tolerance range of

<2 mm in translation and <1� in rotation. This was the case for seven

participants. The first level statistical analysis was based on an individ-

ual ON–OFF-Block design. Due to the long TR (3 s), the inert olfac-

tory stimuli and the expiration triggered olfactometer, the OFF period

was coded with a duration of three scans, while the ON period was

coded with a duration of two scans.

For the second level analysis, individual first level results were

entered in a factorial design.

Olfactory activation

The odor versus baseline activation was inspected for the whole

group of participants using a t-test. Guided by prior findings on

chemosensory activation patterns in the insula (Kurth et al., 2010), the

family-wise error (FWE) small volume correction was based on the left

and right anterior dorsal insula for each of the regions of interest

(ROIs) 167,168 taken from the brainnetome atlas (Fan et al., 2016). In

order to compare the olfactory activation in the present study to prior

findings on olfactory activation in the insular cortex, a 4-mm sphere

was created around the left and right insular activation peaks in the

wfu pickatlas (Maldjian, Laurienti, Kraft, & Burdette, 2003). The

spheres were visually compared to spheres created around the peak

levels for the functional domains of chemosensory processing (MNI;

right = 42, 13, −4; left = −30, 16, 5) as described in a meta-analytic

approach by Kurth et al. (2010). Whole-brain activations of the odor

versus baseline contrast are reported in the supplement (Table S1).

Covariate analysis

In the next step, the cardiac interoceptive accuracy scores were added

as a covariate to the factorial design, in order to determine olfactory

processing regions covarying with cardiac interoceptive accuracy. For

the hypothesis driven focus on the central dorsal insula (Avery et al.,

2017), the FWE-small volume correction was based on the left and

right central-dorsal insula for each of the ROIs 171, 172, 173, 174

taken from the brainnetome atlas (Fan et al., 2016). Again, a 4-mm

sphere was created around the observed insular activation peaks in

the wfu pickatlas (Maldjian et al., 2003). The spheres were visually

compared to the spheres created around the peak levels for the func-

tional domains of interoception (MNI; right = 41, 2, 3; left = −43, −3,

6) as described in a meta-analytic approach by Kurth et al. (2010).

In order to visualize the individual patterns in relation to the inter-

oceptive accuracy, the mean activation of the created 4-mm spheres

(around MNI peaks: right = 45, 2, −4; left = −45, 4, −4) was extracted

F IGURE 2 Linear regression analysis for all three olfactory
subtestings measured in the Sniffin'Sticks method. (a) Olfactory
discrimination and interoceptive accuracy (R = .475, R2 = .226).
(b) Olfactory identification and interoceptive accuracy (R = .225,
R2 = .051). (c) Olfactory threshold and interoceptive accuracy
(R = .376, R2 = .141). Overall, multiple regression analyses revealed an
explained variance of 29% for the olfactory scoring
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per individual using MarsBar (Matthew Brett, Valabregue, & Poline,

2002). Whole-brain activations of the covariate analysis are reported

in the supplement (Table S2).

3 | RESULTS

3.1 | Behavioral measures

The participants presented a cardiac interoceptive accuracy score of

0.71 (±0.17 SD) in the first block and 0.76 (±0.16 SD) in the second

block, with a large individual variation ranging from 0.35 to 0.98 (com-

pare Table 1).

Cardiac interoceptive accuracy was significantly augmented in

the second block (T = −2.618, p = .014). The correlation between both

blocks was high (R = .756, p ≤ .001). In the first “naive” block, eight

individuals could be classified as high scorers, 12 as medium scores,

and nine as participants with low interoceptive ability. Cardiac intero-

ceptive accuracy related significantly to the performance in the

olfactory subtestings. The dimensions of olfactory discrimination,

olfactory threshold and olfactory identification explained 29% of the

variance of cardiac interoceptive accuracy (R = .538, F = 3.67,

p = .024; Table 2).

Individual linear regression analysis performed for each of the

olfactory subtestings revealed an explained variance of 22.6% by

olfactory discrimination (R = .475, p = .007), 0.05% by olfactory identi-

fication (R = .225, p = .223) and 14.1% by olfactory threshold

(R = .376, p = .037). While olfactory threshold related negativly, olfac-

tory discrimination showed a positive relation (Figure 2).

3.2 | fMRI measures

The olfactory stimulation led to a bilateral activation of the insula with

insular activation peaks (right: T = 5.09, FWEcorr = .000; MNI: 37,18,4;

left: T = 4.37, FWEcorr = .001; MNI: −33,18,0) located in the anterior

dorsal insula in close proximity to the olfactory meta-analytic activa-

tion peaks (Kurth et al., 2010, compare Figure 3).

A linear regression analysis over all participants revealed that a

high cardiac interoceptive accuracy was positivly related to enhanced

neuronal engagement in the bilateral central dorsal insula in response

to olfactory stimulation (right: T = 3.71, FWEcorr ≤ .042; MNI: 45,2,−4;

left: T = 3.51, FWEcorr ≤ .048; MNI: −45,4,−4). This observed neuro-

nal engagement was located in those insular subdivisions reported as

interoceptive processing areas in the meta-analysis (Kurth et al., 2010,

compare Figure 3).

TABLE 2 Regression analysis. Dependent variable: mean
interoceptive accuracy, first block; R = .538, R2 = .290

Variable B SE B β t p

Threshold −.015 .016 −.168 −.906 .373

Discrimination .045 .021 .390 2.127 .043

Identification .026 .023 .184 1.124 .271

F IGURE 3 (a) Basic olfactory activation. FWE small volume correction was based on the left and right anterior dorsal insula for each of the
ROIs 167,168 taken from the brainnetome atlas (Fan et al., 2016). (b) Olfactory activation peaks. Olfactory processing areas with activation peaks
from the meta-analysis shown in red, activation peaks of the present study shown in orange (right: T = 5.09, FWEcorr = .000; MNI: 37,18,4; left:
T = 4.37, FWEcorr = .001; MNI: −33,18,0). (c) Interoception: Covariate analysis. Interoceptive processing areas with activation peaks from the
meta-analysis shown in blue and activation peaks from the present study (right: T = 3.71, FWEcorr ≤ .042; MNI: 45,2,−4; left: T = 3.51,
FWEcorr ≤ .048; MNI: −45,4,−4) highlighted in cyan
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All of those eight participants who showed a high cardiac intero-

ceptive accuracy presented an increased BOLD signal in the bilateral

central dorsal insular ROI. For the medium-scoring individuals approxi-

mately two-third had enhanced BOLD responses, however, in case of

the low scorers only 20% presented a stronger BOLD Signal

(Figure 4).

4 | DISCUSSION

In line with our hypothesis, we observed a positive relation between

cardiac interoceptive accuracy and olfactory exteroceptive processing.

This relation was reflected in both olfactory testing and dorsal insula

reactivity during olfactory stimulation.

F IGURE 4 Mean BOLD signal changes in the bilateral central dorsal insula in relation to interoceptive accuracy. All participants with high
interoceptive accuracy, but only 20% of those participants with low interoceptive accuracy, presented an increased BOLD signal in the insular
ROI. These results remain significant (p = .032) after the exclusion of the two outliers (−1.93 and 2.91). The categorization in low/medium/high

cardiac interoceptive accuracy is explained in detail in the statistical methods

F IGURE 5 Overview of

explanatory models describing
the coherence of intero- and
exteroception. Main explanatory
model: External stimuli such as
olfactory stimulation trigger (+++)
the integration of both, extero-
and interoceptive input, reflected
in enhanced neuronal responses
in the central dorsal insular
cortex. Alternative model 1:
Interoceptive sensations serve as
priming factors for incoming
external sensations. Alternative
model 2: A common underlying
variable such as situational
attention influences both intero-
and exteroception
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The mean cardiac interoceptive accuracy of 0.71–0.76 proved to

be reliable and consistent. However, it was considerably lower than

the mean cardiac interoceptive accuracy score of 0.92 reported by

Stern et al., 2017. This difference is most likely explained by the fact

that Stern and colleagues presented participants several selection

options for heartbeat counts during the HBPT, while the current study

used an uncued response paradigm (i.e., particpants were simply asked

to estimate their heartbeat count). Consistent with this, previous stud-

ies also applying the HBPT mental tracking method showed similar

results to our mean scores, reporting a mean of 0.76 among

normosmics (Krajnik et al., 2015) or a mean of 0.65, with data ranging

from 0.15 to 0.99 (Tan et al., 2018).

In terms of the psychophysiological measurements of olfactory

function, we observed a differential effect. While olfactory discrimina-

tion and identification related positively to cardiac interoceptive accu-

racy, olfactory threshold related negatively. Further, results from the

combined regression analysis revealed that only olfactory discrimina-

tion contributed significantly to the explained variance of cardiac

interoceptive accuracy. Taken together, the findings suggest that

olfactory discrimination (primarily), and olfactory-identification (to a

lesser extent) are facilitated by cardiac interoceptive accuracy. Before

turning to our theoretical model, it is important to explain why a dif-

ferential role of cardiac interoceptive accuracy may exist across the

olfactory tasks. Olfactory threshold represents the ability to perceive

odors at low concentrations and subsequently illustrates the periph-

eral functions of the olfactory epithelium to some degree. Olfactory

discrimination and identification, however, require a much stronger

cognitive integration and categorization of the environment. Similar to

the feature of discrimination in interoceptive awareness (Khalsa et al.,

2018), the presented olfactory stimuli need to be localized, compared

and finally classified as olfactory stimuli. These latter abilities might be

shaped by the momentary needs of the body, as sensed via interocep-

tive afferents. Related to our results, a coherence between smelling

abilities and cardiac interoceptive accuracy became evident in a prior

study, reporting reduced cardiac interoceptive accuracy among

dysosmic patients (Krajnik et al., 2015). Taken together, the findings

from the current study indicate that olfactory discrimination (primar-

ily) and identification (to a lesser extent) are facilitated by cardiac

interoceptive accuracy.

We propose a main explanatory model as well as two alternative

models of how intero- and exteroceptive functioning are related and

our present results may guide the interpretation.

In our main explanatory model, olfactory stimuli trigger the inte-

gration of intero- and exteroceptive sensations in the insular cortex

(Figure 5). Refering to the example from the Introduction: The warm

smell of freshly cooked bread triggers the integration of interoceptive

input. The categorization and the relevance of this incoming olfactory

sensation will be interpreted based on the momentarily incoming

interoceptive cues. The match between the current bodily state—

detected by interoceptive needs (e.g., low blood sugar levels)—and the

incoming exteroceptive stimuli will determine the classification of the

bread odor as relevant or irrelevant, and consequently guide subse-

quent motivational behaviour. Here, both salience and interoceptive

processing go hand in hand: Interoception is crucial to constantly

monitor the bodily state, which in turn influences the perceived

salience of exteroceptive stimuli. Supporting this assumption, we

found intensified processing within the dorsal, interoceptive parts of

the insula in response to olfactory stimulation among the participants

with high cardiac interoceptive accuracy. As this insular integration is

only present in the subgroup of individuals with at least moderate

interoceptive function, we suspect that for people with low interocep-

tive function the integrational process is limited and therefore no sig-

nificant results became evident in the covariate analysis.

Besides our present results, the sensory convergence model pos-

tulated by Avery et al. (2017), already hints at the confluence of

extero- and interoceptive information in the central dorsal insula

based on shared neuronal networks.

Alternatively, at least two more models need to be discussed.

Alternative model 1: Interoceptive sensations serve as a priming

factor for exteroceptive stimuli. The kind of priming is dependant on

the individual sensitivity to interoceptive sensations, such as low

blood sugar levels. In that case, a person would sense low blood sugar

levels and then orient towards the smell of freshly cooked bread.

Hence, the olfactory stimuli would be perceived more easily by per-

sons who are intensly primed by their interoceptive sensations. How-

ever, the interoceptive integration would not be trigggered by the

odor itself, but be present independent of the current surrounding. In

contrast to our main explanatory model the sudden presentation of an

odor would not amplify the interoceptive sensation.

In our study, olfactory stimulation evoked enhanced activation in

interoceptive areas of the insular cortex. This contradicts alternative

model 1.

Alternative model 2: The relation of cardiac interoceptive accu-

racy and olfactory function is explained by a common underlying vari-

able, such as situational attention. People with high situational

attention may be more attentive to both, intero- as well as exterocep-

tive stimuli. As situational attention might differe across ages, this

underlying variable could also explain why the duration of anosmia is

negatively related to interoceptive abilities in the study of Krajnik

et al. (2015). However, the ages of their participants showed a wide

range from 22 to 73 with a mean age of around 54 years—therefore,

it seems unlikely to attribute the described relation solely on the age-

dependent situational attention.

In our view, the main explanatory model fits best with the com-

prehensive functional integration of the insular structure. However,

most likely all models represent part of the truth and can be inte-

grated in the framework of predictive coding, as every perception pro-

cess serves to update the a priori models for future perceptions

(Barrett & Simmons, 2015; Kleckner et al., 2017; Paulus, Feinstein, &

Khalsa, 2019). The enhanced activation in the bilateral insula during

anticipation processing (Simmons et al., 2006) probably represents the

ongoing generation of newly calculated prediction signals for the

events to come.

Spinning the prediction-model-theory further, as Paulus and Stein

(2010) propose, inflexible internal models in an ever-changing

environement might pave the way for mental disorders. This
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suggestion is supported by both structural and functional impairments

of the insular cortex in depressed individuals (Rottstadt et al., 2018).

Major depressive disorder is characterized by both, impaired intero-

ceptive abilities (Wiebking et al., 2015) as well as exteroceptive abili-

ties, especially by impaired olfactory function (Atanasova et al., 2008;

Croy & Hummel, 2017). In line with these findings, we assume a dis-

turbed insular integration processing in depression, which is also

reflected in a misbalance of intero- and exteroception (Croy &

Hummel, 2017; Khalsa et al., 2018; Paulus & Stein, 2010; Quadt,

Critchley, & Garfinkel, 2018) and subsequently, impaired salience

processing (Yang et al., 2016). Still, to our knowledge, there are no

studies focusing on these variables in one clinical study sample.

If we correctly believe that our results demonstrate a relation

between interoceptive and exteroceptive abilities, this relation may

generalize to other exteroceptive modalities. Still, no coherence

between interoceptive accuracy and visual exteroceptive skills were

found in a study sample of healthy individuals (Stern et al., 2017). For

gustation, however, Avery et al. (2017) introduced a sensory conver-

gence model, describing a group of neurons in the dorsal mid-insula

being selectively sensitive to gustatory and interoceptive stimuli

(Avery et al., 2017). Thus, olfaction may be more related to inter-

oception (i.e., in comparision to the other exteroceptive senses), due

to the strong and early insular involvement in olfactory processing.

This insular involvement is reflected in the specialized chemosensory

domain located in the central and anterior-dorsal insular cortex (Kurth

et al., 2010). Further, this shared chemosensory domain encompasses

the two fundamental sensory channels for eating behaviour, the olfac-

tory and gustatory system (Aschenbrenner et al., 2008; Hummel &

Nordin, 2005; Kurth et al., 2010).

This is one of the very few studies focusing on olfactory function

and cardiac interoceptive accuracy in one study sample. Still, the study

has its limitations: Different interoceptive measurements may show dif-

ferent relations to exteroceptive abilities. The transferability of cardiac

interoceptive accuracy to other modalities is shown to be limited: car-

diac interoceptive accuracy is not significantly correlated to respira-

tory interoceptive accuracy (Garfinkel et al., 2016) and similar results

have been reported for gastric perception, heartbeat perception, pro-

prioception, pain, balance and bitter taste by Ferentzi et al. (2018).

Further, it remains unclear how the different features of interoceptive

awareness transfer to each other. By assessing the cardiac interocep-

tive accuracy, we do not know how these results transfer to other

features of interoceptive awareness, such as the interoceptive sensi-

bility and the insight. Olfactory function was tested in an established

two dimensional approach, while cardiac interoceptive accuracy was

assessed by the restricted framework of the HBPT. Although the HBPT

has been used in various experimental set-ups, for instance in (Krajnik

et al., 2015; Stern et al., 2017), it is important to note that it can be

biased by assumed hearbeat rates (Brener & Ring, 2016). The objective

measurements of the HBPT were performed by a clinical physician.

Although general practitioners are very used to counting pulses, this

might have added a confound to the experimental set-up. Neverthe-

less, we are positive that this potential confounder is minor, as the

HBPT results in this study are comparable to results obtained by

physiological measurements such as a puls oximeter in prior studies

(Ferentzi, Horváth, & Köteles, 2019; Stevenson, Francis, Oaten, &

Schilt, 2018; Tan et al., 2018).

We conclude that a multidimensional approach for future studies

focusing on the interaction of intero- and exteroceptive abilities is

required. This includes the testing of different intero- and exterocep-

tive modalities as well as the precise distinction of the different inter-

oceptive features. To be able to further detangle interoceptive

abilities from higher cognitive functions such as concentration capac-

ity, general accuracy and sustained alertness, the collection of atten-

tional data (e.g., by the application of a simple paper and pencil test,

such as the d2-test [Brickenkamp, Liepmann, & Schmidt-Atzert,

2010]) is crucial.

5 | CONCLUSION

The current study points out further indications on the relation of inter-

oceptive and exteroceptive processing. We reported a positive correla-

tion of olfactory discrimination as well as olfactory identification and

mean cardiac interoceptive accuracy scores. We also described

enhanced activation in the insula following olfactory stimulation among

participants with strong cardiac interoceptive accuracy. This activation

was found in dorsal insular subdivsions reported as functional domains

of interoceptive processing. Based on the results, we discussed three

explanatory approaches for the link between intero- and exteroceptive

processing. In our view, olfactory stimulation serves as an exteroceptive

trigger for interoceptive integration. Due to the limitations of the study,

these findings are exploratory and need to be confirmed in future stud-

ies. The data, therefore, may serve as a first step and guide future

research on the fundamental relation of exteroceptive chemosensory

processing and interoceptive processing based on the common core

structure, the central dorsal-insula.
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