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Abstract Accumulating evidence indicates that the anterior insular cortex (AIC) mediates

interoceptive attention which refers to attention towards physiological signals arising from the

body. However, the necessity of the AIC in this process has not been demonstrated. Using a novel

task that directs attention toward breathing rhythm, we assessed the involvement of the AIC in

interoceptive attention in healthy participants using functional magnetic resonance imaging and

examined the necessity of the AIC in interoceptive attention in patients with AIC lesions. Results

showed that interoceptive attention was associated with increased AIC activation, as well as

enhanced coupling between the AIC and somatosensory areas along with reduced coupling

between the AIC and visual sensory areas. In addition, AIC activation was predictive of individual

differences in interoceptive accuracy. Importantly, AIC lesion patients showed disrupted

interoceptive discrimination accuracy and sensitivity. These results provide compelling evidence

that the AIC plays a critical role in interoceptive attention.

DOI: https://doi.org/10.7554/eLife.42265.001

Introduction
Our brain consistently receives physiological signals arising from sensory inputs and our body.

Although attention toward inputs from the external environment (i.e., exteroceptive attention) has

been extensively investigated, the attentional mechanism of the awareness and conscious focus on

bodily somatic and visceral signals or responses (i.e., interoceptive attention) has been less studied

because of difficulties in its measurement (Brener and Ring, 2016; Ring et al., 2015; Craig, 2002;

Craig, 2003; Craig, 2010; Critchley, 2005; Critchley, 2004; Farb et al., 2013a). Previous theories

argue that subjective emotions arise from these bodily reactions and visceral experiences
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(Cannon, 1987; Critchley and Harrison, 2013; Damasio, 1996; Dolan, 2002; Tranel and Damasio,

1991) in which interoceptive awareness plays a critical role. Appropriate attention to bodily states

and accurate perception of interoceptive information are essential in emotional awareness and in the

maintenance of normal physiological conditions (Craig, 2002; Craig, 2003; Craig, 2010;

Critchley, 2005; Wiens, 2005). The link between deficits in interoceptive attention and psychiatric

symptoms may also be explained by the James–Lange theory of emotion (Cannon, 1987), the

somatic marker hypothesis (Damasio, 1996; Damasio et al., 1991) for the embodied mind medi-

ated by interoception (Garfinkel and Critchley, 2013), and the embodied predictive processing

model (Allen et al., 2016; Allen and Friston, 2018; Barrett and Simmons, 2015; Seth, 2013;

Seth and Critchley, 2013; Seth et al., 2011).

Recent human studies have emphasized the role of the insula in interoceptive representations

(Daubenmier et al., 2013; Farb et al., 2013b; Ronchi et al., 2015). Neuroanatomical evidence, con-

sistent with neuroimaging findings, suggests that the anterior insular cortex (AIC) is an important

structure for encoding and representing interoceptive information (Craig, 2002; Craig, 2003;

Craig, 2009; Critchley et al., 2004; Stephani et al., 2011). Although the AIC has been recognized

as an interoceptive cortex (Craig, 2003; Critchley et al., 2004; Ernst et al., 2014; Singer et al.,

2009; Terasawa et al., 2013), these findings remain equivocal because AIC activation seems ubiqui-

tous across a wide range of tasks involving cognition, emotion, and other cognitive processes in

addition to interoceptive attention (Allen et al., 2013; Seeley et al., 2007; Uddin et al., 2014;

Yarkoni et al., 2011). Therefore, a task that selectively and reliably engages interoceptive attention

needs to be employed. In addition, the correlational AIC activation found in functional neuroimaging

studies alone does not provide causal evidence for its role in interoceptive attention, leaving the

question of whether the AIC is critical in interoceptive attention unanswered. Studying patients with

focal lesions in the AIC (Gu et al., 2012; Gu et al., 2015; Ronchi et al., 2015; Starr et al., 2009;

Wang et al., 2014; Wu et al., 2019) would thus provide a unique opportunity to examine the neces-

sity of the AIC in this fundamental process.

One challenge to the study of interoceptive attention is the vague nature of interoceptive aware-

ness. According to the classic definition of attention by James (1890), only the contents that are

clearly perceived and represented by the mind can be the target of attention. However, most exist-

ing tasks measuring interoceptive attention fail to meet this criterion (Ring et al., 2015). In contrast

to exteroceptive attention toward external sensory inputs, precise measurements of interoceptive

attention are difficult to obtain experimentally because of the imprecise perception of visceral

changes, such as heart rate (Brener and Ring, 2016; Paulus and Stein, 2010; Ring et al., 2015;

Windmann et al., 1999). Multiple sources of physical information contribute to bodily signals, and

most of these sources of somatic feedback cannot be described accurately by mindful introspection

in normal physiological states (Ring et al., 2015). This limitation impedes accurate measurement of

interoceptive attention and examination of the neural mechanisms underlying this process. To over-

come this barrier, a perceivable visceral channel needs to be used.

Breathing is an essential activity for maintaining human life and, more importantly, is an easily per-

ceivable bodily signal. As an autonomous vital movement, breathing can be measured and actively

controlled in humans (Daubenmier et al., 2013; Davenport et al., 2007). The unique physiological

characteristics of respiration render breath detection an ideal method for measuring interoceptive

accuracy and sensitivity (Garfinkel et al., 2015) and for exploring the neural activity underlying inter-

oceptive attention. Thus, we designed a breath detection task to engage interoceptive attention

(attention to bodily signals), in which participants were required to indicate whether a presented

breathing curve is delayed or not relative to their own breathing rhythm (breath detection task,

BDT), in contrast to engaging exteroceptive attention (attention to visual signals), in which partici-

pants were required to indicate whether a visual dot stimulus is flashed on the breathing curve (dot

flash detection task, DDT). This design enabled us to examine the involvement of the AIC in intero-

ceptive processing in healthy participants and the necessity of the AIC in this processing in patients

with AIC lesions.

Basing from previous evidence (e.g., Critchley, 2004), we hypothesized that the AIC is critical for

interoceptive attention to reach subjective awareness by integrating information from an individual’s

homeostatic state and the external environment. We first conducted functional magnetic resonance

imaging (fMRI) studies with two samples to map the neural substrates underlying interoceptive

attention to internal bodily signals in contrast to exteroceptive attention to external visual signals in
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healthy participants while they performed the tasks. We then investigated the necessity of the AIC in

interoceptive attention by assessing interoceptive attention in patients with focal AIC

lesions (AIC group) in comparison to brain-damaged controls (BDC group, patients with lesions in

areas other than insular- or somatosensory-related cortices) and matched neurologically intact nor-

mal controls (NC group). We predicted that the AIC is involved in interoceptive attention and that

patients with AIC lesions would show deficits in performance on the interoceptive but not extero-

ceptive attention task.

Results

Behavioral results of the fMRI studies
Performance accuracy (%) and discrimination sensitivity (d’) in the BDT were 82.1 ± 14.7% and

2.2 ± 1.1 (mean ± SD) for the first sample, and 74.9 ± 9.6% and 1.6 ± 0.6 (mean ± SD) for the second

sample, respectively, which were significantly above the chance levels (50% and 0 for accuracy and

d’, respectively; For the first sample: t(43) = 14.51, p<0.001, Cohen’s d = 2.18 for accuracy and t(43)

= 13.09, p<0.001, Cohen’s d = 2.0 for d’, respectively; For the second sample: t(27) = 13.77,

p<0.001, Cohen’s d = 2.59 for accuracy and t(27) = 12.89, p<0.001, Cohen’s d = 2.67 for d’, respec-

tively), but lower than the DDT accuracy of 87.3 ± 9.8% and d’ of 2.6 ± 0.8 for the first sample (t(43)

= �2.36, p=0.02, Cohen’s d = 0.35 and t(43) = �2.31, p=0.03, Cohen’s d = 0.35, respectively) and

accuracy of 80.9 ± 14.7% and d’ of 2.2 ± 1.1 for the second sample (t(27) = �1.83, p=0.08, Cohen’s

d = 0.35 and t(27) = �2.83, p=0.009, Cohen’s d = 0.50, respectively). Participants were slower in

terms of reaction time (RT) (only for the first sample) and less biased in BDT than in the DDT (RT: t

(43) = 2.89, p=0.006, Cohen’s d = 0.44 for the first sample, and t(27) = 0.6, p=0.55, Cohen’s

d = 0.12 for the second sample; b: t(43) = �2.62, p=0.01, Cohen’s d = 0.39 for the first sample, and

t(27) = �4.32, p<0.001, Cohen’s d = 0.80 for the second sample) (see Figure 1—figure supple-

ments 1 and 2 for details of the behavior results for the first and second samples, respectively, in

accuracy, RT, d’, and b. Data were plotted in R using ‘raincloud’ script (Allen et al., 2018a;

Allen et al., 2018b); See Table 1 for the statistics of behavioral results for the first and second sam-

ples). The split-half reliability of the BDT and DDT were 0.86 and 0.85 for the first sample, and 0.68

and 0.89 for the second sample, respectively.

For the first sample, the relative interoceptive accuracy was negatively correlated with the subjec-

tively scored difficulty of the BDT relative to the DDT (Pearson r = �0.43, corrected p=0.02, Bayes

Factor (BF) = 10.38), but not significantly correlated with the ‘awareness of bodily processes’ subtest

of the body perception questionnaire (BPQ) after correction for multiple comparisons (Pearson

r = 0.27, corrected p=0.38, BF = 0.86). No significant correlations were observed between relative

interoceptive accuracy and subjective emotion experiences, including trait positive affective experi-

ence (measured by Positive and Negative Affect Schedule, PANAS) (Watson, 1988) (Pearson

r = 0.31, corrected p=0.20, BF = 1.38), anxiety (Pearson r = �0.006, p>0.9, BF = 0.19) or depression

score (Pearson r = �0.002, p>0.9, BF = 0.19). For the second sample, however, we did not find sig-

nificant correlations between relative interoceptive accuracy and scores of questionnaires (awareness

of bodily processes: Pearson r = �0.17, corrected p>0.9, BF = 0.33; trait positive affective experi-

ence: Pearson r = 0.12, corrected p>0.9, BF = 0.27; anxiety: Pearson r = 0.29, corrected p=0.56,

BF = 0.69; depression: Pearson r = 0.03, corrected p>0.9; note that we did not collect subjective rat-

ing of task difficulty in the second sample). In addition, we also calculated correlation coefficients

between task performance and questionnaires by pooling the two samples (See Table 2 for Pearson

correlation strength and Bayesian tests between all behavioral measures in the first sample, the sec-

ond sample, and across the two samples).

Imaging results of the whole brain analysis of the first fMRI study
Main effects of interoceptive attention and feedback delay, and their
interaction
The main effect of interoceptive attention, compared to exteroceptive attention (BDT vs. DDT), was

associated with enhanced activity in the cognitive control network (Fan, 2014; Wu et al., 2015;

Xuan et al., 2016), including the AIC, the dorsal anterior cingulate cortex (ACC) and

the supplementary motor area (SMA), and the superior frontal and the parietal cortices (the frontal
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eye field, FEF; and the areas near/along the intraparietal sulcus; Figure 2a, Table 3). In addition, this

contrast revealed significantly less activation, or deactivation, in the core regions of the default

mode network (Raichle et al., 2001), including the the ventral medial prefrontal cortex, the middle

temporal gyrus (MTG), and the posterior cingulate cortex.

Activation in the AIC, the middle frontal gyrus, the SMA, and the temporal parietal junction was

associated with the main effect of feedback delay (Figure 2b, Table 4). The regions showing the

main effect of feedback delay also showed the interaction effect between attentional focus (intero-

ceptively in the BDT and exteroceptively in the DDT) and feedback (with and without delay)

(Figure 2c, Table 5). The task-induced responses extracted from the bilateral AIC, defined by the

attention by feedback interaction map, shows the activation pattern under different task conditions

(Figure 2d

https://doi.org/10.7554/eLife.42265.002
https://doi.org/10.7554/eLife.42265.003
https://doi.org/10.7554/eLife.42265.004
https://doi.org/10.7554/eLife.42265.005
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https://doi.org/10.7554/eLife.42265


Table 1. Statistics of behavioral results of the fMRI studies.

First sample Second sample

Df T Cohen’s d Df T Cohen’s d

accuracy intero vs. 0.5 43 14.51*** 2.18 27 13.77*** 2.59

intero vs. extero 43 �2.36* 0.35 27 �1.83 0.35

d’ intero vs. 0 43 13.09*** 2.0 27 12.89*** 2.67

intero vs. extero 43 -2.31* 0.35 27 -2.83** 0.50

b intero vs. extero 43 �2.31* 0.35 27 �2.83** 0.50

RT intero vs. extero 43 2.89** 0.44 27 0.6 0.12

* p<0.05; **p<0.01; ***p<0.001.

DOI: https://doi.org/10.7554/eLife.42265.008

Table 2. Pearson correlation coefficients (and Bayes Factors) between the behavioral measurements for the first, the second, and

across the two samples.

Relative accuracy Subjective difficulty BPQ Positive PANAS HAMA BDI

Relative
accuracy

-

1st sample Subjective
difficulty

�0.43**

(10.38)
-

BPQ 0.27
(0.17)

�0.15
(0.29)

-

Positive
PANAS

0.31
(1.38)

�0.04
(0.19)

�0.006
(0.19)

-

HAMA �0.006
(0.19)

�0.14
(0.28)

0.25
(0.69)

�0.12
(0.25)

-

BDI �0.002
(0.19)

�0.004
(0.19)

0.16
(0.32)

�0.06
(0.20)

0.70***

(>100)
-

Relative
accuracy

-

2nd sample Subjective
difficulty

- -

BPQ �0.17
(0.33)

- -

Positive
PANAS

0.12
(0.27)

- 0.07
(0.25)

-

HAMA 0.29
(0.69)

- 0.40
(1.90)

�0.034
(0.24)

-

BDI 0.034
(0.24)

- 0.075
(0.25)

�0.43
(2.84)

0.47*

(4.96)
-

Relative
accuracy

-

1st + 2nd samples Subjective
difficulty

- -

BPQ 0.06
(0.17)

- -

Positive
PANAS

0.25
(1.16)

- 0.03
(0.15)

-

HAMA 0.12
(0.25)

- 0.31*

(4.91)
�0.09
(0.20)

-

BDI 0.008
(0.15)

- 0.14
(0.28)

�0.20
(0.56)

0.60***

(>100)
-

* corrected p<0.05; ** corrected p<0.01; *** corrected p<0.001; value in brackets represents Bayes factor. BPQ, body perception questionnaire; PANAS,

positive and negative affective schedule; HAMA, Hamilton anxiety scale; BDI, Beck depression inventory.

DOI: https://doi.org/10.7554/eLife.42265.009
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Correlation between interoceptive accuracy and AIC activation
Voxel-wise regression analysis revealed the relationship between the interoceptive task-induced acti-

vation strength (map of the interaction contrast) and participants’ interoceptive accuracy (perfor-

mance accuracy in the BDT), with exteroceptive accuracy (performance accuracy in the DDT)

controlled as a covariate. Higher interoceptive accuracy was associated with greater interaction

effect of the bilateral AIC (and MTG) across participants (Figure 3a, Table 6). The AIC activation dur-

ing the interoceptive processing involved attending to physiological signals and matching bodily sig-

nals to external visual input, which predicted individual differences in interoceptive attention (see

Figure 3b for the illustration).

Functional and effective connectivity of the AIC
Psychophysiological interaction (PPI) analysis showed augmented connectivity between the right AIC

(as the seed) and the SMA/ACC, the FEF, the inferior frontal gyrus (IFG), and the postcentral gyrus

(PoCG) during interoceptive (versus exteroceptive) attention (BDT vs. DDT) in contrast to the

reduced connectivity between the right AIC and visual cortices (VCs) modulated by interoceptive

attention (Figure 4a, Table 7). This result indicates that an increase in activation in the right AIC was

associated with a greater increase in activation in the FEF, the IFG, and the PoCG and a greater

decrease in activation in the VCs under interoceptive attention compared with exteroceptive

https://doi.org/10.7554/eLife.42265.010
https://doi.org/10.7554/eLife.42265.011
https://doi.org/10.7554/eLife.42265


Table 3. Activation and deactivation of the brain regions involved in interoceptive attention (interoception – exteroception).

MNI

Region L/R BA X Y Z T Z K

Positive

Cerebelum crus I L �30 �70 �24 13.02 Inf. 73834

Middle occipital gyrus R 19 32 �68 22 11.99 Inf.

Cerebelum crus II L �20 �78 �48 11.72 7.80

Inferior frontal gyrus R 44 52 14 24 11.24 7.63

Inferior parietal lobule R 40 36 �48 44 11.19 7.62

Inferior parietal lobule L 40 �38 �46 42 10.41 7.32

Postcentral gyrus R 2 46 �40 54 10.29 7.27

Supramarginal gyrus R 40 48 �34 42 10.00 7.15

Superior occipital gyrus R 7 22 �72 46 9.99 7.15

Cerebelum VIIB L �32 �70 �52 9.78 7.06

Superior parietal lobule (Intraparietal sulcus) R 7 16 �78 52 9.69 7.02

Cerebelum VIII R 22 �74 �50 9.61 6.99

Middle frontal gyrus L 46 �44 50 12 9.20 6.80

Middle frontal gyrus R 46 42 42 24 9.16 6.78

Supplementary motor area R 6 8 4 76 8.92 6.68

Inferior occipital gyrus R 37 52 �66 �12 8.68 6.56

Cerebelum crus II R 2 �76 �36 8.66 6.56

Middle occipital gyrus (Intraparietal sulcus) R 19 32 �76 34 8.58 6.52

Thalamus R 18 �20 20 8.55 6.50

Inferior temporal gyrus R 20 56 �38 �20 8.41 6.43

Inferior frontal gyrus R 45 44 38 12 8.31 6.38

Superior parietal lobule (Intraparietal sulcus) L 7 �20 �72 46 8.21 6.33

Supplementary motor area L 6 -2 -4 74 8.08 6.27

Inferior frontal gyrus L 44 �54 12 26 8.07 6.26

Caudate R 16 -8 24 7.89 6.17

Anterior cingulate cortex R 32 2 18 44 7.78 6.12

Vermis -2 �74 �12 7.76 6.10

Middle frontal gyrus R 46 50 14 40 7.75 6.10

Middle frontal gyrus L 46 �40 34 34 7.72 6.08

Supramarginal gyrus L 40 �60 �36 28 7.47 5.95

Middle frontal gyrus R 6 28 2 48 7.01 5.69

Anterior insular cortex R 34 20 4 6.98 5.68

Postcentral gyrus L 2 �62 �26 36 6.87 5.62

Inferior frontal gyrus L 6 �52 8 12 6.84 5.59

Superior frontal gyrus L 6 �26 4 66 6.73 5.53

Middle occipital gyrus (Intraparietal sulcus) L 7 �24 �66 36 6.66 5.49

Lingual gyrus L 18 �18 �90 �18 6.61 5.46

Superior parietal lobule L 1 �24 �44 72 6.55 5.42

Caudate L -8 22 4 6.45 5.37

Precentral gyrus L 6 �40 2 56 6.23 5.23

Superior occipital gyrus L 18 �22 �92 28 6.20 5.21

Middle occipital gyrus L 18 �24 �94 16 6.09 5.14

Table 3 continued on next page
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attention (Figure 4b). Similar PPI results were obtained when the left AIC was used as the seed (Fig-

ure 4—figure supplement 1).

On the basis of the PPI results, VCs of the right V2/3 (x = 14, y = �90, z = 28 as indicated by neg-

ative PPI) and the right PoCG (x = 58, y = �16, z = 32 as indicated by positive PPI) were included in

the dynamic causal modeling (DCM) model. Data from one participant were excluded because sig-

nificant activation in the V2/3 region of interest could not be identified. For model comparison, ran-

dom-effects (RFX) Bayesian model selection (BMS) indicated that the winning model (with an

exceedance probability of 29.84%) was the one with the modulatory effects of interoceptive and

Table 3 continued

MNI

Region L/R BA X Y Z T Z K

Middle occipital gyrus R 18 30 �86 16 6.09 5.14

Fusiform gyrus L 37 �46 �46 �22 5.82 4.97

Anterior insular cortex L �30 20 8 5.50 4.76

Cuneus L 19 0 �88 34 5.22 4.57

Superior parietal lobule L 5 �18 �60 66 5.18 4.54

Fusiform gyrus R 37 44 �32 �20 4.96 4.39

Negative

Anterior cingulate cortex R 32 4 38 -4 7.47 5.95 3232

Anterior cingulate cortex L 32 -6 38 -4 7.10 5.94

Superior frontal gyrus L 9 �16 38 54 5.97 5.07

Medial superior frontal gyrus R 32 10 52 20 5.33 4.65

Medial superior frontal gyrus L 32 -8 50 26 5.32 4.63

Middle frontal gyrus L 8 �24 30 56 5.12 4.50

Superior frontal gyrus L 9 �20 32 48 4.54 4.08

Precuneus L 23 �10 �44 40 6.45 5.37 819

Precuneus R 23 6 �60 24 4.24 3.85

Middle temporal gyrus L 21 �60 �10 �14 5.89 5.02 787

DOI: https://doi.org/10.7554/eLife.42265.012

Table 4. Activation and deactivation of the brain regions involved in feedback delay (delay – non-delay).

MNI

Region L/R BA X Y Z T Z K

Positive

Anterior insular cortex R 30 26 -4 5.26 4.60 618

Inferior frontal gyrus R 45 42 22 8 4.40 3.98

Caudate R 8 24 4 4.29 3.90

Inferior parietal lobule L 40 �38 �54 42 5.23 4.58 598

Angular gyrus R 39 44 �44 30 4.99 4.41 1317

Inferior parietal lobule R 40 56 �54 44 4.17 3.80

Middle frontal gyrus R 6 34 8 46 4.78 4.26 780

Middle frontal gyrus R 9 34 18 34 4.74 4.23

Middle frontal gyrus R 46 34 28 32 4.32 3.92

Negative

Lingual gyrus L 17 �10 �78 -4 6.21 5.22 443

DOI: https://doi.org/10.7554/eLife.42265.013
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exteroceptive attention (BDT and DDT) exerting on the connection from the AIC to the PoCG and

from the AIC to V2/3 (Figure 4c and Figure 4—figure supplement 2). The BMS indicated that inter-

oceptive and exteroceptive attention were achieved through modulating the top-down connectivity

from the AIC to these two sensory cortices.

We performed parameter inference by using Bayesian model averaging (BMA), which considers

uncertainty by pooling information across all models in a weighted fashion (Stephan et al., 2010).

For BMA (Figure 4d), the modulatory effect of interoceptive attention (BDT) was significant on the

connection from the AIC to the PoCG (t(42) = 4.85, Bonferroni corrected p<0.001). The modulatory

effect of exteroceptive attention (DDT) on the connection from the AIC to the V2/3 was significant

without correction (t(42) = 2.25, uncorrected p=0.03). The BMA results were consistent with the win-

ning model selected by model comparison and the PPI results: the modulatory effect from the AIC

to the PoCG was driven by interoceptive attention (BDT), whereas the modulatory effect from the

AIC to the V2/3 was driven by exteroceptive attention (DDT). In addition, the BMA results

highlighted the importance of the intrinsic efferent connection from the AIC to the PoCG in the net-

work (t(42) = 3.61, Bonferroni corrected p=0.01).

Region-of-interest (ROI) analysis results of the second fMRI study
The interaction between attentional focus (interoceptively in BDT and exteroceptively in DDT) and

feedback (with and without delay) was significant in both left and right AICs (left: F(1, 27)=6.12,

p=0.020; right: F(1,27) = 5.88, p=0.022; Figure 5a), which confirmed the interaction effect in the

bilateral AIC revealed by whole brain analyses of the first sample. The main effect of attentional

focus (BDT vs. DDT) was significant in the right AIC with greater activation during the BDT than dur-

ing the DDT (F(1, 27)=4.20, p=0.05) but not significant in the left AIC (F(1, 27)<1, p=0.51). The main

effect of the feedback was not significant in either left or right AIC (left: F<1; right: F<1). In addition,

similar to the results of the first sample, we found a significant correlation between the interaction

effect of both left and right AICs and relative interoceptive accuracy (left: Pearson r = 0.32, p=0.050,

one-tailed; right: Pearson r = 0.42, p=0.014, one-tailed; Figure 5b). In addition, we examined the

pattern of the respiratory volume under BDT and DDT (see Figure 5—figure supplement 1).

Despite the difference in the respiratory volume between interoceptive and exteroceptive conditions

(BDT and DDT was significant, F(1,27) = 15.88, p<0.001), this difference was canceled out for the

Table 5. Activation of brain regions related to the interaction between interoceptive attention and feedback delay ([delayed – non-

delayed] interoception – [delayed – non-delayed] exteroception).

MNI

Region L/R BA X Y Z T Z K

Positive

Anterior insular cortex R 28 28 0 5.52 4.77 516

Inferior frontal gyrus R 47 40 26 �10 4.66 4.17

Middle frontal gyrus R 9 40 14 40 5.36 4.67 2330

Supplementary motor area R 8 4 22 54 5.19 4.55

Anterior cingulate cortex R 32 6 36 38 5.12 4.5

Superior frontal gyrus R 8 6 30 44 4.71 4.21

Inferior frontal gyrus R 45 46 22 16 4.50 4.05

Middle frontal gyrus R 6 34 4 52 4.27 3.88

Supplementary motor area L 6 �12 8 52 3.64 3.38

Anterior cingulate cortex R 32 10 30 28 3.49 3.25

Supramarginal gyrus R 40 54 �46 26 4.91 4.35 1748
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interaction effect (F < 1). These results further illustrated that the interaction effect in the AIC is not

subject to the confounding of breathing effort difference between the two tasks.

The whole brain analysis of the second fMRI sample showed significant overlap between

the activations without and with physiological correction for the main and the interaction effects (see

Figure 5—figure supplement 2). We further checked how much physiological noise impacted AIC

activation by comparing the contrast maps without and with physiological correction at an extremely

permissive threshold (p<0.05 uncorrected). The difference in signals of the AIC between the analyses

with and without physiological corrections was only evident for the main effect of interoceptive vs.

exteroceptive attention (BDT vs. DDT) but not for the interaction contrast, confirming that the

https://doi.org/10.7554/eLife.42265.015
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interaction effect of the AIC was not significantly impacted by the physiological noises (see Fig-

ure 5—figure supplement 3). Altogether, these ROI results from the second sample confirmed that

the AIC was actively engaged in interoceptive processing.

Lesion study results: the necessity of the AIC in interoceptive attention
Figure 6 shows the insular lesion overlap for the AIC patient group. The area with the most overlap

was identified as the AIC according to the literature (Kurth et al., 2010; Naidich et al., 2004). We

found a significant interaction effect between group (AIC, BDC, and NC) and task (BDT and DDT) in

performance accuracy (F(2,21) = 5.19, p=0.015) and discrimination sensitivity (d’) (F(2,21) = 4.77,

p=0.023). Planned simple comparisons were conducted between groups for each task. For the BDT,

patients with AIC lesions had significantly lower performance accuracy (58%, t(13) = �3.47, p<0.001,

BF = 14.71 compared with NC; t(8) = �2.35, p=0.009, BF = 3.95 compared with BDC) (Figure 7a)

and discrimination sensitivity (d’) compared with the NCs and BDCs groups (t(13) = �3.62, p<0.001,

BF = 13.78 compared with NC; t(8) = �2.22, p=0.013, BF = 3.40 compared with BDC) (Figure 7b),

indicating diminished interoceptive attention. However, we did not find significant difference

in accuracy between the NC and BDC groups (t(8) = 0, p=0.3; d’: t(8) = 0.112, p=0.23). For the DDT,

the patients with AIC lesions did not show significant abnormalities in performance accuracy (AIC vs.

NC: t(9) = 0.18, p=0.22, BF = 0.38; AIC vs. BDC: t(7) = �0.99, p=0.10, BF = 0.98), and in d’ (AIC vs.

NC: t(9) = 0.18, p=0.22, BF = 0.38; AIC vs. BDC: t(7) = �0.83, p=0.12, BF = 0.85) compared with the

NC and BDC groups. We did not find significant interaction effect on b (F <1, p=0.65) (Figure 7d–f).

A summary of the statistical results of the lesion study is provided in Table 8. Our results demon-

strated significant impairment in discrimination ability when attending to bodily signals, but not to

external visual input, in patients with AIC lesions.

Discussion
Using fMRI, we showed that the AIC is involved in interoceptive attention towards respiration, with

the underlying connectivity between the AIC and the somatosensory cortex and visual areas

modulated by interoceptive and exteroceptive attention, respectively. Notably, we confirmed the

necessity of the AIC in supporting interoceptive attention by showing reduced behavioral perfor-

mance on the interoceptive task in patients with focal AIC lesions. Thus, this study demonstrates

that the AIC plays a critical role in interoceptive attention.

The necessity of the AIC in interoceptive attention
Previous functional neuroimaging studies have shown that the insula is activated by autonomic

arousal and emotional reactions (Craig, 2002; Craig, 2003; Critchley et al., 2004) and emphasized

the central role of the insula in interoceptive awareness. The achievement of interoceptive awareness

depends on the integration of afferent bodily signals with higher-order contextual information attrib-

utable to the AIC (Craig, 2002; Craig, 2009; Critchley, 2005; Damasio et al., 2000;

Mutschler et al., 2009). In this study, the increase in neural activation in the AIC and other related

brain structures whe