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317 the average confidence ratings (o = 0.277, p = 0.113, CI95% = -0.067-0.563, BFo1 = 0.362;
318  Figure 3A). However, this correlation was found in the sighted control group (o = 0.484, p =

319 0.003, CI95% = 0.185-0.701, BF19 = 39.449; Figure 3B).

320

321  Figure 3. Confidence—accuracy correlation in the blind group (A) and the sighted control (B)
322 group.

323

324 Notably, there was no significant difference in the mean confidence ratings between the
325  blind group and the sighted control group (W = 601.5, p = 0.906, C195% = -1.333-1.000, BFo:

326 = 3.881; MBhnd = 5-637, SDBhnd = 2.501, MCOH[I'O] = 5.819, SDC()ntr()l = 2.145; Flgure 4).

327
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328 Figure 4. There was no difference between the blind and sighted control groups in the average
329 confidence ratings.

330
331 Belief of performance accuracy

332

333 We found no difference between the blind and sighted control groups in regard to their
334 belief in the performance of accuracy, for both completion before the task (W = 460.5, p =
335 0.075, BFo1 = 1.129; Mgiind = 50.588, SDgiind = 27.900, Mcontrol = 61.472, SDcontrol = 24.455)
336 and completion after the task (W =543, p = 0.419, BFo1 = 3.006; Mpiina = 51, SDgiing = 26.212,
337 Mcontrol = 56.083, SDcontrol = 24.450).

338
339 Relationship between interoceptive accuracy and tactile acuity

340

341 We found no correlation between interoceptive accuracy and tactile acuity in either the
342 blind (@ =-0.209, p = 0.293, CI95% = -0.546—0.185, BFo1 = 1.954) or sighted control (¢ = -

343 0.101, p = 0.640, CI95% = -0.484-0.316, BFy, = 2.047) groups (Figure 5).
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345 Figure 5. Correlation between interoceptive accuracy and tactile acuity in the blind (A) and
346  sighted control (B) groups.

347

348 Discussion
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349

350 In this study, we investigated the effect of blindness on cardiac interoception. Consistent
351  with our hypothesis, we found that the blind group performed better than the sighted control
352 group on the heartbeat counting task; that is, that the blind individuals had better cardiac
353 interoceptive precision compared to the control group. Interestingly, this effect appears to
354 pertain only to pure sensory abilities; we did not find any differences in regard to interoceptive
355 sensibility as measured by a subjective questionnaire, namely, the MAIA. We also did not find
356  differences in confidence in the given response or belief of performance accuracy, which were
357 measured both before and after task completion. We did not find any differences in heart rate
358 either, which excludes the possibility that the observed effect was due to a potential discrepancy
359  between the groups occurring at the physiological level. Taken together, our results suggest that
360 blind people are better able to sense their own heartbeats compared to their sighted counterparts.
361 The reasons behind our main result could be twofold. On the one hand, this result could
362 reflect a genuinely increased perceptual ability to use the visceral information from rhythmic
363 cardiovascular events felt in the chest, which leads to a more accurate counting of heartbeats.
364 This is the most straightforward and the most likely interpretation, especially considering the
365 results of the tactile control task. An alternative interpretation that we cannot exclude is that
366  blind individuals showed a more accurate performance in the task because they were better at
367 sensing pulsations from different locations in their body (see also Betka et al., 2021) and picking
368 up subtle cues from forehead, limbs, etc., thus relying more on multisensory integration of
369 various somatosensory and interoceptive signals related to the heartbeats rather than sensory
370  signals from the heart that are mediated through the vagal nerve (Prescott & Liberles, 2022).
371  Future studies should investigate this further; however, in either case and regardless of the
372 underlying sensory mechanism, the current results are important because they suggest that in

373 general, blind individuals are better at perceiving their heartbeats than sighted individuals.
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374 What kind of mechanism could trigger the kind of cross-modal plasticity that would
375 lead to improvements in cardiac interoception? Several studies with blind individuals have
376  suggested that their improved sensory acuity is not necessarily driven by the lack of vision
377 itself, but rather due to the experience-dependent neuroplastic mechanisms—caused by, for
378 example, the increased training of the hands due to tactile exploration of everyday objects and
379 Braille reading (Alary et al., 2009; Sathian & Stilla, 2010, Voss, 2011; Wong et al., 2011).
380 However, such an explanation seems unlikely for the enhancements in cardiac interoceptive
381 accuracy observed in our study. Tactile training among blind individuals is predominantly
382 involuntary and associated with exploring the environment and performing various daily
383 activities, while interoceptive functions are usually not trained in this way. A potential
384 interoceptive equivalent of tactile training could be the practice of meditation. However,
385 previous research has suggested that regular meditation does not lead to superior interoceptive
386 accuracy (e.g., Khalsa et al., 2008; Khalsa, Rudrauf, Hassanpour, Davidson, & Tranel, 2020;
387 see also Farb, Segal, & Anderson, 2013). Given that the experience-dependent explanation of
388 the effect observed in our study seems unlikely, the results fit better in the theoretical framework
389  of massive cross-modal plasticity occurring because of visual deprivation itself. In this view,
390 the lack of visual experience leads to neuroplastic changes in sensory, multisensory, and visual
391 areas and their anatomical interconnections that provide greater neural processing capacities for
392 the remaining senses, including cardiac interoception, as has been revealed by the current
393 results. The fact that such massive cross-modal plasticity effects go beyond the exteroceptive
394 senses of hearing, discriminative touch, and olfaction to include sensations from an inner
395  visceral organ is particularly noteworthy, as it advances our understanding of the extent of such
396 effects and related perceptual enhancements.

397 What could be the neuroanatomical basis for the current findings of enhanced cardiac

398 interoceptive accuracy? One of the regions that is important for the processing of afferent
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399 visceral information, including cardiac signals, is the anterior insula (see Critchley et al., 2004).
400 Interestingly, visual deprivation has recently been found to reshape the functional architecture
401  within anterior insular subregions (Liu et al., 2017). Although it is not clear how these
402 neuroplastic changes are related to the ability to perceive heartbeats or other visceral signals,
403  future neuroimaging studies could explore this possible link. Furthermore, the observed
404 enhancement could also be due to structural changes within the deprived occipital cortex.
405 Indeed, previous studies have reported a relationship between increased occipital cortical
406  thickness and enhanced performance within the auditory modality (Voss & Zatorre, 2012).
407  Future studies might elucidate the relationship between structural changes in the brains of blind
408 individuals and their superior performance in sensory tasks.

409 Future studies should also investigate to what extent the current findings are
410 generalizable to other interoceptive submodalites, such as the processing of information from
411 other inner organs (e.g., bladder and lungs) and including skin-based interoception (see
412 Crucianelli & Ehrsson, 2022). Interestingly, pain detection thresholds have been found to be
413 lower in blind individuals, which indicates that they are more sensitive to detecting nociceptive
414 stimuli on the skin (Slimani et al., 2013; Slimani et al., 2014; Slimani, Ptito, & Kupers, 2015;
415  Slimani, Plaghki, Ptito, & Kupers, 2016), thereby paralleling findings in animal models of
416  blindness (Touj, Tokunaga, Al Ain, Bronchti, & Piché, 2019; Touj, Paquette, Bronchti & Piché,
417  2021). It has also been proposed that blind individuals might rely more on internal hunger cues
418 rather than taste in food choices (Gagnon, Kupers, & Ptito, 2013). Although it may suggest that
419  the current findings could be generalizable, recent studies in sighted individuals have found that
420 perceptual abilities on different interoceptive tasks that probe different submodalites are
421 independent and uncorrelated (Garfinkel et al., 2016b; Ferentzi et al., 2018; Crucianelli,
422 Enmalm, & Ehrsson, 2021) and that cardiac interoceptive accuracy does not correlate

423  significantly with accuracy measures in skin-based interoceptive tasks (Crucianelli et al., 2021).
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424  Thus, to obtain a more complete picture of how visual deprivation affects interception, future
425 studies should employ a battery of tests and investigate how different interoceptive
426  submodalities are affected by visual deprivation and if some are more influenced than others.

427 Surprisingly, in our study, we did not observe a significant correlation between
428 interoceptive accuracy and interoceptive sensibility (as measured by confidence ratings) in
429 blind individuals, although the Bayesian analysis suggested that this result could be
430 inconclusive. In the sighted group, in turn, this correlation was positive, significant and
431 supported by Bayesian statistics. In previous studies, higher levels of interoceptive accuracy
432 have been associated with higher interoceptive awareness and lower interoceptive accuracy
433 with no relationship between accuracy and sensibility (e.g., Garfinkel et al., 2015; Garcia-
434 Cordero et al., 2016; Murphy, Catmur, & Bird, 2018). In other words, healthy sighted people
435 who do well on the heartbeat counting task also have a metacognitive awareness that they are
436  doing well, whereas individuals who perform poorly also do less well in judging how poor their
437 performance is. The present findings may indicate that this relationship is different in blind
438 individuals, which suggests a lowered insight into sensory abilities. This would also be
439  consistent with the results from the MAIA questionnaire that suggested no differences in how
440 the blind and sighted participants rated a range of sensations related to various aspects of
441 interoception in their daily life. However, Beaulieu-Lefebvre and colleagues (2011) reported
442  that blind individuals scored higher than sighted individuals on a scale that assessed sensibility
443 to olfactory sensations, although subsequent studies did not find conclusive evidence for the
444  difference between blind and sighted individuals in metacognitive abilities in relation to
445  olfactory task performance (Cornell Kdrnekull, Arshamian, Nilsson, & Larsson, 2016). Future
446  studies should try to clarify whether insight into perceptual abilities among blind people varies

447  between interoceptive and exteroceptive senses.
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448 It is well known that internal bodily signals—cardiac signals in particular—are in a
449  mutual interactive relationship with emotion processing (see Pollatos, Gramann, & Schandry,
450 2007; Critchley & Harrison, 2013; Adolfi et al., 2016; Garfinkel & Critchley, 2016c; Critchley
451 & Garfinkel, 2017; Shah, Catmur, & Bird, 2017). Changes in afferent interoceptive inputs from
452  the heart modulate subjective emotions (e.g., the intensity of experience fear; see Garfinkel et
453 al., 2014), and changes in emotion can trigger various physiological peripheral reactions in the
454  body (e.g., increasing heart rate), which in turn modulate the ascending interoceptive signals in
455  the brain. Thus, enhanced cardiac interoception in blind individuals may modulate these body-
456  brain interactions and lead to changes in emotional processing. Furthermore, it has been
457 suggested that the degree to which an individual is able to recognize their own interoceptive
458  states positively correlates with how well they recognize emotions in themselves and in others
459 (Wiens, Mezzacappa, & Katkin, 2000; Herbert, Pollatos, & Schandry, 2007; Terasawa,
460  Moriguchi, Tochizawa, & Umeda, 2014; Ernst et al., 2014; Shah, Hall, Catmur, & Bird, 2016;
461  Bird, Shah, & Catmur, 2017; Tsakiris, 2017; but see also Ainley, Maister, & Tsakiris, 2015).
462  Blind individuals do not show impairments in emotion processing (Gamond, Vecchi, Ferrari,
463  Merabet, & Cattaneo, 2017); moreover, they show better discrimination of emotional
464  information, along with increased amygdala activation to emotional auditory stimuli (Klinge,
465 Roder, & Biichel, 2010; Klinge, Roder, & Biichel, 2013), where the amygdala, along with the
466 insula, is one of the critical structures for interoception and emotion processing (Critchley,
467 Mathias, & Dolan, 2002). Therefore, our results could provide a missing explanatory link
468  between improved emotional processing and increased sensory acuity in the blind.

469 Our results could also have important implications for future research on bodily
470 awareness and self-consciousness in the blind. Heartbeats are one of the first sensory cues
471  during early development, occurring after 5 'z to 6 weeks after gestation; even young infants

472 seem to perceive their own heartbeats, as demonstrated in behavioral paradigms (Maister, Tang,
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473 & Tsakiris, 2017; but see also Weijs, Daum, & Lenggenhager, 2022). Thus, together with
474  proprioceptive feedback from movements, cardiac interoceptive signals may play an important
475 role in the developing central nervous system in regard to laying the foundation for sensory
476  processing and the sense of self (see also Quigley, Kanoski, Grill, Feldman Barrett, & Tsakiris,
477  2021). In sighted individuals, visual experience later becomes crucial when the infant learns to
478 interact with external objects and recognizes their own body parts through movement and
479  visuotactile feedback (Rochat & Striano, 2000; Zmyj, Jank, Schiitz-Bosbach, & Daum, 2011;
480 Chen, Lewis, Shore, Spence, & Maurer, 2018). These visual experiences of the self and the
481  world presumably drive the development of a multisensory sense of the bodily self (Bremner,
482  2016); however, in blind individuals who lack this kind of information, interoception may play
483 arelatively greater role. It has been shown that congenitally blind individuals exhibit changes
484  in the multisensory representation of their own body (Petkova, Zetterberg, & Ehrsson, 2012;
485 Nava, Steiger, & Roder, 2014). Thus, the current findings might be important for future research
486 into how bodily awareness and self-consciousness develop and are maintained without vision
487 and how enhanced ability to sense cardiac signals may modulate bodily awareness and self-
488  consciousness in the blind.

489 In conclusion, we have conducted the first study on cardiac interoceptive abilities in
490  blind individuals and found that blind individuals are better than their sighted counterparts at
491 sensing their own heartbeats in the classic heartbeat counting task. The results can contribute
492  to our understanding of the fundamental constraints of massive cross-modal plasticity after
493 blindness by suggesting that visual deprivation leads to interoceptive plasticity, which may have
494  interesting potential implications for emotional processing, bodily awareness, and the conscious
495  experience of the self.

496
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