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Figure 6. Pulse wave and detection relative to cardiac cycle. (A) Mean pulse waves measured at the
left middle finger across all participants (red thick line) and for each participant (colored thin lines)

locked to preceding R-peak. (B) First derivative of the mean pulse waves indicating the onset of the
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arriving pulse wave in the finger. The time window with the lowest detection rate is indicated with
vertical thick black lines. (C) Detection rate of near-threshold trials in 50-ms stimulus onset intervals
since preceding R-peak. The black dots indicate the mean across participants. The blue line is the

locally smoothed loess curve with a 95% confidence interval (grey) across these means.

Respiratory cycle

First, we investigated whether conscious tactile perception depends on the stimulus
onset relative to the respiratory cycle. Thus, we calculated the mean angles for hits,
misses, and correct rejections for each participant and tested their circular
distribution with the Rayleigh test of uniformity. For all conditions, uniformity was
rejected in favor of an alternative unimodal distribution (correct rejections: R = 0.58,
p=4x107; misses: R=0.54,p =2 x 10%; hits: R = 0.65, p = 1 x 10%; Figure 7). These
unimodal distributions were centered at stimulus onset for the three conditions (mean
angle Mcorrect rejection= 3.2°, Mmiss = 5.0°, and M= 15.1°). Furthermore, we analyzed the
circular distribution for each participant and stimulus-response condition. For hits, 38
of 41 participants showed a significant Rayleigh test after FDR-correction. For
misses, 30 participants had a significant Rayleigh test, and for correct rejections, 32
participants. To assess whether the strength of the respiration locking differed
significantly between hits, misses, and correction rejections, the circular variance of
stimulus onset angles across trials was calculated for each stimulus-response
condition and compared with t-tests. Hits had a lower circular variance than misses
AV = -0.044, t(40) = -3.17, p = 0.003) and correct rejections (AV = -0.035, t(40) = -
2.78, p = 0.008), i.e., exhibited a stronger clustering around the mean direction. There
was no significant difference in circular variance between misses and correct

rejections (p = 0.44). Furthermore, the circular variance of respiration phases in all
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trials as well as in correct rejections showed a negative medium correlation with near-
threshold detection rate across participants (all trials: r = -0.38, p = 0.013; correct
rejections: r = -0.41, p = 0.008).

We tested whether detection rates differed along the respiratory cycle. Thus,
we binned near-threshold trials based on their relative position within the respiratory
cycle in four quadrants (0-90°, 90-180°, 180-270°, and 270-360°), a one-way
repeated-measures ANOVA was significant for the main effect quadrant on near-
threshold detection rate (F(2.64,105.44) = 3.69, p = 0.018). Post-hoc t-tests revealed
that only the first quadrant (0-90°) showed significantly greater hit rates (HR)
compared to all other quadrants (90-180°: AHR = 3.8%, FDR-corrected p = 0.03; 180-
270°: AHR = 3.7%, FDR-corrected p = 0.03; 270-360°: AHR = 2.3%, FDR-corrected
p = 0.04).

Comparing cardiac interbeat intervals between eight 45°-intervals across the
respiratory cycle showed a significant increase of interbeat intervals starting with the
onset of expiration (increase from 0° to 225°), and a decrease starting with the onset
of inspiration (decrease from 225° to 360°; Figure 7E). The inspiration onset was on
average at 211° (range: 187-250°) within the respiratory cycle which started with the

expiration onset (R =0.97, p =3 x 10™).
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Figure 7. Circular distribution of mean stimulus onsets relative to the respiratory cycle for (A) correct
rejections (green), (B) misses (purple), and (C) hits (red). Zero degree corresponds to expiration onset.

Each dot indicates the mean angle of one participant. The grey lines originating in the center of the

inner circle represent the resultant lengths R; for each participant’s mean angle. A longer line indicates
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a less dispersed intra-individual distribution (V; = 1-R;). The direction of the arrow in the center indicates
the mean angle across the participants while the arrow length represents the mean resultant length R.
The line around the inner circle shows the density distribution of these mean angles. The resulting p-
value of the Rayleigh test of uniformity is noted below. D, Histogram of respiration phases. Cumulative
number of trials across all trials and participants for the relative position of the stimulus onset within
the respiratory cycle binned in 20°-intervals from 0° to 360°. The Rayleigh test across all trials and
participants was significant (R = 0.18, p = 2 x 10®"). E, Detection rates for each quadrant of the
respiratory cycle. Lines with p-values above the boxplots indicate significant FDR-corrected t-tests of
all possible combinations. F, Interbeat interval (IBI) differences for each eighth of the respiratory cycle
relative to the first eighth (0-45°). The boxplots (E, F) indicate the median (centered line), the 25%/75%
percentiles (box), 1.5 times the interquartile range or the maximum value if smaller (whiskers), and

outliers (dots beyond the whisker range).

Second, the distribution of mean angles was assessed for confident and
unconfident decisions. Hits, misses, and correct rejections were split by decision
confidence and the resulting distributions were evaluated with the Rayleigh test for
uniformity. All stimulus-response conditions showed for unconfident and confident
decisions a significant unimodal distribution locked around the stimulus onset:
unconfident correct rejections (mean angle Muncont cr = 18.3°; R = 0.41, p = 0.001),
confident correct rejections (Mcont cr=2.2% R = 0.58, p = 4 x 107), unconfident misses
(Muncont miss= 13.4°; R = 0.45, p = 0.0001), confident misses (Mcont miss= 6.7°, R = 0.51;
p = 0.00001), unconfident hits (Muncont nit= 10.4°; R = 0.51, p = 0.0001), and confident
hits (Mcont nit = 15.2°; R = 0.67, p = 4 x 10). Two participants had zero unconfident
correct rejections and were not considered in the respective Rayleigh test.

Third, in order to examine aforementioned phase effects further, we

investigated whether participants adjusted their respiration rhythm to the paradigm
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in the beginning of the experiment. Thus for the first 30 trials of the first block, a
random-intercept linear regression model with maximum likelihood estimation (Imer
function in R) was calculated to evaluate the effect of trial number on trial angle
difference from the mean for each participant. The angle difference was determined
between the stimulus onset angle within the respiratory cycle of each trial and the
mean of all angles in the first block (“diff_angle2mean”). This analysis included 37
participants with a first block and excluded trials with false alarms. Comparing the
model “diff_angle2mean ~ 1 + trial + (1|participant)” with a random intercept-only
model “diff_angle2mean ~ 1 + (1|participant)” revealed an effect of trial on the
difference to the angle mean within the first 30 trials of the first block (y2 = 5.84, p =
0.016). The fixed-effect slope was b; = -0.47 and the mean of the random-intercepts

bo = 79.7 (diff_angle2mean = b, * trial + bo).

Respiratory cycle duration

Given the previously reported heart slowing during conscious tactile perception
(Motyka et al., 2019), we tested whether a similar effect was also present in the
respiratory rhythm. Indeed, the mean duration of respiratory cycles differed between
response categories (Figure 8), as indicated by a one-way repeated-measures
ANOVA (F(1.49, 59.61) =13.11, p = 0.0001). Post-hoc t-tests showed that respiratory
cycles accompanying misses (mean t = 3.86 s) were significantly longer than
respiratory cycles with correct rejections (mean t = 3.82 s, At = 40 ms, FDR-corrected
p = 0.002) and with hits (mean t = 3.77 s, At = 91 ms, FDR-corrected p = 0.0002).
Respiratory cycles with hits were also significantly shorter than correct rejections (At

=50 ms, FDR-corrected p = 0.014).

39


https://doi.org/10.1101/2021.03.22.436396
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.22.436396; this version posted November 2, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Additionally, we analyzed whether the respiratory cycle duration differed
between confident and unconfident hits and misses. There was a main effect by
detection (F(1, 40) = 14.64, p = 0.0004) but not by confidence (F(1, 40) = 1.15, p =
0.29) on respiratory cycle duration in a two-way repeated measures ANOVA. The
interaction of detection and confidence was not significant (F(1, 40) = 0.83, p = 0.37).

Furthermore, we determined the expiration and inspiration duration for each
respiratory cycle and compared them between hits, misses, and correct rejections. A
two-way repeated measures ANOVA showed significant main effects of respiration
phase (expiration longer than inspiration: F(1, 40) = 125.03, p = 7 x 10 and stimulus-
response condition (F(1.45, 58) = 12.25, p = 0.00002). The interaction of respiration
phase and stimulus-response condition was not significant (F(1.58, 63.15) = 0.22, p
= 0.75). None of the six post-hoc t-tests between stimulus-response conditions for
each respiration phase was significant after FDR-correction. The uncorrected p-
values did not show evidence that the respiratory cycle duration differences were
caused by the expiration or inspiration phase (expiration - correct rejection vs. miss:
p = 0.04; correct rejection vs. hit: p = 0.21; miss vs. hit: p = 0.02; inspiration - correct

rejection vs. miss: p = 0.09; correct rejection vs. hit: p = 0.06; miss vs. hit: p = 0.01).
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Mean respiratory cycle duration
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Figure 8. Mean respiratory cycle duration in seconds for correct rejections (green), misses (purple),
and hits (red). The boxplots indicate the median (centered line), the 25%/75% percentiles (box), 1.5
times the interquartile range or the maximum value if smaller (whiskers), and outliers (dots beyond the
whisker range). Significant post-hoc t-tests are indicated above the boxplot with a black bar and the

respective FDR-corrected p-value.
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Phase-locking between cardiac and respiratory activity

Due to the natural coupling of cardiac and respiratory rhythms (Dick et al., 2014), we
investigated whether phase-locking of both rhythms is associated with conscious
tactile perception. Phase-locking values (PLVs) were calculated across trials using
n:m synchronization (Tass et al., 1998; Lachaux et al., 1999) to account for the
different frequency bands of the two signals. PLVs were compared between hits,
misses, and correct rejections with a one-way repeated-measures ANOVA. The
ANOVA showed no significant main effect of stimulus-response condition on PLVs

between cardiac and respiratory activity (F(1.98,79.15) =1.72, p = 0.19).

Peripheral nerve activity

For the sub-sample of twelve participants with peripheral nerve recordings at the left
upper arm, there was no somatosensory evoked potential associated with near-
threshold stimuli. Also, the grand mean across participants did not show a difference
between trials with and without near-threshold stimulation. We concluded that near-
threshold stimulation intensities (in the given sub-sample on average 1.88 mA, range:
0.79-2.50 mA) did not produce sufficiently high peripheral somatosensory evoked
potentials to measure them non-invasively from the inner side of the upper arm.
Hence, we did not further pursue the analysis of peripheral somatosensory evoked
potentials. (Yet note that peripheral somatosensory evoked potentials were observed
in a pilot study with the same acquisition setup but applying super-threshold

stimulation intensities of 6 mA.)
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Discussion

In this study, we confirm our previous finding that stimulus detection varies along the
cardiac cycle (Motyka et al., 2019; Al et al., 2020, 2021). With the additional recording
of photoplethysmography, decision confidence, and respiratory activity, we obtain
several new findings regarding the integration of cardiac and respiratory signals in
perceptual decision making: We precisely pinpoint the period of lowest tactile
detection rate at 250 - 300 ms after the R-peak, and we show a variation of confidence
ratings across the cardiac cycle. A further new finding is that confidence ratings are
the major determinant of cardiac deceleration. We confirm previous findings of an
alignment of the respiratory cycle to the task cycle and we observed that this
alignment follows closely the modulation of heart frequency (HF) across the
respiratory cycle (sinus arrhythmia) with preferred stimulation onsets during periods
of highest HF. Detection rate was highest in the first quarter of the respiratory cycle
(after expiration onset), and temporal clustering during the respiratory cycle was more
pronounced for hits than for misses and - interindividually - stronger respiratory
phase-locking was associated with higher detection rates. Taken together, our
findings show how tuning to respiration and closely linked cardio-respiratory signals

are integrated to achieve optimal task performance.

Detection varies across the cardiac cycle and is lowest 250 - 300 ms post R-peak
While replicating the unimodal distribution of hits within the cardiac cycle here for the
third time in an independent study of somatosensory detection (Motyka et al., 2019;
Al et al., 2020, 2021), we now located the decreased near-threshold detection rate

more precisely 250 - 300 ms after the R-peak, before the pulse wave peak (405 ms) in
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the middle of the cardiac cycle (178°). The slope of the pulse wave showed a take-off
around 250 ms after the preceding R-peak, indicating the onset of the pulse wave
arrival. The explanation of the cardiac cycle effect on somatosensory detection stays
speculative. In our previous study (Al et al., 2020), we found this systolic suppression
to be associated with a change in sensitivity and with a reduction of the P300 SEP
component which is commonly assumed to encode prediction (errors) (Friston, 2005).
We therefore postulated that the prediction of the pulse-wave associated peripheral
nerve activation (Macefield, 2003) also affects the perception of other weak stimuli in
the same time window since they are wrongly assumed to be a pulse-related ‘artifact’.
Our new finding of temporally locating the lower tactile detection at the pulse wave
onset and not during maximal peripheral vascular changes in the finger further
supports this view. Perception of heartbeats has been reported to occur in the very
same time interval of 200-300 ms after the R-peak (Yates et al., 1985; Brener and
Kluvitse, 1988; Ring and Brener, 1992). While this temporal judgement is unlikely to
be solely based on the pulse wave in the finger - heartbeat sensations were mainly
localized on the chest (Khalsa et al., 2009; Hassanpour et al., 2016) - it is consistent
with the prediction of strongest heartbeat-related changes at 250-300ms and an

attenuated detection of weak stimuli presented in the same time window.

Confidence ratings vary across the cardiac cycle
We also show that the cardiac cycle had a relationship with confidence ratings, in
addition to the association of hit/miss responses with confidence ratings. When

comparing the dependent probabilities of the four possible outcomes in near-
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threshold trials (unconfident/confident miss/hit) — only the number of confident hits
increased at the end of the cardiac cycle (600 - 800 ms) compared to 0-600 ms.

By determining M-ratios relating meta-d’ to d’, we show that metacognitive
efficiency for yes-responses is generally higher than for no-responses (close to 1
(“optimal”) versus below 1 (“inefficient”)). In our data, there was no evidence for an
overall modulation of metacognition across the cardiac cycle. Qualitatively, while
metacognition for no-responses is clearly smaller than 1 (“inefficient") for all cardiac
intervals, metacognition for yes-responses seems to be shifted below 1 (“inefficient")
at the onset of systole (0-200ms after R-peak), shifted above 1 ("super-optimal”)
during the period of 200-400ms, and stabilizing over 1 at 400-800ms. Future
research must show whether this qualitative observation can be replicated. If so, the
systolic variation might be related to a decisional conflict during an interval with the
highest uncertainty whether a weak pulse was generated internally (heartbeat) or
applied externally (Allen et al., 2019).

The higher confidence ratings for misses than for hits are most likely due to
the higher expectation of no-responses which is about 66% — given 1/3 null trials and
2/3 ‘50% near-threshold’ trials. For visual decision-making, confidence has been
shown to be influenced by probabilities and - hence - expectations that a stimulus
would occur (Sherman et al., 2015) and that the decision would be correct (Aitchison
et al., 2015). In an independent fMRI study with near-threshold somatosensory stimuli
using a four-point confidence scale, we equally found lower confidence for hits than
for misses (Grund et al., 2021). It is not as straightforward to explain the overall lower
metacognitive efficiency for no-responses versus yes-responses. We speculate that

it is probably related to the different likelihoods of the respective decisional
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alternatives: Among the no-responses ‘Miss’ and ‘Correct rejection’ have an almost
equal likelihood while among yes-responses ‘Hits’ are much more likely than ‘False

Alarms’.

Heart slowing and perceptual decision making

In the present study, we confirmed cardiac deceleration related to the
parasympathetic correlate of the orienting response to a change in the environment
(Sokolov, 1963) for all trial types even for trials without stimulation and we also
confirmed the previously reported more pronounced heart deceleration with
conscious perception was replicated (Park et al., 2014; Cobos et al., 2019; Motyka et
al., 2019). Interestingly, however, when confidence ratings were taken into account
this effect was reduced (particularly at two interbeat intervals after the stimulation)
and our findings indicate that heart rate slowing is mainly due to confidence rating,
such that unconfident decision are associated with stronger heart rate slowing.
Increased heart slowing for unconfident decisions might be associated with
uncertainty, because heart slowing has been reported for the violation of
performance-based expectations in a learning paradigm (Crone et al., 2003), for
errors in a visual discrimination task (kukowska et al., 2018), and for error keystrokes
by pianists (Bury et al., 2019). Previous studies have linked heart rate changes with
confidence. For example, in a visual discrimination task, confidence has been
associated with heart acceleration which - in turn - attenuated the heart slowing
caused by the orienting response to the stimulus (Allen et al., 2016). Since this effect
was reversed by a subliminal and arousing negative emotional cue, confidence was

interpreted as an integration of exteroceptive and interoceptive signals (Allen et al.,
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2016, 2019). A related phenomenon may underlie our results, in that rapid heart rate
changes are transmitted upstream to be integrated in the decision process and
particularly its metacognitive aspects.

Variations in the cardiac cycle were mainly due to changes in the length of
diastoles which is in line with previous literature showing that cardiac cycle length is
mainly modulated by diastole (Levick, 1991).

Interestingly, the extent of cardiac deceleration (we tested for all trials and for
correct rejections) showed a positive correlation with near-threshold detection across
participants. This is the case despite the fact that in all participants near-threshold
stimulation intensity was adjusted before the experiment such that they detected
about 50% of the stimulus trials. We thus have to assume that from the starting point
of about 50% detection rate (without adjustment of the respiration), those participants
who had a more pronounced heart slowing during the experiment improved their

detection rate more than other participants.

Respiration locking and perceptual decision making

Localizing stimulus onsets in the respiratory cycle revealed that (expected) stimulus
onsets were locked to respiration. During the first thirty trials, the angular difference
of onset time points to the mean angle showed a linear decrease as participants
adapted their respiration rhythm to the paradigm. Intra-individual circular variance of
stimulation onsets was lower for hits than misses, indicating a more pronounced
respiratory phase-clustering went along with a higher likelihood of hits. Hit rates were
greater in the first quadrant after expiration onset compared to all other three

quadrants of the respiratory cycle. Furthermore, there was a negative correlation
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between intra-individual circular variance of respiration phases in all trials (and also
correct rejections) and near-threshold detection rate across all participants. Together
these results suggest that respiration-locking is beneficial for task performance.

Interestingly, the frequency distribution of stimulation onsets closely matched
heart rate changes along the respiratory cycle. Heart rate showed the well-known
increase with expiration and decrease with inspiration (sinus arrhythmia), and
stimulus onsets occurred most frequently during the period with shortest interbeat
intervals i.e., highest heart rate. It is known that not only heart rate but also neural
excitability changes during the respiratory cycle. In a recent study, the course of alpha
power — known to be inversely related to excitability — across the respiratory cycle
has been shown to have a minimum around expiration onset (Kluger et al., 2021) —
the time period when in our study most stimuli were timed. Also for tactile stimuli, it
has been shown that alpha power in central brain areas is related to conscious
detection (Schubert et al., 2009; Nierhaus et al., 2015; Craddock et al., 2017;
Forschack et al., 2020; Stephani et al., 2021). Taken together, respiration phase
locking might be used to increase the likelihood to detect faint stimuli in a phase of
highest cortical excitability (attention).

While the mean angle across all participants locked at expiration onset,
participant's individual mean angles ranged from late inspiration to early expiration
(circa >270° and <90°). The inspiration onset was on average at 211°. Thus, the
current data does not allow to determine whether participants tuned their inspiration
or expiration onset. Possibly participants adapted their respiration rhythm to the cue

onset which occurred 500 milliseconds before the stimulus onset. Given a mean
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respiratory cycle duration of 3.82 seconds, the cue onset was 47 degrees before the

stimulus onset.

Conclusion

The two predominant body rhythms modulate conscious tactile perception. Our data
indicate that phase-locking of respiration facilitates perception by optimal timing of
stimuli in periods of highest heart rate and cortical excitability. Tactile detection and
related decision confidence also vary characteristically during the cardiac cycle and
the effects seem best explained by an interoceptive predictive coding account which

is meant to model and suppress bodily changes related to the heartbeat.
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