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Different contributions of efferent 
and reafferent feedback 
to sensorimotor temporal 
recalibration
Belkis Ezgi Arikan1,2*, Bianca M. van Kemenade3,4, Katja Fiehler1,2, Tilo Kircher2,4, 
Knut Drewing1,5 & Benjamin Straube2,4,5

Adaptation to delays between actions and sensory feedback is important for efficiently interacting 
with our environment. Adaptation may rely on predictions of action-feedback pairing (motor-sensory 
component), or predictions of tactile-proprioceptive sensation from the action and sensory feedback 
of the action (inter-sensory component). Reliability of temporal information might differ across 
sensory feedback modalities (e.g. auditory or visual), which in turn influences adaptation. Here, we 
investigated the role of motor-sensory and inter-sensory components on sensorimotor temporal 
recalibration for motor-auditory (button press-tone) and motor-visual (button press-Gabor patch) 
events. In the adaptation phase of the experiment, action-feedback pairs were presented with 
systematic temporal delays (0 ms or 150 ms). In the subsequent test phase, audio/visual feedback 
of the action were presented with variable delays. The participants were then asked whether they 
detected a delay. To disentangle motor-sensory from inter-sensory component, we varied movements 
(active button press or passive depression of button) at adaptation and test. Our results suggest that 
motor-auditory recalibration is mainly driven by the motor-sensory component, whereas motor-visual 
recalibration is mainly driven by the inter-sensory component. Recalibration transferred from vision to 
audition, but not from audition to vision. These results indicate that motor-sensory and inter-sensory 
components contribute to recalibration in a modality-dependent manner.

Perceiving sensory events almost always involves dealing with temporal discrepancies. Discrepancies may result 
from temporal differences in neural  transduction1,2, developmental  changes3, or physical characteristics of a given 
sensory  input4. Yet, humans are highly efficient in compensating for these discrepancies. For example, temporal 
misalignment between our actions and their sensory feedback resulting from any or a combination of the above-
mentioned factors can be accommodated. This is known as sensorimotor temporal recalibration. Temporal 
adjustment of sensorimotor events has been demonstrated for actions leading to a specific sensory  feedback5–9 
as well as for actions leading to feedback from multiple senses (i.e., audiotactile feedback when knocking on a 
door)10–12. Recalibration manifests itself in the adjustment of timing of either the initial (action) or the resulting 
(sensory feedback) event. As a consequence, the action and feedback are perceived in congruence with each other. 
In an extreme case, recalibration of time between an action and its feedback may lead to the illusory perception 
of feedback occurring before the action. In a seminal study, Stetson et al.8 had participants adapt to delays of 
135 ms between voluntary button press-flash pairs. When this delay was eliminated after adaptation, participants 
experienced an illusory perception of the flash preceding the button press, although its physical timing was not 
preceding the action (see  also5,13). Sensorimotor temporal recalibration aids not only in the binding of sensory 
and motor events that belong together, but also in attributing control (agency) over the events we  generate14–16. 
This suggests that temporal recalibration is specific to the events that are causally-related. However, voluntary 
actions seem to provide us with an additional advantage in recalibrating temporal  perception17. Actions can 
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trigger an internal forward model which predicts the sensory feedback of the action based on the efference copy 
of the motor  command18–20. Such predictive processing may lead to stronger adaptation of motor-sensory event 
pairs relative to purely sensory event pairs. Indeed, it has been consistently demonstrated that actions provide a 
temporal window into which binding of sensory events can be  facilitated11,17,21,22.

Temporal discrepancies between actions and sensory feedback result in misalignment of two components: 
a motor-sensory component (misalignment between the action and its sensory feedback), and an inter-sensory 
component (misalignment between cross-modal sensory inputs); one or both needs to be  recalibrated9,23. For 
example, whenever we click a link to a website, some amount of time is required to load and display the page on 
our computer screen. The perceived interval between these events may be due to temporal misalignment between 
the click and the appearance of the website (motor-sensory component), or between the tactile-proprioceptive 
feedback arising from the click and the appearance of the website (inter-sensory component). In order to attribute 
causality between the click and the appearance of the website, the perceived timing of these events are adjusted.

How do motor-sensory and inter-sensory components contribute to sensorimotor temporal recalibration? A 
number of studies have addressed the differential contributions of these components by investigating how tempo-
ral or spatial perturbations to sensorimotor events are dynamically adjusted. The perturbation, identified as error, 
violates the predicted (learned) relationship between the sensorimotor event pair, and can either be random or 
 systematic24,25. Adaptation maximizes the accuracy of predictions by minimizing systematic  errors24. The degree 
to which these errors contribute to adaptation depends on the reliability of the error; i.e., the more reliable esti-
mate with minimum variance receives a higher weight, and therefore, contributes more to  adaptation24–26. Other 
studies investigating the relative contributions of motor-sensory and inter-sensory components on adaptation 
aimed to disentangle predictions based on efference copy from reafferent feedback, and test which component 
accounts mostly for recalibration effects. Comparing adaptation during voluntary button presses with a passive 
condition in which the button moved the finger, Stetson et al.8 found larger temporal recalibration effects for 
voluntary button presses triggering flashes, and smaller recalibration effects for the passive button presses, indi-
cating the importance of action intention (in which efference copy is present) on sensorimotor recalibration. In 
another study, Arnold et al.23 examined the role of action intentions on sensorimotor temporal recalibration using 
ballistic reaches with short or longer extent before a voluntary button press triggered a tone. By manipulating the 
time between the intention to act and the auditory feedback of the action, the authors were able to investigate 
whether the intention to act or the sensation of having acted drives sensorimotor temporal recalibration. They 
found that the temporal relationship between tactile signals associated with completion of the action and the 
auditory feedback of the action determines recalibration rather than the action itself, highlighting the role of the 
inter-sensory component over the motor-sensory component.

Apart from contributions of motor-sensory and inter-sensory components, the sensory modality of the action 
feedback (e.g., auditory or visual) may also impact temporal  recalibration27–29. In general, audition has superior 
temporal resolution compared to the other  senses30,31. This has also been observed when sensory modalities are 
processed together. For example, audio-tactile events have been found to have higher temporal resolution than 
visuo-tactile or audio-visual  events32, suggesting higher reliability for auditory events in the temporal domain. 
A number of studies addressing the role of sensory feedback modality on recalibration tested whether recalibra-
tion transfers to another modality. Accordingly, after adapting to a delay between a button press and a visual 
feedback, the visual feedback would be replaced by an auditory  feedback6,9,27. Transfer of recalibration from the 
visual to the auditory feedback (and vice versa) indicates a supramodal (modality a-specific) mechanism which 
is not affected by the sensory feedback modality, whereas absence of transfer underlies a modality-specific 
 mechanism6,9,27. Sugano et al.27 found transfer of recalibration from vision to audition, but not the other way 
around. This supports the presence of a modality-specific mechanism (but  see6,9 for supramodal recalibration 
effects). The transfer effects may also provide information on which event is shifted in time: a modality-specific 
transfer effect might indicate that the perceived timing of the initial (motor) event has shifted in time towards the 
resulting event (sensory feedback)27. Such differential transfer effects allow one to test whether different sensory 
modalities interact differently with motor-sensory and inter-sensory components in influencing sensorimotor 
temporal recalibration.

Existing evidence on sensorimotor temporal recalibration suggests that motor-sensory and inter-sensory 
components are likely modulated by cross-modal interactions. Importantly, studies on modality-specific recali-
bration have not disentangled how efferent (corresponding to the motor-sensory component) and reafferent 
(corresponding to the inter-sensory component) feedback contribute to temporal  recalibration6,9,27,29. On the 
other hand, studies investigating the contribution of these components have not addressed possible modality-
specific  effects8,23. To our knowledge, no study has explored the contributions of motor-sensory and inter-sensory 
components (disentangling efference copy from reafferent feedback) on sensorimotor temporal recalibration 
while addressing possible cross-modal interactions. Our aim in the present study is to investigate sensorimotor 
temporal recalibration for motor-auditory and motor-visual events by disentangling the influence of motor-
sensory component and inter-sensory component. To this end, we used a recalibration paradigm in which 
systematic temporal delays between actions and their sensory feedback were introduced (adaptation phase). 
To assess temporal recalibration, we tested participants’ perception for variable delays inserted between action-
feedback events (test phase). Crucially, we used active and passive movements at adaptation and test phases to 
disentangle motor-sensory and inter-sensory components of recalibration. In the condition where button presses 
at adaptation and test are both passive (adapt passive, test-passive), a purely inter-sensory adaptation between the 
tactile-proprioceptive and the auditory or visual feedback is expected. Comparing this passive condition with 
active (voluntary) button presses at adaptation and test (adapt-active, test-active) may aid in understanding the 
relation between sensorimotor and purely sensory recalibration, and possible recalibration differences as a func-
tion of accompanying sensory  feedback6,8,9. In the third condition, efferent feedback is not present at adaptation, 
but is present at test (adapt-passive, test-active). Because efferent feedback cannot be adapted, any adaptation 
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effect we observe under this condition should result from the inter-sensory component. Examining differences 
between the adapt-passive, test-active and the adapt-active, test-active condition (in which the efferent feedback 
can be adapted) may hence address the specific contribution of the two components.

Possible mechanisms underlying sensorimotor temporal recalibration involve a shift of one of the events in 
time towards the other (e.g., shift in the timing of the sensory feedback towards the motor event), and a widen-
ing of the temporal window of integration between the  events33. These mechanisms are not mutually exclusive, 
and can all contribute to  recalibration33. In the present study, we tested for these possibilities by comparing 
detection thresholds and just-noticeable differences (JNDs) across adaptation delays. A systematic increase in 
detection thresholds or JNDs in the 150 ms delay as opposed to 0 ms delay in a specific condition would corre-
spond to recalibration. Drawing from previous work on sensorimotor  recalibration8,9,23–26 and on inter-sensory 
 recalibration34–36, we argue that sensorimotor temporal recalibration results from a combination of motor-sensory 
and inter-sensory components modulated by the reliability of the action feedback in perceiving time. We hypoth-
esized that, if the motor-sensory component is more reliable due to predictions based on efference  copy18–20, 
which enhances the temporal organization of  events10,11,14,17,21, then larger adaptation effects should be present 
for sensorimotor recalibration (adapt-active, test-active condition) than for purely sensory recalibration (adapt-
passive, test-passive condition). We further hypothesized that sensorimotor temporal recalibration would result 
from a combination of motor-sensory component (corresponding to predictions based on efference copy) and 
inter-sensory component (corresponding to reafferent feedback), and that the contributions of each component 
depend on their  reliability24–26. If efferent feedback is more reliable than reafferent feedback in terms of recali-
brating temporal discrepancies in action-feedback  pairs8, we expect lower impact of inter-sensory discrepancies, 
and higher impact of motor-sensory discrepancies. This would suggest that negligible or no recalibration would 
occur in the adapt-passive, test-active condition compared to the adapt-active, test-active condition. Alterna-
tively, if reafferent feedback is more reliable for  recalibration23, then similar adaptation profiles should be evident 
in the adapt-active, test-active and adapt-passive, test-active conditions, as both conditions contain reafferent 
feedback (inter-sensory component) in the adaptation phase. Differences across adapted sensory modalities, if 
found, would point to a change in the relative influence of the motor-sensory or the inter-sensory component 
depending on the adapted sensory modality.

Finally, we hypothesized that a transfer from an adapted to a non-adapted sensory modality would indicate 
supramodal recalibration, which is not influenced by the sensory feedback of the  action6,9, whereas lack of 
transfer would suggest a modality-specific influence on  recalibration27,28,37. Importantly, the existence of transfer, 
along with differences in recalibration across adapt-active, test-active and adapt-passive, test-active conditions, 
would provide insight into which component contributes more in recalibrating action-feedback discrepancies. 
For example, if the adapted sensory modality is shifted in time, indicating a shift of the sensory feedback either 
towards the motor-sensory or the inter-sensory component (or both), then there should be no cross-modal 
transfer. Likewise, transfer of recalibration from vision to audition in the adapt-active, test-active but not in the 
adapt-passive, test-active condition would indicate that the motor-sensory component is shifted in time.

Results
Table 1 shows group-level threshold and JND estimates for each condition. Figure 1 depicts detection responses 
as a function of delay for each condition from a representative participant. Overall, detection thresholds were 
higher in the 150 ms condition than in the 0 ms condition, indicating recalibration.

The impact of motor-sensory and inter-sensory components on sensorimotor temporal recali-
bration. The 3 (adaptation, test mode: adapt-active, test-active vs. adapt-passive, test-active vs. adapt-passive, 
test-passive) × 2 (adaptation, test modality: adapt-A, test-A vs. adapt-V, test-V) × 2 (adaptation delay: 0 ms vs. 
150 ms) repeated measures ANOVA on thresholds revealed a significant main effect of adaptation delay (see 
Table  2). Detection thresholds in the 0  ms delay condition (mean = 229.36, s.e.m. = 17.02) were significantly 
smaller than those in the 150  ms delay condition (mean = 249.65, s.e.m. = 15.27). There was also a two-way 
interaction between adaptation, test mode and adaptation, test modality (see Table 2; cf. Fig. 2), and a three-way 
interaction between adaptation, test mode; adaptation, test modality and adaptation delay (see Table 2; cf. Fig. 3). 
For the two-way interaction, post-hoc comparisons were performed for adaptation, test mode in the adapt-
A, test-A condition given similar mean thresholds across movements for the adapt-V, test-V conditions. The 
planned post-hoc comparisons showed that mean detection thresholds (independent of adaptation delay) were 
significantly smaller in the adapt-active, test-active (mean = 216.08, s.e.m. = 19.34) than in the adapt-passive, 
test-passive (mean = 248.14, s.e.m. = 12.55) condition for the adapt-A, test-A modality; t(11) = − 4.30, p = 0.002, 
d = 1.44 (see Fig. 2). All other effects were non-significant (see Table 2).

For the three-way interaction, we conducted planned comparisons testing the presence of adaptation in each 
condition, namely the difference between the adaptation delays for each adaptation, test mode and adaptation, 
test modality. For each participant, we subtracted the detection thresholds in the 0 ms delay condition from the 
150 ms delay condition separately for adaptation, test mode and modality, and tested the differences  (thresholdDiff) 
against 0 with one-sample t-tests. As the expected direction of the effect was specific (larger detection thresholds 
for the 150 ms delay compared to 0 ms delay), we used one-tailed t-tests, corrected for multiple comparisons. 
The results showed significantly different  thresholdDiff values for the following conditions: adapt-active-A, test-
active-A; adapt-active-V, test-active-V; adapt-passive-V, test-active-V (see Table 3 and Fig. 3).

In order to assess the relative impact of the inter-sensory component compared to the motor-sensory compo-
nent for motor-visual events, we conducted a paired samples t-test on threshold differences between adapt-active, 
test-active and adapt-passive, test-active conditions when adaptation, test modality was visual. There were no 
significant differences between the conditions, t(11) = 0.78, p = 0.45, d = 0.23. This suggests that the inclusion of 
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Table 1.  Mean (standard error of mean, s.e.m.) thresholds and JNDs for each condition.

Adapt-active, test-active Adapt-passive, test-active Adapt-passive, test-passive

Threshold (ms)

Adapt-A, test-A

 0 ms 202.53 (19.45) 226.36 (20.25) 241.83 (13.78)

 150 ms 229.63 (19.83) 230.21 (18.02) 254.44 (11.82)

Adapt-V, test-V

 0 ms 235.59 (19.98) 232.87 (21.02) 236.96 (13.90)

 150 ms 261.60 (17.88) 263.82 (18.63) 258.23 (14.53)

Adapt-A, test-V

 0 ms 240.06 (21.93) 243.10 (23.11) 241.31 (16.84)

 150 ms 248.32 (16.62) 252.56 (16.42) 252.27 (19.76)

Adapt- V, test-A

 0 ms 225.66 (19.37) 235.18 (19.07) 243.57 (20.67)

 150 ms 248.10 (23.58) 237.83 (23.23) 263.55 (15.53)

JND (ms)

Adapt-A, test-A

 0 ms 75.84 (9.97) 73.50 (7.07) 71.02 (10.78)

 150 ms 65.80 (8.39) 68.94 (4.81) 70.67 (12.61)

Adapt-V, test-V

 0 ms 74.24 (9.44) 81.82 (13.12) 72.09 (11.48)

 150 ms 62.30 (5.05) 66.53 (5.95) 67.62 (6.50)

Adapt-A, test-V

 0 ms 71.06 (8.59) 72.06 (11.87) 79.57 (13.20)

 150 ms 72.75 (11.91) 80.88 (9.64) 77.96 (11.49)

Adapt-V, test-A

 0 ms 68.88 (10.47) 76.45 (10.75) 74.19 (9.82)

 150 ms 79.03 (9.54) 72.62 (8.75) 78.58 (11.83)

Figure 1.  Plots showing detection responses and psychometric function fits for each condition from a 
representative participant. Filled circles and stars show proportion of detected responses as a function of test 
delay in the 0 ms and 150 ms adaptation delay conditions, respectively. A shift in detection thresholds from 0 to 
150 ms delay indicates adaptation.
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the motor-sensory component at adaptation did not significantly contribute to the shift in detection thresholds 
for motor-visual events.

The 3 (adaptation, test mode: adapt-active, test-active vs. adapt-passive, test-active vs. adapt-passive, test-
passive) × 2 (adaptation, test modality: adapt-A, test-A vs. adapt-V, test-V) × 2 (adaptation delay: 0 ms vs. 150 ms) 
repeated measures ANOVA on JNDs resulted in no significant differences across conditions (see Table 4). 
Together, the results suggest a shift in the detection thresholds as a function of adaptation delay for the visual 

Table 2.  Repeated-measures ANOVA results on detection thresholds within modalities. Bold asterisks 
indicate significant effects. ‘ot’ indicate one-tailed test values whereas ‘tt’ indicate two-tailed test values. df, 
degrees of freedom; F, F value, p, p value; ƞp

2 partial eta-squared.

Effects df F p ƞp
2

Adaptation, test mode 2, 22 2.72 0.088tt 0.20

Adaptation, test modality 1, 11 3.58 0.085tt 0.25

Adaptation delay 1, 11 15.50 0.001*ot 0.59

Adaptation, test mode × Adaptation, test modality 2, 22 13.51  < 0.001*tt 0.55

Adaptation, test mode × adaptation delay 2, 22 2.32 0.122tt 0.17

Adaptation, test modality × adaptation delay 1, 11 1.18 0.301tt 0.10

Adaptation, test mode × adaptation, test modality × adaptation delay 2, 22 3.77 0.039*tt 0.26

Figure 2.  Line plots showing detection thresholds in the adapt-active, test-active (act, act), adapt-passive, test-
active (pas, act) and adapt-passive, test-passive (pas, pas) conditions averaged across adaptation delays. Bold 
asterisk shows significant differences between conditions. Error bars represent the standard error of the mean 
(s.e.m.).

Figure 3.  Boxplots with individual data points showing significant effect of adaptation delay (threshold 
differences between 150 and 0 ms delay conditions) as a function of adaptation, test mode in (a) the adapt-A, 
test-A condition, and (b) the adapt-V, test-V condition. The dashed line depicts 0 difference. Diamonds and 
solid lines show the mean and the median values of the data, respectively. Asterisks show significant effects.
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modality when an active movement was present at test. For the auditory modality, recalibration is present in the 
adapt-active, test-active condition. JNDs across adaptation delays were similar, suggesting no differences in the 
temporal window of integration for event pairs as a function of delay at adaptation.

Cross-modal transfer of recalibration. Figure 4 shows threshold differences across adaptation delays for 
each cross-modal condition.

Results of the initial analysis suggest a shift in the detection thresholds with adaptation delays (confirm-
ing recalibration), and differences in recalibration across sensory modalities. We therefore examined transfer 
of recalibration separately for each adaptation, test modality, including only those conditions that produced 
significant within-modality adaptation (see Supplementary Materials for an overview of threshold differences 

Table 3.  One sample t-test results on threshold differences  (thresholdDiff) between 150 and 0 ms adaptation 
delays, indication recalibration within modalities. Bold asterisks indicate significant effects. ‘ot’ indicate 
one-tailed test values. t, value; df, degrees of freedom; d, Cohen’s d. All tests were corrected for multiple 
comparisons.

Thresholddiff (150–0 ms) t df p d

Adapt-active-A, test-active-A 3.96 11 0.001*ot 1.14

Adapt-passive-A, test-active-A 0.40 11 0.349ot 0.12

Adapt-passive-A, test-passive-A 2.33 11 0.019ot 0.67

Adapt-active-V, test-active-V 2.88 11 0.0075*ot 0.83

Adapt-passive-V, test-active-V 2.85 11 0.0079*ot 0.82

Adapt-passive-V, test-passive-V 2.62 11 0.0119ot 0.76

Table 4.  Repeated-measures ANOVA results on JNDs within modalities. ‘ot’ indicate one-tailed test values 
whereas ‘tt’ indicate two-tailed test values. df, degrees of freedom; F, F value, p, p value; ƞp

2 partial eta-squared.

Effects df F p ƞp
2

Adaptation, test mode 2, 22 0.31 0.74tt 0.03

Adaptation, test modality 1, 11 0.003 0.96tt  < 0.01

Adaptation delay 1, 11 2.81 0.06ot 0.20

Adaptation, test mode × adaptation, test modality 2, 22 0.20 0.82tt 0.02

Adaptation, test mode × adaptation delay 2, 22 0.67 0.52tt 0.06

Adaptation, test modality × adaptation delay 1, 11 0.46 0.51tt 0.04

Adaptation, test mode × adaptation, test modality × adaptation delay 2, 22 0.37 0.69tt 0.03

Figure 4.  Boxplots with individual data points showing threshold differences between the 150 ms and 0 ms 
delay conditions as a function of adaptation, test mode in (a) the adapt-A, test-V, and (b) the adapt-V, test-A 
condition. Bold asterisk shows significant main effect of adaptation delay. The dashed line depicts 0 difference. 
Diamonds and solid lines show the mean and the median of the points, respectively.
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across adaptation delays for each cross-modal condition, and analyses including all adaptation, test modalities 
even when significant within-modality recalibration is lacking).

For the adapt-A condition, the 2 (adaptation, test modality: adapt-A, test-A vs. adapt-A, test-V) × 2 (adaptation 
delay: 0 ms vs. 150 ms) repeated measures ANOVA on thresholds revealed a main effect of adaptation, test modal-
ity, a main effect of adaptation delay, and an interaction (see Table 5). A one sample t-test on the  thresholdDiff 
for adapt-active-A, test-active-V condition was not significant; t(11) = 1.36, p = 0.10 (one-sided), d = 0.39. The 2 
(adaptation, test modality: adapt-A, test-A vs. adapt-A, test-V) × 2 (adaptation delay: 0 ms vs. 150 ms) repeated 
measures ANOVA on JNDs for the adapt-active, test-active revealed no significant main effects or interaction 
effects (see Table 5).

The 2 (adaptation, test mode: adapt-active, test-active vs. adapt-passive, test-active) × 2 (adaptation, test modal-
ity: adapt-V, test-V vs. adapt-V, test-A) × 2 (adaptation delay: 0 ms vs. 150 ms) repeated measures ANOVA on 
thresholds for adapt-V conditions resulted in a main effect of adaptation delay (see Fig. 4b and Table 6), indicating 
an overall shift in the detection thresholds between 0 ms vs. 150 ms delays across all conditions. The 2 (adapta-
tion, test mode: adapt-active, test-active vs. adapt-passive, test-active) × 2 (adaptation, test modality: adapt-V, 
test-V vs. adapt-V, test-A) × 2 (adaptation delay: 0 ms vs. 150 ms) repeated measures ANOVA on JNDs revealed 
no significant main effects or interaction effects (see Table 6). These results indicate transfer of adaptation from 
the visual to the auditory modality, but not vice versa.

Discussion
In the present study, we aimed to disentangle motor-sensory and inter-sensory components of sensorimotor 
temporal recalibration for visual and auditory feedback. To this end, we presented participants with systematic 
delays between button presses and sensory feedback (adaptation phase), and tested whether detection of vari-
able delays inserted between action-feedback events changed after adaptation (test phase). To investigate the 

Table 5.  Repeated-measures ANOVA results on detection thresholds and JNDs assessing transfer effects for 
adapt-A conditions. Bold asterisks indicate significant effects. ‘ot’ indicate one-tailed test values whereas ‘tt’ 
indicate two-tailed test values. df, degrees of freedom; F, F value, p, p value; ƞp

2 partial eta-squared.

Effects df F p ƞp
2

Detection thresholds

Adaptation, test modality 1, 11 10.33 0.008*tt 0.48

Adaptation delay 1, 11 11.64 0.003*ot 0.51

Adaptation, test modality × adaptation delay 1, 11 5.84 0.03*tt 0.35

JNDs

Adaptation, test modality 1, 11 0.04 0.85tt 0.003

Adaptation delay 1, 11 1.70 0.11ot 0.13

Adaptation, test modality × adaptation delay 1, 11 2.18 0.17tt 0.17

Table 6.  Repeated-measures ANOVA results on detection thresholds and JNDs assessing transfer effects for 
adapt-V conditions. Bold asterisks indicate significant effects. ‘ot’ indicate one-sided test values whereas ‘tt’ 
indicate two-sided test values. df, degrees of freedom; F, F value, p, p value; ƞp

2 partial eta-squared.

Effects df F p ƞp
2

Detection thresholds

Adaptation, test mode 1, 11 0.007 0.94tt  < 0.001

Adaptation, test modality 1, 11 1.94 0.19tt 0.15

Adaptation delay 1, 11 8.34 0.008*ot 0.43

Adaptation, test mode × adaptation, test modality 1, 11  < 0.001 0.98tt  < 0.001

Adaptation, test mode × adaptation delay 1, 11 1.27 0.28tt 0.10

Adaptation, test modality × adaptation delay 1, 11 1.81 0.21tt 0.14

Adaptation, test mode × adaptation, test modality × adaptation delay 1, 11 2.66 0.13tt 0.20

JNDs

Adaptation, test mode 1, 11 1.86 0.20tt 0.14

Adaptation, test modality 1, 11 0.59 0.46tt 0.05

Adaptation delay 1, 11 0.61 0.23ot 0.05

Adaptation, test mode × adaptation, test modality 1, 11 0.44 0.52tt 0.04

Adaptation, test mode × adaptation delay 1, 11 2.91 0.12tt 0.21

Adaptation, test modality × adaptation delay 1, 11 3.25 0.10tt 0.23

Adaptation, test mode × adaptation, test modality × adaptation delay 1, 11 0.81 0.39tt 0.07
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role of motor-sensory and inter-sensory components, we used active and passive movements at adaptation and 
test phases. We hypothesized that if predictions based on efference copy signals play a substantial role in the 
adaptation of sensorimotor  events18–20, then we would observe limited recalibration for these events when the 
motor-sensory component was absent at adaptation. Our results indicate that the motor-sensory component 
contributes more to the temporal recalibration of motor-auditory events than the inter-sensory component, 
while the inter-sensory component contributes more to the temporal recalibration of motor-visual events than 
the motor-sensory component. Transfer of recalibration from the visual to the auditory domain, and not from 
the auditory to the visual domain, highlights modality-specific influences on recalibration. Our results suggest 
that the extent to which motor-sensory and inter-sensory components contribute to sensorimotor temporal 
recalibration depends on the modality of the sensory feedback.

Drawing from previous work on sensorimotor  recalibration8,24–26 and inter-sensory  integration34,36, we pro-
posed that sensorimotor temporal recalibration results from a temporal remapping of motor-sensory and inter-
sensory discrepancies between actions and their sensory feedback, modulated by the sensory feedback modality. 
Our initial analysis on within-modality conditions revealed a main effect of adaptation delay, indicating an overall 
shift in the detection thresholds between 0 and 150 ms delays across all conditions, and thus overall recalibration. 
However, post-hoc comparisons on the three-way interaction between adaptation, test mode; adaptation, test 
modality and adaptation delay suggested that adaptation effects are mainly driven by the adapt-active, test-active 
conditions, and adapt-passive, test-active condition when feedback modality is visual. Assuming that recalibra-
tion in the adapt-passive, test-active condition reflects only the inter-sensory component, the results suggest a 
differential contribution of the inter-sensory component on sensorimotor temporal recalibration as a function of 
sensory feedback modality. Apart from threshold differences, we did not find a main effect of adaptation delay on 
JNDs, suggesting similar temporal integration windows independent of adaptation delays. However, lack of JND 
differences across adaptation delays does not necessarily mean that other processes such as temporal window of 
integration do not contribute to sensorimotor temporal recalibration.

The comparison between adaptation across sensorimotor (adapt-active, test-active) and purely sensory (adapt-
passive, test-passive) events allowed us to examine whether predictions based on efference copy signals provide 
additional advantages in recalibrating the timing of related  events10,21,38,39. Our analyses regarding within-modal-
ity conditions demonstrate significiant temporal recalibration for motor-auditory and motor-visual events, but 
not for purely sensory events. Together, these results are in line with the notion of an internal forward model, 
whereby an efference copy of the motor command predicts the sensory feedback of the action, and provides 
additional advantage in recalibrating temporal discrepancies between related  events8,14,18–20.

Our main aim in the present study was to investigate the impact of motor-sensory (corresponding to predic-
tions based on efference copy) and the inter-sensory components (corresponding to reafferent feedback) on 
sensorimotor temporal recalibration. By introducing a condition with passive button presses at adaptation and 
active button presses at test, we were able to disentangle the impact of efferent from reafferent feedback, both of 
which may contribute to  recalibration8,9,23. First, our analysis on within-modality conditions resulted in a two-
way interaction between adaptation, test mode and adaptation, test modality. Post-hoc comparisons assessing 
the two-way interaction revealed smaller detection thresholds in the adapt-active, test-active compared to the 
adapt-passive, test-passive conditions for auditory feedback independent of adaptation delay. This indicates 
higher temporal sensitivity for motor-auditory than for sensory-auditory events, and highlights the impact of 
motor-sensory component on the temporal perception of motor-auditory events. There is also a trend towards 
an increase in the detection thresholds from adapt-active, test-active to adapt-passive, test-active, and from 
adapt-active, test-active to adapt-passive, test-passive conditions when the feedback modality was auditory (see 
Fig. 2), though this was not significant between adapt-active, test-active and adapt-passive, test-active condi-
tions. Nevertheless, the increasing trend in the thresholds with the exclusion of the motor-sensory component 
is in line with the role of the motor-sensory component in the timing of motor-auditory events. Second, despite 
the finding that sensorimotor recalibration for actions with auditory and visual feedback are similar, our results 
point to the importance of the motor-sensory component for motor-auditory events, that is, when efference copy 
signals are  present11,17,21,39. This is evident from the systematic shift in detection thresholds in the adapt-active, 
test-active condition, but not in the adapt-passive, test-active condition for auditory feedback modality. The lack 
of a modulatory effect from the inter-sensory component for motor-auditory events might also be explained in 
terms of audio-tactile interactions in time perception. The timing of audio-tactile events is more susceptible to 
temporal discrepancies than visuo-tactile  events40,41, presumably because in the real world such events frequently 
occur in close physical  proximity42. This might explain the lack of temporal recalibration between button presses 
and auditory feedback when only the inter-sensory component was available, and efference copy information was 
absent. In summary, the absence of adaptation in the adapt-passive, test-active condition for auditory feedback 
points to the crucial role of the motor-sensory component in the temporal recalibration of motor-auditory events.

Despite an overall advantage of predictions based on efference copy in the temporal recalibration for motor-
auditory events, a different pattern emerged for motor-visual events. Recalibration was present for event pairs 
involving visual modality independent of whether predictions based on efference copy were present at adaptation. 
More specifically, adaptation was demonstrated for adapt-active, test-active as well as for adapt-passive, test-active 
conditions with visual feedback modality. Our results indicate that temporal adaptation for motor-visual events 
involves remapping of timing between the inter-sensory component and the visual feedback; that is, adaptation 
mainly occurs between tactile-proprioceptive feedback from the action and visual feedback of the  action23. 
Moreover, lack of significant differences in adaptation between the adapt-active, test-active and adapt-passive, 
test-active conditions with visual feedback further supports the idea that the inter-sensory component is sufficient 
to produce recalibration of motor-visual events. Together, these results suggest that, compared to the inter-sen-
sory component, the motor-sensory component contributes more to the recalibration of motor-auditory events, 
while the inter-sensory component contributes more to the recalibration of motor visual events. This contradicts 
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evidence supporting a supramodal  mechanism6,9 or the motor-sensory component driving  recalibration8, and 
rather indicates differential contributions of motor-sensory and inter-sensory components on sensorimotor 
temporal recalibration depending on the sensory feedback  modality8,23,27. In this sense, comparable adaptation in 
the adapt-passive, test-active and adapt-active, test-active conditions involving visual feedback can be explained 
by assuming that the motor-sensory component contributes rather weakly to motor-visual recalibration.

In order to better address the mechanism underlying sensorimotor temporal recalibration, we assessed the 
presence of cross-modal transfer of recalibration. Transfer of recalibration from one modality to another would 
favor a supramodal mechanism driving recalibration, whereas lack of transfer would indicate modality-specific 
effects on recalibration. If sensory feedback of the action does not influence recalibration, then we should observe 
transfer of recalibration across modalities. If modality-specific effects are at play, there should be no transfer. The 
absence of transfer may arise from a shift in the sensory feedback towards the motor-sensory or the inter-sensory 
component, or  both6,9. The analysis on detection thresholds assessing transfer of recalibration from the visual to 
the auditory feedback modality in the adapt-active, test-active and adapt-passive, test-active conditions resulted 
in a main effect of adaptation delay, indicating transfer of adaptation from vision to audition. The transfer from 
the visual to the auditory domain demonstrates recalibration that is not driven by sensory feedback modality. 
Together with the finding that temporal recalibration for visual events is mostly independent of the motor-sen-
sory component (adaptation in adapt-active, test-active and adapt-passive, test-active conditions for motor-visual 
events), this suggests that recalibration for motor-visual events is driven mainly by a shift in the inter-sensory 
component. It should be noted that cross-modal transfer of recalibration might be weaker than recalibration 
within the same feedback modality  (see6,8 for transfer effects in the sensorimotor events, and  for43,44 sensory-
sensory events). A similar pattern can be observed in our data (see Fig. 3b, and Fig. 4b). This partial recalibration 
effect is thought to arise from a cost in switching between different sensory  modalities6. More evidence is needed 
to determine the contribution of sensory feedback modality on sensorimotor temporal recalibration.

As discussed above, the inter-sensory component is mainly responsible for the temporal recalibration of 
motor-visual events. The partial transfer of recalibration from vision to audition in this condition suggests that 
the tactile-proprioceptive event (i.e., the inter-sensory component rather than the motor-sensory component) 
is shifted towards the visual feedback. As previous investigations on transfer effects did not involve necessary 
conditions to disentangle motor-sensory from inter-sensory  component9,27,28, they could only conclude whether 
the first or the second event shifts in time. Our experimental design allowed us to disentangle the contributions 
of motor-sensory and inter-sensory components by the presentation of a passive condition, and provide further 
evidence that the inter-sensory component can account for sensorimotor temporal recalibration, supporting 
the findings of Arnold et al.23. However, note that in Arnold et al.23, the feedback modality was auditory. Our 
results therefore should be considered with caution, and clearly, further investigation is needed to disentangle the 
relative contributions of motor-sensory and inter-sensory components to sensorimotor temporal recalibration.

Contrary to the transfer effect observed for motor-visual events, the analysis investigating transfer from 
audition to vision for adapt-active, test-active conditions indicates a lack of transfer from audition to vision. 
Together, our results are in line with previous findings showing asymmetric transfer of recalibration for senso-
rimotor events; that is, transfer of recalibration from the visual to the auditory domain, but not vice  versa27,28. 
In this sense, they do not support the notion of a supramodal mechanism being at play for all sensory feedback 
 modalities6,9. Instead, our results provide further evidence for the differential contributions of motor-sensory 
and inter-sensory components as a function of sensory feedback modality.

What might explain the asymmetric transfer effects in our study? At first glance, our results (transfer from 
vision to audition, but not vice versa) seem in contradiction with the idea of auditory dominance in time 
perception. If the auditory system encodes temporal information more precisely than the visual  system30–32, a 
straightforward expectation would be recalibration transferring from audition to vision. However, our results 
may highlight the specific involvement of the auditory system in coding time. Indeed, evidence from various 
imaging studies points to the involvement of the auditory cortex in temporal  tasks45. Other studies found that 
the temporal representation of events are mainly encoded in the auditory cortex, independent of the sensory 
 modality46,47. The transfer of recalibration from vision to audition in our study can therefore be explained as the 
auditory system being involved in the recalibration of motor-visual timing, which led to a transfer from vision 
to audition. However, when the recalibrated modality is auditory, a transfer is unlikely as the auditory system is 
already involved (see  also27,29). Another point of consideration is related to which event might have been shifted in 
time. For motor-visual events, our results support a shift of the inter-sensory component (tactile-proprioceptive 
feedback) towards visual feedback. For motor-auditory events, the auditory feedback seems to shift towards the 
motor-sensory component. This might be related to a change in the processing speed of the auditory feedback 
as a function of delay. Sugano et al.37 investigated the existence of a shift in the timing of a sensory feedback 
associated with an action. Their results suggest that the temporal recalibration of motor-auditory events partly 
arises from an enhancement (speeding up) in the processing of auditory feedback, which is absent for visual 
 feedback37. In our study, the absence of transfer from audition to vision in the adapt-active, test-active condition 
indicates a shift in the auditory component towards the motor-sensory component. Nevertheless, the possibil-
ity of a shift in both directions via the speeding up of auditory processing still exists. We believe this is worth 
considering, especially in light of evidence on sensorimotor synchronization suggesting a close relationship 
between motor and auditory  systems48–52. Behaviorally, the perception of rhythmicity (‘beat’) has been associated 
more strongly with auditory than visual  stimuli52. At the neural level, listening to auditory rhythms activate the 
motor  network48. In addition, internal representation of rhythm for visual stimuli can be primed with auditory 
stimuli, but not vice versa, as indicated by the activation in neural structures associated with rhythm and beat 
 perception50. Together, these results highlight the close connection between auditory and motor systems, which 
may modulate temporal recalibration.
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The asymmetric transfer of recalibration can be alternatively explained by a change in the reliance on the 
sensory feedback modality as a result of external factors. Reliance on a sensory modality depends not only on 
the precision of that modality in encoding the feature of interest (i.e., time), but also on external factors. Because 
vision travels much faster than sound, especially in the case of a distant event, it might become more dominant 
than audition in estimating  time53,54. In fact, Navarra et al.53 speculated that because audition cannot be relied 
on with distal events, there may be a general tendency to rely on visual information in the perception of timing. 
Under this assumption, vision would dominate, attracting the initial (according to our findings, the inter-sen-
sory) component towards itself. Recalibration would then transfer from the visual to the auditory modality. For 
motor-auditory events, the auditory modality would be attracted towards the initial (according to our findings, 
motor-sensory) component, and recalibration would not transfer to the visual modality (see  also27).

To conclude, our results demonstrate that sensorimotor temporal recalibration results from interactions 
between motor-sensory and inter-sensory components modulated by the sensory feedback modality associated 
with the action. We suggest that incongruent results on sensorimotor temporal recalibration within and across 
different sensory modalities can be explained by the differential contributions of motor-sensory and inter-sensory 
components, which is further modulated by the sensory feedback modality.

Methods
Participants. The experiment was approved by the local ethics committee (Ethik-Kommission des Fach-
bereichs Medizin der Philipps-Universitaet Marburg) and was performed in accordance with the Declaration 
of Helsinki, except for pre-registration55. A total of 14 university students from Philipps University Marburg 
took part in the study. Data from two participants were discarded from group-level analyses (see “Data analysis” 
section), resulting in a final sample of 12 participants (seven females, mean age 24.9 ± 1.64). All participants 
were right-handed as confirmed by the Edinburgh Handedness  Inventory56. They reported normal or corrected-
to-normal vision, and normal hearing. In addition, none reported having current psychiatric or neurological 
conditions or the use of related medication. Participants provided their written informed consent prior to the 
experiment, and received monetary compensation for their participation.

Stimuli and apparatus. Auditory stimuli consisted of brief sine-wave tones (frequency = 2000 Hz, dura-
tion =  ~ 33.4  ms with 2  ms rise/fall slopes), and were presented via headphones. Visual stimuli were Gabor 
patches (2.56°, spatial frequency = 2cycles/degree, duration =  ~ 33.4 ms), and were presented on a 24″ computer 
monitor (Samsung Syncmaster 2443, 1920 × 1200pixels resolution, 60 Hz frame refresh rate). Stimulus presenta-
tion and response recording were controlled by Octave and Psychtoolbox-357. Delay detection responses were 
recorded via a keyboard (‘V’ and ‘N’ buttons on the keyboard).

The experiment was conducted in a dimly lit room. Participants sat at a desk in front of a monitor with a 
viewing distance of approximately 55 cm. Their right index finger was placed on a custom-made button. The 
custom-made electromagnetic button was used to trigger auditory and visual stimuli. Stroke length of the but-
ton was 5 mm with a light-barrier triggered within the last 0.2 mm of movement. Both voluntary manual and 
externally activated button presses were recorded by the computer as a left click of a USB mouse. Therefore, jitter 
and delay of the button press did not depend on whether the movement was active or passive. To ensure that 
the index finger was pulled by the button for passive movements, cotton bandages were used to fix the finger to 
the button. The cotton bandages were used during the execution of active movements as well. For active button 
presses, the initial force was 1.5 Newton (N), as measured by a spring force gauge, slowly increasing to approxi-
mately 2.5 N in the final position. For passive button presses, the finger was initially pulled with approximately 
1 N, and the force increased to approximately 4 N in the final position. The duration of the button press for the 
passive movement was set to 300 ms based on previous  studies12,41. For both movements, auditory or visual 
stimuli were presented only when the button was pressed down completely. In addition, a cushion was provided 
to ensure a comfortable hand/forearm positioning. The button pad was covered with a black box to prevent the 
participant from using visual cues from their hand or finger to perform the delay detection task. White noise 
was presented throughout the experiment to mask any auditory cues, especially the mechanical sound from the 
passively pressed button. Earplugs were worn by the participants to attenuate any external sound. Prior to the 
experimental blocks, each participant was asked whether they could hear the tones clearly with the ear plugs 
and the additional white noise.

Design. A schematic of the experimental conditions is outlined in Fig. 5. The experimental design involved 
four within-subjects factors. The first factor corresponded to the adaptation, test mode, defining the action to be 
performed in the adaptation and test phases. The action could either be active in which the participant pressed 
the button, or passive in which the button was depressed automatically without the participant pressing it down. 
Actions in the adaptation, test mode pairs could be adapt-active, test-active (sensorimotor recalibration), adapt-
passive, test-passive (sensory-sensory recalibration), or adapt-passive, test-active (inter-sensory component in 
sensorimotor recalibration). The second factor concerned the modality of sensory feedback in the adaptation 
phase (adaptation modality) that could either be auditory (adapt-A) or visual (adapt-V). The third factor corre-
sponded to the modality of sensory feedback during test (test modality), that could be either within-modality test 
(adapt-A, test-A; adapt-V, test-V) or cross-modal test (adapt-A, test-V; adapt-V, test-A). Finally, the fourth factor 
was adaptation delay, defining the time between the action and the sensory feedback at adaptation. Effects of this 
factor indicate whether adaptation took place. When adaptation delay was 150 ms, we expected a decrease in the 
perceived delay between action and feedback in the test phase, compared to when it was 0 ms. The dependent 
variable was delay detection judgments from six delays (0, 66.8, 133.6, 200.4, 267.2, 334 ms) inserted between the 
active or the passive button press, and the auditory or visual feedback at the test phase.
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Participants attended eight experimental sessions completed on separate days. In each session, the participants 
completed six blocks of different experimental conditions. Levels of the factor adaptation delay were presented on 
separate days in order to prevent possible carryover effects between adaptation  delays9,27. Moreover, to prevent 
fatigue, we further limited the number of conditions received within a day to six by presenting levels of the factor 
adaptation modality on separate days. Levels of factors adaptation, test mode and test modality were presented on 
the same day in a pseudorandomized order. We split the experimental conditions in half, so that the first and last 
four sessions consisted of the same conditions. This was necessary to have a consistent estimate of the detection 
responses per condition without exhausting the participants.

Procedure. Each block consisted of 18 trials, all of which involved an adaptation phase and a test phase. 
On each trial, there were 18 button press-sensory feedback events at adaptation, and six button press-sensory 
feedback pairs with six variable delays at the test phase. Delays at the test phase were presented in a pseudoran-
domized order so that each delay occurred equally often at each presentation order. The number of repetitions 
in the adaptation phase and the delays in the test phase were determined based on two previous pilot studies. In 
the adaptation phase, the participants were asked to perform button presses at a constant pace. Each button press 
would lead to the occurrence of an brief tone or a Gabor patch. For trials in which the participant would actively 
initiate button presses (adapt-active), they were required to press the button approximately every 750 ms. For 
trials in which the button was pressed automatically (adapt-passive), they were asked to let the button go down, 
and not exert any force on the button. In the test phase, the button presses could either be active (test-active) or 
passive (test-passive), this time, leading to the presentation of a tone or a Gabor patch with variable delays. The 
participants were asked to detect a delay between the button press and the tone or the Gabor patch.

A schematic of an experimental trial is shown in Fig. 6. Each block began with instruction of the movement 
type (button press: active or passive) as well as the modality at adaptation (auditory or visual) for 1500 ms. Dur-
ing this time a fixation cross was presented, which remained on the screen for 300 ms after the instruction. The 
fixation cross then disappeared, prompting participants to perform button presses at the instructed pace actively 
or passively by letting the finger press the button. Each button press triggered a tone or a Gabor patch on the 
screen, either immediately (0 ms delay) or delayed in time by 150 ms. After the completion of 18 button presses, 
an instruction followed for 1500 ms, informing the participant about movement type and sensory modality in 
the upcoming test phase (active/passive auditory/visual). The fixation cross disappeared again, prompting the 
participant to press the button, this time, once. Each button press triggered a tone or a Gabor patch with one of 
the following six delays: 0, 66.8, 133.6, 200.4, 267.2, and 334 ms. A 500 ms interval followed in which the fixation 
cross appeared again. After this interval, the question ‘Delay?’ was presented on the screen. The participants 
used the keys ‘V’ and ‘N’ for ‘Yes’ and ‘No’ to provide their responses. They had to register their responses within 
2000 ms. The assignment of keys to yes/no responses was counterbalanced across participants. Six test trials 
were presented at each test phase of a block, with all trials having one of the six delays. The order of delay pres-
entation was pseudorandomized within a block so that all delays appeared equally often at each position in the 
trial. The test phase was followed by an inter-trial interval ranging from 500 to 1500 ms. For trials in which the 
button was actively pressed at adaptation, participants were informed how to adjust their pace of button pressing 
on the next trial. If the overall (median) interval between button presses fell within the range of 600–900 ms, a 
‘keep the pace’ instruction appeared for 1500 ms after the test phase and prior to the inter-trial interval. If the 
median intervals were below 600 ms and above 900 ms, participants received ‘Slower’ and ‘Faster’ instructions, 

Figure 5.  Schematic of the experimental conditions. In the adaptation phase, participants adapted to a 
systematic delay of either 0 ms or 150 ms between button press and sensory feedback. Inter-tap interval between 
the button press and the sensory feedback was ~ 750 ms. In the test phase, the sensory feedback was presented 
with variable delays (0–334 ms), and participants were asked to report whether they detected such a delay.
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respectively. These slow or fast trials were immediately repeated until the median button press interval was within 
the expected range. Overall, most participants were able to keep the pace (2.8% of all trials had to be repeated).

Prior to the experimental blocks, participants practiced tapping in synchrony with a metronome for 3 min 
in order to familiarize themselves with the correct pace of the button presses. The participants were also asked 
whether they felt comfortable with their performance, and if not, were offered further practice. All participants 
were able to tap in accordance with the auditory signal in the initial training. The tapping practice was followed 
by short training blocks of the experimental conditions. These training blocks consisted of three trials, and were 
performed before the first experimental block of a session. We encouraged participants to take breaks between 
the blocks, but did not force a fixed break. Each trial lasted for ~ 30 s, and each experimental block for ~ 9 min. 
The duration of the entire experiment over the eight sessions was approximately 10.5 h.

Data analysis. The data were subjected to a two-stage inspection procedure. First, we identified extreme 
detection responses for each participant separately. Second, we checked the overall distribution of detection 
responses for each condition to determine the appropriate statistical analyses.

In order to discover extreme response patterns, we plotted the proportion of detection responses (i.e., ‘Yes’ 
responses) as a function of the action-feedback delay at test for each participant and condition. We inspected 
the detection responses in terms of proportion of detection at the smallest and largest delay trials. For this, we 
pooled the data across adaptation delays (0 and 150 ms) and modalities (within and cross-modal) per recalibra-
tion mode. We then calculated the median of proportion detected responses for the largest delay. Data from two 
participants was excluded from further analyses because their median of proportion detected responses exceeded 
50% at no delay trials (suggestive of a strategy to press ’yes’, even when there was no delay) or did not exceed 
50% at the largest delays (chance-level detection). The remaining data from each participant and condition were 
fitted to a cumulative Gaussian using psignifit 4.058 and Matlab  2019a59. This version of psignifit adopts Bayes-
ian inference to estimate detection  parameters58. From fitting psychometric functions, we obtained estimates of 
detection thresholds (50% point of the psychometric function), and JNDs (difference between the 50% and 84% 
points of the psychometric function). These estimates were used to conduct statistical analyses. Mauchly’s Test of 
Sphericity indicated that the assumption of sphericity had not been violated. We performed repeated measures 
ANOVAs for comparisons across conditions. For each adaptation, test mode and modality pairing, recalibration 
was defined as a systematic change in the perception of time as a function of the temporal delay presented at 
the adaptation phase between the action and the sensory feedback; this would correspond to a change in the 
detection thresholds or increase in JNDs across delays.

In order to assess the existence of recalibration for different events, and the contribution of motor-sensory and 
inter-sensory components, we conducted a 3 (adaptation, test mode: adapt-active, test-active vs. adapt-passive, 
test-active vs. adapt-passive, test-passive) × 2 (adaptation, test modality: adapt-A, test-A vs. adapt-V, test-V) × 2 
(adaptation delay: 0 ms vs. 150 ms) repeated measures ANOVA on thresholds and JNDs.

Results of the first analysis revealed modality-specific effects on sensorimotor temporal recalibration (see 
“Results” section). We therefore assessed cross-modal transfer separately for each adaptation modality. In addi-
tion, as we were interested in transfer effects across modalities, we took into account only those conditions 

Figure 6.  Outline of an experimental session (top). Each session consisted of a tap training block and six 
experimental training blocks, followed by six experimental blocks. Timeline of an experimental trial (bottom). 
Each trial consisted of an adaptation phase and a test phase, each preceded by instructions (instruct) on the 
movement type (move: active or passive) and sensory feedback received (stim: auditory or visual). Adaptation 
phase consisted of 18 button press-feedback pairs, with (150 ms) or without (0 ms) a systematic delay between 
the two. Test phase consisted of six button press-feedback pairs, each of which involved variable delays 
(0–334 ms) in between. Immediately after the button press-feedback pair, the participants were asked to judge 
whether there was a delay between these two events (D?).
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in which we found significant within-modality recalibration. Accordingly, we conducted a 2 (adaptation, test 
modality: adapt-A, test-A vs. adapt-A, test-V) × 2 (adaptation delay: 0 ms vs. 150 ms) repeated measures ANOVA 
on thresholds and JNDs for the adapt-A condition, and a 2 (adaptation, test mode: adapt-active, test-active vs. 
adapt-passive, test-active) × 2 (adaptation, test modality: adapt-V, test-V vs. adapt-V, test-A) × 2 (adaptation delay: 
0 ms vs. 150 ms) repeated measures ANOVA on thresholds and JNDs for the adapt-V condition. Nevertheless, 
significant cross-modal recalibration may be observed in the absence of within-modality recalibration. This 
might arise from different factors such as task performance in the test modality or sensitivity of the task itself. 
We therefore provided the unrestricted analyses (including all adaptation, test modalities even when significant 
within-modality recalibration is lacking) in the Supplementary Materials (see Supplementary Materials).

Inferential statistics were computed with frequentist hypothesis tests (α = 0.05). Due to our specific hypoth-
esis regarding adaptation delay (increased thresholds for 150 ms compared to 0 ms in a specific condition), we 
carried out directed (one-tailed) tests for the main effect of adaptation delay. For all other main or interaction 
effects (involving adaptation, test mode and adaptation, test modality), we carried two-tailed tests. For interaction 
effects, planned post-hoc comparisons were performed when multiple comparisons were made, and Bonferroni 
correction was applied when necessary.

Data availability
The data will be provided online at the pre-registered doi: osf.io/c27 × 6/, and can be used for non-commercial 
research purposes upon acceptance of this article for publication.

Received: 29 March 2021; Accepted: 8 November 2021

References
 1. Fain, G. L. Sensory Transduction (Sinauer Associates, 2003).
 2. Pöppel, E. Mindworks: Time and Conscious Experience (Harcourt Brace Jovanovich, 1988).
 3. Campbell, W. W., Ward, L. C. & Swift, T. R. Nerve conduction velocity varies inversely with height. Muscle Nerve 4, 520–523 (1981).
 4. Smith, W. F. The relative quickness of visual and auditory perception. J. Exp. Psychol. 16, 239–257 (1933).
 5. Cunningham, D. W., Billock, V. A. & Tsou, B. H. Sensorimotor adaptation to violations of temporal contiguity. Psychol. Sci. 12, 

532–535 (2001).
 6. Heron, J., Hanson, J. V. M. & Whitaker, D. Effect before cause: Supramodal recalibration of sensorimotor timing. PLoS ONE 4, 

e7681 (2009).
 7. Stekelenburg, J. J., Sugano, Y. & Vroomen, J. Neural correlates of motor-sensory temporal recalibration. Brain Res. 1397, 46–54 

(2011).
 8. Stetson, C., Cui, X., Montague, P. R. & Eagleman, D. M. Motor-sensory recalibration leads to an illusory reversal of action and 

sensation. Neuron 51, 651–659 (2006).
 9. Sugano, Y., Keetels, M. & Vroomen, J. Adaptation to motor-visual and motor-auditory temporal lags transfer across modalities. 

Exp. Brain Res. 201, 393–399 (2010).
 10. Parsons, B. D., Novich, S. D. & Eagleman, D. M. Motor-sensory recalibration modulates perceived simultaneity of cross-modal 

events at different distances. Front. Psychol. 4, 1–12 (2013).
 11. Desantis, A. & Haggard, P. Action-outcome learning and prediction shape the window of simultaneity of audiovisual outcomes. 

Cognition 153, 33–42 (2016).
 12. Arikan, B. E., van Kemenade, B. M., Straube, B., Harris, L. R. & Kircher, T. Voluntary and involuntary movements widen the 

window of subjective simultaneity. Iperception. 8, 2041669517719297 (2017).
 13. Rohde, M. & Ernst, M. O. Predictability is necessary for closed-loop visual feedback delay adaptation. J. Vis. 14, 1–23 (2014).
 14. Rohde, M. & Ernst, M. O. Time, agency, and sensory feedback delays during action. Curr. Opin. Behav. Sci. 8, 193–199 (2016).
 15. van Dam, L. C. J. & Stephens, J. R. Effects of prolonged exposure to feedback delay on the qualitative subjective experience of 

virtual reality. PLoS ONE 13, e0205145 (2018).
 16. Waltemate, T. et al. The impact of latency on perceptual judgments and motor performance in closed-loop interaction in virtual 

reality. in Proceedings of the 22nd ACM Conference on Virtual Reality Software and Technology; https:// doi. org/ 10. 1145/ 29933 69. 
29933 81 (2016).

 17. Desantis, A. & Haggard, P. How actions shape perception: Learning action-outcome relations and predicting sensory outcomes 
promote audio-visual temporal binding. Sci. Rep. 6, 39086 (2016).

 18. Blakemore, S.-J., Wolpert, D. M. & Frith, C. D. Central cancellation of self-produced tickle sensation. Nat. Neurosci. 1, 635–640 
(1998).

 19. Blakemore, S.-J., Frith, C. D. & Wolpert, D. M. Spatio-temporal prediction modulates the perception of self-produced stimuli. J. 
Cogn. Neurosci. 11, 551–559 (1999).

 20. Wolpert, D. M., Ghahramani, Z. & Jordan, M. I. An internal model for sensorimotor integration. Science 269, 1880–1882 (1995).
 21. Hughes, G., Desantis, A. & Waszak, F. Mechanisms of intentional binding and sensory attenuation: The role of temporal prediction, 

temporal control, identity prediction, and motor prediction. Psychol. Bull. 139, 133–151 (2012).
 22. Haggard, P., Clark, S. & Kalogeras, J. Voluntary action and conscious awareness. Nat. Neurosci. 5, 382–385 (2002).
 23. Arnold, D. H., Nancarrow, K. & Yarrow, K. The critical events for motor-sensory temporal recalibration. Front. Hum. Neurosci. 6, 

235 (2012).
 24. Burge, J., Ernst, M. O. & Banks, M. S. The statistical determinants of adaptation rate in human reaching. J. Vis. 8, 20–20 (2008).
 25. Haith, A., Jackson, C., Miall, C. & Vijayakumar, S. Unifying the sensory and motor components of sensorimotor adaptation. Adv. 

Neural Inf. Process. Syst. 21, 593–600 (2009).
 26. Wei, K. & Körding, K. Relevance of error: What drives motor adaptation?. J. Neurophysiol. 101, 655–664 (2009).
 27. Sugano, Y., Keetels, M. & Vroomen, J. The build-up and transfer of sensorimotor temporal recalibration measured via a synchro-

nization task. Front. Psychol. 3, 246 (2012).
 28. Sugano, Y., Keetels, M. & Vroomen, J. Auditory dominance in motor-sensory temporal recalibration. Exp. Brain Res. 234, 1249–1262 

(2016).
 29. Aytemür, A., Almeida, N. & Lee, K. H. Differential sensory cortical involvement in auditory and visual sensorimotor temporal 

recalibration: Evidence from transcranial direct current stimulation (tDCS). Neuropsychologia 96, 122–128 (2017).
 30. Chen, K.-M.M. & Yeh, S.-L.L. Asymmetric cross-modal effects in time perception. Acta Psychol. (Amst) 130, 225–234 (2009).
 31. Burr, D., Banks, M. S. & Morrone, M. C. Auditory dominance over vision in the perception of interval duration. Exp. Brain Res. 

198, 49–57 (2009).

https://doi.org/10.1145/2993369.2993381
https://doi.org/10.1145/2993369.2993381


14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22631  | https://doi.org/10.1038/s41598-021-02016-5

www.nature.com/scientificreports/

 32. Fujisaki, W., Nishida, S. Audio-tactile superiority over visuo-tactile and audio-visual combinations in the temporal resolution of 
synchrony perception. Exp. Brain Res. 198, 245–259 (2009).

 33. Vroomen, J. & Keetels, M. Perception of intersensory synchrony: A tutorial review. Atten. Percept. Psychophys. 72, 871–884 (2010).
 34. Ernst, M. O. & Banks, M. S. Humans integrate visual and haptic information in a statistically optimal fashion. Nature 415, 429–433 

(2002).
 35. Burge, J., Girshick, A. R. & Banks, M. S. Visual-haptic adaptation is determined by relative reliability. J. Neurosci. 30, 7714–7721 

(2010).
 36. Ernst, M. O. & Bülthoff, H. H. Merging the senses into a robust percept. Trends Cogn. Sci. 8, 162–169 (2004).
 37. Sugano, Y., Keetels, M. & Vroomen, J. Audio-motor but not visuo-motor temporal recalibration speeds up sensory processing. 

PLoS ONE 12, e0189242 (2017).
 38. Desantis, A., Waszak, F., Moutsopoulou, K. & Haggard, P. How action structures time : About the perceived temporal order of 

action and predicted outcomes. Cognition 146, 100–109 (2016).
 39. Haggard, P. & Clark, S. Intentional action: Conscious experience and neural prediction. Conscious. Cogn. 12, 695–707 (2003).
 40. Bresciani, J.-P. et al. Feeling what you hear: Auditory signals can modulate tactile tap perception. Exp. Brain Res. 162, 172–180 

(2005).
 41. Caclin, A., Soto-Faraco, S., Kingstone, A. & Spence, C. Tactile ‘capture’ of audition. Percept. Psychophys. 64, 616–630 (2002).
 42. Navarra, J., Soto-Faraco, S. & Spence, C. Adaptation to audiotactile asynchrony. Neurosci. Lett. 413, 72–76 (2007).
 43. Fujisaki, W., Shimojo, S., Kashino, M. & Nishida, S. Recalibration of audiovisual simultaneity. Nat. Neurosci. 7, 773–778 (2004).
 44. Vroomen, J., Keetels, M., De Gelder, B. & Bertelson, P. Recalibration of temporal order perception by exposure to audio-visual 

asynchrony. Cogn. Brain Res. 22, 32–35 (2004).
 45. Wiener, M., Turkeltaub, P. & Coslett, H. B. The image of time: A voxel-wise meta-analysis. Neuroimage 49, 1728–1740 (2010).
 46. Guttman, S. E., Gilroy, L. A. & Blake, R. Hearing what the eyes see. Psychol. Sci. 16, 228–235 (2005).
 47. Kanai, R., Lloyd, H., Bueti, D. & Walsh, V. Modality-independent role of the primary auditory cortex in time estimation. Exp. Brain 

Res. 209, 465–471 (2011).
 48. Chen, J. L., Penhune, V. B. & Zatorre, R. J. Listening to musical rhythms recruits motor regions of the brain. Cereb. Cortex 18, 

2844–2854 (2008).
 49. Chen, J. L., Penhune, V. B. & Zatorre, R. J. The role of auditory and premotor cortex in sensorimotor transformations. Ann. N. Y. 

Acad. Sci. 1169, 15–34 (2009).
 50. Grahn, J. A., Henry, M. J. & McAuley, J. D. FMRI investigation of cross-modal interactions in beat perception: Audition primes 

vision, but not vice versa. Neuroimage 54, 1231–1243 (2011).
 51. Repp, B. H. Sensorimotor synchronization: A review of the tapping literature. Psychon. Bull. Rev. 12, 969–992 (2005).
 52. Repp, B. H. & Penel, A. Rhythmic movement is attracted more strongly to auditory than to visual rhythms. Psychol. Res. 68, 252–270 

(2004).
 53. Navarra, J., Hartcher-O’Brien, J., Piazza, E. & Spence, C. Adaptation to audiovisual asynchrony modulates the speeded detection 

of sound. Proc. Natl. Acad. Sci. 106, 9169–9173 (2009).
 54. Spence, C. & Squire, S. Multisensory integration: Maintaining the perception of synchrony. Curr. Biol. 13, 519–521 (2003).
 55. World Medical Association Declaration of Helsinki. JAMA 310, 2191 (2013).
 56. Oldfield, R. C. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsychologia 9, 97–113 (1971).
 57. Brainard, D. H. The psychophysics toolbox. Spat. Vis. 10, 433–436 (1997).
 58. Schütt, H. H., Harmeling, S., Macke, J. H. & Wichmann, F. A. Painfree and accurate Bayesian estimation of psychometric functions 

for (potentially) overdispersed data. Vision Res. 122, 105–123 (2016).
 59. The Mathworks Inc. MATLAB and Statistics Toolbox Release 2012b. (2012).

Acknowledgements
We thank Jacob R. Cheeseman for his valuable editorial assistance with the manuscript, and Philipp Lange 
for help with data collection. This study is funded by the Deutsche Forschungsgemeinschaft (DFG, German 
Research Foundation) – project number 222641018 – SFB/TRR 135 TP A3 (to TK, BS) in collaboration with 
TP A4 (to KF) and A5 (to KD); and is supported by “The Adaptive Mind”, funded by the Excellence Program of 
the Hessian Ministry for Science and the Arts (to BS, KF, TK). BS is funded by the DFG (STR 1146/15-1 Grant 
Number 429442932, STR 1146/9-1/2, Grant Number 286893149). KD received funding from the European 
Union’s Horizon 2020 FET Open research programme under Grant Agreement No 964464, ChronoPilot. BvK 
is supported by the DFG (Grant Number KE 2016/2-1).

Author contributions
B.E.A.: Conceptualization, methodology, investigation, software, data curation, formal analysis, visualization, 
writing—original draft, reviewing and editing. B.vK.: Conceptualization, methodology, writing—reviewing 
and editing. K.F.: Writing—reviewing and editing, supervision, funding acquisition. T.K.: Conceptualization, 
writing—reviewing and editing, funding acquisition. K.D.: Conceptualization, methodology, formal analysis, 
writing—reviewing and editing, supervision. B.S.: Conceptualization, methodology, formal analysis, writing—
reviewing and editing, funding acquisition, supervision, project administration.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 02016-5.

Correspondence and requests for materials should be addressed to B.E.A.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1038/s41598-021-02016-5
https://doi.org/10.1038/s41598-021-02016-5
www.nature.com/reprints


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22631  | https://doi.org/10.1038/s41598-021-02016-5

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Different contributions of efferent and reafferent feedback to sensorimotor temporal recalibration
	Results
	The impact of motor-sensory and inter-sensory components on sensorimotor temporal recalibration. 
	Cross-modal transfer of recalibration. 

	Discussion
	Methods
	Participants. 
	Stimuli and apparatus. 
	Design. 
	Procedure. 
	Data analysis. 

	References
	Acknowledgements


