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Multisensory integration in humans 
with spinal cord injury
Roberta Vastano 1*, Marcello Costantini 2,3, William H. Alexander 4,5,6 & 
Eva Widerstrom‑Noga 1

Although multisensory integration (MSI) has been extensively studied, the underlying mechanisms 
remain a topic of ongoing debate. Here we investigate these mechanisms by comparing MSI in healthy 
controls to a clinical population with spinal cord injury (SCI). Deafferentation following SCI induces 
sensorimotor impairment, which may alter the ability to synthesize cross-modal information. We 
applied mathematical and computational modeling to reaction time data recorded in response to 
temporally congruent cross-modal stimuli. We found that MSI in both SCI and healthy controls is best 
explained by cross-modal perceptual competition, highlighting a common competition mechanism. 
Relative to controls, MSI impairments in SCI participants were better explained by reduced stimulus 
salience leading to increased cross-modal competition. By combining traditional analyses with model-
based approaches, we examine how MSI is realized during normal function, and how it is compromised 
in a clinical population. Our findings support future investigations identifying and rehabilitating MSI 
deficits in clinical disorders.

Our perception of the environment is often a result of a multisensory integration (MSI), defined as the ability to 
synthesize cross-modal sensory information within temporal and spatial contingencies, reduce environmental 
uncertainty and facilitate both detection and action1,2. This facilitatory effect is known as multisensory enhance-
ment3,4. Enhancement refers to improvements in behavioral performance (e.g., reaction times and accuracy), as 
well as stronger neural responses across a large network involving subcortical structures, like thalamus5–8 and 
superior colliculus1, sensory-specific6,9 and non-sensory specific multisensory areas3,10,11.

Animal1–3,12 and human3,13–15 studies have shown that that cross-modal stimuli induce a response enhance-
ment that is generally super-additive, i.e., the multimodal response (both at behavioral and neural level) is 
greater than the summed unimodal responses4. However, in certain circumstances MSI may be reduced, as no 
integration, sub-additive (i.e., the multimodal response is less than the summed unimodal responses), or even 
depression effects can arise due to factors like sensory impairments, abnormal perceptual abilities, and functional 
abnormality in associative areas. For instance, schizophrenia patients have reduced MSI linked to impaired abil-
ity to filter redundant sensory information, auditory and/or visual hallucinations16,17. Individuals with hearing 
and vision loss9,18–20 show reduced audio-visual integration related to reorganization of visual cortical areas and 
inadequate visual processing. Finally, eating disorders (e.g., anorexia nervosa (AN21,22)) and autism spectrum 
disorder (ASD)23–25 are also associated with altered MSI and asymmetric interhemispheric theta power with 
lower power in the right centro-parietal areas, and impaired temporal processing, respectively.

Although deficits in MSI have been documented across a number of disorders9,16,18–20,22,24,26, the influence of 
SCI on MSI remains incompletely known. Both anatomical27,28 and functional28–31 changes in primary motor 
and somatosensory cortices have been observed in individuals with SCI. Among several mechanisms underly-
ing such reorganization, research supports the idea that compensatory use of a less affected body part facilitates 
axonal sprouting towards the area of the deafferented body part31,32, long-term potentiation mechanisms32, and 
unmasking of pre-existing lateral dormant connections due to decreased GABAergic inhibition after injury33–36.

Recently we proposed37 that the consequences of such reorganization, together with sensorimotor impair-
ments in SCI31,38, may induce multisensory depression and/or competition mechanisms that oppose a multi-
sensory enhancement effect. These effects may be caused by unisensory imbalance in which either the intact 
visual or the auditory system dominates over impaired somatosensory and proprioceptive systems and therefore 
reduce the integration of cross-modal information from sensory and non-sensory specific multisensory areas. 
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Congruent with this assumption, animal research39 has shown response depression to cross-modal stimuli (e.g., 
audio-visual) in animals reared in the dark: to reduce noise, relevant unisensory signals are preferred over the 
ones that appear to be weak, and a default competition mechanism depresses neural responses to weaker cross-
modal signals. Evidence from humans supports a similar view: multisensory responses are fastest when the 
intensity of unisensory stimuli are balanced and participants show similar performance for unisensory stimuli40.

Additionally, given the evidence suggesting that the functional integrity of the perceiver’s sensory9,20 and 
motor41,42 systems affects MSI, it is likely that the sensorimotor deficits caused by SCI impact MSI. During inte-
gration, stimuli compete not only because of unisensory imbalance39,40, but also for access to the motor system3,43. 
Responses to cross-modal stimuli are generally super-additive within a brief time-window44–47 following stimulus 
onset. Behavioral studies in humans also show that super-additive effects of MSI are usually observed and ana-
lyzed within a time-window including only the fastest reaction times48,49. In conditions affecting the motor sys-
tem, as in SCI, it is possible that the motor command is interrupted or is present but cannot be quickly initiated. 
Thus, motor impairment may leave more time for stimuli to compete and generate a multisensory depression.

Intact exteroceptive multisensory information processing is considered to play a pivotal role in many, if not 
most, cognitive operations50. Consequently, alterations in such processing may have detrimental effects on cogni-
tive functions. Importantly, depersonalization, phantom pain and other phantom sensations51, often observed 
in SCI patients, have been considered to originate from altered processing of multisensory information. Hence, 
understanding MSI after SCI might have important implications for new therapeutic avenues in SCI patients.

The goals of this study were twofold. First, we aimed to compare behavioral performance during MSI in 
uninjured controls and in SCI population to determine the extent to which MSI is compromised after SCI. To this 
end we used traditional statistical tests, such as the independent race model52–54. To the best of our knowledge, 
this is the first study to evaluate MSI in this clinical population. Second, we adopted a model-based approach to 
investigate two hypotheses regarding how SCI might contribute to MSI deficits. One possibility is that SCI may 
lead to an increase in unisensory imbalance between sensory modalities impaired by SCI (e.g., somatosensory) 
and modalities that are unaffected by SCI (e.g., visual and auditory). Alternatively, MSI deficits may be due to 
increased competition for access to the motor system across all sensory modalities arising from the SCI-related 
motor impairment.

Data were collected using a standard detection task in which participants (healthy controls and individuals 
with SCI) were instructed to respond to a target stimulus as quickly as possible. Targets were presented in three 
sensory modalities (visual, auditory, tactile). In a unimodal condition, targets were presented from a single 
modality, while in a bimodal condition, redundant targets were presented (temporally congruent) from two of 
the three modalities (audio-visual, visuo-tactile, audio-tactile). To overcome somatosensory and motor deficits 
in SCI individuals, we delivered the tactile stimulus above level of injury and recorded vocal reaction times 
(RTs) for all participants.

To analyze our data, we used the independent race model and model-based approaches. The independent 
race model52–54 for RTs data is frequently used to quantify the multisensory enhancement effect. This allows us to 
dissociate MSI from bimodal facilitation by redundant unimodal stimuli. The multisensory enhancement effect 
is expressed as a violation of the race model, in which RTs for multisensory stimuli are faster than the summed 
unisensory probabilities. Conversely, deficits in MSI are indicated by conditions in which RTs for multisensory 
stimuli are slower than the summed unisensory probabilities.

To test whether MSI deficits in SCI are the product of unisensory imbalance or increased competition, 
we compared two biologically inspired computational models of information accumulation55,56. This approach 
allowed us to determine whether MSI differences in SCI (compared to healthy controls) were associated with 
changes in sensory processing pathways caused by neural reorganization following injury, and at which point in 
the processing stream (e.g., the level of stimulus or perceptual representation) these changes occur. Even in the 
case that sensory cortical processing in those with SCI is structurally similar to healthy controls, we hypothesized 
that behavioral differences may be due to a) alterations in the salience of stimuli in one or more modalities, b) 
increased cross-modal competition at either the stimulus or perceptual level, or c) a general increase in process-
ing noise.

Results
Raw RTs results.  We recorded vocal reaction times (RTs) during a detection task in which redundant tar-
gets were unimodal (visual (V), auditory (A), tactile (T)) and bimodal (audio-visual, visuo-tactile, audio-tactile) 
(Fig. 1). We analyzed raw RTs to verify the presence of the redundant signals effect (RSE) and investigate dif-
ferences between groups and stimulus modalities. To this end, three separate 2 × 3 between-subjects ANOVAs 
were performed with Group (SCI/healthy controls) as a categorial factor and stimulus-modality (A/V/AV); (V/ 
T/VT) or (A/T/AT) as dependent variables. RT results showed that bimodal stimuli were faster than unimodal 
stimuli, confirming the RSE in both groups. However, in general, SCI participants tended to be slower than 
healthy controls in all conditions. In fact, results from between-subjects ANOVAs in A/V/AV stimulus-modal-
ity showed a significant main effect of the group: (F (1,30) = 16.17; p < 0.001; ηp

2 = 0.35), stimulus-modality (F 
(2,60) = 66.52; p < 0.001; ηp

2 = 0.68) and their interaction (F (2,60) = 5.01; p = 0.009; ηp
2 = 0.14). Newman-Keuls 

posthoc indicated that RTs in healthy controls were faster compared to SCI participants (A stimuli healthy con-
trols: Mean = 448 ms, SD = 65 ms; A stimuli SCI: Mean = 544 ms, SD = 95 ms; p = 0.003; V stimuli healthy con-
trols: Mean = 447  ms, SD = 71  ms; V stimuli SCI: Mean = 577  ms, SD = 102  ms; p < 0.001; AV stimuli healthy 
controls: Mean = 395 ms, SD = 62 ms; AV stimuli SCI: Mean = 490 ms, SD = 83 ms; p = 0.008) (Fig. 2).

In addition, there was no difference in the RTs between the unimodal conditions in the control group (A: 
Mean = 448 ms, SD = 65 ms vs. V: Mean = 447 ms, SD = 58 ms, p = 0.93). However, SCI participants were faster 
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in the A condition (Mean = 544 ms, SD = 95 ms) compared with V (Mean = 577 ms, SD = 102 ms) (p < 0.001). 
(Fig. 2A).

Results from V/T/VT stimulus-modality showed a significant main effect of the group: (F (1,30) = 17.75; 
p < 0.001; ηp

2 = 0.37) and stimulus-modality (F (2,60) = 71.87; p < 0.001; ηp
2 = 0.7). Newman-Keuls posthoc 

indicated that RTs in healthy controls were overall faster compared with SCI participants (healthy controls: 
Mean = 429 ms, SD = 67 ms; SCI: Mean = 547 ms, SD = 103 ms; p < 0.001). RTs in VT condition were faster 
(Mean = 441 ms, SD = 88 ms) compared to the correspondent unimodal (V: Mean = 508 ms, SD = 104 ms, 
p < 0.001; T: Mean = 503 ms, SD = 107 ms, p < 0.001). No interaction between groups and stimulus-modality was 
observed (F (2,60) = 1.45; p = 0.241; ηp

2 = 0.04). (Fig. 2).
Results from A/T/AT stimulus-modality showed a significant main effect of the group: (F (1,30) = 13.63; 

p < 0.001; ηp
2 = 0.31) and stimulus-modality (F (2,60) = 36.19; p < 0.001; ηp

2 = 0.54). Newman-Keuls posthoc 
indicated that RTs in healthy controls were overall faster compared to SCI participants (healthy controls: 
Mean = 431 ms, SD = 69 ms; SCI: Mean = 535 ms, SD = 100 ms; p = 0.001). RTs were faster in AT (Mean = 443 ms, 
SD = 90 ms) condition compared with the correspondent unimodal (T: Mean = 503 ms, SD = 107 ms, p < 0.001; 
A: Mean = 493 ms, SD = 93 ms, p < 0.001). No interaction between groups and stimulus-modality was observed 
(F (2,60) = 0.98; p = 0.378; ηp

2 = 0.03). (Fig. 2).

Independent race model results: Gondan’s permutation test.  To investigate MSI effects, violations 
of the race model were tested using Gondan’s permutation test over the fastest 40% of responses. This value was 
chosen based on a visual inspection of the Miller’s inequality plots (i.e., differences between bimodal and race 
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Figure 1.   Timeline of the experimental trials: Each trial started with a fixation cross (1500 ms) followed after 
a variable blank screen (~ 500–1500 ms) by one of the following stimuli for which participant had to respond 
vocally: Visual (green X), Auditory (a pure tone 1000 Hz), Tactile (a suprathreshold electrical stimulus delivered 
on the forehead), bimodal (Audio-visual (AV) or Visuo-tactile (VT) or Audio-tactile (AT)). In the 20% of the 
trials no stimulation was delivered (Catch). Finally, there was a variable intertrial interval (ITI) (~ 500–1500 ms) 
before next trial started.
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Figure 2.   Reaction Times (RTs) of SCI participants (A) and healthy controls (B): Green bars show the 
unimodal stimuli (Audio, Tactile and Visual), yellow bars show the bimodal stimuli (Visuo-tactile, audio-tactile, 
and audiovisual). (Error bars indicate the standard deviation; *p < 0.05).
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model CDFs) in healthy controls. For our control group, violation of the race model was observed in all the 
conditions (AV: tmax = 5.1, tcrit = 2.4, p = 0.001; AT: tmax = 3.7, tcrit = 2.3, p = 0.003; VT: tmax = 5.3, tcrit = 2.2, 
p < 0.001). In contrast, SCI participants exhibited violation of the race model only in AV and VT conditions (AV: 
tmax = 2.6, tcrit = 2.5, p = 0.037; AT: tmax = 1.7, tcrit = 2.4, p = 0.16; VT: tmax = 3.6, tcrit = 2.5, p = 0.008). Hence 
the AT condition was not further considered for comparisons between groups. To compare the magnitude of 
MSI across SCI participants and healthy controls, simple effect analyses were performed. For the AV condition, 
no simple effect analyses turned out to be significant, suggesting a comparable magnitude of MSI in healthy 
controls and SCI participants (Fig. 3A). For the VT condition, results revealed a higher magnitude (i.e., more 
efficient) of MSI in healthy controls as compared to SCI participants in the 7th, 8th and 9th bins corresponding 
to the 30%, 35% and 40% of fastest responses (Fig. 3B) (7th bin: t(30) = 2.8, p = 0.009, Cohen’s d = 0.99; 8th bin: 
t(30) = 2.5, p = 0.016, Cohen’s d = 0.90; 9th bin: t(30) = 2.9, p = 0.007, Cohen’s d = 1.03).

Overall, these results confirm that MSI in SCI participants is impaired to a greater extent in the audio-tactile 
modality, followed by visuo-tactile. In contrast, the audio-visual modality showed similar integration effects 
between groups. These results are congruent with our hypotheses of unisensory imbalance and indicate altera-
tion in sensory processing following SCI.

Independent race model results: logistic fit.  In the previous analysis, only a subset of the RT data for 
the fastest trials was used for analysis. Although this approach is standard in studies of MSI, it is usually the case 
that the race model is fitted to the entire distribution of RTs57. To verify that our results were not due only to con-
ducting our analyses on a subset of data, we therefore conducted a second analysis with the full distribution of 
RTs for SCI and healthy controls. For each subject, we fitted a logistic model to the RT distribution of standard-
ized RTs for each bimodal condition as well as the RT distribution predicted by the independent race model. For 
each fit, we obtained two coefficients, β0 and β1, indicating the intercept and slope of the best-fit logistic func-
tion. Differences of the coefficients between bimodal conditions and the corresponding race were obtained for 
each subject and entered into a between-subject ANOVA to test race model violations. The results of a 2 × 2 × 3 
(group/logistic fit coefficients/stimulus modalities: differences between race and the corresponding bimodal 
conditions) between-subjects ANOVA showed a significant main effect of the group (F (1,30) = 9.99; p = 0.003; 
ηp

2 = 0.24); coefficients (F (1,30) = 21.06; p < 0.001; ηp
2 = 0.41) and their interaction (F (1,30) = 5.59; p = 0.02; 

ηp
2 = 0.15). Newman-Keuls posthoc showed that differences in β0 across stimulus-modalities were lower in SCI 

participants (Mean = -0.18, SD = 0.6) compared to healthy controls (Mean = 0.42, SD = 0.7) (p = 0.001). Positive 
values of β0 indicate violation of race model, while negative values indicate no violation of the model. Different 
from the observations regarding the fastest RTs, the results of the entire RTs distribution suggest that regard-
less of stimulus-modality, participants with SCI have no to limited integration effects. This might be because 
individuals with SCI exhibited larger competition effects at the slower RTs. (see Fig. 4A, B and C for the logistic 
plots and the corresponding bar plots of β0 and β1 values in each stimulus-modality between groups. Figure 5 
shows the Miller’s inequality plots). There was no significant main effect of stimulus-modality (F (2,60) = 1.13; 
p = 0.32; ηp

2 = 0.03), no significant interaction between stimulus-modality and group (F (2,60) = 0.39; p = 0.67; 
ηp

2 = 0.01), nor a significant interaction between stimulus-modality, coefficients, and group (F (2,60) = 1.43; 
p = 0.64; ηp

2 = 0.01). Overall, these results suggest that MSI effects in control subjects persist beyond the fastest 
RTs distribution, while in SCI participants MSI seems to decay with increased RTs, as we did not observe inte-
gration effects in this group. Interestingly, the same qualitative pattern of early enhancement with later attenu-
ation is observed in all stimulus-modalities. Thus, in SCI participants the inability to initiate a quick response 
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Figure 3.   Race model violations (for the fastest RTs (40%)): Figure shows violations in Visuo-Tactile (A) and 
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influences the way multisensory stimuli are integrated over time. It could be that the multimodal perception of 
individuals with SCI is facilitated and can result in an enhancement effect only in a short timeframe.

To evaluate possible differences based on stimulus modality, we also compared multisensory effects within 
the groups. The 2 × 3 (logistic fit coefficients/stimulus modalities: differences between race and the correspond-
ing bimodal conditions) within-subjects ANOVA in the SCI group showed no significant effect of coefficients 
(β0-β1) (F (1,14) = 1.74; p = 0.2; ηp2 = 0.11) or stimulus-modality (F (2,28) = 0.66; p = 0.52; ηp2 = 0.04), nor their 
interaction (F (2,28) = 1.35; p = 0.3; ηp2 = 0.08). In healthy controls we observed a significant main effect of 
coefficients (β0-β1) (F (1,16) = 36.6; p < 0.001; ηp

2 = 0.69), but no significant effect of the stimulus-modality (F 
(2,32) = 0.88; p = 0.42; ηp

2 = 0.05), or their interaction (F (2,32) = 2.06; p = 0.14; ηp
2 = 0.11). Overall, the results 

from within-subjects ANOVA confirmed that the MSI effect, as measured over the entire RT distribution for 
the three stimulus-modalities, was similar within groups.

Computational modeling results.  Our race model results indicate that, after controlling for overall dif-
ferences in RTs, MSI in the SCI group is reduced relative to controls. This effect was observed for fast trials (up 
to 40% of the RT distribution), while for slow RTs, SCI participants showed sub-additive effects only. However, 
based on these results, it remains unclear why SCI negatively influences MSI. One possible reason underlying 
these differences may relate to sensorimotor deficits and structural changes following SCI (e.g., reorganization 
of the sensorimotor cortex27,28) that impact early sensory processing, integration, or response generation. To 
assess this, we implemented two models of information accumulation derived from the literature58. In informa-
tion accumulation models, perception is a function of information accumulated from multiple sensory stimuli: 
sensory input provides evidence that is accumulated at the perceptual level to inform behavior. Competition 
between stimuli can occur either through feed-forward inhibition mechanisms55 (here called Stimulus Competi-
tion, Fig. 6A) or through lateral inhibition between accumulators (Perceptual Competition, Fig. 6B)56. Evidence 
for both forms of competition has been observed in perceptual choice studies59.

Here, we tested whether MSI differences after SCI derive from changes in the structure of inhibition in infor-
mation processing. To assess this, we compared the average mean squared difference between fits of our Stimulus 
Competition and Perceptual Competition models. Summarizing our race model analyses, we conducted two 
fits of our models, one in which we performed a median split on our RT data and used only the fastest trials, 
and another using the entire RT distribution from each subject. For the first model fit (fastest trials), a 3-way 
ANOVA (2 × 2x3; Model Type/Group/Sensory Condition) produced a main effect of Model Type (the Perceptual 
Competition model fit better than Stimulus Competition, F = 29.92, p < 0.001, ηp

2 = 0.143). No other main effects 
or interactions were significant. For the second model fit (all trials) a 3-way ANOVA (2 × 2x3; Model Type/
Group/Sensory Condition) showed a main effect of Group (model fits overall were worse for SCI than Control, 
F = 13.54, p = 0.0003, ηp

2 = 0.69) and a main effect of Model Type (Fits of the Perceptual Competition model were 
better than the Stimulus Competition; F = 22.64, p < 0.001, ηp

2 = 0.11). No other effects, including the Group by 
Model interaction that would indicate that the groups are better described by different models, were significant. 
Based on the results of these tests, we conclude that behavior for both SCI and healthy controls was a better fit 
by the Perceptual Competition model.

Given that both groups’ RT data were better described by the same Perceptual Competition model, we further 
questioned whether differences between groups might derive from changes in stimulus salience, competition 
between perceptual representations of sensory stimuli, or whether these differences might be due to a gen-
eral deficit in processing sensory stimuli (processing noise). We evaluated this by testing differences in best-fit 

AV

A V

A V

AV

A V

A V

Stimulus Competition Perceptual Competition
A B

Excitatory Connections
Inhibitory Connections

Figure 6.   A schematic representation of the computational models of MSI: the model is organized in three 
layers: stimulus, perceptual and output with excitatory connections (black arrows) or inhibitory connections 
(red dots) The primary difference between models is whether (A) stimuli directly suppress perceptual 
representation of cross-modal stimuli or (B) perceptual representations compete with one another.
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parameter estimates for the Perceptual Competition model with a 3-way ANOVA (2 × 3x7; Group/Condition/
Parameter). As before, these tests were conducted on model fits to the fast trials as well as all trials.

For the fast trials ANOVA, we observed a main effect of parameter values (F = 63.41, p < 0.001, ηp
2 = 0.458) 

and an interaction of Group by Parameter (F = 5.75, p < 0.001, ηp
2 = 0.071). The main effect of parameter values 

is unimportant in this context since, by design, the parameters are expected to have different values. No other 
effects or interactions were significant. Posthoc comparisons (Bonferroni corrected) showed that the Group 
by Parameter interaction was driven by higher stimulus salience in healthy controls for the visual (p = 0.001, 
CI = 0.10–0.404) and tactile (p = 0.004, CI = 0.071–0.375) modalities, while there was no difference in auditory 
salience (p = 0.108, CI = − 0.028–0.276) (Fig. 7).

For the ANOVA using all trials, we found a main effect of group (F = 7.07, p = 0.008, ηp
2 = 0.015), and an 

interaction of Group by Parameter (F = 6.54, p < 0.001, ηp
2 = 0.080). Post-hoc comparisons showed that, gener-

ally, perceptual competition parameters were higher for SCI relative to healthy controls (Auditory competition: 
Mean Difference = 0.226, p < 0.001, CI = 0.096–0.356; Visual competition: Mean Difference = 0.272, p < 0.001, 
CI = 0.142–0.401, Tactile Competition: Mean Difference = 0.224, p < 0.001, CI = 0.094–0.354 all comparisons 
Bonferroni corrected). There was no difference between groups for all other parameters (Fig. 7).

Taken together, the results of our model fits indicate that (1) the structure of sensory processing pathways is 
not influenced by SCI (the Perceptual Competition model better accounted for both groups behavior), (2) differ-
ences in behavior for fast responses is the result of reduced stimulus salience in SCI (salience values for healthy 
controls > SCI), and (3) longer responses lead to increased perceptual competition in SCI.

Discussion
Following our race model analyses using both the fastest (40%) and the entire RT distribution we found evidence 
of MSI deficits in participants with SCI. The audio-tactile condition was the most impaired one, as cross-modal 
inputs were not integrated in the SCI group. We believe that the audio-tactile condition exhibits the greatest 
sensory imbalance consistent with evidence showing somatosensory deficits60,61 and dominance of the auditory 
system in SCI62,63. For the visuo-tactile condition, we show that SCI participants can integrate cross-modal 
inputs, but to a lesser extent compared to control participants with a reduced integration across the 30th to 40th 
percentiles. In the audio-visual condition, although integration effects were reduced in the SCI group, compari-
sons between groups were not significantly different at any percentiles, indicating that audio-visual inputs may 
be normally integrated following SCI.

Figure 7.   Parameter estimate: Figure shows parameter estimate for both fast trials (panel above) and slow trials 
(panel below) in each of the model tested (competition, stimulus salience and noise). Blue bars indicate control 
subjects and red bars indicate subjects with SCI. (Error bars indicate the standard error of the mean; *p < 0.05).
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In contrast, results from the logistic fit on the entire distribution of RTs indicated deficits in MSI in the SCI 
group in all conditions. Specifically, differences in the intercept parameter (β0) between bimodal conditions and 
the race model across all stimulus-modalities were significantly lower in the SCI group compared to the control 
group (β0 value difference < 0 in the SCI group). That is, the MSI effect is lower in SCI participants compared to 
healthy controls and it decreases with increasing RTs.

These results are partially consistent with our results using only the fastest 40% of trials. However, we also 
noted some differences between these two approaches. Although MSI in the audio-visual condition appears 
unimpaired in the SCI group when considering only the fastest trials, SCI participants exhibit deficits in inte-
grating stimuli in all three stimulus-modalities tested when considering the entire RT distribution. This may 
suggest that in healthy controls MSI effects persist over slower RTs across stimulus-modalities. In contrast, in 
individuals with SCI MSI effects are not only reduced but also decay with increasing RTs. Results from the entire 
RTs distribution are suggestive of sub-additive effects of integration in the SCI group. Sub-additive responses 
are observed when responses to multisensory stimuli are less than the summed unimodal responses4. Here we 
show that the multisensory effects are always super-additive in controls (i.e., responses to multisensory stimuli 
exceed the summed unimodal responses4), whereas sub-additive responses occur with increasing RTs during 
the processing of multisensory stimuli in participants with SCI.

Although our independent race model results demonstrate that MSI is impaired in SCI, they do not suggest 
specific mechanisms underlying this impairment. To address this question, we used a computational modeling 
approach and identified two mechanisms underlying MSI deficits after SCI. First, MSI deficits are due in part to 
specific unisensory differences between SCI and healthy controls. For SCI, both visual and tactile stimuli were 
less salient relative to healthy controls, while there was no difference between groups in the estimated salience 
of auditory stimuli. Thus, auditory processing appears to be less impacted by SCI than visual or tactile modali-
ties during the processing of multisensory stimuli. The presence of one dominant modality can suppress other 
modalities, leading to a general reduced multisensory enhancement effect. Auditory information tends to be 
a dominant sensory modality in SCI62,63. For instance, auditory startle responses are faster in SCI participants 
compared to controls62 and salient auditory stimuli, are also discriminated faster in individuals with SCI com-
pared to non-injured individuals63. Although participants with SCI were overall slower than healthy controls, 
our results are consistent with previous research suggesting that RTs to auditory stimuli are faster compared 
with visual stimuli. Our data indicate an effect of unisensory dominance. A dominance for auditory stimuli may 
underlie the salience deficits in MSI observed in our SCI group compared with healthy controls and relative to 
visual and tactile information.

To summarize, we provide evidence of a stimulus salience deficit in SCI during MSI. Normally our percep-
tion is facilitated by cross-modal information, and the stimuli are equally perceived. Following SCI, instead, the 
facilitation effect is impaired because there is an imbalance in perceiving cross-modal stimuli, because some 
stimuli are more or less salient than others. This deficit could be the result of a different way to perceive and 
interact with the environment when having an SCI.

We hypothesized that sensorimotor deficits in SCI would also impact MSI. In fact, MSI is strictly dependent 
on an intact sensorimotor system41,42. MSI is usually observed when cross-modal stimuli reduce the latency 
between sensory processing and motor commands, and thereby reduce sensory ambiguity64, help to plan a proper 
motor response65, and facilitate both perception and action2,3. The motor impairment caused by SCI may allow 
more time for stimuli to compete, resulting in multisensory depression. Our data support these assumptions 
showing that in a population in which the sensorimotor system is compromised, the principles of MSI fail with 
increasing RTs. It is possible that, following SCI, the inability to access the motor system within a certain time 
frame inhibits the integration process over time.

Indeed, when considering all trials our modeling results revealed that there was increased competition between 
perceptual representations in SCI for auditory, visual and tactile stimuli when combined with other modalities, 
i.e., the parameter estimates for those variables were higher, indicating more suppression of other modalities rela-
tive to healthy controls. In our SCI group, RTs were generally slower than for healthy controls in both unimodal 
and bimodal conditions, and application of the race model to the entire RT distribution revealed multisensory 
depression in SCI. Prolonged processing of multisensory information can lead to multisensory depression even in 
healthy controls, and responses to cross-modal stimuli are super-additive within a brief time-window44–47. Given 
this, it seems likely that the increased competition we observed in SCI is due to the overall slower processing of 
stimulus information rather than direct promotion of perceptual competition.

We have recently proposed a theoretical framework37 in which we argued that in SCI unisensory imbalance 
would contribute to multisensory depression and/or competition as opposed to integration. This is congruent 
with literature showing that an appropriate multisensory experience (i.e., the experience shaped by exposure to 
cross-modal stimuli66) and absence of unisensory imbalance is necessary for the integration to occur3,16,20,39,40,67,68. 
Our results largely support our proposed framework based on our modeling results. We observed that, for fast-
response trials, salience for visual and tactile modalities was decreased in SCI participants relative to healthy 
controls, suggesting that auditory information dominated other modalities in our SCI group. Notably, increased 
competition between modalities was not observed during the fast trials. Instead, competition was observed only 
when considering all trials. The late appearance of competition in our SCI group suggests that initial unisensory 
imbalance leads to later increases in cross-modal competition. Although consistent with our theoretical frame-
work, additional work is required to replicate and extend these findings.

Overall, we show that SCI undergoes MSI deficits involving different sensory modalities, we observe reduced 
super-additive effects, as well as sub-additive effects of MSI. These were associated with reduced stimulus salience 
and increased perceptual competition. Our work opens new research avenues for understanding and utilizing the 
neural mechanisms underlying MSI deficits to improve function after SCI. One promising avenue suggested by 
our results may be multisensory trainings (e.g., long term stimulation protocols using multisensory approaches) 
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that can reduce cross-modal competition in SCI or prevent intact sensory modalities from suppressing other 
modalities. Such interventions may involve vision and auditory information, and even tactile information in 
incomplete injuries with residual sensorimotor pathways.

Furthermore, these findings are not only relevant to how MSI may be impaired by SCI, but also add to the 
existing literature on MSI in other population with nervous system trauma and non-clinical populations. Our 
model-based analyses of MSI data suggest a novel approach for quantifying behavioral performance during MSI 
in humans. By comparing formal fits of computational models instantiating multiple competing hypotheses, we 
found that perceptual competition best explained our behavioral data in both groups, highlighting a common 
mechanism underlying MSI in both healthy controls and SCI. Under information accumulation accounts, lateral 
competition between information accumulators is generally associated with cortical mechanisms involved in 
perception rather than merely sensory processing. While additional work is needed to replicate this finding, 
future work may focus more directly on how perceptual competition influences MSI in healthy individuals.

Finally, while we observed specific differences between SCI and healthy controls in stimulus salience and 
competition, this approach could be applied to other clinical populations that exhibit altered MSI as well. A 
reasonable possibility is that model fits to MSI data obtained from other clinical populations will reveal differ-
ent patterns than those observed in this study. Although we observe decreased stimulus salience and increased 
perceptual competition in SCI, this pattern may underly MSI impairment in, e.g., schizophrenia, known to have 
MSI deficits associated to impaired ability to filter redundant sensory information, and unisensory abnormalities 
(e.g., visual or auditory hallucinations)16. Future work should examine whether and how the factors we identify 
in this study are influenced in other clinical populations.

Methods
Participants.  Fifteen participants with SCI (mean age: 43.7 ± 12.6; Table 1) and seventeen healthy controls 
(mean age: 36.3 ± 7.8; p = 0.07) participated in the study. One participant with SCI (not included in final number 
of 15) was excluded due to missing responses (> 50%) in one of the experimental conditions (unimodal Tactile). 
To be enrolled in the study, participants had to have a chronic (≥ 1 yr), cervical or thoracic injury (C2–T10) (See 
Table 1). All participants gave informed consent to experimental procedures, which were approved by Univer-
sity of Miami Institutional Review Board (IRB) and conducted in accordance with the Declaration of Helsinki. 
All research was performed in accordance with relevant guidelines/regulations. All Participants had normal or 
corrected-to-normal vision, no history of hearing loss, psychiatric, or neurological trauma.

Based on previous literature showing that multisensory effects are associated with medium and large effect 
sizes69–71, an a-priori sensitivity power analysis (G*Power 3 software72) revealed that our sample size was large 
enough to detect within–between interactions of interest in a mixed-design analyses of variance (ANOVA) which 
corresponds to a medium f = 0.3 effect size with a statistical power (1–β) of 0.95 (given α = 0.05, a correlation 
between repeated measures of 0.5, number of groups = 2, number of measurements = 6).

Stimuli and procedure.  The stimuli consisted of three unimodal stimulations (Auditory (A), Tactile (T) 
and Visual (V)) and their bimodal combination (AV, AT, VT). The A stimulus consisted of a pure tone (1000 Hz; 
100 ms of duration) presented approximatively at 60 dB (measured with a sound meter from the participant’s 
ear position) by means of headphones connected to E-prime Chronos, a USB-based multifunction response 
device73; the V stimulus consisted of a green letter “X” (1 cm; 34 pt Times New Roman font; 100 ms of dura-
tion) with a dark gray background presented in the middle of a computer screen (24″; resolution: 1920 × 1080; 
refresh rate: 60 Hz) at a viewing distance of approximatively 60 cm; the T stimulus consisted of a suprathreshold 

Table 1.   Demographic and injury characteristics. AIS American Spinal Injury Association Impairment Scale; 
M male; F female; C cervical; T thoracic; Tr traumatic.

Subject Age Sex Injury level AIS Etiology

1 44 M C4 D Tr

2 22 F C4 D Tr

3 60 M C5 D Tr

4 59 F T1 C Tr

5 61 M C2 D Tr

6 31 M C5 A Tr

7 37 M C6 A Tr

8 40 M C3 D Tr

9 59 M C5 B Tr

10 53 M T6 A Tr

11 47 M C5 D Tr

12 30 M T4 A Tr

13 33 M C5 C Tr

14 34 M C5 B Tr

15 46 M C4 C Tr
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electrical simulation (duration of 200 µs) using a Digitimer (UK DS7A) delivered on the forehead (above level 
of injury for SCI participants). Individual thresholds of the tactile stimulus were set to be clearly suprathreshold 
using the method of the limits. Before to start the experiment, the intensity of the stimulator was set to 0 mA 
and then progressively increased by 1 mA until the subject reported to clearly perceive the stimulation. Then, the 
experimenter set the final stimulation at 20% of the perceived threshold and stimulated the subject for 10 times 
intermingled with 5 catch trials in which no stimulation was presented. The subject was asked to keep eyes closed 
and to report when he/she felt the tactile stimulus. If the subject did not detect 100% of the stimuli (i.e., if he/she 
failed to respond to some stimuli or gave false positives to the catch trials), the intensity was further increased by 
a 1 mA step, and the procedure was repeated.

The experiment consisted of a detection task (Fig. 1). Each trial started with a fixation cross (1500 ms) in 
the middle of a computer screen where participants were instructed to look, followed by a blank screen for a 
variable length of time (~ 500 -1500 ms) after which the target stimulus was presented. There were three types 
of stimuli that could be presented, either individually (unimodal trials: A, T, V) or paired—temporally congru-
ent—(bimodal trials: AV, AT, VT), for a total of 6 conditions. Participants were instructed to respond vocally as 
fast as possible saying aloud “yes” when they perceived one of the unimodal or bimodal stimuli. After a variable 
ITI (~ 500–1500 ms) next trial started. Vocal reaction times (RTs) were collected using a microphone connected 
to E-prime Chronos, a USB-based multifunction response device73. The experiment consisted of a total of 360 
trials (50 trials per condition and 60 catch trials in which no stimuli were presented) presented in random order 
and controlled by the E-Prime 3.0 software (Psychology Software Tools, Pittsburgh, PA). To prevent fatigue and 
maintain focus, participants were provided with a break every 25 trials. Before the main experiment, each par-
ticipant also completed a training session, which consisted of 14 trials (2 trials for each unimodal and bimodal 
condition and 2 catch trials).

Statistical analyses
Raw RTs.  Raw RTs were analyzed between groups and stimulus-modality. Three separate 2 × 3 between-sub-
jects ANOVAs were performed with Group (SCI- healthy controls) as a categorial factor and stimulus-modality 
(A, V, AV); (V, T, VT) or (A, T, AT) as dependent variable.

Test of the independent race model inequality (RMI).  Reaction times to multisensory stimuli are 
usually faster than reaction times to unisensory stimuli, as they provide synergistic information. This phenom-
enon is also known as redundant signals effect (RSE74)). Different models can be used to explain a RSE: race 
models and co-activation models54,75. Race models assume that the signal that is processed most rapidly is the 
signal that produces the response (i.e., the “winner” of the race). Co-activation models, on the other hand, 
assume that RT facilitation is accounted for by interactions that allow signals from concurrent information to 
combine non-linearly.

Race models, commonly implemented to examine multisensory effects, are robust probability (P) models 
that compare the cumulative distribution function (CDF) of combined unisensory reaction times, minus their 
product, to the CDF of multisensory reaction times. Hence, as a preliminary step, we tested the presence of 
MSI in our data that goes beyond RSE. RTs were sorted in ascending order by stimulus condition and then 
averaged on an individual basis49. For each participant, the RT range within the RTs was calculated across all 
the stimulus conditions and quantized into twenty bins from the fastest RT (or zero percentile) to the slowest 
RT (hundredth percentile) in 5% increments (0%, 5%, …, 95%, 100%). Differences between actual cumulative 
probability distributions [P (RTxy ≤ t)] and predicted cumulative probability distributions [min[P (RTx ≤ t) + P 
(RTy ≤ t) − P (RTx ≤ t) *P (RTy ≤ t)]] were calculated across each time bin and participant. Values greater than 
zero indicate a violation of the race model, suggestive of multisensory integrative processes. Significant violations 
of the race model were tested using Gondan’s permutation test over the fastest 40% of responses48. Differences 
in the magnitude of the race model violations were compared between groups in each stimulus-modality using 
simple effect analyses. False Discovery Rate (FDR) method76, to control for the rate of type I errors, was applied 
when necessary.

Additionally, we adopted a novel approach by analyzing race model violations across the entire RTs distribu-
tion, rather than considering only the fastest RTs up to 40% of the curve. We were interested in analyzing multi-
sensory effects also for slower RTs to investigate whether such effects would persist or decline and whether they 
were similar or not in both groups, given that participants with SCI showed overall slower RTs compared with 
healthy controls. Raw RTs in each unimodal and the correspondent bimodal condition were first transformed 
to z-scores and then used to generate a set of empirical CDFs for each stimulus-modality. We then repeated the 
analysis described above on the standardized unimodal CDFs to generate the predicted RTs (race model), and a 
logistic fit was performed to obtain the coefficients of the logistic function (expressed as log(odds): β0 (intercept) 
and β1 (slope)) for each bimodal and race condition in each participant. Differences between bimodal condi-
tions and the corresponding race in both coefficients were performed in each subject and stimulus-modality to 
obtain the final values of MSI effects. The difference values of the coefficients were then submitted to a 2 × 2 × 3 
between-subjects ANOVA with Group (SCI- healthy controls) as a categorial factor and coefficients (β0-β1) and 
stimulus-modality (VT minus the corresponding Race, AT minus the corresponding Race, AV minus the cor-
responding Race) as dependent variables. A 2 × 3 within-subjects ANOVA was also performed in each group to 
check for differences between coefficients (β0-β1) and stimulus-modality (VT minus the corresponding Race, 
AT minus the corresponding Race, AV minus the corresponding Race).

Computational models.  To investigate the mechanisms underlying differences in reaction times and 
reaction time distributions, we used biologically inspired models of perceptual behavior based on temporally 
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extended information integration55,56. Based on the results of the independent race model, we hypothesized that 
the observed differences between SCI and healthy controls could be the result of either changes in the structure 
of perceptual processing, or from changes in processing dynamics implemented on the same structure. To test 
whether the processing structure between SCI and healthy controls differed, we implemented two models. In the 
Stimulus Competition model (Fig. 6A), stimuli directly suppress the perceptual representation of cross-modal 
stimuli, while in the Perceptual Competition model (Fig. 6B), competition between stimulus modalities occurs 
indirectly via internal representations of stimuli. In both models, perceptual representations drive model output, 
equivalent to the “yes” response subjects were reporting when perceiving a stimulus.

Each model had 5 fixed parameters: weights from stimulus representations to perceptual representations were 
fixed at 1, as were the weights from perceptual representations to motor output. A response of the model was 
assumed when the activity of the output unit exceeded a fixed threshold of 1. Each model had 5 free parameters 
adjusted to fit the data. Two parameters (α) indicated stimulus “salience”, the capacity of a stimulus to drive 
activity in perceptual representation units. A noise parameter σ governed the variance of random, normally 
distributed noise added to the input of each unit in the model. Two competition parameters (β) determined the 
extent of inhibition of a perceptual unit activity, either due to stimulus salience from the paired modality (Stimu-
lus Competition), or due to the activity of that modality’s perceptual representation (Perceptual Competition).

Both the Stimulus Competition and Perceptual Competition models consist of three layers of units. A stimulus 
layer with unit activity indicates the presence and strength of a stimulus for different sensory modalities. Activity 
in stimulus units propagates to perceptual representation units and correspond with the internal representation 
of a stimulus. Finally, a motor output unit is driven by activity in perceptual representation units, generating a 
response when a threshold is exceeded.

The activity of perceptual representation and motor output units is modeled as a leaky accumulator whose 
change dx in activity at each time step of a trial is described by the equation:

Here, I is the sum of excitatory and inhibitory inputs to the unit, x is the unit’s current activity, and N () is Gauss-
ian noise with zero mean and variance sigma.

For both models the net input I to the output unit was simply the sum of the activity of the perceptual repre-
sentation units. Net input to perceptual representation units in both models was determined by the activity, x, 
of the associated stimulus modality and by cross-modal inhibition.

In the stimulus competition model, c is equal to the strength of the cross-modal stimulus. In the perceptual 
competition model, c is equal to the strength of the cross-modal perceptual representation. α indicates the 
stimulus salience for modality i, and β indicates the strength of cross-modal inhibition from modality j to i.

A single trial began with a bi- or unimodal stimulus being presented to the model and lasted until a response 
was generated (i.e., activity in the output unit exceeded threshold), or until 100 model iterations had elapsed. 
Following a response, activity in all units was set to 0 in preparation for the next trial. If, at any point in the trial, 
unit activity went below 0 due to random noise, its activity was set to 0 before the next model iteration.

Both models were fit to individual subject data (z-scored RTs) using an iterated grid search. For each of the 5 
parameters, 5 initial values evenly distributed in the range 0.1 to 2 were tested, for a total of 3125 (5^5) unique 
parameter combinations. For each of these combinations, each model was simulated on 20 trials for each of the 3 
bimodal and 3 unimodal conditions. As in our race model analyses, model RTs for pairs of unimodal conditions 
and the corresponding bimodal condition were z-scored. The distribution of z-scored model RTs was compared 
to the subject’s z-scored RT distribution (mean squared difference; MSD). The parameter combination with the 
lowest MSD was selected, and a new range of 5 values was established for each parameter. The new range was 
centered on the value of the parameter with the lowest MSD, and the total extent of the range was multiplied 
by 0.75, i.e., the next iteration of the grid search focused on a narrower range of values than the previous itera-
tion. This iterative process was repeated a total of 10 times to generate best-fit values for each subject and each 
bimodal condition with its unimodal components. The iterated grid search was repeated 10 times, and the final 
best-fit value for each parameter was averaged over the 10 best-fit values generated by the iterated search. For 
each subject, we also recorded the average minimum MSD for all search iterations. As in our analyses using the 
race model, we fit our computational models both to all RTs as well as only to the fastest 40%.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding 
author on request.
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