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Abstract
The merging of information from different senses (i.e., multisensory integration) can facilitate information processing. 
Processing enhancements have been observed with signals that are irrelevant to the task at hand, and with cues that are 
non-predictive. Such findings are consistent with the notion that multiple sensory signals are sometimes integrated automati-
cally. Multisensory enhancement has even been reported with stimuli that have been presented subliminally, though only 
with meaningful multisensory relations that have already been learned. The question of whether there exist cases where 
multisensory effects occur without either learning or awareness has, though, not been clearly established in the literature 
to date. Here, we present a case study of a patient with Posterior Cortical Atrophy, who was unable to consciously perceive 
visual stimuli with our task parameters, yet who nevertheless still exhibited signs of multisensory enhancement even with 
unlearned relations between audiovisual stimuli. In a simple speeded detection task, both response speed, and the variability 
of reaction times, decreased in a similar manner to controls for multisensory stimuli. These results are consistent with the 
view that the conscious perception of stimuli and prior learning are not always a prerequisite for multisensory integration 
to enhance human performance.
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Introduction

Multisensory integration can lead to enhanced performance 
on many behavioural and cognitive tasks. Perceptual sensi-
tivity (Eramudugolla et al. 2011), accuracy, reaction times 
[RTs; (e.g., Barutchu et al. 2009; Miller 1982)], and memory 
and learning (e.g., Alais and Cass 2010; Botta et al. 2011; 
Fifer et al. 2013; Shams and Seitz 2008) can all be enhanced 
by multisensory, as compared to unisensory, stimulation. 
Thus, multisensory integration is potentially important for 
remedial adaptation and plasticity following brain atrophy, 
and may provide an important vehicle for neurorehabilita-
tion, particularly for those patients with impaired perceptual 
awareness. Indeed, in those patients with perceptual defi-
cits, such as hemianopia and neglect, multisensory stimula-
tion can effectively be used to enhance and alter percep-
tual awareness (e.g., Calamaro et al. 1995; Frassinetti et al. 
2005; Leo et al. 2008; Passamonti et al. 2009; Soroker et al. 

1995). However, multisensory stimulation can also suppress 
an observer’s awareness of signals, and have adverse effects 
on their behavioural performance. For example, in healthy 
adults, visual stimuli have sometimes been shown to sup-
press the awareness of simultaneously presented auditory 
stimuli as in the Colavita visual dominance effect (Sinnett 
et al. 2008; Spence et al. 2011). However, the Colavita 
effect is typically only observed on a small proportion of 
trials when the presentation of a visual stimulus dominates 
conscious awareness, leading to the extinction of other sen-
sory inputs. At the same time, the extinguished stimulus 
nevertheless still facilitates visual RTs, even in the absence 
of awareness (of the auditory input). While other uncon-
scious multisensory effects have been documented for con-
trol participants (Cox and Hong 2015; Faivre et al. 2014), 
it is important to note that they have only been found with 
previously learned multisensory relations [e.g., in adults, 
subliminally presented primes of well-learnt stimuli, such 
as auditory and visual digits can be integrated, but only if 
the task is first learned using conscious multisensory primes; 
(Faivre et al. 2014)]. Here, we evaluate a case where visual 
signals are not perceived, remaining unconscious, and mul-
tisensory relations unlearnt.
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Multisensory processes are subserved by complex 
neural networks, involving not only the primary sensory 
regions, but subcortical regions, such as the superior col-
liculus and the thalamic nucleus the pulvinar, as well as 
higher order association regions in frontal, temporal, and 
parietal brain regions (e.g., Andersen et al. 1997; Driver 
and Noesselt 2008; Stein and Meredith 1993). Neurons 
responsive to multiple sensory inputs, and those that 
modulate their activity as a function of the spatial and 
temporal proximity of the sensory signals, have been 
identified in all these brain regions. It is also well-known 
that both audition and vision have direct projections to 
both the colliculi and the thalamus, and animal studies 
in primates and cats have shown that both subcortical 
regions have independent direct projections not only to 
primary sensory, but to multisensory association areas, 
which link to the motor system (e.g., Bignall and Imbert 
1969; Cappe et al. 2007, 2009; Grieve et al. 2000; Nelson 
and Bignall 1973; Stein and Meredith 1993). Thus, based 
on the structural pathways of the multisensory network, 
it is reasonable to posit that multisensory signals can be 
integrated even in the absence of inputs from primary 
sensory and posterior parietal regions that play an impor-
tant role in conscious perception (see Koch et al. 2016, 
for review). Here, we investigate whether multisensory 
processing in the absence of conscious visual perception 
due to atrophy to the posterior visual system can indeed 
enhance motor responses.

In the present study, we used a simple detection task 
with semantically congruent (i.e., a tweeting bird and 
a barking dog) and incongruent (i.e., a barking bird or 
a tweeting dog) presentations of audiovisual stimuli 
presented at one of a range of auditory-visual stimulus 
onset asynchronies (SOAs). We predicted multisensory 
enhancements to be larger for congruent than for incon-
gruent audiovisual stimuli. Unisensory and multisen-
sory processing was assessed with this task in a patient 
(AB) with Posterior Cortical Atrophy (PCA) and healthy 
age-matched elderly controls. PCA is a neurodegenera-
tive disorder characterised initially by visual-spatial and 
visual-perceptual deficits, that, in most cases, include 
simultanagnosia [i.e., a deficit in simultaneous form 
perception; (Borruat 2013; Kinsbourne and Warrington 
1962)]. AB’s visual perceptual problems were so severe 
that he had difficulty perceiving individual objects when 
presented rapidly (i.e., for the durations of less than 
1 s—when images were presented for longer durations 
AB was able to name objects as his language processes 
and working memory abilities were relatively intact), thus 
providing us with the ideal rare case with which to assess 
multisensory processing with unconscious visual signals.

Materials and methods

Participants

Patient AB, with PCA, was 65 years old at the time of 
testing (November 2014–February 2015). See Fig. 1 for 
clinical MRI images. He had profound visuospatial prob-
lems and simultanagnosia. For example, he was unable to 
identify any of the figures in the Boston Cookie Theft pic-
ture (Goodglass et al. 2000), except for the woman at the 
sink. There was also strong evidence of extinction. Given 
200 ms exposures of letters 3 degrees to the left or right 
of his fixation he was able to identify 75% of single items 
(N = 48, 83% left and 67% right) but failed to identify both 
letters on any of the trials when 2 letters were presented 
simultaneously (identifying the left item on only 58% of 
the trials and the right letter on only 25%). Control partici-
pants can identify both items under such conditions. There 
was moderate optic ataxia when reaching for items in his 
right visual field. He scored 50/100 on the Addenbrookes 
Cognitive Examination-III (Hsieh et al. 2013) when tested 
in March 2015 (attention 6/18; memory 16/26; fluency 
9/14; language 18/26; visuospatial 1/16). He identified 
75% of correctly coloured photographs of common objects 
but only 44% of line drawings of the same items (N = 32). 
He had an auditory forward digit span of 5, which is within 
the normal range, and a backwards span of 2.

We tested twelve healthy elderly controls (HC), ranging 
between 63 and 82 years of age, with no prior history of 
neurological or psychiatric disorders, normal or corrected 
to normal vision, and normal hearing (M age = 72 years, 
SD = 5.7 years, 6 males).

All participants provided informed consent prior to 
participation, and all procedures were ethically approved 
and strictly adhered to the guidelines of the University 
of Oxford Central University Research Ethics Committee.

Stimuli and procedure

All of the participants were presented with auditory (A), 
visual (V), and audiovisual (AV) stimuli of a dog and 
a bird. The auditory stimuli were presented from two 
loudspeakers positioned one on each side of the screen. 
The stimuli on each side had equal intensity measuring 
approximately 75 dB at the participant’s ears (note that 
this set-up led to the sound appearing to come from the 
centre of the screen). The visual stimuli consisted of col-
oured pictures of a dog and a bird of approximately 3° of 
visual angle presented against a white background. The 
visual stimuli were presented on a 15 inch monitor at a 
distance of approximately 70 cm at participants’ central 
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point of fixation. For the audiovisual stimuli, semantically 
congruent (e.g., the image and sound of a dog or a bird), 
and incongruent (e.g., image of a dog with the sound of a 
bird or vice versa) stimuli were presented with a variable 
stimulus onset asynchrony (SOA) of: − 300, − 200, − 100, 
− 50, 0, 50, 100, 200, and 300 ms (negative SOA values 
indicates that the auditory stimulus was presented first) 
for a duration of 380 ms, all presented randomly and with 
equal probability. Initially, a small fixation cross was pre-
sented (0.5° visual angle) for 500 ms duration followed by 
a random sequence of unisensory and multisensory stim-
uli with an inter-stimulus interval (ISI) randomly varying 
between 2000 and 3000 ms in 20 blocks of 44 stimulus 
presentations, each block lasting approximately 2 min. 
The participants were instructed to make a simple speeded 
detection response as rapidly and accurately as possible 
upon the detection of a stimulus (i.e., on unisensory and 
multisensory trials alike), and were allowed up to 44 
practice trials before beginning the task. The participants 
were given the option of breaks between each block, and 
to complete the blocks in 1 session with a 10–15 min break 
between each set of 10 blocks, or in two sessions (i.e., 10 

blocks in each session) on separate days. Participant AB 
completed the blocks in two sessions, and an additional 
third set of 10 block in a third session that included blank 
stimuli that did not require a response to assess his false 
alarm rates in general (note that the pattern of results did 
not differ in this additional third session, therefore, AB’s 
data from all 3 sessions were combined).

Data processing

For each individual and stimulus condition response, both 
the RT and accuracy were measured. For multisensory stim-
uli, RTs were always measured from the onset of the first 
sensory signal. Only RTs over 100 ms and less than 3 SD of 
the mean were accepted as correct responses and included 
in the RT analysis. Less than 2% of RTs were rejected based 
on this criterion. For each stimulus type, the percentage error 
rate and mean RTs were calculated. To assess the variabil-
ity of RT, the coefficient of variation (Cv) of RTs was also 
calculated by dividing the standard deviation (∂) of the RTs 
with the mean RT (µ) (i.e., Cv = ∂/µ).

Fig. 1   Clinical T1 weighted 
MRI image of AB’s brain 
acquired on a 1.5 T scanner 
showing structural abnor-
malities and the thinning of the 
cortex in the posterior of the 
brain. Ventricular enlargement 
was also observed
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Multisensory enhancement was assessed by subtract-
ing the RTs for multisensory signals from the faster of the 
unisensory RTs (note that a positive value depicts faster 
RTs, while a negative value represents slower RTs for mul-
tisensory as compared to unisensory signals).

Results

Multisensory enhancement in elderly adults

Multisensory integration enhanced the speed and reli-
ability of RTs for multisensory stimuli with SOAs less 
of than 100 ms (Fig. 2). A 2(stimulus type: congruent vs 

Fig. 2   Unisensory and multisensory responses for healthy con-
trol participants (HC) and patient AB. a Percentage error rates (%) 
(±  SEM for HC) for participant AB and healthy controls (HC) for 
unisensory stimuli (A—navy bars and V—magenta bars) and multi-
sensory congruent (cAV—cyan bars) and incongruent (icAV—orange 
bars) stimuli, and stimulus onset asynchronies (SOAs) as shown 
along the x-axis in ms (note for all relevant panels: − SOAs = audi-
tory stimulus presented first and + SOA = visual stimulus presented 
first). Also for participant AB the black bar = false alarm rates (FA) 
for no stimulus conditions. b Reaction times (RTs) (± SEM for HC) 
for unisensory and audiovisual stimuli. c RTs gain measures (± SEM) 
for audiovisual stimuli calculated by subtracting the audiovisual stim-

ulus from the faster of the unisensory stimulus (note that positive val-
ues depict gain or faster RTs while negative values depict slower RTs 
for multisensory stimuli). d Coefficient of variation (Cv) for unisen-
sory and audiovisual RT measures. Note that for panels b, c, and d 
grey lines denote individual HC cases (triangles = cAV and  diagnol 
crosses = icAV stimuli). e Cumulative distribution functions for audi-
tory (A), visual (V) and audiovisual congruent (cAV) and incongru-
ent (icAV) stimuli with a 0 SOA for AB and HC participants. Note 
that AB failed to respond to the majority of visual alone stimuli; for 
AB a visual CDF cannot be calculated. Note that colour key applies 
for all panels
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incongruent stimuli) × 9(SOA) repeated measures ANOVA 
comparing gain measures revealed only a significant main 
effect of SOA, F(8,88) = 23.47, p < 0.001, eta = 0.68. 
Healthy controls exhibited the typical inverse U-shape pat-
tern of responses with optimal benefits (i.e., significantly 
faster RTs for multisensory stimuli than for unisensory 
stimuli) observed for audiovisual stimuli in close temporal 
proximity—i.e., at SOAs of less than 100 ms (see Fig. 2c). 
Surprisingly, the same pattern of results was observed for 
both congruent and incongruent multisensory stimuli. The 
variability of RTs also decreased, particularly when the 
auditory and visual signals were synchronous and the visual 
signal preceded the auditory signal (see Fig. 2d for the coef-
ficient of variations of the RTs): The variability of responses 
for audiovisual stimuli tended to be the same or lower for 
multisensory as compared to unisensory stimuli. As can be 
observed in the cumulative probability distributions of RTs 
presented in Fig. 2e, the entire RT distributions for congru-
ent and incongruent multisensory stimuli were faster than 
for the unisensory stimuli.

Multisensory enhancements in PCA

Patient AB (with PCA), just like the control participants, 
also responded to auditory and multisensory stimuli (both 
congruent and incongruent) with relatively high accuracy 
(i.e., error rates below 20% for all three stimulus types). 
However, AB failed to respond to the vast majority of the 
visual stimuli, with an error rate of well over 90% on the vis-
ual only trials (see Fig. 2a). Indeed, AB’s response rate for 
the visual stimuli was comparable to his false alarm rates to 
catch trials in which no stimulus was presented (see Fig. 2a), 
thus implying that he was unable to perceive and respond to 
the unimodal visual stimuli. For example, when asked to dis-
criminate the bird from the dog (data not presented here) and 
only respond to the bird, AB’s performance was well below 
chance for both unisensory visual and incongruent multi-
sensory with visual targets stimuli (for both, discrimination 
errors, i.e., miss rates, were > 95%). Thus, although AB was 
able to detect congruent target stimuli using the auditory 
signal, he was unable to reliably match congruent audio-
visual signals, further suggesting that he was responding 
only to the auditory component of the multisensory stimuli. 
However, when the images were presented on the screen for 
longer durations (i.e., until the images were detected and 
named, which was well over 2 s in all cases), AB was able 
to discriminate and correctly name visual presentations of 
the bird and the dog. Error rates for control participant were 
at floor level, thus violating the assumption of normality. 
Therefore, nonparametric statistics were used to compare 
the error rates of AB and the control participants; a series of 
one sample bootstrapping procedures with 10,000 samples 
and a confidence interval set at 95% were applied for each 

condition to compare AB’s error rates with control partici-
pants. Error rates were significantly higher for AB than for 
control participants for all unisensory stimuli and for the 
multisensory stimuli with a large SOA. However, compari-
sons failed to reach statistical significance for congruent and 
incongruent multisensory stimuli presented in close tem-
poral proximity: that is, for audiovisual stimuli where the 
SOA was smaller than 100 ms, AB’s error rates did not differ 
significantly from controls (for all p > 0.05).

RTs for all stimuli were slower for AB than for the control 
participants (see Fig. 2b). Despite responding more slowly to 
all stimuli and failing to respond to over 90% of the unimodal 
visual stimuli, AB still showed large multisensory RT gains 
comparable to controls, particularly when the auditory signal 
was presented first. By contrast, when the visual stimulus 
was presented first, RTs were slower than when the auditory 
signal was presented alone (note that RTs are measured from 
the onset of the first signal, and the observed RT delays are 
similar to the SOAs between the signals when the visual sig-
nal is presented first), thus suggesting that AB was unable to 
perceive the visual stimulus and was responding solely to the 
auditory signal (see Figs. 2b, 1c). Despite AB showing simi-
lar levels of multisensory gain as the controls, his pattern of 
multisensory gain as a function of the SOA was notably dif-
ferent. First, the typical bell-shaped curve was not observed 
for AB. That is, his responses were enhanced even when 
the auditory signal preceded the visual signal by as much as 
300 ms (i.e., with an SOA of − 300 ms). Unlike the control 
participants, he also exhibited significant RT costs, which 
paralleled the SOA, when the visual stimulus was presented 
first, further suggesting that AB was unable to perceive the 
visual signal, and that he was only responding to the audi-
tory signal. Differences in multisensory gain measures (pre-
sented in Fig. 2c) between AB and the control participants 
were assessed using a series of modified one-sample t tests 
(Crawford et al. 2011). Multisensory gains with auditory 
stimuli leading by 300 ms approached significance (i.e., fail-
ing to reach significance with a Bonferroni correction), and 
significant RT costs were observed when the visual signal 
led by 200 and 300 ms for both congruent and incongruent 
multisensory stimuli (see Table 1 for the outcomes of the t 
test). Furthermore, consistent with the data from the control 
participants, greater multisensory RT variability was only 
observed for AB with large SOAs and only when audition 
was presented first. For both AB and control participants, RT 
variability decreased for audiovisual stimuli when the visual 
signal was presented first. This result suggests that not only 
are RTs faster with multisensory stimuli relative to auditory 
stimuli, their variability also decreases, suggesting a gain in 
both the speed and reliability of RTs. Despite the severity 
of AB’s visual perceptual deficits, he was nevertheless still 
able to gain from multisensory stimulation, improving the 
speed and reliability of his RTs.
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Discussion

Multisensory enhancement is a robust phenomenon and is 
often driven by the task relevance of multisensory signals 
(Barutchu et al. 2013; Sinnett et al. 2008). The present study 
further demonstrates that the task-relevance of signals can 
override prior learned semantic associations to enhance mul-
tisensory information processing as all of the participants, 
including controls, showed enhancements of a similar mag-
nitude with congruent and incongruent multisensory stimuli.

It is not surprising that our patient with PCA did not show 
enhanced semantic congurency effects given his wide spread 
posterior brain degeneration, and the fact that he was unable 
to see the visual signals. However, it was surprising that, 
in this paradigm, previously learnt semantic multisensory 
associations could be ignored by the control participants, 
as they were not relevant to the task at hand. This finding 
deviates from our expectations based on prior studies that 
have also used domestic animal stimuli as in the present 
study and demonstrate experience-dependent multisensory 
enhancements in speeded discrimination tasks (Molholm 
et al. 2004). The outcomes of the present study are also 
inconsistent with those studies that have shown prior mul-
tisensory subliminal effects that are dependent on semantic 
crossmodal learned relations (Cox and Hong 2015; Faivre 
et al. 2014). This divergence in findings can perhaps be 
explained by the fact that the present study used a speeded 
detection paradigm, whereby both auditory and visual sig-
nals were targets irrespective of the semantic congruence of 
the stimuli. In contrast, in those previous studies that have 
used discrimination based paradigms (Molholm et al. 2004), 
only semantically congruent multisensory stimuli consist of 
two targets, while semantically incongruent multisensory 
stimuli consisted of single targets (e.g., if the target animal is 

a ‘cat’, then a semantically congruent ‘meowing cat’ consists 
of two targets, while the semantically incongruent stimuli of 
‘meowing lamb’ or a ‘baaing cat’ consist of single targets). 
Other previous research has also demonstrated optimal mul-
tisensory enhancement when attention is directed to multiple 
senses rather than when focused on a single sensory com-
ponent of a multisensory signal (Miller 1982, 1986). These 
findings are also consistent with the results of those studies 
that have demonstrated that some multisensory processes 
are invariant with respect to semantic congruence [e.g., 
in semantic categorization tasks (Shepherdson and Miller 
2016) and the extinction-like component of the Colavita vis-
ual dominance effect (Koppen et al. 2008)]. Here, we further 
demonstrate the flexibility of the multisensory system, and 
how the effect of prior semantic learning on multisensory 
integration can be vetoed depending on the relevance of 
stimuli and task demands.

Importantly, we demonstrate for the first time that mul-
tisensory processing of both semantically congruent and 
incongruent stimuli can enhance RTs, and improve the reli-
ability of responses, even in a patient with severe visual per-
ceptual deficits. Thus, this study extends previous research 
that has shown multisensory facilitation effects with sublimi-
nal semantically congruent stimuli in healthy young adults 
(Cox and Hong 2015; Faivre et al. 2014). It also expands 
on prior research that has shown multisensory integration 
can help restore conscious awareness of stimuli in neglect 
and hemianopia patients. Indeed, this case with PCA is very 
different from a neglect and hemianopia patient, who would 
typically perceive centrally presented flashing transient stim-
uli (particularly in the absence of competing visual stimuli as 
in the present experimental set-up), and even when signals 
are presented in their neglected or ‘blind’ side, multisensory 
integration has been shown to enhance conscious perception 
(e.g., Calamaro et al. 1995; Frassinetti et al. 2005; Leo et al. 
2008; Passamonti et al. 2009; Soroker et al. 1995). In con-
trast, multisensory integration did not reliably restore con-
scious perception in the patient we studied with PCA. How-
ever, despite our patient failing to respond to visual stimuli, 
he nevertheless still exhibited improvements in response 
speed, and a decrease in RT variability, under both congru-
ent and incongruent multisensory conditions. Our patient 
with PCA may also have a larger temporal window of multi-
sensory integration. Unlike in our healthy controls, enhance-
ments were observed when the auditory signal preceded the 
visual signal by 300 ms. This difference in enhancement 
between our patient with PCA and the control group failed 
to reach significance with a Bonferroni correction, though 
with a p value of 0.03 it is importance to acknowledge the 
possibility of a Type II error. For the multisensory system 
to be ecologically valid, it needs to tolerate large spatial and 
temporal discrepancies given the difference in the speed at 
which auditory and visual signals travel, and differences in 

Table 1   One-sample t test comparisons for congruent and incongru-
ent audiovisual stimuli, comparing multisensory gains in AB to con-
trol participants

For all comparisons df = 11
*Denotes a significant t test with Bonferroni correction

SOA Congruent Incongruent

t value p value t value p value

− 300 1.52 0.08 2.05 0.03
− 200 0.50 0.31 − 0.41 0.34
− 100 0.04 0.48 − 0.96 0.18
− 50 0.87 0.20 0.02 0.49
0 − 0.18 0.43 − 0.68 0.26
50 − 0.16 0.44 − 0.63 0.27
100 − 3.11 0.005 − 2.90 0.007
200 − 8.98 < 0.001* − 8.54 < 0.001*
300 − 11.98 < 0.001* − 10.91 < 0.001*
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neural processing times. Consistent with the findings in our 
control group, the likelihood of auditory and visual signals 
being integrated into a unified percept is greatest when audi-
tory and visual signals are spatially and temporarily aligned 
within 100 ms (e.g., Lewald and Guski 2003), nevertheless, 
multisensory stimuli can be integrated into unified objects or 
events even with temporal disparities up to 800 ms (Wallace 
et al. 2004b). Interestingly, similar to our case with PCA but 
not our control participants, using a speeded picture catego-
rization task, Chen and Spence (2013) showed multisensory 
semantic congruence effects only when the auditory stimulus 
preceded the visual signal by 240 ms or more. In contrast, 
with SOAs within 100 ms an inhibitory effect was found 
irrespective of semantic congruence. Differences in find-
ings between studies could be due to the fact that we used a 
simple detection rather than an image categorization task. 
Indeed, the spatial and temporal properties of multisensory 
integration have a complex relationship dependent not only 
on the task at hand, but the type of signals being integrated 
(e.g., novel signals vs. naturalistic images and sounds) (e.g., 
Chen and Spence 2013, 2017; Spence 2013; Stevenson et al. 
2012). In this case with PCA, given that the primary visual 
and posterior parietal brain regions are affected, a degrada-
tion or lack of visual information from these brain regions 
may have led to the broadening of the temporal integration 
window for multisensory signals to compensate for the loss 
of visual information.

On the other hand, when the visual signal preceded the 
auditory signal, the RTs of our patient with PCA slowed 
significantly relative to the onset of the first signal (in this 
case vision). This slowing down of RTs was comparable to 
the SOA between the auditory and visual signal, thus sug-
gesting that the participants were indeed not perceiving the 
visual signal and only responding to the auditory signal. In 
this case, the auditory signal needed to precede the visual 
signal for multisensory integration to enhance performance. 
Previous studies have shown that multisensory processes 
are partly dependent on attention (e.g., Alsius et al. 2005; 
Talsma et al. 2010), and, therefore, the consciously per-
ceived auditory signal may have needed to precede the sub-
consciously processed visual signal to capture attention to 
engage multisensory processes and consequently enhance 
RTs. Thus, in this case, multisensory processes can enhance 
information processing even in the absence of conscious 
awareness of the visual stimuli, but only when the auditory 
signal is in very close temporal proximity with, or precedes, 
the visual signal.

The present study only focused on the multisensory 
enhancement of RTs. Response accuracy was at ceiling 
for our control participants, and in our patients with PCA 
the response accuracy was not enhanced by semantic con-
gruency, nor by multisensory integration. However, the 
semantic congruency of subliminal multisensory signals 

and conscious learning may be important when it comes to 
enhancing response accuracy and other multisensory phe-
nomena, which should be investigated by further research. 
Indeed, some multisensory relations that are likely to be 
learnt, such as the importance of temporal congruence 
between multisensory signals, were observed in the present 
study. However, previous adaptation studies have demon-
strated that even environmentally well-established processes, 
such as the temporal and spatial coding of multisensory 
stimuli, can be recalibrated in adults (e.g., Gallace et al. 
2007; Harrar et al. 2016; Simon et al. 2017; Van der Burg 
et al. 2015). Our participant with PCA may have also showed 
some signs of such calibration of his temporal multisensory 
integration window. Indeed protracted learning and environ-
mental experience is important for establishing multisen-
sory processes throughout development (e.g., Barutchu et al. 
2009; Gori et al. 2008; Wallace et al. 2004a), nevertheless, 
the mature adult system remains adaptable, plastic, and is 
able to rapidly recalibrate to meet the demands of specific 
tasks, and perhaps even to compensate for changes in sen-
sory perception.

In our participant with PCA, although posterior cortical 
regions and functions were impaired, given that motor, lan-
guage and executive processes were relatively functional, a 
large component of the multisensory cortical and subcortical 
network over frontal and temporal brain regions, including 
subcortical areas such as the superior colliculus and thala-
mus (Driver and Noesselt 2008; Stein and Meredith 1993; 
Stein and Stanford 2008), may have remained intact to sup-
port the observed multisensory motor enhancement. Indeed 
both the thalamus and the colliculi receive direct inputs from 
the auditory and the visual sensory systems, and both brain 
regions have independent ascending and descending pro-
jects, not only to cortical primary sensory areas, but also to 
higher association regions involved in multisensory process-
ing (e.g., Cappe et al. 2009; Grieve et al. 2000; Stein and 
Meredith 1993). Therefore, to enhance RTs, sub-conscious 
visual and auditory signals might be integrated in subcorti-
cal regions (e.g., thalamus and superior colliculus), or infor-
mation could be integrated in higher multisensory associa-
tion areas, bypassing the primary sensory regions needed for 
conscious perception, before being relayed to motor regions 
for faster output. Further research is needed to dissociate 
between these possibilities, and to develop a better under-
standing how cortical and subcortical multisensory brain 
areas contribute to conscious and subconscious perceptual 
processes.

In conclusion, neither prior learning, nor conscious per-
ception of sensory signals, is necessary for the occurrence of 
multisensory enhancement in this patient with PCA; visual 
stimuli that remain unconscious can be integrated with infor-
mation from other sensory systems (no matter whether it is 
semantically congruent and incongruent) and by so doing 
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enhance the speed and reliability of RTs. This finding may 
potentially be important for the development of novel reha-
bilitation strategies, and calls for further research into the 
use of multisensory signalling in neurorehabilitation, the 
benefits of which extend well beyond conscious perception 
as demonstrated in the present study.
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