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Auditory and visual sensory loss has repeatedly been shown to alter abilities in remaining sensory 

modalities. It is, however, unclear whether sensory loss also impacts multisensory integration; an 

ability that is fundamental for the perception of the world around us. We determined effects of 

complete olfactory sensory loss on multisensory perception by assessing temporal as well as semantic 

aspects of audio-visual integration in 37 individuals with anosmia (complete olfactory sensory loss) 

and 37 healthy, matched controls. Participants performed a simultaneity judgement task to 

determine the temporal binding window, and a multisensory object identification task with 

individually degraded, dynamic visual, auditory, and audio-visual stimuli. Individuals with anosmia 

demonstrated an increased ability to detect multisensory temporal asynchronies, represented by a 

narrowing of the audio-visual temporal binding window. Furthermore, individuals with congenital, 

but not acquired, anosmia demonstrated indications of greater benefits from bimodal, as compared 

to unimodal, stimulus presentation when faced with degraded, semantic information. This suggests 

that complete olfactory sensory loss alters multisensory integration of remaining senses by 

sharpening the perception of cross-modal temporal violations, independent of sensory loss etiology. 

In addition, congenital sensory loss may further lead to increased gain from multisensory, compared 

to unisensory, information. Taken together, multisensory compensatory mechanisms at different 

levels of perceptual complexity are present in individuals with complete olfactory sensory loss. 

 

INTRODUCTION

Sensory deprivation can alter abilities in the 

remaining senses, often enhancing specific aspects 

of performance. These altered abilities have been 

thoroughly studied in isolated sensory modalities, 

such as auditory or tactile abilities in blind 

individuals, and the enhanced abilities are often 

argued to be a compensation for the lost sensory 

modality. From this compensatory view, it could 

further be argued that the necessity to integrate 

information from multiple senses to utilize all 

available input optimally should be even greater 

when information from one sensory modality is 

unreliable or completely unavailable. Yet, few 

studies have explored whether the ability to 

integrate information from multiple senses, so-

called multisensory integration (MSI), is affected 

by sensory loss.  

The literature provides a rich documentation of 

blind individuals excelling in auditory tasks; 

primarily related to spatial processing (Lessard et 

al. 1998; Röder et al. 1999; Voss et al. 2004; 

Collignon, Voss, et al. 2009), but also to other tasks, 

e.g., pitch discrimination (Gougoux et al. 2004; 

Voss and Zatorre 2012). The compensatory abilities 

displayed by blind individuals are not limited to the
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auditory domain but extend to tactile (Goldreich 

and Kanics 2003; Legge et al. 2008) and olfactory 

tasks (Rombaux et al. 2010; Cuevas et al. 2009). In 

line with these cross-modal compensatory abilities 

in the blind, deaf individuals have also been shown 

to outperform hearing controls in tactile (Levänen 

and Hamdorf 2001) and visual tasks (Bavelier et al. 

2006; Dye et al. 2009). These behavioral 

enhancement effects are commonly stronger in 

individuals with congenital or early-onset sensory 

loss, compared to individuals with a sensory loss 

acquired later in life (Voss and Zatorre 2012; 

Gougoux et al. 2004; Voss 2013; Merabet and 

Pascual-Leone 2010). Although there is strong 

evidence for cross-modal enhancement effects, also 

equal (Cornell Kärnekull et al. 2016; Alary et al. 

2009) or even decreased (Zwiers et al. 2001; 

Lewald 2002; Bolognini et al. 2012) abilities in 

remaining senses have been observed. The 

discrepancy of these results can, at least partially, 

be explained by very heterogeneous patient groups 

in terms of, e.g., the duration, cause, and severity of 

sensory loss (Merabet and Pascual-Leone 2010) 

combined with small sample sizes (not unusual with 

<10 individuals). The small samples are a logical 

consequence of the sparseness of individuals 

displaying complete blind- or deafness in the 

general population. Individuals with visual sensory 

impairment or complete auditory sensory loss 

constitute approximately 0.7 % and 0.2 % of the 

general Swedish population (Statistiska 

centralbyrån 2018), while individuals with 

olfactory sensory impairment (hyposmia) and 

complete olfactory sensory loss (anosmia) 

constitute the largest group of individuals with 

sensory loss, with a prevalence of 20 % and 5 %, 

respectively (Landis et al. 2004; Brämerson et al. 

2004). Despite the high prevalence of anosmia, the 

number of studies investigating cross-modal 

behavioral compensation in this population is 

strikingly low. As of today, studies have focused 

nearly exclusively on the processing of the 

remaining chemical senses, the gustatory and the 

trigeminal sense. In sharp contrast to the 

compensatory abilities often reported in blind and 

deaf individuals, anosmia has been linked to a 

reduction in chemosensory abilities (Landis et al. 

2010; Frasnelli et al. 2010; Hummel et al. 2003; 

Gagnon et al. 2014). These negative consequences 

of olfactory loss have been attributed to the fact that 

the three chemical senses are strongly 

interdependent (Frasnelli et al. 2011; Reichert and 

Schöpf 2018); they form a holistic flavor perception 

(Small 2012), and are processed in overlapping 

cortical networks (Lundström et al. 2011). Whether 

cross-modal compensatory effects of anosmia on 

non-chemical sensory modalities exist remains to 

be investigated. 

Moreover, in addition to investigating cross-modal 

compensatory effects of anosmia on non-chemical 

senses, it still needs to be determined whether 

compensatory effects of sensory deprivation on 

unisensory processing also extend to multisensory 

processing. As of today, few studies have addressed 

the effects of sensory deprivation on MSI. Reasons 

for this could be an incompatibility of the field of 

sensory deprivation and the field of MSI, with the 

former focusing on blind and deaf individuals, 

whereas the majority of experimental paradigms 

investigating MSI depend on the integration of 

visual and auditory inputs. Therefore, studying 

individuals with anosmia to investigate the effects 

of sensory loss on MSI provides two strong 

advantages compared to studying blind or deaf 

individuals: it facilitates the use of larger samples 

sizes and enables the use of established audio-visual 

integration paradigms not suited for blind or deaf 

individuals. 

In general, the integration of complementary 

information from different senses leads to 

behavioral benefits, such as enhanced accuracy, 

improved detection, and reduced response time 

(Stevenson, Ghose, et al. 2014; Murray et al. 2016; 

Stein and Stanford 2008). To better utilize sensory 

integration of remaining senses would therefore be 

of great compensatory benefit to individuals 

suffering from sensory loss. Moreover, there is a 

strong link between olfactory and multisensory 

processing, with cross-modal and multisensory 

effects evident in primary olfactory areas such as 

the olfactory bulb (Czarnecki et al. 2018), olfactory 

tubercle (Wesson and Wilson 2010), and piriform 

cortex (Porada et al. 2018), and it was recently 

demonstrated that multisensory areas directly 

influence olfactory cortex when processing visuo-

olfactory stimuli (Lundström et al. 2018). Given 

this link between early olfactory areas and 

multisensory processing, altered MSI performance 

could be expected as a consequence of olfactory 

loss. Further support for the notion of altered MSI 

as a consequences of sensory loss is provided by the 

functional reorganization of cerebral areas linked to 

MSI processing in sensory deprived animals and 
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humans (Hyvärinen et al. 1981; Bavelier and 

Neville 2002). Taken together with the cross-modal 

enhancement effects that have been demonstrated in 

other sensory loss populations, it is sensible to 

assume that an increased, rather than decreased, 

MSI performance would be manifested in 

individuals with anosmia. 

We hypothesized that the loss of olfactory functions 

has supra-modal compensatory consequences and 

results in more efficient information processing of 

multisensory stimuli. We assessed the ability to 

integrate multisensory information in individuals 

with anosmia and matched, healthy controls using 

two well-established audio-visual experimental 

paradigms that focus on temporal as well as on 

semantic aspects of audio-visual integration. One 

task employed perceptually simple audio-visual 

stimuli to investigate temporal integration of 

multisensory stimuli. Specifically, we assessed the 

audio-visual temporal binding window (TBW), a 

limited time span between two stimuli during which 

binding of the two into one percept is highly 

probable (Vroomen and Keetels 2010; Stein and 

Stanford 2008; Stevenson et al. 2012). The other 

task focused on integration of more complex, 

dynamic stimuli (audio and video clips of common 

objects) in an object identification task. The task 

was based on the principle of inverse effectiveness, 

stating that weaker unimodal stimuli (i.e., stimuli 

more difficult to perceive) lead to stronger 

integration effects (Stein and Meredith 1993); the 

stimuli were therefore degraded (overlaid with 

noise) and presented either uni- or bimodally to 

investigate the performance gain for multi- as 

compared to unimodal object presentations. In 

combination, these established experimental tasks 

investigating various MSI abilities enabled us to 

explore a wide spectrum of potential cross-modal 

compensatory abilities in the form of audio-visual 

integration in individuals with anosmia. 

METHOD 

Participants 

A total of 74 participants in the age span of 18-59 

were included in the study: 37 individuals with 

isolated, non-traumatic, functional anosmia (25 

women; mean age 36.7 ± 11.2 years) and 37 healthy 

controls (25 women; mean age 35.9 ± 12 years), 

matched in terms of sex, age, and educational level. 

The reported cause of anosmia was congenital (n = 

25), with no recollection of ever experiencing 

odors, and acquired anosmia, subdivided into upper 

respiratory tract infections (n = 6), idiopathic (n = 

5), and allergic reaction (n = 1). The duration of 

olfactory loss for participants with acquired 

anosmia was at least 22 months prior to 

participation in the study (mean duration 10.7 years, 

SD = 7.7 years). All participants demonstrated 

normal/corrected-to-normal visual (Snellen’s visual 

acuity evaluation, Snellen 1862) and auditory 

(computerized whispered voice test, Pirozzo et al. 

2003) functions. The existence of a functional sense 

of smell (control group) or anosmia (patient group), 

was established with Sniffin’ Sticks 16 odor 

identification test (Hummel et al. 2007) (Control: 

mean score = 13.6, SD = 1.3, range = 11-16; 

Anosmia: mean score = 4.4, SD = 1.7, range = 1-7; 

chance level = 4). Participants did not use 

psychiatric medications or other medications that 

could affect their sensory functions, and their intake 

of alcohol and caffeine was restricted prior to 

testing. All participants provided written informed 

consent and all aspects of the study were approved 

by the local ethical review board. 

Procedure 

The study consisted of two audio-visual integration 

tasks. One task assessed temporal congruency 

perception between auditory and visual stimuli by 

means of simultaneity judgements. The other task 

assessed semantic object identification when 

presented with dynamic auditory, visual, or audio-

visual stimuli. The order of the tasks was 

counterbalanced with a break in between. 

Simultaneity judgement task 

Temporal congruency perception was assessed by a 

simultaneity judgement task, in which audio-visual 

stimulus pairs were presented either temporally 

synchronized or unsynchronized on a computer 

screen and through headphones (JBL J55, JBL Inc., 

Los Angeles, CA). Each trial (Figure 1) began with 

a white crosshair fixation cross centered on a black 

background for 1-1.5 s (jittered) before the visual 

stimulus (white circle with an outer diameter of 15 

degrees and an inner diameter of 7.5 degrees of 

visual angle, centred around the fixation cross) was 

presented for a duration of 16.7 ms (one monitor 

refresh cycle). The auditory stimulus (1.8 kHz beep, 
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Figure 1. Simultaneity judgement 
task. The auditory stimulus was 
presented either before, after, or 
at the same time as the visual 
stimulus with a Stimulus Onset 
Asynchrony (SOA) ranging from -
0.3 s to 0.3 s in 15 steps. 
Participants judged whether the 
stimuli were presented 
simultaneously or not. 

 

87 dB) was presented binaurally for a duration of 

16.7 ms, either simultaneously with the visual 

stimulus, or at a stimulus onset asynchrony (SOA) 

ranging from -300 ms (auditory leading) to +300 ms 

(auditory lagging) divided in 15 steps (0, ±25, ±50, 

±100, ±150, ±200, ±250, ±300 ms). The visual 

stimulus presentation was followed by a 0.5 s 

fixation cross before a question mark appeared, 

indicating the onset of a 2 s long response period 

during which the participant was to respond 

“simultaneous” or “not simultaneous” using the left 

and right arrow key on the keyboard (key 

assignment randomized across participants); 

omission trials were removed prior to analysis (8 % 

of all data; no significant group difference in 

number of omission trials, t(49.4) = 1.17, p = .25, d 

= 0.27). The response period was followed by a 0.6 

s black screen leading to the start of the following 

trial.  

The task started with five practice trials followed by 

200 experimental trials divided into four blocks of 

equal length with breaks in-between. To minimize 

response bias, the number of trials in which an 

asynchrony is assumed perceivable was equalized 

with the number of trials in which asynchrony is 

assumed unperceivable, i.e., the experimental trials 

with SOAs in the range -50 ms to +50 ms were 

presented with a 2:1 ratio to the experimental trials 

with SOAs in the range ±100 to ±300 (van Eijk et 

al. 2008; Vroomen and Keetels 2010; Powers et al. 

2009). Stimulus presentation was controlled using 

PsychToolbox 3.0 for MATLAB 2015b. Auditory 

temporal accuracy was enhanced using an external 

soundcard (Scarlett 2i2, Focusrite Inc. High 

Wycombe, England) and the exact SOAs were 

measured using a custom built photodiode and 

auditory signal spectra using PowerLab 

(ADInstruments, Colorado Springs, CO, USA) to 

ensure temporal precision in stimulus presentations. 

Maximum variability of SOA, at any given time, 

over an average session was ±4 ms. 

Object identification task 

Stimuli 

Four video clips and four corresponding audio clips 

clearly representing common, familiar, objects 

(“wood fire”, “lawn mower”, “popcorn”, and 

“flopping fish”) with a variety of visual movement 

and sound types were obtained from Shutterstock 

(http://www.shutterstock.com). The video and 

audio clips were edited according to a procedure 

previously described in detail (Regenbogen et al. 

2016; Regenbogen et al. 2018), resulting in stimulus 

durations of 2000 ms with a 100 ms fade-in and 

fade-out ramps and a root mean square equalization 

of -23 dB loudness for audio clips, and a resolution  

of 720*200 pixels for video clips. In addition to 

these object depicting clips, “zero information 

stimuli” of 2000 ms duration, depicting salt and 

pepper noise (visual) and pink noise (auditory), 

were created in MATLAB 2015b (The MathWorks 

Inc., Natic, MA, US).  

Threshold assessment 

Prior to the multisensory object identification task, 

individual psychophysical thresholds 

corresponding to a 75 % performance accuracy for 

each unimodally presented object were assessed by 

adding noise (visual - salt and pepper; auditory - 

pink noise; Figure 2) to the stimuli in an adaptive 

staircase procedure using MATLAB 2015b, as 
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 Figure 2. Stimulus examples for the object identification 
task. Dynamic auditory and visual stimuli of four objects 
(here represented by the “wood fire” object) were overlaid 
with noise (visual - salt and pepper; auditory - pink noise) 
using a staircase procedure to get individually degraded 
stimuli. 

 

 

previously described in detail (Regenbogen et al. 

2016; Regenbogen et al. 2018). In short, two 

separate threshold assessment blocks were 

performed, one for video clips and one for audio 

clips (counter-balanced order). A fixation cross on 

a dark grey background was followed by a 2000 ms 

stimulus presentation (visual stimuli presented 

centrally on the screen; auditory stimuli binaurally 

through headphones with a mean loudness level of 

67 dB; object order randomized). After the stimulus 

presentation, an alternative list depicting the four 

objects and the alternative “nothing” together with 

assigned keys on the keyboard was presented on the 

screen for a time period of 1.5 s, during which the 

participant had to respond. Two consecutive correct 

responses triggered an increase in noise level and 

one incorrect response triggered a decrease in noise 

level. Specifically, to speed up threshold 

determination, a correct response during the first 

trial for each object lead to an increase of three noise 

levels. The noise level increased three levels for 

each correct response until the first incorrect 

response (choosing the wrong object, “nothing”, or 

unanswered trial) reversed the staircase. A total of 

15 noise levels existed, ranging from 60 % to 98 % 

visual noise with 2 % steps, and -7.5 to -25 dB 

auditory signal-to-noise-ratio (SNRdB) with 1.25 

SNRdB steps. The procedure stopped after 5 

reversals and a mean of the noise levels of the two 

last reversals was saved as a threshold level. Note 

that a threshold level was computed for each 

unimodal object for each individual. Individually 

degraded stimulus files were created by overlaying 

the object video and audio clips with noise levels 

corresponding to the individual’s threshold for that 

specific object. 

Multisensory assessment 

In the multisensory object identification task, 

stimuli consisted of degraded audio and video files 

representing objects, individually masked based on 

the threshold assessment to equate the perceived 

difficulty of unimodal stimuli between all 

individuals. The degraded audio and video files 

were presented uni- and bimodally. Specifically, 

two different approaches to unimodal object 

presentation were used: one common experimental 

approach and one more ‘realistic’ approach (Figure 

3). In the common experimental approach, only one 

sense was stimulated at a time with stimuli 

containing object information, enabling full 

attention towards that sensory modality: unimodal 

experimental setting (V – visual object, A – 

auditory object). Although this is the common 

approach to present unimodal information in MSI-

experiments, it is not entirely ecologically valid as 

we normally receive input to multiple senses at the 

same time (informative or not). Therefore, in the 

‘realistic’ approach, unimodal objects were 

presented in a bimodal setting, i.e., one sense 

received object information while the other sense 

received 100 % noise: unimodal realistic setting 

condition (VN – visual object with auditory noise, 

AN – auditory object with visual noise). This 

procedure was adopted to minimize differences in 

sensory load between the unimodal and the bimodal 

object presentation (Regenbogen et al. 2016). For 

the bimodal object condition (AV – bimodal audio-

visual objects), the video and audio clips were 

always semantically congruent, i.e., the same object 

in both sensory modalities. 
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Figure 3. Object identification task: The degraded stimuli, with individual noise levels based on the threshold assessment, were presented 
either unimodally (A, V; ‘experimental’ setting), as unimodal objects in a bimodal setting (AN, VN; ‘realistic’ setting), i.e., combined with 100 
% noise in the non-informative modality, or as bimodal objects (AV). Participants performed a speeded response task (corresponding to ”I 
have identified the object”) during the 2s stimulus presentation, leading to a 5 choice task (4 objects + ”noise” alternative) in which the object 
was identified. 

 

Each trial began with a fixation cross displayed for 

a duration of 2 s, followed by stimulus presentation. 

Participants responded as quickly and accurately as 

possible by pressing the space bar on the keyboard 

during the stimulus presentation as soon as they 

knew which objects was presented (i.e., a maximal 

response time of 2 s). The key press interrupted the 

stimulus presentation, giving the participant 2 s to 

choose one object from the alternative list on the 

screen (the same five alternatives as during the 

thresholding, i.e., the four objects and “nothing”). If 

participants failed to respond before the stimulus 

presentation was over, no opportunity to choose an 

object was given and the trial was omitted from 

subsequent analyses (in total 10.9 % of all data; no 

significant difference between groups, t(71) = 0.03, 

p = .97, d <  0.01). Every specific stimulus 

combination was presented 7 times, resulting in a 

total of 140 object trials and 35 control trials 

consisting of pure uni- or bimodal noise. 

Presentation order was randomized and participants 

performed a short practice session prior to the 

experiment, after which they were given the 

opportunity to ask questions. Stimulus presentation 

and response collection were controlled by E-Prime 

2.0 (Psychology Software Tools Inc., Sharpsburg, 

PA).  

Data reduction and Analysis 

Simultaneity Judgement  

Simultaneity perception (the percentage of 

“simultaneous” responses) was computed for each 

SOA and participant. Data from two individuals 

with anosmia and one control subject were removed 

prior to analysis because they exhibited a mean of 

less than 75 % simultaneous responses for the trials 

with SOAs in the span of 0 to ±50 ms, indicating 

non-compliance with the task. To assess potential 

difference between groups in overall attention, 

response time (RT) over all SOAs was compared 

between groups with a Welch’s t-test, to account for 

potential differences in variance; effect size 

estimates are given by Cohen’s d. 

To assess differences related to perception of 

simultaneity over groups and SOAs, repeated 

measures analysis of variance (rmANOVA; within 

subject factor SOA, between subject factor group) 

were conducted. Greenhouse-Geisser correction of 

degrees of freedom was applied if the assumption of 

sphericity was violated, according to Mauchly’s 

test; effect size estimates are inferred from partial 

eta-square (ηp
2). 

Potential differences between groups in their audio-

visual temporal binding window (TBW), i.e., the 

time span of SOAs during which the auditory and 

visual stimuli are perceived as simultaneous, were 

assessed using three analysis steps. First, for each 

individual, a Gaussian function was fitted to the 

reported simultaneity perception, with curve 

parameters α (peak amplitude, limited to a 

maximum of 100), β (point of subjective 

simultaneity, i.e., the SOA for which peak 

amplitude is reached), and γ (standard deviation), 

according to Equation 1.  

𝑦 = 𝛼𝑒
−
(𝑥−𝛽)2

2𝛾2          

Equation 1. 

Second, individuals with data for which a Gaussian 

function could not be fitted were removed from 
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further analysis (two control subjects), leaving a 

final sample of 35 individuals with anosmia and 34 

healthy controls in this specific analyses. 

Lastly, the TBW was defined as the span of SOAs 

during which simultaneity response was more than 

75 % of the peak amplitude (𝛼), in accordance with 

previous literature (e.g., Stevenson, Siemann, et al. 

2014; Hillock-Dunn and Wallace 2012; Hillock et 

al. 2011; Powers et al. 2009). Note that by basing 

the TBW on 75 % of individual peak amplitude 

instead of 75 % of the theoretical maximal 

amplitude, analyses were adjusted for potential 

inter-individual differences in peak simultaneity 

perception. The TBW was computed for each 

individual and differences between groups were 

assessed with a Welch’s t-test. Furthermore, to 

determine potential differences within the anosmia 

group between individuals with congenital and 

acquired anosmia, as well as differences between 

these subgroups and the control group, Welch’s t-

tests were used. Effect size estimates are given by 

Cohen’s d. Data analyses were performed using the 

R software package (www.R-project.org) and SPSS 

(IBM SPSS Statistics for Windows, Version 25.0. 

Armonk, NY: IBM Corp). 

Object Identification 

Threshold assessment 

Average unimodal thresholds were computed 

across objects for each participant. The resulting 

thresholds (auditory and visual) were compared 

between groups (Welch’s t-test, Bonferroni 

corrected). To ensure recognition of stimuli during 

the multisensory assessment, objects that were not 

identified at a unimodal noise threshold of level four 

(corresponding to 76% visual noise and -11.25 

auditory SNRdB) were excluded from subsequent 

analysis for that participant (11.8% of data). 

Multisensory assessment 

Participants performing with an accuracy below 

chance level (< .2) for at least one of the five 

conditions (A, V, AN, VN, AV) were removed from 

analysis (five individuals with anosmia, two healthy 

controls), leaving a final sample of 32 individuals 

with anosmia and 35 healthy controls for this 

analysis. Individual trials exceeding mean RT with 

more than three standard deviations were 

considered as outliers and excluded from the 

analysis (five trials, 0.05% of all data). To assess 

differences in attention between groups, mean RT 

over all conditions were compared between groups 

with a Welch’s t-test. 

Single trial accuracy and RT data was analyzed 

using a drift diffusion model (DDM; Ratcliff 1978; 

Voss et al. 2013), a model of cognitive decision 

making which has been proven successful in 

modelling decision making in speeded response 

tasks in both binary and multiple choice tasks (Voss 

et al. 2013). Recent studies have also demonstrated 

its usefulness in MSI experiments (Regenbogen et 

al. 2016; Regenbogen et al. 2018). The inherent 

trade-off between accuracy and RT measures is 

accounted for with the use of a DDM, which 

combines the information from these measures into 

the model parameters. The DDM represents the two 

given alternatives in a binary decision process (or 

the accurate and inaccurate decision when 

modelling accuracy data) as an upper and a lower 

decision boundary and assumes that noisy 

information is continuously accumulated until a 

decision boundary is reached and a decision is made 

accordingly. The advantage of the model is its 

ability to map different cognitive processes related 

to decision making onto specific variables: the 

threshold separation (a; wider separation indicates 

that more information is needed to reach a decision 

boundary, i.e., a more conservative decision style), 

the non-decision time (t; non-decisional processes 

such as response execution), the starting point or 

bias (z; bias towards one option, not applicable 

when modelling accuracy data, Voss et al. 2013), 

and the drift-rate (v; speed at which the decision 

boundary is reached, a measure of performance/task 

difficulty), as illustrated in Figure 4. 

Here, we used a hierarchical drift diffusion model 

(HDDM; Wiecki et al. 2013) implemented within 

an IPython interpreter shell (Perez and Granger 

2007); previously proven successful in 

experimental setups near identical to our current 

one (Regenbogen et al. 2016; Regenbogen et al. 

2018). HDDM uses a hierarchical Bayesian 

approach in which the individual estimates of model 

parameters are constrained by group distributions. 

Based on a DDM likelihood function (Navarro and 
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Fuss 2009), 10 000 posterior samples were drawn 

using a Markov-chain Monte Carlo algorithm, 

discarding the first 1000 samples to ensure that 

model stabilization had been reached. To confirm 

convergence, multiple runs of the model were 

performed and the within- and between-chain 

variance were compared using the Gelman-Rubin R 

statistic (Gelman and Rubin 1992). Furthermore, 

traces and autocorrelations were visually inspected. 

 

 

Figure 4. Overview of the drift diffusion model. Evidence is 

accumulated over time (x-axis) with an average drift-rate v until one 

of two decision boundaries (separated by threshold a) is crossed and 

a response is initiated. The starting point of the decision making 

process corresponds to the bias z. Upper (red) and lower (blue) 

panels contain density plots over boundary-crossing-times. The flat 

line in the beginning of the drift-processes, together with the 

response execution time after reaching a decision boundary, denotes 

the non-decision time t where no accumulation happens.  

Potential group differences in decision style and 

response execution were estimated by comparing 

posterior estimates of the threshold separation (a) 

and non-decision time (t) between groups using 

Welch’s t-tests. To investigate potential 

performance differences between groups and 

conditions, posteriors of drift-rates (v) in the five 

different conditions (A, V, AN, VN, AV) were 

subjected to a rmANOVA (within subject factor 

Condition, between subject factor Group). 

Greenhouse-Geisser correction of degrees of 

freedom was applied if necessary, according to 

Mauchly’s test of sphericity. Bonferroni corrected 

t-tests between groups for each of the five 

conditions were subsequently performed. 

As a first aim, we assessed whether the 

experimental manipulation worked, i.e., whether 

any multisensory enhancement effects (enhanced 

performance for bimodal as compared to unimodal 

objects) were displayed. For each individual, the 

multisensory enhancement of drift-rate, i.e., the 

performance improvement when presented with 

bimodal objects as compared to the best 

performance when presented with unimodal 

objects, was computed separately for the 

‘experimental’ and for the ‘realistic’ setting, 

according to 𝑣𝐴𝑉 −max(𝑣𝐴, 𝑣𝑉) and 𝑣𝐴𝑉 −

max(𝑣𝐴𝑁 , 𝑣𝑉𝑁), respectively. The enhancements 

were subjected to one-sample t-tests against a no-

change value of 0. Thereafter, if significant 

multisensory enhancements were demonstrated, 

indicating a functioning experimental manipulation, 

group differences in enhancements were tested with 

Welch’s t-tests. Similarly, to assess potential 

differences in multisensory enhancement between 

individuals with congenital and acquired anosmia, 

comparison of enhancements between the two 

subgroups within the anosmia group, as well as 

differences between the subgroups and the control 

group, were assessed using independent sample t-

tests. Effect sizes were given by Cohen’s d (t-tests) 

and partial eta-square (ηp
2; rmANOVA). 

RESULTS 

Effect of anosmia on audio-visual temporal 

binding 

To assess potential differences in the ability to 

detect temporal asynchronies of audio-visual 

stimuli between individuals with anosmia and 

healthy controls, the percentage of “simultaneous” 

responses were first computed for each individual 

and SOA (Figure 5A). A rmANOVA (between 

subject factor Group, within subject factor SOA) 

was performed, demonstrating a significant main 

effect of Group, F(1,67) = 9.49, p < .01, ηp
2 = .12, 

indicating a difference between individuals with 

anosmia and controls in perceptual acuity of 

temporal asynchronies. Furthermore, a significant 

main effect of SOA was apparent, F(5.19, 347.63) 

= 212.67, p < .001, ηp
2 = .76, which showed that 

SOA indeed affects the perceived simultaneity. 

However, no significant interaction effect between 

Group and SOA was detected, F(5.19, 347.63) = 

1.43, p = .21, ηp
2 = .02. 

We further determined potential group differences 

in temporal binding of audio-visual stimuli by a 
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group comparison of the TBW, a threshold value for 

the temporal integration of stimuli, i.e., an indication 

of bimodal simultaneity sensitivity. A Gaussian 

function was fitted to each individual’s response 

data and the TBW (width at 75 % of maximum) was 

derived (Figure 5B). The TBW for individuals with 

anosmia (mean = 232 ms, SD = 54 ms) was 

significantly narrower than that of healthy controls 

(mean = 283 ms, SD = 103 ms); t(49.4) = 2.57, p = 

.013, d = 0.62, i.e., individuals with anosmia 

demonstrated a better ability to detect small 

temporal asynchronies in the presentation of audio-

visual stimulus pairs (Figure 5C). 

Furthermore, potential differences between 

individuals with congenital and acquired anosmia in 

temporal binding of audio-visual stimuli were 

investigated by comparing their obtained TBW. No 

significant differences were demonstrated between 

the two subgroups, t(17.7) = 0.47, p = .64, d = 0.17; 

congenital anosmia: mean = 235 ms, SD = 52 ms; 

acquired anosmia: mean = 226 ms, SD = 58 ms. Both 

anosmia subgroups demonstrated a narrower TBW 

than controls, t(51.7) = 2.33, p = .024, d = 0.59 and 

t(30.8) = 2.31, p = .028, d = 0.69 for congenital and 

acquired anosmia, respectively (Figure 5C).  

Finally, no significant difference between groups in 

task attention, operationalized by RT, was found, 

although there was a statistical trend for faster 

responses in the control group, t(65.4) = 1.71, p = 

.09, d = 0.41; Anosmia: mean = 393 ms, SD = 117 

ms; Control: mean = 349 ms, SD = 97 ms.

 

 

 

 

 

 

 

 

 

 

 

Figure 5. A) Group mean proportion of perceived 

simultaneity for each stimulus onset asynchrony 

(SOA) level (in seconds).  B) Example of TBW 

extraction for a single subject: solid line depicts 

the fitted Gaussian function, the horizontal 

dashed line depicts 75 % of maximum simultaneity 

perception and the vertical lines mark the time 

span for which the simultaneity perception reach 

≥75 % of the maximum simultaneity perception, 

i.e., the temporal binding window (indicated by 

shaded area). C) Group mean TBW. Individuals 

with anosmia (A) demonstrated a significantly 

narrower TBW as compared to controls (Cntr); The 

narrowing of the TBW was demonstrated by both 

anosmia subgroups: congenital anosmia (ACon) 

and acquired anosmia (AAcq). * = p < .05; error bars 

indicate standard error of the mean (SEM).  
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Effects of anosmia on integration of degraded 

audio-visual information 

Threshold assessment 

To ensure difficult, but recognizable, stimuli for the 

multisensory assessment, unimodal thresholds were 

initially established for each individual and stimuli. 

There was no significant difference in masking 

threshold levels for the visual stimuli between 

groups, t(71.3) = 0.19, p = .84, d = 0.05; Anosmia: 

mean = 93.24 %, SD = 1.51 %; Control: mean = 

93.17 %, SD = 1.67 %; however, the auditory 

threshold for individuals with anosmia 

corresponded to a significantly higher SNR as 

compared to healthy controls, t(70.8) = 2.66, p < .01 

d = 0.62; Anosmia: mean = -18.78 SNRdB, SD= 2.09 

SNRdB; Control: mean = -20.16 SNRdB, SD = 2.38 

SNRdB. In the subsequent multisensory assessment, 

these differences are, however, corrected for by the 

use of individually determined stimulus masking. 

Multisensory assessment  

Initially, the convergence of the HDDM was 

examined by visually inspecting the trace (showing 

no drifts or large jumps), autocorrelation (quickly 

dropping to zero), and Gelman-Rubin statistic (< 

1.02); all values indicated convergence of the model 

(Wiecki et al. 2013).   

Potential differences in overall performance in 

identifying objects, as measured by drift-rate, 

between Groups and Conditions (A, V, AN, VN, 

AV), were assessed with a rmANOVA. This 

analysis demonstrated that there was a significant 

main effect of Condition, F(1.66, 107.7) = 57.97, p 

< .001, ηp
2 = .47, and a significant interaction 

between Condition and Group, F(1.66, 107.7) = 

3.81, p < .05, ηp
2 = .055; however, there was no 

main effect of Group, F(1,65) = 0.33, p = .57, ηp
2 = 

.005. To assess potential group differences for 

each condition, separate independent samples t-

tests between groups were computed, revealing no 

group differences surviving Bonferroni correction 

for any of the conditions (Table 1).  

We then assessed whether statistical indications of 

multisensory integration were demonstrated; in 

other words, whether performance was enhanced 

for bimodal as compared to unimodal objects, 

indicated by a significantly larger drift-rate during 

the bimodal object condition. A one-sample t-test 

indicated significant multisensory enhancement in 

the ‘experimental’ setting, comparing bimodal 

objects to unimodal objects; t(66) = 12.08, p <.001, 

d = 1.48; mean enhancement = 0.48, SD = 0.33. 

Enhancement effects were also demonstrated in the 

‘realistic’ setting, comparing bimodal objects to 

unimodal objects in ab bimodal setting; t(66) = 

13.48, p < .001, d = 1.65; mean enhancement = 0.53, 

SD = 0.32. This demonstrated a successful 

experimental manipulation, with multisensory 

enhancement occurring in both settings.  

Having demonstrated successful MSI manipulation, 

we subsequently assessed whether there was a 

Table 1. 

Independent sample t-tests comparing drift-rates between 

individuals with anosmia and controls 

Condition Drift-rate (v) t p  
Anosmia Control 

  

A 0.628 (0.5) 0.36 (0.45) 2.31 .024a 

V 0.645 (0.632) 0.852 (0.65) 1.32 .192 

AN 0.512 (0.577) 0.295 (0.382) 1.82 .074 

VN 0.678 (0.646) 0.805 (0.685) 0.78 .437 

AV 1.537 (0.557) 1.394 (0.583) 0.95 .345 

A= Auditory, V= Visual, B=Bimodal, N= Noise presented in the other (V or A) 

channel. Values within parenthesis indicate SD. a denotes that value does not 

survive Bonferroni correction of 5 comparisons. 
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significant difference between the two groups in 

multisensory enhancement using Welch’s t-tests. 

No significant differences between groups in 

multisensory enhancement were demonstrated in 

the ‘experimental’ setting, t(64.2) = 1.68, p = .097, 

d = 0.41 (Figure 6A), nor in the ‘realistic’ setting, 

t(64.9) = 1.67, p = .099, d = 0.41 (Figure 6B). 

To investigate potentially different MSI abilities in 

individuals with congenital and acquired anosmia, 

the anosmia group was split into respective 

subgroup. Individuals with congenital anosmia 

displayed a greater multisensory enhancement, 

compared to healthy controls, in the ‘experimental’ 

setting, t(54.1) = 2.56, p = .013, d = 0.67 (Figure 

6A). In contrast, no such elevation in multisensory 

enhancement was demonstrated for individuals with 

acquired anosmia compared to controls, t(16.2) = 

0.25, p = .81, d = 0.09, but the comparison between 

the two anosmia subgroups demonstrated a 

statistical trend of a difference in performance, 

t(14.5) = 2.08, p = .056, d = 0.83. In the ‘realistic’ 

setting, with noise in the non-informative channel, 

no group differences in multisensory enhancement 

were demonstrated between any of the three groups, 

although a statistical trend for greater multisensory 

enhancement in the congenital anosmia group, as 

compared to the control group, was demonstrated, 

t(48) = 1.85, p = .07, d = 0.5 (Figure 6B). 

Lastly, we assessed whether individuals with 

anosmia and healthy controls differed in their 

response behavior and task attention. First, we 

determined differences related to decision style 

(threshold separation, a) and response execution 

(non-decision time, t). The posterior estimates 

revealed no statistically significant group difference 

for threshold separation, t(68.8) = 0.24, p = .81, d = 

0.06, nor differences in non-decision time, t(64.8) = 

0.33, p = .74, d = 0.08. Finally, potential group 

differences in attention, operationalized by RT, 

were assessed by comparing mean RT over all 

conditions between individuals with anosmia and 

controls. No statistical differences were 

demonstrated, t(64.4) = 0.035, p = .97, d = 0.01; 

Anosmia: mean = 1.3 s, SD = 0.12 s; Control: mean 

= 1.3 s, SD = 0.15s. 

 

 

 
 

 

 

 

 

 

Figure 6. Significant multisensory 
enhancements in drift rate, derived from 
the HDDM, were demonstrated, both in 
the ‘experimental’ setting (vAV – max(vA, 
vV)) and in the ‘realistic’ setting (vAV – 
max(vAN, vVN)).  A) ‘Experimental’ 
setting: No significant difference in 
multisensory enhancement between 
individuals with anosmia (A) and healthy 
controls (Cntr). By dividing the anosmia 
group into congenital (ACon) and 
acquired (AAcq) anosmia, a significantly 
greater multisensory enhancement was 
revealed for individuals with congenital 
anosmia as compared to controls. B) 
‘Realistic’ setting: No group comparisons 
revealed significant differences in 
multisensory enhancement. (* = p < .05 
corrected); error bars denote standard 
error of the mean (SEM).  
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DISCUSSION 

We aimed to determine whether olfactory sensory 

loss leads to increased multisensory integration 

(MSI) abilities using two audio-visual binding 

tasks. Compared to healthy, matched controls, 

individuals with anosmia demonstrated an 

enhanced ability to accurately detect short, temporal 

asynchronies between auditory and visual stimuli of 

a simple perceptual character. Moreover, 

individuals with congenital, but not acquired, 

anosmia demonstrated greater multisensory 

enhancement than healthy controls in an object 

identification task with degraded, dynamic stimuli. 

The difference in multisensory enhancement 

between individuals with congenital anosmia and 

controls was, however, only demonstrated when no 

cross-modal distraction was present for unimodal 

object identification. The multisensory advantages 

demonstrated here by individuals with anosmia 

suggest that olfactory sensory loss leads to cross-

modal compensatory abilities in form of enhanced 

MSI abilities with behavioral advantages more 

pronounced in individuals with congenital sensory 

loss. 

Individuals with anosmia demonstrated an 

enhanced ability to detect multisensory temporal 

asynchronies, which supports the notion that 

sensory loss affects multisensory perception. 

Temporal congruency is a key factor influencing 

multisensory integration, with binding of stimuli 

only occurring over a limited span of asynchronies 

(Vroomen and Keetels 2010; Stein and Stanford 

2008; Meredith et al. 1987). Deviations in the 

temporal binding of multisensory stimuli have far-

stretching implications. A widened TBW, for 

example, leads to over-integration of stimuli and 

has been associated with a variety of clinical 

conditions, such as autism spectrum disorders, 

schizophrenia, dyslexia, and obesity (Wallace and 

Stevenson 2014; Scarpina et al. 2016; Stevenson, 

Siemann, et al. 2014). In contrast, a narrow TBW 

has been linked to enhanced performance in both 

verbal and non-verbal problem solving tasks 

(Zmigrod and Zmigrod 2016) and individuals with 

a narrow TBW are less prone to be deceived by 

multisensory illusions, both when presented with 

simple perceptual and more dynamic stimuli 

(Stevenson et al. 2012). These results indicate that 

a narrow TBW leads to more accurate MSI 

outcomes and can arguably be viewed as a 

compensatory mechanism.  

Even though the sensory loss literature commonly 

links congenital or early-onset sensory loss to 

stronger cross-modal alterations than late-onset 

sensory loss (Voss et al. 2004), there was no 

statistical difference in TBW between individuals 

with congenital and acquired anosmia. The more 

impactful consequences of sensory loss typically 

demonstrated by individuals with congenital and 

early-onset sensory loss are argued to, at least 

partly, depend on a sensitive period early in life 

during which sensory experiences shape the 

development of sensory processing: a period during 

which a sensory deprivation could increase the 

potential of cross-modal changes, such as auditory 

processing in visual cortex (Singh et al. 2018; Voss 

2013). Given that the TBW narrows during 

development (Hillock-Dunn and Wallace 2012; 

Hillock et al. 2011; Chen et al. 2016), one could 

argue the existence of such a sensitive period for 

multisensory temporal integration. However,  

alterations in the TBW can also occur later in life, 

as demonstrated by a narrowing of the TBW in 

adults undergoing perceptual training (Powers et al. 

2009). In other words, multisensory temporal 

integration can be influenced by a change in 

demands also in adults and the lack of differences 

in TBW between individuals with congenital and 

acquired anosmia could be attributed to this 

plasticity. This is further supported by the fact that 

both congenital and acquired blind individuals 

exhibit integration patterns linked to a TBW 

narrowing, namely a low susceptibility to 

multisensory illusions (Hötting and Röder 2004; 

Champoux et al. 2011; Occelli et al. 2012). These 

findings might, however, not generalize to other 

types of sensory loss, as deaf individuals show an 

increased susceptibility to multisensory illusions 

(Heimler et al. 2017; Karns et al. 2012). Moreover, 

the sensory combinations used to investigate MSI 

abilities differ among the studied populations: in 

blind individuals, integration of tactile and auditory 

stimuli has been assessed, in deaf, integration of 

tactile and visual stimuli, and we investigated the 

integration of auditory and visual stimuli. 

Therefore, direct comparisons are difficult and 
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future studies should attempt to assess MSI abilities 

of a more diverse set of sensory combinations. 

When presented with dynamic, degraded stimuli in 

the multisensory object identification task, both the 

anosmia group and the control group displayed 

multisensory enhancement effects in line with 

previous results from  healthy individuals 

(Regenbogen et al. 2016; Regenbogen et al. 2018). 

Specifically, individuals with congenital anosmia 

demonstrated greater multisensory enhancement 

effects than healthy controls in the ‘experimental’ 

setting, i.e., when comparing bimodal to unimodal 

stimuli; an improvement not demonstrated by 

individuals with acquired anosmia. In fact, 

individuals with acquired anosmia demonstrated 

nominally lower multisensory enhancements as 

compared to controls. However, only a statistical 

trend of improved multisensory enhancement for 

the congenital anosmia group as compared to the 

acquired anosmia group was demonstrated, most 

likely explained by the small sample size of 

individuals with acquired anosmia, leading to low 

statistical power. In the ‘realistic’ setting, in which 

the uni- and bimodal conditions were equalized in 

sensory load by combining the unimodal stimuli 

with noise in the respective other modality, 

individuals with congenital anosmia demonstrated a 

statistical trend of improved multisensory 

enhancement compared to controls; no other 

comparisons indicated potential group differences 

in the ‘realistic’ setting. The principle of inverse 

effectiveness dictates stronger MSI in the ‘realistic’ 

setting due to the increased complexity a division of 

attention to both sensory modalities adds 

(Regenbogen et al. 2016). Accordingly, both the 

control group and individuals with acquired 

anosmia showed nominal increases in multisensory 

enhancement in the ‘realistic’, as compared to the 

‘experimental’, setting. However, no such increase 

in multisensory enhancement was found for 

individuals with congenital anosmia, leading to the 

lack of statistically significant group differences in 

the ‘realistic’ setting. Although the reasons behind 

these differences are unknown, it can be 

hypothesized that individuals with congenital 

anosmia have an improved ability to focus on the 

sensory modality in which the object was presented. 

In other words, they might have been less distracted 

by noise in the non-informative sensory modality 

whereas controls demonstrate a larger reduction in 

performance in the presence of distracting noise, 

leading to stronger multisensory enhancements. 

The outcome of the two experimental tasks 

presented slightly heterogeneous results. On one 

hand, clear group differences were demonstrated in 

the simultaneity judgement task. On the other hand, 

only individuals with congenital anosmia 

demonstrated altered abilities in the object 

identification task. The difference in results 

between the two tasks are not uncommon in the 

sensory loss literature, where studies using multiple 

experimental tasks can reveal differences between 

groups of different sensory loss etiology in certain 

tasks, but  no differences in other  tasks (Voss et al. 

2004). Even though both experimental tasks in the 

present study investigate audio-visual MSI abilities, 

they differ in a number of important aspects. First, 

the experimental tasks focus on different properties 

of MSI. While the simultaneity judgement assesses 

multisensory temporal congruency, the object 

identification is based on the principle of inverse 

effectiveness. Second, the tasks include stimuli of 

different complexity: perceptually simple and clear 

stimuli in the simultaneity judgement, and 

degraded, dynamic stimuli with semantic 

information in the object identification task. Lastly, 

there are also differences in the tasks. The 

simultaneity judgement is based on the detection of 

temporal (a)synchronies, knowing exactly which 

information to search for, while the object 

identification is based on finding, integrating, and 

interpreting semantic information which can be 

present in either (or both) sensory modality. Based 

on these differences, it is reasonable to argue that 

separate mechanisms requiring different cognitive 

processes are involved in the two experimental 

tasks. Consequently, an enhancement in the 

perception of audio-visual temporal asynchrony 

might only be vaguely related to the performance in 

a task involving semantic comprehension and 

integration of more complex stimuli. Indeed, 

independence between the performance on different 

MSI tasks was recently demonstrated (Odegaard 

and Shams 2016). Taken together, this could 

contribute to the understanding of the performance 

differences between individuals with congenital and 
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acquired anosmia. However, the neural 

underpinnings of why certain compensatory 

abilities seem to require a lifelong sensory loss, 

whereas other alterations emerge also for a sensory 

loss acquired later in life, need to be determined. A 

better understanding of the potential cortical 

reorganization related to olfactory sensory loss is 

needed to explain the differences in MSI abilities, 

both within the anosmia group and between 

individuals with anosmia and controls.   

The processes behind the demonstrated 

multisensory alterations in individuals with 

anosmia are not yet known. The complete lack of 

input from one sensory modality, as a result of 

sensory deprivation, has been shown to extensively 

alter the neural compositions in multisensory areas 

normally integrating information from the lost 

sense with information from other senses. The 

multisensory areas become more densely populated 

with neurons processing an intact modality while 

decreasing the neurons responding to the deprived 

sense: Monkeys congenitally deprived of visual 

input display an increased proportion of neurons 

responding to tactile stimuli in a multisensory 

cortical area, and a decreased proportion of neurons 

responding to visual as well as visuo-tactile stimuli, 

after regaining visual input (Hyvärinen et al. 1981). 

Similarly, neuroimaging studies in humans have 

indicated that deaf and blind individuals show 

increased recruitment of multisensory areas, such as 

the posterior parietal cortex, when processing 

stimuli from intact senses (Bavelier et al. 2001). 

Whether this sensory loss-related recruitment of 

multisensory cortical areas actually leads to an 

enhanced integration of the remaining senses is still 

unclear. Studies on neural populations in 

multisensory areas in dark-reared cats indicate that 

the number of neurons responding to audio-tactile 

stimuli, i.e., the integration of two intact senses, are 

similar or slightly increased in subcortical (Wallace 

et al. 2004) as well as cortical multisensory areas 

(Carriere et al. 2007). Combined, these results 

suggest that anosmia generates a reorganization of 

multisensory areas normally processing olfaction, 

leading to an increased proportion of neurons 

responding to input from remaining senses and 

potentially also an increase in multisensory neurons 

integrating input from remaining senses. Such an 

olfactory loss-related reorganization of cortical 

areas governing integration of multisensory stimuli 

could explain the narrow TBW, here demonstrated 

by individuals with anosmia, and the improved 

multisensory enhancement effect of more complex 

stimuli in individuals with congenital anosmia. 

Audio-visual temporal integration has been linked 

to posterior parietal cortex (Zmigrod and Zmigrod 

2015) and multisensory enhancement effects of 

degraded dynamic stimuli, nearly identical to the 

stimuli in the object identification task, have been 

demonstrated in the intraparietal sulcus 

(Regenbogen et al. 2018), a known  integration hub 

of auditory, visual, and tactile stimuli, and an area 

that also has been linked to integration of olfactory 

stimuli (Gottfried and Dolan 2003; Boyle et al. 

2007; Regenbogen et al. 2017). One could 

hypothesize that a lack of olfactory input to these 

parietal, multisensory areas changes the neuronal 

constellation and promotes a more efficient 

integration of remaining sensory modalities. 

No group differences in response time or number of 

unanswered trials were demonstrated for either of 

the two experimental tasks, indicating equal levels 

of attention for individuals with anosmia and 

healthy controls. Furthermore, the lack of group 

differences in the drift diffusion model parameters 

threshold separation and non-decision time indicate 

that no differences in response style or non-decision 

processes (e.g. motor execution), respectively, 

existed between groups. Therefore, the 

demonstrated group difference in the two audio-

visual integration experiments are unlikely to be 

attributed to differences in attention or motivation.  

Individuals with anosmia demonstrated a decreased 

ability to identify unimodal degraded auditory 

objects compared to healthy controls, demonstrated 

by a higher SNR in the individually degraded 

auditory stimuli. This difference in ability was 

compensated for in the subsequent multisensory 

experimental task by using individually degraded 

stimuli and thereby equating the individual 

difficulty level rather than the physical noise level. 

By assuring that the perceived identification 

difficulty of all unimodal stimuli was equated 

across participants, we isolated and maximized the 

potential multisensory enhancement according to 
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the principle of inverse effectiveness  (Stein and 

Meredith 1993). Because individuals with auditory 

and visual sensory loss often display enhanced 

performance in remaining sensory modalities, tasks 

with fixed difficulty levels of stimuli would likely 

be perceived as easier for these individuals, which 

in turn would result in lower multisensory 

enhancements based on the principle of inverse 

effectiveness. This might partly explain the lower 

MSI effects demonstrated by deaf and blind 

individuals in visuo-tactile and audio-tactile tasks, 

respectively, as compared to healthy controls 

(Hauthal et al. 2014; Collignon, Charbonneau, et al. 

2009). However, using complex stimuli with set 

levels of difficulty would mimic a more 

ecologically valid scenario in which all individuals 

are subjected to the same stimuli, rather than stimuli 

that optimize multisensory enhancement. In future 

studies, it would therefore be of relevance to also 

assess potential differences in MSI between 

individuals with anosmia and healthy controls using 

stimuli with set levels of difficulty.  

Lower proportions of simultaneity judgements were 

overall demonstrated by individuals with anosmia, 

as compared to healthy controls, in the simultaneity 

judgement task; albeit both groups’ responses are 

well within the range of simultaneity judgements 

from previous reports on healthy individuals 

(Powers et al. 2009; Stevenson et al. 2012; Scarpina 

et al. 2016). Independent of whether this difference 

is spurious or an indication of a potential response 

bias, the difference is compensated for in the main 

analysis by not computing the TBW based on a 

fixed simultaneity judgement but instead, for each 

individual, using 75 % of peak simultaneity 

judgement. 

In summary, results from two different audio-visual 

integration tasks indicate an increased sensitivity of 

multisensory temporal asynchronies in individuals 

with anosmia, independent of sensory loss etiology, 

and increased multisensory enhancement in 

individuals with congenital anosmia. These results 

suggest the existence of cross-modal compensatory 

mechanisms in the form of multisensory integration 

within individuals with complete olfactory sensory 

loss; effects more pronounced in those with a 

lifelong loss. While compensatory mechanisms 

have long been known to affect processing of 

isolated senses in individuals with visual and 

auditory sensory loss, the present study supports the 

notion that sensory loss enhances the integration of 

remaining senses. 
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