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A B S T R A C T   

Background: Multiple Sclerosis (MS) pathology is likely to disrupt central auditory pathways, thereby affecting an 
individual’s ability to discriminate speech from noise. Despite the importance of speech discrimination in daily 
communication, it’s characterization in the context of MS remains limited. This cross-sectional study evaluated 
speech discrimination in MS under "real world" conditions where sentences were presented in ecologically valid 
multi-talker speech or broadband noise at several signal-to-noise ratios (SNRs). 
Methods: Pre-recorded Bamford-Kowal-Bench sentences were presented at five signal-to-noise ratios (SNR) in one 
of two background noises: speech-weighted noise and eight-talker babble. All auditory stimuli were presented via 
headphones to control (n = 38) and MS listeners with mild (n = 20), moderate (n = 16) and advanced (n = 10) 
disability. Disability was quantified by the Kurtzke Expanded Disability Status Scale (EDSS) and scored by a 
neurologist. All participants passed a routine audiometric examination. 
Results: Despite normal hearing, MS psychometric discrimination curves which model the relationship between 
signal-to-noise ratio (SNR) and sentence discrimination accuracy in speech-weighted noise and babble did not 
change in slope (sentences/dB) but shifted to higher SNRs (dB) compared to controls. The magnitude of the shift 
in the curve systematically increased with greater disability. Furthermore, mixed-effects models identified EDSS 
score as the most significant predictor of speech discrimination in noise (odds ratio = 0.81; p < 0.001). Neither 
age, sex, disease phenotype or disease duration were significantly associated with speech discrimination per
formance in noise. Only MS listeners with advanced disability self-reported audio-attentional difficulty in a 
questionnaire designed to reflect auditory processing behaviours in daily life. 
Conclusion: Speech discrimination performance worsened systematically with greater disability, independent of 
age, sex, education, disease duration or disease phenotype. These results identify novel auditory processing 
deficits in MS and highlight that speech discrimination tasks may provide a viable non-invasive and sensitive 
means for disease monitoring in MS.   

1. Introduction 

Multiple Sclerosis (MS) has a heterogeneous clinical course and 
symptomology which includes disruption of motor, cognitive and sen
sory systems (Fielding and Clough, 2019). Despite the importance of 
hearing to communication, characterization of auditory deficits in 

people with MS (pwMS) remains inconsistent and elusive (Furst and 
Levine, 2015). Auditory processing networks are highly integrated and 
widespread (Musiek, 1986) and MS-related neurogenic injury at any 
anatomical level (s) will impact on the person’s ability to navigate the 
world, build relationships, and socialize, all directly impacting quality of 
life (Amaral et al., 2019). 
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Although cochlear hearing loss is uncommon in pwMS (Doty et al., 
2012), reports of abnormal wave amplitude and latency in auditory 
evoked potentials (AEP) from brainstem, subcortical and cortical regions 
are common (Folmer et al., 2012). Tasks involving later stages of 
auditory processing, especially psychoacoustic tasks that require 
binaural hearing and precise neural timing (Levine et al., 1993; Ahar
onson et al., 1998), can also be impaired. Binaural hearing requires the 
listener to integrate complementary sound inputs to both ears, and in
volves detection within millisecond precision; a function particularly 
susceptible to effects of demyelination on neural timing and conduction 
velocity (Furst and Levine, 2015). Binaural hearing is vital to many 
everyday dynamic functions like identifying the location and direction 
of a sound source (an approaching vehicle), segregating different 
streams of auditory information (the ringing of a phone from back
ground music), suppressing interference from echoes and re
verberations, providing situational awareness (obstacles like workmen 
drilling in the path), and disambiguating speech in noisy environments 
(Kohlrausch et al., 2013). We therefore postulate MS individuals will 
have speech-in-noise (SiN) processing deficits. 

How speech processing deficits, especially in real-world conditions, 
contribute to communication difficulties in MS is poorly studied; 
communication breakdown in MS is generally reported only in the 
context of speech production, i.e. dysarthria (Hartelius et al., 2000). This 
may be due to observations that MS individuals do not have problems 
repeating speech presented in silence (Olsen et al., 1975; Dayal et al., 
1966). However, studies attempting to understand real-life communi
cation should consider the fact that our world is often noisy. De
scriptions of speech processing in noise (Olsen et al., 1975; Lewis, 2006; 
Valadbeigi et al., 2014) are yet to be described in an ecologically rele
vant context, or are limited in characterizing disease severity in MS 
listeners. Hence, our objective in this cross-sectional study was to 
evaluate speech processing in MS under a "real world" perspective of 
open-set whole sentences in ecologically valid multi-talker speech 
(“babble”) or broadband noise. To examine the impact of disease 
severity on these functions, pwMS were segregated according to their 
Expanded Disability Status Scale (EDSS) score (Kurtzke, 1983), a clinical 
scale widely used for assessing physical disability in MS. Objective test 
data were also compared to responses in a questionnaire (Dunlop et al., 
2016) for self-reports of difficulties in different daily-life scenarios. 

2. Methods 

All procedures were approved by the Monash University Human 
Research Ethics Committee (8170) and Melbourne Health HREC 
(2015.069). The study conformed to guidelines of the National Health 
and Medical Research Council of Australia and the Helsinki Declaration 
protocols for experiments involving human participants. 

2.1. Participants 

Forty-six people with confirmed MS by revised McDonald criteria 
(McDonald et al., 2001) were recruited through the Royal Melbourne 
Hospital Australia. Thirty-eight neurologically healthy controls were 
recruited from the local community. All participants provided informed 
written consent. The main exclusion criterion for all participants was 
hearing loss (Section 2.3 Audiometry for definition of hearing loss) and 
no pwMS experienced recent (within 30 days) relapses and/or steroids 
administration. All participants reported English as their native 
language. 

PwMS were grouped according to Expanded Disability Status Scale 
(EDSS) score (Kurtzke, 1983) as rated by a neurostatus certified 
neurologist at study entry. PwMS with EDSS scores ≤ 1.5 were classified 
as ‘mild’; between 2–4.5 as ‘moderate’ and between 5–7 as ‘advanced’ 
disability. 

2.2. Study overview 

All participants completed an assessment battery of audiometry, 
speech discrimination tasks, and an auditory questionnaire, in a quiet 
room over a single session lasting 35–45min. 

2.3. Audiometry 

Hearing status was determined using a Beltone Model 110 Clinical 
Audiometer and calibrated TDH headphones to test sensitivity one ear at 
a time, at standard audiometric frequencies of 500 hertz (Hz), 750 Hz, 
1000 Hz, 1500 Hz, 2000 Hz, 4000 Hz, 6000 Hz and 8000 Hz, using a 
modified Hughson-Westlake procedure (Jerger et al., 1959). Hearing 
thresholds, recorded as decibels Hearing Level (dB HL) relative to 
normal sensitivity (ISO 8253–1, 1989), were defined as the lowest level 
at which the tone was perceived 50% of the time. Pure tone averages 
(PTAs) of the hearing threshold levels at 500, 1000, 2000 and 4000 Hz 
were obtained for all participants to describe hearing status, and only 
participants with a bilateral four tone average < 25 dB HL were used in 
this study. 

2.4. Speech in noise (SiN) discrimination tasks 

The general procedures and stimuli for the SiN task have been out
lined previously (Dunlop et al., 2016; Mann et al., 2013; Cainer et al., 
2008), and details are provided within the “Data in Brief” journal (Iva 
et al., 2020). In brief, speech stimuli, derived from a standard battery of 
clinically used sentences called the Bamford-Kowal-Bench (BKB) sen
tence lists (Bench et al., 1979), were each four to six words long with 
three keywords (Supplementary Figure A.1). Sentences were presented 
in speech-weighted noise (SWN) or babble noise (BN). SWN was shaped 
to the long-term average spectrum of the target sentences. BN consisted 
of eight simultaneous voices generated by doubling over and temporally 
offsetting a recording of four people reading nonsense text. 

Speech and masker stimuli were presented binaurally through 
Sennheiser HD535 headphones. Sentences were presented at a constant 
level of 70 dBA, whilst the masker level was varied to generate signal-to- 
noise ratio (SNRs) of 3, 1, − 1, − 3, and − 5 dB in BN; and 1,− 1,− 3,− 5, 
and − 7 dB in SWN. Prior to each noise condition, participants completed 
ten practice trials (ten unique target sentences) at an ‘easy’ SNR of +5 dB 
for acclimatization to stimuli. Subsequent SNR blocks were presented in 
random order. At each SNR, ten unique sentences were presented one at 
a time and the listener asked to repeat each sentence or indicate inability 
to do so. A correct response was scored when all three keywords were 
correctly repeated in correct order. No time limit was placed on response 
and feedback was not provided. The experimenter recorded the re
sponses and presented the next sentence after 1.5 second delay. 

2.5. Auditory attention and discomfort questionnaire (AADQ) 

The AADQ was developed by Dunlop, Enticott and Rajan (2016) and 
based on validated inventories for specific adult clinical populations 
with abnormal auditory processing (Schow and Nerbonne, 1980; Ventry 
and Weinstein, 1982; Meijer et al., 2003). The 33-item AADQ consisted 
of statements about daily life events involving hearing and had three 
subscales; the Audio-Attentional Difficulty subscale measured diffi
culties attending to speech in noisy environments; the Auditory 
Discomfort (Non-Verbal) subscale measured discomfort to non-verbal 
environmental sounds; and the Auditory Discomfort (Verbal) subscale 
measured discomfort to verbal sounds. Refer to Supplementary Figure 
A.2 for the questionnaire items and the “Data in Brief” journal (Iva et al., 
2020) for scoring procedures and details. 

2.6. Generalised linear mixed model 

To identify factors that significantly influenced speech 
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discrimination accuracy on any given trial (0=incorrect; 1=correct), 
two binomial generalized linear mixed effects model (glme) with logit 
link functions were generated. One model was based on all participants, 
whilst the other focused on pwMS only. To build the models, considered 
variables included: disability groups, SNR, masker type (SWN vs. BN), 
trial order, age (years), sex (male vs. female), education (years), average 
pure-tone thresholds (dB HL), EDSS score, disease duration (years), 
disease phenotype (relapsing-remitting (RR) vs. secondary-progressive 
(SP)) and theoretically relevant interactions. Supplementary Table A.1 
specifies how the categorical/ordinal variables were coded, and the 
mean ± SD and range for continuous variables. Potential fixed-effects 
were explored with a subject-specific random intercept representing 
between-subject heterogeneity. All variables had variance inflation 
factors (VIF) < 3, below the recommended cut off VIF of 5, indicating no 
problematic levels of multicollinearity amongst predictors. 

Models were validated using the ‘hold-out method’, with a 70:30 
split into training and validation data sets, and confusion matrices were 
generated to determine sensitivity (true positive rate) and specificity 
(true negative rate). 

3. Results 

3.1. Participant groups 

Basic demographics and disease details of the participant groups are 
reported in Table 1. Twelve controls (24%) and eleven MS (26%) par
ticipants were excluded for bilateral hearing loss (PTAs ≥ 25 dB HL). 
The remaining participants (Table 1) had bilaterally normal hearing 
between 500–4000 Hz except for 5% of participants from each group 
with small hearing losses (of 5–10 dB) at higher frequencies of 6000 and 
8000 Hz in one ear only. Controls and MS groups had similar hearing 
sensitivity within normal ranges; the PTAs are presented in Supple
mentary Figure A.3. Additionally, the thresholds measured at every 
frequency tested are reported in the “Data in Brief” journal (Iva et al., 
2020). 

3.2. Speech discrimination in noise 

In both noise conditions, sentence recall decreased as SNR decreased. 
SiN discrimination appeared to be easier in SWN than BN as a floor effect 

occurred in BN at an SNR of − 5, at which point sentence recall was poor 
for all listener groups, however, at the same SNR of − 5 in SWN, no such 
floor effect was observed. A direct comparison between the noise con
ditions is described in a mixed effects model described in Section 3.4. 

3.2.1. Identification of sentences in speech-weighted noise 
Mean ± SEM sentences in SWN correctly recalled by controls and 

pwMS at various SNRs is presented in Fig. 1A. A 4 × 5 [ (control, min
imal, moderate and advanced MS)] × (SNR = 1, − 1, − 3, − 5, and − 7)] 
two-way mixed ANOVA confirmed a significant interaction between 
listener group and SNR on sentence recall [F (12, 12 308)=2.45,p =
0.005]. There was also a significant main effect for listener group [F 
(3,77)=16.66, p < 0.0001] and SNR [F (4, 308)=372.1, p < 0.0001]. A 
Tukey’s post hoc analysis confirmed that significantly fewer sentences 
were recalled by moderate (p = 0.0004) and advanced (p < 0.0001), but 
not mildly impaired pwMS (p = 0.46) compared to controls. 

3.2.2. Identification of sentences in multi-talker babble 
BN degraded speech intelligibility for all MS listener groups more 

than controls except at an SNR of − 5, at which a floor effect was 
observed (refer to Fig. 1B). A 4 × 5 two-way mixed ANOVA confirmed a 
significant interaction effect between listener group and SNR [F (12, 
320)=3.445, p < 0.0001]. Main listener group effects were also signif
icant [F (3,80)=16.86,p < 0.0001]; and as expected, the SNR also had a 
significant effect on sentence recall in BN [F (4, 320)=595.6, p <
0.0001]. A Tukey’s post hoc analysis confirmed that significantly fewer 
sentences were discriminated by all MS listener groups (p < 0.05) 
compared to controls. 

3.3. Estimating psychometric functions 

To quantify MS effects on SiN discrimination, Boltzmann sigmoidal 
functions were fitted to each participant’s discrimination curves, using 
GraphPad PRISM 8. From each psychometric curve the slope and 
midpoint data were extracted, the details of which are specified in the 
“Data in Brief” journal (Iva et al., 2020). A one-way ANOVA revealed no 
significant difference in slopes (sentences/dB) between the listening 
groups in SWN [F (3, 77)=1.70,p = 0.18] and BN [F (3,80)=0.3,p =
0.83]. In contrast, the midpoints of the curves were significantly 
different amongst listener groups in SWN [F (3,77)=7.48,p = 0.0002] 
and BN [F (3,3,80) = 14.84, p < 0.0001]. The midpoints represent the 
SNR±SEM (dB) at 50% discrimination and are visually graphed for the 
SWN (Fig. 1C) and BN task (Fig. 1D), note: higher SNRs indicated poorer 
discrimination performance. 

A Tukey’s honestly significant difference (HSD) post hoc test 
confirmed that in SWN, the SNR at 50% discrimination for moderate and 
advanced pwMS was significantly higher than controls (p < 0.05). 
However, no statistical difference was found between controls and 
minimally impaired pwMS (p = 0.55). In BN, the SNR at 50% discrim
ination for all MS groups was significantly higher than controls (p <
0.05). Minimal, moderate, and advanced pwMS had 0.7 ± 0.35 dB, 1.14 
± 0.26 dB and 1.84 ± 0.31 dB greater SNRs than controls, respectively. 

3.4. Modelling the factors that impact on SiN discrimination 

To explain the impact of MS on SiN discrimination, we adopted a 
holistic approach to build a model that incorporates all variables needed 
for explanatory power. Model-building started with a ‘constrained 
model’ with fixed effects being disability group, SNR, masker type, and 
the interaction between SNR and masker. Additional theoretically 
important variables such as trial order number, age, sex (male vs. fe
male), education (years) and average pure-tone thresholds (dB HL) were 
then incorporated and the model evaluated (see Supplementary Table 
A.1 for details on how variables were coded). Thirteen theoretical 
regression models (Table 2) were generated using MATLAB Statistic 
Toolbox Release 2019b and compared to the constrained model to 

Table 1 
Participant characteristics.   

Control Mild MS Moderate 
MS 

Advanced 
MS 

Number of participants 38 20 16 10 
Sex F (M)֓ 35(3) 17(3) 13(3) 9(1) 
Phenotype RR (SP) ֟ – 20 (0) 13(3) 2(8) 
Age (yrs) 

Mean (SD) 45.66 
(10.43) 

44.3 
(9.52) 

44.83 
(11.69) 

49 (6.56) 

Range 28 - 60 24 - 63 28 - 64 36 - 58 
Disease duration (yrs) 

Mean (SD) – 10.7 
(5.77) 

13 (7.24) 18.5 (7.07) 

Range  1 - 22 1 - 32 10 - 31 
EDSS* 

Median – 0 2.5 6 
Range – 0–1.5 2–4.5 5–7 

Disease modifying 
therapy (%) 

– 90 81 80  

֓ F = female; M = male. 
֟ RR = Relapsing-remitting; SP = Secondary progressive. 
* EDSS = Expanded Disability Status Scale Score determined by a neurologist 

within 6 months of audiological testing. 
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determine the difference in Akaike’s Information Criterion (AIC:ΔAIC). 
Models were based on 8250 trials as nearly all participants (N = 84) 
completed 100 trials each (10 trials x 5 SNRs x 2 masker types). The 
model with the lowest AIC was used to select the final model as it ex
plains the greatest amount of variation using the fewest possible inde
pendent variables. Tests of fixed effects were also confirmed with 
likelihood ratio (LRT) tests to compare the constrained model with 
nested models. 

The addition of demographic variables did not significantly improve 
the constrained model. The model with the lowest AIC value included 
the addition of ‘trial order’ as a fixed effect (model 6 in bold in Table 2). 
Therefore, the constrained model was rejected in favour of the final 
model 6. 

Parameter estimates of fixed effects in model 6 are listed in Table 3, 
along with the t statistic, degrees of freedom and p-values for each fixed 
effect to test the null hypothesis that the coefficient equals zero. The 
odds ratio (OR) and confidence intervals (CI,95%) are also included to 
quantify the magnitude of the association between the fixed effect and 
the outcome. 

Changes in all fixed effects are significantly associated with changes 
in sentence recall accuracy (p < 0.05). To quantify this association, the 
ORs were interpreted. The OR of correctly discriminating a sentence was 
0.72 (0.56 – 0.92) for mild pwMS, i.e. 28% lower odds (1- e− 0.33) 
compared to controls when all other factors were constant. A decrease in 
odds ratio corresponded to the severity of disability as moderately and 
advanced pwMS had 51% and 73% lower odds compared to controls, 
respectively. 

There was also a positive association of trial order on speech 
discrimination as the odds of correct speech discrimination was 1.03 
(95% CI, 1.01–1.06) times greater compared to the previous trial. 
Finally, a one-unit increase in SNR increased the odds of correct sen
tence recall by 84% in SWN but only by 11% in BN. 

3.5. Disease factors that impact SiN discrimination 

A second model was built to investigate the impact of various disease 
factors on SiN discrimination, this time, with a specific focus on char
acteristics and clinical measures in pwMS only. In an exploratory 
approach, all theoretically important variables were included. The 
model was based on 4450 trials as nearly all participants (N = 46; with 
the exception of one participant who did only 50 trials) completed 100 
trials each (10 trials x 5 SNRs x 2 masker types). A total of 11 variables 
were identified for inclusion in the generalized linear mixed effects 
model, and were classified into four groups: experimental, demographic, 
disease characteristics and ‘other’. Experimental fixed-effects were: trial 
order, SNR, masker type, and the interaction between SNR and masker; 
demographic variables were: age (years), sex (female: male) and edu
cation (years); disease characteristic variables were: duration (years), 
EDSS score and disease type (RR:SP); and the ‘other’ variable was: the 
average pure-tone threshold (dB HL). Refer to Supplementary Table A.1 
for details on how variables were coded. 

Fig. 3 displays the ORs for the demographic, disease characteristics 
and pure-tone average variables that were included in the model. 
Although the fixed effects of trial order, SNR, masker, interaction 

Fig. 1. Sentence recall was systematically worse in MS participants with greater disease severity as measured by the Expanded Disability Status Scale 
(EDSS) score. Sentence recall by controls (filled circle, n = 38); and pwMS with mild (EDSS 0–1.5, open circle, n = 20); moderate (EDSS 2–4.5, diamond, n = 16); and 
advanced disability (EDSS 5–7, cross, n = 10) in speech-weighted noise (SWN; left-hand column) and multi-talker babble (BN; right-hand column). Mean ± SEM 
sentences correctly discriminated (out of a possible total score of10 at each signal to noise ratio) in SWN (A) and BN (B). Mean SNRs ± SEM (dB) at 50% 
discrimination in SWN (C) and BN (D). * p < 0.05; ** p < 0.01; *** p < 0.001; ****p < 0.0001 compared to controls. (A&B: two-way ANOVAs; C, D: one- 
way ANOVA). 
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between SNR and masker, and the intercept were significant predictors 
of the model, they are not displayed in Fig. 3 as it was not informative to 
repetitively display experimental variables that have previously been 
established as significant contributors to speech discrimination perfor
mance (refer to Table 3). EDSS score was the only predictor identified as 
the most significant predictor of speech discrimination in noise (OR 
0.81; p < 0.001). There were no associations between any of the other 
patient characteristics and SiN discrimination. 

3.6. Noise and daily life events 

Data for the three AADQ domains probing subjectively perceived 
difficulty in different facets of daily life events are presented in Fig. 4. 

ANOVA revealed significant differences between groups on Audio- 
Attentional difficulty [F (3, 77) = 7.05, p = 0.0003; ƞ2 = 0.22], but 
no significant differences on the Auditory Discomfort scales for both 
non-verbal [F (3, 77) = 1.30, p = 0.28, ƞ2 = 0.05] and verbal stimuli [F 
(3, 77) = 2.09, p = 0.11; ƞ2 = 0.08]. Tukey’s post-hoc analysis confirmed 
that only the advanced MS group reported significantly greater difficulty 
in attentionally demanding environments than controls (p < 0.001), 
mild (p < 0.01) and moderately impaired (p < 0.05) pwMS. 

4. Discussion 

We have uniquely investigated sentence discrimination under ‘real- 
world’ conditions to report deficits in MS listeners in discriminating 
open-set natural whole sentences in noise, including ecologically valid 
noise. This worsened systematically with disease severity but the absent 
slope changes coupled with the shift to higher SNRs for 50% perfor
mance in MS psychometric curves show that MS participants required a 
more favourable SNR for equal performance but otherwise conducted 
SiN processing in the same way as control listeners. 

Successful extraction of speech from noise requires disentangling a 
complex auditory scene to develop neural representations that maintain 
the integrity of distinct sound sources (Sussman et al., 2007). Given 
audiometric normal hearing, MS-related SiN difficulties must reflect 
centralised auditory processing (CAP) disorders (Furst and Levine, 
2015) in higher-order mechanisms that preserve, analyse, organise and 
interpret information. Temporal processing, an important component of 
CAP, is impaired in MS (Rappaport et al., 1994); posited to be related to 
the delays of signal transmission within the auditory pathways affected 
by demyelinating lesions that impact on neural synchrony (Rappaport 
et al., 1994; Mustillo, 1984). Temporal acuity is critical for speech 
perception processes like detection of rise/fall time, voice onset, and the 
transient onset of syllables (Nair and Basheer, 2017), and it also facili
tates ‘glimpsing’ in which an individual takes advantage of momentary 
‘dips’ in noise energy where the target signal is more audible (Li and 
Loizou, 2007). This ability appears impaired in MS listeners who have 
been previously reported to perform worse than controls in a 
words-in-noise paradigm when a wideband background noise had 
randomised silent periods, but not for continuous noise (Rappaport 
et al., 1994). 

Sound input parsed by spectral/temporal cues is modified at cortex 
to sharpen stream segregation by attentional systems that filter irrele
vant inputs so the listener can focus on a single target stream (Sussman 
et al., 2007). This becomes more difficult when SNRs are smaller and 

Table 2 
Comparisons of fixed effects combinations in a generalized linear mixed effects 
model (with a logit link function) used to predict correct sentence recall on each 
trial.  

Constrained model (nested model): AIC ΔAIC X2  Δdf p 

(1)( Disability group + SNR +
Masker + SNR*Masker + (1| 
participant) 

6615.7 0    

Additional covariates:  
(2) Disability group*SNR 6618.3 2.6 3.37 3 0.34 
(3) Disability group*Masker 6619.9 4.2 1.77 3 0.62 
(4) Disability group*SNR +

Disability group*Masker 
6621.1 5.4 6.59 14 0.36 

(5) Disability*SNR*Masker 6624.3 8.6 9.34 9 0.41 
(6) Trial order 6610.3 ¡5.4 7.38 1 0.007** 
(7) Trial order + Trial 

order*Disability group 
6615.3 − 0.4 8.42 4 0.08 

(8) Trial order + Age + Sex +
Education + Pure tone average 

6617.1 0.4 7.41 5 0.21 

(9) Pure tone average 6617.5 1.9 0.08 1 0.78 
(10) Pure tone average*Disability 

group 
6617.6 0.9 7.10 4 0.13 

(11) Age 6617.7 2 0.01 1 0.92 
(12) Age*Disability group 6622.4 6.7 1.31 4 0.86 
(13) Sex 6617.8 2 0.05 1 0.82 

Based on 8250 observations (84 participants). 
The estimate of the variability of the random effects (σ2

b ) for all models = 0.32. 
The last three columns show the chi squared statistic (X2), difference in the 
degrees of freedom and p value from the likelihood ratio (LRT) tests. 
SNR = signal-to-noise ratio. 
AIC = Akaike’s Information Criterion. 
df = degrees of freedom. 

Table 3 
Parameter estimates of fixed effects of the final generalized linear mixed effects model (with a logit link function) used to predict correct sentence recall on each trial.        

95% C.I for eβ  

Name Estimate (β) SE β  tStat P OR (eβ) Upper Upper 

Intercept + N (0, σ2
b ) 3.88 0.15 26.15 <0.0001 48.26 36.09 64.54 

Trial 0.03 0.01 2.72 <0.01 1.03 1.01 1.05 
SNR 0.59 0.02 27.08 <0.0001 1.81 1.73 1.89 
Masker type − 3.86 0.12 − 30.94 <0.0001 0.02 0.02 0.03 
Disability group        

Control Reference group – – 1 – – 
Mild (EDSS 0–1.5) − 0.33 0.12 − 2.66 <0.01 0.72 0.56 0.92 
Moderate (EDSS 2–4.5) − 0.71 0.13 − 5.27 <0.0001 0.49 0.38 0.64 
Advanced (EDSS 5–7) − 1.30 0.16 − 7.92 <0.0001 0.27 0.20 0.38 

SNR x Masker type 0.11 0.03 3.62 <0.0001 1.11 1.05 1.18 

Based on 8250 observations (N = 84 participants). 
The estimate of the variability of the random effects (σ2

b ) for all models = 0.32. 
Model was validated using the ‘hold-out method’, with a 70:30 split into training and validation data sets. 
Note: Sensitivity = 82.7%. Specificity = 80.5%. Overall accuracy = 81.25%. 
SNR = signal-to-noise ratio. 
SE = standard error. 
OR = odds ratio. 
C.I = confidence interval. 
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stimuli are similar. Multi-talker babble will elicit confusion because of 
its similarity to speech and its saliency which will involuntarily capture 
attention. This perceptual interference is known as informational 
masking and similarity between talkers is a particularly strong feature of 
such masking (Bronkhorst, 2000). In contrast, SWN is an energetic 
masker that diminishes target audibility only through masking and 
blending of acoustic signals at the periphery (Bronkhorst, 2000). The 
difference in difficulty of the two tasks is apparent in our modelling: 
when all other factors were constant, a one-unit improvement in SNR 
increased the odds of correct sentence recall by 84% in SWN but only 
11% in babble. However, there was no differential degradation between 
the disability groups. 

Electrophysiology shows MS-related impairments in cortical pro
cesses that can affect discrimination performance. The cognitive P300 
potential is elicited in central processes such as attention, auditory 
discrimination, memory and decision making (Sur and Sinha, 2009). It is 

typically measured with an “Oddball Paradigm” requiring a response to 
deviants within a regular train of repetitive stimuli. Parallels can be 
drawn to our SiN tasks: background noise forms the repetitive stimulus 
and target sentences are the deviants requiring detection. In MS, P300 
waveform latencies are significantly increased (>2 S.D) (Ivica et al., 
2013; Magnano et al., 2006), indicating poorer cognitive performance 
(Sur and Sinha, 2009). In fact, cognitive impairment is now considered a 
primary deficit affecting 40–70% of pwMS, manifesting at all disease 
stages, even onset, and in all subtypes (Chiaravalloti and DeLuca, 2008). 
MS affects many cognitive domains with most effects on information 
processing speed, attention and memory, followed by verbal fluency and 
executive deficits (Fielding and Clough, 2019); cognitive decline 
worsens with advancing disease. Such cognitive disturbances in MS 
could contribute to impaired SiN discrimination, however, were not 
formally tested. 

Although SiN discrimination was impaired in all MS groups, only 

Fig. 4. MS participants with advanced disability reported 
significant audio-attentional difficulty in the Auditory Atten
tion and Difficulty Questionnaire (AADQ). Mean total score 
(±SEM) for controls (black; n = 38), mild (white; n = 20), mod
erate (grey; n = 15) and advanced MS (patterned; n = 7) on the 
three components of the questionnaire: audio-attentional diffi
culty, auditory discomfort (non-verbal) and auditory discomfort 
(verbal). Audio-Attentional Difficulty had a possible range of 
14–98, Auditory Discomfort (Non-Verbal) had a possible range of 
8–56, and Auditory Discomfort (Verbal) had a possible range of 
5–35. (* p < 0.05; ** p < 0.01; *** p < 0.001; One way ANOVA; 
Tukey’s Honestly Significant Difference (HSD) Test).   

Fig. 3. Disease severity, as measured by the Expanded Disability Status Scale (EDSS) score, was the only significant predictor for correct speech 
discrimination in noise at any given trial. A generalised linear mixed-effects model (with a logit link function) was used to determine significant predictors of 
speech discrimination in people with multiple sclerosis; the grey box highlights the significant predictor. An odds ratio of 1 = no effect; < 1 is associated with lower 
odds of correctly discriminating a sentence from noise. EDSS: Expanded Disability Status Scale Score; RR: Relapsing Remitting; SP: Secondary Progressive; dB HL: 
decibels hearing level. Black dots indicate odds ratio and lines indicate the 95% confidence interval. Refer to Supplementary Table A.1 for details on how variables 
were coded. 
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pwMS with advanced disability reported significant audio-attentional 
difficulty in daily life events. The absence of self-reported auditory dif
ficulty in less severe MS groups could reflect redundant auditory pro
cessing (Furst and Levine, 2015), which may be intrinsic (multiple 
parallel auditory CNS representations (Musiek, 1986)) or extrinsic 
(syntactic and semantic cues, or multimodal information through (say) 
lipreading) (Wu et al., 2015). Early pwMS may successfully use 
compensatory mechanisms to reduce or masque functional deficits 
(Audoin et al., 2005). Disease progression may degrade compensatory 
capacity by causing irreversible neurological disability and whole brain 
volume atrophy (Correale et al., 2016), removing any auditory pathway 
redundancy. Our subjective measures and psychoacoustic testing serve 
as complementary tasks to elucidate the difference between a subtle 
impairment that evades detection and one that greatly impacts on daily 
life. 

Our generalized linear mixed effects model enabled consideration of 
demographic variables and individual differences (random intercept 
effect) inherent in human participant trials but even then, disease 
severity remained a significant factor in predicting speech discrimina
tion accuracy. Thus, our SiN tasks have robust construct validity and 
merit consideration for monitoring disease changes, with the advantages 
of speed (approximately 10min per background noise) and being non- 
invasive, cost effective, easy to administer, and requiring only 
portable equipment, allowing for home testing. Furthermore, psycho
acoustic methodology makes it easy to study many more systematic 
variations in SNR, sentence difficulty and saliency of background 
maskers for further refinement. Finally, we acknowledge that our study 
is cross-sectional and limited to participants with normal hearing. 
Longitudinal data will provide further confidence that our SiN tasks 
could be a valid biomarker for disease progression and future studies 
should investigate SiN performance in pwMS with hearing loss. An 
investigation into the correlations between SiN performance and CNS 
lesion location would also provide valuable insight into the pathological 
underpinnings of SiN deficits in MS. 
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