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Successful communication in daily life depends on accurate decoding of speech signals that are acoustically degraded 
by challenging listening conditions. This process presents the brain with a demanding computational task that is vul-
nerable to neurodegenerative pathologies. However, despite recent intense interest in the link between hearing impair-
ment and dementia, comprehension of acoustically degraded speech in these diseases has been little studied. Here we 
addressed this issue in a cohort of 19 patients with typical Alzheimer’s disease and 30 patients representing the three 
canonical syndromes of primary progressive aphasia (non-fluent/agrammatic variant primary progressive aphasia; se-
mantic variant primary progressive aphasia; logopenic variant primary progressive aphasia), compared to 25 healthy 
age-matched controls. As a paradigm for the acoustically degraded speech signals of daily life, we used noise-vocoding: 
synthetic division of the speech signal into frequency channels constituted from amplitude-modulated white noise, 
such that fewer channels convey less spectrotemporal detail thereby reducing intelligibility.
We investigated the impact of noise-vocoding on recognition of spoken three-digit numbers and used psychometric mod-
elling to ascertain the threshold number of noise-vocoding channels required for 50% intelligibility by each participant. 
Associations of noise-vocoded speech intelligibility threshold with general demographic, clinical and neuropsychological 
characteristics and regional grey matter volume (defined by voxel-based morphometry of patients’ brain images) were 
also assessed. Mean noise-vocoded speech intelligibility threshold was significantly higher in all patient groups than 
healthy controls, and significantly higher in Alzheimer’s disease and logopenic variant primary progressive aphasia 
than semantic variant primary progressive aphasia (all P < 0.05). In a receiver operating characteristic analysis, vocoded 
intelligibility threshold discriminated Alzheimer’s disease, non-fluent variant and logopenic variant primary progressive 
aphasia patients very well from healthy controls. Further, this central hearing measure correlated with overall disease se-
verity but not with peripheral hearing or clear speech perception. Neuroanatomically, after correcting for multiple voxel- 
wise comparisons in predefined regions of interest, impaired noise-vocoded speech comprehension across syndromes 
was significantly associated (P < 0.05) with atrophy of left planum temporale, angular gyrus and anterior cingulate gyrus: 
a cortical network that has previously been widely implicated in processing degraded speech signals.
Our findings suggest that the comprehension of acoustically altered speech captures an auditory brain process relevant to 
daily hearing and communication in major dementia syndromes, with novel diagnostic and therapeutic implications.
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Introduction
Successful communication in the world at large depends on our 

ability to understand spoken messages under non-ideal listening 

conditions. In our daily lives, we are required to interpret speech 

that is acoustically degraded by a wide variety of different ways— 

we regularly conduct conversations over background noise, adapt 

to suboptimal telephone and video connections and interpret un-

familiar accents. The processing of such degraded speech signals 

presents the brain with a challenging computational problem, 

whereby acoustic signals (or ‘auditory objects’) of interest must 

be disambiguated from interfering (and changing) noise.1–3

Because speech signals are critical for communication, decoding 

of degraded speech is generally the most functionally relevant in-

dex of hearing ability in daily life. This process, normally automatic 

and relatively effortless, is impaired in neurodegenerative disor-

ders such as Alzheimer’s disease and the ‘language-led’ dementia 

syndromes of the primary progressive aphasia (PPA) spectrum.4–8

Hearing impairment has recently been identified as a major risk 
factor for dementia and a driver of cognitive decline and disabil-
ity.4,9,10 While most studies addressing this linkage have focused on 
peripheral hearing function measured using the detection of pure 
tones,4,11,12 mounting evidence suggests that measures of central 
hearing (auditory brain) function and in particular, the comprehen-
sion of degraded speech signals, may be more pertinent.6,8,13,14

Large cohort studies have identified impaired comprehension of de-
graded messages as a harbinger of dementia.7,15,16 More specifically, 
Alzheimer’s disease has been shown to impact speech-in-noise per-
ception17 and identification of dichotic digits.6,18–20 This is likely to re-
flect, at least in part, a generic impairment of auditory scene analysis 
in Alzheimer’s disease, affecting the parsing of non-verbal as well as 
verbal information and linked to degeneration of the core temporo- 
parietal ‘default mode’ network targeted by Alzheimer’s disease 
pathology.17,21–24

Further, both Alzheimer’s disease and PPA syndromes impair 
comprehension of non-native accents,25–28 sinewave speech29,30

and noise-interrupted speech,31 suggesting that neurodegenerative 
pathologies impair the processing of degraded speech signals more 
generally. However, the neural mechanisms responsible, the types 
of speech degradation that are implicated in everyday listening and 
the effects of different neurodegenerative pathologies have not yet 
been fully clarified. There are several grounds on which the process-
ing of degraded speech may be especially vulnerable to 

neurodegenerative pathologies.5 Neuroanatomically, the processing 
of degraded speech signals engages distributed neural networks in 
perisylvian, prefrontal and posterior temporo-parietal cortices: these 
same brain networks are targeted preferentially in PPA, particularly 
the non-fluent/agrammatic variant and logopenic variant syn-
dromes.5,29,32,33 Computationally, the comprehension of degraded 
speech signals depends on precise, yet dynamic integration of infor-
mation across neural circuitry4,5,8,34,35 and neurodegenerative path-
ologies are likely to blight these computations early and profoundly.

One widely used technique for altering speech signals experi-
mentally is noise-vocoding, whereby a speech signal is divided 
digitally into discrete frequency bands (‘channels’), each filled 
with white noise and modulated by the amplitude envelope of the 
original signal.36 This procedure degrades the spectral content of 
the speech signal while preserving its overall longer range temporal 
structure. The level of intelligibility of the noise-vocoded speech 
signal can be controlled parametrically: fewer channels is equiva-
lent to less spectral detail available, leading to less intelligible 
speech. Noise-vocoding simulates the acoustic characteristics of a 
cochlear implant, and noise-vocoded speech per se will not be en-
countered by most listeners in everyday life. However, among vari-
ous alternative methods,5 noise-vocoding has certain attributes 
that make it attractive as a model paradigm to study the effects of 
disease on the processing of degraded speech more generally.

Noise-vocoding has been widely studied and its behavioural and 
neuroanatomical correlates in the healthy human brain are fairly 
well established.36–42 As an exemplar of acoustic degradation based 
on reduction of spectral information, it is likely to capture auditory 
brain processes engaged by a variety of daily listening scenarios that 
require decoding of ‘noisy’ speech signals (for example, a poor tele-
phone or video-conferencing line, or a speaker with a heavy cold). In 
contrast to speech-in-noise techniques (which mix a speech signal 
with extraneous background sound), noise-vocoding degrades the 
intrinsic features of the speech signal. It therefore opens a window 
on auditory perceptual and cognitive processes complementary to 
those engaged in processing sound scenes (following a speech signal 
against competing background noise). Comprehension of noise- 
vocoded speech is likely to be more dependent on auditory object 
(phonemic) decoding than selective attention: indeed, perceptual 
and electrophysiological processing of noise-vocoded speech and 
acoustically degraded conspecific call sounds has been demon-
strated in non-human primates,43–47 suggesting that noise- 
vocoding may engage a fundamental neural integrative mechanism 
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for decoding vocal signals in primate auditory cortex. Further, noise- 
vocoding offers the substantial advantage of generating a quantifi-
able threshold for intelligibility of the degraded speech signal, based 
on the number of vocoding channels. This potentially allows for a 
more sensitive, graded and robust determination of deficit, enabling 
comparisons between diseases, tracking of disease evolution and 
potentially, assessing the impact of therapeutic interventions.

Noise-vocoding has been previously applied in a joint behaviour-
al and magnetoencephalographic (MEG) study of non-fluent/agram-
matic variant PPA (nfvPPA), to assess the brain mechanisms that 
mediate comprehension of degraded speech in the context of rela-
tively focal cerebral atrophy.48 This work showed that patients 
with nfvPPA rely more on cross-modal cues to disambiguate vo-
coded speech signals, and have inflexible predictive decoding me-
chanisms, instantiated in left inferior frontal cortex. However, 
noise-vocoding has not been exploited as a tool to compare degraded 
speech perception in different neurodegenerative syndromes. More 
generally, the cognitive and neuroanatomical mechanisms that me-
diate the processing of degraded speech and their clinical relevance 
in this disease spectrum remain poorly defined.

Here, using noise-vocoding, we evaluated the comprehension of 
acoustically degraded spoken messages in cohorts of patients with 
typical Alzheimer’s disease and with all major syndromes of PPA, 
referenced to healthy older listeners. We assessed how the under-
standing of noise-vocoded speech was related to other demograph-
ic and disease characteristics. We further assessed the structural 
neuroanatomical associations of the noise-vocoded speech intelli-
gibility threshold in Alzheimer’s disease and PPA, using voxel- 
based morphometry (VBM) on patients’ brain magnetic resonance 
images. Based on available evidence with noise-vocoded48 and 
other degraded speech stimuli (e.g. speech-in-noise16 and sine-
wave speech29) in Alzheimer’s disease and PPA patients, we hy-
pothesized that both Alzheimer’s disease and PPA patients would 
have elevated thresholds for comprehending noise-vocoded 
speech compared with healthy controls, and that this deficit would 
be more severe in nfvPPA and logopenic variant PPA (lvPPA) than in 
other neurodegenerative syndromes. We further hypothesized that 
elevated noise-vocoded intelligibility threshold (as an index of im-
paired comprehension of degraded speech) would be correlated 
over the combined patient cohort with regional grey matter atro-
phy in left posterior superior temporal, inferior parietal and inferior 
frontal cortices: a network of brain areas previously implicated in 
the processing of noise-vocoded speech in the healthy brain36–42

and targeted early and relatively selectively by neurodegenerative 
pathology in Alzheimer’s disease and PPA.49

Materials and methods
Participants

Nineteen patients with typical amnestic Alzheimer’s disease, eight 
patients with lvPPA, 10 patients with nfvPPA and 12 patients with se-
mantic variant PPA (svPPA) were recruited via a specialist cognitive 
clinic. All patients fulfilled consensus clinical diagnostic criteria 
with compatible brain MRI profiles and had clinically 
mild-to-moderate disease.50,51 No patients with pathogenic muta-
tions were included.

Twenty-five healthy older control participants with no history 
of neurological or psychiatric disorders were recruited from the 
Dementia Research Centre volunteer database. All participants 
had a comprehensive general neuropsychological assessment 
(Table 1). None had a history of otological disease, other than 

presbycusis; participants assessed in person at the research centre 
had pure tone audiometry, following a previously described pro-
cedure (details in Supplementary material).

Owing to the Covid-19 pandemic, some data for this study were 
collected remotely (Supplementary material). We have described 
the design and implementation of our remote neuropsychological 
assessment protocol elsewhere.52

All participants gave informed consent to take part in the study. 
Ethical approval was granted by the UCL-NHNN Joint Research Ethics 
Committees, in accordance with Declaration of Helsinki guidelines.

Creation of experimental stimuli

Lists of 50 different three-digit numbers (of the form, ‘five hundred 
and eighty-seven’; examples in Supplementary material) were re-
corded by two young adult female speakers in a Standard 
Southern British English accent with neutral prosody. They were 
recorded in Audacity (v 2.2.3), using a condenser microphone 
with a pop-shield in a sound-proof booth. Speech recordings were 
noise-vocoded using Matlab® (vR2019b) (https://uk.mathworks. 
com/) to generate acoustically altered stimuli with a prescribed le-
vel of degraded intelligibility (see Supplementary Fig. 1 for spectro-
grams). Details concerning the synthesis of noise-vocoded stimuli 
are provided in the Supplementary material. The vocoding intelligi-
bility threshold for younger normal listeners is typically around 
three to four ‘channels’36; in this experiment, we noise-vocoded 
the speech recordings with 1 to 24 channels, sampling at each inte-
ger number of channels within this range to ensure we would be 
able to accurately capture even markedly abnormal psychometric 
functions in the patient cohort.

The final stimulus list comprised 100 different spoken three- 
digit numbers: four unvocoded (clear speech) and 96 noise-vocoded 
with four stimuli for each number of channels, ranging from 1 to 24.

Experimental procedure

The stimuli were administered binaurally in a quiet room via 
Audio-Technica ATH-M50X  headphones at a comfortable fixed lis-
tening level (at least 70 dB). Data for 30 participants were collected 
remotely via video link during the Covid-19 pandemic (Table 1 and 
Supplementary material).

To familiarize the participants with the experimental procedure, 
they were first asked to repeat five three-digit numbers (not included 
in the experimental session) that were spoken by the experimenter. 
Prior to presenting the experimental stimuli, participants were ad-
vised that the numbers they heard would vary in how difficult to 
understand they were, but that they should guess the number 
even if uncertain. Stimuli were presented in order of progressively 
decreasing channel number (intelligibility), first clear speech, then 
from 24 vocoding channels to one vocoding channel. On each ex-
perimental trial, the task was to repeat the number (or as many of 
the three digits as the participant could identify). Participants 
were allowed to write down the numbers they heard rather than 
speaking them if preferred; in scoring, we accepted the intended tar-
get digit as correct, even if imperfectly articulated. Responses were 
recorded for offline analysis. During the experiment, no feedback 
about performance was given and no time limits were imposed.

Analysis of clinical and behavioural data

Data were analysed in MATLAB® (vR2019b) and in R® (v4). For con-
tinuous demographic and neuropsychological data, participant 
groups were compared using ANOVA and Kruskal-Wallis tests 
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(dependent on normality of the data); group categorical data were 
compared using Fisher’s exact tests. Performance profiles in seven 
healthy control participants who performed the experiment both in 
person and subsequently remotely were very similar, justifying 
combining participants tested in person and remotely in the main 

analysis (Supplementary material). An alpha of 0.05 was adopted 
as the threshold for statistical significance on all tests.

Identification of noise-vocoded spoken numbers was scored ac-
cording to the number of digits correct for each three-digit number 
(e.g. if the target number was ‘587’ and the participant responded 

Table 1 General demographic, clinical and neuropsychological characteristics of all participant groups

Characteristic Controls AD lvPPA nfvPPA svPPA

Demographic and clinical
Male: female, n 14:11 15:4 7:1 8:2 7:5
Age, years 68.28 (6.62) 70.11 (8.43)* 71.8 (5.50)* 72.7 (3.65)* 63.08 (8.38)
Handedness (R/L/A) 21/1/1a 18/1/0 8/0/0 10/0/0 11/1/0
Education (y) 16.13 (2.72) 15.44 (3.79) 14.40 (2.88) 15.10 (2.64) 15.55 (2.07)
Symptom duration (y) NA 5.94 (3.02) 5.57 (4.86) 3.30 (1.16) 5.42 (2.50)
Best ear averageb 17.10 (8.72)c 27.67 (10.92)d 19.00 (10.7)e 29.25 (3.30)e 23.75 (8.07)f

Tested in-person/remote 21/4 10/9 3/5 4/6 8/4
MMSE (/30) 29.75 (0.62)g 20.43 (7.81) 22.67 (7.51)h 26.50 (0.71)a 22.88 (5.14)
T-MMSE (/27) 26.11 (1.76) 17.75 (4.45) 21.50 (4.51) 24.33 (2.25) 24.00 (1.41)
Percentage of participants taking donepezil and/or 
memantine

NA 81.25%i 83.33%a 16.67%f 0%h

General neuropsychology
Executive function

WASI Matrices (/32) 26.81 (2.74)j 11.80 (8.76)a 22.40 (5.32)** 19.10 (9.35) 24.08 (6.73)**
Letter fluency (total) 15.93 (5.35)d 10.94 (5.86)a 8.88 (3.98) 9.00 (9.20)i 7.42 (6.40)
Category fluency (total) 24.07 (6.30)d 11.41 (6.74)a 11.10 (6.36) 15.43 (11.59)i 6.67 (5.71)

Working memory
Digit span forward (max) 6.56 (1.03)j 5.79 (1.40) 4.38 (1.41)*,** 5.60 (1.27)* 6.67 (0.99)
Digit span reverse (max) 5.19 (1.17)j 3.21 (1.40)* 3.62 (1.30) 3.80 (1.93) 4.92 (1.56)

Auditory input processing
PALPA-3 (/36) 34.62 (1.66)k NA 31.20 (5.78)a 31.40 (5.46) 33.67 (2.27)

Speech repetition
Polysyllabic words (/45) 44.00 (1.55)j NA 41.30 (3.77)h 38.89 (8.02)h 40.67 (5.42)
Short sentences (/10) 9.46 (0.88)d NA 5.29 (1.60)h 6.60 (2.80) 7.50 (2.11)

Other language skills
GNT (/30) 25.75 (2.46)j 13.00 (7.22) 10.90 (6.94) 18.40 (8.82) 1.42 (4.32)
BPVS (/150) 147.88 (2.09)j 135.32 (23.4)* 146.00 (3.25)* 127.50 (46.3)* 73.50 (50.8)
PALPA-55 (/24) 23.46 (1.20)j NA 19.00 (4.47)h 19.80 (5.12) 18.80 (6.09)

Episodic memory
RMT Faces (Short) (/25) 23.75 (2.5)l 16.11 (3.26)j 21.40 (3.65)i 22.83 (3.49)**,f 19.20 (3.69)m

RMT Faces (Long) (/50) 41.67 (3.70)n 29.56 (5.57)j 29.00 (6.93)e 35.50 (4.95) 30.88 (3.36)f

Other skills
GDA calculation (/24) 14.81 (5.18)j 5.06 (4.81)i 6.14 (4.41)h 7.00 (5.52)h 10.18 (6.35)h

VOSP Object Decision(/20) 18.94 (1.48)j 14.10 (3.60) 17.00 (1.41)h 16.44 (4.59)**,h 15.50 (3.78)h

Mean (standard deviation) values and raw scores are presented (maximum value possible in parentheses), unless otherwise indicated; significant differences from healthy 

controls (P < 0.05) are in bold; *significantly different to svPPA (P < 0.05); **significantly different to AD (P < 0.05). Participants assessed in-person did the Mini-Mental State 

Examination (MMSE) while those assessed remotely did the T-MMSE. Similarly, the RMT Faces (Long) was administered to participants in-person, versus the RMT Faces (Short), 

which was administered to participants remotely (full details of our remote neuropsychological test battery are given in Heimbauer et al.44 A = ambidextrous; AD = patient group 
with typical Alzheimer’s disease; BPVS = British Picture Vocabulary Scale; Controls = healthy older control group; Digit span forward/reverse = maximum digit span recorded; 

GDA = Graded Difficulty Arithmetic; GNT = Graded Naming Test; L = left; lvPPA = patient group with logopenic variant primary progressive aphasia; NA = not available/ 

applicable; nfvPPA = patient group with non-fluent/agrammatic variant primary progressive aphasia; PALPA = Psycholinguistic Assessments of Language Processing in 

Aphasia; R = right; RMT = Recognition Memory Test; svPPA = patient group with semantic variant primary progressive aphasia; Synonyms concrete/abstract = single-word 
comprehension of single words; T-MMSE = tele-MMSE; VOSP = Visual Object and Space Perception battery; WASI = Wechsler Abbreviated Scale of Intelligence. 
aMissing data for two participants. 
bSee Supplementary material for details concerning the ‘best ear average’ measure. 
cMissing data for 15 participants. 
dMissing data for 10 participants. 
eMissing data for five participants. 
fMissing data for four participants. 
gMissing data for seven participants. 
hMissing data for one participant. 
iMissing data for three participants. 
jMissing data for nine participants. 
kMissing data for 12 participants. 
lMissing data for 21 participants. 
mMissing data for eight participants. 
nMissing data for 13 participants.
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‘585’, they would score two points on that trial). As three digits were 
presented on every trial, this scoring effectively yielded a total of 12 
(4 × 3) data-points for each vocoding channel number, for each par-
ticipant. As the perceptual effect of noise-vocoding scales is expo-
nential (e.g. the increase in intelligibility for normal listeners is 
much greater between two and four channels than between 20 
and 24 channels), we applied a logarithmic (base 2) transformation 
to the data. The resulting data were then modelled using a Weibull 
sigmoid, a widely used function for fitting logarithmically scaled 
data.53 Individual participant and group mean psychometric curves 
were created for each diagnostic group using the MATLAB psignifit 
package. This package employs beta-binomial models that account 
for overdispersion of the fitted psychometric function, due (for ex-
ample) to wide variation among individual patients.53 For each 
function, we report the following parameters: the binaural noise- 
vocoded speech intelligibility threshold (the number of vocoding 
channels at which 50% identification of noise-vocoded numbers 
was achieved); the slope of the function at the threshold point; 
lambda (the lapse rate, or number of incorrect responses at max-
imum performance asymptote); gamma (the guess rate, or number 
of correct responses at minimum performance level); and eta (a 
measure of overdispersion).

As the data were not normally distributed, we used non- 
parametric Kruskal Wallis tests to analyse psychometric parameters. 
Where the omnibus test was significant, we conducted Dunn’s tests to 
conduct pairwise comparisons between participant groups. We as-
sessed the relationship of noise-vocoded speech intelligibility thresh-
old to forward digit span over the whole patient cohort, using 
Spearman’s correlation; here, digit span provides a metric of each pa-
tient’s overall ability to repeat (hear, hold in short term memory and 
articulate) natural spoken numbers. We further used Spearman’s cor-
relation to assess, over the combined patient cohort, the relationship 
of intelligibility threshold to general demographic (age, sex) and clin-
ical [symptom duration, Mini-Mental State Examination (MMSE) 
score] variables, executive performance [Wechsler Abbreviated 
Scale of Intelligence (WASI) Matrices] and measures of auditory per-
ceptual function (pure tone audiometry, phonemic pairs discrimin-
ation on the Psycholinguistic Assessment of Language Processing in 
Aphasia (PALPA)-3 subtest) (Supplementary material).

Finally, receiver operating characteristic (ROC) curves were de-
rived to assess the overall diagnostic utility of noise-vocoded 
speech comprehension in distinguishing each patient group from 
healthy controls. The binary classifier used was the 50% speech 
intelligibility threshold obtained from each psychometric function. 
The area under the ROC curve (AUC) was calculated for each 
syndromic group using parametric estimates in the pROC R 
package.54,55

Brain image acquisition and analysis

Volumetric brain magnetic resonance images were acquired for 25 
patients in a 3 T Siemens Prisma MRI scanner, using a 32-channel 
phased array head coil and following a T1-weighted sagittal 3D 
magnetization prepared rapid gradient echo (MPRAGE) sequence 
(echo time = 2.9 ms, inversion time = 900 ms, repetition time =  
2200 ms), with dimensions 256 mm × 256 mm × 208 mm and voxel 
size 1.1 mm × 1.1 mm × 1.1 mm.

For the VBM analysis, patients’ brain images were first prepro-
cessed and normalized to MNI space using SPM12 software 
(http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and the 
DARTEL toolbox with default parameters running under MATLAB 
R2014b. Images were smoothed using a 6-mm full-width at T
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half-maximum (FWHM) Gaussian kernel. To control for individual 
differences in total (pre-morbid) brain size, total intracranial vol-
ume was calculated for each participant by summing white matter, 
grey matter and CSF volumes post-segmentation.56 An explicit 
brain mask was created using an automatic mask-creation strategy 
designed previously.57 A study-specific mean brain template image 
upon which to overlay statistical parametric maps was created by 
warping all patients’ native-space whole-brain images to the final 
DARTEL template and using the ImCalc function to generate an 
average of these images.

We assessed grey matter associations of noise-vocoded speech 
intelligibility threshold over the combined patient cohort. 
Voxel-wise grey matter intensity was modelled as a function of per-
formance threshold in a multiple regression design, incorporating 
age, total intracranial volume and diagnostic group membership 
as covariates. Statistical parametric maps were generated using an 
initial cluster-defining threshold (P < 0.001) and assessed at peak- 
level significance threshold P < 0.05, after family-wise error (FWE) 
correction for multiple voxel-wise comparisons within five separate 
predefined regions of interest, specified during the design of the 
study, and based on previously published work on degraded speech 
perception in the healthy brain and in neurodegenerative disease: 

these regions, which together constitute a distributed neural net-
work processing degraded speech signals, comprised left planum 
temporale,38,39 left angular gyrus,40–42 left anterior superior tem-
poral gyrus,40,58,59 left inferior frontal gyrus 40,48,58 and left cingulate 
gyrus.40,60 Anatomical volumes were derived from Oxford-Harvard 
cortical maps61 and are shown in Supplementary Fig. 3.

Data availability

The data that support the findings of this study are available on re-
quest from the corresponding author. The data are not publicly 
available because they contain information that could compromise 
the privacy of research participants.

Results
General participant group characteristics

Participant groups did not differ significantly in sex distribution, 
handedness or years of formal education (all P > 0.05, Table 1). 
Patient groups differed significantly in terms of age (P = 0.04), with 
the Alzheimer’s disease (z = 2.22, P = 0.03), lvPPA (z = 2.47, P = 0.01) 

Figure 1 Beeswarm plots of individual participants’ speech intelligibility threshold and psychometric curves for comprehension of noise-vocoded 
speech within each diagnostic group. (A) Group speech intelligibility threshold values correspond to number of vocoding channels in the speech stimu-
lus at which 50% intelligibility of spoken numbers was achieved. Dashed lines represent the mean for each group. (B–F) The y-axis here shows the per-
centage of digits identified correctly (from a total of 12 digits) at each noise-vocoding level; the x-axis shows the number of vocoding channels, plotted 
on a log scale. (B) Combined psychometric curves of all healthy control participants, with the bolded line indicating mean [curves have been fitted 
through values (coloured dots) representing the mean score correct across individual participants in that group at each noise-vocoding level]. (C) 
Combined psychometric curves of all the participants with Alzheimer’s disease (AD), with the bold line indicating mean (as in B). (D) Combined psy-
chometric curves of all the participants with logopenic variant primary progressive aphasia (lvPPA), with the bold line indicating mean (as in B). (E) 
Combined psychometric curves of all the participants with non-fluent variant primary progressive aphasia (nfvPPA), with the bold line indicating 
mean (as in B). (F) Combined psychometric curves of all the participants with semantic variant primary progressive aphasia (svPPA), with the bold 
line indicating mean (as in B).
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and nfvPPA (z = 2.75, P = 0.01) PPA groups being older on average 
than the svPPA group. Patient groups did not differ in mean symp-
tom duration (P = 0.09) but did differ in MMSE score [H(3) = 11.3, P =  
0.01; Table 1], the Alzheimer’s disease group performing worse 
than the nfvPPA (z = −3.22, P = 0.001) and svPPA (z = −2.10, P = 0.04) 
groups. General neuropsychological profiles were in keeping with 
syndromic diagnosis for each patient group (Table 1). Pure tone audi-
ometry (in the participant subcohort assessed in-person) revealed 
no substantial peripheral hearing deficits nor any significant differ-
ences between participant groups. Basic speech discrimination (as-
sessed using the PALPA-3) did not differ significantly from the 
healthy control group for any of the PPA syndromic groups.

Experimental behavioural data

Psychometric parameters for the participant groups are presented 
in Table 2. Individual and mean psychometric functions and data- 
points of the noise-vocoded speech intelligibility threshold are 
presented in Fig. 1. Additional data-point plots of the slope at 50% 
correct and lapse rate are presented in Supplementary Fig. 2. ROC 
curves for the patient groups versus the healthy control group are 
shown in Fig. 2. Exclusion of two upper bound outliers on speech in-
telligibility threshold (>97.5 quantile) in parallel analyses left the 
results qualitatively unaltered. Results from the full dataset are ac-
cordingly reported in-text below; parallel analyses with outliers re-
moved are reported in the Supplementary material.

There was a significant main effect of diagnostic group on noise- 
vocoded speech intelligibility threshold [H(4) = 38.48, P < 0.001]. 

In post hoc pairwise group comparisons versus healthy controls, 
mean intelligibility threshold was significantly elevated in all pa-
tient groups: in the lvPPA (z = 4.48, P < 0.001), nfvPPA (z = 3.97, P <  
0.001), Alzheimer’s disease (z = 5.08, P < 0.001) and svPPA (z = 2.23, 
P = 0.03) groups. Comparing patient groups, intelligibility threshold 
was significantly elevated in the Alzheimer’s disease (z = 2.07, P =  
0.04) and lvPPA (z = 2.27, P = 0.02) groups compared with the 
svPPA group. There was no significant effect of diagnostic group 
on the slope of the psychometric function (P = 0.347). There was a 
significant main effect of diagnostic group on the lapse rate, lambda 
[H(4) = 16.03, P = 0.003]. In post hoc pairwise group comparisons ver-
sus healthy controls, there was a significantly higher lapse rate 
(more errors made at maximum performance) in all patient groups: 
in the lvPPA (z = 2.68, P = 0.007), Alzheimer’s disease (z = 2.61, P =  
0.009), nfvPPA (z = 3.27, P = 0.001), and svPPA (z = 2.31, P = 0.02) 
groups. There were no significant differences between patient 
groups for lapse rate. There was a significant main effect of diag-
nostic group on the guess rate, gamma [H(4) = 16.49, P = 0.002]. In 
post hoc pairwise group comparisons, there was a significantly high-
er gamma rate (i.e. more correct answers made at minimum per-
formance) in the healthy control group than any patient groups 
(P < 0.05). There was no significant effect of diagnostic group on 
eta (overdispersion of the data) of the psychometric function (P =  
0.118). Group effect sizes (Table 2) were large for intelligibility 
threshold, lapse rate and gamma rate, but small for other psycho-
metric parameters.62,63

Individual variability in psychometric parameters within par-
ticipant groups was substantial (Fig. 1 and Table 2). Most pertinent-
ly, variation in noise-vocoded speech intelligibility threshold was 
wider in the Alzheimer’s disease group than in healthy controls 
and most marked in the lvPPA and nfvPPA groups.

Over the combined patient cohort, noise-vocoded speech intel-
ligibility threshold was not significantly correlated with peripheral 
hearing function (r = −0.04, P = 0.856), phonological discrimination 
in clear speech (PALPA-3 score; r = −0.25, P = 0.185), age (r = 0.21, 
P = 0.152) or symptom duration (r = −0.04, P = 0.775). Intelligibility 
threshold in the patient cohort was significantly correlated 
with WASI Matrices score (r = −0.46, P = 0.001), MMSE score 
(r = −0.53, P < 0.001) and forward digit span (r = −0.63, P < 0.001) 
(Supplementary Fig. 4). Lapse rate was also significantly correlated 
with forward digit span across the combined patient cohort 
(r = −0.34, P = 0.018) (Supplementary Fig. 4).

Analysis of ROC curves revealed that noise-vocoded speech in-
telligibility threshold discriminated all patient groups well from 
healthy controls. Based on AUC values (where a value of 1 would in-
dicate an ideal classifier and values >0.8 a clinically robust discrim-
inator64,65), discrimination was ‘excellent’ for the lvPPA group [AUC 
0.99, 95% confidence interval (CI) (0.97, 1)], Alzheimer’s disease 
group [AUC 0.95, 95% CI (0.87, 1)] and nfvPPA group [AUC 0.91, 
95% CI (0.78, 1)] and ‘fair’ for the svPPA group [AUC 0.77, 95% CI 
(0.59, 0.96)].

Neuroanatomical data

Statistical parametric maps of grey matter regions associated with 
speech intelligibility threshold are shown in Fig. 3 and local max-
ima are summarized in Table 3. Correlation plots for each signifi-
cant peak voxel with speech intelligibility threshold are shown in 
Supplementary Fig. 5.

Across the combined patient cohort, intelligibility threshold 
was significantly negatively associated with regional grey matter 
volume (i.e. associated with grey matter atrophy) in left planum 

Figure 2 ROC curves for comprehension of noise-vocoded speech in pa-
tient groups versus healthy older controls. Receiver operating charac-
teristic (ROC) curves for each syndromic group versus the healthy 
older control group are shown; the binary classifier used was the speech 
intelligibility threshold obtained in the psychometric functions 
(Table 2). An area under the curve (AUC) of 1 would correspond to an 
ideal classifier. AUC values obtained were as follows: Alzheimer’s dis-
ease (AD), AUC = 0.95, 95% CI (0.87, 1); logopenic variant primary pro-
gressive aphasia (lvPPA), AUC = 0.99, 95% CI (0.97, 1); non-fluent/ 
agrammatic variant primary progressive aphasia (nfvPPA) AUC = 0.91, 
95% CI (0.78, 1); semantic variant primary progressive aphasia (svPPA), 
AUC = 0.77, 95% CI (0.59, 0.96). CI = confidence interval.
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temporale, left angular gyrus and anterior cingulate gyrus (all PFWE  

< 0.05 after correction for multiple voxel-wise comparisons within 
the relevant pre-specified neuroanatomical region of interest).

Discussion
Here we have shown that perception of acoustically degraded 
(noise-vocoded) speech is impaired in patients with Alzheimer’s 
disease and PPA syndromes relative to healthy older listeners, 
and further, stratifies syndromes: impairment was most severe in 
lvPPA and nfvPPA, and significantly more severe in Alzheimer’s dis-
ease than in svPPA. Intelligibility threshold for noise-vocoded 
speech did not correlate with measures of pure tone detection or 
phoneme discrimination in clear speech, suggesting that the deficit 
does not simply reflect a problem with peripheral hearing or elem-
entary speech perception. Individual noise-vocoded speech intelli-
gibility threshold varied widely within the Alzheimer’s disease, 
lvPPA and nfvPPA groups. Our findings suggest that elevation in 
noise-vocoded speech intelligibility threshold in these dementia 
syndromes captures a central auditory impairment potentially 
relevant to difficulties in diverse everyday listening situations re-
quiring the decoding of acoustically altered speech signals.

Neuroanatomically, impaired noise-vocoded speech compre-
hension across dementia syndromes was underpinned by atrophy 
of left planum temporale, angular gyrus and anterior cingulate 
gyrus. This cortical network has been shown to be critical for pro-
cessing speech signals under a range of noisy, daily listening condi-
tions.5,32,33,42,66 Planum temporale is likely to play a fundamental 
role in the deconvolution of complex sound patterns and engage-
ment of neural representations corresponding to phonemes and 
other auditory objects.38,39,67 Angular gyrus mediates the disam-
biguation of speech signals in challenging listening environments, 
working memory for speech signals and transcoding of auditory in-
puts for motor responses, including orienting and repetition.41,67–70

Both regions are targeted in Alzheimer’s disease, lvPPA and 
nfvPPA71–74 and have been particularly implicated in the pathogen-
esis of impaired speech perception in these diseases.29,30,32,75 The 
anterior cingulate cortex operates in concert with these more pos-
terior cortical hubs to decode spoken messages under challenging 
listening conditions,40,60 with a more general role in cognitive con-
trol and in allocating attentional resources to salient stimuli.66,76,77

Reduced activation of the anterior cingulate cortex during tracking 

of information in degraded speech signals has been demonstrated 
in nfvPPA and svPPA.33

These neuroanatomical considerations suggest that the me-
chanisms of impaired noise-vocoded speech intelligibility are likely 
to differ between neurodegenerative syndromes, in keeping with 
the dissociable processes involved in phoneme recognition.2

Noise-vocoding fundamentally reduces the availability of acoustic 
cues that define phonemes as auditory objects: impaired recogni-
tion of these degraded auditory objects could in principle result 
from deficient encoding of acoustic features, damaged object–level 
representations (the auditory analogue of ‘apperceptive’ deficits in 
the visual domain) or impaired top-down, predictive disambigu-
ation based on stored knowledge about speech signal characteris-
tics. In Alzheimer’s disease and lvPPA, a core deficit of 
object-level representations has been demonstrated neuropsycho-
logically and electrophysiologically using other procedures that al-
ter acoustic detail in phonemes and non-verbal sounds31,33,78,79; it 
is therefore plausible that an analogous apperceptive deficit may 
have impacted the recognition of noise-vocoded phonemes in the 
Alzheimer’s disease and lvPPA groups here. In nfvPPA, one previous 
MEG study of noise-vocoded speech perception has foregrounded 
the role of inflexible top-down predictive decoding mechanisms 
(i.e. inappropriately ‘precise’ stored expectations about incoming 
speech signals, leading to delayed disambiguation of degraded 
speech), instantiated in frontal cortex.48 However, this is a clinical-
ly, neuroanatomically and neuropathologically diverse syndrome, 
and involvement of posterior superior temporal cortex engaged in 
early auditory pattern analysis may constitute a ‘second hit’ to 
phoneme recognition.33,78,80,81 In svPPA, the elevated noise- 
vocoded intelligibility threshold is a priori more likely to reflect 
reduced activation of semantic mechanisms engaged in the 
predictive disambiguation of degraded speech signals; and indeed, 
comprehension of other kinds of acoustically degraded speech 
signals by patients with svPPA has previously been shown to be 
sensitive to semantic predictability and to engage anterior cingu-
late cortex.29,31,33

Increasing intelligibility threshold was correlated with digit 
span over the combined patient cohort. This suggests that verbal 
working memory limitations may be integrally related to impaired 
processing of degraded speech, consistent with previous work 
highlighting the role of working memory in speech perception, par-
ticularly in older adults.82,83 As working memory demands did not 
vary across trials and number of vocoding channels, the principal 

Figure 3 Statistical parametric maps of regional grey matter atrophy associated with elevated noise-vocoded speech intelligibility threshold in the 
combined patient cohort. Maps are rendered on sagittal sections of the group mean T1-weighted magnetic resonance image in MRI space, thresholded 
at P < 0.001 uncorrected for multiple voxel-wise comparisons, and masked using the pre-specified neuroanatomical region of interests (as used in the 
small volume corrections) that were significant at P < 0.05FWE for multiple comparisons, over the whole brain for display purposes. The colour bar (right) 
codes voxel-wise t-values. All sections are through the left cerebral hemisphere; the plane of each section is indicated using the corresponding MNI 
coordinate (mm).
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driver of intelligibility threshold is likely to have been the level of 
acoustic alteration in the speech signal. On the other hand, all pa-
tient groups showed an increased lapse rate (i.e. errors unrelated 
to the stimulus level53) at higher vocoding channel numbers (i.e. 
for minimally noise-vocoded speech signals approaching clear 
speech). This echoes previous work demonstrating that active lis-
tening can be abnormal in lvPPA and nfvPPA even for clear speech 
and other sounds in quiet.75,84 As lapse rate was also correlated 
with digit span, this suggests that reduced working memory may 
influence performance at the upper asymptote, potentially inter-
acting with top-down mechanisms engaged in the predictive pro-
cessing of speech.48 Indeed, frontal processes are likely to play a 
broader role in the disambiguation of degraded speech signals, in-
cluding the allocation of attentional and executive resources85 and 
according with the observed correlation here between noise- 
vocoded speech intelligibility threshold and WASI Matrices score. 
Taken together, the present findings corroborate the profiles of def-
icit previously documented in Alzheimer’s disease and PPA syn-
dromes for comprehension of sinewave speech and phonemic 
restoration in noise-interrupted speech.29,31

Our findings further suggest that markers of noise-vocoded 
speech comprehension may have diagnostic and biomarker poten-
tial. The ROC analysis on the noise-vocoded intelligibility threshold 
measure (Fig. 2) suggests that it would constitute an ‘excellent’ clin-
ical test (corresponding to AUC > 0.9) for discriminating patients 
with Alzheimer’s disease, lvPPA and nfvPPA from healthy older in-
dividuals.65 However, the smaller sample size does need to be taken 
into consideration for the ROC analysis. Additionally, the noise- 
vocoded intelligibility threshold was correlated with overall disease 
severity (MMSE score) in the patient cohort. These findings build on 
a growing body of work suggesting that markers of ‘central’ hearing 
(auditory cognition) may sensitively signal the functional integrity 
of cortical regions that are vulnerable to Alzheimer’s disease and 
other neurodegenerative pathologies.5,8,16 The results of this study 
could further motivate the development of tailored strategies to 
help manage hearing difficulties experienced by people with de-
mentia in various daily-life contexts and environments.

This study has limitations that suggest directions for further 
work. Our noise-vocoding paradigm (based on a step-wise linear 
progression through channel numbers) was not optimally efficient; 
an adaptive staircase procedure would reduce testing time and al-
low individual thresholds to be captured without administering un-
informative trials at higher channel numbers. It would be relevant 
to assess to what extent patients’ comprehension of noise-vocoded 
speech can be modulated: pharmacologically (in particular, by 
acetylcholinesterase inhibitors30) and/or by perceptual learning, 
as in healthy listeners.86–88 Using another kind of speech degrad-
ation (sinewave transformation), we have previously shown that 
pharmacological and perceptual learning effects may operate in 

Alzheimer’s disease and PPA syndromes.29,30 To establish how 
noise-vocoded speech perception and its modulatory factors relate 
to neural circuit integrity in Alzheimer’s disease PPA, functional 
neuroimaging using techniques such as functional MRI and MEG 
will be required to capture dynamic network connectivity engaged 
by these processes and the neural mechanisms that represent and 
decode vocoded speech sounds. Furthermore, whilst a direct com-
parison across sensory modalities was beyond the scope of the pre-
sent study, the perceptual processing deficit presented here in the 
auditory domain may extend to other sensory domains, such as vi-
sion.89 It would be of particular interest to assess whether cross- 
modal sensory cues can be used to help disambiguate degraded 
speech signals in patients with Alzheimer’s disease and PPA.

From a clinical perspective, this work should be taken forward 
in several ways. The group sizes here were relatively small: the 
noise-vocoding paradigm should be extended to larger patient co-
horts, which (given the comparative rarity of PPA) will likely entail 
multicentre collaboration. Besides corroborating the present group 
findings, assessment of larger cohorts would allow characteriza-
tion of the sources of the wide individual variation within diagnos-
tic groups. There is also a need for prospective, longitudinal studies 
—both to assess how markers of degraded speech perception relate 
to disease course and to determine how early such markers may 
signal underlying neurodegenerative pathology. Auditory mea-
sures based on degraded speech comprehension would be well sui-
ted to future digital applications and potentially to large-scale 
screening of populations at risk of incident Alzheimer’s disease, 
as well as outcome measures in clinical trials of pharmacotherapies 
and non-pharmacological interventions.8,16 Our work adds to a 
growing body of evidence that central hearing problems may 
emerge as early and/or prominent symptoms in dementia syn-
dromes.8 Improved awareness and understanding of these issues 
in healthcare professionals such as audiologists and neurologists 
could inform care, management and counselling of patients. 
Older hearing aid users at risk of dementia are likely to be particu-
larly vulnerable to impaired central mechanisms of degraded 
speech comprehension, given that the quality of incoming acoustic 
information in this setting is already compromised.

The key next step, however, will be to establish how well 
measures of degraded speech comprehension, not solely noise- 
vocoding but also other ethologically relevant adverse speech 
listening tests, correlate with daily-life hearing and communica-
tion in Alzheimer’s disease and other neurodegenerative diseases 
—using both currently standardized symptom questionnaires and 
bespoke instruments developed to capture functional hearing dis-
ability in dementia. We have previously shown that pure tone audi-
ometry alone is a poor predictor of everyday hearing90 while 
degraded speech performance may have better predictive value 
in patients with dementia.91 There would be considerable clinical 

Table 3 Neuroanatomical associations of noise-vocoded speech intelligibility threshold in the patient cohort

Region Cluster size (voxels) Peak (mm) T score PFWE

x y z

Left planum temporale 131 −48 −31 6 4.65 0.019
Left angular gyrus 36 −51 −61 16 4.51 0.037
Left cingulate gyrus 142 −1 38 −5 5.68 0.012

The table shows significant negative associations between regional grey matter volume and intelligibility threshold for noise-vocoded speech, based on the voxel-based 

morphometric analysis of brain magnetic resonance images for the combined patient cohort. Coordinates of peaks (local maxima) are in MNI standard space. Local maxima 

shown were significant (P < 0.05) after family-wise error (FWE) correction for multiple voxel-wise comparisons within the pre-specified anatomical regions of interest (see text 

and Supplementary Fig. 2).
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value in a quantifiable index of degraded speech perception that 
could serve as a proxy and predictor of daily life hearing function 
and disability in major dementias: comprehension of noise- 
vocoded speech is a promising candidate.

The link between hearing impairment and dementia continues 
to be debated but presents a major opportunity for earlier diagnosis 
and intervention. Our findings suggest that the perception of de-
graded (noise-vocoded) speech quantifies central hearing functions 
beyond sound detection in dementia and stratifies major dementia 
syndromes. This central hearing index may constitute a proxy for 
the communication difficulties experienced by patients with 
Alzheimer’s disease and PPA under challenging listening condi-
tions in daily life. We hope that this work will motivate further 
studies to define the diagnostic and therapeutic scope of central 
hearing measures based on degraded speech perception in these 
diseases.
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