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Objectives: Previous research suggests that there is a robust relation-
ship between cognitive functioning and speech-in-noise performance for 
older adults with age-related hearing loss. For normal-hearing adults, on 
the other hand, the research is not entirely clear. Therefore, the current 
study aimed to examine the relationship between cognitive functioning, 
aging, and speech-in-noise, in a group of older normal-hearing persons 
and older persons with hearing loss who wear hearing aids.

Design: We analyzed data from 199 older normal-hearing individuals 
(mean age = 61.2) and 200 older individuals with hearing loss (mean 
age = 60.9) using multigroup structural equation modeling. Four cog-
nitively related tasks were used to create a cognitive functioning con-
struct: the reading span task, a visuospatial working memory task, the 
semantic word-pairs task, and Raven’s progressive matrices. Speech-
in-noise, on the other hand, was measured using Hagerman sentences. 
The Hagerman sentences were presented via an experimental hearing 
aid to both normal hearing and hearing-impaired groups. Furthermore, 
the sentences were presented with one of the two background noise 
conditions: the Hagerman original speech-shaped noise or four-talker 
babble. Each noise condition was also presented with three different 
hearing processing settings: linear processing, fast compression, and 
noise reduction.

Results: Cognitive functioning was significantly related to speech-in-
noise identification. Moreover, aging had a significant effect on both 
speech-in-noise and cognitive functioning. With regression weights con-
strained to be equal for the two groups, the final model had the best fit to 
the data. Importantly, the results showed that the relationship between 
cognitive functioning and speech-in-noise was not different for the two 
groups. Furthermore, the same pattern was evident for aging: the effects 
of aging on cognitive functioning and aging on speech-in-noise were not 
different between groups.

Conclusion: Our findings revealed similar cognitive functioning and 
aging effects on speech-in-noise performance in older normal-hearing 
and aided hearing-impaired listeners. In conclusion, the findings support 
the Ease of Language Understanding model as cognitive processes play 
a critical role in speech-in-noise independent from the hearing status of 
elderly individuals.

Key words: Aging, Cognitive functioning, Raven’s, Speech in noise, 
Structural equation modeling, Working memory.

Abbreviations: BIC = Bayesian Information Criterion; CFI = com-
parative fit index; ELU = ease of language use; FIML = full informa-
tion maximum likelihood; HI = hearing impaired; HL = hearing level; 
LRT = likelihood ratio test; NH = normal hearing; PTA = pure tone 
average; RAMBPHO = Rapid, Automatic, Multimodal Binding of 
Phonology; RMSEA = root mean square error of approximation; SD 
= standard deviation; SEM = structural equation modeling; SNR =  
signal to noise ratio; SPL = sound pressure level; SRMR = standardized 
root mean residual; SRT = speech reception threshold; SSN = speech-
shaped noise; TLI = Tucker-Lewis Index; VSWM = visuospatial working 
memory; WAIS = Weschler Adult Intelligence ScaleL WASI = Wechsler 
Abbreviated Scale of Intelligence; WM = working memory; WMC = 
Working Memory Capacity.

(Ear & Hearing 2022;43;1437–1446)

INTRODUCTION

Aging is associated with a decrease in sensory, cognitive, 
and motor functions that affects daily functioning of older indi-
viduals. One such function affected by aging is the perception of 
speech signals, particularly when the speech signal is degraded 
by background noise or competing speech.

Aging affects both auditory functions (e.g., increased hear-
ing thresholds; Gates & Cooper 1991; Wiley et al. 2008; poorer 
auditory temporal processing; Fitzgibbons & Gordon-Salant 
2001; Pichora-Fuller et al. 2006) and cognitive functions 
(e.g., lower working memory capacity; Salthouse & Babcock 
1991; Wingfield et al. 1988, reduced attentional capacity; e.g., 
Graham & Burke 2011; McAvinue et al. 2012). In two studies 
by Baltes and Lindenberger (1997) and Lindenberger & Baltes 
(1994), aging was shown to have a relatively general effect, 
rather than a specific effect, on sensory and cognitive functions 
across the adult life span, particularly in older age. In a more 
recent study, Danielsson et al. (2019) studied the association 
between different types of auditory constructs (thresholds, gap 
detection, and temporal-order identification) and four different 
types of cognitive tests (semantic long-term memory, episodic 
long-term memory, cognitive processing speed, and working 
memory) in 213 normal-hearing listeners. The results showed 
that age had varied effects on different types of auditory and 
cognitive tasks. The strongest effects were on cognitive speed 
and hearing thresholds, with moderate effects on episodic long-
term memory, working memory (WM), and temporal-order 
identification. The weakest effect was on gap detection, with 
zero effect on semantic long-term memory. Danielsson et al. 
(2019) also found that the effect of hearing on cognition was 
weak in normal-hearing listeners.

Previous research has shown that both auditory and cogni-
tive functions are pivotal components in speech intelligibility 
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in noise for older individuals (e.g., Besser et al. 2015; Lunner 
& Sundwall-Thorén 2007; Moore et al. 2014; Stenbäck et al. 
2015; see, however, Schoof & Rosen 2014 for results showing 
no auditory decline). In a systematic review and meta-analysis, 
Dryden et al. (2017) reported a correlation of r = 0.3 between 
speech-in-noise identification and general cognitive perfor-
mance (i.e., WM, attention, memory, etc., pooled together). One 
of the most studied cognitive domains is WM. Briefly defined, 
WM is a system with limited capacity in which information is 
stored temporarily. The stored information is used for executing 
complex tasks such as reasoning, learning, and comprehension. 
A person’s working memory capacity (WMC) is their ability to 
store and process information simultaneously (Baddeley 2012).

Ample research data support the relationship between WMC 
and speech intelligibility in noise in unaided conditions (see 
Dryden et al. 2017). A majority of the literature found this link 
in people with hearing loss (e.g., Arehart et al. 2013; Foo et 
al. 2007; Lunner 2003). In a review by Akeroyd (2008), both 
hearing loss and WMC were found to be predictors of speech-
in-noise identification. Moreover, there is also evidence that sug-
gesting that normal-hearing individuals use explicit cognitive 
processing (e.g., WMC) in challenging listening conditions as. 
For instance, Michalek et al. (2018) studied young normal-hear-
ing individuals and reported that more challenging signal-to-
noise ratios in babble noise increased participants’ dependence 
on WMC. However, in a review of 19 studies, Füllgrabe and 
Rosen (2016b) found that WMC accounted for less than 2% of 
the variance in speech-in-noise performance for young normal-
hearing listeners. In another study, Füllgrabe and Rosen (2016a) 
reported that the interaction of auditory and cognitive function 
in speech-in-noise performance was more evident in older than 
young normal-hearing individuals.

One theory concerning cognition and speech identification is 
the ease of language understanding (ELU) model. According to 
the ELU model (Rönnberg et al. 2013, 2019, 2021), background 
noises make it difficult to map speech signals with correspond-
ing breakdown in the phonological/lexical representations in 
semantic memory. This, in turn, is assumed to increase the 
demand for explicit cognitive resources (e.g., WM and atten-
tion) to process degraded speech input for correct identification. 
In the framework of the ELU, speech input is first processed 
in the RAMBPHO (rapid, automatic, multimodal binding of 
phonology) buffer. RAMBPHO binds representations based on 
multimodal information relating to syllables. If there is a match 
between the input and phonological and lexical long-term repre-
sentation, lexical access is successful with less or no demand on 
explicit cognitive resources. On the other hand, if there is a mis-
match between the input and the long-term representations (e.g., 
due to background noise or hearing loss) the RAMBPHO buffer 
feeds it forward to WM and executive functions to help disam-
biguate the identity of ambiguous speech signals (Rönnberg et 
al. 2013, 2019).

In the ELU model, WM has two roles when it comes to lan-
guage understanding: prediction and postdiction (Rönnberg et 
al. 2013, 2019). The latter role, postdiction, is the cognitive 
mechanism used when a phonological mismatch has occurred. 
Here, WM is used for inference-making concerning the identity 
of speech input. The predictive role of WM concerns priming 
and pre-tuning the RAMBPHO buffer and focusing of attention. 
Finally, postdiction and prediction are thought to be as impor-
tant for individuals with or without hearing loss.

Speech-in-noise tests are a valuable tool in the clinic in how 
people process and recognize speech under adverse listening, 
conditions which could also be generalized to real-life commu-
nication situations. They have been used extensively in research, 
for example, in research on the rehabilitation of people with 
hearing loss (Rönnberg et al. 2019). For example, the Swedish 
Hagerman sentences (Hagerman 1982; Hagerman & Kinnefors 
1995) consist of five words in a closed-set structure. Whereas 
the grammatical structure of the sentences is predictable, it is 
not possible to predict the words themselves. Importantly, the 
words in the Hagerman sentences cannot easily be guessed if 
they are not heard clearly. The noise in the Hagerman speech-
in-noise test can be set to target speech reception thresholds 
(SRTs) of 50% or 80% word recognition. Stenbäck et al. (2016) 
showed that older normal-hearing individuals with high WMC 
perform better in the Hagerman speech-in-noise test compared 
with older individuals with lower WMC. However, for younger 
individuals, Stenbäck et al. (2016) failed to find a significant 
effect of WMC. These results are further corroborated by a more 
recent brain imaging study by Giroud et al. (2021). In their 
study, the authors found that thicker frontal lobe regions were 
related to higher WMC and better performance in the speech-
in-noise test for older individuals.

The research is not entirely clear concerning the relation-
ship between WMC and SRTs (e.g., 50% and 80% recognition). 
For example, studies by Larsby et al. (2008) and Lunner and 
Sundewall-Thorén (2007) suggest that cognitive functioning 
plays a more critical role at 80% SRT compared with 50% SRT 
in older people with hearing loss. However, in a study of nor-
mal-hearing individuals, Gordon-Salant and Cole (2016) found 
a relationship between WMC and speech-in-noise identification 
at 50% recognition, using a word recognition task. For individ-
uals with hearing impairment, it has further been shown that 
aided speech recognition in noise has a relationship with WMC 
(e.g., Foo et al. 2007). What seems to be important for speech-
in-noise identification is whether the WM tests, in general, are 
dual tasks. That is, they are measuring processes similar to lan-
guage comprehension, that is, involving both storage and pro-
cessing of information (see Rönnberg et al. 2016).

Furthermore, a large body of research has shown a substan-
tial relationship between WMC and general fluid intelligence 
(e.g., Ackerman et al. 2002; Conway et al. 2002; Engle et al. 
1999; Kyllonen & Christal 1990; Unsworth & Engle 2005). 
Fluid intelligence is generally referred to as the ability to solve 
novel problems using abstract reasoning. Moreover, it is linked 
to the ability to recognize patterns and engage with the world. 
Fluid intelligence is often measured using Raven’s progressive 
matrices (Raven 2000). Raven’s progressive matrices have been 
shown to have a relationship with a broad range of WM tests. For 
example, WM tests such as reading and counting span have been 
shown to correlate with Raven’s progressive matrices (Conway 
et al. 2002; Engle et al. 1999). Moreover, it has been reported 
that visuospatial WM and fluid intelligence are related (Kane et 
al. 2004). A few studies have examined the link between fluid 
intelligence (mainly using the Wechsler Adult Intelligence Scale-
Revised [WAIS-R] or some of its subtests) and speech intelligi-
bility in noise. In a study by Jerger et al. (1989), Digit Symbol test 
of WAIS-R was correlated with speech in noise identification. 
However, Humes et al. (1994) reported that factors derived from 
WAIS-R accounted for no variance to a small portion of the vari-
ance for speech-recognition performance. Furthermore, Meister 
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et al. (2013) found that a reasoning task related to fluid intelli-
gence was related to a two-talker situation in a dichotic listening 
task. Moore et al. (2014) analyzed data from the UK BioBank. 
They found that lower fluid intelligence, as measured by a logi-
cal reasoning task, was associated with poorer performance in a 
speech-in-noise test. Moreover, Füllgrabe et al. (2015) reported 
significant correlations between the Block Design test (measur-
ing mental speed) from the Wechsler Abbreviated Intelligence 
Scale (WASI) and speech in noise identification. However, the 
authors reported a non-significant correlation between Matrix 
Reasoning (measuring fluid intelligence) and speech in noise 
identification. In a more recent study by Pronk et al. (2019), 
poorer performance on Raven’s progressive matrices (as a mea-
sure of fluid intelligence) was found related to poorer speech-
in-noise performance. To summarize, fluid intelligence seems 
likely to be related to speech-in-noise performance as it is gener-
ally found to correlate with WMC, a rather established predictor 
of speech-in-noise identification, and a few studies suggest that 
fluid intelligence is as well.

Hearing aids cannot fully restore difficulties in language 
understanding of people with hearing loss (see Dimitrijevic et 
al. 2004; Moradi et al. 2014). In addition, studies have shown 
that hearing loss is associated with decline in semantic long-
term memory (e.g., Rönnberg et al. 2011), lower cognitive 
function, and accelerated cognitive decline (e.g., Croll et al. 
2021). Further, hearing loss had an adverse effect on the neural 
brain areas involved in the processing of speech signals (e.g., 
Husain et al. 2011; Peelle et al. 2011). Taken together, it has 
been suggested that people with hearing loss, even when using 
hearing aids, dedicate greater cognitive resources in the process 
of inference-making to map degraded speech input onto estab-
lished phonological/lexical representation in semantic long-
term memory (see Cardin 2016).

One interesting research question is whether underlying fac-
tors that affect speech-in-noise are the same or different in people 
with normal hearing and hearing loss (in aided listening condi-
tions) when SNRs for presenting speech stimuli are individually 
adapted (e.g., 50% and 80% SRTs). Using multi-group struc-
tural equation modeling (SEM), the present study investigated 
whether the link between cognitive functioning (WM and fluid 
intelligence) and speech-in-noise identification is similar for 
individuals with normal hearing and hearing loss. SEM is used to 
analyze the structural relationship between measured and latent 
variables. Moreover, SEM and the multi-group variant, in this 
case, have several advantages compared with simpler statistical 
methods (e.g., correlation and regression). First, it enables us 
to set up the latent variable cognitive functioning by using sev-
eral cognitive tasks. Second, multi-group SEM enables us to test 
a theoretical model between two groups by estimating models 
where all parameters are allowed to differ between the groups.

For the present study, we employed data from the n200 study 
(see Rönnberg et al. 2016 for n200 data in people with hear-
ing loss) to address this question. In short, the n200 study is an 
ongoing longitudinal study evaluating the interaction of aging, 
speech intelligibility in noise, and cognition in people with 
hearing loss, using a larger sample than the majority of pre-
vious studies. We analyzed data from two different samples of 
the n200 study: a group of aided hearing-impaired individuals 
[or n200-hearing impaired, described in Rönnberg et al. (2016)] 
and a group of people with normal hearing (or n200-NH) for 
whom the first data collection has been completed. A broad 

variety of cognitive, speech, and physiological data were col-
lected in phase one of the project for both hearing-impaired and 
normal-hearing individuals.

In the present study, given that the Hagerman speech-in-
noise test is presented to older people with hearing loss in aided 
listening, we hypothesized similar additive effects of cognitive 
functioning and aging on speech-in-noise in normal hearing and 
aided hearing-impaired listeners.

MATERIALS AND METHODS

Participants
In the n200 study, 215 normal-hearing adults (all thresh-

olds at and below 3000 Hz <20 dB hearing level in the best 
ear and <30 dB hearing level in the worst ear) and 213 adults 
with hearing loss participated. See Figure 2 for audiograms for 
better and worse ears. They all had normal or corrected to nor-
mal vision and no known cognitive deficits as screened with 
the Mini-Mental State Examination (Folstein et al. 1975). In the 
current study, we only included participants that had completed 
all three different sessions of the data collection. This means 
that we analyzed data from 199 normal-hearing adults (97 male) 
between 42 and 78 years (M = 61.2, SD = 8.16) and 200 adults 
(115 male and one unknown) with hearing loss between 33 and 
80 years (M = 60.9, SD = 8.41). The current study was con-
ducted in accordance with the Declaration of Helsinki and was 
approved by the ethical review board at Linköping University 
(DNR: 55-09 T122-09).

Measurements
The Reading Span Test • The participants were presented 
with The Reading Span Test (e.g., Rönnberg et al. 1989). The 
test includes a series of short (three words) Swedish sentences 
presented on a computer screen one word at a time. The par-
ticipants were instructed to remember the presented sentences 
and, after each sentence, judge whether the sentence was regular 
(e.g., The ball bounced far) or nonsense (e.g., The fox wrote 
poetry). The sentences were presented in sets of two to five sen-
tences, with increasing difficulty after each set. When a set had 
been presented, the participants were asked to recall either the 
first or the last word in each sentence, in the correct serial order. 
In the present study, the total score of recalled items is used 
as a measure of WMC, irrespective of recall order. Finally, the 
maximum score on the reading span test was 28.
Visuospatial Working Memory. • Visuospatial working 
memory assesses the ability to recall non-verbal working mem-
ory information (Rönnberg et al. 2016). The task was to judge 
whether ellipsoid shapes in a 5×5 grid of squares were identical 
and after a sequence had been presented, the participants had 
to recall where in the grid the shapes were located by drawing 
them on an empty grid sheet (5×5). The maximum score in the 
visuospatial working memory test was 42.
Semantic Word-Pairs Test • Semantic word-pairs (Rönnberg 
et al. 2016) test evaluates working memory capacity that does 
not involve syntactic elements in the processing and storage 
components. The participants were presented with word-pairs 
visually on a computer screen and asked to decide which of the 
two words represented a living object. After a set of word-pairs, 
the participant was asked to recall either the first or the second 
word of the presented word-pairs. In the Semantic word-pairs 
test, the maximum score was 42.
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Raven’s Advanced Progressive Matrices Test • The current 
study used three (A, D, and E) out of five sets of Raven’s pro-
gressive matrices test. The first set (A) was used for practice, 
and sets D and E, containing 12 items each, were administered 
without feedback and with a time limit. The test was scored by 
the sum of points on sets D and E with a 12 as the max score for 
each set, and the max score for the entire test was 24.
Hagerman Speech in Noise • The speech material in the 
Hagerman speech-in-noise test (Hagerman 1982) has a syntacti-
cally fixed structure, and all sentences comprise five words. Each 
word represents a distinct category in the following order: proper 
noun, verb, number, adjective, and plural noun. Examples of 
Hagerman sentences are (translated from Swedish) “Peter bought 
seven light bowls” or “Elsa gave six new gloves”. Lists were cre-
ated by Hagerman (1982) by using commonly used Swedish 
words (Allén 1970) and names to create 10 sentences with the 
abovementioned structure. The same words and names occur in 
various combinations in the lists. In the n200 study (Rönnberg 
et al. 2016), the Hagerman sentences were presented in a sound-
attenuated booth (model CA Tegnér) at 65dB sound pressure level 
targeting SRTs for either 50% or 80% word recognition using an 
interleaved method (Brand 2000). The sentences were presented 
binaurally via inserted earphones with one of two background 
noise conditions: the Hagerman original speech-shaped noise 
(SSN) or four-talker babble. The SSN is only slightly modulated 
(approximately 10%), and the four-talker babble consists of four 
different talkers (two men and two women) reading aloud simul-
taneously from a Swedish newspaper. After each sentence, there 
was a pause long enough for the participant to repeat the recog-
nized words back verbally. The presentation level of the noise 
began at 65dB signal to noise ratio (SNR), with the SNR increased 
or decreased by 1 dB depending on the number of correctly rec-
ognized words. Specifically, two correctly identified words in a 
Hagerman sentence did not increase or decrease in dB SNR. One 

or zero correctly recognized words resulted in +1- and +2-dB 
SNR, respectively. Three, four, and five correctly identified words 
resulted in −1, −2-, and −3-dB SNR, respectively. The participants’ 
pure tone audiogram was entered into an experimental hearing aid 
prior to testing [see. Rönnberg et al. (2016) supplemental material 
for further details] to present the speech in noise test in various 
hearing processing settings. In order to have similar experimen-
tal settings in participants with normal hearing and participants 
with hearing loss, we used the experimental hearing aid as well 
for people with normal hearing (instead of using loudspeakers or 
earphones). Three different hearing processing settings were used: 
(1) linear processing (hereafter referred to as np), (2) fast com-
pression (referred to as fast), and (3) noise reduction (referred to 
as nr). Each participant was given two lists (10 sentences in each 
list) as a practice round. According to Hagerman and Kinnefors 
(1995), one training list before each test session reduces any train-
ing effects. In the current study, only 50% speech recognition was 
used as a measure of speech recognition in noise. To obtain SNRs 
for each of the conditions in the Hagerman test, the average SNRs 
across three lists were calculated.

Statistical Analysis
This paper was prepared using RMarkdown and Papaja (Aust 

& Barth 2020). All data were processed and analyzed within the 
R statistical programming environment (R Core Team 2021). 
Structural equation modeling (SEM) was carried out using the 
r-package lavaan (Rosseel 2012) and visualized using semPlot 
(Epskamp 2019).

The amount of missing data was low (Raven’s progressive 
matrices as the worst case with 2.5% missing in the normal 
hearing group) and were therefore treated as missing at random. 
We used full information maximum likelihood to handle miss-
ing data. Full information maximum likelihood missing data 
handling utilizes all of the available observations for each case 

Fig. 1. Theoretical model that was tested. The numbers on the arrows indicate that these relationships are fixed. The asterisks on the arrows indicate that these 
relationships are freely estimated parameters.
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to compute the likelihood function and has been shown to per-
form well (Enders & Bandalos 2001). This method subsequently 
provides unbiased estimates with minimal standard errors when 
data are missing at random (Schafer & Graham 2002).

Conventional fit indices were used to evaluate the model fit 
in the SEM models. More specifically, we used the comparative 
fit index, the Tucker-Lewis Index, the standardized root mean 
residual, Bayesian Information Criterion (BIC), and the root 
mean square error of approximation (RMSEA). Traditional cut-
off criteria with comparative fit index and Tucker-Lewis Index 
values over 0.95 (Hu & Bentler 1999) and standardized root 
mean residual and root mean square error of approximation 
values under 0.06 to 0.08 were used to indicate acceptable fit 
(Steiger 2007). BIC was mainly used for comparing different 
models. This measure is commonly used for selecting among 
alternative models, and the model with the lowest value is pre-
ferred (e.g., Lin et al. 2017; Vrieze 2012). Thus, when selecting 
the most optimal model, we were more interested in the BIC 
values along with the measures of fit (e.g., RMSEA).

Chi-square ( χ 2
) together with the associated degrees of free-

dom and p-value was reported but not used as a goodness-of-fit 
criterion because it tends to reject models based on large sample 
sizes (e.g., MacCallum et al. 1996). The model was evaluated 
according to suggested optimization using modification indi-
ces. We only implemented theoretically sound modifications. 
Moreover, the different models were also compared using likeli-
hood ratio test (Satorra & Bentler 2001). Here, it is worth noting 
that when improving the models, using modification indices, we 
want the addition to the new model to be significantly better than 
the old model. However, the likelihood ratio test should not be 
significant when constraining the model and testing for measure-
ment invariance (e.g., Putnick & Bornstein 2016). Moreover, 
since this article focuses on the regression paths and whether 
they are different between the two groups, we tested for invari-
ance between three models: (1) constraining the factor loadings, 
(2) constraining the regression weights, and (3) constraining both 
the factor loadings and the regression weights. Figure 1 depicts 
the theoretical structural model to be tested in this article.

RESULTS

Descriptive Statistics and Correlation Matrices
Tables 1 and 2 show the means, standard deviations, and cor-

relation estimates (i.e., Pearson’s product-moment coefficients) 

for the Hagerman 50% and cognitive functioning measurements 
in the normal-hearing and hearing loss groups, respectively. The 
measured variables that are linked to the latent variable Speech-
in-Noise (SPiN) in the proposed model all show significant 
internal correlations. In general, all the SPiN variables show 
high correlations. Moreover, the correlations between the dif-
ferent cognitive variables are relatively high, and, therefore, we 
continue with structural equation modeling.

SEM: 50% Hagerman
Our final model (see Figure  3), in which we constrained 

the regression weights to be equal across groups, fit the data 
well, χ2 83( ) = 115.96, p < 0.001, RMSEA = 0.04 (0.02-0.06), 
CFI  = 0.98, and TLI  = 0.98. The final model differed from the 
others only in constraining the factor loadings and weights. In 
the first step of optimizing the model, we let the error terms of 
the observed variables reading span and semantic-word pairs 
covary. This was followed by also letting the error terms of two 
Hagerman conditions covary (Hagerman 4-talker fast and SSN 
fast). Optimization of the models was done by looking at the 
modification indices, and we only chose the indices that made 
theoretical sense (and statistically improved the model). Briefly, 
modification indices, in this case, mean that there is some vari-
ance unexplained by observed variables. This variance, in turn, 
is shared among the variables (e.g., reading span and semantic-
word pair). All models and their fit measures can be found in 
Table 3. Furthermore, this table shows that the baseline model 
shows a poor fit to the data, whereas the model with equal fac-
tor loadings and regression weights between the groups shows 
a good fit. The results from the LRTs confirmed the visual 
inspection of fit indices. That is, our optimization of the base-
line model resulted in significantly better models (i.e., models 
2 – 3). Finally, the results also showed that our equality con-
straints did not change the model (i.e., models 3-6). Likelihood 
ratios, p-values, and squared degrees of freedom can be found 
in Table 4.

Cognitive functioning was related negatively to SNR, in both 
groups (β = –0.32, and β = –0.32, in normal hearing and hear-
ing aid group, respectively), age was related to both Cognitive 
functioning, in both groups (negatively related; β = −0.5 and  
β = −0.55, in normal hearing and hearing aid group, respec-
tively) and SNR (positively related; β = 0.15 and β = 0.17 in 
normal hearing and hearing aid group, respectively). Finally, 
PTA4 was positively related to SNR (β = 0.42 and β = 0.28, in 

TABLE 1. Mean, standard deviation (within parentheses), and correlation estimates for all variables included in the current study

Varialbes Mean (SD) 2 3 4 5 6 7 8 9 10 11 12

1 Hagerman np SSN −8.08 (1.44) 0.62 0.51 0.71 0.59 0.58 −0.13 −0.3 −0.12 −0.25 0.36 0.37
2 Hagerman nr SSN −12.66 (1.3) — 0.46 0.63 0.65 0.53 −0.1 −0.13 −0.06 −0.22 0.35 0.28
3 Hagerman fast SSN −7.69 (1.71)  — 0.5 0.5 0.49 −0.08 −0.13 −0.18 −0.25 0.33 0.29
4 Hagerman np 4-Talker −2.85 (1.61)   — 0.66 0.57 −0.15 −0.22 −0.28 −0.34 0.33 0.43
5 Hagerman nr 4-Talker −9.4 (1.38)    — 0.5 −0.17 −0.2 −0.28 −0.26 0.34 0.39
6 Hagerman fast 4-Talker −2.55 (1.68)     — −0.2 −0.25 −0.16 −0.34 0.26 0.36
7 Semantic Word-Pair 19.01 (5.88)      — 0.51 0.24 0.27 −0.03 −0.26
8 Reading Span 16.65 (3.89)       — 0.27 0.27 −0.06 −0.26
9 Visuospatial WM 32.29 (6.73)        — 0.44 −0.17 −0.41
10 Raven 16.39 (4.64)         — −0.23 −0.39
11 PTA4 10.06 (6.13)          — 0.44
12 Age 61.22 (8.16)           —

Normal hearing group.
fast, fast compression; np, linear processing; nr, noise reduction; WM, working memory.
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normal hearing and hearing aid groups, respectively). For stan-
dardized regression coefficients and confidence intervals, see 
Table 5.

To conclude the result section: of particular interest for the 
current study is the path between cognition and speech-in-noise. 
We can see that when setting the regression weights equally 
between the two groups, the model is a good fit for the data. 
Furthermore, there is a relationship between cognitive function-
ing and speech in noise performance that is quite similar regard-
less of having hearing loss or not.

DISCUSSION

The current study aimed to examine the additive effects of 
cognitive functioning, and age, on speech in noise, in a group of 
normal-hearing individuals and individuals with hearing loss. 
To this aim, we used multi-group structural equation modeling.

In the current study, we found that cognitive functioning 
had a significant effect on aided speech-in-noise performance 

whether an individual has hearing loss or not. More specifically, 
we found that (1) cognitive functioning affected speech-in-noise 
identification, and (2) that age had a significant effect on both 
speech-in-noise and cognitive functioning. Importantly, in the 
final model, the regression weights between the latent variables 
were set to be equal. This, in turn, proved to improve the model 
(i.e., increasing the goodness-of-fit indices), meaning that the 
effects generalize to both groups.

We reason that one explanation for the similar pattern of 
results between the two groups is due to successful provid-
ing of audibility for people with hearing loss as the SRT val-
ues for different settings of Hagerman speech-in-noise test 
are nearly similar between two groups (see Tables 2 and 3). 
Humes (2002) reported that auditory functioning played the 
most important role in speech recognition under unaided con-
ditions. However, Humes et al. (2013) revealed that by provid-
ing audibility for older adults, cognitive factors contributed 
greatly to recognizing speech stimuli. We speculate that dif-
ferent pattern of results can be seen between two groups in 

TABLE 2. Mean, standard deviation (within parentheses), and correlation estimates for all variables included in the current study

Variables Mean (SD) 2 3 4 5 6 7 8 9 10 11 12

1 Hagerman np SSN −6.25 (1.6) 0.65 0.72 0.73 0.66 0.6 −0.12 −0.14 −0.18 −0.33 0.4 0.32
2 Hagerman nr SSN −11.24 (1.67) — 0.63 0.59 0.64 0.5 −0.14 −0.22 −0.18 −0.3 0.25 0.28
3 Hagerman fast SSN −5.93 (1.63)  — 0.67 0.67 0.69 −0.16 −0.18 −0.24 −0.26 0.38 0.3
4 Hagerman np 4-Talker −0.96 (1.71)   — 0.62 0.56 −0.11 −0.15 −0.24 −0.29 0.41 0.25
5 Hagerman nr 4-Talker −7.95 (1.58)    — 0.58 −0.21 −0.17 −0.21 −0.41 0.41 0.29
6 Hagerman fast 4-Talker −0.31 (1.92)     — −0.19 −0.15 −0.2 −0.25 0.45 0.32
7 Semantic Word-Pair 17.49 (5.4)      — 0.45 0.39 0.31 −0.09 −0.26
8 Reading Span 16.08 (3.83)       — 0.4 0.32 0.06 −0.35
9 Visuospatial WM 29.33 (6.11)        — 0.49 −0.11 −0.27
10 Raven 15.51 (4.67)         — −0.1 −0.27
11 PTA4 37.27 (10.64)          — 0.14
12 Age 60.89 (8.41)           —

Hearing aid users.
fast, fast compression; np, linear processing; nr, noise reduction, WM, working memory.

Fig. 2. Audiograms for better and worse ear for the two groups. Error bars are displaying 95% confidence intervals. The dotted and long dashed lines above the 
better and worse ear audiograms on the right panel (Hearing Aid Users) depict the gains to the audiogram for linear and fast signal processing, respectively.
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speech-in-noise performance in unaided listening conditions. 
The present study’s findings are in line with previous research 
showing that a range of cognitive functions is related to per-
formance in speech-in-noise tests. A majority of the research 
has examined the effects of cognition in groups of people 
with hearing loss (e.g., Arehart et al. 2013; Foo et al. 2007; 
Lunner 2003). This relationship has also been found in young 
normal-hearing persons in some studies (e.g., Michalek et al. 
2018; Stenbäck et al. 2015, 2021) and older normal-hearing 
(Füllgrabe et al. 2015). Here, we extend this research by using 
statistical techniques that enable us to model this and compare 

the effects between groups (i.e., normal-hearing and hearing-
impaired older individuals).

In light of the recent meta-analyses, the relationship between 
the latent constructs cognitive functioning and speech-in-noise 
in our study is, at least, similar to the results of Dryden et al. 
(2017). In their meta-analysis, the correlation was around 0.2 
for most cognitive measures. Note that Dryden et al. (2017) 
included studies focusing on unaided hearing in both partici-
pants with and without hearing loss which might make it dif-
ficult to interpret their results. However, in the meta-analysis 
by Füllgrabe and Rosen (2016b), the aggregated correlation 
across the included studies was 0.12. In our study, the Beta 
weight between cognitive functioning and SPiN was of small 
to medium strength. This is in line with the strength of the find-
ings in the study by Dryden et al. (2017) but not the study of 
Füllgrabe and Rosen (2016b). It is worth pointing out here that 
in the latter study, the results were true only in the younger nor-
mal-hearing adults, and in the current study, the mean age was 
around 61 in both groups. However, considering the Dryden et 
al. (2017) meta-analysis, in which all age groups, as well as 
hearing status, remained significant, one could speculate that 
these findings generalize to younger individuals as well. Worth 
noting is that the speech-in-noise test used in the current study 

TABLE 3. Fit statistics for each model, with the final model at the last line

Model χ2 df RMSEA (95% CI) TLI CFI BIC p

Model 1 197.59 102 0.07 (0.05–0.08) 0.94 0.95 22806.33 <0.001
Model 2 160.41 100 0.06 (0.04–0.07) 0.96 0.97 22781.13 <0.001
Model 3 149.88 98 0.05 (0.03–0.07) 0.96 0.97 22782.57 0.001
Model 4 156.4 106 0.05 (0.03–0.06) 0.97 0.97 22741.18 0.001
Model 5 150.09 102 0.05 (0.03–0.06) 0.97 0.97 22758.84 0.001
Final model 158.91 110 0.05 (0.03–0.06) 0.97 0.97 22719.74 0.002

Note. In the first model, Model 1, all parameters are set free between the groups. The second model, Model 2, is the same as Model 1 with the addition of covariance between the error terms 
of Semantic Word-Pairs and Reading Span. Model 3 is built on Model 1 and Model 2 with the addition of covariance of the error terms for Hagerman fast, 4-talker and SSN. Model 4 and 5 
are constrained to have equal factor loadings and regression weights, respectively, across the groups. The final model is built on model 3 with additional constraints both the factor loadings 
and regression weights.
BIC, Bayesian Information Criterion; CFI, comparative fit index; RMSEA, root mean square error of approximation; TLI, Tucker-Lewis index.

TABLE 4.  Results from the LRTs

Type of Test
Models  

Compared LRT p df 2

Model optimization 2 vs. 1 37.17 <0.01 2
 3 vs. 2 10.53 <0.01 2
Invariance testing 4 vs. 3 0.22 0.99 4
 5 vs. 4 6.52 0.59 8
 6 vs. 5 8.82 0.36 8

Note. Model 2 and 3, are optimized after modification indices and model 4 to 6 have the factor 
loadings, regression weights, and both factor loadings and regression weights constrained.
LRT, likelihood ratio test.

Fig. 3. Structural equation model for both groups. Note that the figure is showing the standardized coefficients although the final model, shown here, has the 
unstandardized coefficients constrained to be equal across the two groups.
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may not generalize very well to everyday communication due 
to the low semantic context and stylized structure. However, 
the current study’s findings indicate that the ability to recognize 
speech in background noise successfully is better in people with 
higher cognitive capacity.

The findings are also in line with a plethora of research 
showing the effects of aging on speech-in-noise performance 
and auditory functions like hearing thresholds. For example, 
it has been found that aging has an impact on hearing thresh-
olds (e.g., Gates & Cooper 1991; Wiley et al. 2008), as well 
as auditory temporal processing (Fitzgibbons & Gordon-Salant 
2001; Pichora-Fuller et al. 2006). Finally, in a recent study by 
Danielsson et al. (2019), it was found that age affected auditory 
tasks such as temporal-order identification. Moreover, the results 
from the present study are also in line with research showing 
that age affects cognitive functioning. For example, using fac-
tor analysis, Humes et al. (2013) found that age has a negative 
effect on cognitive functioning (i.e., Reading span, Visuospatial 
WM, Semantic-Word Pairs, and Raven’s). However, this effect 
was not evident when sensory processing was used as a control.

The final model of the present research shows that aging 
effects on cognitive functions and speech identification are 
almost similar across normal-hearing and hearing-impaired 
older groups. We reason that this pattern of results is in line with 
the common-cause model of aging (e.g., Lindenberger & Baltes 
1994), assuming a domain-general neurobiological mechanism 
affecting sensorimotor functioning (like speech identification in 
degraded listening conditions). The main result of the current 
study supports the notion that cognitive functioning is impor-
tant for listening in adverse conditions, regardless of hearing 
status. Importantly, we found that cognitive functioning is cru-
cial at 50% word recognition, whereas a lot of research has 
shown effects at 80% word recognition, or higher, SRT (e.g., 
Larsby et al. 2011; Stenbäck et al. 2015, 2016). That cognitive 
processes are crucial for adverse listening conditions is further 
in line with the ELU model (e.g., Rönnberg et al. 2013, 2019). 
According to the ELU, a mismatch between the input and the 
long-term representations, the RAMBPHO buffer feeds it for-
ward to WM and executive functions (Rönnberg et al. 2013, 
2019). Furthermore, all tasks used in the current study (espe-
cially the WM test) are dual tasks. According to the ELU model, 
understanding speech involves both a storage and a processing 
component. Specifically, according to the ELU model, the stor-
age contains semantic and/or sensory information, and the pro-
cessing component deals with grammatical information. Our 
results further support this notion.

However, it should be noted that when we investigate the 
effects of hearing loss on different kinds of memory systems 

such as working memory, episodic and semantic long-term 
memory, there is a selectivity in the negative effects of hearing 
loss that cannot be unexplained by age-confounding (Rönnberg 
et al. 2011, 2014, 2021). So, in essence, the common cause 
account does not receive unequivocal support from these data 
sets. From the point of the ELU model, this is explained by the 
notion of relative disuse/use of the memory systems by people 
with hearing loss in the process of speech intelligibility in noise 
(see Rönnberg et al. 2021 for an in-depth explanation). Thus, 
we end up with a theoretical model that may, in general, be rela-
tively independent of hearing loss for the general importance 
of cognition on speech in noise intelligibility, but that different 
memory systems and how they interact may be differentially 
sensitive to hearing loss in their contribution to speech com-
munication and understanding.

CONCLUSION

In this study, we modeled the effect of age and cognitive 
functioning on speech-in-noise performance using a multigroup 
approach. Cognitive functioning was measured by a range of 
working memory tasks as well as fluid intelligence, which is 
psychological constructs all thought to be highly related. Speech-
in-noise, in turn, was measured by signal-to-noise ratios in the 
Hagerman test (50% word recognition). At the beginning of the 
modeling phase, the models were set up with entirely free param-
eters between two groups (hearing impaired and normal hearing). 
We then continued and developed the model to serve our aim: to 
examine whether there are different effects of cognitive function-
ing on speech-in-noise performance. To this end, we restrained 
the regression weights between the latent variables and found that 
this improved the fit of the model. Our findings revealed similar 
cognitive functions and aging effects on speech-in-noise perfor-
mance in normal-hearing and aided hearing-impaired groups.
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TABLE 5.  Standardized regression coefficients and confidence intervals for both groups

Group Latent Variable Regressor β (95% CI)

Normal Hearing SPiN Cognitive Functioning −0.32 (−0.46 to −0.18)
 SPiN PTA4 0.42 (0.25 to 0.59)
 SPiN Age 0.15 (−0.02 to 0.32)
 Cognitive Functioning Age −0.5 (−0.62 to −0.38)
Hearing Aid Users SPiN Cognitive Functioning −0.32 (−0.46 to −0.18)
 SPiN PTA4 0.28 (0.15 to 0.4)
 SPiN Age 0.17 (−0.02 to 0.35)
 Cognitive Functioning Age −0.55 (−0.69 to −0.42)

Note. CI, confidence interval; SPiN, speech in noise.
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