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Abstract
Purpose: The visual Text Reception Threshold (TRT) test has been designed to assess
modality-general factors relevant for speech perception in noise. In the last decade, the test
has been adopted in audiology labs worldwide. The first aim of the present study was to
examine which factors best predict inter-individual differences in the TRT. Secondly, we
aimed to assess the relationships between the TRT and speech reception thresholds (SRTs)
estimated in various conditions.
Method: First, we reviewed studies reporting relationships between the TRT and auditory
and/or cognitive factors and formulated specific hypotheses regarding the TRT predictors.
These hypotheses were tested using a prediction model applied to a rich dataset of 180
hearing-aid users. In separate association models, we tested the relationships between the
TRT and various SRTs and subjective hearing difficulties, while taking into account potential
confounding variables.
Results: The results of the prediction model indicate that the TRT is predicted by the ability to
fill in missing words in incomplete sentences, by lexical access speed, and by working
memory capacity. Furthermore, in line with previous studies, a moderate association between
higher age, poorer pure-tone hearing acuity, and poorer TRTs was observed. Better TRTs
were associated with better SRTs for the correct perception of 50% of Hagerman matrix
sentences in 4-talker babble, as well as with better subjective ratings of speech perception.
Age and pure-tone hearing thresholds significantly confounded these associations. The
associations of the TRT with SRTs estimated in other conditions and with subjective qualities
of hearing were not statistically significant when adjusting for age and PTA.
Conclusions: We conclude that the abilities tapped into by the TRT test include processes
relevant for speeded lexical decision making when completing partly masked sentences, and

that these processes require working memory capacity. Furthermore, the TRT is associated



with the SRT of hearing-aid users as estimated in a challenging condition that includes
informational masking and with experienced difficulties with speech perception in daily-life
conditions. The current results underline the value of using the TRT test in studies involving

speech perception and aid in the interpretation of findings acquired using the test.



Speech comprehension in challenging conditions involves both auditory-specific
functions (e.g., hearing acuity/audibility, the encoding of a signal in the auditory periphery;
George, et al. 2007; Plomp, 2002) and modality-aspecific cognitive functions (e.g., linguistic
ability, verbal working memory; Humes, 2007; Rénnberg, 2003; Pichora-Fuller, 2007;
Zekveld, et al., 2007). In order to understand inter-individual differences in the ability to
perceive speech in noise, independent measures of both types of abilities are required. A test
that was designed to tap into the modality-aspecific factors relevant for speech perception in
noise is the Text Reception Threshold (TRT) test (Zekveld et al., 2007). The TRT test
measures the ability to perceive masked written sentences.

Regarding the nature of the abilities relevant for the TRT test, up till now, the TRT test
has been assumed to measure “linguistic closure” or the ability to complete fragmentary
verbal information (Besser, Zekveld, Kramer, Ronnberg, & Festen, 2012; George et al., 2007;
Zekveld, Kramer, Kessens, Vlaming, & Houtgast, 2009). However, this is a relatively general
term. Examination of the specific nature of the abilities assessed by the test will aid the
interpretation of the shared variance in SRT and TRT performances. For this purpose, we first
reviewed studies reporting relationships between the TRT and auditory, cognitive, or general
(e.g., age) factors in order to formulate specific hypotheses regarding the nature of the
abilities relevant for the TRT test. Subsequently, these hypotheses were tested using a
comprehensive dataset of 215 participants of the Swedish n200 study (Rénnberg et al., 2016).
Finally, we tested the hypothesis that the TRT is associated with the SRT within the n200 data
set in order to confirm the relationship between these two tests in the current sample.
Addressing both aims is relevant for future studies in which the TRT test is applied: the first
one for studies examining the TRT and/or any relationships between the TRT and other

factors, and the second one is relevant for studies that aim to test the association between



subjectively and/or objectively assessed speech perception and cognitive abilities such as

tapped into by the TRT test.

Candidate TRT predictors

The current literature indicates a relationship between the TRT and several cognitive
and more general individual factors. For example, TRT has been shown to be related to the
updating ability of young, normal-hearing (NH) listeners (Mishra, Lunner, Stenfelt,
Rdnnberg, & Rudner, 2013a, 2013b), and to the inhibition ability of young NH and older
hearing-impaired (HI) listeners (Mishra et al., 2013a, Mishra, Stenfelt, Lunner, Rénnberg, &
Rudner, 2014). Both updating and inhibition ability are executive functions (Miyake,
Emerson, & Friedman, 2000) relevant for working memory processing. Further, associations
with TRTs have been observed for measures of global cognitive processing (Humes, Kidd, &
Lentz, 2013) and verbal working memory capacity in young NH and elderly HI participants
(Humes et al., 2013; Mishra et al., 2013a,b; 2014; Koelewijn, Zekveld, Festen, R6nnberg, &
Kramer, 2012; Koelewijn, Zekveld, Festen, & Kramer, 2014). However, other studies failed
to demonstrate these relationships (Besser, Koelewijn, Zekveld, Kramer, & Festen, 2013;
Mishra et al., 2014; Zekveld et al., 2011a). Mixed results have also been observed regarding
the association between TRT and age. Higher age is related to slightly worse TRTs (Kramer,
Zekveld, & Houtgast, 2009; Krull, Humes & Kidd, 2012). However, most of the studies
showing this relation compared TRTs of young NH with those of elderly HI participants
(Besser, Festen, Goverts, Kramer, & Pichora-Fuller, 2015; Haumann et al., 2012; Krull et al.,
2012; Mishra et al., 2013a, 2014; Zekveld, Kramer, & Festen, 2011b). Therefore, hearing
acuity may have influenced these results to some extent, as was indicated by Rénnberg et al.
(2011). Ronnberg et al. demonstrated that worse hearing thresholds are associated to poorer

episodic and semantic long-term memory. This indicates that hearing acuity may affect



cognitive abilities independent of age, and possibly, also the TRT and/or abilities associated
with the TRT. Therefore, it is relevant to take into account hearing acuity when comparing
inter-individual differences in linguistic and cognitive functions.

There are a number of candidate abilities that may be related to the TRT test that have
not been assessed in combination with the TRT yet. Here, we list several factors that were
assessed in the current study (for details, see below). Other potentially relevant factors are
mentioned in the Discussion section. First, context-bound verbal inference-making ability is
probably highly relevant for the TRT test. This ability is relevant for performing the sentence
completion test. In this test, participants are asked to complete partly incomplete sentences
that are visually presented (Lyxell & Ronnberg, 1987, 1989; Ronnberg, 1990; Rénnberg et al.,
2016). The test is similar to the TRT test, except that the TRT test additionally includes the
subtasks of target-masker segregation and the identification of word-boundaries behind the
mask. Secondly, lexical access as assessed with a lexical decision making task could be
associated with the TRT. In the lexical decision task, participants have to judge whether a
string of three letters constitute a real word (R6nnberg, 1990; Roénnberg et al., 2016). We
hypothesized that participants who are faster in making these decisions may have an
advantage in the TRT test. Furthermore, we expected that phonological processing relevant
for the rhyme judgment task may be related to the TRT test, as they are more generally
relevant for (the acquisition of) reading skills (Nation & Snowling, 2004). In the rhyme
judgment test, subjects have to decide whether or not two visually presented tests rhyme.
Also, we hypothesized that lexical inference making (Hannon & Daneman, 2001; Rdnnberg et
al., 2016), as assessed by the logical inference-making test, would relate to the TRT. In both
tests, inference-making ability is relevant, albeit at different levels as the lexical inference

making tests assesses the ability to evaluate whether successive statements are correct or



incorrect. Finally, visual acuity may be associated with the TRT in the sense that lower visual
acuity may hinder the reading of the text and/or affect the contrast of the TRT stimuli.

Abilities that are likely not related to the TRT include peripheral auditory measures
such as frequency and temporal auditory resolution (George et al., 2007), modulation

detection and auditory stream segregation (Haumann et al., 2012; Humes et al., 2013).

Relationship between TRT and SRT

Regarding the relationship between the TRT and SRT in HI listeners, Humes et al.
(2013) observed that better TRTs are associated with better scores on a “general speech
understanding” factor in a large sample of 98 older adults with typical age-related high-
frequency hearing loss (see also Zekveld, George, Houtgast & Kramer, 2013). Similar results
were observed for HI individuals tested by George et al. (2007) when controlling for auditory
temporal resolution. Furthermore, the relationships between speech perception performances
and TRT seem to be relatively strong for NH as compared to HI participants when these
groups are tested in the same study (e.g., George et al., 2007; Krull et al., 2012; Zekveld et al.,
2011b). However, Besser et al. (2013) reviewed the evidence regarding the relationship
between the TRT and SRT and concluded that speech recognition by young NH participants
seems relatively less prone to influences by abilities assessed with the TRT. Obviously, the
sample size and other study aspects (e.g. the characteristics of the SRT task applied) should be
taken into account when comparing such results. In several studies, no statistically significant
relationship has been observed between the TRT and speech perception scores of NH listeners
for speech in stationary noise (Schoof & Rosen, 2014) or in interfering speech (Zekveld et al.,
2014). Furthermore, an opposite relationship (i.e. better TRTs associated with worse SRTs in
amplitude modulated noise) has even been observed in NH listeners (Schoof & Rosen, 2014).

Finally, Zekveld et al. (2013) observed that better TRTs were associated with less subjective



difficulty with sound detection, sound discrimination, and speech intelligibility in quiet and
noisy conditions (see also Haumann et al., 2012). For each of these factors, it is important to
distinguish meaningful signals and noise or irrelevant sounds. No association between the

TRT and subjective sound localization was observed by Zekveld et al. (2013).

Present study

In the present study, we addressed the following research questions: 1) What set of
factors best predicts inter-individual differences in the TRT? 2) What are the relationships
between the TRT and SRTs estimated in various conditions (i.e., for several masker types and
target stimuli) and subjective hearing ability? To answer these questions, we analysed the data
of a comprehensive dataset of participants who use hearing aids bilaterally (Rénnberg et al.,
2016). These participants performed a test battery that included several measures that are
possibly associated with the TRT.

In Analysis 1 we addressed the first research question by building a prediction model
in which we distinguished between conventional and novel predictors. The conventional
predictors were predictors that were likely to be associated with the TRT based on the
reviewed literature. These included verbal inference making, verbal working memory
capacity, updating, and inhibition, with possible (confounding) effects of age, PTA, gender
and visual acuity. The novel predictors were variables that were likely to be associated with
the TRT based on the assumed shared abilities tapped into by the tests but for which the
relationships with the TRT were currently unknown. These novel predictors included lexical
inference making, phonological and lexical processing.

Regarding research question 2, we tested the hypothesis that better TRTs would be
associated with better SRTs and better subjective ratings of speech perception and hearing

quality. As the SRT (and to some extent, the TRT) generally declines with increasing age and



reduced hearing acuity, we took into account the possible confounding effect of these
variables. The current literature suggests that the association between speech perception and
cognitive processing may furthermore depend on the difficulty of the speech perception test as
determined by the intelligibility level (e.g., Davis & Johnsrude, 2003; Koelewijn et al., 2014;
Rdnnberg, 2003; Zekveld, Kramer, & Festen, 2010), and masker type (George et al., 2007,
Koelewijn et al., 2012, 2014; Lunner & Sundewall-Thorén, 2007). Also, the amount of
contextual information in the sentences may influence this relationship (Moradi et al., 2013;
Rdnnberg et al., 2016; Schoof & Rosen, 2015). Two types of sentence sets were applied in the
SRT tests used in the n200 study (R6nnberg et al., 2016): the hearing in noise (HINT;
Héllgren, Larsby & Arlinger, 2006; Nilsson, Soli, & Sullivan, 1994) and the Hagerman matrix
sentences (Hagerman, 1982; Hagerman & Kinnefors, 1995). In the natural HINT sentences,
the semantic context aids the perception of the sentence words, whereas this is not the case for
the Hagerman sentences. Winn (2016) showed that the pupil dilation response reflecting
cognitive processing load was smaller during the processing of words that were predicted by
the sentence context as compared to unpredictable words. In line with this, we expected that
the availability of contextual information would reduce the top-down processes required
during sentence perception (Krull et al., 2012). This may be reflected by a weaker association
between the TRT and the SRTs estimated with the HINT as compared to the Hagerman

sentences.

Method
Sample
The sample analysed in the current study originates from the n200 study that includes
data of 215 participants who were bilaterally fitted with hearing aids and had been using the

hearing aids for at least one year (R6nnberg et al., 2016). All participants were recruited



among patients of the Audiology Clinic of the University Hospital of Linkdping. The study
was approved by a regional Ethics Committee. Eighty-seven percent of the participants had
normal or corrected to normal vision (at least 0.9 on the Snellen chart) and the remaining 13%
had at least 0.5 on the Snellen chart. All participants were native speakers of Swedish and
each of them provided written informed consent.

In total, 185 participants had a complete dataset for each of the variables included in
the analysis (see below). From this dataset, the data of five participants were omitted from the
analysis due to extreme (> 4 SDs from the average score) values on one or more variables.
The uncorrected average pure-tone hearing thresholds (PTA) of the remaining sample of 180
participants (74 females, mean age = 61.0 years, SE = .63 years) averaged over 500, 1000,
2000, and 4000 Hz of the best ear was 37.5 dB HL (SE =.78 dB HL) and ranged between 10
dB HL and 75 dB HL. The average PTA of the worst ear was 40.6 dB HL (SE =.81 dB HL)
and ranged between 12.5 dB HL and 82.5 dB HL. For the majority of the participants, the
hearing loss was relatively symmetrical; for 25 participants, the difference in PTA between
the left and right ear exceeded 5 dB, and this difference was 12 dB at most for one of the
participants. We used the PTA of the best ear in the analyses, as these thresholds are likely

most relevant in daily-life listening conditions. See Figure 1.
General procedure

Participants were tested in three test sessions of 2-3 hours each. They were tested by
clinical audiologists in the University Hospital of Linkdping, Sweden. Participants were

allowed to wear their own hearing aids during the tests with visual stimuli.

TRT test
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In the TRT test, partly masked written sentences from the Swedish HINT sentence-set
(Hallgren et al., 2006) were presented on a PC screen at 40 cm distance from the participant
(Zekveld et al., 2007). Text was masked with a bar pattern. First, a bitmap image was created
that was proportionally filled with black bars, depending on the required percentage of
unmasked text. This percentage was based on the number of pixels the bars consisted of in
relation to the number of pixels of the intermediate fields where the text was visible. The
bitmap image was then stretched to the fixed dimensions of the field in which the words
appeared. For each trial, the bar pattern consisted of bars of equal thickness. Between trials,
we varied the percentage of unmasked text by changing the thickness of the presented bars.
The text color was red, the color of the mask was black and the text was presented on a white
background. At the start of each trial, the mask became visible for 3000 msec. Then, the text
appeared ‘behind’ it in a word-by-word fashion, until the sentence was entirely presented. The
entire sentence remained on the screen for 3500 msec (Zekveld et al., 2007). The duration
between the onset of displaying each word and the onset of the next word (or the start of the
3500 ms presentation interval of the entire sentence after the appearance of the last word) was
equal to the duration of the utterance of each word in the corresponding audio file (Hallgren et
al., 2006). An adaptive procedure was applied that estimated the TRT required for the correct
perception of 50% of the sentences. After each correct response, the masking of the sentence
was increased by 6%, and it was reduced by 6% after each incorrect response. In total, two
lists of 20 sentences were presented. The first list was a practice list. The TRT was the mean
percentage of unmasked text of sentence 5 to 21 of the second list. Note that sentence 21 was
not actually presented, but that the percentage unmasked text of that trial was determined by
the previous sentence. Sentences did not overlap with the sentences used in the SRT test with

HINT sentences (see below). Lower TRTs indicate better performances.
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Reading span test

The RSpan test (Baddeley, Logie, Nimmosmith, & Brereton, 1985; Daneman and
Carpenter, 1980; Ronnberg, Arlinger, Lyxell, & Kinnefors, 1989) measures verbal working
memory capacity. In this test, Swedish sentences were presented visually. Half of the
sentences were semantically incoherent (e.g., “The car drinks milk.”) and half were coherent
(e.g., “The farmer builds a house.”). First, two sets of two sentences were presented, followed
by two sets of three sentences, two sets of four sentences, and two sets of five sentences. The
sentences were presented in a word-by-word fashion on a PC screen at a rate of one word per
800 msec. After each sentence, participants verbally indicated whether the sentence made
sense or not during a fixed 5-sec interval. After each set of sentences, participants recalled all
first or all last nouns of the sentences in the set. The experimenter recorded the total number

of words correctly recalled regardless of order. The maximum total score was 28.

Sentence completion test

The Sentence Completion Test taps into context-bound verbal inference-making
ability (Lyxell & Ronnberg, 1987; Ronnberg et al., 2016). In the test, 28 sentences of 4 to 13
words long were visually presented on a PC screen for 7 seconds. Each sentence misses 2-4
words. Participants were asked to fill in the missing words such that a grammatically and
semantically correct sentence was created. The disappearance of the sentence from the screen
acted as response-prompt for the participants, who had 30 seconds to answer before the next
sentence was presented. The verbal response was scored as correct if the missing words were
grammatically and semantically correct in the context of the sentence. The number of
correctly produced words was divided by the number of deleted words per sentence, and

averaged over all 28 sentences (Andersson, Lyxell, Rénnberg, & Spens, 2001).
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Rhyme judgment

Phonological processing speed was assessed by the rhyme judgment task (Classon,
Rudner, & Ronnberg, 2013; Lyxell et al., 1994). Two words were presented simultaneously
on a PC screen and participants had to indicate whether the words rhymed or not by pressing
two predefined buttons for “yes” and “no” (Lyxell, Ronnberg, & Samuelsson, 1994). In total,
32 word-pairs were presented and in half of the trials, the words rhymed. Four conditions of
eight trials each were presented: in the matching conditions, the words were orthographically
similar and rhyme or they were orthographically similar and did not rhyme. In the non-
matching conditions, the words were orthographically dissimilar but rhymed, or they were
orthographically similar but did not rhyme. We analyzed the reaction time (RT)of the correct

responses, averaged over the four conditions.

Inhibition

The inhibition test (Miyake et al, 2000) applied was a stop-signal task that assessed the
ability to inhibit automatic responses (Logan, 1994; Rénnberg et al., 2016). A series of digits
was visually presented on a PC screen. One digit [0-9] was presented at the time and
participants were asked to press the space bar on a computer keyboard every time they saw a
digit other than 3, but to omit pressing the space bar when they saw the digit ”’3”. The
instruction was to respond as quickly and as correctly as possible. Digits were presented until
a response was given or for 1 sec in case of a “3”. We analysed the number of times that the

response to ”3” was correctly inhibited. The maximum number of errors equaled 22.

Updating
The “keep-track” updating task (Yntema, 1963) assessed the ability to monitor

incoming information for relevant items that were used to update no-longer relevant items in
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working memory (Morris & Jones, 1990). The material consisted of 36 Swedish mono-, bi-,
and tri-syllabic words. Each word belonged to one of six semantic categories: metals, colors,
animals, relatives, countries, and fruits. The participants were instructed to attend to only
four out of six categories. The names of these target categories were visually presented on a
PC screen. Below these category names, the words were sequentially presented in random
order at a rate of 3 seconds per word with an inter-stimulus interval of 0.5 second. The
participants had to retain the last words presented for each of the four target categories and
to verbally recall them at the end of the series. Four trials of nine words each were
presented. The performance measure was the number of words correctly recalled (max =

16).

Lexical decision

Lexical access speed was measures with a lexical decision task (e.g., Rénnberg, 1990)
in which 40 strings of 3 letters were presented on a PC screen. Half of these letter strings
constituted common Swedish three-letter words. Participants had press one of two buttons as
accurately and quickly as possible: “yes” (for a real word) or “no” (for a non-
word/pseudoword) during a 5000 msec interval before the presentation of the next word. The

dependent variable was the average RT of the correct responses.

Logical inference making

Logical inference-making was assessed using a paradigm adopted from Hannon and
Daneman (2001; Ronnberg et al., 2016). In the test, a question and two successive statements
were simultaneously presented on a PC screen. For example, the question “Is a JAL larger

than a PONY?” was presented together with “A JAL is larger than a TOC” and “A TOC is

14



larger than a PONY™. The participants answered by means of pressing one of two buttons (yes

or no). We analysed the number of correct responses (max = 16).

Hearing in Noise Test (HINT)

An adaptive Swedish Hearing-in-Noise Test (HINT, Héllgren et al., 2006; Nilsson et
al., 1994) was used to estimate SRTs for female target speech presented in stationary noise
with the long-term average spectrum of the target speech. The speech-to-noise ratio (SNR)
required for the correct perception of 50% of the sentences (i.e., SRT50) was estimated
using a list of 20 HINT sentences. In the first trial, both the target speech and the noise were
presented at 65 dB SPL (i.e., 0 dB SNR). A one-up-one-down adaptive procedure was
applied. The noise level of the subsequent sentences was increased with 2 dB for each
correct response, and reduced with 2 dB after each incorrect response. One practice list and
one test list was presented. The SRT was the average SNR of sentences 5 to 21 of the test
list. The twenty-first sentence was not actually presented, but the SNR of that trial was

determined by the response to the twentieth sentence.

Hagerman Matrix SRT test

In the Hagerman test (Hagerman, 1982; Hagerman & Kinnefors, 1995), an adaptive
procedure was used to estimate the SNR required for the correct perception of 50% or 80% of
the words (Brand, 2000). The sentences were spoken by a female and consist of five words each
with a proper noun, verb, numeral, adjective, and noun (Example: “Ann had five red boxes™).
Two interleaved tracks of 15 sentences each were presented, one for each threshold. The level of
the speech was fixed at 65 dB SPL and the SNR was adaptively varied by adapting the level of
the masker with a variable step size that was based on the number of words correctly repeated in

the previous trial (Hagerman & Kinnefors, 1995). A decrease in the SNR of about 1 dB was
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made for each correct word exceeding the targeted threshold (for details, see Hagerman &
Kinnerfors). The SRT was the average SNR of the final 10 sentences in each track. The target
speech was masked with either unmodulated speech-weighted noise or with a multi-talker
masker (4 talkers, 2 males and 2 females). In total, four SRTs as estimated with the Hagerman
stimuli were analysed in the present study: the SRT for 50% (SRT50) or 80% (SRT80) correct

sentence perception in either the stationary noise masker or the 4-talker babble.

Speech, Spatial and Qualities of Hearing Scale

The self-report Speech, Spatial and Qualities of Hearing (SSQ) scale (Gatehouse &
Noble, 2004) consists of three subscales relating to speech perception, quality of sound and
spatial hearing. Each subscale comprises of a number of listening situations. The participant
scored his/her hearing ability for each situation by marking a scale between 0 and 10. A
score of 10 indicates complete ability and a score of zero indicates minimal ability (Noble &
Gatehouse, 2006). A total of 50 listening situations were rated. In the present study, only the
subscale scores relating to speech perception (max score = 140) and quality of sounds (max

score = 190) were analysed.

Auditory stimulus presentation

The presentation level of the stimuli was adapted according the hearing thresholds of
the individual listeners. For both the HINT and Hagerman matrix test (see below), audibility
of the stimuli was enhanced by linear amplification by an experimental hearing aid (Oticon
Epog XW) positioned in an anechoic box (Briel & Kjer type 4232). The output of the
hearing aid was routed via an ear simulating coupler (Briel & Kjer type 4157) and NAD
Electronics 2400 THX amplifier and presented to the participants through a pair of ER3A

insert earphones. This set-up provided linear amplification based on a voice aligned
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compression rationale (Le Goff, 2015; Ng, Rudner, Lunner, Pedersen, & Rénnberg, 2013)
with a linear gain (1:1 compression ratio) for pure-tone input levels in the range from 30 to 90
dB SPL (see Ronnberg et al., 2016, Figure 2 for insertion gain response curves). The gain was
based on the average pure-tone hearing thresholds of the octave frequencies between 250 and

8000 Hz of both ears.

Statistical analyses

Two statistical analyses were performed using linear regression analyses. In Analysis
1, we first assessed the univariate relationships between 1) the TRT and each of the potential
predictor (i.e., updating, inhibition, verbal working memory, verbal inference-making ability,
phonological and lexical processing) and confounder variables (i.e., age, PTA, gender, visual
acuity). Subsequently, we applied a backward linear regression analysis to examine which set
of variables best predicted inter-individual differences in the TRT. The starting model
included all conventional predictor and confounder variables (see above). Multicollinearity
was assessed by calculating Pearson correlation coefficients between the potential predictors
and confounders and by assessing the variance inflation factor (\VIF) of the starting model. A
VIF <5 criterion was applied. All VVIFs were below 1.5, indicating no multicollinearity.
Subsequently, a variable was excluded from the model if the p-value of the relationship with
the TRT was >.157, starting with the variable with the highest p-value. This exclusion
criterion for individual predictors can be used as a substitute for all-subset procedures such as
the Aikaike information criterion (AIC; Moons et al., 2015; Sauerbrei, 1999). This relatively
lenient exclusion criterion is recommended to increase the predictive power of the regression
model (Steyerberg, 2008; Sauerbrei, 1999). This analysis resulted in “Model 1”. In a second
step, novel predictors were sequentially added to Model 1. Novel predictors were included

based on a relatively stringent significance value of p < .05, in order to reduce the possibility
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of an overly complex final model (Sauerbrei, 1999). In the case of multiple significant novel
predictors, the strongest (i.e., most significant) novel predictor was added first, after which the
second strongest predictor was added, and so on, until no more significant predictors could be
added. We evaluated the AIC values of the resulting candidate models. The AIC value
indicates the balance between goodness of fit and overfitting, with lower AIC values
indicating better model quality. We tested the constant error variance assumption of linear
regression by testing heteroscedasticity of the final model. Finally, robust regression with
Huber weighting was performed in the MASS package (Venables & Ripley, 2002) in
statistical software R (R Core Team, 2017) in order to validate the robustness of the results of

the conventional linear regression analyses.

In Analysis 2, seven separate association models were built. These assessed the
relationships between the TRT (independent variable) and the following dependent variables:
1) the HINT SRT50% (stationary noise), the Hagerman SRTs (SRT50, SRT80, both in
stationary noise and in 4-talker babble) and 3) the SSQ speech perception and qualities of
hearing subscales. A critical a level of p < .05 was applied. For each model, we checked the
assumptions of linear regression analysis as described for Analysis 1. Next, for each model,
we tested for any confounding by age and PTA. A variable was considered to be a significant
confounder if it was 1) univariately associated with TRT (p < .20), 2) univariately associated
with the dependent variable (p < .20), and if 3) the regression coefficient of TRT changed
with at least 10% after adding the variable to the model (Grayson, 1987). If both variables met
these criteria, the strongest confounder was included in the model first. The additional

confounder was only added to that model if criterion 3) was met.

Results
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Analysis 1

The means and standard errors of the test performances are presented in Table 1. The
mean TRT is similar to the mean TRT observed in previous studies (e.g., Zekveld et al., 2007;
Zekveld et al., 2009). The scores on the other tests are also similar to that observed in
previous studies. See Ronnberg et al. (2016) for a detailed comparison. Table 1 also shows the
Pearson correlation coefficients between the TRT and the potential predictor and confounder
variables (except for gender). Higher age, poorer updating ability, smaller working memory
capacity, poorer context-bound verbal inference-making ability (sentence completion) and
logical inference making ability and slower phonological processing (rhyme judgment) and
lexical access (lexical decision making) were all significantly (Bonferroni corrected p < .05;
correction applied for 55 tests) associated with higher (poorer) TRTs.

Table 2 shows the results of the backward regression analysis (i.e., Model 1). The
variables that were excluded from the model during the backward selection process were
visual acuity (p = .88), inhibition (p =.75), and gender (p =.36). Lower age, lower (better)
PTA, larger working memory capacity, better updating ability and higher context-bound
verbal inference-making ability (sentence completion) were all associated with lower (better)
TRTs. In total, around 39% of the inter-individual variance in TRT was explained by this
model. The AIC value of this model equaled 509.1.

In the next step, we sequentially included the novel predictors in order to assess their
contribution to predicting the TRT. These results are presented in Table 3. Model 2 indicated
that lexical decision significantly predicted the TRT, with shorter RTs being associated with
better TRTs. Note that by including lexical decision making in the model, the prediction by
updating ability was no longer significant. The AIC value of this model was 492.2. In Model
3, rhyme judgment was added to Model 1 as a significant predictor of TRT, resulting in an

AIC value of 501.2. In this model, the contribution of updating again was no longer
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significant and was therefore excluded from the model. Thirdly, we examined the contribution
of logical inference making ability relative to Model 1 (not shown in Table 3). The prediction
by this variable was not statistically significant (p = .25). Finally, in a next model, we
assessed whether rhyme judgment added to the prediction of TRT relative to a model in which
lexical decision was included and updating was not. The results demonstrated that rhyme
judgment (p = .61) did not significantly add to the prediction of the TRT. Therefore, the final
set of predictors consisted of age, PTA, reading span, sentence completion ability and lexical
decision making, explaining 45% of the variance in the TRT (see Table 3, Model 4).

We tested the assumptions of linear regression analysis and the generalizability of the
results. The residual plots of standardized residuals versus the predicted values indicated
heteroscedasticity or unequal variance of the residuals (larger variance for higher predicted
TRT values). Therefore, we assessed whether robust regression resulted in the same model.
This was the case, supporting the robustness of the current findings. Furthermore, AIC values
(Sauerbrei, 1999) were calculated. Model 4 had an AIC value of 491.2. The AIC values of
Model 2 and 4 likely result in less estimated information loss as compared to Models 1 and 3
(Burnham & Anderson, 2002). However, the values of Model 2 and 4 are so close (492.2 and
491.2, respectively) that they do not allow to select between these two Models. However,

Model 4 has fewer predictors, which may be preferred.

Analysis 2

Table 4 presents the descriptive statistics of the variables analysed in Analysis 2. It
also presents the Pearson correlation coefficients between TRT, age, PTA, the five SRTs
estimated for the correct perception of either 50% or 80% of HINT or Hagerman sentences in

stationary noise or 4-talker babble, and the ratings on the two SSQ scales. The results of the
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seven separate regression analyses of the associations between the TRT and the SRT and SSQ
variables are shown in Table 5.

Univariately, better TRTs were significantly associated with better SRT thresholds,
except for the SRT80 for Hagerman sentences presented in speech-shaped noise, and the SSQ
speech rating (see Table 5). For each of these variables, age and/or PTA turned out to be
significant confounders. The relation between the SRT50 in 4-talker babble as assessed with
Hagerman sentences remained significant with the inclusion of both age and PTA in the
model (model 11). Also, the association between TRT and the SSQ speech rating remained
significant with the inclusion of the only confounder PTA (model 19). In the remaining
models, the association between TRT and the outcome measure was no longer significant (p >
.09 for all associations) when including one or both confounder variables in de model. For

details, see Table 5.

Discussion

TRT predictors

The first aim of the current study was to examine the nature of the abilities relevant for
performing the TRT test. The TRT test is widely applied for examination of the non-auditory
part of the variance in inter-individual differences in speech perception performances
(Zekveld et al., 2007). The present study with data from a large sample of hearing-aid users
demonstrates that the test taps into 1) abilities relevant for filling missing words in incomplete
sentences (i.e., context-bound verbal inference-making ability; Lyxell & Rénnberg, 1987;
Rdnnberg et al., 2016), 2) lexical access, and 3) working memory capacity. Furthermore, a
higher age and poorer hearing acuity were associated with slightly poorer TRTs - but note that
the association between TRT and PTA was relatively weak, see Table 3, Model 4. When

considering the nature of the TRT test, the reliance on these abilities is not surprising.
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Firstly, as expected, completing incomplete sentences is relevant for perceiving
partially masked sentences. It is likely that context-bound verbal inference-making ability
partly depends on semantic processes, as previous studies showed better TRTs when the
sentence material used in the test contained more contextual information (Besser et al., 2015;
Krull et al., 2012; Schoof & Rosen, 2015; Goverts, Huysmans, Kramer, De Groot, &
Houtgast, 2011). However, syntactical and lexical processes also play a role in the TRT test
(Goverts et al., 2011 and current results). In the sentence-completion test, entire words are
missing, whereas the bars in the TRT test mask parts of the individual letter and word-
boundaries. As discussed in the Introduction section, this may affect the relative importance
of the linguistic processes relevant for performing these two tests. For example, the TRT
likely depends to a greater extent on phonological processing and phonotactical constraints. It
would be interesting to assess this hypothesis in more detail in future research.

Furthermore, lexical access speed predicted the TRT. Deciding whether a string of
characters constitute a word or not likely contributes to the identification of the (partly
masked) word-boundaries in the TRT test. Lexical access has been shown to be relevant for
speech perception as well, and is a crucial factor in the Ease of Language Understanding
Model (Rénnberg, 2003). In the TRT test, the participants have limited time to read the
sentence and generate a response, which may have influenced the association with the lexical
decision RT measure (Besser et al., 2012; Zekveld et al., 2011b). This may be especially true
when another version of the TRT test is applied in which the text is only presented for 500
msec instead of 3500 msec (see Besser et al., 2012).

Furthermore, larger working memory capacity as assessed with the reading span test
was associated with better TRTs. This association was similar to the association observed in
HI participants in previous studies (Humes et al. 2013 and Koelewijn et al., 2014; but see

Mishra et al., 2014). The commonalities of the TRT and reading span tests include that they
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both require sentence processing and invoke memory processes. For the TRT test, the
memory processing aspect is rather limited in the sense that a single sentence has to be
constructed and maintained until the participant responds. We conclude that the TRT taps into
processes relevant for the making of speeded lexical decisions when completing partly
masked sentences and that these processes require working memory capacity. Or, in short: the
TRT tests taps into controlled sentence completion ability and lexical access.

The word-by-word presentation style of the stimuli presented in the TRT test may
have influenced the reading of the text (e.g., by making it relatively unnatural) such that it
influenced the association between the TRT and the cognitive abilities tested in the current
study. Although the words were presented one by one, they remained on the screen until the
entire sentence was completely presented for another 3500 msec. Besser et al. (2012) showed
that other versions of the TRT test (e.g., versions in which only one word is presented at the
time) tend to be more strongly associated with working memory. Also, the current word-by-
word presentation of the sentences aided the reader to identify the partly masked word-
boundaries, which may have reduced the difficulty of the test and may have made it more
similar to normal reading. As far as we are aware, there is currently no study available that
examines the relationship between speech perception and a TRT test version in which the
sentences are entirely presented at once. If such a presentation style would reduce the reliance
on visual processes, the relationship between the TRT test and auditory tests like the SRT test
may increase.

Finally, the age-related decline in the TRT as observed in the current sample is similar
to the association observed in previous studies (e.g., Kramer et al., 2009; Humes et al., 2013).
Generally, the univariate correlation coefficient between age and TRT is between -.20 and -
.30 (George et al., 2007; Zekveld et al., 2013) in samples of HI listeners. The present results

indicate that over and above this age-related decline in TRT, poorer pure-tone hearing
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thresholds are also relatively weakly (univariate correlation coefficient around .20) associated
with poorer TRT performance (c.f., Ronnberg et al., 2011). Hence, both differences in age and
differences in hearing acuity between participants may contribute to any differences in TRTs
observed (e.g., Besser et al., 2015; Haumann et al., 2012; Krull et al., 2012; Mishra et al.,
2013a, 2014; Zekveld et al., 2011b).

Interestingly, several variables did not significantly predict the TRT. First of all, the
data confirmed the assumption that the TRT is not strongly related to peripheral visual acuity,
except for a prerequisite visual acuity required for reading sentences relatively quickly. More
informatively, the executive functions updating and inhibition ability did not contribute to
explaining the TRT over and above the predictors included in final Model 4. This contrasts
with previous findings of Mishra et al. (2013a, 2013b; 2014). Mishra et al. (2013a, 2014;
2013b) applied different tests of updating and inhibition, which may relate to the differences
between the current and their results. Also, lexical inference making did not predict the TRT,
indicating that higher-order deductive decision making processes are not highly relevant for
performing the TRT test.

Please note that over half of the variance in TRT performance was not accounted for in
the final model. This indicates that the contributing variables described above only provide a
rough outline of the abilities tapped into by the TRT test. Other potentially relevant variables
that were not assessed in the present study may include a more general processing speed
factor. Namely, rhyme judgement (a RT measure that was included in Model 3) was not
significant anymore when lexical access speed was included as well. Therefore, the
relationship between these variables and TRT may be partly based on a general processing
speed factor. Also, the current results likely depend on the characteristics of the sentences
used in the TRT test. For example, if sentences with lower semantical constraints (e.g. the

Hagerman sentence set) would be used, the relevance of context-bound verbal inference-
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making ability would likely be lower, and this may in turn result in a greater importance of

lower-level perceptual processes.

Relationship between TRT and SRT

The second aim of the present study was to assess the association between the TRT
and the SRT estimated in different conditions, and between the TRT and subjective ratings of
hearing difficulties as assessed with the SSQ scale. In line with our expectations, the TRT was
significantly associated with each of the SRTs, except the SRT80 for Hagerman sentences
presented in speech-shaped noise (see Table 5).

In two models, the TRT remained significantly associated with the outcome measure
when controlling for PTA and/or age. Namely, better TRTs were significantly related to better
SRT50s estimated with Hagerman sentences in 4-talker babble and with better subjective
hearing as assessed with the SSQ speech scale. In both association models, PTA was a
significant confounder. Age was additionally included as confounder in the model explaining
the Hagerman SRT50 in 4-talker babble.

The results suggest that individuals who have better controlled sentence completion
abilities and lexical access (i.e., TRTS) have better SRTs in a relatively challenging listening
condition. The task in this SRT condition was relatively difficult as the intelligibility level
was around 50%, the matrix sentences lack natural semantic constraints, and the 4-talker
babble masker had informational masking effects. This corresponds to models of speech
perception such as the Ease of Language Understanding model (Rénnberg, 2003; Rénnberg
et. al., 2013) and previous experimental studies that indicated that informational masking
increases top-down processing during listening (e.g., Koelewijn et al., 2012). The association
between better TRTs and fewer difficulties with speech perception as examined using the

SSQ speech scale indicates that better sentence completion abilities and lexical access are
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associated with better subjective ability to perceive speech in a range of listening situations.
This result is in line with Zekveld et al. (2013) and Haumann et al. (2012) who also observed
that better TRTs were related to better subjective hearing ability. In the final association
model, PTA was included as confounder, and hence, the influence of PTA on subjective
hearing ability was accounted for. The current relationships between the TRT and the two
outcome measures support that verbal cognitive functions as assessed with visual stimuli are
relevant for speech comprehension in challenging laboratory-based tests and as investigated
using questionnaires concerning daily-life listening conditions (see also e.g. Arlinger, Lunner,
Lyxell, & Pichora-Fuller, 2009; Akeroyd, 2008; Rénnberg, 2003). The present results are not
in line with the lack of an association between cognitive abilities and subjective hearing
ability as was observed by Heinrich et al. (2016).

The TRT was associated with the SRTs assessed with HINT sentences, with the
Hagerman SRT50 assessed with speech shaped noise, and with the Hagerman SRT80
estimated in 4-talker babble. However, the inclusion of the confounder variables age and/or
PTA in these association models weakened the associations between TRT and the SRT such
that they were no longer significant. This indicates that the relationship between TRT and
these SRTs is partly based on shared variance in inter-individual differences in age and PTA.
The relevance of PTA and age for speech perception tests (SRTs) and PTA for subjective
hearing ability is not surprising. Note that the relationship between PTA and the SRTs were
observed even though the audibility of the SRT stimuli was enhanced by individualized linear
amplification.

Relative to previous studies that applied the TRT test (e.g., Besser et al., 2013, Mishra
et al., 2013a,b, 2014; Zekveld et al., 2007), the sample size assessed in the current present
study was relatively large. Humes et al. (2013) have described a comparable sample of 98

hearing-impaired participants. In their study, TRTs explained around 10% of aided speech
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perception thresholds, which is comparable to the current results for the Hagerman SRT50 in
4-talker babble. The replication of the association between the TRT and speech perception
performances in different laboratories, languages, and with different SRT and TRT stimuli

demonstrates the value of including the TRT test in experimental and clinical settings.

Limitations of the current study

Limitations of the current study include the limited selection of factors included in the
regression analyses performed in Analysis 1, and the potential influence of the specific
characteristics of the currently adopted TRT test (e.g. the word-by-word presentation of the
sentences). Another limitation of the current work is that only hearing-aid users were
included. Previous studies suggest that the association between the TRT and speech
perception performances may be stronger in other (normal-hearing) samples (see Besser et al.,
2013 for a review, but see also George et al., 2007). Furthermore, in the current study, an
experimental hearing aid was applied. As a result, the experimental amplification may have
differed from the amplification used by the participants in their daily life. Novel amplification
may increase the involvement of capacity as compared to amplification settings that
participants are used to (Ng et al., 2014). This would imply an overestimation of the
relationship between the TRT and the SRT for Hagerman sentences in 4-talker babble, but
likely has not affected the relationship between the TRT and the subjectively rated speech

perception difficulties (SSQ speech scale).

Conclusions
In conclusion, the present study provides more insight into the nature of the functions
relevant for speech perception when assessed with the TRT test. The TRT test taps into

controlled sentence completion processes and lexical access. The TRT is associated with
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speech perception by hearing-aid users in an informational masker (50% SRT in 4-talker
babble) and with subjective speech perception ability in daily life, when controlling for the

effects of hearing peripheral hearing sensitivity (PTA) and age.
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Figure captions
Figure 1. Median and interquartile range of the pure-tone hearing thresholds of the best ear.
The ISO/FDIX 7029: 2000 provides descriptive statistics of the hearing threshold deviation
for populations of otologically normal persons of various ages under monaural earphone

listening conditions.
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Table 1. Descriptive statistics and Pearson correlation coefficients between the Text Reception Threshold (TRT) and potential predictor and confounder

variables.
M (SE) range 1 2 3 4 5 6 7 8 9 10
1. TRT 55.1(.38) 39.7-73.2
(% unmasked text) t
2. Age 61 (.63) 33-80 .26*
(year)
3. Visual acuity .94 (.01) 4-1.0 -11 -.19
4. PTA 37.5(.78) 10.0-75.0 22 .18 -.07
(dBHL) t
5. Reading Span 15.9 (.29) 5-26 -38**  -36** A1 .02
(# correct)
6. Inhibition 1.7 (.13) 0-9 -.04 -.19 .08 -.03 12
(#errors) T
7. Updating 10.3 (.20) 2-16 -.29%* -.15 -.08 -.06 34** .05
(# correct)
8. Sentence 83.2(1.1) 29.0-100 -.54** -11 .18 -.10 32%* .01 23
completion
(% correct)
9. Rhyme judgment | 1683 (30.4) 1004-3204 40** .03 -11 15 -.25* -.06 -31*%*  -32%*
RT (msec) T
10. Lexical decision | 971 (14.4) 652-1675 A49** .06 -.06 24 -27* -11 -27%  -35**  71**
RT (msec) T
11. Logical inference | 63.7 (1.3) 12-88 -28** - 34** .09 -17 33** 21 18 .20 -14 -14

making (% correct)

PTA = pure tone average of the best ear (.5, 1, 2, 4 kHz), RT = reaction time. T= Lower scores mean better/faster performances; * Bonferroni corrected p

<.05; ** Bonferroni corrected p < .01.




Table 2. Results backward regression analysis: Prediction Model 1

Predictor B(SE)  Pstand t p

Age 07(04) 11 173 .085
PTA .08(03) .16 255 .012
Reading Span -23(09) -18 -254 012

Sentence completion accuracy -.15(.02) -43 -6.88 <.001
Updating -19(12) -10 -1.61 .110

PTA = pure tone average of the best ear (.5, 1, 2, 4 kHz)




Table 3. Results of the regression analyses (TRT prediction models) assessing the novel predictors.

Model 2 Predictor B (SE) Bstand t p R? R?change

Age 08(04) .14 222  .028

PTA 05(03) .09 154 127

Reading Span -.17 (.09) -13  -1.90 .059

Sentence completion -13(.02) -37 591 <001

Updating -11(12) -06 -.98 33

Lexical decision .01 (.002) 28 452 .000 455 .061
Model 3 Age 08(04) .13 209  .038

PTA .06 (.03) 13 215 .056

Reading Span -.19 (.09) -15  -2.13 .027

Sentence completion -13(.02) -39  -6.20 .000

Updating -11(12) -06 -98  .327

Rhyme judgement .003(.001) .20 334 .001 427 .030
Model 4  Age .08 (.04) 14 225 <001

PTA .05 (.03) .09 1.54 124

Reading Span -.19 (.09) -14 219 .030

Sentence completion -13(.02) -37  -6.02 .000

Lexical decision .008 (.002) .29 459 <001 452 .067

PTA = pure tone average of the best ear (.5, 1, 2, 4 kHz)




Table 4. Mean and standard error (SE; between parentheses) of the test performances analysed in Analysis 2

Hagerman SRT test

Stationary noise 4-talker babble SSQ ratings
masker
TRT HINT SRT50 SRT80 SRT50 SRT80 Speech Quality rating
SRTH50 test rating
M (SE) 55.1 -1.51 (.12) -6.2 -1.8 -.88 3.8 79.4 (1.8) 132.9 (2.2)
(.38) (.12) (.22) (.12) (.21)

Pearson correlation coefficients between TRT, Age, PTA, the SRTSs, and Speech, Spatial and Qualities (SSQ)

ratings.

TRT - 17 .18 13 29%* 23 -.22 -14
Age 26%* .26% 32%* 23 .26 .28** -.10 -.05
PTA 22% 37** A0** 31%* A2%* .39%* -.26* -.30**

TRT = text reception threshold; PTA = pure tone average of the best ear (.5, 1, 2, 4 kHz); STM = spectro-
temporal modulation; SNR = speech-to-noise ratio; HINT = hearing in noise test; SRT = speech reception

threshold. * = Bonferroni corrected p <.05; ** = Bonferroni corrected p < .01.




Table 5. Results of the regression analyses (association models) assessing the associations between the
TRT and speech perception outcome measures.

Dependent Model  Indep. B (SE) Bstand t p R?  R2change
variable # variable
HINT SRT50 1 TRT .05 (.02) A7 2.3 .001 .03
2 TRT .03 (.02) A1 1.6 .09
Age .04 (.01) 23 30 003 .08 .05
3 TRT .03 (.02) 10 1.3 A9
PTA .05 (.01) .35 4.9 <.001 14 A1
Hagerman- SRT50 4 TRT .06 (.02) .18 25 .02 .03
>SN SRT80 7 TRT .09 (.04) 13 1.7 .09 .02
Hagerman- SRT50 8 TRT .09 (.02) .29 4.0 <001 .08
4-talker
babble 9 TRT .08 (.02) 24 3.2 .001
Age .04 (.01) 19 26 01 12 03
10 TRT .07 (.02) 22 3.0 .003
PTA .06 (.01) .38 5.5 <.001 22 A3
11 TRT .06 (.02) A7 24 .02
PTA .06 (.01) .36 5.2 <.001
Age .03 (.01) 15 22 03 .24 02
SRT80 12 TRT 13 (.04) 23 3.2 .002 .05
13 TRT .09 (.04) 17 2.3 .02
Age .08 (.02) .25 33 .001 11 .05
14 TRT .09 (.04) 15 22 .03
PTA .10 (.02) 3 50 <001 .17 12
15 TRT .06 (.04) 10 1.5 A5
PTA .09 (.02) .33 4.7 <.001
Age .07 (.02) 20 28 005 .21 .04
SSQ speech 16 TRT -1.0 (.34) -.22 -2.9 .004 .05
17 TRT -.95 (.35) -.20 -2.7 .008
Age -13(21)  -05  -61 54 .05 .00
19 TRT -.78 (.34) -17 -2.3 .02
PTA -50 (.17) -.22 -3.0 .003 .09 .03
SSQ quality 20 TRT -.76 (.44) -13 -1.7 .09 .02 .02

TRT = text reception threshold; PTA = pure tone average of the best ear (.5, 1, 2, 4 kHz); HINT = hearing in noise
test; SSN = speech shaped noise; SRT = speech reception threshold; SSQ = speech, spatial and quality of hearing
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