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G E N E R A L D I S C U S S I O N

This thesis reports on a series of studies investigating the influences
of auditory threshold and suprathreshold factors and of cognitive
abilities on speech understanding in adverse conditions for listeners
of varying ages and with varying degrees of hearing acuity. Effects
of auditory thresholds on speech understanding were examined in
terms of pure-tone hearing acuity. Effects of auditory suprathresh-
old processing were examined with measures of monaural auditory
temporal processing abilities for periodicity cues, envelope cues, and
fine-structure cues. Cognitive contributions to speech understanding
were examined for verbal working memory capacity, linguistic clo-
sure abilities, general information processing speed, and general cog-
nitive ability. Adverse listening conditions were created for tests of
speech understanding by using maskers that varied in their informa-
tional overlap with the target speech along the dimensions of tempo-
ral structure, semantic content, voice, and spatial location.

The research presented in this thesis addressed the question how Research questions
the different auditory and cognitive abilities combine in speech un-
derstanding as opposed to studying associations of speech under-
standing with single abilities in isolation. Two aspects of this question
were examined: First, the presented research aimed to find out how
the set of factors that determine successful speech understanding is
influenced by the type of listening condition (i.e., the masker). Sec-
ond, the research also aimed to analyze how age and hearing status
affect the way in which the described auditory and cognitive contri-
butions combine in speech understanding. Furthermore, this thesis
sought to elucidate which underlying processing abilities might be
able to explain previous observations that age as such affects speech
understanding.

6.1 main findings

Taken together, the results of the studies presented in this thesis sug- Take-home message
gest that the combination of factors determining the ability to under-
stand speech in an adverse condition depends both on the listener’s
age, their hearing status, and the type and spatial configuration of the
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masker being present in the situation, see Table 6.1 for an overview.
More details will be described in the following.

Speech understanding in steady-state noise has been suggested toSteady-state noise
rely primarily on audiometric thresholds and auditory suprathresh-
old processing of spectral information (Lunner & Sundewall-Thorén,
2007). In line with this suggestion, no influences of auditory temporal-
processing abilities on SRTSTEADY outcomes were observed, with a mi-
nor exception for TFS sensitivity in the older HI group of the study
presented in Chapter 5. In the nonauditory suprathreshold domain,
some influences of level of education and linguistic closure abilities
were observed (NH listeners; Chapter 2).

For speech understanding in fluctuating noise, there is a relativelyFluctuating noise
clear discrepancy between NH and HI listeners regarding the mea-
sures predicting SRT outcomes. While SRTFLUCT outcomes in the NH
groups were determined by age, TRT, and level of education (Chap-
ter 2) or age and Lspan (Chapter 5), outcomes in the HI group of
Chapter 5 were determined by age and auditory temporal resolution
(TiNG). In other words, beyond age, only nonauditory suprathreshold
measures determined outcomes in the NH group, whereas auditory
suprathreshold processing determined performance in the HI group.
Audiometric thresholds did not influence speech understanding in
any of the groups. (Note that audibility was accounted for in the HI
group.)

For speech-in-speech understanding without spatial separation cues,Speech in speech
without spatial

separation
factors that were found to influence younger NH listeners’ perfor-
mance are from the cognitive linguistic domain, i.e., vocabulary size
and linguistic closure ability (see Chapter 4). For older NH listeners,
one study (Chapter 4) found influences on performance by hearing
acuity at very high frequencies (6000–10,000 Hz), general cognitive
ability (MoCA), and age and another study (Chapter 5) found influ-
ences of verbal WM capacity (Lspan) and TFS sensitivity. In other
words, the complete set of predictors for older NH listeners consists
of auditory threshold, auditory suprathreshold, and cognitive mea-
sures. The cognitive measures do not include linguistic closure abili-
ties in this group, as was also the case for older NH listeners’ speech-
in-speech understanding with spatial separation cues (see discussion
later on). Likewise, also for older listeners with a hearing impairment,
SRT outcomes for speech in speech without spatial separation cues
were not predicted by linguistic closure abilities (Chapter 5). Instead,
Lspan and PTA at relatively high frequencies (2000–4000 Hz) pre-
dicted outcomes in this group, i.e., another cognitive measure and
auditory thresholds. In contrast to the results for the NH group, this
set does not contain an auditory suprathreshold measure. The au-
ditory suprathreshold ability that was found to influence speech-in-
speech understanding in the older NH group, was a measure of the
ability to process TFS information. It can be speculated that a similar
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result would be observed for HI listeners, if TFS sensitivity could be
measured reliably (see Chapter 5 for a discussion). For both NH and
HI listeners of the study presented in Chapter 5, the cognitive pre-
dictor (Lspan) was from the verbal domain, but it denotes processing
capacity, rather than processing ability. This distinction is based on
the discussion of the findings from the literature review performed
in Chapter 3. As was proposed in Section 3.4, the verbal WM span
– be it reading span or listening span – indicates a general capacity
for processing verbal information. Its decisiveness for performance
increases with increasing complexity of the verbal processing task.
The TRT on the other hand represents linguistic abilities required in
the recognition of incomplete written and spoken verbal information
that is less dependent on the task complexity. The current observation
suggests that for NH and HI listeners, speech understanding in situ-
ations with a large informational overlap between masker and target
is determined by the general amount of verbal processing resources
available, rather than by the specific ability of linguistic closure.

For understanding speech in a speech masker with spatial separa- Speech in speech
with spatial
separation

tion cues, the study presented in Chapter 4 revealed that younger NH
listeners are differentiated by temporal envelope processing (TiNG)
and cognitive abilities in the linguistic domain, namely linguistic clo-
sure ability (TRT). Older NH listeners on the other hand are differenti-
ated by hearing acuity at very high frequencies (6000–10,000 Hz) and
on the ability to perform a variety of nonlinguistic cognitive tasks
(MoCA). Thus, outcomes in both age groups are explained by cog-
nitive processing abilities – yet from different cognitive domains –
when trying to understand speech in speech, where the masker and
target speech are spatially separated. This configuration is typical for
most real-life speech-in-speech listening situations. Additionally, the
older adults’ performance was also influenced by their hearing acuity
at very high frequencies, i.e., by auditory threshold factors. It can be
speculated that for speech-in-speech understanding with spatial sep-
aration cues, also auditory suprathreshold measures of temporal pro-
cessing can be observed to influence performance, if binaural rather
than monaural tasks of temporal processing are used.
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Table 6.1: Variance in speech understanding in steady-state noise (STEADY), fluctuating noise (FLUCT), and with an interfering talker in a nonspatial
(TALKER nonspatial) or spatial (TALKER spatial) setting accounted for by measures applied in this thesis, organized by age group and
hearing status

Measure Age STEADY FLUCT TALKER TALKER
group nonspatial spatial

NH HI NH HI NH HI NH HI

PTAL Older (5) (5) (5) (5) (5) (5) dnt dnt

4FAHL Younger dnt dnt dnt dnt (4) dnt (4) dnt
Older dnt dnt dnt dnt (4) dnt (4) dnt
Y–O (2) dnt (2) dnt dnt dnt dnt dnt

PTAH Older (5) (5) (5) (5) (5) .09 (5) dnt dnt

PTAVH Younger dnt dnt dnt dnt (4) dnt (4) dnt
Older dnt dnt dnt dnt .52⇤⇤ (4) dnt DV: .61⇤⇤ (4),

SV: .66⇤⇤ (4)
dnt

Age Younger dnt dnt dnt dnt (4) dnt (4) dnt
Older (5) (5) .23⇤⇤ (5) .06 (5) SV: .29⇤⇤ (4),

dnp (5)

(5) (4,5) dnt

Table continues on next page

1
5
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Table 6.1: Continued from previous page

Measure Age STEADY FLUCT TALKER TALKER
group nonspatial spatial

NH HI NH HI NH HI NH HI

Y–O (2) dnt .39⇤⇤ (2) dnt dnt dnt dnt dnt

Edu Y–O .13⇤⇤ (2) dnt .05 (2) dnt dnt dnt dnt dnt

TiNG Younger dnt dnt dnt dnt (4) dnt .27 (4) dnt
Older (5) (5) (5) .11⇤ (5) (4), (5) (5) (4) dnt

GapSU Younger dnt dnt dnt dnt (4) dnt (4) dnt
Older dnt dnt dnt dnt (4) dnt (4) dnt

F0DL Younger dnt dnt dnt dnt (4) dnt (4) dnt
Older (5) (5) (5) (5) (4), (5) (5) (4) dnt

TFS Younger dnt dnt dnt dnt (4) dnt (4) dnt
Older (5) .09 (5) (5) (5) .09 (5),

dnp (4)

(5) (4) dnt

MoCA Younger dnt dnt dnt dnt (4) dnt (4) dnt

Table continues on next page1
5
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Table 6.1: Continued from previous page

Measure Age STEADY FLUCT TALKER TALKER
group nonspatial spatial

NH HI NH HI NH HI NH HI

Older (5) (5) (5) (5) SV: .37⇤⇤ (4),
dnp (5)

(5) DV: .22⇤ (4),
SV: .24⇤ (4)

dnt

WM span Older (5) (5) .19⇤ (5) (5) (5) .09 (5) dnt dnt
Y–O (2) dnt (2) dnt dnt dnt dnt dnt

TRT Younger dnt dnt dnt dnt DV: .19⇤ (4),
SV: .16 (4)

dnt DV: .14 (4),
SV: .15 (4)

dnt

Older (5) (5) (5) (5) (4), (5) (5) (4) dnt
Y–O .05 (2) dnt .34⇤⇤ (2) dnt dnt dnt dnt dnt

LDST Y–O (2) dnt (2) dnt dnt dnt dnt dnt

Vocab Younger dnt dnt dnt dnt .10⇤ (4) dnt (4) dnt
Older dnt dnt dnt dnt (4) dnt (4) dnt

Table continues on next page
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Table 6.1: Continued from previous page

Numbers indicate R2 values for measures that predicted the outcome measure in the indicated study. ⇤Two-tailed significant at p < 0.05 level.
⇤⇤Two-tailed significant at p < 0.01 level. Unmarked R2 values have p < .1 for the study presented in Chapter 2 and p < .157 for the studies
presented in Chapter 4 and Chapter 5.
A row is only provided for an age group, if the respective measure was tested in this age group in at least one of the studies. (2) Tested in the study
presented in Chapter 2.
(4) Tested in the study presented in Chapter 4.
(5) Tested in the study presented in Chapter 5.
dnp, did not predict; dnt, did not test; DV, test condition with different voices for target and interferer; Edu, level of education; 4FAHL, 4-frequency
average hearing loss for 500, 1000, 2000, and 4000 Hz; F0DL, F0 difference limen; GapSU, gap detection in speech markers; LDST, letter-digit
substitution test for information-processing speed; MoCA, Montreal Cognitive Assessment; PTAL, mean pure-tone hearing threshold for the
frequencies 500 and 1000 Hz; PTAH, mean pure-tone hearing threshold for the frequencies 2000 and 4000 Hz; PTAVH, mean pure-tone hearing
threshold for very high frequencies: 6000, 8000, 9000, and 10,000 Hz; SV, test condition with the same voice for target and interferer; TFS, temporal
fine-structure sensitivity; TiNG, detection of tones in noise gaps; TRT, text reception threshold; Vocab, vocabulary size; WM span, working memory
capacity assessed with a reading- or listening-span test; Y–O, participants from a wide age range.
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6.1.1 What do these Results Tell us?

Coming back to the questions posed at the beginning of this chapter,
a few major conclusions can be drawn from the obtained results. The
first question was which factors determine successful speech under-
standing depending on the masking condition. As Table 6.1 reveals,
the most apparent observation concerning this question is that speech
understanding in speech maskers is influenced by a larger number of
processing abilities than speech understanding in steady-state and
fluctuating noise, at least in NH listeners. Out of the listening con-
ditions tested in this thesis, speech understanding in steady-stateSimilarity of target

and masker noise is the condition, where masker and target speech overlap the
least. Steady-state noise and speech may have the same long-term
average spectrum, but have little overlap in their temporal structure
and semantic content. In contrast, speech maskers overlap with the
target speech in all of the mentioned dimensions. Thus, the summa-
rized results indicate that the number of processing resources calledTake-home message
upon increases with increasing similarity of the target speech and the
masker. Or alternatively, processing resources involved in all speech
understanding are called upon to a higher degree when target and
masker are more similar, such that individual differences in the re-
sources account for interindividual performance differences in these
situations. Consequently, for listeners with better processing capabili-
ties at the threshold and suprathreshold level, speech understanding
is less affected by the acoustic and semantic interference introduced
by a speech masker.

The second question concerned influences of age and hearing status
on determinants of speech understanding. Regarding age, this thesis
included only one study that explicitly addresses differences between
younger and older NH listeners in the processing abilities determin-
ing speech understanding (see Chapter 4). As described previously,
in this study, speech understanding with spatially separated or collo-
cated speech maskers was predicted by cognitive abilities from differ-
ent processing domains in younger vs older listeners. However, more
data should be gathered, before any firm conclusions can be drawn.
Other than the described group comparison, the influence of age was
primarily addressed by including age as a predictor of speech under-
standing in the different studies. As the summary of findings in Sec-
tion 6.1 revealed, age remained a significant determinant of speech
understanding in several listening conditions in both NH and HI lis-
teners. Age can be interpreted as an "omnium-gatherum" of underly-
ing abilities that change with increasing age. The fact that age was a
significant predictor in many of the analyses, indicates that the set of
measures included in the respective studies did not capture all abili-
ties relevant for speech understanding in the tested conditions. As a
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consequence, relevant abilities associated with age can be hiding in
the age variable.

The influence of hearing status on the set of determinants of speech Differences by
hearing statusunderstanding can be derived from Table 6.1. At a first glance, there

seems to be a greater variety of factors – especially from the cognitive
processing domain – that influence speech understanding in NH lis-
teners than in HI listeners. However, NH participants of the research
presented in this thesis were from a wider age range than HI partici-
pants. Furthermore, HI listeners were only included in one out of the
four studies. Therefore, for a better understanding, a direct compari-
son of NH and HI listeners from similar age groups is depicted in Fig-
ure 6.1. For each of the measures assessed in the study presented in
Chapter 4 and the study presented in Chapter 5, Figure 6.1 shows for
which masking conditions the measure predicted speech understand-
ing in ONH and OHI listeners, respectively. The study presented in
Chapter 4 examined speech-in-speech understanding in four differ-
ent conditions varying the availability of spatial-separation cues and
voice differences. In contrast, the study presented in Chapter 5 exam-
ined monaural speech understanding in different maskers. Therefore,
for the study of Chapter 4, only the results for the condition with
different voices but no spatial separation cues were included in Fig-
ure 6.1. As the figure reveals, influences on speech understanding of
each measure were overall relatively similar for ONH and OHI listen-
ers. It should be kept in mind that stimuli were spectrally shaped for
the HI listeners to guarantee good audibility. Group differences by
hearing status appeared for the following measures: Pure-tone hear-
ing acuity predicted speech-in-speech understanding in both groups. PTA
Notably, this was true for pure-tone hearing acuity at 6000–10,000 Hz
in the NH listeners and for pure-tone hearing acuity at 2000–4000 Hz
in the HI listeners, suggesting that elevations in high-frequency hear-
ing thresholds influence speech-stream segregation, even at frequen-
cies beyond the bulk of the speech spectrum and after speech frequen-
cies were amplified to reduce effects of limited audibility. Temporal-
envelope resolution predicted speech understanding in fluctuating Temporal-envelope

resolutionnoise in HI but not in NH listeners, confirming earlier observations
by George et al. (2007). HI listeners appear to have an overall de-
creased ability to process temporal-envelope fluctuations, leading to
a differentiating effect of temporal-envelope resolution for speech un-
derstanding in fluctuating maskers in this group. TFS sensitivity de- TFS sensitivity
termined speech-in-speech understanding in NH listeners, whereas
it predicted speech understanding in steady-state noise in HI listen-
ers. However, TFS sensitivity could not be assessed reliably in the HI
listeners. The dichotomous TFS measure codes whether the partici-
pant had any ability to detect differences in TFS at all, which may
explain why the measure predicted how well HI listeners could seg-
regate speech from steady-state noise, but not how well they could
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ONH Predictor OHI 

Fluct ––– Age ––– Fluct 

n.s. ––– Edu ––– dnt 

Speech ––– PTAVH | PTAH ––– Speech 

n.s. ––– F0DL ––– n.s. 

n.s. ––– TiNG ––– Fluct 

Speech ––– TFS | TFSDICH ––– Steady 

Fluct, 
Speech ––– Lspan ––– Speech 

n.s. ––– MoCA ––– n.s. 

n.s. ––– TRT ––– n.s. 

n.s. ––– Voc ––– dnt 

Figure 6.1: For each of the predictors, the masking conditions are listed,
in which they predicted speech understanding in older normal
hearing (ONH) or older hearing impaired (OHI) listeners, respec-
tively.
Dnt, did not test; Edu, years of education; Fluct, SRTs in fluc-
tuating noise; Lspan, listening span; MoCA, Montreal Cognitive
Assessment; n.s., not significant; O, older; PTAH, pure-tone aver-
age hearing acuity at high frequencies (2000–4000 Hz); PTAVH,
pure-tone average hearing acuity at very high frequencies (6000–
10,000 Hz); Speech, SRTs with an interfering talker; Steady, SRTs
in steady-state noise; TFS, temporal fine-structure sensitivity;
TFSDICH, dichotomized outcome scores for TFS sensitivity at
3000 Hz; TiNG, tones in noise gaps; TRT, text reception threshold;
Voc, vocabulary size.

segregate speech from speech, as discussed in Section 5.4. Finally,
WM span predicted speech understanding in fluctuating noise onlyWM span
in NH listeners. It is not clear why an overall verbal processing capac-
ity would differentiate more between NH than between HI listeners
in this condition. Potentially, the effect of WM span was overruled by
the effect of temporal-envelope processing observed in the HI group.

6.1.2 Findings Related to the Rspan and Lspan Tests for Verbal WM Span

WM span with written stimuli (Rspan) did not predict speech un-
derstanding in fluctuating noise in NH listeners when controlling for
age (Chapter 2), whereas WM span with auditory stimuli (Lspan)
did (Chapter 5). Similarly, the Lspan was more strongly related to
SRTFLUCT at 50% intelligibility than the Rspan in another study with
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NH participants of the age range 40–70 years (Koelewijn et al., 2012).
These results speak for the interpretation that the relation between Modality

sensitivityWM capacity and speech understanding is modality sensitive and
WM capacity should be tested in the same modality as the target
measure. The use of an auditory measure of WM span in hearing
research is often argued against, because of the potentially confound-
ing influences of hearing acuity on the span-test outcomes. In the
study presented in Chapter 5, a difference was observed between the
Lspan outcomes for ONH and OHI listeners. However, the difference
was relatively small and may also be attributable to the difference
in mean age between the two participant groups. Nonetheless, more
data would be needed to definitely confirm the interpretation that
testing modality plays a role for the association of WM span and
speech understanding.

For HI listeners, there is to my knowledge only one study that The role of WM
span by hearing
status

tested associations of both Rspan and Lspan with SRTFLUCT (Koelewijn
et al., 2014). In this study, Koelewijn et al. did not observe a relation-
ship with SRTFLUCT (and not with SRTTALKER either) for any of the
two span measures. Likewise, the study presented in Chapter 5 did
not find Lspan to be a predictor of SRTFLUCT in the HI group, whereas
it was a predictor of SRTTALKER. Associations between WM span and
speech understanding in speech maskers have been observed repeat-
edly, at least for NH listeners. As discussed in Chapter 2 and Chap-
ter 5, this may be related to the complexity of speech-in-speech listen-
ing tasks and the associated load on processing capacity. The findings
of this thesis suggest that the association of WM span and speech-
in-speech understanding may not generally depend on hearing sta-
tus, as could be inferred from the previously mentioned results by
Koelewijn et al. (2014). Rather, the correspondence in characteristics
between target and masker may determine if and to what extent asso-
ciations between WM span and speech understanding are observed
for NH and HI listeners. The interfering talker in the study presented
in Chapter 5 was from the same sex as the target talker. In contrast,
Koelewijn et al. (2014) used an interfering talker from the opposite
sex as the target talker. Thus, in HI listeners, effects of WM capacity
on speech understanding may come through only when there is a
large informational overlap in target and masker stimuli. This would
be in line with the bigger picture of the findings from the research
presented in this thesis, which suggest that at lower levels of infor-
mational overlap, speech understanding in HI listeners is determined
primarily by auditory threshold and suprathreshold factors, whereas
NH listeners’ performance in all situations of speech understanding
is driven by cognitive abilities.
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6.1.3 Findings Related to the TRT Test

There is repeated evidence of verbal WM capacity being an impor-
tant cognitive resource for speech understanding in adverse condi-
tions (e.g., Arehart et al., 2013; Ellis & Munro, 2013; Foo et al., 2007;
Koelewijn et al., 2012; Lunner, 2003; Rudner et al., 2011). These obser-
vations led to the assumption that a TRT test, which measures all the
modality-aspecific processing mechanisms involved in speech under-
standing and successfully predicts speech understanding, needs to
load strongly on verbal WM capacity (Kramer et al., 2009). However,
the results of the study presented in Chapter 2 proved this assump-
tion to be unjust. TRT test versions that showed weak associations
with verbal WM capacity explained larger portions of SRT variance
than test versions with stronger associations with verbal WM capacity.
In addition, associations between SRTs and Rspan (verbal WM) dis-
appeared when controlling statistically for age, whereas associations
between SRTs and TRTs persisted. These results suggest the following
three conclusions: (1) The relationship between verbal WM capacityConclusions on the

TRT test and speech understanding is more prone to influences by age than
that between linguistic closure ability and speech understanding; (2)
The role of linguistic closure ability in speech understanding is rela-
tively independent of verbal WM capacity; (3) Given conclusion (2)
and the observation that both linguistic closure ability and verbal
WM capacity appear to play a role in speech understanding, the TRT
cannot be seen as a general measure of the modality-aspecific cogni-
tive processing mechanisms relevant for speech understanding as was
originally intended (Kramer et al., 2009; Zekveld et al., 2007). Instead,
the TRT likely corresponds only to that part of the SRT, which rep-
resents the ability to make sense of fragmentary verbal information,
including the semantic-context integration needed to achieve this. In
line with this, in a recent study employing a principal-component fac-
tor analysis (Humes, Kidd & Lentz, 2013), it was found that the TRTTRT vs. other

cognitive factors loads on abilities different from those represented by a general cog-
nitive factor representing measures of memory functions and other
cognitive abilities. Both the TRT and the cognitive factor in the study
by Humes, Kidd en Lentz predicted speech understanding in adverse
conditions. Accordingly, the TRT test is a valuable complement to
other tests in a comprehensive test battery for the suprathreshold in-
fluences on speech understanding. The TRT also complements audi-Linguistic and

perceptual closure tory tests of "perceptual closure". Research examining auditory induc-
tion has found that understanding is poorer for interrupted speech
with silent gaps than when the gaps are filled with a noise. Thus, the
noise allows for what has been described as ’phonemic restoration’
of the missing speech sounds. The effect only occurs in the presence
of sufficient linguistic context information, indicating that linguistic

164



processing guides this perceptual effect (Bashford et al., 1992; Benard
et al., 2014).

6.2 implications for hearing assessments

The studies presented in this thesis included many listeners with nor-
mal audiometric thresholds. One of the reasons for this approach was
the frequently reoccurring observation that many people who com-
plain about hearing problems have normal audiometric thresholds
and are thus considered "normal hearing" in audiology clinics. How-
ever, as described in Chapter 1, the audiogram covers only a few pe-
ripheral aspects of hearing, namely air- and bone-conduction hearing
thresholds for pure tones. In many clinics, additional assessments of Clinical

shortcomingsspeech understanding (e.g., words in quiet or steady-state noise, see
Wilson en McArdle (2005) for an overview) may be applied. In the
best case, these assessments reveal the seemingly normal hearing per-
son’s troubles to understand speech in noise. However, audiometric
thresholds and spectral processing are considered the most impor-
tant factors for understanding speech in quiet and steady-state noise,
as discussed before. Furthermore, these abilities are likely relatively
unaffected in "NH" people. Therefore, the speech audiogram (word
recognition performance in quiet as a function of speech level) may
not reflect the person’s experience with regard to their hearing abili-
ties in everyday life.

The findings from this thesis provide a partial explanation for the Gap between test
outcomes and
personal
experience

described discrepancy between hearing experience and clinical tests.
The results of the presented studies imply that factors influencing
speech understanding in adverse conditions go beyond not only au-
diometric thresholds, but also beyond peripheral auditory processing.
Thus, people can experience troubles understanding speech despite
intact outer, middle, and inner ears. The results of the research pre-
sented in this thesis also imply a change of influences based on the
listening situation and a greater influence of suprathreshold process-
ing with increasing similarity of the target speech and the acoustic
background. This finding provides another explanation for why ev-
eryday hearing experience often cannot be replicated in common clini-
cal test settings. Furthermore, this thesis showed that suprathreshold
influences on speech understanding are not limited to the auditory
processing domain in both NH and HI listeners. These insights as
such are not new, but given that hearing impairment is still for the
most part treated as a purely auditory issue, they cannot be repeated
often enough. Hopefully, the communication of these results will in-
crease the awareness of clinicians (be it audiologists, psychologists, or
other care providers) who are interacting with older people that there
is another part to hearing that may be hard to grasp but is highly
influential. This increased awareness is necessary, because there is
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a strong need for additional ways of rehabilitation that account for
other problems than audiometric threshold elevations, as the results
of this thesis indicate.

6.3 this thesis and the microscope–macroscope spectrum

In Section 1.4, several scientific biases were described that have guided
hearing research according to Plomp (2001). As mentioned in the
same section, this thesis strove to overcome these biases at least to
some extent. Rather than studying isolated psychophysical functions
of the auditory system, this thesis investigated the interplay of a set
of (auditory) psychophysical measures with a set of cognitive mea-
sures in speech understanding (sentences) in auditory maskers not
limited to steady-state noise. Accordingly, the thesis transcended the
"microscopic approach", as Plomp calls it, towards a more macro-
scopic approach that integrates instruments and insights from dif-
ferent domains to reach a higher face validity of the outcomes regard-
ing speech understanding as it occurs outside the laboratory. While
it is true that this thesis has taken a step into the macroscopic di-
rection, it should be noted that a truly holistic approach to studying
speech understanding would require investigations going beyond the
study setup of this thesis in several ways. First of all, there are vari-Limitations of this

thesis ous auditory and nonauditory suprathreshold factors not studied in
this thesis that are likely to play a role in speech understanding in
a variety of listening situations. For example, auditory spectral pro-
cessing – while known to be important for speech understanding –
was not examined in this thesis. Especially in HI listeners, spectral
processing related to broadened auditory filters can influence speech
understanding seriously. Furthermore, for speech-in-speech listening
situations like the ones examined in this thesis, non-temporal factors
such as vocal-tract length may play an important role for stream seg-
regation (e.g., Darwin et al., 2003). Other examples of factors that
deserve further attention are binaural processing abilities and atten-
tional mechanisms. Second, the listening person is part of a socialSystemic ideal
context. Their speech understanding abilities in a given situation may
depend not only on the acoustic properties of the situation, but on the
general configuration of that situation in terms of the person’s inner
state, the overall perceptual challenges at hand, the person’s relation-
ships with the conversational partners, etc. In other words, a truly
holistic approach to hearing research would be of systemic nature,
taking into account other factors than a person’s processing abilities.

These examples and statements are not meant to devalue any re-
search on speech understanding or other functions of hearing not
taking a systemic approach. In fact, it is unrealistic that a single large-
scale research could ever draw a complete systemic chart of speech
understanding in everyday life. Instead, the sum of all limited stud-
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ies cross-combining functions from different microscopic domains
will eventually contribute to the emergence of such a chart. Thus, it Microscopic

contributionsshould be acknowledged that the hearing research conducted accord-
ing to the microscopic preferences described by Plomp (2001) lead to
important insights that inform other research taking a more macro-
scopic approach with higher face validity. Furthermore, the principle
of testing with controlled stimuli in controlled laboratory environ-
ments, which Plomp (2001) identifies as another scientific bias, may
seem unsatisfactory, but is valuable and important, because it leads to
interpretable and reproducible results. Finally, one of the most micro-
scopic measures of auditory functioning, the audiogram, that is the
detection of sinusoidal tones in quiet, continues to be a relevant index
of an individual’s hearing status, also in the more holistic context of
speech understanding.

6.4 future research

Suggestions for future research on speech understanding in adverse
conditions are in part guided by the limitations of this thesis men-
tioned in the previous section. For example, speech understanding
is usually performed in settings were target speech and masker are
spatially separated from each other and listeners can make use of bin-
aural temporal cues, such as interaural time differences. The study
presented in Chapter 4 revealed no effects of monaural temporal-
processing abilities on speech understanding in a spatial setting. There-
fore, future research should be extended in the direction of binaural Binaural

processingmeasures of temporal processing in combination with nonauditory
suprathreshold measures.

Another suggestion is based on a finding of this thesis concerning
hearing acuity at frequencies partly exceeding the normal audiomet-
ric range. The study presented in Chapter 4 revealed that audiometric High-frequency

hearingthresholds at such frequencies (6000–10,000 Hz) influenced speech-in-
speech understanding with and without spatial separation in older
NH listeners. Traditionally, frequencies above 4000 Hz are considered
to contain little information that is relevant for speech understanding,
based on the typical speech spectrum. However, the results presented
in Chapter 4 consistently suggest that the ability to process these
high frequencies supports successful speech understanding. The in-
fluence of the high-frequency audiometric thresholds could also be
an indication of suprathreshold-processing deficits at lower frequen-
cies. Nonetheless, in future research, it might be worth to direct more
attention to the information present at these high frequencies than is
usually done.

Furthermore, the results of this thesis point to limitations in some
previous work, which could be addressed in future research. Sev-
eral sections of the thesis (Section 2.1, Section 2.4, Section 3.1, and
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Section 4.1.3) discuss the Ease of Language Understanding (ELU)
framework (Rönnberg et al., 2008, 2013) describing explicit process-
ing mechanisms that act when phonological processing mechanisms,
assumed to be implicit, are insufficient for understanding the speech
signal. The ELU framework focuses on cognitive mechanisms gov-Extensions to the

ELU model erned by WM. The framework is valuable for showing the fundamen-
tal difference between easy (low need for processing resources) and
complex (resource intensive) speech understanding situations and for
formalizing the reoccurring observation that WM capacity plays a
role in resource-intensive listening. However, the framework is lim-
ited in the way that it does not model influences by factors other
than phonological processing and WM capacity, while such influ-
ences have been found both in this thesis and in other previous work.
Future research could therefore strive to develop a more comprehen-
sive theoretical model of speech understanding in adverse conditions.
Specifically, there are strictly auditory models of speech understand-
ing, e.g., the Speech Intelligibility Index (ANSI, 1997), strictly cog-
nitive models of WM functioning (e.g., Baddeley, 2003), and strictly
linguistic approaches to modeling language processing (e.g., Garrod
& Pickering, 1999). While there are promising attempts to investigate
and chart interactions of auditory-perceptual and cognitive mecha-
nisms in speech perception (e.g., Anderson et al., 2013; M. Davis &
Johnsrude, 2007), an integrated model for speech understanding in
adverse conditions is yet missing. Such a model should combine au-
ditory and psycholinguistic frameworks and describe how language
processing is affected in adverse conditions with high perceptual load
and degraded speech input and how low-level perceptual processing
is influenced by linguistic and other cognitive mechanisms.
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