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Functional Hearing Loss and Visuospatial Memory

Abstract

The UK Biobank offers cross-sectional epidemiological data collected on > 500 000
individuals in the UK between 40 and 70 years of age. Using the UK Biobank data, the aim of
this study was to investigate the effects of functional hearing loss and hearing aid usage on
visuospatial memory function. This selection of variables resulted in a sub-sample of 138 098
participants after discarding extreme values. A digit triplets functional hearing test was used
to divide the participants into three groups: poor, insufficient and normal hearers. We found
negative relationships between functional hearing loss and both visuospatial working memory
(i.e., a card pair matching task) and visuospatial, episodic long-term memory (i.e., a
prospective memory task), with the strongest association for episodic long-term memory. The
use of hearing aids showed a small positive effect for working memory performance for the
poor hearers, but did not have any influence on episodic long-term memory. Age also showed
strong main effects for both memory tasks and interacted with gender and education for the
long-term memory task. Broader theoretical implications based on a memory systems
approach will be discussed and compared to theoretical alternatives.

Keywords: Visuospatial Tasks, Memory Systems, Functional Hearing Loss, Age, Hearing
Aids
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Functional Hearing Loss and Visuospatial Memory

Introduction

There is sufficient evidence to conclude that there is a connection between sensory decline
and cognitive decline. Decline in one function is associated with decline in the other and the
strength of the association has been empirically shown to increase with increasing age (Baltes
& Lindenberger, 1997; Lindenberger & Baltes; 1994; Valentin et al., 2005). This may suggest
that there is some kind of common cause (e.g. neural degeneration) that explains the
association, but more recent longitudinal evidence does not unequivocally support this
hypothesis (Lindenberger & Ghisletta, 2009). Another explanation is that the sensory loss as
such actually causes the cognitive decline (called the sensory deprivation hypothesis), and a
third alternative is that cognitive decline drives sensory loss (Baltes & Lindenberger, 1994).

In this paper we focus on what might be dubbed the interactive hypothesis. Under this
hypothesis research has targeted mechanisms that underlie the online interaction (e.g. during
speech understanding) between different hearing-related perceptual aspects on the one hand
and cognitive aspects on the other. One such mechanism is perceptual stress or perceptual
degradation, where it is typically assumed that even when stimuli are audible, the hearing loss
affects the quality of encoding of memory items (e.g. McCoy et al., 2005; Pichora-Fuller,
2003). Another mechanism is about the attention costs that may be involved, implying that
even a mild hearing loss draws on central attention resources, hence affecting memory
encoding negatively (e.g., Heinrich & Schneider, 2010; Sarampalis et al., 2009; Tun et al.,
2009). Still another possibility is that the long-term cognitive consequences of hearing loss
strike selectively at different memory systems, even when audibility is high at testing (Ng et
al., 2013; Ronnberg et al., 2011), and even when the to-be-remembered items are encoded in
modalities other than auditory (e.g. motor encoding, Ronnberg et al., 2011).

In this study, we pursue this memory systems approach with strictly non-auditory encoding
conditions so as to minimize hearing-related perceptual encoding problems, hence making a
conservative test of the set of hypotheses that hearing loss affects encoding more generally
(i.e. independently of encoding conditions), that the locus of the effect is at the level of
memory systems, and that there is selectivity in terms of which system is most affected. We
outline the reasons for the predictions below:

In Rénnberg et al. (2011) it was found that hearing loss had a negative effect on both episodic
and semantic long-term memory, but not on short-term/working memory. This held true even
when chronological age was statistically controlled for and for tasks that did not rely solely on
auditory encoding, thus minimizing the reliance on potential perceptual degradation (e.g.,
Schneider et al., 2002) or attentional effort (e.g., Tun, et al., 2009). Using linear Structural
Equation Models (SEM), Ronnberg et al. (2011) demonstrated that models that combined the
degree of hearing loss with the degree of visual acuity did not make satisfactory predictions of
memory decline for any memory system. Thus, the results suggest that relative decline in a
memory system is tightly connected specifically to hearing loss rather than to sensory decline
in general.

Ronnberg et al. (2011) explained their findings on the basis of relative use/disuse of memory
systems, essentially stating that working or short-term memory is often occupied with storage
of heard words and with reconstruction and repair of misheard words or sentences, whereas
episodic long-term memory will become relatively less used in individuals with hearing loss

3
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because of the higher probability of mismatches (or no-matches) between input phonology
and stored phonological representations of words in semantic long-term memory. Therefore,
unlocking of the lexicon, and hence, episodic memory encoding/retrieval, will occur to a
lesser extent for individuals with hearing loss than for individuals with normal hearing while
working or short-term memory will be engaged to the same extent, if not more.

The prediction regarding semanic long-term memory is less clear based on a use/disuse
concept because it could be argued that semantic and contextual knowledge would have to be
used more than episodic memory to compensate for misheard or non-matching words
(Ronnberg et al., 2011, 2013). This is evident e.g. in studies of false hearing, where older
adults rely to a larger extent on context (Rogers, Jacoby & Sommers, 2012). However, the
data suggest a decline due to hearing loss even for semantic memory, especially for
phonologically sensitive fluency tasks (Ronnberg et al., 2011) and for nonword recall tasks
(Janse & Newman, 2012).

Testing the short-term/working memory system in more detail, Verhaegen et al. (2013) have
recently shown that especially in auditory short-term memory tasks that rely on serial recall of
words, there is an effect of hearing loss that is not related to age (see also Pichora-Fuller et al.,
1995; Schneider & Pichora-Fuller, 2010; van Boxtel et al., 2000). This effect occurs even
when the hearing loss of the study sample was mild (25-30 dB). They also argued that the
results did not support the neural degeneration hypothesis (i.e., an example of a common
cause) since young and old participants with hearing loss performed on a par, thus leaving
most of the explanatory power to hearing status and not to age, as both groups were
outperformed by a third group of young individuals with normal hearing. It was further
reasoned that because speeded non-word repetition was intact even in the hearing-impaired
groups, the actual perceptual processes were intact. It was proposed, in line with several other
studies (cf. McCoy et al., 2005; Piquado et al., 2010; Tun et al., 2009; Wingfield et al., 2005),
that increased demands on attention may instead be a plausible hypothesis regarding the
mechanism involved (Verhaegen et al., 2013).

In the current study, based on a large sample (N=138 098) of people not using hearing aids
from the much larger UK Biobank Resource (N > 500 000), we therefore focused on the
effects of hearing loss and age on memory tasks that were not confounded by possible
auditory perceptual degradation, or by attentional demands related to hearing difficulties,
strictly testing the memory systems hypothesis

Testing the memory systems hypothesis, we used two types of memory tasks, tapping visuo-
spatial working memory and visuo-spatial episodic long-term memory, respectively. The
working memory task was a card-pair matching game in which participants had to remember
cards that were the same (pictures of ordinary animals/objects like e.g. cat/ball) after having
had a short inspection time. This task came in two versions, an easy one with three pairs,
which here was considered a warm-up task, and a more difficult one, in which six pairs -
loading highly on visuospatial working memory — was employed. Thus, we opted for the six
pair version in our analysis because then we increased the demands on working memory.

As a proxy for episodic long-term memory function and to determine whether we could
replicate the negative effect of hearing loss on episodic long-term memory (Ronnberg et al.,
2011), we used a prospective long-term memory task, a task that has a clear episodic long-
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term memory component (Burgess & Shallice, 1997). At the beginning of the session,
subjects were given instructions (written on the computer screen that they were to touch a
colored shape when prompted at the end of the session). Crucially, they were also informed
that the prompt on the screen would say blue square, but as a prospective memory test, they
should instead touch the orange circle.

Although short-term memory has been shown to be affected by hearing loss (Verhaegen et al.,
2013), it should be noted that the data by Rénnberg et al. (2011) suggest that working
memory/short-term memory is relatively less affected by hearing loss than episodic long-term
memory. This is the central hypothesis in the present study. Thus, by using the two
visuospatial memory indices briefly described above we were able to make a very
conservative test of the hypothesis that functional hearing loss is more strongly related to
episodic long-term memory decline than to short-term or working memory decline and that
these declines are not caused by perceptual degradation or lack of attention resources.
Semantic memory measures were not included in the present study.

In a separate sample from the UK Biobank resource (N = 3751, see under Additional
Analyses), we also checked for the effects of hearing aid usage, with the hypothesis that this
may have a protective effect against memory decline (Rénnberg et al., 2011). This has not
been worked out in detail in previous studies: for example, in Ronnberg et al. (2011) we only
used data from individuals with hearing loss who were also users of hearing aids, in the
seminal studies of Baltes et al., hearing aid usage was not separately accounted for (see
Arlinger, 2003), and in the Verhaegen et al. study (2013), the participant sample did not use
hearing aids.

Finally, as we used visuospatial memory tests, we also deemed it appropriate to use two
simple measures of visual acuity/vision problems as another sensory specific possibility to
explain any hearing loss-related decline. In this way we we can cast more light on the
influential Baltes-Lindenberger common-cause hypothesis.

The sample from the UK Biobank resource used in the present study is extremely large
compared to any other study in the literature on this topic. It will guarantee statistical power
and generalizability.

Methods

Overall Sample

The UK Biobank resource consists of data obtained on more than 500,000 participants. In the
present study, we excluded participants who were born outside of the UK and the Republic of
Ireland as unknown language and cultural differences may significantly affect their cognitive
abilities. We further excluded participants whose data sets were incomplete across measures
of hearing and cognition. In addition, in the first main analyses we did not include hearing aid
users. This resulted in a study sample of 138,098 participants. Among the 138 098
participants in our study sample, 75 065 were females and 63 033 were male; giving a
slightly skewed ratio of 54/46 (%). The age ranged from 39 to 70 years.

Subjective reports
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The UK Biobank population also answered yes/no questions about “difficulty with hearing in
general” (N =439,510), “difficulty following a conversation if there is background noise
(such as TV, radio, children playing)” (N = 448,416). Among the UK population, 114,717
(25%) reported having general difficulty with hearing, 169,055 (37%) had difficulty hearing
in noise, and 14,010 (3%) wore hearing aids. In our sample of 138 098 persons we had data
for 130 206 on reported general difficulty with hearing, and 24 % reported such difficulty. For
hearing in noise we had data for 134 673 persons and 34% reported difficulties with that.
With respect to hearing aid usage, 3751 persons (2.6 %) of our sample reported wearing a
hearing aid.

Furthermore, participants were probed as to whether they wore glasses (no/yes) and whether
they had diagnosed eye problems/disorders other than wearing glasses. In our sub-sample of
138 098, 89% (of 137 978) reported having eye-glasses and 88% (of 101 845) reported having
no additional eye-problems.

Participants were also asked which of six qualifications they had obtained. To simplify further
analyses, a new highest level of qualification variable was created that assumes that a College
or University degree (rated 1) > A levels/AS levels (rated 2) > O levels/GSEs (rated 3) >
CSEs (rated 4) > NVQ or HND or HNC (rated 5) > Other professional qualifications; e.g.
nursing or teaching (rated 6). In our sub-sample, we had valid values for 116 947 on
qualification and the distribution across qualification levels 1-6 was 38.8%, 13.8%, 26.6%,
7.1%, 7.7%, and 6.0%, respectively.

The study presented here is covered by a Research Tissue Bank approval obtained by UK
Biobank from its governing Research Ethics Committee, as recommended by the National
Research Ethics Service.

Tests

Participants attended one of 22 assessment centres spread throughout the UK. All test data
used in this study were obtained through a self-administered program running on a computer
with a touch screen that collected responses to questionnaires and tests on hearing in noise
and cognition. Incomplete data sets were collected as it was possible for participants to be
selective in which questionnaires and tests they responded to.

The digit triplets test (DTT). The participants completed a functional hearing test in which
they were presented with digit triplets in a steady state, speech-shaped noise (Smits et al.,
2004) and had to enter on a number pad shown on the touchscreen which three digits they had
heard (forced choice). The speech reception threshold in noise (SRTn) was the SNR arrived at
after 15 presentations, during which noise was adaptively changed after each presentation
depending on whether the three digits were correctly identified or not. These SNR could vary
between -12 and +8 dB, where a high and positive score indicated worse hearing. Each ear
was tested separately (unaided) under headphones. As a first step a best ear SRTn variable
was created to be used in further analyses. One reason for choosing the best ear is that it
dominates auditory function in daily life, and is typically used in insurance compensation for
assessment of e.g. occupational hearing loss (Dobie, 1996, see also Dawes et al, 2014). For
those who only completed the test on one ear, it is assumed that this was the better ear, and
this result is recorded. As a second step, we classified the participants on the basis of the
criteria used by Dawes et al. (2014), where “normal” hearing was assumed for SRTn values
below -5.5 dB, “insufficient” hearing as -5.5 t0 -3.5 dB, and “poor” hearers were classified as
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having a threshold above -3.5 dB (variable was denoted Hear). This classification, in turn was
based on earlier work within the HearCom project (Smits et al., 2004; Vlaming et al., 2011).

Smits et al. (2004) found a relatively high correlation between the Dutch DTT and pure tone
audiometry of r = 0.77. One reason for a lack of perfect correlation is that people with similar
audiograms can have different psychoacoustic profiles (e.g. individual differences in
frequency and temporal resolution) and hence perform differently when listening to speech in
noise. Therefore, it seems reasonable that DTT also has been found to correlate highly with
speech-in noise-recognition measures (such as with Plomp and Mimpen’s Sentences in Noise
(1979); r = 0.85; Smits et al. 2004). Together, the DTT can be considered as a functional
hearing test (Dawes et al., 2014). See also under General Discussion.

Cognitive tests. Four tests of cognitive function were performed in the following order: 1:
Prospective Memory test: Shape — Part 1; 2: Pairs memory test ; 3: Verbal Reasoning test; 4:
Reaction time: Snap; 1: Prospective Memory test: Shape — Part 2. We here describe the pairs
matching and the prospective memory tests, as they are used for the short-term--long- term
memory distinction relevant to this paper. Data on reverse digit span were also available from
the UK Biobank resource but were not used in the present study with its focus on visuo-
spatial memory function.

Pairs memory test: Visuospatial working memory (VSWM). VSWM was measured with a
pairs matching game. Participants were presented first with a round of three pairs of cards
depicting different designs of objects and then, twice, with a round of six pairs of cards. The
layout was purely random each time. There was no specific selection criteria applied to
choosing the designs of the pictures other than that they should look reasonably distinct. Thus,
there were no systematic phonological or semantic relationships between the English lexical
labels of the pairs of objects. During each round, the pictures were turned over after a short
inspection period. The 2x3 layout was shown for 3 sec before pointing and the 2 x 6 layout
was shown for 5 sec. The participants were asked to identify as many pairs as possible in the
fewest tries by touching “pairs” of the same object on the screen. When the participant made
an error, this was indicated in the feedback by the word “miss” at the center of the screen.
When the participant made a correct answer the word “pair” would appear on the screen. For
each correctly identified pair the cards were removed and two blank spaces were left in the
position where they had previously been placed. The participants could continue until they
had identified all pairs. Time allowed for matching of pairs was unrestricted. The participants
were allowed to continue until they had discovered all pairs correctly. The dependent variable
is thus the number of errors they made until they had matched all pairs. We considered the
three-pairs round as a warm-up trial for the six pairs round, which constituted the dependent
variable.

Prospective long-term memory (PLTM). PLTM consisted of two parts:

Part 1. The initial instruction to the participant was the following: “At the end of the games
we will show you four coloured shapes and ask you to touch the Blue Square. However, to
test your memory, we want you to actually touch the Orange Circle instead. Once the ‘Next’
button was touched, a hidden timer was started to record the delay interval until the answer to
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this question (asked after the reaction time test) was requested. Then the Pairs matching test,
the Fluid intelligence test and the Reaction time (Snap) test were performed.

Part 2. After the Reaction time (Snap) test was finished, the following text appeared for the
participant: “That’s the last game. Just one more thing left to do...”. The participant then
selected, ‘Next’; then the Shapes screen appeared and the text: “Please touch the Blue Square
then touch the “Next’ button” was presented. At this point the delay interval timing ended. If
the participant touched any of the symbols it was highlighted by surrounding it in a yellow
box. If the participant touched the Next button without having highlighted a symbol they were
shown the message: “Please touch a symbol (a coloured shape) before touching the ‘Next’
button” If the participant then touched any symbol other than the Blue Square, then Next, the
test ended. If the participant touched the Blue Square, they were prompted with the message:
“At the start of the games we asked you to remember to touch a different symbol when this
screen appeared. Please try to remember which symbol it was and touch it now ”. If the
participant touched the Blue Square again then this message was repeated (ad-infinitum),
otherwise the program accepted their new selection and the test ended. The dependent variable
was scored in three steps: correct at first attempt, correct at a subsequent attempt, and not
correct at first or following attempts (which were given the scores 1, 2, and 3, respectively).

Rationale for the Statistical Analyses

For the memory measures logarithmic transformation of the number of errors made in VSWM
and the errors scores in PLTM were computed (for both measures: natural logarithm of x+1)
to counteract the skewed distribution of the raw scores. Also, for the analyses of the VSWM
and PLTM tasks, individuals with values above the 99" percentile on the three pairs or the six
pairs matching tasks were excluded to build in a safeguard against outliers. Our initial
analyses were also restricted to participants who did not use hearing aids.

To be able to compare error rates on the dependent variables VSWM and PLTM in ANOVAS
and MANOVAS, rather than in regression analyses with dummy coding of the interactions,
the age and the hearing variables were divided into sub-groups. Our aim was to have at least
about 100 observations for each combination of age and hearing status. With the functional
hearing status variable already divided into three groups (Good, Insufficient, and Poor), as
suggested by Dawes et al. (2014; see also Smits et al., 2004), and outlined above under the
heading The Digit-Triplets Test (DTT), a choice had to be made about age-group spans.

We preferred four age spans, and that the two middle spans would be 10 years. With hearing
status groups already defined, the pragmatic solution was to move the two middle 10 year age
spans down from the maximum age of 70 years in our sample, and ensure that the N in the
smallest Age x Hear groups were ~ 100 or more. With these criteria our oldest group was
defined as > 67 years, and the youngest as < 48 years, with two 10-year age spans in between.

Results

The Age by Hear distribution is shown in Table 1 of our N =138 098 in our subsample. Table
1 also shows the defining criteria for the three hearing status groups: Normal, Insufficient, and
Poor.
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TABLE 1. Number of persons in Age-groups and the three-step functional hearing status

groups
Hear
Normal Insuff Poor

<-55| -55t0-35| >-35 Total

1 <48 23147 881 90 24118

Age 2 48-57 38724 2369 197 41290
3 58-67 55617 7340 835 63792

4 >67 7113 1567 218 8898

Total 124601 12157 1340 138098

Table 2 shows the dichotomized fractions of men and people with an education other than
University, College, A level, AS level in the Age x Hearing status groups. These fractions do
not vary substantially between sub-groups but the means in the groups were statistically
evaluated in our subsequent analyses (see below under additional analyses).

TABLE 2. Proportions of men (1* fraction in each cell of the table) and proportions of
persons with an education other than University, College, A level, AS level (2™ fraction) in
the Age by Hearing status groups

Hear
Normal <-5.5 | Insuff-5.51t0-3.5 Poor >-3.5 Total
Men LoEduc Men LoEduc Men LoEduc Men LoEduc
1 <48 A5 44 A2 54 37 .66 45 .45
Age 2 48-57 43 .45 40 .50 46 .55 43 .45
3 58-67 A7 49 A7 54 54 61 A7 .59
4 >67 49 54 49 .58 57 .64 49 55
Total A6 A7 46 .53 52 61 46 A7

Note. Fractions (0.0 — 1.0) of men and persons with an education other than University,
College, A level, AS level in the Age by Hearing groups. For the fraction of men there are
valid observations for the same 138 098 persons as in our standard sub-sample, but for
education the total number is 116 947.

We also decided to take a parametric approach to how to treat the logarithmic error scores for
VSWM and PLTM. The basic issue is whether it can be justified to treat the scores as being
on an interval scale, and analyze them with parametric tests, such as ANOVA, or whether data
only meet ordinal scale properties and thus should be subjected to non-parametric tests. We
concluded that an ANOVA approach is justified, but we will discuss the pros and cons of that
at the end of the Results section and also provide non-parametric analyses of our data to
support the parametric statistical analyses.

Effects of Hearing Loss and Age on Performance in the Two Memory Tests

Figure 1 presents the mean error scores (In(1+x)) plotted as a function of age and hearing
according to Dawes et al. (2014), called Hear, with categories in SRT dB: Normal =< -5.5
Insuff = -5.5to — 3.5, Poor > - 3.5). The left panel presents the data for VSWM and the

9
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right panel gives the data for PLTM. The ANOVAs were computed separately for VSWM
and PLTM with Hear and Age as independent between-person factors. As can be seen from
Figure 1 and as confirmed by the ANOVAs (see Table 3) there are significant effects of both
Hear and Age. The Age effect is about equal in terms of F-values for the two memory tests,
but the effect of Hear for PLTM appears to be stronger than it is for VSWM. Also, there is a
significant interaction Hear x Age for VSWM, but not for PLTM.

Thus, the PLTM seems to be more sensitive to functional hearing status and judging from
Figure 1, the dominating difference is between the poor and the insufficient hearers. To
statistically corroborate this difference we made follow-up ANOVAs on the 12 157
insufficient hearers and compared them with the 1 340 poor hearers. For PLTM, there was a
marked difference between the poor and insufficient hearers, F(1, 13489) = 68.9, p < .000,
between the normal and insufficient hearers, F(1, 136750) = 256.6, p <.000, and a significant
effect of Age, F(3, 13489) = 12.18, p < .000, but no significant effect of their interaction (F <
1). For VSWM, there was no significant difference between the poor and insufficient hearers,
(F <1), amain effect of Age, F(3, 13489) = 12.81, p <.000, and no significant interaction (F
<1).

Thus, the ANOVASs and the pattern of simple main effects results strongly support the
conclusion that there is a crucial difference in the pattern of age-related performance between
PLTM and VSWM, especially for the comparison between the poor and insufficient hearers.
Poor compared to insufficient hearing is markedly more deleterious to PLTM than it is to
VSWM.

TABLE 3. F-tables for VSWM (upper panel) and PLTM (lower panel) by Hear and Age
for the values given in Figure 1.

VSWM Sum of df Mean F Sign.  Observed
Source Squares Square p= Power
Hear 15.822 2 7.911 | 21.085 | .000 1.000
Age 41.860 3 13.953 | 37.189 | .000 1.000
Hear*Age 6.659 6 1.110 2.958 | .007 .906
Error 51810.502 | 138086 375

PLTM Sum of df Mean F Sign.  Observed
Source Squares Square p= Power
Hear 16.861 2 8.431 | 243.940 | .000 1.000
Age 4.186 3 1.395 40.376 | .000 1.000
Hear*Age 146 6 024 705 | .645 .285
Error 4772.280 | 138086 .035

Power and Effect Size

10
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406  In Table 3 it can also be noted that the observed power is very high because of the large
407  samples. Effect sizes (Cohen's d') were calculated for pairwise comparisons between

408 levels of Age and Hear for VSWM and PLTM, respectively, and are shown in Table 4.
409  Asshown in Table 4, the effect sizes are mostly small (< 0.20), but the effect of Hear is
410  systematically greater and in the medium range for PLTM than VSWM. Particularly, the
411  effect size of the comparison between Normal and Poor hearers for PLTM exceeds medium
412 (>0.50), which is quite impressive with such a large sample. However, the effect sizes for
413  the comparisons Normal vs Insufficient hearers and Insufficient and Poor hearers were 0.25
414  and 0.32, respectively, which is closer to the small effect size.

415

416  TABLE 4. Effect sizes (Cohen's d) for VSWM and PLTM between adjacent levels and the
417  highest vs lowest levels of Age and Hear, for the same analyses shown in Table 3 and

418  Figure 1.

419
Cohen's d'
Age, years VSWM PLTM
<48 vs 48-57 0.162 0.059
48-57 vs 58-67 0.171 0.162
58-67 vs > 67 0.146 0.214
<48 vs >67 0.478 0.461
Hear
Normal vs Insufficient 0.134 0.250
Insufficient vs Poor 0.041 0.324
Normal vs Poor 0.175 0.646
420

421  Note. The values in the Table can be compared to Cohen's (1988) proposed rules of thumb for
422  interpreting effect sizes: a “small” effect size is .20, a “medium” effect size is .50, and a “large”
423  effect size is .80

424

425  Therefore, effects sizes are quite in line with the results from the separate ANOVA:s,
426  which showed large effects of both Hear and Age, and the Age effect being about equal for
427  the VSWM and PLTM, but also that the Hear effects were larger for PLTM than for

428 VSWM.

429

430  Additional Analyses

431  To assess whether using a hearing aid modulated memory decline, we computed separate
432 ANOVAs on the following sub-sample: For a total of 3751 of hearing aid users (HAUse)
433 we had data on their Age and Hearing status, as well as on their scores within the 99"
434  percentile on the memory tasks. Of these, 2139 were normal hearers (57%, out of 3751
435  hearing aid users), 1080 insufficient hearers (29%), and 532 were poor hearers (14%).

436  When adding HAUSse as a separate third variable to Age and Hear in our separate ANOVAs,
437  we noted a beneficial main effect of HAUse, shown as a reduction in the number of errors for
438  VSWAM for hearing aid users compared to non-users (F(1, 141825) = 4.86, p < .05). For

439  VSWAM there was also a significant interaction Hear x HAUse, F(2, 141825) = 4.20, p < .05,
440  see Figure 2. A test of the simple main effects of HAUse indicated at significant difference
441  between HA-users and No HA-user with Poor hearing, F(1, 141825) = 7.10, p < .01 (with a
442  Cohen d effect size of = 0.185) but not at the other two levels of hearing (F < 1). Thus, for
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VSWNM the results indicated that for the normal hearers there was not much of a difference
between those with and without hearing aids, but with increased hearing loss there was an
increasingly relatively larger “protection” against memory errors from wearing hearing aids
(see Figure 2). However, the effect size is relatively low, but inspecting the he 95%

confidence intervals for the means of the three level of Hear in Figure 2 for the HA-users
indicated that the mean for the Poor hearers was outside the lower bounds of the means for
the Normal and Insufficient hearers.

For PLTM there was no main effect of HAUsg, (F < 1), and no significant interaction Hear x
HAUSse (F < 1), but there was a significant interaction Age x HAUse, F(3, 141825) = 6.05, p <
.000, which was specified by the interaction Hear x Age X HAUSse, F(6, 141825) = 3.06, p <
.01, (not given in any figure) showing that the poor hearers with hearing aids in the youngest
group have markedly higher error scores than was the case for the other hearing aid users.
(Their value of .967 is far above the upper 95% confidence limits for all of the other 11 Age x
Hear —groups with hearing aids. However, a warning is in place for this group, as it has the
lowest N in that analysis, only 22).

Thus, generally speaking, PLTM was not positively affected by the use of hearing aids, but
for VSWM we could observe some more “protection” against making errors, as is suggested
from the HAUse x Hear interaction in Figure 2. However, two points should be noted about
this interaction: One is that we had so called Normal hearers who used hearing aids. The
fact that they seek treatment with presumably very mild or non-existent functional hearing
loss is usually because of some other kind of communication difficulties. If the cochlear
function does not contribute to these problems, we suggest that there are some underlying
central processing or cognitive defects that contribute to the person's experiences of having
difficulties with communication. Second, we cannot be sure about causality (see more under
General Discussion).

To eliminate Gender and Education (dichotomized as in Table 2) as confounders (cf Table
2), we added these two independent variables to Age and Hear in a MANOVA, ending up
with N =116 947, as in Table 2. For VSWM there were no significant main effects or
interactions involving Gender and/or Education. For PLTM there was a main effect of
Education, F (1, 116899) = 85.19, p <.001, and an interaction Hear x Education, F(2,
116899) = 7.73, p <.001. These effects indicated that the persons with a lower education
made more errors, and that this disadvantage was more marked for those with poor hearing.
The 95% confidence interval for the Poor group included the insufficient group for those
with a higher education, but for those with a lower education, the insufficient group was by
far lower in errors and outside the 95% confidence interval for the poor group. However, we
cannot be conclusive about education causing better episodic long-term memory, but there
are studies that suggest that schooling affects brain function and cognition many decades
after schooling has terminated (Glymour et al., 2008; Nyberg et al., 2012).

For PLTM there was also an interaction Age x Gender x Education, F(3, 116899) = 2.74,
p<.05, meaning that males with lower education and in the age range 48-57 years, made more
errors than women in the same group. However, caution should be observed when interpreting
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these results as the number of persons in 4 of the 48 (=4x3x2x2) cells come as low as n < 30,
particularly for the youngest and oldest poor hearers with high education.

Furthermore, replacing Hearing Status in the original ANOVASs with the binary scored
subjective reports of hearing difficulty and hearing difficulty in noise, did not yield any
significant main effects or interaction (all Fs < 1.97).

We also tested whether using eyeglasses or having reported eye problems had any
association with the memory data but found no such relationships. Thus, it is mainly the
objectively measured functional hearing loss (the SRTn for the DTT) that accounts for the
observed memory declines.

Probing the Categorization of Hearing Status

To safeguard against missing some more delicate and detailed effects when a rather crude
hearing criterion like the three-step Hear-distinction was employed, an analysis with a four-
step hearing criterion (Hear4) was also performed. In this four-step criterion the extreme
groups were the same as in the original Hear4-crtiterion, but the former middle-group (Insuff)
was split into two groups, Insuffl (SRT — 5.5 to -5.0) and Insuff2 (SRT > -5.0 to 3.5). The
number of persons are shown in Table 5.

TABLE 5. Number of persons in Age-groups and the four-step Hearing status groups

Hear4
Normal Insuffl Insuff2 Poor

<-55|-55t0-50| -50t0-35| >-35 Total

1 <48 | 23147 447 434 90 24118

Age 2 48-57 | 38724 1119 1250 197 41290
358-67 | 55617 3175 4165 835 63792

4 >67 7113 574 993 218 8898

Total 124601 5315 6842 1340 138098

The results of four-step Hear grouping is depicted in Figure 3, which has the same y-axis
as Figure 1, to make a visual inspection easy. However, the Hear4-grouping did not
change the pattern of significant effects in the overall ANOVA already reported above in
Table 3.

As can be seen when comparing Figure 1 and Figure 3, the split of the Hear insufficient
group into two groups, did not indicate that the 5%-group with the second to worst hearers
(Insuff2) much approached the group with the poorest hearers. The Insuff2-group remained
fairly close to the Insuffl-group in its performance on the two memory measures. This
indicates that the pronounced problems with memory are mainly restricted to the 1% fraction
of the sample that has the worst hearing.

In a similar vein, we also probed what would happen to the scores for VSWM and PLTM
when the group with poor hearers (N=1 340) was divided into three poor hearing groups (Bad,
13
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Worse, Worst, se Figure 4 for hearing criteria, Ns = 369, 549, 422 respectively). The results
are shown in Figure 4, and the corresponding ANOVAs indicated that the only significant
effect for VSWM was as a main effect of Age, F(2, 1328) = 3.25, p <.05. For PLTM there
was no significant effect of Age (p > .10), but as indicated in Figure 4, the average errors in
the worst sub-group of the poor hearers were higher than in in the Bad group. This difference
came out significantly in a one-tailed t-test, t(789) = 1.78, p < .05, but Cohen's d” was low
(0.127).

Thus, a more fine-lined sub-grouping of the poor hearers pinpoint the most extremely poor
hearers, the Worst group, as the group that carries a significant share of the increase in error
scores for PLTM, but not to the same extent for VSWM. Another way of phrasing the general
picture of results is: zooming in on the poor hearers in a two-step multi-level analysis shows
the same direction of the effect of the functional hearing variable.

To conclude, the general results from these analyses are that the effects of functional
hearing loss are robust and prominent mainly for episodic long-term memory, and
especially so for the most extremely poor hearers. Wearing a hearing aid had no effect on
the association between hearing and episodic long-term memory, but did on the association
between hearing and working memory; hearing aid wearers among poor hearers performed
better than non-users. Education and gender modulated the episodic long-term memory
decline but not working memory. Age affected both memory systems negatively, but
interacted with gender and education only for episodic long-term memory.

Parametric and Non-parametric Testing of VSWM and PLTM
The scale properties of our measures of VSWM and PLTM can be questioned. There may
be some doubt whether they meet the assumptions for a parametric ANOVA-test.

However, ANOVAs are known to be robust against violations of the underlying
assumptions (discussed in several elementary text books in statistics, e.g. Howell, 2007). A
normal distribution is not necessary, and testing skewed distribution against each other may
be acceptable if the distributions have the same kind of skewness. Histograms of our
VSWM scores showed a unimodal symmetric distribution. The PLTM measure showed a
skewed distribution with more observation at the lower end of the scale. The VSWM
measure showed a unimodal symmetric distribution, if the interval band width was set to .5.

We also made analyses of VSWM and PLTM with the SPSS Generalized Linear Model,
which do not make any assumptions about the distributions of the scores. Analyses with
VSWM and PLTM as ordinal scale dependent measures, and with Age and Hear as
independent variables, in the same way as for the data in Figure 1 and Table 3, showed
exactly the same pattern of significant effects as the ANOVA analyses. For VSWM the
effects of Age and Hear were significant with ps < .000 and the p-value of their interaction
was .025. For PLTM the effects of Age and Hear were also significant with ps < .000, but
the p-value of their interaction > .10. It was also the case in this SPSS Generalized Linear
Model that the effect of Age was about equal for VSWM and PLTM. However, for VSWM
the effect of Hear was much weaker than that of Age, while for PLTM the effect of Hear
was more substantial than for Age. Thus, in the non-parametric tests we show the same
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relative effects as those reported from the separate parametric ANOVA analyses as well as
from the effect sizes reported.

Finally, there is a notable difference in the basic original scales for PLTM and VSWM.
PLTM is based on a trichotomization (correct on first attempt, correct at a subsequent
attempt, not correct at first or following attempts), while the scale for VSWM was number
of errors on and interval scale from 0 to 15. Thus, there was a substantial underestimation
of the actual number of errors made in the PLTM task. In spite of this underestimation poor
functional hearing turned out to be substantially related to PLTM, which makes the result
even more striking in light of the main hypothesis of the present paper.

General Discussion

The focal finding of this study is that functional hearing loss is clearly related to
visuospatial episodic long-term memory (PLTM). This result is important for several reasons.

First, it shows that the negative effect of functional hearing loss is not restricted to
mechanisms coupled to auditory perceptual degradation (Schneider et al., 2002; 2010) or to
consumption of attention resources due to a compromised auditory signal (Verhaegen et al.,
2013; Tun et al., 2009). Although the results in the Ronnberg et al study (2011) already
generalized to verbal tasks with alternative kinds of encoding than the purely auditory or
audiovisual (i.e. using motor encoding, Nyberg et al., 1992), the present study has taken a
further significant step: Here, we demonstrate a robust effect of hearing loss that generalizes
to visuo-spatial encoding and subsequent memory retrieval of these kinds of stimuli.
Therefore, the negative effects are more pervasive in terms of encoding modality than
previously imagined or documented (cf. Rénnberg et al., 2011).

Second, the results replicate the Ronnberg et al. (2011) result of a stronger impact of hearing
loss on episodic long-term memory function rather than on short-term/working memory. The
effect size for the Poor hearers compared to the Normal hearers is substantial (in between
medium and large) for PLTM but not for VSWM. Subsequent analyses of subgroups of the
poor hearers also showed that the Worst subgroup differed from the Bad subgroup, but at this
level of detail the effect size is relatively low.

Third, the analysis of VSWM revealed a negative effect of functional hearing status, but in the
light of effect sizes, the relative effects are small and much smaller than for the PLTM task.
This finding fits with the overall picture of results from Verhaegen et al. (2013), who also
found (significant) negative effects of mild hearing loss on certain short-term memory tasks.
Nevertheless, this is also in line with the claim (R6nnberg et al. 2011) that there should be a
relatively stronger effect of hearing loss on episodic long-term memory compared to short-
term or working memory, mainly because mismatches would reduce the number of times the
episodic long-term memory system would be used for encoding, storage and retrieval
(ROnnberg et al., 2013).

Fourth, as the effect of using a hearing aid had a relatively positive (error-reducing) effect on
the visuospatial working memory task but not on the episodic long-term memory task, the
results mimic the Ronnberg et al. (2011) data in that all participants wore hearing aids in that
sample — and the negative effect of hearing loss only persisted for semantic and episodic long-
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term memory. Thus, one more general interpretation of the two sets of results is that there is
an effect of hearing loss on short-term memory and long-term memory, the effect is smaller
for short-term memory or working memory, and can be at least potentially be compensated
for by the use hearing aids for the poor hearers. This pattern of results agrees with the recent
data by Verhaegen et al. (2013) where negative effects of hearing loss were found even in
short-term memory tasks, but note that hearing aids were not used by the participants in that
study sample.

A counterargument against the positive effect being due to the use of hearing aids as such
would be to reverse causality as follows: If good memory were causing people to get and use
hearing aids, the group with normal functional hearing who used hearing aids would have
better memory. However, since this was not the case (cf. Figure 2) and the poor hearers with
hearing aids do have better working memory then it is likely that the hearing aid is reducing
the effect of hearing loss on working memory, and possibly also compensates for the loss by
the relative improvement seen for the poor hearers compared to normal hearers.

Understanding the hearing aid benefit (although constrained and small) rests on the fact that
functional hearing loss affects PLTM and hearing aid benefit VSWM, i.e. both variables
affect the two memory systems selectively. In this study it happened with a visuospatial
VSWNM task, but similar results could have been found with an auditory WM task. The
important aspect is the difference in basic cognitive mechanisms underpinning the two tasks,
and how other variables latch on to the different properties of those two memory systems.

But, it is also important to note that it could be some selection bias already from the beginning
having to do with individual stages of acceptance of the hearing loss, with the motivation to
change and to actively seek help (Manchaiah et al. 2013). Furthermore, still another
interpretation is that the persons who were poor hearers had worn their hearing aids for longer
periods of time (as hearing loss is usually progressive) than the other groups, and therefore
they had developed compensatory skills. However, since the use of a hearing aid did not
improve episodic long-term memory, the potential benefit from wearing a hearing aid is
relatively restricted to VSWM and the effect size was also low. This is also in general
agreement with Ronnberg et al. (2011), where we also observed negative effects of hearing
loss on episodic long-term memory despite the fact that all participants wore hearing aids.
Finally, it is also possible that some hidden cognitive capacity that is not tested in the UK
Biobank data set is responsible for the observed interaction. Future research may be more
hypothesis-driven in this respect.

Fifth, background variables such as education and gender interact with age for the PLTM task
suggesting that the long-term component demonstrates qualitatively different properties
compared to working memory. This generally shows that it is important to consider the type
of memory system when we are evaluating background variables. It is here ventured that
episodic long-term memory is more dependent on crystallized knowledge such as linguistic
competence, which is mediated by education (Nyberg et al. 2012) and gender expectations
(Lundervold et al., 2014. That kind of competence can also help decoding the visuospatially
presented objects.

Sixth, the negative effect of aging is pervasive across memory systems in the current study,
i.e. for both VSWM and PLTM. What we found in Rénnberg et al. (2011) was that hearing
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672  loss displayed a negative effect on episodic long-term memory, even when age was

673  statistically controlled. This is also what we find here: Poor hearers are especially prone to
674  error in the PLTM task.

675

676  Seventh, the details of the results also show that the relative weighting of the impact of age
677  and hearing loss plays out differently for the two memory tasks. Age is relatively more

678  important for VSWM than for PLTM while hearing loss has a relatively more adverse effect
679 on PLTM than on VSWM. Thus, age and poor hearing play at least partially different roles
680  and may also rely on different mechanisms (Ronnberg et al., 2011).

681

682  Eighth, Peelle et al. (2011) have shown that individual differences in hearing acuity (pure tone
683  thresholds) predict activation of bilateral superior temporal regions during auditory sentence
684  comprehension, and that the loss of grey matter is proportional to the degree of audiometric
685  hearing loss, especially in the right auditory cortex. A recent study by Lin et al. (2014) shows
686  that declines in regional brain volumes over 6.4 years are associated with hearing loss,

687  especially in the right temporal lobe (superior temporal gyrus, middle temporal gyrus and
688 inferior temporal gyrus), and that this decline is comparable to loss of brain volume in

689  participants with diagnosed mild cognitive impairment (Driscoll et al., 2009). This result is
690  also in line with the previous study by Lin et al. (2011), using a follow-up period that was
691  twice as long, and showing that the risk of developing Alzheimer’s disease is related to

692  hearing loss. However, with our current state of knowledge it may be too speculative to

693  assume that atrophy in the temporal lobe also directly affects visuospatial processing,

694  especially for the PLTM task. Thus, the challenge for future research is to address the many
695  kinds of functional brain compensations that may occur due to temporal lobe atrophy, and
696  which also lead to salectivity at the memory systems level.

697

698  Ninth, the important aspect here is that we replicate the selectivity predicted by the ELU
699  model in the relationship between hearing loss and working memory on the one hand, and
700  episodic long-term memory on the other for different types of tasks (cf. Ronnberg et al.,
701 2011). Again, this effect occurs despite the fact that the underlying scale for PLTM is more
702 conservative (but see more under methodological issues). This kind of selectivity is not

703  predicted by a common cause account. Also, the association between hearing loss and

704  memory system must be considered more central, as our peripheral measures of visual

705  acuity (i.e., wearing eye glasses) did not show any distinctive contribution to memory

706  performance, which perhaps is less surprising than the fact that reported eye problems

707  (which may include more central deficits such as amblyopia) did not show any contribution
708 either. If this line of reasoning is correct, then we may argue for a hearing loss-related

709  central mechanism that explains the PLTM decline (Ronnberg et al., 2013) rather than a
710  hypothesis claiming that neural degeneration in general affects both vision and audition in
711  tandem with a general cognitive decline (i.e., the common cause hypothesis, see e.g.

712 Lindenberger & Ghisletta., 2009). But our claim of a central mechanism should be

713 considered with due caution. One point is that there was no fine-grained or advanced

714  measure of visual acuity/spatial resolution in the UK Biobank database, hence potential

715  associations with visual processing may be underestimated (cf. Humes et al., 2013).

716  Another related point is about causality: Even if our hypothesis is about hearing as the

717  independent variable, it is in principle possible that a degradation of visuospatial functions
718  (affecting visuo-spatial memory) may have caused a functional hearing loss. However, the
719 literature on brain tissue degeneration (e.g. Lin et al, 2014; Peelle et al 2011) suggests that
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there are right-hemisphere effects that are caused by hearing loss and related to its severity,
and again, at least in this study, we do not see any signs of a reversed causality..

Tenth, summarizing across the findings of the current and the Ronnberg et al. (2011) study,
hearing loss seems to affect episodic long-term memory in general, irrespective of
encoding modality, which is why we see effects in visuospatial tasks in the present study,
and in Ronnberg et al. (2011) for motor, visual and auditory encoding. The causal nature of
the effects needs, however, to be verified in longitudinal studies.

Overall, the large sample in the current study has been helpful in detecting substantial effect
sizes related to functional hearing losses. Importantly, it should be noted that these effects
apply to non hearing-aid users in the main analyses, suggesting that even relatively mild
functional hearing losses do indeed suggest early deterioration of episodic long-term memory
function in particular. Altogether, considering the current state of knowledge, including our
previous finding that hearing aid wearers show episodic long-term memory deficits related to
degree of hearing loss (e.g. Rénnberg et al., 2011), as well as the fact that decline in memory
functions represents an important and integral part of dementia and that hearing impairment is
related to a substantially increased risk of dementia of Alzheimer type (e.g., Lin et al., 2011),
we suggest that the current result is very important from a public health perspective.

Methodological issues

It could be argued that the DTT is confounded by a short-term memory component (as
perception and recall of digit triplets are required). If the short-term or working memory
component was crucial, one would then predict that DTT performance should co-vary with
VSWM and not with PLTM. DTT performance did not co-vary with VSWM. The reason for
the lack of an association with VSWM could be that a “load” of a digit triplet is clearly below
what is typically given as the normal digit span size (i.e., 7 + 2). Instead, the DTT variable
predicted a decline in PLTM. This kind of double dissociation represents evidence in favour
of an interpretation of the present results in terms of a negative effect of functional hearing
loss on episodic long-term memory, as outlined by the ELU model (Rénnberg et al., 2011).

It is also clear that there is little reason to believe that the DTT is confounded specifically by
semantic long-term memory processes (Moore et al., 2014). The DTT has been found to be
correlated highly with both an adaptive speech-in-noise test and with audiometric testing, the
primary interpretation is that it is an auditory speech component that is shared, not a cognitive
or linguistic component (cf. Smith et al., 2004). Second, the DTT calls on stored knowledge
of a small set of overlearned phonologically dissimilar items with limited semantic content
whose representation is unlikely to change as a function of either hearing loss or age-related
cognitive change. Third, the response format (a touch pad on the screen with the digits laid
out) acts as a reminder of the set of available items. Fourth, it is currently unknown how
central and peripheral auditory factors play out in the DTT. Further research is needed (cf.
Moore et al., 2014), and it would be of interest in the future to investigate the association
between hearing and memory using both threshold and functional hearing data.

Another concern that may be raised against the selectivity in the effect of hearing loss on
memory systems is the possibility that the results may be confounded by task difficulty.
However, the PLTM-task was less difficult than the VSWM-task in terms of how many
percent of the participants produced a correct response on the first trial (80.6 for the PLTM
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and 7.1% for the VSWM-task). Also, the range of the raw values of number of errors were
three for PLTM (0, 1 and 2, or more) and 16 for VSWM (0-15). The logarithmic ranges and
means were: VSWM range .00 — 2.77, mean 1.40 - O errors = 7.1%; PLTM range .69 —
1.39, mean .78 - 0 errors = 80.6% . Again, the PLTM task was less difficult than the
VSWNM-task, had fewer steps, and was less sensitive, but still produced significant differences
with substantial effect sizes due to functional hearing loss. Reliability estimates are not
available from the UK Biobank resource. If we had observed the opposite pattern, viz. that
functional hearing loss was associated with larger effects for the VSWM task, then it could
have been argued that the effect (at least partially) was due to a higher task difficulty that
provoked the negative memory effect. In all, it seems unlikely that aspects related to task
difficulty could explain the results obtained in the current study.

Finally, visuospatial memory function was not related to subjective ratings of hearing
disability collected in the UK Biobank data-base, which suggests that the obtained effects
may be based on the loss as such and objectively determined by an audiogram or by an
objective test such as the DTT (Dawes et al., 2014; Ronnberg et al., 2011). Likewise, recent
data show that perceived effort in quiet and noise in work-related tasks is hardly ever related
to a whole range of cognitive capacities relevant for speech understanding in noise (Hua et al.,
2014). This may point to a more general issue regarding ratings of hearing problems and/or
effort ratings as predictors of memory or perceptual functions. Several factors may play a role
here: It may be the case that the ratings must involve an explicit component of the function
under scrutiny and that the function per se is explicit (see Ng et al., 2013; Rudner et al., 2012).
In the current case, the rating of hearing disability may be too coarse (binary) to measure the
explicit functions tapped by VSWM and PLTM. It may also be the case that these types of
tasks are less representative of everyday memory problems involved in subjective experiences
of hearing problems.

Conclusion

In all, connecting the memory systems hypothesis with the demands of the visuospatial
processing in the memory tasks, the putative negative long-term effect of functional hearing
loss is more pronounced for episodic long-term memory (i.e. for PLTM) than for working
memory or short-term memory (i.e. for VSWM). This is in line with the ELU prediction about
mismatch and relative use/disuse of memory systems (Ronnberg et al., 2011). There may also
be a biological basis for a transfer effect from functional hearing loss to episodic long-term
memory, including visuospatial and other kinds of memory encoding formats. It remains for
future research to show how e.g. hearing loss-related brain atrophy in the right temporal lobe
is associated with general episodic memory deficits.

Acknowledgment

This research has been conducted using the UK Biobank Resource. It was partly supported by
the grant to the Linnaeus Centre HEAD, Linkdping university, Sweden, from the Swedish
Research Council (349- 2007-8654), and was partly supported by the Department of Health
and Aging in Australia.

There are no conflicts of interest to be declared.

19



813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860

Functional Hearing Loss and Visuospatial Memory

References

Arlinger, S. (2003). Negative consequences of uncorrected hearing loss — a review. Int. J.
Audiol. 42, S17-S20. doi: 10.3109/14992020309074639

Baltes, P., & Lindenberger, U. (1997). Emergence of a powerful connection between sensory
and cognitive functions across the adult life span: a new window to the study of
cognitive aging? Psychol. Aging. 12, 12-21. doi: 10.1037/0882-7974.12.1.12

Burgess, P.W., & Shallice, T. (1997). The relationship between prospective and retrospective
memory: Neuropsychological evidence. In M.A. Conway (ed.), Cognitive Models of
Memory (247-272). Psychology Press: London.

Cohen, J. (1988). Statistical power analysis for the behavioral sciences (2nd ed.). Hillsdale,
NJ: Erlbaum.

Dawes, P., Fortnum, H., Moore, D.R., Emsley, R., Norman, P., Cruickshanks, K.J., Davis,
A.C., Edmondson-Jones, M., McCormack, M., Lutman, M.E., & Munro, K. (2014).
Hearing in Middle Age: A Population Snapshot of 40-69 Year Olds in the UK. Ear.
Hear. 35, (3), e44—e51.

Dobie, R. A. (1996). Compensation for hearing loss. Audiology, 35, 1-7.

Driscoll, 1., Davatzikos, C., An, Y., Wu, X., Shen, D., Kraut, M., & Resnick, S.M. (2009).
Longitudinal pattern of regional brain volume change differentiates normal aging from
MCI. Neurology. 72, 1906-1913. doi: 10.1212/WNL.0b013e3181a82634

Glymour, M.M., Kawachi, I., Jencks, C.S., & Berkman' L.F. (2008). Does childhood
schooling affect old age memory or mental status? Using state schooling laws as natural
experiments J Epidemiol Community Health. Jun 2008; 62(6): 532-537.
doi: 10.1136/jech.2006.059469

Heinrich, A., & Schneider, B. A. (2010). Elucidating the effects of ageing on remembering
perceptually distorted word pairs. Q. J. Exp. Psychol. 64, 186-205.
doi:10.1080/17470218.2010.492621.

Howell, D.C. (2007). Statistical Methods for Psychology. (6th ed.) Thomson Wadsworth:
Belmont, CA.

Hua, H., Emilsson, M., Ellis, R., Widén, S., Méller, C., & Lyxell, B. (2014). Cognitive skills
and the effect of noise on perceived effort in employees with aided hearing impairment
and normal hearing. Noise. Health.

Humes L.E., Busey, T.A., Craig, J., & Kewley-Port, ( D. (2013). Are age-related changes in
cognitive function driven by age-related changes in sensory processing? Atten Percept
Psychophys, 75(3), 508-24. doi: 10.3758/513414-012-0406-9.

Janse, E., & Newman, R. S. (2013). Identifying nonwords: Effects of lexical neighborhoods,
phonotactic probability, and listener characteristics. Language and Speech, 56, 421 -
441. doi:10.1177/0023830912447914

Lin, F.R., Metter, E.J., O’Brien, R.J., Resnick, S.M., Zonderman, A.B., & Ferrucci, L. (2011).
Hearing loss and incident dementia. Arch. Neurol. 68, 214-220. doi:
10.1001/archneurol.2010.362.

Lin, F.R., Ferrucci, L., An, Y., Goh, J.O., Doshi, Jimit, Metter, E.J., Davatzikos, C., Kraut,
M.A., & Resnick, S.M., (2014).Association of hearing Impairment with brain volume
changes in older adults, Neuroimage. doi:10.1016/j.neuroimage.2013.12.059

Lindenberger, U., & Baltes, P. B. (1994). Sensory functioning and intelligence in old age: A
strong connection. Psychol. Aging, 9, 339-355. doi:

Lindenberger, U., & Ghisletta, P. (2009). Cognitive and sensory declines in old age: Gauging

20


http://psycnet.apa.org/doi/10.1037/0882-7974.12.1.12
http://dx.doi.org/10.1212%2FWNL.0b013e3181a82634
http://www.ncbi.nlm.nih.gov/pubmed/?term=Glymour%20MM%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kawachi%20I%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Jencks%20CS%5Bauth%5D
http://www.ncbi.nlm.nih.gov/pubmed/?term=Berkman%20LF%5Bauth%5D
http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=18477752
http://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=18477752
http://dx.doi.org/10.1136%2Fjech.2006.059469

861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908

Functional Hearing Loss and Visuospatial Memory

the evidence for a common cause. Psychol. Aging. 24, 1-16. doi: 10.1037/ a0014986

Lundervold, A.J., Wollschlager, D., & Wehling, E. (2014). Age and sex related changes in
episodic memory function in middle aged and older adults. Scand. J. Psychol. doi:
10.1111/sjop.12114. [Epub ahead of print]

Manchaiah, V.K., Molander, P., & Ronnberg . J, Andersson, G., & Lunner, T. (2014). The
acceptance of hearing disability among adults experiencing hearing difficulties: a cross-
sectional study. BMJ Open 2014;4: e004066. doi:10.1136/bmjopen-2013-004066

McCoy, S. L., Tun, P. A, Cox, L. C., Colangelo, M., Stewart, R. A., & Wingfield, A. (2005).
Hearing loss and perceptual effort: Downstream effects on older adults’ memory for
speech. Q. J. Exp. Psychol. A. 58, 22-33. doi: 10.1080/ 02724980443000151

Moore, D.R., Edmondson-Jones, M., Dawes, P., Fortnum, H., McCormack, A., Pierzycki,
R.H., & Munro, K. J. (2014). Relation between speech-in-noise threshold, hearing loss
and cognition from 40-69 Years of Age. PLOS ONE, 9(9), e107720

Ng, E. H.N., Rudner, M., Lunner, T., & Roénnberg, J. (2013). Relationships between self-
report and cognitive measures of hearing aid outcome. Speech. Lang. Hear. DOI:
10.1179/2050572813Y.0000000013

Nilsson, L.-G., Backman, L., Erngrund, K., Nyberg, L., Adolfsson, R., Bucht, G., . ..
Winblad, B. (1997). The Betula prospective cohort study: Memory, health, and aging.
Aging, Neuropsychology, and Cognition, 4, 1-32. DOI:10.1080/13825589708256633

Nyberg, L., Lévdén, M, Riklund, K., Lindenberger, U., & Backman, L. (2012). Memory
aging and brain maintenance. Trends in Cognitive Science, 16, 292-305. DOI:
10.1016/j.tics.2012.04.005

Nyberg, L., Nilsson, L-G., & Backman, L. (1992). Recall of actions, sentences, and nouns —
influences of adult age and passage of time. Acta. Psychol. 79, 245-254. doi:

Peelle, J. E., V. Troiani, Grossman, M., & Wingfield, A. (2011). Hearing loss in older adults
affects neural systems supporting speech comprehension. J. Neurosci. 31, 12638-12643.
doi:10.1523/JNEUROSCI.2559-11.2011

Pichora-Fuller, K. 2003. Processing speed: Psychoacoustics, speech perception, and
comprehension. Int. J. Audiol. 42, S59-S67. doi:10.1080/14992020802307404

Pichora- Fuller, M.K., Schneider, B.A., & Daneman, M.K. (1995). How young and old adults
listen to and remember speech in noise. J. Acoust. Soc. Am. 97, 593-608.
doi.org/10.1121/1.412282

Piquado, T., Cousins, K. A. Q., Wingfield, A., & Miller, P. (2010). Effects of degraded
sensory input on memory for speech: Behavioral data and a test of biologically
constrained computational models. Brain Res. 1365, 49—

Plomp, R., & Mimpen, A. M. (1979). Speech-reception threshold for sentences as a function
of age and noise level. J Acoust Soc Am, 66, 1333-1342.

Rogers,C.S.,Jacoby,L.L.,and Sommers,M.S.(2012).Frequent falsehearingbyolderadults:the
roleofagedifferencesinmetacogni- tion. Psychol.Aging 27, 33-45.doi: 10.1037/a0026231

Rudner, M., Lunner, T., Behrens, T., Sundewall Thorén, E., & Rénnberg, J. (2012). Working
memory capacity may influence perceived effort during aided speech recognition in
noise. J. Am. Acad. Audiol. 23, 577-589. doi: 10.3766/ jaaa.23.7.7

Rdnnberg, J., Rudner, M., Foo, C., & Lunner, T. (2008). Cognition counts: A working
memory system for ease of language understanding (ELU). Int. J. Audiol. 47, S171-
S177. doi: 10.1080/14992020802301167

Ronnberg, J., Danielsson, H., Rudner, M., Arlinger, S., Sternang, O., Wahlin, A., & Nilsson,
L-G. (2011). Hearing loss is negatively related to episodic and semantic long-term
memory but not to short-term memory. J. speech. Lang. Hear. Res. 54, 705-726.

21


http://dx.doi.org/10.1016/j.tics.2012.04.005
http://dx.doi.org/10.1121/1.412282
http://dx.doi.org/10.1121/1.412282

909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931
932
933
934
935
936
937
938
939
940
941
942

Functional Hearing Loss and Visuospatial Memory

dx.doi.org/10.1044/1092-4388(2010/09-0088

Sarampalis, A., Kalluri, S., Edwards, B., & Hafter, E. (2009). Objective measures of listening
effort: effects of background noise and noise reduction. J. speech. Lang. Hear. Res. 52,
1230-1240. doi: 1092-4388/09/5205-1230

Schneider, B.A., Daneman, M., & Pichora-Fuller, M.K. (2002). Listening in aging adults:
From discourse comprehension to psychoacoustics. Can. J. Exp. Psychol. 56, 139-152.
doi: 10.1037/h0087392

Schneider,B.A.,Pichora-Fuller,M. K., & Daneman,M.(2010). The effects of senescent changes
in audition and cognition on spoken language comprehension. In R.D.Gordon- Salant,
A Frisina, A.Popper and D. Fay. (Eds.), The Aging Auditory System: Perceptual
Characterization and Neural Bases of Presbycusis. Handbook of Auditory Research.
(pp. 167-210). Berlin: Springer.

Smits, C., Kapteyn, T. S., & Houtgast, T. (2004). Development and validation of an automatic
speech-in-noise screening test by telephone. Int. J. Audiol. 43, 15- 28.
d0i:10.1080/14992020400050004

Tun, P.A., McCoy, S., & Wingfield, A. (2009). Aging, hearing acuity, and the attentional
costs of effortful listening. Psychol. Aging. 24, 761-766.

Valentijn, S.A.M., van Boxtel, M.P.J., van Hooren, S.A.H., Bosma, H., Beckers, H.J.M.,
Ponds, R.V.H.M., & Jolles, J. (2005). Change in sensory functioning predicts change in
cognitive functioning: Results from a 6-year follow-up in the Maastricht aging study. J.
Am. Geriatr. Soc. 53, 374-380. doi: 10.1111/j.1532- 5415.2005.53152.x

van Boxtel, M. P. J., van Beijsterveldt, C. E. M., Houx, P. J., Anteunis, L. J. C., Metsemakers,
J. F. M., & Jolles, J. (2000). Mild hearing impairment can reduce verbal memory
performance in a healthy adult population. J. Clin. Exp. Neuropsychol. 22, 147-154.
doi:10.1076/1380-3395(200002)22:1;1-8;FT147

Verhaegen, C., Collette, F., & Majerus, S. (2013). The impact of aging and hearing status on
verbal short-term memory. Neuropsychol. Dev. Cogn. B. Aging. Neuropsychol. Cogn.
21, 464-482. dx.doi.org/10.1080/13825585.2013.832725

Wingfield, A., Tun, P. A., & McCoy, S. L. (2005). Hearing loss in older adulthood: What it is
and how it interacts with cognitive performance. Curr. Dir. Psychol. Sci. 14, 144-148.
doi: 10.1111/j.0963-7214.2005.00356.x

Vlaming, M. S. M. G., Kollmeier, B., Dreschler, W. A., Rainer, M., Wouters, J., Gover, B., &
Houtgast, T. (2011). HearCom: Hearing in the Communication Society. Acta. Acust.
united. Ac. 97, 175-192. doi: 10.3813/AAA.918397

22


http://psycnet.apa.org/doi/10.1037/h0087392
http://psycnet.apa.org/doi/10.1037/h0087392
http://dx.doi.org/10.1080/13825585.2013.832725
http://dx.doi.org/10.3813/AAA.918397

943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965

Functional Hearing Loss and Visuospatial Memory

Figure Captions

Figure. 1 Mean error scores (In(1+x)) plotted as a function of age and hearing according to
Dawes et al. (2014), called Hear, with categories in SRT dB: Normal = < - 5.5 Insuff =-5.5 to
— 3.5, Poor > -3.5). VSWM = The six-pairs picture matching task, PLTM = The prospective
memory task. Note that as the x-axis is the actual mean ages in the age-groups, the slopes of
the lines between the age-groups are on a comparable scale. This also explains why the y-
values are not on the same vertical age-line

Figure 2. Mean error scores (In(1+x)) for VSWM plotted as a function of hearing and the use
of hearing aids

Figure 3. Same as Figure 1 except that a four-step (Hear4) hearing grouping was employed.
Categories in SRT dB: Normal = < - 5.5 Insuffl = -5.5 to — 5.0, Insuff2 = -5.0 to — 3.5 Poor > -
3.5. The Poor and Normal hearing group are the same as in Figure 1, and their lines have the
same legends

Figure 4. Mean error scores (In(1+x)) plotted as a function of age and three levels of poor
hearing, with categories in SRT dB: Bad = >-3.5-< -3.0, Worse = >-3.0- <-1.0, Worst
=>-1.0. VSWM = The six-pairs picture matching task, PLTM = The prospective memory
task. For VSWM there was only a significant effect of Age (see text) and for PLTM there was
a significant difference between the Bad and Worst groups, one-tailed t(789) = 1.78, p < .05.
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