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Prognostic significance of the
QuickSIN score for future hearing
threshold deterioration

Jiayue Liu'™, Haotian Zou?, Eleanor M. Simonsick?, Joshua Stohl* & Tobias Overath?

About 10% of audiology patients who experience hearing difficulties in noise have clinically normal
hearing thresholds in quiet. While it has been suggested that hearing difficulties in noise might be a
precursor for the subsequent development of clinical hearing loss, there is so far no direct evidence
that supports this hypothesis. This study aimed to determine whether hearing difficulties in noise,

as measured by the Quick Speech in Noise (QuickSIN) test, could be used to identify people at risk of
the development and the progression of clinical hearing loss, using a large dataset of 1128 individuals
in the Baltimore Longitudinal Study of Aging (BLSA). A linear mixed model analysis revealed that
individuals with a poorer QuickSIN score at the preceding audiological assessment were likely to reveal
a more substantial deterioration in clinical audiometric thresholds at their subsequent visit than those
with a better QuickSIN score at their previous assessment. These findings offer valuable insights for
early interventions and monitoring strategies for individuals at risk of hearing loss.

Hearing loss is one of the most prevalent health conditions in aging. An estimated 55% of the US population
in their seventies suffer from clinical hearing loss, with this percentage rising to 80% for people older than
80 years!. However, hearing difficulties in noisy environments may occur prior to the development of clinical
hearing loss®*. Plomp analyzed data from 700,000 households and estimated that, for someone to experience
hearing difficulties in noise, the average hearing loss at 500, 1000 and 2000 Hz is 24 dB HL (hearing level),
while that for experiencing hearing difficulties in quiet is 35 dB HL*. Additionally, Parthasarathy et al. examined
over 100,000 audiology patient records and found that about 10% of patients reported hearing difficulties, even
though their audiometric thresholds were clinically normal®.

Hearing difficulties result from a combination of attenuation and distortion of the input signal*S. Attenuation
is often caused by the loss or dysfunction of hair cells”® and causes a decrease in audibility. Distortion has
multiple underlying factors, which can be classified into two general categories: (1) auditory peripheral factors
and (2) cognitive factors’. Auditory peripheral factors include degraded temporal resolution®!! and impaired
frequency selectivity of the auditory system™'? both of which may contribute to hearing difficulties in noise.
Cognitive factors involve cognitive demand for auditory processing, attention, working memory, multi-sensory
integration, listening effort, and cortical inhibition®!*-!>, Hearing difficulties in noise are considered an expected
perceptual consequence of distortion.

Attenuation leads to worsening of the pure tone audiometry thresholds and can often be treated by sound
amplification (e.g., via hearing aids'®). Distortion, on the other hand, currently does not have a similarly
straightforward measure nor clinical treatment. Some speech in noise tests, such as the Quick Speech-in-Noise
(QuickSIN)!7 test, word in noise (WIN)!® and hearing in noise test (HINT)!® may capture the perceptual impact
of distortion. However, these speech in noise tests are not commonly administered in the audiology clinic.
Instead, speech perception in quiet measures such as the speech discrimination score (SDS, also referred as word
recognition score, WRS)?’ are routinely administered. Recent research has proposed replacing speech perception
in quiet tests with speech in noise tests as part of the audiological routine? for two main reasons: (1) although
speech perception in quiet is commonly used to predict hearing aid outcomes, difficulties understanding speech
in noise remain a primary complaint among patients, including those with hearing aids?!; and (2) speech in
noise tests have higher validity than speech in quiet, for example with respect to informing real-world hearing
difficulties” predicting hearing aid outcomes® and detecting vestibular schwannoma®*.

Despite their differences, attenuation and distortion are influenced by similar risk factors, including aging
and noise exposure?>~3°, Distortion appears to be more sensitive to these risk factors than attenuation, where
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speech perception in noise is often noticed before an official diagnosis of clinical hearing loss>?%2%31-35, Given
this risk profile of distortion, speech perception in noise may serve as an early predictor of the development
or the progression of clinical hearing loss. However, to date there exists no direct or conclusive evidence that
individuals who experience hearing difficulties in noise (a potential consequence of distortion) are at greater
risk of developing clinical hearing loss later in life*. Given the prevalence of hearing loss*” and its potential
impact on cognition®*, social engagement!*! and quality of life*?, early identification of hearing difficulties
and prevention of clinical hearing loss could significantly improve quality of life as individuals age. In the
present study, we investigated the prognostic ability of the QuickSIN test to predict a subsequent deterioration
of audiometric thresholds.

We did so using data from the Baltimore Longitudinal Study of Aging (BLSA), which, initiated in 1958,
comprises over 3200 individuals*®. Presently, more than 1000 individuals remain actively engaged in the study.
In the BLSA, pure tone audiometry and QuickSIN'” are acquired as part of general hearing assessments. Pure
tone audiometry is the gold standard for diagnosing hearing loss, with pure tone thresholds determining the
degree of clinical hearing loss*!. QuickSIN assesses speech perception in babble noise and is considered an
accurate reflection of real-world hearing abilities, since it better simulates real-life experiencesz’zz.

Importantly, in the BLSA these assessments are longitudinally conducted on the same individuals. The
BLSA dataset thus enables an examination of the predictive significance of QuickSIN for subsequent changes
in audiometric thresholds on a large sample. We hypothesized that QuickSIN performance predicts hearing
threshold degradation. If so, this would suggest that individuals experiencing perceptual difficulties in noise
might be at a higher risk of developing clinical hearing loss sooner, and/or experience a faster progression of
clinical hearing loss, than those who do not. In combination with an increasing adoption of QuickSIN in clinical
settings, this could lead to a greater likelihood of detecting hearing difficulties at an earlier stage, potentially
increasing patient awareness and enabling more timely clinical interventions.

Materials and methods

Study population

This study utilizes data from the BLSA from 1,128 individuals, collected between 2012 and 2023. The length of
the visit interval was typically determined by the individual’s age, with those aged below 60 years being assessed
every four years, individuals aged between 60 and 80 years seen every two years, and those above 80 years tested
annually. This study was approved by the National Institutes of Health (NIH) Intramural Institutional Review
Board (IRB). Informed consent was obtained from all participants. All methods were performed in accordance
with the NITH IRB (#03AG0325). Hearing assessments including audiometry, QuickSIN and SDS, as well as self-
reported hearing and screening questions about noise exposure history and hearing aid usage, were conducted
during each visit.

Hearing assessment

Pure-tone audiometry was conducted to measure hearing thresholds, the softest sounds that can be heard, at
frequencies of 0.5, 1, 2, 4, and 8 kHz in each ear®. The pure tone audiometry was conducted using the Hughson
Westlake procedure*®. The audiometric threshold is defined as the lowest intensity at which the participant was
able to detect the signal 50% of the time. Lower thresholds represent better hearing. The pure tone average (PTA)
was calculated by averaging the audiometric pure tone thresholds from both ears at 0.5, 1, 2, 4 and 8 kHz. In this
study, we follow standard convention by defining normal hearing (NH) as all hearing thresholds below 25 dB
HL, mild hearing loss (mild HL) as all hearing thresholds below or equal to 40 dB HL but not NH, and hearing
loss (HL) as at least one hearing threshold above 40 dB HL.

The QuickSIN test!” assesses speech perception in noise and involves presenting participants with diotic
sentences in varying signal-to-noise ratio (SNR) levels from 0 to 25 dB SNR (70 dB HL presentation level). Two
lists (List 1 and 2) from the QuickSIN test were presented to both ears of each participant diotically. Each list
contained six sentences, and each sentence had five key words, where each correct identification of a key word
was worth 1 point. Participants were asked to verbally repeat the sentence after they heard it. Each sentence
was played at a different SNR. The SNR decreased from 25 to 0 dB, with a 5-dB step size. The SNR loss (ranging
from —4.5 to 25.5) was then calculated by subtracting the total score from all six sentences of the list from 25.5;
thus, a perfect performance score corresponds to a score of —4.5. The SNR loss indicates the severity of speech
perception difficulties in noise: the higher the QuickSIN SNR loss, the worse the speech perception in noise. A
QuickSIN SNR loss below 3 is considered normal. The average of the SNR loss scores from the two lists was used
as the QuickSIN score in subsequent analyses.

Data filtering

As of November 2023, a total of 1128 individuals in the BLSA dataset had undergone comprehensive hearing
tests, with 1046 individuals completing both audiometry and QuickSIN during a single visit at least once.
Figure 1 illustrates the data filtering process for identifying those individuals that fit our inclusion criteria. We
first excluded visits that contained missing or non-responding frequencies in audiometry (i.e., the participant
did not respond to the highest possible sound level at that frequency) or missing or invalid scores in QuickSIN.
Since we were interested in markers for the early development and progression of clinical hearing loss, only those
data from participants with a minimum of two visits in the filtered subset were selected for analysis, resulting in
664 individuals and 2094 visits.

The primary analysis included individuals from all three groups: NH, mild HL, and HL. Since we were
especially interested in markers for the early development and progression of clinical hearing loss, we separately
analyzed the data from the subgroup of individuals with mild HL and NH (having at least one visit where all
audiometric thresholds were < 40 dB HL). Additionally, we also queried the data of the subgroup of NH
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1,128 individuals (3,309 visits)

Excluded visits that did not report data
for audiometric thresholds, or QuickSIN
1,049 individuals (2,850 visits)

Excluded visits that contain non-
responding pure tone thresholds or visits
with a QuickSIN score > 25.5:

986 individuals (2,416 visits)

Excluded participants with only one visit:
664 individuals (2,094 visits)

Filtered by audiometry into three groups:

NH (133 individuals, 348 visits), mild HL

(122 individuals, 373 visits), and HL (409
individuals, 1,373 visits)

Fig. 1. The data filtering process used to remove individuals and visits that did not fit inclusion criteria.

individuals (having at least one visit where all thresholds were < 25 dB HL) in order to assess the predictive
power of speech measures prior to any clinically detectable hearing loss.

Statistical analysis

PTA and QuickSIN each contributed one value per individual and visit. We hypothesized that QuickSIN predicts
future changes in PTA. Thus, we tested whether QuickSIN from the previous visit could predict the change in
PTA at the subsequent visit. The primary analysis employed a linear mixed model (LMM, shown in expression
1), with change in PTA from the baseline visit (PTA; — PTA() as the outcome variable. The term ‘baseline
visit’ refers to the first visit of a participant during which a hearing assessment that was analyzed in this dataset
was conducted. The subscript ¢ denotes the ith visit, with ¢ = 0 indicating the baseline visit. We will refer to
the measures collected at the baseline visit as ‘baseline’ measures. The QuickSIN score from the previous visit
( QuickSIN;,_ ;) was included to predict the PTA change at the current visit i. We use the term ‘lagged’ to refer
to measures collected during the previous visit 4 — 1. Note that the previous visit may or may not correspond
to the baseline visit, depending on whether more than one follow-up visits occurred. The predictor variables
included sex, baseline PTA, baseline age, time elapsed from the baseline visit ( Time;), lagged QuickSIN (the
QuickSIN score from the previous visit, QuickSIN, _ ), as well as the interaction term between Time and lagged
QuickSIN. A random intercept was included for each participant to account for inter-individual variability.
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(PTA; — PTAo) ~ Time; + sex + PTAg + age, + QuickSIN,_,

1

+ Time; X QuickSIN, ; + (1 | individual ID). (0

To test if lagged QuickSIN and the baseline measures significantly add to the prediction of PTA change, we

compared the models in expression 1 and 2. In model 2 the lagged QuickSIN and its interaction with time were
left out compared to model 1.

(PTA; — PTAy) ~ Time; + sex + PTAq + age, + (1 | individual ID). (2)

To better compare the predictive performance of these LMMs, we conducted leave-one-out cross-validation
(LOOCV). In this process, data from one participant were designated as the validation set, while data from all
other participants were used to train the model. This procedure was repeated for each participant in turn. For
the training mean squared error (MSE), predictions were calculated using two approaches: (1) predictions based
on the full model, incorporating both fixed effects and random intercepts, and (2) predictions based solely on
the fixed effects. For the validation MSE, only predictions based on fixed effects were calculated, as the random
intercept was not available for the validation participant (whose data were excluded from the training set). The
training and validation MSEs allow us to (a) compare predictions based solely on fixed effects (e.g., Time, Sex,
Age and Baseline PTA) to those generated by the full model, which incorporates both fixed effects and the
random intercept, and (b) assess whether the models exhibit overfitting.

Several more common measures were also calculated for comparing of these LMMs, including Akaike
information criterion (AIC), Bayesian information criterion (BIC) and log likelihood. AIC and BIC are estimators
of the prediction error, where a better model prediction results in a smaller AIC or BIC value?’. Compared to
AIC, BIC places a heavier penalty on models with more parameters. Log likelihood denotes how well the model
fits the data, where a better model is associated with a higher log likelihood. A likelihood ratio test comparing the
log likelihood values of these two models calculates the associated p-value of the comparison®®.

Data filtering and data cleaning were conducted with Python Pandas*®. The statistical analyses were conducted
in R version 4.1.2%, while the linear mixed model analyses were conducted using the nlme package®'.

Results
Baseline characteristics and change of PTA as a function of age
Table 1 provides an overview of the demographics and test measurements of individuals at the time of their
baseline visit, i.e., the first visit of each individual that was included in the analyses. Note that age at the baseline
visit varied substantially across the entire participant cohort. Additionally, note that the maximum number of
follow-up years were relatively short (12 years), because the current hearing test battery was only adopted in
October 2012. The initial analysis encompassed the entire group, considering all individuals. Subsequently, we
narrowed our focus to separate subgroups to examine the data more closely for early signs of developing clinical
hearing loss, first examining individuals with NH and mild HL, and then only NH individuals. This sequential
approach enabled a detailed exploration of the effects within the subgroup experiencing the onset of clinical
hearing loss.

Figure 2 displays the individual trajectories of logarithmically spaced PTA values as a function of age,
showcasing an exponential increase in PTA over time. This observed trend is similar across both male and
female individuals.

Predictive significance of QuickSIN for a subsequent change in PTA

Past research has shown that speech perception in noise, such as QuickSIN, might capture additional information
(beyond PTA, age and sex) that could better reflect individuals’ real-world hearing experiences®>>%53, We were
particularly interested in whether QuickSIN predicted the development and progression of clinical hearing loss.
In this section, we investigate whether QuickSIN can be used to predict a subsequent change in PTA, since
speech in noise difficulties might precede audiometric threshold elevation. Specifically, we employed a LMM
(Expression 1) to examine the effect of lagged QuickSIN on a change in PTA since the baseline visit. In this way,
we investigate the predictive significance of QuickSIN for a subsequent change in PTA.

All individuals (HL, mild HL, NH) (100%) | Mild HL & NH individuals (38.4%) | NH individuals (20.7%)
# Individuals 664 255 133
# Visits 2094 721 348
Age (years) 68.63 (13.15) 58.61 (12.53) 53.18 (12.60)
Female (%) 56.46 66.27 65.41
Baseline PTA (dB) 29.96 (14.63) 15.99 (6.26) 11.52 (3.99)
Baseline QuickSIN (SNR Loss) | 2.36 (3.25) 0.61 (1.74) 0.27 (1.23)
Baseline SDS 90.81 (15.11) 97.41 (2.89) 97.98 (2.39)
Max follow-up (years) 5.53 (2.47) 6.05 (2.25) 6.16 (2.15)

Table 1. Characteristics of the individuals at the time of their baseline visit. . Means are reported, with
standard deviation in parentheses.
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Female (n = 380) Male (n = 284)
—— Abnormal QuickSIN
801 —— Normal QuickSIN —

PTA (dB HL)

|n(PTA%o.o3o-Age+1 252

40 60 80 100 40 60 80 100
Age (years) Age (years)

Fig. 2. PTA change (in dB HL) as a function of age for all included individuals (see Fig. 1 for inclusion
criteria). Each trace corresponds to an individual. Thin traces in red denote instances where the QuickSIN
score of the preceding visit exceeded 3, while thin traces in black indicate the QuickSIN score of the previous
visit was below 3. The bold black lines are the predicted mean trajectories estimated by a linear model with
In(PTA) as the outcome variable and age as the independent variable, with equations representing the linear
regression models for each sex.

Estimate (SE, p-value)

Predictors All individuals Mild HL & NH individuals | NH individuals
# of individuals 664 255 133
# of observations 1430 466 215

PTA (0.5-8 kHz) at the baseline visit

~0.043(0.016, 0.004)

~0.098 (0.048, 0.041)

~0.357 (0.085, <0.001)

Time (# years since the baseline visit)

1.166 (0.045, <0.001)

1.067 (0.074, <0.001)

0.641 (0.100, <0.001))

Age at the baseline visit

0.102 (0.016, <0.001)

0.135 (0.026, <0.001)

0.125(0.029, <0.001)

Sex 0.081 (0.289,0.779) | —0.035 (0.494, 0.943) ~0.573 (0.592, 0.335)
Lagged QuickSIN 0.097 (0.063,0.122) | —0.33 (0.192, 0.086) ~0.964 (0.408, 0.021)
Lagged QuickSIN x Time 0.011 (0.010,0.256) | 0.064 (0.030, 0.033) 0.216 (0.067, 0.002)

Table 2. LMM results for PTA (0.5-8 kHz). PTA change as a function of lagged QuickSIN (expression (1)). P-
values less than 0.05 are shown in bold.

The model fitting statistics of the LMM revealed that both PTA and Age at the baseline visit were predictive
of a change in PTA thresholds, and this was the case for all groups (Table 2). The LMM estimate value denotes
the predicted change at the next visit, controlling for all other factors. For example, for every year increase
in age at the baseline visit, the predicted PTA at the subsequent visit deteriorates by 0.1 dB (All individuals;
Age), controlling for all other factors in the LMM. Concretely, for two people with the same sex, baseline PTA,
QuickSIN from the previous visit and number of years past the baseline visit, if person A was one year older
at the baseline visit than person B, person As predicted PTA would be 0.1 dB worse than that of person B at
the subsequent visit. In the Mild HL & NH group, a higher lagged QuickSIN score, indicative of poorer speech
perception in noise, significantly predicted a larger change in PTA with aging (Mild HL & NH individuals;
Lagged QuickSIN x Time), and this effect was also present in the other NH subgroup (NH individuals; Lagged
QuickSIN x Time).

The interaction between Lagged QuickSIN and Time with respect to change in PTA for the NH subgroup is
visualized in Fig. 3, which plots the LMM prediction of PTA change for different representative Lagged QuickSIN
scores and Time. As outlined in Methods, a QuickSIN score of —1.5 denotes near perfect speech perception in
noise (the best score for QuickSIN is —4.5, where all 30 key words in a list were identified), while QuickSIN
scores of 1.5 and 5 indicate normal and mild hearing difficulties in noise, respectively. The LMM revealed
that the higher (worse) the Lagged QuickSIN score (from the previous visit), the steeper the increase in PTA
thresholds since the baseline visit. Concretely, while a QuickSIN score of —1.5 predicted a PTA deterioration of
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Fig. 3. Interaction between Time and Lagged QuickSIN on PTA change since the baseline visit. The LMM-
predicted PTA change since the baseline visit is shown for the NH subgroup. The x-axis represents the number
of years since the baseline visit. The y-axis represents the LMM predicted outcome, i.e., the PTA change since
the baseline visit. The predicted values correspond to different representative QuickSIN scores of —1.5 (near
perfect speech perception in noise), 1.5 (normal speech perception in noise), and 5 (mild speech perception
difficulties in noise), and are shown in different colors. The shaded area represents the 95% confidence interval.

All participants (n = 664) Eo
1
® :
s iy ! Effect
o NH & MHL participants (n = 255) | ° ) )
= | Lagged QuickSIN x Time
Q) |
NH participants (n = 133) | °
:
0.0 0.1 0.2 0.3
Estimate

Fig. 4. Forest plot of the LMM estimates of the interactions. The bars represent the 95% confidence interval
for the coefficients. The estimate of the interaction between the Lagged QuickSIN and Time was positive and
significantly different from zero for the two subgroups.

~3 dB over the next 10 years (presumably reflecting normal PTA decline), a QuickSIN score of 5 predicted a PTA
deterioration of about four times that much (~ 12 dB) over the same time period.

For these longitudinal analyses, we used the raw values of variables for the LMM to maximize interpretability
of the findings. However, longitudinal analyses sometimes also introduce latent variables to reduce the noise
for repeated measures (e.g. test-retest variability). In the Supplemental Material, we show that the pattern of the
above results persists with the use of latent variables for QuickSIN.

Figure 4 visualizes these findings by depicting the estimates of the interaction of Lagged QuickSIN x Time,
split up for the three groups. In all three groups, the worse the QuickSIN score from the previous visit, the
stronger the deterioration in PTA in the subsequent visit.

To further investigate the predictive significance of QuickSIN for developing clinical hearing loss, we
conducted a likelihood ratio test among two LMMs on the subgroup with NH individuals. LMM (1) was the
full model (expression 1), LMM (2) was the full model with QuickSIN and its interaction with time removed
(expression 2). The model that included the Lagged QuickSIN scores (expression 1) was significantly better at
predicting a change in PTA than the one without (expression 2) (p=0.0042) (Table 3).
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MSE, ¢, | MSE_ ¢ 4 | MSE , | AIC BIC logLike | Test | likeRatio | p-value
LMM (1) | 5.62 11.70 13.12 1147.22 | 1177.55 | —564.61
LMM (2) | 5.98 12.28 13.51 1154.14 | 1177.74 | =570.07 | 1vs.2 | 10.92 0.0042

Table 3. Results for the comparison between models (1) and (2). MSE, ;, : mean squared error of the

full model on the training set with leave-one-out cross validation. MSE, . ,: mean squared error of the
model using only fixed effects (excluding the random intercept) on the training set with leave-one-out cross
validation. MSE_ : mean squared error of the model using only fixed effects (excluding the random intercept)
on the validation set with leave-one-out cross validation. AIC: Akaike information criterion; BIC: bayesian
information criterion; loglike: log likelihood; likeratio: likelihood ratio. P-values less than 0.05 are shown in
bold.

Discussion

Despite a substantial amount of research into the causes and consequences of hearing difficulties in noise, to
date there exists no conclusive evidence that individuals experiencing hearing difficulties in noise are at risk
of developing clinical hearing loss sooner, or experiencing a faster deterioration of hearing. In this study, we
examined whether hearing difficulties in noise could predict a subsequent deterioration of PTA. We found that
among individuals with NH or mild HL, those with a worse QuickSIN score at the previous visit were more likely
to have a deterioration in PTA at the subsequent visit than individuals with a better QuickSIN score.

The association between QuickSIN and PTA as individuals age could stem from the fact that speech perception
in noise requires a highly integrated auditory system, which is arguably not as important for traditional pure
tone audiometry. Aging and noise exposure might initially cause deficits in speech perception in noise before
becoming evident in audiometric assessments®!1:1%:28:5455,

One potential mechanism for hearing difficulties in noise preceding audiometric threshold shift that has
attracted intensive research in the past decade is cochlear synaptopathy, which describes the loss of synapses
between inner hair cells (IHCs) and auditory nerve fibers (ANFs)?. An influential study in mice showed that
a 70% reduction of ANFs led to a 17-dB shift in behavioral thresholds for tone detection in noise, while no
threshold shift was observed in quiet listening conditions®*. This suggests that cochlear synaptopathy can induce
hearing difficulties in noise without resulting in a clinically detectable threshold shift. Post-mortem research
in both animals and humans has shown that the rate of ANF loss precedes and exceeds that of outer hair cells
(OHCs) or THCs in the context of aging or noise exposure”?®2%3435 Consequently, perceptual difficulties in
noise may be a precursor to developing clinically elevated hearing thresholds (which are thought to be primarily
due to the loss of OHCs and IHCs)>°.

The prediction estimates for a subsequent deterioration of PTA became stronger when we limited the analysis
from the group of individuals with either mild HL or NH to the group with only NH individuals (put differently,
when we excluded participants who already had clinically detectable HL). This suggests that the predictive
significance was higher in individuals at early, possibly subclinical stages of hearing loss, or even without any
signs of hearing loss. The comparatively larger confidence interval of this effect, however, is likely a result of the
reduction in sample size, from over 255 individuals and over 721 observations (mild HL and NH subgroup) to
133 individuals and 348 observations (NH subgroup). Follow up analyses, once the sample sizes of the NH and
the Mild HL groups in the BLSA have increased further, are therefore necessary to confirm these findings. The
prognostic significance of QuickSIN, however, is diminished in the group with all individuals. One potential
explanation is that as clinical hearing loss worsens, hearing difficulties in noise become increasingly dominated
by audibility*, making QuickSIN less reflective of the underlying risk factors for future PTA deterioration.

The underlying etiology behind the prognostic significance of QuickSIN scores for PTA changes remains
unclear. As mentioned in the Introduction, speech perception deficits in noise are complex and are influenced
by various factors including both attenuation and distortion. The latter includes aspects such as cognitive
factors>!>>, auditory temporal resolution’, and frequency selectivity’. While the current study focused on
audiological measures (QuickSIN and PTA), the BLSA dataset al.so includes measures of cognitive function?>.
We did not include these cognitive factors here as our aim was to specifically focus on whether QuickSIN can
predict changes in clinical pure tone thresholds. One future direction would be to investigate whether and how
cognitive function - such as working memory, attention, and executive processes - are related to changes in
QuickSIN and PTA, and how, in turn, cognitive functions may affect speech in noise performance.

While the BLSA offers a tremendous opportunity to the hearing research community, it has some limitations.
First, the maximum follow-up duration for standardized hearing assessments that include QuickSIN is currently
only 12 years (as of November 2023), which is short compared to the average lifespan of humans. Second, the
measures collected in the BLSA may not fully capture the nuances of the participants’ hearing profiles. For
instance, audiometric thresholds were only assessed at 0.5, 1, 2, 4, and 8 kHz. Including additional frequencies
such as 0.75, 1.5, 3, and 6 kHz, along with lower frequencies (e.g., 0.125, 0.25 kHz) and extended high
frequencies (> 8 kHz), could offer a more detailed understanding of hearing function. Furthermore, QuickSIN
was administered using diotic presentation, preventing per-ear analyses. Third, the dataset currently only has
133 individuals with normal hearing at their baseline visit, which is suboptimal for the linear mixed model we
conducted. A larger dataset, or more data from the BLSA in the future, will likely lead to more definitive findings.

In our analyses using linear predictive models, we assumed that the change in PTA was a linear function of
time and its interaction with QuickSIN. However, such a linear relationship might not hold true, especially at
older ages and/or over longer individual tracking times®*°. As depicted in Fig. 2, the relationship between PTA
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shift and age was exponential. While the 12-year tracking period (and an average tracking period of 5-6 years) in
this analysis may mitigate this to some extent, future research may need to explore nonlinear transformations of
time or PTA when more data during longer periods of time become available. Furthermore, pure tone thresholds
are typically not uniform across frequency, but are more degraded towards higher frequencies?”°. In the LMM,
we treated PTA in a simplified manner by averaging thresholds across all tested frequencies (0.5 to 8 kHz, at
octave intervals) and both ears. A more granular analysis of frequency-specific thresholds could offer deeper
insights into the nuances of hearing changes across different frequencies.

We used a LMM approach to investigate the prognostic significance of QuickSIN on future PTA change in an
imbalanced longitudinal dataset (different number of visits across participants, at variable time intervals). The
LMM incorporated a random intercept for each individual to effectively capture between-individual variability
across repeated measures. However, since the random intercepts are specific to the individuals included in the
model, this method has limited generalizability. Consequently, the LMM predicted outcomes for new participants
poorly using only the fixed effects (MSE_ ). The MSEs based on fixed effects alone were comparable between
the training and validation sets (MSE,_ ;. _, vs. MSE_ ), indicating that the model was not overfitted to the data.
Furthermore, predictions using the full model, which included the random intercept, resulted in a significantly
lower MSE (MSE,_ (). This finding suggests the existence of substantial individual variability that cannot be
explained by fixed effects such as Age, Sex, Time, or any other fixed factors included in our model. To improve
clinical applicability, future models should explore more generalizable approaches, such as machine learning or
time-to-event analysis, so that individuals at higher risk of hearing loss can be identified and in order to provide
actionable insights for novel cases®'~%. It is also worth noting that the distribution of participants within the
current dataset (or other/future datasets) should be carefully considered when conducting such analyses (i.e.,
machine learning methods or time-to-event analyses). Older participants have more frequent visits and are thus
overrepresented compared to younger ones, leading to a dataset that is skewed toward older individuals.

In summary, the results of our analyses suggest that speech perception in noise does indeed offer valuable
insights into the functional status of the auditory system. Therefore, clinicians should consider including tests that
assess speech perception in noise (e.g., QuickSIN) as part of their standard audiological assessments. Individuals
with a poorer QuickSIN score should take particular care to protect their hearing from noise exposure and
ototoxic drugs. They may also leverage hearing technologies such as mild gain hearing aids to improve their
experiences and quality of life in noisy environments®?.

Data availability
The data analyzed in this study are part of the large BLSA dataset; applications to use BLSA data should be made
online (https://www.blsa.nih.gov/blsa-data-use).
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