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Hypothesis Tests for Continuous Audiometric 
Threshold Data

Zechen Liu,1,6 Zhuoran Wei,1,6 Jiaxuan Li,1 Gary Curhan,2,3,4,5 Sharon Curhan,2,3,4,7 and 
Molin Wang1,2,3,4,7

Objectives: Hypothesis tests for hearing threshold data may be chal-
lenging due to the special structure of the response variable, which con-
sists of the measurements from the participant’s two ears at multiple 
frequencies. The commonly-used methods may have inflated type I error 
rates for the global test that examines whether exposure-hearing thresh-
old associations exist in at least one of the frequencies. We propose 
using both-ear methods, including all frequencies in the same model for 
hypothesis testing.

Design: We compared the both-ear method to commonly used single-
ear methods, such as the worse-ear, better-ear, left/right-ear, average-ear 
methods, and both-ear methods that evaluate individual audiometric fre-
quencies in separate models, through both theoretical consideration and a 
simulation study. Differences between the methods were illustrated using 
hypothesis tests for the associations between the Dietary Approaches to 
Stop Hypertension adherence score and 3-year change in hearing thresh-
olds among participants in the Conservation of Hearing Study.

Results: We found that (1) in the absence of ear-level confounders, the 
better-ear, worse-ear and left/right-ear methods have less power for 
frequency-specific tests and for the global test; (2) in the presence of 
ear-level confounders, the better-ear and worse-ear methods are invalid, 
and the left/right-ear and average-ear methods have less power, with 
the power loss in the left/right-ear much greater than the average-ear 
method, for frequency-specific tests and for the global test; and (3) the 
both-ear method with separate analyses for individual frequencies is 
invalid for the global test.

Conclusions: For hypothesis testing to evaluate whether there are sig-
nificant associations between an exposure of interest and audiometric 
hearing threshold measurements, the both-ear method that includes all 
frequencies in the same model is the recommended analytic approach.

Key words: Audiometry, Bias, Data correlation, Generalized estimating 
equation, Hearing loss, Hypothesis test, Pure-tone audiometry.

Abbreviations: AE = average-ear; BE = better ear; CHEARS = Conservation 
of Hearing Study; DASH = Dietary Approaches to Stop Hypertension; 

GEE = generalized estimating equation; PTA = pure-tone average;  
WE = worse ear.

(Ear & Hearing 2024;45;1165–1172)

INTRODUCTION

Hearing loss was a leading cause of disability in 2015; over 
5% of the world’s population suffers from disabling hearing loss 
(Wilson et al. 2017; Chadha et al. 2021; WHO 2021). Moreover, 
the adverse influence of hearing loss on health and quality of 
life is considerable (Mick et al. 2014; Dawes et al. 2015), thus 
research to identify potentially modifiable risk factors for hear-
ing loss that could inform strategies for prevention is a pressing 
public health priority (Chadha et al. 2021; Haile et al. 2021).

In epidemiological studies of hearing health, researchers are 
often interested in assessing whether associations exist between 
a given exposure and the hearing threshold measures. However, 
statistical methods for the evaluation of exposure-hearing 
associations using audiometric threshold data are inconsistent 
(Cruickshanks et al. 2003; Bainbridge et al. 2008). Researchers 
commonly used a single-ear (e.g., the worse-ear [WE], better-ear 
[BE], left/right-ear) hearing measurement as the response vari-
able (Verschuur et al. 2012; Grondin et al. 2015; Lin et al. 2016) 
or analyze the data for each frequency or group of frequencies 
separately (Hu et al. 2018; Shih et al. 2020). Definitions of the 
single-ear method may vary and are typically based on the pure-
tone average (PTA) of threshold measurements at a prespecified 
set of frequencies. In a longitudinal setting, the outcome could 
be the frequency-specific PTA threshold measurements at each 
follow-up time point, or alternatively the change in frequency-
specific PTA at each postbaseline follow-up time point. The 
WE method and BE method are based on measurements of the 
WE, the ear with a higher threshold or change in threshold, and 
the BE, the ear with a lower threshold or change in threshold, 
respectively. Table 1 shows an example of the WE and BE out-
comes for the low-frequency PTA threshold measurements. In 
the longitudinal study setting, the ear which is the WE or BE 
could change over time. For example, in Table 1, the WE is the 
left-ear at visit 1 but the right-ear at visit 2.

Existing publications demonstrate the performance of dif-
ferent estimation methods (e.g., bias and efficiency of WE/BE, 
average-ear [AE], and both-ear methods) for continuous out-
comes (Sheng et  al. 2022) and binary outcomes (Chen et  al. 
2022). This article focuses on continuous outcomes. For contin-
uous outcome scenarios, when there are only participant-level 
confounders, using WE or BE methods leads to unbiased but 
less efficient estimators; lower efficiency means the estimators 
have larger variance (Sheng et al. 2022). If the information from 
only one ear at each time point is used in the analyses, then 
the information from the other ear is ignored. Therefore, the 

0196/0202/2024/455-1165/0 • Ear & Hearing • Copyright © 2024 The Authors. Ear & Hearing is published on behalf
of the American Auditory Society, by Wolters Kluwer Health, Inc. • Printed in the U.S.A.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.ear-hearing.com


Copyright © 2024 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

1166  LIU ET AL. / EAR & HEARING, VOL. 45, NO. 5, 1165–1172

AE method which uses the threshold measures averaged over 
the two ears as the outcome, and the both-ear method, which 
uses the threshold measures from both of the two ears, may 
be preferred (Sheng et  al. 2022). See Table 1 for an example 
of AE and both-ear outcomes. Note that, for presentational 
simplicity and to distinguish from the both-ear method which 
uses both ears’ data as a cluster, we categorize AE as a single-
ear method throughout this article even though its outcome is 
derived from both ears’ data. In the presence of ear-level con-
founders, failure to include them in the model would lead to 
biased estimates for all methods. Previous studies demonstrate 
that if the ear-level confounders are included in the model, then 
the WE and BE methods may still lead to biased estimators. 
However, in this case, the bias would be less than that in models 
where the ear-level confounders were not included. Moreover, 
the AE method may lead to unbiased, but less efficient, estima-
tors compared with the both-ear method (Sheng et  al. 2022). 
On the other hand, biased estimators do not necessarily imply 
invalid hypothesis tests (Stahlecker & Schmidt 1996). A valid 
test means that the type I error rate, the probability of reject-
ing the null hypothesis when the null hypothesis is true, is con-
trolled under the significance level, which is typically set at 5%. 
A test is invalid if the type I error rate is greater than the signifi-
cance level. Similarly, estimators with higher efficiency do not 
necessarily imply hypothesis tests with higher power (Sundrum 
1954). A powerful test means that the type II error rate, the 
probability of not rejecting the null hypothesis when the alter-
native hypothesis is true, is small. More specifically in terms of 
mathematical formula, statistical power = (1 – type II error). In 
commonly used hearing threshold data analysis methods, PTA 
measurements based on different groups of frequencies (e.g., 
low-frequency PTA, mid-frequency PTA, high-frequency PTA) 
are analyzed separately in different models instead of simulta-
neously in the same model. Thus, if one concludes that there 
is an exposure-outcome association because at least one of the 
tests in the separate analyses for individual frequency groups is 
significant, then issues with multiple comparisons and the cor-
relations between the estimated parameters for these frequency 
groups are ignored, leading to an inflated type I error. In this 
case, one can use adjustment strategies to account for multiple 
comparisons, such as the Bonferroni method. However, these 
adjustment methods may not be able to easily address highly 
correlated hypotheses (Chen et al. 2017).

Previous studies that compared the single-ear and both-ear 
methods focused only on estimators for the exposure-hearing 
association (Chen et  al. 2022; Sheng et  al. 2022), while less 
concerned about hypothesis testing. In this study, our objec-
tive is to evaluate the validity and power of the statistical tests 
to evaluate exposure-hearing associations using both-ear and 
single-ear methods. We consider two methods for hypothesis 
tests based on both-ear data: (1) methods based on regression 

analyses inclusive of all frequencies in the same model, and 
(2) methods based on separate regression analyses where each 
model evaluates a single frequency. For the single-ear methods, 
we consider WE, BE, left/right-ear method, and AE; all fre-
quencies are included in the same model for all the single-ear 
methods. We will consider both hypothesis tests for each fre-
quency and a global test across all frequencies. The generalized 
estimating equation (GEE) method is used to obtain estimates 
and their variances for the regression coefficients of the regres-
sion models, taking into account the within-participant correla-
tion between hearing threshold measurements in both ears and 
across frequencies, if applicable.

STATISTICAL MODELS AND METHODS

When only one frequency group (i.e., low-frequency PTA, 
mid-frequency PTA, high-frequency PTA) is included in the 
analysis, we can assume the following both-ear model:

E (Yi,j|Xi, Wi, Zi,j) = β0 + β1Xi + β2Wi + β3Zi,j

where i  indexes participants (i = 1, 2, 3, . . . , N ), j is the index 
for the ear ( j = 0, 1), and Yi,j  is the hearing threshold mea-
surement for individual i and ear j. Among the independent 
variables, X  represents the participant-level exposure of 
interest, W  is possibly vector-valued participant-level poten-
tial confounders, and Z  represents possibly vector-valued 
ear-specific potential confounders (e.g., baseline hearing 
thresholds). Without further specification, parameters are 
row vectors and variables are column vectors throughout this 
article.

If multiple frequencies are considered, we need to add 
covariate-frequency interactions in the both-ear model, leading 
to

 E (Yi,j,q|Xi, Wi, Zi,j) = β0q + β1qXi + β2qWi + β3qZi,j (1)

where E (·) stands for the expected value, q (q = 1, . . .Q) 
indexes the pure-tone frequency, β1q represents the association 
of the exposure with the hearing threshold level under the q th 
frequency category, and β1, the collection of β1q, q = 1, . . .Q, 
is a vector of parameters of interest.

For the single-ear method, we consider the WE, BE, left/
right-ear method and AE. The models for single-ear method are 
similar to model (Eq. 1), deleting the subscript for ear, j, and 
replacing outcomes and covariates from both ears with those 
from a single-ear or an average from two ears. Using WE as an 
example, the outcome variable, Yi,j,q, in model (Eq. 1) is now the 
WE outcome, Yi,q, the participant-level covariates Xi and Wi stay 
the same, and the ear-level covariate Zi,j  is now Zi, taking the 
value for the WE. For AE, the outcome is now the AE outcome 

TABLE 1. Example of PTA of threshold data for low frequencies (0.5, 1, 2 kHz) from 1 participant in a hearing loss study

Visit 

Single-Ear Method

Both-Ear Outcome Right Left WE Outcome BE Outcome AE Outcome 

Visit 1 (baseline) 15 10 15 10 12.5 (15, 10)
Visit 2 15 20 20 15 17.5 (15, 20)
Change 0 10 10 0 5 (0, 10)

Data in this table are fabricated.
AE, average-ear; BE, better-ear; Left, left-ear; PTA, pure-tone average; Right, right-ear; WE, worse-ear.
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and the ear-level covariate is now the average of the covari-
ates between the two ears. Detailed models with mathematical 
notations are presented in Appendix A in Supplemental Digital 
Content 1, http://links.lww.com/EANDH/B373.

To evaluate whether there is an exposure-hearing thresh-
old association, a commonly used method is to fit models for 
each frequency separately and test for H0 : β1q = 0 based on 
the model for the qth frequency, q = 1, . . . , Q; if one of these 
tests is rejected, it is concluded that there is an exposure-hearing 
threshold association for at least one frequency. As shown in 
Appendices A and B in Supplemental Digital Content 1, http://
links.lww.com/EANDH/B373, we have the following conclu-
sions for the Wald test based on the single-ear method for test-
ing H0 : β1q = 0 for a given q:

 1. For the tests based on WE or BE, if there are no ear-
level confounders, they are valid but less powerful than 
the both-ear method; however, if there are ear-level con-
founders, they may be invalid.

 2. The tests based on the left/right-ear method, either in the 
presence or absence of ear-level covariates, are valid but 
less powerful compared with the both-ear method.

 3. The tests based on AE are valid either in the presence 
or absence of ear-level covariates. They are as efficient 
as the both-ear method in the absence of ear-level con-
founders; however, in the presence of ear-level con-
founders, AE may lead to less powerful hypothesis tests 
than the both-ear method.

Note that the approach of testing for H0 : β1q = 0 for each 
q and concluding that there is an exposure-hearing threshold 
association for at least one frequency if one of these tests is 
rejected may lead to an inflated type I error rate due to multiple 
comparisons. One of the correct methods is to test for the null 
hypothesis H0g : β11 = . . . = β1Q = 0 based on model (Eq. 1),  
where the subscript g denotes global tests; the alternative 
hypothesis is H1g : β1q �= 0 for at least one frequency. This 
represents a global test in that it controls an overall type I error 
rate across all the frequencies. If this global test is significant, 
we can then further evaluate for which specific frequency the 
association is significant. To obtain the test statistic for H0g , we 
fit model (Eq. 1) including all the frequencies, and estimate the 
variance-covariance matrix of the estimated regression coeffi-
cients that represent the associations of the exposure with the 
hearing threshold outcome at each of the individual frequen-
cies. By contrast, fitting models for each frequency separately 
and assuming the covariance between β̂1q being 0 may result in 
an inflated type I error rate.

Because threshold measurements between ears, between 
frequencies, and between time points, if applicable, are cor-
related, we choose to use the GEE approach (Zeger & Liang 
1986) to make inferences about the regression parameters, 
β = (β0q,β1q,β2q,β3q, q = 1, . . .Q), in model (Eq. 1). Similar 
to the (generalized) linear mixed effects model (GLMM/LMM) 
and multivariate analysis of variance methods, GEE can handle 
correlated data. Multivariate analysis of variance is appropriate 
only for categorical independent variables, whereas GEE and 
GLMM/LMM do not have restrictions on variable types. One 
advantage of GEE over LMM is that it requires fewer assump-
tions regarding the distribution of the data. For example, LMM 
assumes that random effects follow a normal distribution with 
mean zero (Gardiner et al. 2009), and accuracy of the inference 

(i.e., SE) relies on correct specification of both the underlying 
mean model and error distribution, while GEE only requires 
the mean model being correctly specified for a valid inference 
(Hubbard et al. 2010). We can specify an exchangeable working 
variance-covariate matrix for GEE, to take the between-ear cor-
relations into account. Twisk (2004) pointed out that, for contin-
uous outcomes, GEE with an exchangeable working correlation 
structure often gives comparable results to a random intercept 
linear model, when both models are correctly specified. By the 
standard asymptotic theory of GEE, the β-estimator, β̂, con-
verges to the true value as the sample size increases, as long 
as the outcome mean is modeled correctly. See Appendix C in 
Supplemental Digital Content 1, http://links.lww.com/EANDH/
B373, for more technical details of GEE.

SIMULATION STUDY

Monte Carlo simulation studies are often useful for assessing 
the performance of statistical methods, where pseudo-data are 
generated so that we know and can control the true models and 
model parameters that are used to generate the data. We can then 
compare the analysis results of the generated data with the truth, 
based on which the data are generated. Here, we conducted a 
simulation study to compare the both-ear (based on model [Eq. 
1]), left-ear, WE, BE, AE methods, where all frequency groups 
were included in each model, as well as the both-ear method 
that fitted models for each frequency group separately, which 
for brevity is referred to as the both-ear separate method. We 
simulated 1000 samples each composed of 1000 subjects’ left- 
and right-ear PTA threshold measurements at low- and high-
frequency groups. The outcome data were generated based on 
model E (Y)=β1x (1−q)+β2xq+0.3z (1−q)+0.25zq+0.2q,  
where x was the participant-level exposure, generated from 
N (3, 4), a normal distribution where the mean is 3 and the 
SD is 4, q was the binary frequency indicator (q = 0 for low 
and 1 for high), z was an ear-level covariate, assuming mean 
zero, and β1 and β2 represented the x − Y  association for low 
and high frequencies, respectively. On the basis of the prelimi-
nary results from the analysis of Conservation of Hearing Study 
(CHEARS)-AAA study data, the outcome data were generated 
either under the null β1 = β2 = 0, or alternatively assuming 
β1 = 0.08 and β2 = 0.1 following a multivariate normal dis-
tribution, with the following correlations: ρ = 0.7 for the out-
comes between two ears at the same frequency; ρ = 0.4 for the 
outcomes for the same ear between different frequencies, and 
ρ = 0.3 for the outcomes between two ears at different frequen-
cies. We have rounded the simulated outcome data to five units 
(e.g., 5, 15, 20, 25 dB) to mimic clinical hearing threshold mea-
surements, which are obtained in 5 dB increments.

We consider two scenarios. In scenario I, the ear-level covari-
ate, z, was independent of the exposure, and thus it was not a 
confounder. In scenario II, z was an ear-specific confounder, 
with the correlation coefficient between z and x equal to 0.2.

We used GEE to estimate the regression coefficients and 
performed the following tests. (1) Test 1: Wald test for the 
null hypothesis H01 : β1 = 0; that is, assessing whether the 
exposure is associated with low-frequency (i.e., q = 0) thresh-
olds; (2) test 2: Wald test for H02 : β2 = 0; that is, assessing 
whether the exposure is associated with high frequency (i.e., 
q = 1) thresholds; (3) test 3: if either test 1 or test 2 is rejected, 
a conclusion is drawn that there was an exposure-hearing 
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threshold association for at least one frequency. Note that this 
approach is commonly used in practice and may lead to an 
inflated type I error rate. The recommended method for this 
test is (4) test 4 (a global test): Wald test for the null hypoth-
esis H0g : β1 = β2 = 0; that is, assessing whether there is an 
exposure-hearing threshold association for at least one fre-
quency group. In addition, we fitted random intercept LMMs 
to better illustrate the difference between GEE and LMM. For 
the tests listed earlier we evaluated the type I error rates, which 
are the percentages of rejecting the null hypothesis among the 
simulation replicates when the data were generated assuming 
there was no exposure-hearing associations, and powers, the 
percentages of rejecting the null hypothesis when the data were 
generated under the alternative hypotheses. These two metrics 
are essential for ensuring the validity and efficiency of the tests. 
The test is valid only if its type I error rate is less than 5%. If 
the power of the test is low, it will be less likely to detect a 
true effect even if it indeed exists. In addition, to validate the 
results of previous studies (Sheng et al. 2022), we compared 
the relative bias, defined as (β̂q − βq)/βq, q = 1, 2, or bias if 
the true coefficient is zero, defined as β̂q − βq, the empirical 
SD (Knudsen et al. 2016) of the point estimates over the simu-
lation replicates, and 95% confidence interval coverage rates 
between the methods. Smaller empirical SD typically implies 
more efficient estimates, and a coverage rate closer to 95% 
indicates better interval estimates.

The simulation results for scenario I are shown in Table 2, 
which presents the type I error rates and powers for tests, and 

Supplementary Tables 1 and 2 in Supplemental Digital Content 
2, http://links.lww.com/EANDH/B374, which shows the esti-
mates. As expected, the both-ear method (joint), and AE outper-
formed WE, BE, left-ear, and both-ear (separate) method. Test 
3 based on any of the methods had an inflated type I error rate. 
The both-ear method with separate analysis for each individual 
frequency also had an inflated type 1 error rate for the global 
test (test 4). The other tests all had type I error rates of approxi-
mately the significance level 5%. The statistical power of each 
single-ear method (WE, BE, AE, left-ear method) was lower, 
ranging from 3 to 24% lower, than the power of both ear and 
AE. Regarding the point estimates in Supplementary Tables 1 
and 2 in Supplemental Digital Content 2, http://links.lww.com/
EANDH/B374, the both-ear estimator was more efficient than 
that of WE/BE/left-ear method. AE had similar performance to 
the both-ear method for both tests and estimates. This is consis-
tent with previous findings of Sheng et al. (2022).

Table 3, which presents the type I error rates and powers 
for tests, and Supplementary Tables 3 and 4 in Supplemental 
Digital Content 2, http://links.lww.com/EANDH/B374, which 
present the estimates, show the simulation results for scenario 
II, where there was an ear-specific confounder. The both-ear 
method outperformed WE, BE, AE, and the left-ear method. 
Tests 1 and 2 using WE and BE, test 3 using all methods, and 
test 4 using WE and BE and the both-ear method for each indi-
vidual frequency separately all had inflated type I error rates. 
For low-frequency, the relative bias for WE and BE was larger 
than 30%; for high frequency, the relative bias was greater 

TABLE 2. Comparison of type I error rates and powers of tests between different methods for true model 
E (Y) = β1x (1 − q) + β2xq+ 0.3z (1 − q) + 0.25zq+ 0.2q  under significance level 5% (scenario I)

 Both Ear, Joint Left Ear, Joint WE, Joint BE, Joint AE, Joint Both Ear, Separate 

Type 1 error rate (β1 = β2 = 0)
  Test 1. H01: β1 =0 5.3% 5.2% 5.7% 5.4% 4.4% 4.6%
  Test 2. H02: β2 =0 4.8% 5.3% 4.9% 5.4% 4.8% 4.6%
  Test 3. At least one of tests 1, 2 rejected 8.6% 8.8% 10.3% 10.8% 8.5% 8.4%
  Test 4. H0g: β1 = β2 =0 5.6% 5.4% 5.9% 5.7% 4.8% 7.2%
Power (β1 = 0.08;β2 = 0.1)
  Test 1. H01: β1 =0 84.2% 69.4% 64.1% 76.6% 82.8% 84.2%
  Test 2. H02: β2 =0 95.6% 87.5% 86.0% 71.0% 95.0% 97.1%
  Test 4. H0g: β1 = β2 =0 92.6% 79.8% 89.3% 88.9% 92.0% —

The ear-level covariate, z, is independent of the exposure, and therefore it is not a confounder.
AE, average-ear; BE, better-ear; Joint, the model includes both low- and high-frequency groups and therefore β1 and β2 are estimated in the same model, 
E (Y) = β1x (1− q) + β2xq+ β3z (1− q) + β4zq+ β5q; Separate, the model is fitted for each frequency group separately, E (Y) = β1x + β3z, and E (Y) = β2xq+ β4zq+ β5q; WE, worse-ear.

TABLE 3. Comparison of type I error rates and powers of tests between different methods for model 
E (Y) = β1x (1 − q) + β2xq+ 0.3z (1 − q) + 0.25zq+ 0.2q  under significance level 5% (scenario II)

 Both Ear, Joint Left-Ear, Joint WE, Joint BE, Joint AE, Joint Both Ear, Separate 

Type 1 error rate (β1 = β2 = 0)       
  Test 1. H0: β1 =0 3.9% 4.5% 8.0% 7.2% 3.3% 4.2%
  Test 2. H0: β2 =0 4.7% 4.3% 9.3% 9.5% 5.2% 5.4%
  Test 3. At least one of tests 1, 2 rejected 7.3% 7.1% 16.4% 15.8% 7.4% 8.1%
  Test 4. H0: β1 = β2 =0 4.4% 5.5% 9.0% 8.8% 4.4% 7.5%
Power (β1 = 0.08;β2 = 0.1)
  Test 1. H0: β1 =0 45.6% 33.3% — — 43.5% 45.7%
  Test 2. H0: β2 =0 74.5% 57.5% — — 74.5% 73.3%

  Test 4. H0: β1 = β2 =0 63.2% 46.4% — — 63.3% —

The ear-level covariate, z, is independent of the exposure, and therefore it is not a confounder.
AE, average-ear; BE, better-ear; Joint, the model includes both low- and high-frequency groups and therefore β1 and β2 are estimated in the same model, 
E (Y) = β1x (1− q) + β2xq+ β3z (1− q) + β4zq+ β5q; Separate, the model is fitted for each frequency group separately, E (Y) = β1x + β3z, and E (Y) = β2xq+ β4zq+ β5q; WE, worse-ear.
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than 15%. In addition, the left-ear methods resulted in lower 
statistical power and higher variance. We did not consider the 
power of WE and BE, as the tests using these methods were 
invalid. When evaluating the association of the exposure with 
low-frequency thresholds, the statistical power using the left-
ear method was 15% lower than the both-ear method. Although 
slightly less efficient, the results obtained using AE were com-
parable to the both-ear method.

Note that the powers of hypothesis tests depend on value β
, which represents the level of exposure-hearing associations in 
the data, in addition to sample size, cluster size, etc. For exam-
ple, when the number of observations is fixed, a larger cluster 
size or a weaker exposure-hearing association typically leads to 
lower power. Therefore, the powers displayed in Tables 2 and 3 
may not be generalized to a different scenario.

Results of the random intercept LMMs fitted for scenario I 
and scenario II are shown in Supplementary Tables 5 and 6 in 
Supplemental Digital Content 2, http://links.lww.com/EANDH/
B374. In scenario I, the type I error rates and power are simi-
lar between the models fitted using GEE and random intercept 
LMMs for all of the methods. This is consistent with the previ-
ous finding that the results of GEE with exchangeable work-
ing correlation matrix is similar to those of random intercept 
LMMs when both models are correctly specified (Twisk 2004). 
In scenario I, where the ear-level covariate is correlated with 
participant-level covariates, each method fitted using an LMM 
with random intercepts has roughly 20% less power compared 
with the corresponding methods fitted by GEE. This loss of 
power might be due to the fact the correlation structure used in 
the data generation does not align with the model assumptions 
of the random intercept LMM.

We also examine the effect of varying sample sizes on 
type I error and power of the test using estimates from GEE 
in scenario II, and present simulation results in Supplementary 
Tables 7 and 8 in Supplemental Digital Content 2, http://links.
lww.com/EANDH/B374. The sample size of Supplementary 
Tables 7 and 8 in Supplemental Digital Content 2, http://links.
lww.com/EANDH/B374, is 200 and 4000, respectively. When 
sample size equal to 200, type I error rates of all the methods 
are higher than the expected level (i.e., 5%), ranging from 7.8 to 
12.4% in tests 1, 2, and 4. In addition, power of all tests are very 
low, roughly at 15%. On the other hand, type I error rates of all 
methods when the sample size is 4000 are generally controlled 
under 5% in tests 1, 2, and 4. Power of the tests is much higher 
than that when sample size is 200 as expected.

CHEARS DATA ANALYSIS

Next, we illustrate the difference between these methods 
using a real-world data example. The CHEARS is an epide-
miological study that investigates relations between a num-
ber of medical, dietary, and other lifestyle factors and the 
risk of hearing loss among several large, well-characterized 
longitudinal cohorts, including the Nurses’ Health Study II 
(Curhan et al. 2013). A subcohort of Nurses’ Health Study II 
participants was invited to undergo comprehensive CHEARS 
clinical audiometry assessments conducted by licensed audi-
ologists according to a rigorous set of standardized pro-
tocols and procedures (Curhan et  al. 2019). In total, 3749 
participants completed baseline audiometry and 3135 par-
ticipants (84%) completed 3-year follow-up testing. Detailed 

information on CHEARS has been described previously 
(Curhan et al. 2019, 2021). In this example, the outcome was 
a continuous variable, defined as the elevation in PTA hear-
ing threshold measurements from baseline to year 3. For each 
participant, the outcome variable had six dimensions, PTA 
at low-frequency (0.5, 1, 2 kHz), mid-frequency (3, 4 kHz), 
and high-frequency (6, 8 kHz) for each individual ear. The 
exposure of interest was the consumption of a healthful diet, 
as assessed by the Dietary Approaches to Stop Hypertension 
(DASH) dietary adherence score. A higher DASH score indi-
cated greater adherence to the recommendations provided 
for the DASH diet (i.e., “healthier diet”), and DASH scores 
were categorized in quartiles according to the distribution in 
the study population.

For illustration purposes, we adjusted for baseline PTA mea-
surements and the following potential confounders: age (con-
tinuous), race (black/white/multi/other or unknown), body mass 
index (<25 kg/m2/25 to 29/30 to 34/35 to 39/40+), smoking 
status (never/past/current), history of tinnitus (yes/no), cumula-
tive average energy intake (continuous), noise exposure (very 
loud occupational or leisure-time noise exposure ≥3 hours/
week during any decade; yes/no). We also included interaction 
terms between the DASH score and three frequency levels: low-
frequency (PTA

0.5,1,2 kHz
), mid-frequency (PTA

3,4 kHz
), and high-

frequency (PTA
6,8 kHz

). GEE with an exchangeable covariance 
matrix was used in all the methods.

Table 4 shows the results for the multivariable-adjusted 
mean difference in hearing threshold elevation between each of 
the second to fourth quartiles of the DASH score and the first 
quartile (the reference category). These results are shown in 
hearing threshold elevation at low-, mid-, and high-frequencies, 
corresponding to the three PTA outcomes, and they were calcu-
lated based on the regression coefficient estimates of the DASH 
score and interactions between the DASH score and frequency. 
The p values for the tests were for linear trend, where the 
median DASH score in each quartile was treated as a continu-
ous variable. This linear trend test tested whether the associa-
tion between the DASH score and hearing threshold elevation 
increased linearly with higher quartiles of DASH score. The 
global test for evaluating whether there was a linear association 
of DASH score with hearing threshold elevation at any of the 
low-, mid-, and high-frequency PTA outcomes was significant 
or marginally significant when using the both-ear (p = 0.04) and 
AE method (p = 0.05), but not when using the left- and right-
ear methods. Frequency-specific tests from the both-ear method 
show that the linear association of DASH score with the hear-
ing threshold elevation might lie at low- (p = 0.041) and mid-
frequencies (p = 0.005).

Supplementary Table 9 in Supplemental Digital Content 
2, http://links.lww.com/EANDH/B374, presents the results of 
the regression models above fitted by random intercept LMMs 
instead of GEE. In terms of both-ear (joint) method, the coef-
ficient estimates from these two models are close. The p values 
for trend test given by GEE are lower than 5% in all frequency 
groups while the p values obtained by random intercept LMMs 
are lower than 5% only in the medium frequency group. With 
regards to the single-ear methods, the coefficient estimates from 
random intercept LMMs and GEE are mostly the same, while 
the SE estimates are larger in LMMs. Therefore, the trend tests 
using GEE generally have more significant p values than that 
using random intercept LMMs.

http://links.lww.com/EANDH/B374
http://links.lww.com/EANDH/B374
http://links.lww.com/EANDH/B374
http://links.lww.com/EANDH/B374
http://links.lww.com/EANDH/B374
http://links.lww.com/EANDH/B374
http://links.lww.com/EANDH/B374
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DISCUSSION

In this article, we demonstrate that using the both-ear GEE 
method that includes threshold measurements at all audiometric 
frequencies in the same model may be the preferred strategy 
for testing whether there is an exposure-hearing threshold asso-
ciation (the global test). This method offers several distinctive 
advantages that address the limitations of commonly used meth-
ods in previous literature. Specifically, (1) in the absence of ear-
level confounders, WE, BE, and left/right-ear method have less 
power for frequency-specific tests and for the global test; (2) in 
the presence of ear-level confounders, WE and BE are invalid, 
and the left/right-ear and AE methods have less power, with the 
power loss in the left/right-ear methods much greater than the 
AE method, for frequency-specific tests and for the global test; 
and (3) the both-ear method with separate analyses for each 
individual frequency is invalid for the global test.

Note that in the illustrative example based on the CHEARS-
AAA data, a potential ear-level confounder, baseline PTA mea-
surement, is included in the model. Therefore, the tests based on 
WE and BE may be invalid. On the basis of the results presented 
in Table 4, the global test using both-ear method and AE method 
showed a significant exposure-outcome association for at least 
one of the PTA frequency groups while left/right-ear method 
failed to do so. This suggests that there may be a true asso-
ciation between DASH score and hearing threshold elevation 
and that the left/right-ear methods were not powerful enough 
to detect the association. In addition, the both-ear method typi-
cally provides smaller p values than the AE method when con-
ducting the trend tests or the global test. This is consistent with 
our conclusion that the both-ear method typically has a better 
power than the AE method when there are ear-level covariates 
in the model. Hence, when analyzing hearing threshold data, it 
is preferable to use the both-ear method that includes all of the 
tested audiometric frequencies in the model, to have a valid and 
a more powerful test, especially when ear-level confounders are 
present. The AE method is also valid but may be less powerful. 
On the other hand, the WE and BE methods should not be used 
because they may fail to control the type I error rate to below 
5%. The methods and conclusions would be the same for analy-
ses using an outcome definition based on individual threshold 
measurements as they would be for analyses using an outcome 
definition based on PTA measurements.

While previous papers (Chen et al. 2022; Sheng et al. 2022) 
focus on estimators from WE, BE, both-ear, and AE methods, 
our article further compares type I error and statistical power of 
different hypothesis tests based on these methods. Our findings 
are consistent with those from Sheng et al. (2022) and demon-
strate that with or without ear-level confounders, the both-ear 
method that includes all frequencies in the same model is rec-
ommended for both estimating the exposure-outcome associa-
tion and hypothesis testing.

The GEE method requires specification of the structure of 
the correlation matrix for the clustered outcomes. A misspeci-
fied working correlation matrix still leads to valid regression 
coefficient estimates. However, if the correlation structure is 
correctly specified, it will typically increase the efficiency of 
the estimator (Fitzmaurice 1995), and the power of the test. 
We used an exchangeable working correlation structure in 
this article to account for the within-participant between-ear 
and between frequency correlations. An unstructured work-
ing correlation structure can be used in sensitivity analyses. TA
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In addition, there are some limitations of GEE methods when 
the data structure is complex, such as its inability to accurately 
model data from multiple non-nested sources of clustering 
(Betensky et al. 2000).

We also fitted a random intercept LMM to compare with the 
results given by GEE. When there is no ear-level confounder, 
these two models generally produce very similar type I error 
rates and power. However, with the presence of ear-level con-
founder, GEE is more powerful than random intercept LMMs, 
probably because the assumptions of the latter are violated, such 
as correct specification of the mean model and distribution of 
the errors (Hubbard et al. 2010).

Wald tests rely on the asymptotic distribution theory (i.e., 
large sample size). Thus, as shown in our simulation study, a 
small sample size may lead to inflated type I error rates. In this 
case, it is recommended to perform finite-sample adjusts to 
Wald-type tests to constrain type I error rate under the expected 
level (Fay & Graubard 2001).

Notably, certain risk factors may be associated with changes 
in hearing thresholds in only one ear, such as a unilateral ear 
injury or unilateral chronic otitis media. Nevertheless, in 
scenarios where an ear-level risk factor may be differentially 
related to changes in hearing thresholds in the individual ears, 
we can include an exposure-ear interaction term in the mod-
els and the both-ear method would still be the preferred ana-
lytic approach. The findings in this article also apply to those 
scenarios.

CONCLUSION

For hypothesis testing to evaluate whether there are signifi-
cant associations between an exposure of interest and audiomet-
ric hearing threshold measurements, the both-ear method that 
includes all frequencies in the same model is the recommended 
analytic approach.
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