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Supplementary Digital Content 8 

Tests of reproducibility 

(This document is supplementary to the paper by Summerfield, Kitterick, and Goman entitled 

‘Development and critical evaluation of a condition-specific preference-based measure sensitive to 

binaural hearing in adults: the York Binaural Hearing-related Quality of Life System’.) 

1. Introduction 

1.1. In the paper, we report statistical tests of reproducibility. This supplementary digital 

content explains the rationale for these tests and describes how we implemented them. 

 

2. Measures of Reproducibility: Agreement and Reliability 

2.1. Introduction 

2.1.1. Measures obtained at test and retest can be compared both for their agreement and 

for their reliability. Together, indices of agreement and reliability provide evidence of 

reproducibility.  

2.1.2. de Vet et al. (2006, p. 1034) explained the difference between agreement and 

reliability as follows. “Indices of agreement address the question: ‘How good is the 
agreement between repeated measurements?’ This question concerns the 
measurement error and assesses exactly how close the scores for repeated 

measurements are. In comparison, indices of reliability address the question: ‘How 
reliable is the measurement?’ in other words, how well can patients be distinguished 
from each other, despite the measurement errors? In this case, the measurement 

error is related to the variability between study objects.”  

2.1.3. de Vet et al. refer to Guyatt et al. (1987) who noted that indices of agreement are 

required for instruments that are used for evaluative purposes, while indices of 

reliability are required for instruments that are used for discriminative purposes. We 

intended that the YBHRQL should demonstrate both types of reproducibility. 

Therefore, we report both types of index in the paper. 

2.1.4. In this supplementary digital content, we first apply the method of Bland and Altman 

(1986) to estimate the limits of agreement between values of binaural utility from test 

and retest. We then describe the application of the methods of de Vet et al. (2006) to 

estimate an index of agreement as the standard error of measurement (Musselwhite & 

Wesolowski 2018) and an index of reliability as an intra-class correlation coefficient. 

2.2. Limits of agreement: Bland and Altman 

2.2.1. Bland and Altman (1986) recommended an approach to assessing agreement based on 

the differences between measures obtained in two test sessions. The sessions might 

involve two different test methods conducted more or less at the same time, or the 

same method used on two separate occasions.  

2.2.2. The approach can be summarized in a graph of the difference between measures 

plotted against their mean in what is known as a ‘Bland-Altman Plot’ (e.g. Giavarina, 

2015). Figure 2 is a Bland-Altman Plot for values of binaural utility from the YBHRQL at 

test and retest.  
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Figure 2 Bland-Altman plot of measures of binaural utility at test and retest. 

 

 

2.2.3. The plot has three relevant properties. 

2.2.3.1. The central horizontal line composed of short dashes plots the bias between 

test and retest, calculated as the mean difference between test and retest 

(-.0015). The heavy vertical line at the left-hand end of the central dashed line 

plots the 95% confidence interval of the mean (-.0173 to .0143). The interval 

includes zero. Thus there is no statistically significant evidence of a bias. 

2.2.3.2. The upper and lower horizontal lines composed of long dashes plot the 

mean difference plus and minus 1.96 standard deviations. If the differences 

between test and retest distribute normally, then 95% of the differences would 

be expected to fall between these limits. It can be seen that this is the case. A 

Shapiro Wilk Test confirms the normality of the differences (statistic = .97, df=25, 

p=.65). 

2.2.3.3. The limits themselves extend from -.0767 to .0737. This range is one 

measure of agreement between values of binaural utility at test and retest. The 

heavy vertical lines at the left-hand ends of the lines marking the limits plot the 

95% confidence intervals of the limits.  In the worst case, the limits might extend 

from about -.10 to .10. 

2.2.3.4. We defer an assessment of the informativeness of this analysis to the 

Summary in Section 3.4. 

2.3. Indices of agreement and reliability: de Vet et al. 

2.3.1. The index of reproducibility that is most often reported in the literature is an intra-

class correlation coefficient (ICC). Its generic formula is: 

 𝐼𝐶𝐶 = 𝑉𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑡𝑢𝑑𝑦 𝑜𝑏𝑗𝑒𝑐𝑡𝑠𝑉𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑡𝑢𝑑𝑦 𝑜𝑏𝑗𝑒𝑐𝑡𝑠 + 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟 

 

2.3.2. Some authors (e.g. McGraw & Wong, 1996) recommend a different, but related, 

generic formula in which the numerator and denominator are exchanged and the 

measurement error is subtracted from the variance due to study objects. In either 

case, the smaller the measurement error, the closer the ICC is to unity. Because the ICC 

depends on the variability among study objects – e.g. patients – it is an index of 

Mean binaural utility
(average of test and retest)

0.65 0.70 0.75 0.80 0.85 0.90 0.95

D
if
fe

re
n
c
e
 i
n

 h
e
a

ri
n

g
 u

ti
lit

y
(t

e
s
t 
- 

re
te

s
t)

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

Mean
-.0015

Mean + 1.96SD
.0737

Mean - 1.96SD
-.0767



Supplementary Digital Content 8 3 Summerfield et al. 

reliability. It will only reproduce across studies if the heterogeneity of study objects is 

the same in the different studies.  

2.3.3. de Vet et al. recommend the standard error of measurement (SEm) should be used as 

a measure of agreement and that the appropriate intraclass correlation coefficient 

(ICC) should be used as a measure of reliability.  de Vet et al. note that the terms 

“agreement” and “consistency” are used (highly confusingly) in the literature to 

characterize variants of the ICC which, they emphasise, is always a measure of 

reliability, not agreement. 

2.3.4. de Vet et al. described the analysis of a situation where two physiotherapists each 

made measurements of the flexibility of the shoulders of a group of patients. De Vet et 

al. advocated the following formulae for calculating an SEM and an ICC.  

 

 𝑆𝐸𝑀 = √(𝜎𝑝𝑡2 + 𝜎𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙2 ) Eqn 1

   

 𝐼𝐶𝐶 = 𝜎𝑝2(𝜎𝑝2+𝜎𝑝𝑡2 +𝜎𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙2 ) Eqn 2

  

The components of the equations are measures of variance. σ2
p is the variance due to 

patients, σ2
pt is the variance due to the physiotherapists, and σ2

residual is the variance 

due to the interaction between patients and physiotherapists. 

2.3.5. The equations can be re-expressed in terms of mean squares with a generic naming 

convention as follows: 

 𝑆𝐸𝑚 = √(𝑀𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠 + 𝑀𝑆𝑒𝑟𝑟𝑜𝑟) Eqn 3

  

 𝐼𝐶𝐶 = 𝑀𝑆𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠(𝑀𝑆𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠+𝑀𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠+𝑀𝑆𝑒𝑟𝑟𝑜𝑟) Eqn 4 

 

Table 3 lists the key values in the calculation of the indices of agreement and reliability. 

Applying Eqn 3, the SEM is estimated to be .028. Applying Eqn 4, the ICC is estimated 

to be .903. 

 

Table 3 Key values in the calculation of indices of agreement and reliability 

Component of sum of 

squares Sum of squares Degrees of freedom Mean square 

From de Vet 

et al. 

Total 0.18787410941059 (N-1) 49    

Conditions 0.00002796928289 (k-1) 1 0.0000279692829 σ2
pt 

Within 0.18784614012770 (N-k) 48 0.0039134612527   

Subjects 0.17019161031153 (n-1) 24 0.0070913170963 σ2
p 

Error 0.01765452981616 (k-1)(n-1) 24 0.0007356054090 σ2
residual 

Component of 

degrees of freedom  Value      

Conditions (k) 2     

Subjects (n) 25     

Data points (N) 50     

 

2.3.6. Readers may have noted that a different value of the ICC is reported in the paper. The 

difference arises because the formula for the ICC illustrated by de Vet et al. is generic, 

whereas specific formulae are advocated depending on the nature of the measures 
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that are to be compared and on the ways in which they were obtained. de Vet et al. 

noted that this was the case and recommended the paper by McGraw and Wong 

(1996) as a source of guidance on specific formula. For comparison of scores from a 

questionnaire that is completed on two occasions by the same group of patients, the 

recommended model is “2-way mixed effects, absolute agreement, single 

measurement”, denoted ICC(A,1) by McGraw and Wong. The formula for this version 

of the ICC is: 

 

 𝐼𝐶𝐶(𝐴, 1) = 𝑀𝑆𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠−𝑀𝑆𝑒𝑟𝑟𝑜𝑟𝑀𝑆𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠+(𝑘−1)𝑀𝑆𝑒𝑟𝑟𝑜𝑟+(𝑘𝑛)(𝑀𝑆𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠−𝑀𝑆𝑒𝑟𝑟𝑜𝑟) Eqn 5 

 

Substituting values from Table 3 into Eqn 5 gives the ICC(A,1) as 0.818 which is the 

value reported in the paper. 

 

2.4. Reproducibility: Summary 

2.4.1. The approach to assessing agreement set out by Bland and Altman is particularly 

relevant where a new measurement method is compared with an established gold 

standard. Knowledge of the limits of agreement can guide decisions about whether the 

new test is sufficiently accurate to be allowed to guide clinical judgement. We included 

a Bland-Altman plot in this supplementary digital content for completeness but judge 

that the indices of agreement and reliability described by de Vet et al. are more 

relevant when assessing the reproducibility at re-test of a self-report measure. As such, 

the SEm of the YBHRQL, at .03, is similar in size to values of the MCID reported for the 

HUI3 and the EQ-5D-3L. An ICC of 0.82 with a 95% confidence interval extending from 

.63 to .92 would mean that test-retest reliability was good, with a confidence interval 

ranging from moderate to excellent according to the criteria set out by Koo and Li 

(2016). 
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