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Abstract

Background: Raw percentage scores can be transformed to age-specific Z scores, despite the asym-
metric distribution of normative data using a process that is applicable to any percentage (or proportion)-
based result.

Purpose: Normative values are generated for the commonly used dichotic digit and frequency pattern
behavioral tests of auditory processing.

Study Sample: A total of 180 normal-hearing children aged 7 yr 0 mo to 12 yr 2 mo took part in this study.

Research Design: A transformation and regression method is incorporated that allows for the asymmetric
distribution of normative results and the development of the response across the 7—12-yr-age range.

Data Collection and Analysis: Percentage correct scores were determined for each ear in the dichotic
digit and frequency pattern tests, delivered at 50 dB HL. The scores were arcsine transformed, then
regressed against using an exponential equation, providing an age specific estimated mean score. The
residual error of the regression was then used to estimate age specific variance.

Results and Conclusions: The ability to express results along an age continuum (while accounting for
the asymmetric distribution and significant developmental influences) as a standard unit across all ages
enables a simplified expression of performance ability on a task.

Key Words: Auditory processing disorders, Z score

Abbreviations: AD = Anderson Darling; APD = auditory processing disorder; DDT = dichotic digits test;

FPT = frequency pattern test

INTRODUCTION

school-aged children may have difficulties on
auditory processing tasks, with associated learn-
ing difficulties (Sharma et al, 2009). Standard practice in
identifying such children has been to determine whether
a child’s performance is above or below a cutoff score for a
given age band. Recommended cutoff criteria for the normal

E vidence suggests that a significant number of

range has been 2 or 3 SDs below the mean (American
Speech-Language-Hearing Association Task Force on Cen-
tral Auditory Processing Concensus Development, 1996;
American Academy of Audiology, 2010). Limitations occur,
however, when this approach is used with percentage
or proportion-based data (Studebaker, 1985)

The dichotic digits test (DDT; Musiek, 1983) and fre-
quency pattern test (FPT; Musiek, 1994; Noffsinger
et al, 1994) are standard inclusions as tests of binaural
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integration and temporal pattern processing, respec-
tively, in many auditory processing test batteries, (Bellis,
1996, 2003; Singer et al, 1998; Bellis and Ferre, 1999;
Kelly, 2007; Dawes et al, 2008; Sharma et al, 2009;
Iliadou and Bamiou, 2012), and both were frequently
reported as used in a survey of clinicians (Emanuel, 2002).
A point of difference between these two tasks and others
commonly seen in an auditory processing disorder (APD)
test battery is that the final score is expressed as a
percentage of correct responses, rather than a unit score
such as decibel or millisecond. Currently, the only pub-
lished normative data available to clinicians are norms
derived from studies of specific populations in the United
States and New Zealand (Musiek et al, 1985; Bellis, SD;
Singer et al, 1998; Kelly, 2007) (see Table 1).

The first difficulty with this form of result is that of
basing calculations on the mean and SD of an asymmetric
distribution of data. Percentage scores are distributed
binomially, rather than normally, around the mean
(Studebaker, 1985). This results in an asymmetric distri-
bution. The maximum score possible is 100%, which may
be less than 2 SDs above the mean; however, a low per-
centage score may be many SDs below the mean but still
within the range occupied by 95% of the data. Further-
more, the interpretation of a difference in score between
85% and 95% and 40% and 50% is not the same, because
the test-retest variance is much smaller in the first case
than in the latter. A transformation process is required
that normalizes the distribution of the data by keeping
the variance of data around the mean constant and which
thus produces a linear scale of change in SD units. The dou-
ble arcsine (or angular) transform (Eq. 1) is recommended

to deal with percentage, or proportionate results. Examples
of the use of the arcsine transform in speech and hearing
literature are reported by Studebaker (1985):

T = sine ' (v/(P.N/(N + 1)) + sine ! (y/((P.N + 1)/(N + 1))),
(1)

where T is the transformed score and P is the proportion
of items correct, i.e., bounded by 0 and 1 and N is the
number of presentations (items tested).

A second limitation of a simple comparison with a cutoff
score is the expression of performance purely as pass or
fail (Jerger and Musiek, 2002; Wilson et al, 2004; Dillon
et al, 2012). The first difficulty with this dichotomy is that
it does not give any indication of the degree of skill deficit.
The second problem with a dichotomy is that two scores
differing by only a tiny degree can result in opposite
results to each other. An alternative consideration of
the results is as a Z score. This is an expression of result
in SDs of the population under consideration relative to
the mean of that population, as shown in Equation 2,
where X is the percentage score obtained. For example,
a Z score of —3.5 indicates performance 3.5 SDs below
the mean. A score of +11is 1 SD above the mean. There-
fore, when results are expressed in this manner, it
states the degree of the difficulty with the task relative
to the normative population used:

Z = (X — Mean)/SD. (2)

A third complication in comparing an individual’s
score with that of a relevant population occurs when the
mean population scores vary markedly with age. As exam-
ples, both binaural integration and temporal-ordering

Table 1. Summary of Published Normative Values for the DDT and FPT

Dichotic Digit Test (Mean * SD)

Frequency Pattern Test (Mean + SD)

Study Age (yr) Left Ear Right Ear Right Ear Left Ear
Kelly (2007) 7-8 85.3 = 9.0 879 + 84 71.0 = 194 72.6 = 189
Singer et al (1998) 7 73.83 = 6.4 742 + 6.0
8 88.70 = 5.93 91.7 £ 4.9
Bellis (1996) 7 55 70
(Cutoff scores) 8 65 75 42 42
Musiek (test manual) (cutoff scores) 7-8 65 75 40 40
Kelly (2007) 9-10 9124 = 44 932 + 43 87.27 = 8.4 852 + 84
Singer et al, (1998) 9 91.41 = 47 9253 = 5.8
10 92.28 = 3.6 93.17 = 47
Bellis (1996) 9 75 80 63 63
(Cutoff scores) 10 78 85 78 78
Musiek (test manual) (cutoff scores) 9-10 75 80 65 65
Kelly (2007) 11-12 943 + 43 944 + 4.4 927 =84 914 +84
Singer et al (1998) 11+ 96.0 = 3.2 96.0 = 3.2
Bellis (1996) 11+ 88 90 78 78
(Cutoff scores) 12 80 80
Musiek (test manual) 11-12 88 920 75 75

Notes: Normative values are shown as mean values =1 SD and are both expressed as.percentage scores. The Bellis and Musiek data are

shown only as the cutoff scores, which equal 2 SDs below the mean.
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(pattern-processing) skills of auditory processing have
been demonstrated to undergo significant development
in normal children, with responses not reaching matur-
ity until approximately age 12 yr (Musiek, 1994; Bellis,
SD; Singer et al, 1998; Baran and Musiek, 1999; Kelly,
2007). The usual solution is to express the results as
mean and SDs of the percentage scores in bands
of 1 or 2 yr (see Table 1). There are two difficulties
with this. First, the progression of means, SDs, and
the consequential cutoff scores rarely shows the smooth
variation with age group that is expected with development.
This is a result of the random-sampling effects within the
relatively small samples of children on whom the normative
data are based, which will occur unless the normative data
group comprises several hundred participants. Second,
when the rate of development is sufficiently steep, which
commonly occurs in the younger age groups, the use of a
single cutoff value for an entire year of age, and especially
a 2 yr age bracket, can easily give misleading results.

An alternative approach to the interpretation of per-
centage scores is outlined in this study, along with a set
of combined Australian and New Zealand population nor-
mative values for these two commonly used APD tasks.
A regression method is contained in the analysis and
transformation process of the percentage scores outlined,
which accounts for the child’s age as a continuous variable.

The aim of this study is to provide the clinician with a
new interpretation of normative data for two commonly
used auditory processing tasks. Furthermore, expres-
sion of results along a continuum, while accounting
for the asymmetric distribution and significant develop-
mental influences, as a standard unit across all ages is
possible. This trend enables a clear expression of degree
of deficit present. This methodology is directly transferrable
to any task generating percentage scores where the mean
performance of the reference population varies with age.

PARTICIPANTS AND TEST MATERIALS

total of 180 participants contributed to the nor-
mative data set, from two groups. The first group

Table 2. Initial Normative Results

represents an Australian population, recruited through
the general community and metropolitan primary
schools, comprising 50 children (19 males and 31 females),
between ages 7.0 and 12.2 yr. The mean group age was 9.1 =
1.4 yr. The second group (n = 130) is from a New Zealand
population. The data collection and characteristics for this
group are outlined in an earlier publication (Kelly, 2007).

Inclusion criteria included no reported concerns re-
garding hearing or listening ability. Further criteria
for inclusion were no reported parental concern with
academic progress or learning ability; or a history of sig-
nificant middle ear disease, as defined as three or more
reported episodes of middle ear effusion and/or history
of ventilation tube placement.

Peripheral hearing was assessed in quiet or sound-
proof conditions using standard audiometric procedures
(either at the child’s school, the home, or the University
of Melbourne Audiology Clinic). Hearing thresholds were
required to be 15 dB HL or better at octave frequencies
from 500 Hz to 4 kHz. Evidence of normal middle ear
function included normal immittance results including
Type A tympanograms (Jerger, 1970) and the presence
of 1 kHz ipsilateral acoustic reflexes at or below 100 dB
HL (Silman and Gelfand, 1981).

Test materials were the FPT (Musiek, 1994) (DVA
recording) (Noffsinger et al, 1994) and the DDT -2
(Musiek, 1983) (Auditec St. Louis, MO, recording) deliv-
ered at 50 dB HL. The FPT was delivered monaurally,
whereas the DDT was delivered binaurally. Test and
ear order were randomly selected. A total of 20 trials
of DDT (2 pairs per trials) were used and 15 of the FPT
per ear. For both tasks, a training component of three
presentations was included. Task performance scores
were expressed as percentage correct.

RESULTS

R aw percentage scores for both tasks (n = 180) are
shown in Table 2. Results are displayed in single
and 2 yr bands, to enable comparison with other pub-
lished data.

Left DDT Right DDT Left FPT Right FPT
Age (yr) No. Mean/SD -2 SD Mean/SD -2 8D Mean/SD -2 8D Mean/SD -2 8D
7 13 81.8 73 67.2 85.9 + 7.9 70.2 782 = 183 41.6 79.2 = 18.7 60.5
8 52 85270 71.2 87.0 = 8.1 70.8 69.8 = 19.1 31.6 715 = 18.7 34.1
7-8 65 847 £7.2 70.3 88.2 + 8.1 72.0 715 + 19.1 33.3 731 = 18.8 355
9 12 85.3 + 6.7 71.9 88.8 = 5.6 77.6 77.8 =115 54.8 72.8 £ 12.6 47.6
10 49 912 £ 6.4 78.4 92.7 + 6.8 791 87.0 = 10.6 65.8 85.2 £ 9.9 65.4
9-10 61 90.1 £ 6.9 76.3 91.0 6.7 77.6 85.1 114 62.3 827 + 11.6 59.5
11 4 89.4 £ 51 79.2 975+ 29 91.7 82.0 + 12.6 56.8 90.8 = 8.3 74.2
12 50 93.3 £ 4.8 83.7 94.0 = 4.6 84.8 911+ 9.8 71.5 90.6 * 9.1 724
11-12 54 93.0 * 4.9 83.2 943 + 4.6 89.7 90.4 * 10.2 70 90.7 = 8.9 72.9

Note: The results are also represented in 2 yr brackets and the -2 $D mark provided.
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Figure 1. Non-linear regression results, showing T as a function of age.

Transformation of percentage results to give Z scores
relative to age. The normative data are first arcsine
transformed to normalize the variance, using Equation
1. These transformed scores are then regressed against
age using an exponential equation, as shown below in
Equation 3. The resulting regressions are shown in
Figure 1. Note that age is expressed as a decimal value
(e.g., 7.5 for 7 yr and 6 mo). Where the exact age of a
child was unknown (missing data), the child’s age was
placed in the middle of the age bracket to which they
were originally assigned:

T' = a+b’exp(—age/c), (3)

where T is the estimated value of T, and a, b, and c are
coefficients of the regression equation fitted to minimize
the residual squared error about the regression line.
Finally, the squared values of the residual error
around the exponential regression lines are regressed
against age to estimate how the (squared) SD varies
with age, as shown in Equation 4:
V' =f+ g'age, 4)

where V' is the estimated variance (i.e., squared SD),
and fand g (Table 3) are the coefficients of the resulting
regression equation.

The Z score for any individual percentage score can
then be calculated using Equation 5, which is a specific
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form of Equation 2 using the mean score and SD
expected for children of that age:

Z=[T-T]/VV', (5)
where T' and V' are calculated from Equations 3 and 4,
respectively.

Any scores observed below 3 SD are excluded, and the
process is repeated. Therefore, the results of one partic-
ipant within this data set were excluded binaurally
from the DDT.

The data are then examined to determine whether
they form a normal distribution and are shown as the
distributions in Figure 2. The raw data showed a skewed
distribution verified by the Anderson Darling (AD) test of
normality (left DDT: AD = 2.45, p < 0.005; right DDT:
AD = 5.34, p < 0.005; left FPT: AD = 5.04, p < 0.005;
right FPT: AD = 4.47, p < 0.005). After the transfor-
mation, the AD test of normality showed that the

Table 3. Regression Coefficients (f and g) for Use in
Equation 4 for the Four Data Sets

Data Set f g

Left DDT 0.0381 0.000391
Right DDT 0.100 —0.00484
Lefti FPT 0.399 —0.0257
Right FRT 0.481 —0.034
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Figure 2. Distribution of DDT and FPT scores before (left) and after (ri ansformation process.
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dichotic scores did not differ significantly from normal
(left DDT: AD = 0.49, p = 0.22; right DDT: AD = 0.79,
p = 0.04). The FPT scores still differed significantly from
normal but showed a lower degree of skew (left FPT: AD =
1.06, p < 0.005; right FPT: AD = 3.68, p < 0.005).

As an alternative to relying on the Z scores, the 2 SD
cutoff scores resulting from the transformations described
in this study can easily be calculated. First the lower cut-
off scores are calculated in the transformed space by sub-
tracting twice the age-appropriate SD (Eq. 4) from the
age-appropriate means (Eq. 3). These transformed cutoff
scores are then transformed back to percentages using
the inverse of Equation 1, as given by Miller (1978), as
shown in Equation 6:

p= 0.5{1 —sgn(cost)|1— (sint+ (sint — l/sint)/n)g} 1/2}7

(6)

The resulting cutoff scores are shown as a function
of age in Figure 3, along with the data on which they
are based, and several previously published cutoff scores.
Figure 3 also shows the corresponding limits that are
2 SDs above the mean. Because the score distributions

still have some negative skew, even after arcsine trans-
formation, the upper 2 SD limits were capped to the
transform value corresponding to 100% before inverse
transforming is performed.

DISCUSSION

he raw data before the transformation process are
similar to those of Singer et al (1998) and Bellis
(1996), with the mean and/or —2 SD point, on average,
in agreement with the previous finding of Bellis and/or
Singer et al. This finding suggests that the data under
review are similar in form and distribution to other nor-
mative data sets. It would also suggest that differences
among American, Australian, and New Zealand listeners
have minimal impact on these specific tasks. Therefore,
these normative results may be generalizable to populations
other than the specific ones the data were obtained from.
The asymmetric distribution of the raw data is dem-
onstrated clearly in Figure 2, with the distribution of
scores being more negatively skewed than is true of a
normal distribution. Consequently, when an SD is calculated
based on the untransformed percentage scores, more
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than 2.5% of data points decrease more than 2 SDs below
the mean. Furthermore, a value 2 SDs above the mean
is typically more than 100%, which demonstrates the
inappropriateness of using this statistic.

Also evident in Figure 2 is the normalization of the
distribution of the same data after the transformation
process. The data now show a —2 SD point that is con-
siderably lower than would be obtained simply by cal-
culating the means and SD of the raw percentage
scores, in almost all ages, in all four data sets, as illustrated
in Figure 3. The outline of the age-specific means and SDs
of the transformed data represents the original data well,
showing a similar spread of results. However, a poorer raw
percentage score is now required to reach the —2 SD point.
As a result, poorer scores have less negative Z scores
than the untransformed results, whereas better scores
show little change to resulting Z score before or after
transformation.

The previously reported development of the skills with
age is evident, confirming the need for age-specific norma-
tive data. Also seen are the changing rates of development,
being greatest in the younger years (perhaps unsurpris-
ingly), as demonstrated by the slope of the mean against
age for both the raw data (Fig. 3) and the transformed
data (Fig. 1). This steep rate of development confirms
that a 2 yr, or even 1 yr, band of normative data is
not appropriate. For example, Figure 3 shows that for
the FPT, the —2 SD point varies by more than 15% (after
retransformation to percentage data) across the 7-8 yr
age range and again in the 8-9 yr age range. Therefore,
we can improve the accuracy of normative data by taking
this approach of smoothing, in an age-dependent manner,
the results across age.

A recent emerging concept in the APD literature is
the “degree of deficit” (Cameron and Dillon, 2008; Rosen
et al, 2010; Boscariol et al, 2011; Dillon et al, 2012).
Relying solely on a pass-or-fail criterion can oversimplify
consideration of a child’s auditory processing ability. The
use of a Z score, as generated by this interpretation of the
data, allows for a clear, simple expression of the child’s
performance. For example, the use of Z scores as a con-
tinuous variable will distinguish a child who just fails to
meet some predetermined, arbitrary, cutoff score from a
child who fails to meet the cutoff score by a large degree.
Furthermore, it becomes clear that a child whose results
are slightly poorer than the cutoff score has a very sim-
ilar ability to a child whose results are only slightly bet-
ter than the cutoff score. The underlying assumption is
that the degree of disability experienced in real life will
increase with the degree of deficit observed in the audi-
tory processing test, with the more negative the Z score
the greater the difficulty. This concept of degree of im-
pairment is certainly one with which most health pro-
fessionals are familiar. The clinical decision-making
process is greatly strengthened by an awareness of the
magnitude of the skill deficit present.

CONCLUSION

ormulae based on normative data are provided for

tests of binaural integration and temporal patterning
for clinical use. Raw percentage scores are transformed to
age-specific Z scores (that have also accounted for the
asymmetric distribution of the normative results). A
simpler spreadsheet containing these formulae can be
downloaded, or used as an online tool. Interested readers
should visit the HEARnet site at http:/www.hearnet.
org.au/health-professionals-area/audiologists-speech-
pathologists/resources/.
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