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ABSTRACT:
Speech-in-noise tests use fixed signal-to-noise ratio (SNR) procedures to measure the percentage of correctly

recognized speech items at a fixed SNR or use adaptive procedures to measure the SNR corresponding to 50%

correct (i.e., the speech recognition threshold, SRT). A direct comparison of these measures is not possible yet. The

aim of the present study was to demonstrate that these measures can be converted when the speech-in-noise test

meets specific criteria. Formulae to convert between SRT and percentage-correct were derived from basic concepts

that underlie standard speech recognition models. Information about the audiogram is not being used in the proposed

method. The method was validated by comparing the direct conversion by these formulae with the conversion using

the more elaborate Speech Intelligibility Index model and a representative set of 60 audiograms (r¼ 0.993 and

r¼ 0.994, respectively). Finally, the method was experimentally validated with the Afrikaans sentence-in-noise test

(r¼ 0.866). The proposed formulae can be used when the speech-in-noise test uses steady-state masking noise that

matches the spectrum of the speech. Because pure tone thresholds are not required for these calculations, the method

is widely applicable. VC 2021 Acoustical Society of America. https://doi.org/10.1121/10.0005877
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I. INTRODUCTION

It has been recognized for decades that the negative

effect of background noise on speech recognition is greater

for listeners with hearing loss than for listeners with normal

hearing (Carhart and Tillman, 1970; Plomp, 1978).

Different approaches have been taken in the development of

speech-in-noise tests to quantify speech recognition abilities

in noise. Speech-in-noise-tests most often use either fixed-

signal-to-noise ratio (SNR) procedures or adaptive

procedures (Ricketts et al., 2019).

Fixed-SNR (i.e., the constant-stimulus method) means

that the SNR is fixed and all stimuli are presented at the

same SNR. The test measures the percentage-correct at that

specific SNR, thus, only one point on the speech recognition

function is determined. The speech recognition function

describes the relationship between the SNR and the percent-

age of correctly recognized speech items. The advantage of

the procedure is the simplicity to administer the test and the

result, a percentage-correct, which is an easily understood

measure for researchers, clinicians, and patients. Examples

of this type of speech-in-noise test are the BKB-SIN,

Bamford-Kowal-Bench Speech-in-Noise test (Bench et al.,
1979), SPIN (Speech Perception in Noise test) (Bilger et al.,

1984), PRESTO, Perceptually Robust English Sentence Test

Open-set (Gilbert et al., 2013), and SPRINT (Speech

Reception in Noise Test) (Brungart et al., 2017).

Disadvantages of the procedure are ceiling and floor effects

for good and poor performers, respectively, and the differ-

ence score (e.g., comparing the effect of two different hear-

ing aid settings or when comparing listeners) depending on

the chosen SNR (Owen, 1981). Furthermore, with the fixed-

SNR procedure, it is not possible to quantify differences in

speech recognition abilities when measurements are per-

formed at different SNRs.

Adaptive procedures determine the SNR where the

average speech recognition score equals a certain

percentage-correct, commonly called the target point. The

one-up one-down adaptive procedure (Levitt, 1971; Garc�ıa-

P�erez, 1998; Smits and Houtgast, 2006) is often used to

measure the speech recognition threshold (SRT),1 which

represents the SNR where the listener recognizes 50% of the

speech items correctly (sometimes denoted as SNR50).

Examples of adaptive speech-in-noise tests are the HINT

(Hearing in Noise Test) (Nilsson et al., 1994), the WIN

(Words-in-Noise test) (Wilson, 2003), QuickSIN (Quick

speech-in-noise test) (Killion et al., 2004), DIN (Digits-in-

Noise test) (Smits et al., 2013), and MATRIX tests

(Kollmeier et al., 2015). The results of a speech-in-noise

test can, therefore, be expressed as either percentage-correct

(%), or, in dB SNR depending on the specific test and
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measurement procedure. We are not aware of direct calcula-

tion methods to convert between percentage-correct and dB

SNR, making direct comparison of results impossible.

The Speech Intelligibility Index (SII) model (ANSI,

1997) can be used to compute a physical measure (SII

value), which represents the amount of speech information

available to the listener depending on the speech signal,

noise signal, and hearing thresholds of the listener. The

method is relatively complex with numerous parameters and

calculation steps, which makes it almost necessary to use

computer software. The calculated SII value is related to the

speech recognition score through a transfer function. When

the SRT for a listener is known, it is possible to calculate

the SII value using the hearing thresholds and properties of

the speech and noise. Then the percentage-correct score at a

certain SNR can be predicted using the SII model and the

transfer function. Thus, converting SRTs to percentage-

correct is possible, albeit complex, by using the SII model.

Details about the SII model and the calculations are

described below (Sec. II).

In the present study, an analytical method is presented

to convert between results from a fixed-SNR procedure,

expressed in percentage-correct and SRT. A unique aspect

of the proposed method is that, unlike the SII method, pure

tone thresholds are not required for the calculation. This

makes it possible, for example, to quantify differences

between groups of listeners or differences between condi-

tions of published data in which fixed-SNR methods with

different SNRs were used. The proposed conversion method

is compared to the SII model, which uses pure tone thresh-

olds to account for audibility, and a more elaborated SII

model, which includes the effect of suprathreshold deficits.

Further, an experimental study will be presented in which

the conversion method is validated using a sentence-in-noise

test presented to listeners with a wide range of hearing

losses.

II. CONVERTING BETWEEN PERCENTAGE-CORRECT
AND SRT I

Smits and Festen (2011, 2013) described speech recog-

nition as a three-stage process. Their description largely fol-

lowed the basic concepts underlying most of the present

models of speech recognition: the articulation index (AI)

(ANSI, 1986), the SII (ANSI, 1997), and the STI (Steeneken

and Houtgast, 1980). Stage 1 concerns the physical descrip-

tion of the acoustical input signal. Stage 2 describes how

well the peripheral auditory system can extract speech infor-

mation from the input signal, and stage 3 describes the proc-

essing of the extracted speech information (i.e., top-down

processing). For hearing-impaired listeners, the ability to

extract speech information from the input signal is dimin-

ished, which is often interpreted as a problem in stage 2 of

the recognition process. The impairments of the peripheral

auditory system can be characterized either as a loss of audi-

bility of a proportion of the input signal due to an elevated

hearing threshold or limitation in extracting speech informa-

tion from the audible portion of the input signal (i.e.,

suprathreshold deficits). As a consequence, the hearing-

impaired listener needs an input signal with more speech

information available (e.g., a broader bandwidth or a more

favourable SNR) to achieve the same percentage-correct

score as normal-hearing listeners. If the input signal for the

normal-hearing listener and the hearing-impaired listener is

identical, then percentage-correct scores will generally be

lower for the hearing-impaired listener.

The SII model provides a standardized method of deter-

mining the intelligibility of speech by calculating the audi-

bility in each frequency band and adding the weighted

results. The audibility is expressed as the proportion of

speech above the greater of either hearing threshold or the

masking noise. The SII assumes that the audibility ranges

from 0 to 1 when the SNR ranges from –15 to 15 dB, thus

assuming a 30 dB dynamic range for speech. A level-

distortion factor and self-speech masking are incorporated

in the SII model. The level-distortion factor accounts for the

decrease in intelligibility at high presentation levels, and

self-speech masking refers to masking of higher speech fre-

quencies by lower speech frequencies (ANSI, 1997). A

desensitization factor has been proposed to correct for the

suprathreshold deficits that hearing-impaired listeners may

have (e.g., Pavlovic et al., 1986; Ching et al., 1998).

A transfer function denotes the relationship between SII

values and percentage-correct score. The transfer function

depends on the speaker and the kind of speech material

used. The transfer function may also depend on the listener

(non-native listeners, for instance, need more speech infor-

mation than native listeners to achieve a certain percentage-

correct score), but in standard SII calculations, one specific

transfer function is used for each type of speech material.

An SII value of 1 means that all the speech information is

available to the listener, which corresponds to the upper

asymptote of the transfer function (often 100%, but that can

also be a lower score).

In the current paper, as in Smits and Festen (2011,

2013), an approximation of the SII model is used, which

only holds for speech recognition in steady-state speech

spectrum shaped noise. Two general properties of the SII

function follow. First, the SII function for normal-hearing

listeners maps SII values ranging from 0 to 1 linearly to the

SNRs from –15 to 15 dB. Second, the SII function for

hearing-impaired listeners is shallower and grows linearly

from 0 to its maximum value, between SNR¼ –15 dB and

SNR¼ 15 dB. See Smits and Festen (2011) for detailed

information. Figure 1(A) shows the SII function for normal-

hearing listeners and an example SII function for a hearing-

impaired listener. The corresponding speech recognition

functions are shown in Fig. 1(B). Note that hearing-

impaired listeners may reach scores of 100% because, in

general, SII values less than 1 are required to reach 100%

recognition scores. Smits and Festen (2011) demonstrated

that the hearing-impaired speech recognition function could

be fully determined from the normal-hearing speech recog-

nition function when the SRT for the hearing-impaired lis-

tener is known. They demonstrated this framework’s
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validity by analyzing data sets from Smits and Houtgast

(2006; nearly 40 000 digit-triplet SRTs from the Dutch

National Hearing Test) and Zekveld et al. (2011; sentence

SRTs). Because the entire hearing-impaired speech recogni-

tion function can be described analytically when only the

SRT of the hearing-impaired listener and the normal-

hearing speech recognition function are known, any conver-

sion from SNR to percentage-correct can be done.

The arrows in Fig. 1(B) represent the results from two

hypothetical speech-in-noise tests. In this example, adaptive

speech-in-noise testing reveals that the SRT for the hearing-

impaired listener equals 0 dB (which is 5 dB worse than the

SRT for normal-hearing listeners, depicted by the horizontal

arrow). When using a fixed-SNR speech-in-noise test, the

percentage-correct would be approximately 25% for an

SNR of �3 dB (which is 50% less than the score for normal-

hearing listeners, depicted by the vertical arrow). The

arrows are also plotted in Fig. 1(A). The aim of this paper is

to provide equations to convert between SRT and

percentage-correct, given the speech recognition function of

normal-hearing listeners. Thus, for the example above, a for-

mula will be provided to convert the 0 dB SRT to 25% cor-

rect at SNR¼ –3 dB, but also for the percentages correct at

any SNR, and vice versa.

Because the normal-hearing and hearing-impaired SII

functions are linear and reach a value of zero at the same

point ( –15 dB SNR), each arrow in Fig. 1(A) fully defines

the hearing-impaired SII function, and relatively simple

relationships exist between the different measures (i.e., SRT

and percentage-correct).

The speech recognition function, P(SNR), is a sigmoid

function that can be approximated by, for example, the

cumulative normal distribution or a logistic function. Note

that, traditionally, the transfer function is described by

P(SII)¼ (1–10-SII/Q)N (Fletcher and Galt, 1950; Studebaker

and Sherbecoe, 1991), which yields a similar function for the

speech recognition function with SII replaced by (SNRþ15)/

30 when using the previously mentioned approximation of

the SII model. As indicated by Studebaker and Sherbecoe

(1991), a number of equations could describe the transfer

function and whatever gives the best fit may be best to use.

The logistic function is often used to describe the speech

recognition function because of its ease of computation (e.g.,

Gordon-Salant and Fitzgibbons, 1995; Brand and Kollmeier,

2002; MacPherson and Akeroyd, 2014). Then the speech recog-

nition function for normal-hearing listeners, called the reference

speech recognition function, is described as

P SNRð Þ ¼ 100

1þ exp �0:04 � S50;NH SNR� SRTNHð Þ
� � ; (1)

where S50,NH is the slope of the normal-hearing speech rec-

ognition function at 50% correct, expressed in %/dB, and

SRTNH is the SRT for normal-hearing listeners. Slope values

differ between stimuli sets (MacPherson and Akeroyd,

2014) and range between approximately 6%/dB for pho-

nemes in words (Smits et al., 2013) to 13% for high-

predictability sentences (Versfeld et al., 2000), up to 19%

for digit triplets (Smits et al., 2016). The different slopes of

the SII functions for normal-hearing listeners and hearing-

impaired listeners yield differences in slopes of the speech

recognition functions. Note that the amount of speech infor-

mation available to the listeners (represented by the SII

value) is the same for all listeners at their SRT. The ratio of

the slopes of the SII functions simply equals the ratio of the

slopes of the speech recognition functions (Rhebergen and

Versfeld, 2005; Smits and Festen, 2013). This results in the

following equation for the slope of the speech recognition

function for the hearing-impaired listener [Eq. (4) in Smits

and Festen, 2011]:

S50;HI ¼ S50;NH

SRTNH þ 15

SRTHI þ 15
: (2)

FIG. 1. (Color online) (A) The SII function for normal-hearing listeners and a sample SII function for a hearing-impaired listener in steady-state noise and

(B) speech recognition functions for these listeners. The horizontal arrow shows the difference in SRT between normal-hearing listeners and a hearing-

impaired listener. The vertical arrow represents the difference in percentage-correct at an SNR of �3 dB. The corresponding arrows are shown in (A).
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When replacing S50,NH in Eq. (1) by the slope of the speech

recognition function for the hearing-impaired listener [Eq.

(2)], and replacing SRTNH by SRTHI, the speech recognition

function for the hearing-impaired listener is obtained. The

resulting equation describes the percentage-correct score for

a hearing-impaired listener, PHI, at a fixed SNR, SNRfixed,

given their SRT,

PHI¼
100

1þ exp �0:04 �S50;NH
SRTNHþ15ð Þ
SRTHIþ15ð Þ SNRfixed�SRTHIð Þ

h i :
(3)

From Eq. (3), it is noticeable that parameter SRTHI affects

both slope and position of the speech recognition function,

as shown in Fig. 1(B).

For the converse calculations where the percentage-

correct score is known, the equivalent SRTHI can be calcu-

lated using the following formula:

SRTHI ¼
SRTNH þ 15ð Þ � SNRfixed þ 15ð Þ

SRTNH þ 15ð Þ � 1

0:04 � S50;NH

ln
100

PHI

� 1

� �� 15:

(4)

Equations (3) and (4) are valid for the conversion of speech

recognition scores when a logistic function can approximate

the normal-hearing speech recognition function. A general

approach valid for any monotonic rising normal-hearing

speech recognition function is given in the Appendix.

Figure 2 illustrates examples of conversion functions

[Eq. (3) by choosing SRTNH¼ –5 dB SNR and S50,NH

¼ 14%/dB] for various values of SNRfixed.

Figure 2 illustrates the nonlinear relationship between

SRT and percentage-correct for all values of SNRfixed. The

floor and ceiling effects associated with fixed-SNR methods

are reflected in the asymptotic behavior of the curves. The

insensitivity of fixed-SNR methods to detect differences

between listeners for certain combinations of SNRfixed and

SRT is illustrated in Fig. 2. For example, when testing listen-

ers with SRTs in the range between �5 and 0 dB SNR at a

fixed SNR of 5 or 10 dB, then the percentage-correct scores

for these listeners are between 90% and 100%. Thus, a large

number of stimuli are needed to detect significant differences

between them. It may be concluded that for each fixed SNR

value, only the results for listeners with SRTs within a range

of approximately 5 dB provide valuable information (i.e.,

SRTs corresponding to the steep sloping part of the curves).

III. VALIDATION OF THE CONVERSION METHOD:
THE SII MODEL AS A BENCHMARK

To validate the accuracy of the conversion using the

equations from the present study, we compared results from

using the proposed simple analytical equations to results

obtained from critical-frequency-band SII model calcula-

tions, which is currently the standard for calculating speech

intelligibility. As indicated in the introduction, when the

speech signal, noise signal, and hearing thresholds are

known, then the SII model can calculate the amount of

speech information available to the listener. These SII

model calculations are used to determine the SRT and

percentage-correct scores at various fixed SNRs for a repre-

sentative set of “standard audiograms” from hearing-

impaired listeners. Then, these percentage-correct scores are

compared to percentage-correct scores calculated directly

from the SRTs using Eq. (3).

The SII model is widely used to calculate the intelligi-

bility of speech in steady-state noise. It provides a way of

quantifying the effect of audibility on speech intelligibility

and uses the listener’s hearing threshold to account for the

loss of audibility that hearing-impaired listeners may have.

Several suggestions to incorporate the effects of suprathres-

hold deficits on speech intelligibility have been proposed to

improve the model predictions for hearing-impaired listen-

ers. The equations from the current paper are based on the

fundamentals of the SII model. Essentially, the SII model

was simplified by omitting self-speech masking, upward

spread of masking, the level distortion factor, and by consid-

ering the loss of audibility due to an elevated hearing thresh-

old constant. The latter means that it is assumed that the

proportion of speech that is below the hearing threshold is

constant within the range of presentation levels used in the

tests (see Discussion section). The most notable difference

between the two approaches is that the hearing thresholds

and spectra of the speech and noise are needed for SII model

calculations, whereas the equations in the current paper can

be used without knowing the pure tone thresholds and the

spectra of the stimuli.

A. Methods

1. Audiograms

A representative set of 60 typical audiograms from

Bisgaard et al. (2010) was used. They constructed these

FIG. 2. (Color online) Speech recognition scores in percentage-correct for

fixed-SNR methods as a function of the SRTHI of the listener. Results for

different values of SNRfixed are shown.
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audiograms from a large data set of recorded audiograms,

and they cover the entire range of audiograms met in clinical

practice. Bisgaard et al. (2010) present the hearing threshold

for eight test frequencies for each of these 60 typical audio-

grams. The hearing thresholds for the 21 frequencies used in

the SII critical-frequency-band procedure were based on

these eight test frequencies.2

2. Reference speech recognition function

The reference (or normal-hearing) speech recognition

function was based on the speech recognition function of the

American English HINT (Nilsson et al., 1994) and is repre-

sented by a logistic function [Eq. (1)] with SRTNH¼ –2.5 dB

(Eisenberg et al., 1998) and S50,NH¼ 13.6%/dB. This slope

value represents an average steepness of 11.8%/dB between

20%-correct and 80%-correct as reported by Eisenberg et al.
(1998).

3. SII model calculations

The critical-frequency-band method of the SII was used

for the calculations. This method uses 21 frequency bands

and is the most accurate method in the standard. The stan-

dard speech spectrum and the band importance function for

SPIN were used in the calculations. It was assumed that the

noise level was fixed at 65 dB SPL while the speech level

varies, as is typically done when administering the HINT.

The following steps were taken:

(a) The SII values for HINT sentences presented at SNRs

ranging from �15 to 15 dB were calculated (0.1 dB

steps), assuming hearing thresholds at 0 dB hearing

level (HL). It also included the SII value correspond-

ing to SRTNH. Then, the transfer function was deter-

mined from the range of SII values and the reference

speech recognition function.

Next, for each of the 60 standard audiograms:

(b) the SRTHI that corresponds to the SII value for

normal-hearing listeners was calculated

(c) SII values corresponding to SNRfixed¼�5, 0, 5, 10 dB

were calculated, and

(d) percentage-correct for these fixed SNRs were calculated

from (c) and the transfer function determined in (a).

These calculations produced for each audiogram (1) the

SRTHI and (2) percentage-correct scores for the series of

fixed SNRs.

The calculations were also performed with a modified,

more elaborated SII model, which incorporates the supra-

threshold deficits that hearing-impaired listeners may have.

In this modified model, an empirically derived hearing loss

desensitization factor, proposed by Ching et al. (2015) and

used in the NAL-NL2 fitting rule, was added to the SII criti-

cal-frequency-band method. The amount of desensitization

for each frequency band is non-linearly dependent on the

hearing threshold for that frequency band in this modified

SII model.

4. Direct conversion of SRT to percentage correct
with Eq. (3)

Equation (3) was used to convert the SRTHIs directly to

percentage-correct scores. Note that no hearing thresholds

were used in this calculation but only the hearing-impaired

SRT and the reference speech recognition function.

B. Results

Figure 3(A) shows the percentage-correct scores calcu-

lated directly from SRTHI [Eq. (3)], thus without using the

audiogram, against the percentage-correct scores determined

from the SII model and the audiogram, for four fixed SNR

levels. Figure 3(B) shows the results of these calculations

for the modified SII model. Only data points with

percentage-correct scores between 5% and 95% are shown

because the estimates of percentage-correct scores are

highly sensitive to errors in the SRT and the reference

speech recognition function outside this range. Overall,

there were very strong correlations between the scores

(r¼ 0.993 and r¼ 0.994, respectively). The root-mean-

square (RMS) errors in percentages for comparing the stan-

dard critical-frequency-band SII model, Fig. 3(A), and the

modified SII model, Fig. 3(B), are approximately 4%.

Separate calculations for the fixed-SNR groups show that

RMS errors are largest for the highest SNRfixed (i.e., 10 dB)

and smallest for the lowest SNRfixed (i.e., –5 dB).

IV. EXPERIMENTAL VALIDATION OF THE
CONVERSION METHOD: AFRIKAANS
SENTENCE-IN-NOISE TEST

The criterion validity of the conversion method test was

assessed by comparing SRTs calculated from percentage-

correct scores to SRTs measured with an adaptive proce-

dure, which we consider the standard for determining the

SRT. First, the reference speech recognition function was

determined from an experiment with normal-hearing partici-

pants. Second, SRTs and percentage-correct scores at fixed

SNRs were determined in a group of participants with dif-

ferent degrees of hearing loss. The SRTs were measured

with a standard adaptive procedure and compared to SRTs

which were determined by converting percentage-correct

scores using our proposed method.

A. Methods

1. Participants

Two groups of listeners participated in the experiment:

normal-hearing listeners to determine the reference speech

recognition function and a group of participants with diverse

hearing losses.

Eighteen normal-hearing listeners participated (2 male,

16 female). Mean age was 22 years (ranged from 19 to

26 years of age). The better ear was used in the speech-in-

noise experiment. Pure-tone thresholds for these ears were

equal to or better than 15 dB HL for all octave frequencies

from 250 to 8000 Hz.
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The mean age of the second group of 28 participants (9

male, 19 female) was 62 years (ranged from 23 to 86 years

of age). The pure tone thresholds of the participants’ ears

used in the experiment are shown in Fig. 4. The mean hear-

ing loss, averaged across 500, 1000, 2000, and 4000 Hz, was

33 dB (standard deviation, SD ¼ 15, ranged from 3 to 61).

The study was approved by the Faculty of Humanities

Research Ethics Committee, University of Pretoria

(Approval Number: GW20180717HS).

2. Stimuli

The target sentences were from the Afrikaans test for

sentence recognition in noise (Theunissen et al., 2011).

These high-predictability sentences (e.g., “Die vrou het haar

huis opgeruim” translated as “The woman cleaned her

house”) were spoken by a female talker and are similar to

the HINT sentences for the English language (Nilsson et al.,
1994). Speech-shaped noise was constructed from Gaussian

noise that was filtered to match the long-term power spec-

trum of the sentences. The test consists of 18 lists of ten

sentences.

3. Procedure

The group of normal-hearing listeners was tested to

determine the reference speech recognition function. The

sentence lists were presented at eight different SNRs rang-

ing from –10 to 4 dB in 2-dB steps. Among the 18 lists, eight

were selected (one for each SNR) and presented to each par-

ticipant. The sentence lists and order of the presentation lev-

els were counterbalanced across the participants. Thus, each

of the 180 sentences was presented once at each of the

SNRs.

For the second group of participants, adaptive SRT tests

were repeated twice for each participant, and four fixed-

SNR tests were administered. No sentence list was presented

more than once to any participant. A one-up one-down

adaptive procedure with a fixed step size of 2 dB was used

to determine the SRT (Theunissen et al., 2011). The SRT

was calculated by averaging the last 7 SNRs. The average of

the two SRT estimates was used to choose the fixed-SNR

levels. The two closest SNRs from the following SNRs were

chosen: –5, 0, 5, and 10 dB SNR. For example, if one partic-

ipant had an average SRT of 1.3 dB SNR, then the fixed

SNRs of 0 and 5 dB were chosen. Two lists of ten sentences

were presented at each of the two chosen SNRs.

For both the normal-hearing listeners and the second

group of participants, the stimuli were presented monaurally

at a fixed overall level of 65 dB SPL over Sennheiser

FIG. 3. (Color online) (A) Percentage-correct for four values of SNRfixed calculated directly from the SRTHI against percentage-correct determined from the

SII model with the standard critical-frequency-band method and (B) similar calculations but for the modified SII model with a hearing loss desensitization

factor.

FIG. 4. (Color online) Audiograms (test ears) the group of for participants with

different degrees of hearing loss. The boundaries of each box indicate the 25th and

75th percentiles, a line within the box marks the median. Whiskers indicate the

90th and 10th percentiles. The mean thresholds are denoted with a thick blue line.
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HDA280 headphones in a sound-treated room. One adaptive

practice list was provided before testing.

B. Results

1. Reference speech recognition function
(normal-hearing listeners)

Figure 5 shows the mean percentage correct, averaged

across participants and sentences, as a function of SNR.

Each data point represents the mean and standard error of

the mean of 180 presentations. The reference speech recog-

nition function is depicted by the dashed line and was deter-

mined by fitting a logistic function [Eq. (1)] to the raw data.

The fitting procedure provided estimations for the two

parameters of the logistic function: S50,NH¼ 16.8%/dB, and

SRTNH¼ –5.6 dB SNR.

2. Converting percentage-correct to SRT (participants
with different degrees of hearing loss)

For each participant from the second group, the two mea-

sured SRTs from the adaptive procedure were averaged to

obtain SRTadaptive, and the number of correctly recognized sen-

tences from the 20 presentations at each fixed SNR was used

to determine the percentage-correct score. Figure 6(A) shows

the percentage-correct scores against SRTadaptive. The pre-

dicted relationships between these parameters are depicted by

dashed lines representing Eq. (3) with S50,NH¼ 16.8%/dB and

SRTNH¼ –5.6 dB SNR.

The percentage correct scores were converted to

SRTfixed SNR by using Eq. (4) with S50,NH¼ 16.8%/dB, and

SRTNH¼ –5.6 dB SNR. Five of the SRTfixed SNRs could not

be calculated because 0 or 100% of the sentences were cor-

rectly recognized. For a participant with severe hearing loss,

SRTadaptive equaled 14.6 dB SNR, and the fixed-SNR proce-

dure was applied only at SNR¼ 10 dB. Thus, a total of 50

SRTfixed SNR remained for analyses. There was no significant

difference between SRTadaptive (M ¼ 0.94, SD¼ 5.29) and

SRTfixed SNR (M ¼ 0.94, SD¼ 4.91), t(49)¼ 0.015,

p ¼ 0.988. The relationship between both SRT estimates is

highlighted in Fig. 6(B). It shows SRTfixed SNR against

SRTadaptive. The dashed diagonal line represents equal per-

formance. There is a strong correlation between SRTadaptive

and SRTfixed SNR , r(48)¼ 0.866, p < 0.001.

V. DISCUSSION

The importance of assessing speech recognition abili-

ties in noise for hearing-impaired listeners is well recog-

nized. Fixed-SNR methods and adaptive procedures both

have their advantages and disadvantages. This paper pro-

vides formulae to convert fixed-SNR speech recognition

scores, expressed in percentage-correct, to SRTs and vice

versa, making a comparison of results possible. Importantly,

neither the pure tone thresholds nor the speech and noise

FIG. 5. (Color online) Reference speech recognition function for the

Afrikaans sentence-in-noise test. The dashed line is a fitted logistic function

with S50,NH¼ 16.8%/dB, and SRTNH¼ –5.6 dB SNR.

FIG. 6. (Color online) (A) Percentage correct scores at four different fixed SNR values against SRT. Dashed lines represent Eq. (3) with the two parameters

from the reference speech recognition function. (B) SRTs calculated from percentage-correct scores at fixed SNRs against SRTs determined with a standard

adaptive procedure.
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spectra are needed for the conversion. The derived equations

can be used for all speech materials when the normal-

hearing speech recognition function for that specific speech

material is known.

Reasons why the proposed method does not require

thresholds and spectra information, in opposition to the SII

model which does, include first the effect of elevated thresh-

olds being similar for fixed and adaptive SNR procedures.

In both procedures, they can cause inaudibility of portions

of the speech, which results in a higher SRT or a lower

percentage-correct score. Second, because it is required for

our approach that the spectra from the speech and noise are

equal, the relationship between SII values and SNR (the SII

function) can be approximated very closely by a linear

function.

Both testing methods have been in use for decades, and

surprisingly, to our knowledge, no conversion methods

between % and dB have been available to date. However,

they aim to measure the same construct (i.e., the ability to

recognize speech in noise) using the same stimuli and

response task. If it is ensured that the fixed-SNR method and

the adaptive procedure measure exactly the same construct,

it should be possible to convert from one measure to

another. This, however, is not always the case, which under-

mines the validity of the presented equations. The audibility

component of the hearing loss could be different for both

methods, which occurs when the speech levels are not equal,

and more speech is audible in one of the methods. For exam-

ple, when percentage-correct scores are measured at a low

SNR, outside the range of SNRs used in the adaptive proce-

dure, a larger proportion of the speech will be inaudible.

This means that the ability to recognize speech in noise is

different for both measurements conditions, and both tests

measure a slightly different construct. Consequently, the

conversion formulae will not be fully correct. This effect is

clearly demonstrated for the SNRfixed¼ 10 dB condition in

Fig. 3(A). The direct calculations underestimate percentage-

correct scores for high percentages and overestimate

percentage-correct scores for low percentages. Listeners

with percentage-correct scores between 50% and 90% at the

relatively favourable SNRfixed of 10 dB have relatively poor

audiograms (i.e., high pure-tone thresholds). Their SRTs are

lower than 10 dB because their percentage-correct scores are

higher than 50%. When measuring at a fixed SNR of 10 dB,

a larger proportion of the speech signal will be audible dur-

ing the adaptive procedure where lower SNRs are used. The

SII model takes the improved audibility into account, but

the direct calculations do not. For listeners with percentage-

correct scores between 10% and 50%, the audibility reduces

when measuring at a fixed SNR of 10 dB because these lis-

teners have SRTs higher than 10 dB.

Figures 2 and 6(A) illustrate the caution required when

interpreting speech recognition data in noise. Percentage-

correct scores from fixed-SNR methods are particularly vul-

nerable to misinterpretation because of floor and ceiling

effects and because percent-correct scores cannot be com-

pared when obtained at different SNRs.

The proposed method for converting percentage-correct

scores to SRTs was experimentally validated (Sec. IV) for a

standard speech-in-noise test with Afrikaans high predict-

ability sentences. The reference speech recognition function

could be described accurately with a two-parameter logistic

function, and the subsequent experiment revealed that SRTs

could be predicted very well from percent-correct scores

using the two parameters from the reference speech recogni-

tion function [Fig. 6(B)]. The scatter around the line of

equality can be attributed, at least for the most part, to the

measurement error because the correlation between both

values for SRTadaptive [r(26)¼ 0.882, p < 0.001] is similar

to the correlation between SRTadaptive and the SRT which

was derived from the percentage-correct score.

One of our methods important outcomes is that it can

quantify differences in speech recognition even from previ-

ous experiments or published data if the reference speech

recognition function is known. For example, from our

experimental data (Sec. IV), the average number of correctly

recognized sentences equals 27.9% at �5 dB (14 partici-

pants), and the average number of correctly recognized sen-

tences at 0 dB equals 62.6% (13 participants). The

difference in the ability to recognize sentences in noise

between these groups can be quantified by converting these

mean percentage-correct scores to mean SRTs and calculat-

ing the difference in dB. It yields a mean difference of

6.7 dB, which is very similar to the value of 7.3 dB for the

mean difference between the SRTs from the adaptive proce-

dure. Although the number of data points is low for the

highest SNR (i.e., 10 dB SNR), the data in Fig. 6 indicates

that for this SNR, the SRTs derived from percentage-correct

scores are lower than the SRTs from the adaptive procedure.

A likely reason for this is the bias in SRT estimates for par-

ticipants with severe hearing losses who do not reach 100%

correct scores in quiet. Then the adaptive procedure does

not work effectively, and the target point differs from 50%

(Smits and Houtgast, 2006).

An important aspect of a speech-in-noise test is the pre-

cision, represented by the measurement error. We used a

brute-force method (Smits and Houtgast, 2006) to determine

the measurement error for the adaptive procedure from the

Afrikaans sentence-in-noise test. For the standard ten-

sentences adaptive procedure, the calculated measurement

error ranges from 1.2 dB for normal-hearing listeners to

2.3 dB for listeners with an SRT of 10 dB. The measurement

error reduces with a factor 1/�2 to, respectively, 0.8 and

1.6 dB when the average of two SRT estimates is used as in

Fig. 6(B). The measurement error for the fixed-SNR proce-

dure depends on the probability of a correct response, p, and

the number of presentations (Thornton and Raffin, 1978).

Because the slope of the speech recognition function is very

shallow for high recognition probabilities, the measurement

error for SRTs that are calculated from percentage-correct

scores becomes large as well when based on these probabili-

ties. However, even when percent-correct scores are not too

low or too high (approximately between 10% and 90%), the

measurement error of the SRTs derived from these percent-
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correct scores is larger than the measurement errors from

the adaptive procedure.

Besides the random error caused by the limited preci-

sion of the measurement, converting one measure to another

will introduce a systematic error because the reference

speech recognition function is not known exactly. We

explored the effect of inaccurate values of S50,NH and

SRTNH on percentage-correct scores calculated from SRTs

[Eq. (3)] by using the partial derivative of P with respect to

S50,NH and SRTNH. The standard errors of S50,NH and

SRTNH for the reference speech recognition function for the

Afrikaans test for sentence recognition in noise (Sec. IV B 1)

are 0.9%/dB and 0.6 dB SNR, respectively. The effect of the

calculated percentage-correct scores is approximately

between �1 and 1% for both errors when varying of SRTs

between �5 to 15 dB and SNRfixed between �5 and 10 dB.

The effect is positive when SRTHI < SNRfixed, negative

when SRTHI > SNRfixed, and 0% when SRTHI ¼SNRfixed.

The effect on the calculated percentage-correct score is rela-

tively small compared to the effect of the error in a standard

SRT estimate, but this emphasizes the importance of accu-

rately determining the reference speech recognition

function.

The formulae in this paper for converting the results

from speech-in-noise measurements apply only when the

speech-in-noise test meets several requirements: (1) the

steady-state masking noise has exactly the same spectrum as

the long term speech spectrum; (2) the SNR is correctly

defined;3 (3) the steady-state noise is Gaussian noise; and

(4) bandwidth, and quality of the signals are identical for all

measurements.4 The derivations in this paper assume that

the SII function for hearing-impaired listeners starts at

–15 dB SNR, as for normal-hearing listeners. It seems rea-

sonable to expect a higher value than –15 dB SNR for some

hearing-impaired listeners, particularly cochlear implant

users (Smits and Festen, 2011). However, the approach used

here follows the basic assumptions of the SII model and the

modified SII model (Ching et al., 2015) and these models

both assume that the speech information becomes accessible

for SNRs above –15 dB for normal-hearing and hearing-

impaired listeners. This assumption proved to be true for

group data (Smits and Festen, 2011), but may overlook indi-

vidual differences between hearing-impaired listeners.

It is possible to derive formulae that could be used for

tests that do not meet all these requirements, but these for-

mulae will be more complex. The SII function will be shal-

lower and will not start from –15 dB SNR when, for

instance, white noise is used for masking instead of noise

that matches the spectrum of the speech material. Many

speech-in-noise tests use fluctuating noises like modulated

speech noise, single-talker interference, or multitalker bab-

ble. The SII function for a fluctuating noise is shallower and

stretches over a larger range than the 30 dB range for

steady-state noise (Smits and Festen, 2013). Formulae to

convert percentage-correct to SRT or vice versa can be

derived when the exact SII function for the fluctuating noise

is known. Note that the terms steady-state noise and

fluctuating noise are used here in the traditional sense,

where steady-state noise refers to Gaussian noise shaped to

match the spectrum of the speech. In earlier work, it has

been assumed that steady-state noise produces energetic

masking, which limits speech recognition. However, Stone

et al. (2012) and Stone and Moore (2014) demonstrated that

the inherent fluctuations in the noise primarily produce the

masking in this type of noise. They use the term notionally

steady-state noise to take into account this finding.

VI. CONCLUSIONS

We have derived a simple analytical method to convert

between results from fixed-SNR procedures, expressed in

percentage-correct, and SRTs from adaptive procedures,

expressed in dB SNR, when the speech-in-noise test uses

steady-state masking noise that matches the spectrum of the

speech. Pure tone thresholds are not required for these cal-

culations, which makes the method widely applicable. The

experimental data and comparison to the SII model demon-

strate the validity of the approach and the usefulness of the

proposed equations. These equations permit an easy com-

parison of results from different studies on speech recogni-

tion in noise, to quantify differences in speech recognition

abilities in noise when measurements are performed at dif-

ferent SNRs, and to compare percentage-correct scores to

SRTs.

APPENDIX: DERIVATION OF GENERAL EQUATIONS

Figure 7(A) shows the SII function for normal-hearing

listeners and an example SII function for a hearing-impaired

listener. The corresponding speech recognition functions are

shown in Fig. 7(B). Assume that the SRT of the hearing-

impaired listener, SRTHI, has been measured but the

percentage-correct for this hearing-impaired listener at a

certain fixed SNR, SNRfixed, needs to be known. The lower

open circle represents the unknown percentage correct for

the hearing-impaired listener at SNRfixed. The SNR where a

normal-hearing listener reaches the same percentage-correct

(denoted by SNRNH;PHI
) is also shown in Fig. 7(B).

These points are also shown in Fig. 7(A) where they

fall on the linear SII functions. Then geometry shows

SNRNH;PHI
þ 15ð Þ

SNRfixed þ 15ð Þ ¼
SRTNH þ 15ð Þ
SRTHI þ 15ð Þ : (A1)

Hence,

SNRNH;PHI
¼ SNRfixed þ 15ð Þ � SRTNH þ 15ð Þ

SRTHI þ 15ð Þ � 15; (A2)

which is the SNR where normal-hearing listeners reach the

same percentage-correct as a hearing-impaired listener at

SNRfixed. The corresponding percentage-correct score can

be derived from the normal-hearing speech recognition

function, PNHðSNRÞ, with the SNR from Eq. (A2), which

yields
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PHI ¼ PNH ðSNRfixed þ 15Þ � SRTNH þ 15

SRTHI þ 15
� 15

� �
; (A3)

The normal-hearing speech recognition function PNHðSNRÞ
is a sigmoid function and determined by fitting a function to

data points that are usually measured at fixed SNRs (see

Sec. IV). As mentioned in the main text, both cumulative

normal distributions, logistic functions, and the function

proposed by Fletcher and Galt (1950) may be used. These

functions have two free fitting parameters, and, as the exam-

ple in Fig. 8 shows, the correlation between measured and

fitted values is excellent for all functions.

For the converse calculations where the percentage-

correct score at a certain fixed SNR is known, and the equiv-

alent SRT needs to be calculated, Eq. (A3) can be rewritten.

First, the inverse normal-hearing speech recognition func-

tion, P�1
NH, is used, which yields

P�1
NH PHIð Þ ¼ ðSNRfixed þ 15Þ � SRTNH þ 15

SRTHI þ 15
� 15: (A4)

This can be rewritten as

SRTHI ¼
SRTNH þ 15ð Þ � SNRfixed þ 15ð Þ

P�1
NH PHIð Þ þ 15

� 15: (A5)

Thus, the SRTHI (i.e., SRT for a hearing-impaired listener)

can be calculated given the percentage-correct, PHI, for that

hearing-impaired listener measured at a certain fixed SNR

and the normal-hearing speech recognition function.

The formulae in the main text as well as in the formulae

in the appendix are valid for converting percentage-correct

to SRT and vice versa. However, sometimes a different tar-

get point is used and the SNR corresponding to x% correct,

SNRx, is determined. The formulae to convert SNRx to SRT

and vice versa are similar to Eqs. (A1) and (A2) and can be

used before or after converting percentage-correct and SRT,

SRTHI ¼ SRTNH þ 15ð Þ � SNRx;HI þ 15ð Þ
SNRx;NH þ 15ð Þ

� 15; (A6)

SNRx;HI ¼ SNRx;NH þ 15ð Þ �
SRTHI þ 15ð Þ
SRTNH þ 15ð Þ � 15: (A7)

1Other procedures like the Spearman-K€arber procedure or maximum likeli-

hood procedures can be used as well but they are less common in clinical

speech-in-noise testing.

FIG. 7. (Color online) (A) SII functions for normal-hearing listeners and a hearing-impaired listener. (B) Speech recognition functions for these listeners.

The black arrows show the difference in SRT between normal-hearing listeners and a hearing-impaired listener. See the main text for further explanation.

FIG. 8. (Color online) Speech recognition data from normal-hearing listen-

ers (from Sec. IV). A logistic function, cumulative normal distribution, and

the function proposed by Fletcher and Galt (1950) were fitted to the data.

All functions demonstrate excellent agreement with the data (R2¼ 0.999,

R2¼ 0.997 and R2¼ 0.997, respectively).
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2See supplementary material at https://www.scitation.org/doi/suppl/

10.1121/10.0005877 for the hearing thresholds in dB HL for the 60 typi-

cal audiograms.
3The definition of the SNR is not trivial for speech material, especially not

for single words or digit-triplets because the duration of the silences

between words influence the average speech level.
4This means for instance that identical headphones should be used for all

measurements.
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