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urrent methods, materials, and approaches to the clinical assess-
ment of speech recognition tend to suffer from limitations in re-
liability and validity (Gelfand, 1998, 2001; Mendel & Danhauer,
1997). The tests most frequently used in clinical practice are phonetically
balanced lists of monosyllabic words (e.g., PB-50 tests such as Central
Institute for the Deaf (CID) Auditory Test W-22 and NU-6, the origins of
which date back approximately 50 years; Martin, Armstrong, & Champlin,
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1994). The limitations of PB-50 tests are well known, es-
pecially with respect to their reliability and measurement
error (Thornton & Raffin, 1978). Because diminished mea-
surement precision can have an adverse impact on the
quality of audiological services (e.g., for differentiating
among hearing aids or for determining the degree of com-
munication impairment), a strong case can be made that
current practices used for the clinical assessment of
speech recognition are in need of improvement.

Given the history and limitations of speech percep-
tion tests currently available (see Mendel & Danhauer,
1997, for a review), new approaches adapted to the char-
acteristics of individuals receiving audiological services
may offer significant opportunities for improvement in
the measurement of speech recognition abilities (see
Tyler, 1994). In this regard, the introduction of computer-
controlled adaptive test-delivery systems into the field
of audiology is likely to be advantageous. Adaptive-test-
ing procedures are not new to the field. For example,
adaptive procedures have been used in auditory research
(e.g., Elliott, Busse, Partridge, Rupert, & DeGraaff, 1986;
Levitt, 1971) and have also been proposed as clinical
tools for determining speech reception thresholds
(Laitakari, 1996; Plomp & Mimpen, 1979). Similarly, an
adaptive procedure is sometimes used in administering
the Speech in Noise (SPIN) test (e.g., Frisina & Frisina,
1997). Although some adaptive procedures are familiar
to audiologists, a different kind of adaptive test is envi-
sioned in this study. Unlike adaptive procedures that
adjust the magnitude of a stimulus attribute along a
physical dimension (e.g., intensity), the adaptive proce-
dure envisioned in this study entails adjusting stimu-
lus content along a dimension of human performance
that we associate with speech processing ability. As such,
this study focuses on the development and scaling of a
set of stimuli that will form the basis for a computer-
ized, adaptive speech recognition test.

Modern approaches to adaptive testing have devel-
oped within a mathematical framework known as item
response theory. Item response theory models are math-
ematical abstractions that can be applied to the analy-
sis of data and used in the scaling and selection of items
in adaptive testing. The Rasch model of person mea-
surement (Rasch, 1960/1980) is the simplest item re-
sponse theory model, and it is used in the present study.
Although the use of item response theory models is now
fairly common in educational and psychological measure-
ment, its use in this study represents one of the first
applications of item response theory methods in the com-
munication sciences and audiology.

Item response theory generally refers to three proba-
bilistic measurement models of increasing complexity.
They are the one-parameter (Rasch, 1960/1980), the two-
parameter, and the three-parameter models, named by

the number of item parameters estimated by each Gi.e.,
item difficulty, discrimination, guessing). On first evalu-
ation, this would seem to imply that the Rasch model is
merely a scaled-down version of more complex models
that must be superior because they account for more of
the presumed reality of test-taking behavior.

Test items do differ in their ability to differentiate
the performance of individual test takers, as well as in
their ability to encourage guessing behavior. However,
it can be demonstrated algebraically that these param-
eters must diverge (i.e., making them inestimable) un-
less they are constrained in an arbitrary manner, as
occurs in practice. The Rasch model is not intended to
fit data, as is the case with more complicated models.
Rather, the Rasch model is a definition of measurement.
When data are found to fit the model (not model found
to fit the data), the measurement of persons and the
calibration of items enable us to place persons and items
on a common scale that functions according to the rules
of arithmetic (Shaw, 1991). It is important to empha-
size that item difficulty is an intrinsic parameter of item
response theory models and that variations in item dif-
ficulty are necessary for the creation of item pools used
in adaptive testing.

The purpose of this investigation was to evaluate
the validity and reliability of materials designed for
an assessment procedure capable of making meaning-
ful distinctions in speech processing ability among in-
dividuals having mild-to-moderate hearing losses. Such
distinctions have relevance in clinical practice. A com-
bination of statistical methods was used to study va-
lidity and reliability from multiple perspectives. The
study was intended to provide the foundation for the
construction of a computerized, adaptive-testing sys-
tem for the clinical assessment of speech recognition.
Specifically, we sought to enhance the difficulty and
efficiency of the Speech Sound Pattern Discrimination
Test (SSPDT, Bochner, Garrison, Palmer, MacKenzie,
& Braveman, 1997), and demonstrate its capabilities
for use with listeners having mild-to-moderate senso-
rineural hearing losses. Together with the results of
preliminary studies conducted on listeners having se-
vere-to-profound hearing losses (Bochner et al., 1997),
a demonstration of the efficacy of the procedure with
listeners having mild-to-moderate hearing losses would
constitute strong evidence that the SSPDT has the
potential to become an effective and practical means
of assessing speech recognition across the full range of
hearing loss seen in clinical practice. Such a demon-
stration would support the additional work needed to
develop a clinical instrument for speech recognition
measurement utilizing computerized, adaptive-testing
technology to obtain reliable and valid results with as
few as 15 items.
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Method
Participants

Fifty-three participants (22 male, 31 female) took
part in this study. Their average age was 45.1 years (SD
= 22.2). Twenty-two participants were individuals with
normal hearing (predominately college students) and 31
were individuals with sensorineural hearing losses. Each
participant was given an audiological evaluation at the
Speech and Hearing Clinic at the University at Buffalo.
Air-conduction thresholds were obtained for the octave
frequencies from 0.25 to 8 kHz. Half-ectave frequency
and bone-conduction thresholds were assessed as needed
clinically, and tympanograms were obtained for each ear.
Speech reception thresholds were measured via live voice
using CID W-1 and W-2 spondaic word lists, and word
recognition was assessed with recorded W-22 word lists
(Auditec Revised Auditory Tests CD). Finally, a mea-
sure of speech recognition in noise and a self-report scale
of hearing handicap were administered. Specifically, the
QuickSIN Speech-in-Noise Test (Etymotic Research,
2001) was administered by presenting the stimuli at 70
dB HL, and participants responded to Form A of the
Hearing Handicap Scale (High, Fairbanks, & Glorig,
1964).

All participants showed a peak in the tympanogram
between —200 and +200 daPa of ambient pressure in
the test ear. No tympanogram amplitude criterion was
used. Normal hearing sensitivity was defined by air-con-
duction thresholds <20dB HL at all test frequencies.
Average hearing losses falling in the 25—40 dB HL range
for pure tones at 0.5, 1, and 2 kHz were considered mild,
while those falling in the 41-55 dB HL range were con-
sidered moderate. Most participants showed a flat loss
or a more severe loss in the higher frequencies. One
participant showed normal hearing sensitivity at all fre-
quencies except 500 and 1000 Hz in the test ear, and
another showed normal hearing thresholds except at
1000 Hz in the test ear. With one exception, all hearing-
impaired participants had hearing losses in the mild-
to-moderate range. This one participant had a pure-tone
average (PTA) of 63 dB HL in the right (test) ear, with
the hearing loss extending into the moderate-to-severe
range.

Stimuli

Each item comprised one standard and two com-
parison sentences. Examinees were asked to determine
whether each of the comparison sentences was the same
or different from the standard. All same trials involved
repetition of the standard stimulus utterance token. The
stimuli consisted of 274 items. Of the 274 items, 250 con-
tained phonetic contrasts intended to elicit meaningful

information concerning listeners’ speech processing abili-
ties (e.g., information concerning the ability to process
phonetic features of place, manner, and voicing as de-
scribed below). These items, by definition, included at
least one different trial because they each contained a
phonetic contrast. The remaining 24 items, however,
were foils comprising two same trials. The foils were
intended to demonstrate to listeners that instances of
two same trials actually were included in the stimulus
array so that they had tangible evidence that all pos-
sible combinations of same and different trials were be-
ing presented. In other words, the inclusion of foils was
intended to avert or at least minimize the potential for
response bias. Foils were not included in scoring the
SSPDT.

The 250 items containing contrasts differed in pho-
netic properties. Specifically, consonant contrasts were
classified according to phonetic features of place, man-
ner, and voicing, while vowel contrasts were classified
according to features of tongue position/advancement,
tongue height, and tenseness/length. In addition, some
items contained prosodic contrasts consisting primarily
of differences in utterance length. Four categories of
items were developed based on these distinctions. Pre-
vious research (Bochner et al., 1997) suggested that these
categories of items, in general, comprised a hierarchy of
difficulty similar to the hierarchy demonstrated by
Miller and Nicely (1955; also see Peterson & Barney,
1952). Sample items from each category appear in Table
1, with same trials (i.e., repetitions of the standard stimu-
lus) indicated in italics.

The category of items hypothesized to be most diffi-
cult, Category Z, comprised contrasts in place of articu-
lation for consonants and tongue position/advancement
for vowels (see 1-3 in Table 1). The category of items
hypothesized to be the second most difficult, Category
Y, comprised contrasts in manner of articulation for con-
sonants and tongue height for vowels (see 46 in Table
1). The category of items hypothesized to be the third
most difficult, Category X, comprised contrasts in con-
sonant voicing and vowel length/tenseness (see 7—8 in
Table 1). The category of items hypothesized to be the
easiest, Category W, included time-intensity variations
in the envelope of the speech waveform and multiple
segmental contrasts that could extend across syllable
and word boundaries (see 9-10 in Table 1).

The distribution of items according to category mem-
bership and phonetic properties is displayed in Table 2.
Inspection of the table reveals that the distribution of
items is not balanced across or within categories. The
test materials were purposely constructed in this man-
ner to enhance the difficulty of the listening task. Be-
cause the purpose of the present study was to develop
an assessment procedure capable of making meaningful
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Table 1. Sample items from Categories Z, Y, X, and W.

Category Z

1. Free books are available. {standard)
a. Free books are avoilable. (comparison)
b. Three books are available. (comparison)

2. The soldiers spared the children. (standard)
a. The soldiers scared the children. {comparison)
b. The soldiers scared the children. {comparison)

3. The committes is working fo revise the propasal. (standard)
a. The committes is working fo revive the propasal. {(comparison)
b. The committee is working fo revive the propasal. (comparison)

Category Y
4. Many fourists visit the old fort every summer. (standard)
a. Many tourists visit the old part every summer. (comparison)
b. Many fourists visit the old port every summer. (comparison)
5. Did you see those new shows on TV2 (standard)
a. Did you see those new shows on TVZ (comparison)
b. Did you see those new shoes on TV2 {comparison)
6. Don’t pass the bread! {standard)
a. Don’t pass the bread! (comparison)
b. Don't pat the bread! {comparison)

Category X
7. The workers painted a wide siripe on the street. (standerd)
a. The workers painted a white siripe on the shreet. [comparison)
b. The workers painted a white stripe on the sireet. (comparison)
8. Tyson beat his opponent. (standard)
a. Tyson bit his opponent. (comparison)
b. Tyson bit his opponent. (comparison)

Category W
9. The schools closed yesterday. (standard)
a. The schools dosed early. (comparison)
b. The schools closed yesterday. (comparison)
10. The accident was caused by poor visibility. (standard)
a. The accident was caused by poor visibility. (comparison)
b. The serious accident was caused by poor visibility. (comparison)

distinctions in speech processing ability among individu-
als having mild-to-moderate hearing losses, a balanced
distribution of items would likely have been too easy
(see Bochner et al., 1997). Accordingly, the materials con-
tain many more contrasts involving consonants than
vowels, many more contrasts involving place and man-
ner of articulation than voicing and/or prosody, and many
more contrasts involving voiceless consonants than
voiced consonants.

The location of contrasts according to their serial
position within words and sentences is shown in Table
3. Two explanations are in order with respect to this
table. First, items in Category W are not included among
the within-word locations, because these items are char-
acterized by multiple segmental contrasts involving en-
tire syllables and words. As such, contrasts in these items

Table 2. Distribution of items by category membership and
phonetic properties. Bold entries denote item categories, and italic
enfries denote categories of phorietic properties.

Classification Voiced Voiceless  Total
Category Z 110
Place 92
Fricative 9 44 53

Stop 9 30 39
Position/advancement 18
Category Y 71
Manner 60
Labial 6 23 29
Alveolar 5 26 3
Height 11
Category X 39
Yoicing 26
Fricative 13

Stop 13
Tenseness/length 13
Category W 30
One syllable é
Two or more syllables 24
Total 250

cannot be located within words. Second, while the terms
initial, medial, and final clearly denote locations within
words, these terms require definition when referring to
locations within sentences. Specifically, we define sen-
tence-initial position as the first phrase in the sentence
and sentence-final position as the last phrase in the
sentence. Sentence-medial position, then, is defined as
all other locations within the sentence. Finally, the full
item set comprised 196 declarative sentences, 30 in-
terrogatives (19 yes—no questions and 11 Wh- questions)
and 24 imperatives.

An adult male having professional experience as an
actor and radio announcer produced between three and
nine tokens of each stimulus sentence. The stimuli were
recorded in a double-walled IAC booth. Digital signal

Table 3. Disiribution of items according to the location of contrasts
as determined by the serial position of contrasts within words and
sentences. Bold entries denote the linguistic domain of the contrasts.

Inifial Medial Final Total

Within word 65 89 66 220
Category Z 27 53 30 110
Category Y 28 2] 22 71
Category X 10 15 14 39
Within sentence 51 131 68 250
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processing software (Milenkovic, 2000) was used for all
recording and editing tasks. The utterances were digi-
tized at a sampling frequency of 11.025 kHz and passed
through an anti-aliasing (low-pass) filter with a cutoff
frequency of 4906 Hz. The stimuli were presented via a
Creative Labs Sound Blaster (SB Live!) card, housed in
a Dell Optiplex GX100 Celeron computer, to an Etymotic
ER-3A insert earphone. Stimuli were calibrated with a
Larson Davis 800B sound level meter using a Bruel and
Kjaer 1 in. condenser microphone coupled to the insert
earphone via a 2-cc coupler. A representative token, usu-
ally one appearing in the middle of each set of utterances,
was selected for editing. The selection and editing of ut-
terances involved listening to the signals, visually inspect-
ing waveforms and spectrograms, and considering mea-
surements of signal duration and root mean square
(RMS) amplitude. The waveforms and spectrograms
were particularly useful in determining optimal points
at which to excise sentences. After the sentences were
excised, overall RMS voltages (and hence sound pressure
levels) were equalized across utterances using the signal
processing software. Specifically, the RMS voltage for each
sentence was measured and then multiplied by a factor
to achieve a constant RMS voltage of 0.5 V. In this way,
each stimulus was presented at an approximately equiva-
lent overall level. The maximum level of the sentences
ranged from 68 to 74 dBC, in the fast meter mode. Al-
though the overall level of each sentence was equivalent,
the RMS voltage within sentences varied with oscilla-
tions in the amplitude of the waveform.

Stimuli were either presented in quiet or in back-
ground noise at three signal-to-noise ratios (SNRs) to
make the perceptual task more challenging. Specifically,
test items were presented at SNRs of +5, 0, and -5 dB,
with multitalker babble serving as background compe-
tition. The background noise used in this study was
dubbed from the master recording of 20-talker babble
described by Frank and Craig (1984); a commercial ver-
sion of this recording is available from Auditec.

The test materials consisted of sentences. Sentences
were used in the construction of test materials because
they are generally considered a closer reflection of ac-
tual communicative events than isolated words or
phrases. For each item, the standard sentence was pre-
sented first and followed in succession by the two com-
parison sentences. The interstimulus interval following
the standard stimulus was 1.5 s, and the response in-
terval following each comparison stimulus was 5.0 s. An
interval of 1.5 s occurred between items.

Procedure

Participants were tested in a double-walled IAC
booth over the course of two or three sessions, each of

which typically lasted less than two hr. As described
above, an additional session was devoted to the audio-
logical evaluation. The SSPDT was presented to each
listener’s right ear to capitalize on any benefits that might
be associated with the right ear advantage for speech pro-
cessing tasks (Studdert-Kennedy & Shankweiler, 1970).
For all participants, signals were presented at 70 dB SPL.
A written representation of the standard stimulus ap-
peared on a computer monitor throughout the presenta-
tion of the comparison stimuli to minimize the memory
load associated with the discrimination task. A set of
eight practice items was administered at the beginning
of each testing session, and three practice items were
administered when participants returned from a short
break to begin a new listening condition. Participants
indicated same and different responses by pressing a
button within the response interval. If no response was
produced within the designated interval, then the trial
was scored incorrect and the next item was presented.

The experimental design called for the 250 test
stimuli to be divided into two lists (A and B), each con-
sisting of 125 representative items and 12 foils. The par-
ticipant sample was also divided into two representa-
tive groups of listeners (Groups 1 and 2). Both lists (250
items and 24 foils) were presented to all participants in
the quiet listening condition. The presentation of items
in the other listening conditions was counterbalanced
across participants such that Listener Group 1 was pre-
sented with Item List A in the +5 dB and -5 dB SNR
listening conditions and List B in the 0 dB SNR condi-
tion. Likewise, Listener Group 2 was presented with
Item List B in the +5 dB and —5 dB SNR listening con-
ditions and List A in the 0 dB condition.

Data Analysis

An item response theory model was used to conduct
detailed item analyses of the stimuli, and reliability and
validity were evaluated from multiple perspectives in
terms of established criteria. Specifically, SSPDT data
were subjected to Rasch (1960/1980) scaling analysis.
Underlying our analysis of these data is the supposition
that items and respondents can be positioned simulta-
neously, in an orderly manner, along a dimension repre-
senting the variable(s) that they share.

The Rasch measurement model is one in a family of
item response theory models. Item response theory mod-
els are mathematical abstractions that describe the prob-
ability of an observed response to a test item in terms of
an individual’s trait or ability level in combination with
a set of constants associated with the test item itself.
The Rasch model for dichotomously scored data concep-
tualizes the Person x Item interaction in terms of only
two parameters—respondent ability and item difficulty.
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In the present study, the respondent parameter is the
ability to process speech. This variable is assessed by
the speech stimuli that define the SSPDT scale. Associ-
ated with each test item is a calibration value indicat-
ing the item’s difficulty (i.e., the role that the item plays
in the measurement process). '

The responses to the SSPDT items yield item cali-
brations and person measures. Parameter estimation
is accomplished through the method of unconditional
maximum likelihood. Specifically, the estimated values
of person ability and item difficulty yield the pattern of
observed responses to the test stimuli that is the most
likely. When a matrix of data conforms to the expecta-
tions of the Rasch model, there is indication that (a) the
variable measured is unidimensional (i.e., a common
factor explains the response to each item in a set) and
(b) items and persons do not differ substantially with
respect to response factors that are not represented in
the model, such as a respondent’s propensity for guess-
ing. Unidimensionality does not necessarily imply that
the construct assessed consists of only one component.
Invariance of the item calibrations and person measures
can also be demonstrated when the parameters are es-
timated with subsamples of data drawn from the same
pool of items and population of respondents.

SSPDT scale data were analyzed for fit to the Rasch
model using the program BIGSTEPS (Version 2.0) de-
veloped by Wright and Linacre (1991). Person measures
and item calibrations, together with their standard er-
rors, are expressed in logits (i.e., log-odds units). Fit sta-
tistics indicate the extent to which individual items con-
form with the core variable being assessed, as well as
the extent to which responses by individuals to items
are internally consistent. BIGSTEPS provides a person
separation reliability index that indicates how well a
set of items separates the persons tested. BIGSTEPS
also provides an item separation reliability index that
indicates how well the persons tested separate the items.

Results
Test Scoring and Analysis

The Rasch measurement model was applied to data
collected in the quiet listening condition only. The analy-
sis of fit of data to the model begins with the construc-
tion of a Persons x Items response matrix. There were
53 persons (22 normal-hearing, 31 hearing-impaired
respondents) and 250 items. The matrix consists of Os
and 1s, interval scores computed from responses to the
test stimuli presented in quiet. The SSPDT protocol in-
volved the presentation of a standard sentence followed
in succession by two comparison sentences (trials). In
our work, items were defined as blocks of utterances (a
standard sentence and two trials), requiring a total of

two discrimination judgments. Each respondent’s per-
formance on individual items was scored “1” if both dis-
crimination judgments were correct. Otherwise, perfor-
mance on individual items was scored “0” (incorrect).

The usefulness of any psychophysical testing device
can be gauged, in part, by its success in differentiating,
or separating, the performances of the persons tested.
In Rasch measurement practice, a person separation
index has been developed to evaluate the efficiency of a
set of items to separate respondents (Wright & Stone,
1991). Person separation reliability is comparable to the
familiar Kuder-Richardson (K-R 20) measure of inter-
nal consistency, with values ranging from 0.0 to 1.0. The
higher the value of the person separation reliability in-
dex, the better the differentiation among the persons
tested and the clearer the internal structure of an item
set. The person separation reliability index provides ini-
tial insight into the extent to which the items compris-
ing a test are members of the same conceptual domain.
The person separation reliability for the 250-item SSPDT
was found to be .95, indicating that the items separated
the 53 respondents very well, and that these items mea-
sure a single, dominant variable. On the basis of previ-
ous research (Bochner et al., 1997), we interpret this
variable to represent speech processing ability.

An item separation reliability index (Wright & Stone,
1991) is also used in Rasch measurement practice to
evaluate how well the persons tested differentiate items.
This index, algebraically similar to the person separa-
tion reliability index, also ranges in value from 0.0 to
1.0. The item separation reliability for the 250-item
SSPDT was found to be .77. This result indicates the
calibration values of the test items spread out over a
considerable range, attributing breadth and conceptual
significance to the variable that they collectively define.
The magnitude of the item separation reliability statis-
tic reported in this study is attenuated because the range
of speech recognition abilities in the participant sample
was restricted (i.e., the participant sample primarily
comprised individuals with normal-hearing sensitivity
and hearing losses in the mild-to-moderate range). In-
clusion of participants extending across a broader range
of hearing loss would increase the magnitude of the item
separation reliability statistic. The mean item difficulty
value was 0.00 logit (SD = 1.24), with item difficulties
spanning a range of —2.43 to +4.68 logits. Mean item
difficulty expressed as proportion correct was .89 (SD =
.09, minimum = .30, maximum = .98).

When the fit statistics for the 250 test items were
examined, only 4 items were identified as misfitting. In
the fit analysis, we evaluated the extent to which the
observed responses to items (across persons) agreed
with those predicted by the Rasch measurement model.
From this analysis we concluded there is substantial
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Table 4. Mean Speech Sound Pattern Discrimination Test perfor-
mance for normal-hearing and hearing-impaired participants in
quiet and noise listening conditions. Raw score means scaled from
0 to 125 are displayed, with standard deviations shown in
parentheses.

Normal Hearing
Condition hearing impaired F
Quiet 120.8 (2.5) 102.9 (25.5) 10.65°
+5dB SNR 1047 ({58} 81.2 {24.1) 20.16°
0 dB SNR 83.8 (5.8) 60.4 (22.6) 22.30°
-5 dB SNR 71.0 {11.3) 40.8 (24.2) 29.62°

Note. df= 1, 51 for each condifion.
*p< .01

conformity between observation (data) and prediction
(model). In other words, the fact that 246 of the 250 items
had fit statistics that did not deviate from model expec-
tations demonstrates that the SSPDT data are well-fit-
ted by the measurement model.

For the quiet listening condition, the mean score of
all 53 participants on List A was 121.6 (SD = 23.4) and
the mean score on List B was 122.0 (SD = 20.7). Equiva-
lent forms reliability (correlation between scores on Lists
A and B) was .96. Therefore, Lists A and B were equally
difficult, with listeners performing similarly on each list.

The average performance on the SSPDT for all par-
ticipants across the different listening conditions is
summarized in Table 4. To simplify the presentation of

results across listening conditions, raw scores in the
quiet listening condition were scaled from 0 to 125 by
tallying each participant’s performance across the 250
test items and multiplying the result by 0.5. This ad-
justment resulted in a common raw score scale extend-
ing from 0 to 125 across listening conditions. Had this
adjustment not been made, comparisons across listen-
ing conditions would have been complicated by the fact
that 250 items were administered to each listener in
the quiet condition whereas 125 items were adminis-
tered to each listener in the degraded conditions. The
means in Table 4 are presented in this raw score metric,
with standard deviations shown in parentheses. For each
listening condition, the results of a one-way analysis of
variance (ANOVA; with hearing status as a factor) indi-
cated that the difference in performance between nor-
mal-hearing and hearing-impaired participants was sta-
tistically significant (p < .01). In each instance, the
hearing-impaired participants performed more poorly
than did the normal-hearing participants.

The information provided in the preceding table is
presented in a graphical format in Figure 1. Performance
on the SSPDT follows a uniform pattern, with the per-
formance functions for the normal-hearing and hearing-
impaired participants being roughly parallel, declining
systematically with decreasing SNR. The decrement in
test performance of the hearing-impaired participants
across the testing conditions corresponds to a nearly
constant increase in test difficulty (in the nonlinear pro-
portion-correct or p metric) of about 17%. That is, a per-
formance decrement of about 20 to 21 raw scale units

Figure 1. Mean SSPDT performance for normal-hearing and hearing-impaired participants across the quiet
and degraded listening conditions. The y-axis represents the raw score means scaled from 0 to 125.
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on the SSPDT corresponds to a change in average item
difficulty of approximately .17 (proportion correct) across
the +5 to -5 dB SNR conditions.

The mean difficulty of SSPDT items for hearing-
impaired participants under the quiet, +5, 0, and -5 dB
SNR listening conditions was .82, .65, .48, and .33 (p
metric), respectively. Determining the optimum level and
distribution of item difficulties in a test depends, in part,
on the purpose of the test. Whenever the purpose of a
test is to differentiate among respondents on the trait
or ability measured, it is generally agreed that the “best”
test is one composed of items of medium difficulty. Re-
search evidence suggests that this design increases the
variance of test scores and the reliability of the test
(Tinkelman, 1971).

For choice-type items such as those characterizing
the SSPDT (for which the possibility of guessing exists),
an item of medium difficulty is defined as one on which
the proportion of correct responses is midway between
the expected chance proportion and 100% (Lord, 1952).
By that logic, we can expect items with an average diffi-
culty value of approximately .63 (midway between 25%
and 100% in our research) to yield maximal informa-
tion about the respondents (here, individuals with mild-
to-moderate hearing loss). This would suggest that the
quiet and +5 dB SNR testing conditions are most favor-
able. The 0 and -5 dB SNR conditions pose demands
outside the capabilities of listeners with mild-to-moder-
ate hearing loss, yielding data that are less informative
of hearing for speech.

Item Content Validity

The analysis of item content is concerned with pho-
netic classification of the contrast occurring within each
item. The test items have been classified in terms of
four categories. As described earlier, each category is
defined in terms of a specific set of phonetic properties.
Three categories involve contrasts in a single sound seg-
ment occurring within one syllable, classifying item con-
tent in terms of phonetic features such as place, man-
ner, and voicing. The fourth category involves multiple
contrasts encompassing both segmental and nonseg-
mental features that can extend across syllable (and
word) boundaries, classifying item content with refer-
ence to time—intensity variations in the speech wave-
form envelope and prosodic features. The four catego-
ries are ordered from most difficult (Category Z) to least
difficult (Category W).

Trials involving replication of the standard stimu-
lus (i.e., same trials), by definition, do not involve a pho-
netic contrast of any sort. In our previous research
(Bochner, Garrison, & Palmer, 1992), same trials were
found to be inherently easier than their counterparts.

Figure 2. Mean difficulty across item categories for all participants.
Error bars indicate 95% confidence intervals (Cl).
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In the present study, the stimulus array included 24 foils
comprised of two same trials. The 24 foils have been in-
cluded in the analysis of item content to study the gen-
erality of our earlier findings.

The relations between item placement into the cat-
egories described above and the difficulty values of the
items are shown in Figures 2 and 3. The error bar plots
in Figures 2 and 3 are those resulting from analyses of
data derived from administration of the SSPDT in quiet.
Thus, the item difficulty values are not confounded by
the added difficulty brought about by the introduction

Figure 3. Mean difficully across item categories for hearing-
impaired participants. Error bars indicate 95% confidence
intervals (Cl).
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of background noise into the testing paradigm. In Fig-
ure 2, the difficulty values of items are those determined
from the responses of all 53 participants and are reported
in the p metric. The error bar plots extending to either
side of the mean item difficulty values for each of the
categories shown in the figure symbolize a 95% confi-
dence interval. Results of a one-way ANOVA (with item
category as the factor) indicated that the difficulty val-
ues of the items differ significantly across content cat-
egories, F(4, 269) = 11.2, p < .001. As we observed in
our earlier research (Bochner et al., 1992), the same
trials continue to be the easiest. Scheffe tests were con-
ducted to compare differences between all possible
pairwise combinations of item categories. The results
of this analysis indicated that 4 of the 10 possible com-
binations of item categories were significantly different
(p < .0b).

In Figure 3, we illustrate the error bar plots derived
from the responses of the 31 hearing-impaired partici-
pants. Results of a one-way ANOVA (with item category
as the factor) of these data corroborate the foregoing
findings relating the categorization and difficulty of
SSPDT items, F(4, 269) = 17.7, p < .001. Again, Scheffe
tests were conducted to compare differences between all
possible pairwise combinations of item categories. The
results of these statistical tests indicated that 5 of the
10 possible combinations of item categories were sig-
nificantly different (p < .05). In general, the results of
the Scheffe tests conducted following each ANOVA indi-
cated that items in Categories Z and Y were significantly
more difficult than were items in the other categories.
The general form of the function relating item categori-
zation to difficulty reported in the current research rep-
licates a finding reported in Bochner et al. (1997) and
extends this earlier finding to listeners having mild-to-
moderate hearing losses.

Hearing-impaired listeners “generally show consid-
erably better perception for vowels than for consonants”
(Revoile & Pickett, 1982, p. 33). Indeed, inspection of
our item difficulty values indicated that items compris-
ing vowel contrasts tended to be easier than those com-
prising consonant contrasts. These items exhibited a
tendency to cluster in the range of difficulty observed
for items classified in Category X. To account for this
observation, items comprising vowel contrasts in Cat-
egories Z and Y were reclassified as members of Cat-
egory X. As a result of this refinement in the classifica-
tion scheme, Category X was redefined to include
contrasts in voicing for consonants and tongue position/
advancement, tongue height, and tenseness/length for
vowels. Categories Z and Y, then, were redefined to in-
clude consonant contrasts in the phonetic features of
place and manner, respectively. Refining the item clas-
sification scheme in this way increased the separation

among Categories X, Y, and Z for the full sample of 53
participants, as well as for the sample of 31 hearing-
impaired participants. In each instance, the results of a
one-way ANOVA (with item category as the factor) indi-
cated that item difficulties differed significantly across
all categories of item content, F(4, 269) = 15.0, p < .001,
n = 58; F(4, 269) = 24.4, p < .001, n = 31. The results of
Scheffe tests indicated that 5 of the 10 combinations of
comparigsons were significantly different for the full
sample of 53 participants and that 6 of the 10 combina-
tions of comparisons were significantly different for the
sample of 31 hearing-impaired participants (p < .05).
Again, the results of the Scheffe tests generally showed
that items in Categories Z and Y were statistically more
difficult than the other classes of items. The reclassifi-
cation of items containing vowel contrasts, therefore,

" accurately accounts for empirical data observed in this

investigation. This reclassification of the data is consis-
tent with findings reported in studies reviewed by
Revoile and Pickett (1982) and, as such, constitutes an
improvement in the item categorization scheme.

Criterion-Related Validity

Performance on measures included in the audiologi-
cal evaluations obtained from participants with normal-
hearing sensitivity and from those with hearing loss are
summarized in Table 5. Included in the table are means
and standard deviations, as well as minimum and maxi-
mum values attained on the measures. All of the table
entries are in the dB metric, with the exception of scores
on the Hearing Handicap Scale (simple sum) and scores
on the W-22 word lists (percentage correct).

Audiometric thresholds for the right (test ear) and
left ears, including the PTA, high-frequency PTA
(HFPTA), and speech reception threshold (SRT), were

Table 5. Audiological data summary. All table entries are
presented in the dB HL metric [re: ANSI, 1996) with the exception
of scores on the W-22 test {percentage correct) and on the Hearing
Handicap Scale (simple sum).

Measurement M SD Minimum Maximum
Righi ear PTA 11.54 14.60 -5 63.33
Righ? ear HFPTA 21.15 23.40 -6.67 75
Right ear SRT 13.11 14.29 -5 60
Left ear PTA 13.08 15.22 -5 66.67
Left ear HFPTA 21.96 2410 =5 75
Left ear SRT 12.64 14.26 -5 60
W-22 dB HL 51.89 11.19 35 70
W-22 word lists (%)  93.58 14.87 12 100
QuickSIN 3.88 5.26 0.5 25.5
Hearing Hondicap

Scale (simple sum) 17.43 3.55 7 20
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correlated for all 53 participants. PTA was based on 0.5,
1, and 2 kHz thresholds. HFPTA was based on 2, 4, and
8 kHz thresholds. These correlational analyses were
performed to detect a hearing asymmetry between ears.
The correlation between left and right ear PTA was .95
(p < .01), and for left and right ear HFPTA the correla-
tion was .96 (p < .01). The correlation between left and
right ear SRT was .92 (p <.01). These findings indicate
there was not a strong hearing asymmetry in the sample
of participants studied.

Simple correlations between the three measures of
speech recognition were obtained (i.e., W-22, QuickSIN,
and SSPDT). These tests differ in the materials they use,
as well as in the manner in which they are scored. The
SSPDT measure (quiet listening condition) correlated
.67 (p <.001) with the W-22 measure and —.69 (p <.001)
with the QuickSIN measure. The relations between the
SSPDT measures and W-22 test performance declined
across the degraded listening conditions, reaching a mini-
mum Pearson r of .51 (p <.001) for the -5 dB SNR condi-
tion. Similarly, the relations between the SSPDT mea-
sures and QuickSIN test performance evidenced declines
with decreasing SNR (Pearson r = -.59, p < .001 at -5
dB SNR). The correlation between W-22 and QuickSIN
test performance was found to be —.86 (p < .001), indi-
cating a large amount of shared variance between these
measures.

Predictive Validity

We asked whether the information contained in the
audiological evaluation might be organized in such a
way as to confirm the clinical classification of the 53
participants into normal-hearing and hearing-impaired
groups. This amounts to asking which audiological mea-
sures are most effective for estimating the hearing sta-
tus of the respondents. To answer this question, we used
a logistic regression procedure (stepwise variable se-
lection method). As some of our hearing-impaired par-
ticipants had a single threshold that was at 25 dB HL,
or above, we were surprised that 100% of the respon-
dents were classified correctly into normal-hearing and

Table 6. Model comparisons among three measures of speech
recognition.

Dependent Predictors Multiple

variable (stepwise entry) R r
W-22 HFPTA .57 .33
QuickSIN HFPTA .67 45
SSPDT (Quiet) HFPTA, SRT, Age, Grop .89 .80
SSPDT {+5 dB SNR) HFPTA, SRT, Age, Group .90 81
SSPDT (0 dB SNR} HFPTA, Age .86 73
SSPDT (-5 dB SNR) Age .84 71

hearing-impaired groups using three predictor vari-
ables from the audiological data. These predictor vari-
ables were, in order of importance (a) HFPTA; (b) W-
22 dB HL, the level at which W-22 was administered;
and (c) simple sum score on the Hearing Handicap
Scale, a self-report measure of hearing handicap. The
results of the logistic regression analysis enabled us to
create a categorical variable corresponding to member-
ship in either the normal-hearing or hearing-impaired
group (Group).

Construct Validity

Multiple linear regression analyses were performed
to establish the relationships of the three speech mea-
sures (dependent variables) to the nonspeech measures
(independent variables) obtained in the audiological
evaluation. The results are summarized in Table 6. Also
included in these analyses as independent variables were
Group, (see above) and age of the respondent (Age).
These analyses enable us to make direct comparisons
among the speech measures modeled on the same set of
independent variables. Again, a stepwise variable se-
lection method was used in each instance.

The independent variables that were entered into
a stepwise linear regression solution for the W-22,
QuickSIN, and SSPDT (measures obtained under the
four quiet and signal-to-noise conditions) are shown in
Table 6. Also shown in the table is the multiple R, as
well as the proportion of the total variance accounted
for by linear combinations of the independent variables.
For W-22, there is a simple relation between test per-
formance and the HFPTA (R? = .33). No other indepen-
dent measure satisfied the criterion for entry into the
stepwise equation. High-frequency hearing loss is simi-
larly associated with QuickSIN scores, with R?increas-
ing to .45.

Four independent variables combined to produce a
model of speech recognition ability in the quiet condi-
tion for the SSPDT and these variables accounted for
80% of the variance. In this model, the HFPTA is comple-
mented by the SRT in the test ear. Advancing age (Age)
and the HFPTA appear to be associated, consistent with
the observations of Maurer and Rupp (1979) that hear-
ing loss for pure tones increases both with chronologi-
cal age and in the high frequencies. Group, a variable
that includes a self-reported measure of hearing handi-
cap, also entered the prediction equation.

The model of speech recognition ability fitted under
the quiet listening condition generalized to the +5 dB
SNR condition. Thereafter, as the listening conditions
moved increasingly off-target from optimal difficulty, the
SSPDT became less and less useful as a measure of hear-
ing for speech. For the 0 dB SNR condition, HFPTA and
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Age are associated with SSPDT performance. However,
the only predictor of SSPDT performance for the -5 dB
condition is Age.

Discussion

The results of this study indicate that the SSPDT is
a highly reliable and valid measure of speech recogni-
tion, holding considerable promise for future audiologi-
cal evaluation and management practice. The person-
separation reliability and item-separation reliability
indices support the reliability of the test, indicating a
high degree of internal consistency and a considerable
range of difficulty within the item pool. Data also dem-
onstrate that the test can effectively differentiate among
listeners with normal-hearing sensitivity and those hav-
ing mild-to-moderate hearing loss.

The results of multiple regression analyses indicate
that performance on the SSPDT is strongly related to
high-frequency hearing loss, SRT, listener age, and a
simple attribute variable (derived from a set of variables)
enabling participants to be categorized as being either
normal hearing or hearing impaired (multiple R = .89
for quiet listening condition; multiple R = .90 for +5 dB
SNR listening condition). In contrast, performance on
CID Auditory Test W-22 and QuickSIN was only related
to high-frequency hearing loss (r =. 57 and r = .67, re-
spectively). Furthermore, the hierarchy of item difficulty
observed in the stimulus array reflects the degree to
which individuals experience difficulty in processing
specific properties of the speech signal (e.g., phonetic
features of place, manner, and voicing). The latter find-
ing paves the way for the test to provide diagnostically
relevant information concerning the benefits derived
from differential interventions or treatments (e.g., de-
ciding among competing assistive devices, evaluating
and fitting hearing aids, and determining the efficacy
of cochlear implants) for listeners who differ in degree/
configuration of hearing loss.

The results of this study provide the foundation for
construction of a computerized, adaptive-testing system
that can serve as an efficient and precise tool for the
clinical assessment of speech recognition. An assessment
procedure of this sort uses an “up—down” method of se-
lecting items on the basis of their information value.
Like the stimuli used in adaptive psychophysical proce-
dures, the stimuli used in adaptive testing are scaled
along a continuum arranged in an ordered fashion, ex-
tending from low to high degrees of magnitude. How-
ever, rather than representing a physical construct such
as the intensity of a sound, the continuum in this in-
stance represents a domain of human performance. Evi-
dence presented in previous research (Bochner et al.,
1997) supports the interpretation of this continuum as

a domain of human performance reflecting the construct
of speech processing ability. A mathematical model is
used to quantify the difficulty of test items scaled along
a continuum representing this domain of human per-
formance. The mathematical model enables the discov-
ery of this continuum and the scaling of item difficulty.
The continuum of item difficulty, in turn, provides an
implicit hierarchy that enables the adaptive testing pro-
cedure to use an up—down method of item selection to
array listeners on the same continuum as the items.

Adaptive testing offers an efficient and precise ap-
proach to the measurement of human abilities. The ap-
proach is efficient because it requires a minimum num-
ber of items, and it is precise because standard errors
are specific to individual examinees and are estimable
(and controllable) during the testing process. The re-
sults of previous research with an earlier version of the
SSPDT suggest that adaptive testing can provide a
meaningful measure of speech recognition ability with
about 15 items and 5 min of administration time
(Bochner et al., 1997). Findings from the present inves-
tigation can be used to establish multiple entry points
for beginning the adaptive procedure to enhance its ef-
ficiency and effectiveness. That is, data from this inves-
tigation can be used to establish a simple and direct
decision criterion for determining the position in the
stimulus hierarchy where adaptive testing should be-
gin for each listener.

Compared to conventional approaches to the clini-
cal assessment of speech recognition (i.e., word recogni-
tion testing using PB-50 word lists), adaptive procedures
will significantly enhance measurement precision be-
cause of the systematic manner in which they determine
the ability level of each examinee (cf. Gelfand, 1998;
Thornton & Raffin, 1978). In adaptive testing, the items
administered to each examinee will, for the most part,
be selected from within a relatively narrow range of dif-
ficulty circumscribing their level of ability. In addition,
the standard error associated with each respondent’s
performance will be strictly contained within specified
limits. The notion of measurement precision for indi-
viduals (as opposed to population) represents a major
advance within psychometrics. This notion holds con-
siderable promise for the field of audiology because it
will enhance the accuracy and integrity of clinical data.
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