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Identification of Middle Ear Dysfunction in Young
Children: A Comparison of Tympanometric 

Screening Procedures

Middle ear disorders are among the most common
diseases affecting young children. Teele, Klein, and
Rosner (1983) reported that over one-third of all illness-
related office visits for children under the age of 5 yr
involve middle ear disease. Similar findings have been
reported by other investigators, including Howie (1975),
who reported that two-thirds of the children seen in their
pediatric practice had experienced at least one episode of
otitis media by their second birthday; nearly 15% had
experienced more than six episodes.

Because of the high prevalence of middle ear dis-
ease in young children and the convenience of modern
tympanometric instrumentation, many educational and
health care institutions now routinely conduct acoustic
immittance screening of children at the preschool and
early elementary grade levels. Numerous studies have
examined the efficacy of acoustic immittance screening
(Brooks, 1973, 1977; Cooper, Gates, Owen, & Dickson,
1974; Lous, 1983; McCandless & Thomas, 1974; Orchik
& Herdman, 1974) and it is generally agreed that these
measures are easy to obtain and highly sensitive to mid-
dle ear dysfunction. Unfortunately, they are considerably
less accurate in identifying children without disease. That
is, several investigators have reported an excessively
high rate of false positive medical referrals (e.g., Lucker,
1980; Paradise & Smith, 1978; Roeser & Northern, 1988;
Roush & Tait, 1985; Schow, Pederson, Nerbonne, & Boe,

1981; Wachtendorf, Lopez, Cooper, Hearne, & Gates,
1984). Consequently, many authorities now advocate
immittance screening only for those children considered
to be at high risk for middle ear disease (Bluestone, Fria,
Arjona, et al, 1986). As noted recently by Bluestone and
Klein (1990), however, referral criteria based on acoustic
immittance measurements are not well established even
in high risk groups, and additional research in this area is
needed. 

Two sets of guidelines have been widely used in
recent years for immittance screening: (1) the 1979
Guidelines of the American Speech-Language-Hearing
Association (ASHA) for Acoustic Immittance Screening
of Middle Ear Function (ASHA, 1979), and (2) the recom-
mendations of the Nashville Task Force, which met at
Vanderbilt University in 1977 (Harford, Bess, Bluestone,
& Klein, 1978). ASHA’s original protocol, variations of
which are still in widespread use, recommended a combi-
nation of tympanometry and acoustic reflex measures,
which resulted in three possible outcomes: pass (no addi-
tional follow-up), at-risk (schedule for rescreening), or fail
(medical referral). An individual was passed if the tympa-
nometric peak pressure was between +100 and –200 mm
H2O* and an acoustic reflex was present. If a peak was
identifiable but outside this range, and the acoustic reflex
was present, or, if peak pressure was within this range but
the acoustic reflex absent, the individual was considered to
be at  risk and rescreening was performed in 3 to 5 weeks,
at which time the result was reclassified as either a pass or
fail. Immediate medical referral was recommended if tym-
panometric peak pressure was outside the +100 to –200

Jackson Roush, Ph.D; Amelia Drake, MD; and John E. Sexton, MS
Division of Speech and Hearing Sciences (J.R., J.E.S.), and Division of Otolaryngology—Head and Neck

Surgery (A.D.), University of North Carolina, Chapel Hill, North Carolina

Abstract

Two acoustic immittance screening procedures were evaluated in conjunction with pneumatic otoscopy, performed by a pediatric

otolaryngologist. The subjects were 204 3- and 4-yr-old children from a rural area in eastern North Carolina. Pass-fail criteria were

examined using two middle ear screening procedures: (1) a “traditional” procedure based on measures of tympanometric peak pres-

sure and acoustic reflexes, and (2) the tympanometric measures contained within the American Speech-Language-Hearing

Association’s (ASHA) revised Guidelines for Screening for Hearing Impairment and Middle Ear Disorders. The traditional procedure

resulted in low specificity but high sensitivity, whereas ASHA’s immittance procedure resulted in high specificity but only moderate

sensitivity. The negative predictive value was very high for both procedures; however, positive predictive value was low, especially for

the traditional procedure. Advantages and disadvantages of the two procedures and future research needs are discussed. (Ear Hear 13

2:63-69)

Reprinted by permission of authors and Williams & Wilkins. Copyright 1992. Ear
& Hearing, 13, No. 2, pp. 63-69.
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range and the acoustic reflex absent, or in the event of a
flat (type B) configuration.

The Nashville Task Force recommendations included
similar tympanometric and acoustic reflex criteria; how-
ever, they differed from the original ASHA guidelines
with respect to referral criteria. In contrast to the original
ASHA protocol, which, in some cases, recommended
medical referral on the basis of initial immittance find-
ings, the Nashville guidelines recommend rescreening all
individuals with abnormal tympanometric results 4 to 6
weeks after the initial test was failed. Those children who
were again classified as being at risk were to be sched-
uled for periodic monitoring rather than medical referral.

Several studies have sought to evaluate the efficacy
of immittance screening and, in general, have reported
moderately high sensitivity but low specificity (e.g., Lous,
1983; Lucker, 1980; Paradise & Smith, 1978; Roeser &
Northern, 1988; Roush & Tait, 1985; Wachtendorf et al,
1984). In an effort to improve the specificity of its screen-
ing guidelines and to acknowledge a new American stan-
dard for acoustic immittance instruments (ANSI, 1988),
ASHA recently adopted revisions to these guidelines.
ASHA’s revised protocol (ASHA, 1990), summarized in
Table 1, consists of four components: history, visual
inspection, identification audiometry, and tympanometry.
Three individual acoustic immittance measurements are
contained within the new set of guidelines: static admit-
tance, equivalent ear canal volume, and tympanometric
width (gradient). As noted in the guidelines, low static
admittance (peak Y) is often seen in cases of active mid-
dle ear disease, whereas abnormally large ear canal vol-
ume estimates are often observed when tympanic
membrane perforations exist in the presence of normal
middle ear mucosa (ASHA, 1990). An abnormally wide
tympanometric gradient is often indicative of middle ear
effusion. Normative data, based on the work of Margolis
and Heller (1987), are published as an appendix to the
Guidelines, pending a larger scale normative study.

It is important to note that the new guidelines do not
include measures of tympanometric peak pressure and
acoustic reflex. The revised ASHA guidelines cite evi-
dence that these measures contribute little to the sensitivi-
ty of immittance screening while substantially lowering
specificity. It should also be noted that the revised guide-
lines never recommend immediate medical referral on the
basis of initial immittance findings alone, except in cases
of abnormally large ear canal volume estimates accompa-
nied by low static admittance (i.e., when there is reason to

suspect a perforation of the tympanic membrane). When
tympanometric results are abnormal, rescreening is done
after 4 to 6 weeks. If results are again abnormal, an audio-
logical/medical referral is made. In revising the screening
guidelines, the ASHA Committee has attempted to address
the problems associated with previous screening proto-
cols, as well as the need to consider advances in acoustic
immittance instrumentation and standards. The present
study was designed to compare the acoustic immittance
portion of the revised ASHA guidelines to a more tradi-
tional middle ear screening procedure consisting of tym-
panometric peak pressure and acoustic reflex measures.

Method

Subjects The subjects for this study were 204 3-
and 4-yr-old children enrolled in Head Start preschool
programs in a rural area located in eastern North Carolina.
Males and females were equally represented. Approx-
imately 95% of the children were black, and all were
from low income families. 

Instrumentation Acoustic immittance data were
obtained using an automatic tympanometer (Micro
Audiometrics Earscan). This device uses a 226 Hz probe
tone with a positive to negative pressure sweep, at a rate
of 150 daPa/sec. The static value is obtained by subtract-
ing the amplitude at +200 daPa from the peak value. The
immittance measures obtained for each subject were: (1)
tympanometric peak pressure, expressed in daPa; (2) ipsi-
lateral acoustic reflex, displayed graphically on a strip
chart recording; (3) equivalent ear canal volume,

Table 1. Referral criteria for ASHA’s revised Guidelines for Screening for
Hearing Impairment and Middle Ear Disorders (ASHA, 1990). The pre-
sent study examined only the acoustic immittance component of these
guidelines.

History
Otalgia
Otorrhea

Visual inspection of the ear
Structural defect of the ear, head, or neck
Ear canal abnormalities

Blood or effusion
Occlusion
Inflammation
Excessive cerumen, tumor, foreign material
Eardrum abnormalities
Obvious perforation
Obvious inflammation
Severe retraction

Identification audiometry
Fail air conduction screening at 20 dB HL at 1, 2, or 4 

kHz in either ear
Tympanometry

Flat tympanogram with equivalent ear canal volume 
outside normal range

Low static admittance on two successive occurrences in 
a 4- to 6-week interval

Abnormally wide tympanometric width on two    
successive occurrences in a 4- to 6-week interval

*ANSI S3.39-1987 recommends the use of the international units system (SI).
For air pressure, the SI unit decapascal (daPa) replaces mm H2O, previously
used for tympanometry. For practical purposes, the two units can be considered
equivalent (Margolis & Shanks, 1991).
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expressed in millimhos; (4) static admittance, expressed
in millimhos; and (5) tympanometric width, determined
manually,† using a template constructed for this purpose
(see ASHA, 1990).

Procedures Initially, 242 subjects were seen in mid-
January for acoustic immittance screening only. Six
weeks later, acoustic immittance measures were repeated
for all children present on the day of rescreening, includ-
ing those who had normal immittance findings on the ini-
tial test. In addition, otoscopic examination, performed by
a pediatric otolaryngologist, was conducted for each
child.

Otoscopic Examination Pneumatic otoscopy was
performed on all children seen at the time of the second
screening by the same physician, an otolaryngologist
whose regular caseload consists primarily of pediatric
patients, and whose otoscopic sensitivity and specificity
(∅85%) have been established at surgery (Bluestone &
Cantekin, 1979). Otoscopic findings were classified ac-
cording to position, appearance, color, and any other
remarkable characteristics. When fluid was thought to be
present by otoscopy, a judgment was made regarding
quantity and type. An otoscopic “failure” was judged to
be an ear that required medical attention because of mid-
dle ear effusion, or because of abnormalities in color or
appearance. The otoscopic examination was conducted
immediately before, or just after the acoustic immittance
measures. The examiner was unaware of the immittance
findings.

Tympanometric Classification  The acoustic immit-
tance results were analyzed according to the screening
and classification procedures described in Table 2. The
“traditional procedure”‡ is essentially the original ASHA
procedure, but without immediate medical referral. That
is, all ears with abnormal immittance results were
rescreened before medical referral. Results obtained using
this procedure were compared to those acquired using the
tympanometric procedures contained within the revised
ASHA Guidelines for Screening for Hearing Impairment
and Middle Ear Disorders (ASHA, 1990).

Results

Table 3 compares the results obtained by applying
the traditional and the revised ASHA immittance proce-
dures to the 395 ears for which valid measurements could
be obtained (13 ears were eliminated because of pressure
equalization tubes or impacted cerumen). The traditional

screening procedure classified 122 ears as needing med-
ical referral (31% of the total sample). Results for the
same ears classified according to the revised ASHA immit-
tance procedure resulted in a much larger number of ears
being passed on the first screen (82%); however, for those
requiring rescreening, the proportion of ears passed and
referred was similar. The 43 ears needing medical atten-
tion according to the revised ASHA tympanometric pro-
cedure comprised 11% of the total sample.

A summary of results obtained using the two proce-
dures is shown in Tables 4 and 5, based on the otoscopic
findings at the second screening. It can be seen that both
procedures were successful in identifying most of the ears
needing medical referral based on otoscopic findings. As
shown in Table 4, there were no false negatives using the
traditional procedure. The two false negatives obtained
using ASHA’s middle ear screening procedure (Table 5)
were characterized by markedly negative pressure, a mea-
surement not included in that criteria. One of those ears
was also characterized by significant abnormality of
appearance (color).

Both immittance procedures were less accurate in the
correct classification of nondiseased ears. As shown in
Table 4, the traditional procedure correctly classified only
40% of the ears judged to be normal otoscopically (49 out
of 122). Examination of data for the individual ears com-
prising this group revealed that nearly three-fourths failed
because of absent acoustic reflexes, even though tympa-
nometric peak pressure was less negative than –200 daPa.
Most of the remainder failed because of tympanometric
peak pressure more negative than –200 daPa (nearly all of
these subjects had absent acoustic reflexes as well). Three

†The Earscan instrument now calculates tympanometric width automatically by
determining the pressure interval associated with a 50% reduction in admittance on
either side of the peak.

‡The term “traditional” is used here because the procedure is based on tympano-
metric peak pressure and acoustic reflexes, measures commonly used in screening
for middle ear dysfunction. Although these measures have been widely used, pro-
cedures have varied considerably with respect to instrumentation, screening meth-
ods, and pass-fail criteria.

Table 2. Referral criteria for the traditional and revised ASHAimmittance
screening procedures. According to the revised guidelines (ASHA, 1990),
immittance findings must be abnormal on two successive occasions sep-
arated by a 4- to 6-week interval. The Guidelines also recommend that
immittance be performed in conjunction with pure tone screening, visual
inspection, and case history.

Referral criteria for “traditional” procedure
Tympanometric peak pressure                < –200 daPa
Acoustic reflex                                        Absent

or
Flat (type B) tympanogram

Referral criteria for revised ASHA immittance measures
Static acoustic admittance                        < 0.2 mmho
Equivalent ear canal volume                     > 1.0 cmΔ
Tympanometric width                               > 150 daPa
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ears categorized as false positives had flat tympanograms
(i.e., static admittance <0.2 mmho).

The revised ASHA tympanometric procedure (Table
5) resulted in a much lower number of false positives,
correctly classifying nearly three-fourths of the nondis-
eased ears. Examination of the 10 ears classified as false
positive revealed that all failed because of abnormal tym-
panometric width and/or static admittance.

Comparison of the data shown in Tables 4 and 5 is
complicated by the fact that different ears comprise each
follow-up group. In an effort to accomplish a more direct
comparison of the two immittance procedures at a single
point in time, and to permit calculation of sensitivity,
specificity, and predictive values, all 374 ears available
for screening and otoscopic examination were classified
according to the two procedures. As shown in Tables 6
and 7, comparison of sensitivity and specificity for the
two procedures revealed that the traditional procedure,
although highly sensitive (95%), achieved low specificity
(65%). In contrast, the revised ASHA tympanometric pro-
cedure (Table 7) achieved high specificity (95%), but
lower sensitivity (84%). Also of interest in Tables 6 and 7
are the predictive values calculated for the two screening
procedures. For the traditional procedure (Table 6), it can
be seen that a negative finding (i.e., normal tympanomet-
ric peak pressure and acoustic reflexes) was highly pre-
dictive of normal middle ear function as judged
otoscopically (negative predictive value = 99%). In con-
trast, a positive finding predicted only about one-fourth of

the ears judged by otoscopy to need medical attention
(positive predictive value = 27%). For the ASHA immit-
tance measures (Table 7), the predictive value of a nega-
tive test was also very high (98%). The predictive value of
a positive test (69%), although less than optimal, was con-
siderably higher than that observed for the traditional pro-
cedure.

Examination of individual ear data for Table 6
revealed that for the two ears with normal immittance but
abnormal otoscopic results, one was referred because of
abnormal color/ appearance, the other because of retrac-
tion and abnormal appearance. For the revised ASHA
tympanometric procedures (Table 7), examination of the
seven ears with normal immittance but  abnormal oto-
scopic findings, revealed that all were characterized by
negative tympanometric peak pressure, a measurement
not included in that protocol. Otoscopic findings for those
ears revealed abnormal color/appearance for five of the
seven, and severe retraction for the remainder.

Discussion

This study was designed to examine the practical
application of two immittance screening procedures,
based on otoscopic examination at the time of rescreen-
ing. As such, it attempted to stimulate the practical appli-
cation of the two immittance procedures, but without the
inevitable delays that normally occur between referral and
medical examination. Also atypical was the benefit of
pneumatic otoscopy performed by a validated pediatric
otolaryngologist. Most children identified in a screening
program are referred to a pediatrician or family practice
physician, many of whom do not use pneumatic otoscopy.

Although considerable effort was undertaken to opti-
mize the validation criteria used in this study, several
important issues must be considered. First, as Bluestone
and Klein (1990) have noted, actual verification of middle
ear effusion, judged otoscopically, can only be achieved
by performing a myringotomy immediately after exami-
nation. Because such a validation procedure is unfeasible
in a study of this nature, there is undoubtedly some
degree of error in using otoscopy as a “gold standard,”

Table 5. Screening results obtained when ASHA’s revised immittance
procedures were applied to the subgroup failing the initial screen accord-
ing to that procedure (n = 65 ears). Only 65 of the 70 ears identified for
referral in Table 3 are reported here because 5 ears could not be fully visu-
alized otoscopically, even though valid acoustic immittance measures
were obtained.

Otoscopy

Fail         Pass

Refer              29            10
Immittance         

Pass                 2            24

Table 4. Screening results obtained when the traditional procedure was
applied to the subgroup failing the initial screen (n = 158 ears). Only 158
of the 172 ears identified for referral in Table 3 are reported here because
14 ears could not be fully visualized otoscopically, even though valid
acoustic immittance measures were obtained.

Otoscopy

Fail           Pass

Refer                 36              73
Immittance

Pass                    0              49

Table 3. Results of acoustic immittance screening applied to the tradi-
tional screening procedure and to the immittance measures contained
within the revised ASHA protocol.

Screen 1 (n = 395 ears)               Screen 2 (n = 172 ears)

Pass                 Retest                   Pass             Refer

Traditional screening procedure
223 (56%)       172 (44%)               50 (29%)       122 (71%)

Percent of total sample referred: 31%

Revised ASHA immittance procedure
(n = 395 ears)                             (n = 70 ears)

324 (82%)       70 (18%)                27 (39%)       43 (61 %)
Percent of total sample referred: 11%



Identification of Middle Ear Dysfunction in Young Children: A Comparison of Tympanometric Screening Procedures  191

even though otoscopic judgments were all made by the
same validated otoscopist. It is also important to note that
our findings are reported “by ear” rather than “by child.”
This distinction is important because, as Rockette and
Casselbrant (1988) have shown, different levels of sensi-
tivity and specificity may result depending on which
methodological approach is taken.§It is also important to
emphasize that judgments regarding the acceptability of a
given level of sensitivity or specificity can be made only
in the context of disease prevalence. Although sensitivity
and specificity are independent of prevalence, positive
and negative predictive values (the frequency with which
test results represent correct identification of individuals
as affected or not affected) are highly influenced by
prevalence. Thus, estimates of predictive values should be
made only if there is knowledge of disease prevalence
(Thorner, 1981). In the present study, 44 ears were classi-
fied as abnormal out of 395 examined, indicating a preva-
lence of approximately 11%. Our estimates of predictive
value will undoubtedly differ from those obtained in a
medical setting, where the prevalence of ear disease is
much higher. This was shown in a recent study by Karzon
(1991), who applied ASHA’s revised immittance mea-
sures to a group of children seen in an otolaryngology set-
ting. Fifty-five ears from a subset of 3- to 5-yr-olds
yielded a negative predictive value of 81% for static
acoustic admittance and 61% for tympanometric width
(positive predictive value was not reported). Sensitivity
and specificity were also lower than that observed in the
present study for both static admittance and tympanomet-
ric width; however, the combined hit and false alarm rates
for these measures was not computed.

Attempts to use acoustic immittance for identifica-
tion of middle ear dysfunction have, in general, resulted
in moderate sensitivity, but low specificity. That is, most
screening protocols have been reasonably accurate in
identifying ears with middle ear dysfunction, but less so
in correctly classifying subjects not found to require med-
ical intervention (see Bluestone & Klein, 1991). In gener-

al, our findings using the more traditional approach were
similar to those of previous investigators. The over-refer-
ral problems associated with absent acoustic reflexes
and/or negative tympanometric peak pressure have been
demonstrated previously (e.g., Paradise & Smith,1978;
Roush & Tait, 1985; Wachtendorf et al, 1984). The
acoustic reflex, in particular, seems to contribute little to
sensitivity while substantially lowering specificity.

When the two procedures are compared, the tradi-
tional immittance screening procedure, which included
acoustic reflexes and measures of tympanometric peak
pressure, was more successful in identifying ears needing
medical attention than was the immittance procedure con-
tained within ASHA’s revised Guidelines, which is based
on measures of static admittance, physical volume, and
tympanometric width. Specifically, the revised ASHA
tympanometric procedure classified as normal seven ears
judged by the otolaryngologist as needing medical atten-
tion. In contrast, on1y two false negatives occurred when
the traditional procedure was applied.

It is important to emphasize that the present study
examined only the immittance component contained
within the revised ASHA guidelines. Margolis and Heller
(1987) suggest that specificity may be increased without
lowering sensitivity by providing tympanometric
rescreening and by including other components, such as
otological history, visual inspection, and audiometric
screening, in conjunction with acoustic immittance mea-
sures. This philosophy also guided the development of the
revised ASHA procedures, and specific guidelines are rec-
ommended for each of these components (ASHA, 1990).
In the present study, case history information was not
included, and pure tone screening, although conducted
previously for these children, was not done in conjunction
with middle ear screening as recommended in the revised

Table 6. Screening results and calculation of sensitivity, specificity, and
predictive values for the traditional procedure, based on data from 374
ears evaluated by immittance screening and otoscopy.

Otoscopy

Fail         Pass

Refer                42             115
Immittance

Pass                  2             215

Sensitivity = 95%
False negatives = 5%
Specificity = 65%
False positives = 35%
Positive predictive value = 27%
Negative predictive value = 99%

Table 7. Screening results and calculation of sensitivity, specificity, and
predictive values for the revised ASHA immittance procedures, based on
data from 374 ears evaluated by immittance screening and otoscopy.

Otoscopy

Fail           Pass

Refer            37              17
Immittance

Pass                7            313

Sensitivity = 84%
False negatives = 16%
Specificity = 95%
False positives = 5%
Positive predictive value = 69%
Negative predictive value = 98%

§In this study, the prevalence calculated “by child” (24 referrals out of 204 subjects,
or 12%), was similar to the prevalence calculated “by ear” (44 ears out of 395 exam-
ined, or 11%).
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ASHA guidelines. Hence, the specificity achieved by
applying ASHA’s revised immittance measures, although
significantly higher than that obtained with the more tra-
ditional approach, might have been even higher had the
ASHA procedure been applied in its entirety (i.e., in con-
junction with history, visual inspection, and pure tone
audiometry). Likewise, the inclusion of case history infor-
mation and pure tone screening would most likely
improve the overall performance of the protocol. The
effects of including visual inspection are less predictable.
Because five of the seven ears missed by the ASHA
immittance screening protocol had marked evidence of
abnormal color and appearance as well as significant
retraction, a skilled nonmedical otoscopist applying the
revised ASHA protocol in its entirety might have identi-
fied those individuals as needing medical referral, even
though they were not identified on the basis of tympano-
metric findings alone. On the other hand, specificity
might have been lower if the inclusion of otoscopic
inspection had resulted in an excessive number of false
positive medical referrals. The ASHA committee debated
the issue of visual inspection at length (R.H. Margolis,
personal communication), but decided that the benefits of
prompt medical attention for those who needed it justified
the risk of additional false positive medical referrals. The
visual inspection component will need careful evaluation,
however, and programs electing to include it will need to
evaluate the efficacy based on their screening personnel
and the nature of  their target populations (Roush, 1990).
This seems particularly important in view of the relatively
small proportion of subjects likely to need immittance fol-
low-up under the revised ASHA protocol. It would be
regrettable if the improvements in specificity brought
about by the revised tympanometric criteria were negated
by excessive over-referrals based on otoscopic inspection
by nonmedical personnel.

Until the new ASHA guidelines are evaluated in their
entirety, the overall validity and predictive value of that
protocol will be unknown. In the meantime, audiologists
responsible for middle ear screening programs, regardless
of the protocol they select, should evaluate their proce-
dures carefully to ensure that they are achieving an
acceptable balance between sensitivity and specificity. It
is well known that failure to achieve adequate sensitivity
results in absence or delay of appropriate medical man-
agement, whereas low specificity results in wasted finan-
cial resources, strained interprofessional relations, and
unnecessary concern on the part of parents and caretakers.
Unfortunately, few programs engage in systematic moni-
toring of screening outcomes. Bluestone et al (1986), at
the conclusion of a conference on screening for middle ear
disease, noted that “existing screening programs appear to
be functioning as massive case-finding mechanisms with-

out informed guidelines to govern their activities” (p. 68).
It is imperative that audiologists and health care providers
work cooperatively to ensure accurate, cost-effective
identification procedures and appropriate medical referral
criteria.

Conclusions

The implications of this study may be summarized as
follows:

1. Those electing to apply ASHA’s revised im-
mittance measures to a population with characteristics
similar to the one studied here should achieve a moderate
level of sensitivity, but not as high as that achieved using
a more traditional procedure based on measures of tympa-
nometric peak pressure and acoustic reflex. Specificity, on
the other hand, should be much higher using ASHA’s
revised immittance procedures. With regard to predictive
values, assuming application of the procedures to an uns-
elected group having a similar prevalence of middle ear
dysfunction, negative findings would appear to have good
predictive value for both procedures. That is, normal tym-
panometric results should be highly predictive of normal
middle ear function. In contrast, the predictive value of a
positive (abnormal) outcome would appear to be much
lower for both procedures. The positive predictive value
for the traditional procedure was 27%, meaning that only
about one-fourth of the ears failing the screen were classi-
fied otologically as needing medical intervention. The
positive predictive value of the revised ASHA immittance
measures, although considerably higher (69%), would
still be rejected by many practitioners as too low for rou-
tine screening purposes.

2. Those electing to continue the use of a more tradi-
tional approach to middle ear screening would be well
advised to eliminate the acoustic reflex from the test pro-
cedure. The acoustic reflex, as routinely applied, appears
to substantially lower the specificity, while contributing
little to sensitivity.

3. Applied in its entirety, the revised ASHA protocol
may achieve higher or lower sensitivity, specificity, and
predictive values than those observed in the present study,
depending on the time interval between assessment and
medical examination and the combined effects of case
history, visual inspection, audiometric screening, and
acoustic immittance measures. Further research is needed
to determine the relative contribution of each.
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Modeling the Cost and Performance of Early
Identification Protocols

It is generally accepted that hearing-impaired chil-
dren benefit from the early detection and habilitation
of hearing loss. The Joint Committee on Infant Hearing
(1982) has recommended that hearing loss be identi-
fied and habilitation begun by 6 months of age. The
need for such an effort is clear to most audiologists,
but how does one determine the most appropriate early
identification (EID) protocol?

One approach is to rely entirely on intuition and
clinical experience. This, however, is only appropriate
with extremely complex problems that defy any type
of quantitative analysis. Unfortunately, this strategy is
often used because it is the least demanding. While it
has a certain appeal, such a subjective approach is
often vulnerable to bias and undetected error.
Decisions may be based on inappropriate assumptions
that result from atypical or limited clinical experience.
Also, it is difficult to evaluate and validate the decision
making process because it is seldom explicitly known.

Another strategy is to quantify every variable and
then perform a detailed cost-benefit analysis.
Theoretically, this is the best approach, but often it is
too difficult to be practical. With this strategy it is nec-
essary to assign some quantitative measure of cost to
errors and benefit to correct decisions. The problem is

that some important variables may be difficult or near
impossible to quantify. For example, what are the actu-
al financial and societal costs of not identifying a hear-
ing-impaired infant?

There is a third strategy that is a compromise
between the two described above. A simplified model
can be developed to serve as an objective, defensible
starting point. With this model, certain issues can be
evaluated quantitatively. Factors that can not be includ-
ed in the model can then be considered to yield the
ultimate decision. Thus, the cost-benefit analysis com-
bines objective data derived from a quantitative model
with a subjective evaluation of important factors.
While there is a subjective component to this strategy,
at least the decision process begins with a more rigor-
ous, objective foundation.

What factors would we want to quantify in a
model? There are many important factors to consider
when selecting an EID protocol, but the two most fun-
damental are performance and cost. By performance,
we mean how many hearing-impaired (IH) infants will
be detected. It would also be useful to know how many
normal hearing (NH) infants will be incorrectly called
hearing impaired. Since resources are limited, some
measure of the cost of implementing an EID protocol
is essential, as well as some measure of cost-effective-
ness. Thus, reasonable measures of performance and
cost are the minimum information we would want
when evaluating and selecting EID protocols. It is dif-

Robert G. Turner
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ficult to see how an appropriate decision can be made
without this basic information Fortunately, perfor-
mance and cost, the most basic factors, are also the
easiest to quantify in a model.

Prager et al (1987) used a simple model to com-
pare the cost-effectiveness of newborn hearing screen-
ing with the Crib-O-Gram and auditory brainstem
response techniques. This paper extends their work and
presents a more general and detailed model for EID
protocols. The techniques for calculating the cost and
performance of EID protocols are described in detail.
Essential data for the implementation of these tech-
niques is also provided.

This model is easy to implement and can be used
by audiologists to develop their own EID protocols.
The quantitative results of this model can be consid-
ered along with more subjective local factors to evalu-
ate different EID strategies. Each program can design
an EID protocol that is optimum to its particular need
instead of relying on one universal recommendation.

Protocol Design

The first step in developing the model is to specify
the basic design of the EID protocol (Fig. 1). This
design is sufficiently general to accommodate many
actual protocols. With certain implementations, it is
consistent with the goal of identification and habilita-
tion by 6 months. The model does not consider the
identification of progressive loss.

Nursery

The first component is the hospital nursery. This
can be either a well baby nursery (WBN) or an inten-
sive care nursery (ICN). It is necessary to distinguish
between the types of nurseries because prevalence of
hearing loss can be very different. In addition, screen-
ing tests may perform very differently on infants from

the two nurseries. In general, infants in either nursery
are referred to a screening protocol; however, this is
not essential.

Screening Protocol

The primary purpose of any screening protocol is
to reduce the cost of identification. The screening pro-
tocol identifies infants at risk, that is, infants with a
higher probability of disease than the general popula-
tion. This reduces the infants who must be followed
and tested with the diagnostic procedures, reducing the
cost of identification. Usually, the result of screening is
either pass or fail; the screening is not diagnostic.
Infants that fail are referred for diagnostic testing.
Infants that pass are not followed. Experience has
shown that with some screening protocols, all infants
cannot be tested before discharge. A provision for this
is incorporated in the model.

Follow-Up

Technical limitations prevent the diagnostic testing
of newborns; therefore, infants must be followed until
they are sufficiently old for diagnostic procedures.
Both infants who fail the screening and infants who
were not screened before discharge must be followed.
The reason that this component must be explicitly
shown in the model is that there is some expense in
following infants until diagnostic testing. In addition,
experience has demonstrated that some infants will be
lost from follow-up. Both factors will have a signifi-
cant impact on the cost and performance of EID proto-
cols.

Diagnostic Protocol

The final component in the EID process is the
diagnostic protocol. It is this component that actually

Figure l. Basic early identification protocol design. “Out” means that an infant is no longer tested or followed by the protocol.
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identifies hearing loss. Infants with hearing loss are
referred for additional evaluation, habilitation, and
management.

Measures of Performance and Cost

Simple, but adequate, measures of test per-
formance are hit rate (HT) and false alarm rate (FA).
These same measures can be applied to test protocols
(Turner et al, 1984). Hit rate for the EID protocol
(HTp) is the percentage of hearing-impaired infants in
the nursery who are identified by the protocol. False
alarm rate for the protocol (FAp) is the percentage of
normal hearing infants in the nursery who are incor-
rectly called hearing impaired by the protocol.

Also of interest are the posterior probabilities. One
posterior probability (PPf) is the probability of hearing
loss in an infant who fails screening. PPf indicates how
much confidence we can have that an infant who fails
is actually hearing impaired. A second posterior
probability is PPp. This is the probability of hearing
loss in an infant who passes screening.

There are many different measures of financial
and societal costs that could be used. For our purposes,
we will restrict our calculations to two basic measures
of financial cost. These are the dollar cost of the EID
protocol per infant in the nursery (CPIN) and the dollar
cost of the EID protocol per hearing-impaired infant
identified (CPHL). These two measures reflect differ-
ent aspects of protocol costs. CPIN is a measure of
what it costs to implement the program, whereas
CPHL is a measure of cost- effectiveness. A program
could be inexpensive to implement, but could identify
few IH infants. In this case, CPIN would be low but
CPHL would be large. On the other hand, an expensive
program could identify many IH infants. CPIN would
be large, but CPHL small.

Model Parameters

To calculate performance and cost for an EID pro-
tocol, it is necessary to specify the parameters that are
used in the model. For calculating performance, the
parameters are disease prevalence, HT/FA of the indi-
vidual tests in the protocol, and test correlation (Turner
et al, 1984).

To determine CPIN and CPHL we must know the
cost of each component of the EID protocol plus proto-
col performance. Hit rate and false alarm rate of the
total protocol are not sufficient; we must also know the
number of infants processed by each component. This
means tracking the infants, in detail, all the way
through the EID protocol.

For EID protocols, two additional factors must be
considered. First, the percentage of infants who cannot
be screened in the nursery are combined with the
screening failures to constitute the infants to be fol-
lowed. Second, it is necessary to specify a follow-up
percentage. This is the percentage of infants who
remain in the program until diagnostic testing.

In general, the model parameters will be derived
from published clinical data. This is not without some
problems. For many parameters the reported values can
vary significantly. A parameter will be selected that is
the average of the reported values or is within the
approximate middle of the reported range. An addi-
tional problem is that some of the parameters have
received little attention in the literature. In this case a
best guess will be made based on available informa-
tion. A summary of the selected model parameters is
shown in Table 1.

Prevalence

Prevalence (Pr) is the percentage of infants in a
nursery with hearing loss at the time of testing.
Determining prevalence is more complex than it may
seem. The first problem is defining hearing loss in
terms of degree of loss, type of loss, and unilateral ver-
sus bilateral hearing loss. Historically, most prevalence
data, particularly for the general population, have been
for moderate to profound sensorineural loss. Newer
techniques in the ICN have made possible the detec-
tion of milder losses, conductive losses, and unilateral
losses. For our purposes, we will focus on the identifi-
cation of moderate to profound sensorineural loss, uni-
lateral or bilateral.

A number of studies provide estimates of preva-
lence for the ICN. Some good reviews of relevant stud-
ies are provided in Murry et al (1985), Jacobson and
Hyde (1986), and Stein (1986). Estimates of preva-
lence vary from about 1 to 8% with the generally
accepted range being 2 to 4 percent (Committee on
Infant Hearing, 1989). If conductive loss was included,
then the prevalence would be higher. Three percent
will be used as the model parameter for prevalence in
the ICN.

We are also interested in the prevalence in the
WBN. In general, this figure has not been determined
directly; we must estimate this from data for the gener-
al population. Reported prevalence has varied from
less than 0.1 to more than 0.3 percent, but the most fre-
quent reports are 0.1 to 0.2 percent (see Peckham,
1986; Riko et al, 1985 for reviews). We would expect
the prevalence in the WBN to be smaller than the gen-
eral population for two reasons. In many studies preva-
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lence is based on hearing loss in children from 5 to 8
years of age. Some of the measured hearing loss would
be progressive and not present in the WBN. Also, the
general population consists of infants from the WBN
and the ICN where the prevalence of hearing loss is
greater. We will use 0.1 percent (1 per 1000) as the
model parameter for prevalence in the WBN.

Screening Test Performance

A variety of different tests have been used to
screen infants for hearing loss. Today, the only tests in
extensive use are the high-risk register (HRR) and
auditory brain stem response (ABR) screening; there-
fore, we will concentrate on these two tests for the
model. As new screening tests are developed, these can
be incorporated into the model as long as the hit rate
and the false alarm rate can be specified.

The performance of some screening tests can be
quite different in the two nurseries; therefore, the nurs-
eries must be considered separately. Remarkably, there
is little information in the literature on the performance
of the HRR in the ICN even though the HRR has been
employed in many studies. Frequently, the HRR has
been used to determine which infants receive ABR
screening without any attempt to evaluate the perfor-
mance of the HRR. One study (Simmons et al, 1979)
found HT/FA = 96/ 64 percent for the HRR in the ICN.

Several studies do report failure rate (FR) for the
HRR. These rates have varied significantly from 20 to
more than 90 percent (Alberti, 1986; Hosford-Dunn et
al, 1987; Swigonski et al, 1987; Kramer et al, 1989).
FR can provide an estimate of false alarm rate. When
prevalence is low, the FA will be only a few percent

smaller than FR. With a FR of 20 percent, a 3 percent
prevalence would yield a FA of almost 18 percent.
Thus, the FA for the HRR in the ICN will vary as the
FR varies. In general for a diagnostic test, as false
alarm rate decreases so does hit rate. Thus, a low FR
means a low FA, which may indicate a low HT.
Unfortunately, there is no information on the HT of the
HRR when FR is low. We will use as a model parame-
ter, HT/FA = 95/65 percent, consistent with the results
of Simmons et a (1979).

There is information on the performance of the
HRR in the WBN and the general population
(Mencher, 1974; Feinmesser and Tell, 1976; Downs,
1978; Simmons et al,1979; Feinmesser et al, 1982;
Mencher and Mencher, 1982; Stein et al, 1983; Alberti,
1986; Coplan, 1987; Elssmann et al, 1987; Kramer et
al, 1989). The results of the two populations are simi-
lar, although we would theoretically expect a slightly
higher HT and FA for the general population because
that would include ICN infants. HT varies from
approximately 50 to 75 percent; FA from approximate-
ly 7 to 12 percent. We would expect some variation
because different high-risk items have been employed.
In general, the more restricted the HRR, the lower the
HT and FA. Feinmesser and Tell (1976) found the per-
formance of the HRR reduced from HT/FA = 72/20
percent to 60/7 percent when fewer items were used.
We will use HT/FA = 60/10 percent for the model
parameter for the HRR in the WBN.

There is limited information on the HT of ABR
screening in the ICN. To determine hit rate, it is neces-
sary to know how many hearingimpaired infants were
missed by the screening. This means that infants who
pass the screening must be followed; unfortunately, this

Table 1. Base Parameters Used with Model

Performance Cost

ICN WBN Min./Test $/Test

Pr: Prevalence (%) 3.0 0.1

CNT: Can Not Test Before Discharge (%) 10 10

HRR: High Risk Register 10 13

Hit rate (%) 95 60

False alarm rate (%) 65 10

ABR: Auditory Brainstem Response Screening 45 60

Hit rate (%) 95 95

False alarm rate (%) 15 10

FU: Follow-Up Success (%) 50 50 10 13

Diagnostic Protocol 120 160

Hit rate (%) 100 100

False alarm rate (%) 0 0

Test Correlation Zero Zero
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is seldom done. Three studies attempted to follow all
infants that had been screened with ABR (Shannon et
al, 1984; Bradford et al,1985; Swigonski et al, 1987). In
all studies, HT = 100 percent for the ABR screening,
but in each case the number of infants tested was rela-
tively small. In the largest relevant study, over 700
infants were followed (Hyde et al, 1990). HT for ABR
screening varied from 98 to 100 percent depending on
criterion for passing the screen. It is important to note
that in this study, infants were tested under ideal condi-
tions at 3 months of age or later, not in the ICN. In
addition, this study did not consider low frequency loss
that can be missed by ABR testing with a click stimu-
lus. These studies indicate a high HT for ABR screen-
ing; however, we would not expect HT = 100 percent.
A small number of hearing-impaired infants could be
missed because they have low frequency loss or
because a high click level (e.g., 40 dB nHL) was used
for the criterion (Riko et al, 1985; Durieux-Smith et al,
1987; Kramer et al, 1989). For the model parameter, we
will use HT = 95 percent for the ABR in the ICN.

There are extensive data on the failure rate of the
ABR in the ICN. A number of studies have been summa-
rized by Murry et al (1985), Jacobson and Hyde (1986),
and Stein (1986). In general, FR varies from 10 to 25
percent in these reviews with an average FR (as calculat-
ed from Murry et al and Jacobson and Hyde) of about 17
percent. As discussed previously, the FA will be several
percent below the FR. A FA of 15 percent will be used as
the model parameter so as to reflect general experience,
not optimum performance. Recent improvements in tech-
nique may consistently improve the FR for ABR. Gorga
et al (1988) tested ICN infants under ideal conditions,
including insert earphones, and found that only 5 percent
of the ears failed the screening. This corresponds to a
failure rate of 5 to 10 percent depending on the distribu-
tion of impaired ears among the infants.

There is little information on the performance of
ABR screening in the WBN. This strategy has seldom
been used because of the large number of infants to be
tested and the low prevalence of hearing loss. There is
no obvious reason to expect the HT in the WBN to be
much different than in the ICN. As for the ICN, we
will use HT = 95 percent as the model parameter. We
would expect the FA in the WBN to be lower than the
ICN. There would be fewer infants in the WBN with
developmental delays or transient conductive loss. A
lower limit on false alarm rate is indicated by the work
of Hyde et al (1987). They tested more than 200 nor-
mal infants who were not at-risk for a hearing loss.
The infants were screened at approximately 4 months
with ABR under ideal conditions, except that insert
phones were not used. They found a FR of 7 percent

for a 30 dB nHL click stimulus. Assuming no hearing-
impaired infants in this population, the FA would be
identical to the FR. We would expect the FR to be
slightly higher in newborns, as opposed to 4 months;
therefore, FA = 10 percent will be used as the model
parameter.

Cannot Test

Certain screening tests such as ABR require physi-
cal access to the newborn in the nursery. In the ICN,
testing is most reliable when the infant is less ill, that
is, right before discharge. This significantly reduces the
time available for testing. In the WBN, infants may be
hospitalized for only 2 or 3 days, again reducing the
opportunity for testing. A certain percentage of infants
(CNT) will be discharged before testing can be accom-
plished. This issue is seldom discussed in published
studies, but conceivably could impact on the cost and
performance of EID protocols. Durieux-Smith et al
(1987) reported that 21 percent of the infants could not
be screened with ABR before discharge. On the other
hand, Kramer et al (1989) were able to test 95 percent
of infants with ABR before discharge. For screening
protocols that use ABR, we will use CNT = 10 percent
as the model parameter; otherwise, CNT = 0 percent.

Follow-Up Percentage

Another important parameter that has received lit-
tle attention in the literature is followup percentage
(FU). This is the percentage of infants that are success-
fully followed until diagnostic testing. There has been
no specific study of follow-up rates or the factors that
influence follow-up success. Several studies do give
some indication of follow-up, but usually without
much detail as to the procedure for following infants
(Mencher, 1974; Simmons et al, 1979; Stein et al,
1983; Durieux-Smith et al, 1987; Elssmann et al, 1987;
Swigonski et al, 1987; van Zanten et al, 1988; Kramer
et al, 1989). In these studies, follow-up percentages
varied from 40 to 90 percent. Jacobson and Hyde
(1986) summarize about a dozen studies (Table 5-2,
pg. 93) and indicate the number of infants tested at fol-
low-up. Follow-up percentages ranged from 32 to 100
percent with an average of 50 percent.

The author was involved with an EID program
that included initial diagnostic testing at several
months. Long-term follow-up success to that appoint-
ment was about 50 percent with a modest effort to
recall infants for testing (Jacobson et al, 1990). Based
on this very limited information, FU = 50 percent will
be used for the model parameter.
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Diagnostic Protocol

We would expect the performance of any reason-
able diagnostic protocol to be quite good, although not
necessarily perfect. Hyde et al, (1990) found ABR
screening at several months to have excellent perfor-
mance (HT/FA = 98/4 percent). More comprehensive
ABR testing combined with other procedures should
yield a performance as good as, or better than, ABR
screening. Behavioral testing at an appropriate age
should also have excellent performance. For this
model, it is reasonable to assume that the diagnostic
testing is definitive, that is, HT/FA = 100/0 percent.
This simplifies calculations and should not introduce
much error. In reality, we would expect an occasional
miss or false alarm. The number, however, would be so
small as to have little effect on the cost and perform-
ance of the EID protocol. In addition, the diagnostic
protocol would usually be the same when comparing
different screening protocols. Any errors would impact
on all protocols and have little impact on their relative
cost or performance.

Costs

To determine protocol costs, it is necessary to
specify the cost of the individual components in the
protocol. This would include the screening and diag-
nostic tests and follow-up. Specifying these costs is
difficult; actual expense could vary significantly with
institution. Also, there is little information in the litera-
ture as to the expense of testing and follow-up.

Costs were determined based on the time required
to provide the service. It was assumed that there was a
general expense of $80 per hour for any activity. What
we assume for this rate is not particularly critical if our
primary interest is in comparing the relative costs of
different protocols. The time required per infant for
each activity is given in Table 1. This was multiplied
by $80/hour to determine the cost per infant tested or
followed.

There is a tendency to ignore the cost of a HRR.
Some minimum time is required to review charts and
identify those infants to be followed or screened. Ten
minutes per infant was assumed for a cost of $13. A
time of 45 minutes per infant was assumed for ABR
screening. This would include testing time, set-up time,
travel time to the nursery, reports, and record keeping.
The cost for ABR screening is $60 per infant.

A follow-up of 50 percent was specified for the
model. This was based, in part, on the author’s own
experience with an EID program. In that program, all
record keeping was performed by computer. Infants

were automatically identified for follow-up with mini-
mum labor expense. The effort to retrieve infants for
testing was modest. On this basis, 10 minutes per
infant was assumed for follow-up to the first visit for a
cost of $13.

The final component is diagnostic testing. The
actual composition of this protocol could vary signifi-
cantly, thus producing a significant variation in cost.
To illustrate the techniques, we will assume a particu-
lar diagnostic strategy that consists of ABR threshold
testing plus some limited behavioral and immittance
audiometry. Infants that demonstrate hearing loss
would return for additional audiologic testing and eval-
uation by other professionals. This is a streamlined
strategy; 2 hours are specified for this protocol result-
ing in a cost of $160 per infant.

Test Correlation

Test correlation is the tendency of two tests to
identify the same patients the same way. Test correla-
tion can have a significant impact on protocol perfor-
mance. Limited clinical data suggest that audiologic
tests that distinguish cochlear from retrocochlear site
of lesion have a mid-positive correlation (Turner et al,
1984). There is essentially no information on correla-
tion for the tests commonly used in an EID protocol.

For this model, we will assume a test correlation
of zero. This means that the tests are independent; the
results on one test do not influence the other. To illus-
trate, consider two tests, A and B. Test A evaluates a
group of infants. Test B evaluates the infants that fail
Test A. If the tests have zero correlation, then the hit
rate and false alarm rate of Test B would be the same
on the original population of infants as on the subpop-
ulation that failed Test A. If correlation was not zero,
this would not be true.

An assumption of zero correlation simplifies the
calculation for the model. This assumption is reason-
able for several reasons. Test correlation is only an
issue when two or more tests are combined. If one of
the tests has perfect performance (HT/FA = 100/0 per-
cent), then test correlation does not matter. We have
assumed perfect performance for the diagnostic proto-
col; thus, correlation between the screening protocol
and the diagnostic protocol is not an issue. The only
time we must worry about test correlation is when the
screening protocol consists of two or more tests. We
have limited our interest to just two screening tests,
HRR and ABR. The mechanics of these two tests are so
different that there may, in fact, be little correlation
between these tests. When these two tests are combined
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into a screening protocol, we will assume zero correla-
tion.

Example

There are two ways to determine protocol perfor-
mance and cost. It is possible to derive explicit equa-
tions for the EID protocol in Figure 1 that would
permit the direct calculation of HTp, FAp, CPIN, and
CPHL using model parameters. These equations, how-
ever, would be fairly complex. In addition, there would
be no information as to the characteristics of a protocol
other than the calculated measures of cost and perfor-
mance.

A second technique is to track infants through the
EID protocol by calculating performance and cost at
each component. Ultimately, HTp, FAp, CPIN, and
CPHL are calculated, but there is much additional
information provided as to the contribution of each
component to the overall cost and performance of the
protocol. This strategy will be illustrated by an EID
protocol that uses ABR as the screening component.
The model parameters from Table 1 are used.

Protocol Performance

Protocol performance is calculated first (Fig. 2).
We assume that there are 100 infants in the nursery.
The actual number of infants is not important because
hit rate and false alarm rate are relative measures inde-
pendent of the number of infants tests. The infants in
the nursery are divided into 3 IH infants and 97 NH,
consistent with a prevalence of 3 percent.

Ten percent of the infants are discharged before
screening (CNT). This 10 percent is applied to both
subpopulations of infants. Thus 0.3 IH infants and 9.7
NH infants are not screened. For convenience, there is
some rounding of the number of infants. Thus, the 9.7
NH infants are rounded to 10.

A total of 89.7 infants (2.7IH/87NH) will be
screened. The HT/FA of the screening protocol is
95/15 percent. The next step is to calculate the number
of hits, misses, false alarms, and correct rejections that
result from the screening protocol. The number of hits
(2.6) is the number of IH infants who are screened
(2.7) times the hit rate of the screening protocol (95%
= 0.95). The remaining 0.1 IH infants (2.7 – 2.6 = 0.1)
constitute the misses. Likewise, the false alarms (13)
equal the number of NH infants screened (87) times
the false alarm rate (15%). The remaining 74 NH
infants (87 – 13 = 74) are the correct rejections.

The posterior probabilities can also be calculated.
PPf, the probability of hearing loss in an infant who fails

the screening, is simply the prevalence of hearing loss in
the population of infants who fail. This is the number of
IH infants (2.6) divided by the total number of infants
who fail (2.6 + 13). For this protocol, PPf is 17 percent.
PPp, the probability of hearing loss in an infant who
passes the screen, is the prevalence of hearing loss in the
infants who pass. This is less than 1 percent.

The misses and correct rejections (0.1/74) are the
infants who pass the screening protocol and are no
longer followed. The hits and false alarms (2.6/13) are
the infants who have failed the screening protocol and
are referred for follow-up. These are combined with
the infants who were not screened before discharge to
generate a total of 2.9 IH infants and 23 NH infants
who are to be followed.

The follow-up percentage (FU) is assumed to be
50 percent for both IH and NH infants. The number
that return for diagnostic testing is the number fol-
lowed times FU. In this example, half the infants are
followed and half are lost from follow-up. The actual
number followed are rounded to 1.4 IH and 11 NH
infants.

The diagnostic protocol is assumed to have perfect
performance (i.e., HT = 100% and FA = 0%). Again,
the number of hits (1.4) is the number of IH infants
tested (1.4) times the diagnostic protocol hit rate
(100% = 1.0). This means that all IH infants will be
correctly identified as hearing impaired; there are no
misses. The number of false alarms (0) will be the
number of NH infants tested (11) times the false alarm
rate (0%). All NH infants will be correctly identified as
normal hearing; thus, there are 11 correct rejections
and no false alarms.

The EID protocol hit rate (HTp) is the number of
diagnostic protocol hits (1.4) divided by the number of
IH infants in the nursery (3). Thus, we have

1.4
HTp =  

3
= 46%.

The protocol false alarm rate (FAp) is the number
of diagnostic protocol false alarms (0) divided by the
number of NH infants in the nursery (97). Thus,

0
FAp =  

80
= 0%

As we would expect, the protocol false alarm rate
will always be zero if the diagnostic protocol has FA =
0%.

Protocol Costs

Protocol costs for the example protocol (Fig. 3)
are calculated next. To determine CPIN and CPHL, it
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is first necessary to calculate the total cost of the EID
protocol (see Fig.3). The parameters are the same in
this example as in Figure 2. The costs of the individual
components are from Table 1. Again it is assumed that
100 infants will be tested. While total cost is a function
of the number of infants tested, CPIN and CPHL are
relative measures independent of the number of
infants. When calculating cost, it does not matter if an
infant is hearing impaired or has normal hearing.
Unlike when calculating performance, it is not neces-
sary to separate the infants into an IH subpopulation
and a NH subpopulation. What is important is the total
number of infants processed by each component of the
protocol.

There are 89.7 infants to be screened by ABR at a
cost of $60 per infant. The total cost of the screening
protocol ($5382) would be the number of infants
screened (89.7) times the cost per infant ($60). The
next component is follow-up. From the performance
calculations (see Fig. 2), we see that a total of 25.9
infants are to be followed. The total cost of follow-up
($337) is the number of infants followed (25.9) times
the cost per infant ($13). A total of 12.4 infants receive
diagnostic testing. The total cost of diagnostic protocol
($1984) is the number of infants tested (12.4) times the
cost of diagnostic testing ($160).

The total cost of the EID protocol is the sum of
the cost of the individual components ($5382 + $337 +
$1984 = $7703). The cost per infant (CPIN) equals the
total cost of the EID protocol divided by the number of
infants in the nursery ($7703/100 = $77). The cost per
impaired infant identified (CPHL) equals the total pro-

tocol cost divided by the number of total protocol hits.
From Figure 2, there are 1.4 protocol hits; thus,

CPHL =  
$7703

= $5500.
1.4

Discussion

Modeling EID protocols serves several important
purposes. It forces us to consider all components of the
EID process and the factors that influence performance
and cost. It is easy to focus on one aspect, such as
screening, and lose sight of the ultimate objective,
which is the identification of hearing-impaired infants.
There is a tendency to choose an EID protocol on the
basis of the screening component, not the total proto-
col. The model forces us to consider total protocol cost
and performance, the most basic factors, when devel-
oping an EID strategy.

With this model, we have identified issues, such as
follow-up, that have been largely over-looked, but that
can have a significant impact on the EID process. In
addition, this work has revealed deficits in the pub-
lished literature as to information essential for the eval-
uation of EID protocols. For example, the HRR is used
extensively in the ICN, but there is little information as
to its performance.

With this model, it is possible to explore the rela-
tionship between model parameters and the ultimate
cost and performance of the EID process. This can be
accomplished by using the model to calculate cost and
performance while a model parameter is varied within

Figure 2. Calculations of performance for example protocol when used in the intensive care nursery (ICN). In this example, the screening proto-
col consists of auditory brainstem response (ABR) screening. The 17 percent in brackets is the posterior probability that an infant who fails screen-
ing actually has a hearing loss. The <1 percent is the probability that an infant who passes screening has a hearing loss. Pr = prevalence of hearing
loss; HT/FA = hit rate/false alarm rate; CNT = percentage not screened before discharge; FU = follow-up success; and HTp/FAp = hit rate/false
alarm rate of early identification protocol.
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a range that reflects actual clinical experience. For
example, how does prevalence of hearing loss influ-
ence the design of a protocol? Would we want a differ-
ent protocol if follow-up percentage was low instead of
high? Consideration of such issues helps provide a bet-
ter theoretical foundation for the development and
selection of EID protocols.

An important feature of this model is the ability to
compare different potential EID protocols on the basis
of cost and performance. This would be particularly
useful for hospitals that are going to establish an EID
program and have no previous clinical experience.
While actual experience may ultimately be somewhat
different than indicated by the model, the model would
still provide essential information as to the advantages
and disadvantages of different protocols. This type of
model is the only way to generate reasonable estimates
of cost and performance when clinical data are not
available.

Many hospitals have implemented EID programs.
This model could be used to better estimate the
expense and cost-effectiveness of an existing program.
The accuracy of these estimates would be a function of
the parameters that were specified for the model. Care
was taken when reviewing the clinical literature to
derive reasonable estimates of these parameters; how-
ever, some model parameters could vary significantly
with institution. The accuracy of the model could be
improved by using parameter values that better reflect
local experience.

Tests other than the HRR and ABR may be used
for screening. Otoacoustic emissions is one technique
that is currently being evaluated for this purpose
(Stevens et al, 1990). Any procedure can be incorporat-
ed into the model provided there are reasonable esti-
mates available for hit rate, false alarm rate, and cost
of testing.

This model provides a more objective basis for the
selection of an EID protocol. It generates a quality and
quantity of information that is not available elsewhere.
This information can be combined with other impor-
tant factors, not considered in the model, to produce a
reasonable, defensible cost-benefit analysis.

Summary

Ideally, the selection of an early identification
(EID) protocol should be based on a detailed, quantita-
tive cost-benefit analysis. Practical considerations
make this impossible. A good alternative to a totally
subjective decision process is one based on a combina-
tion of quantitative data and qualitative factors. The
quantitative data can be supplied by a simple model for
the EID protocol. With this model, useful measures of
protocol performance and cost can be easily calculated.
The model is sufficiently general to accommodate
most early identification strategies including those that
meet the goal of identification and habilitation by 6
months. The parameters required by the model are also
specified and are based on published clinical data.

This model is provided to help audiologists select
an EID protocol that is optimal for their particular situ-
ation. If local experience indicates parameter values
different than those specified in this paper, then the
more appropriate values should be used. Hopefully, the
concepts described in this paper will result in a more
rigorous, defensible strategy for the selection of EID
protocols.
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Figure 3. Calculations of costs for example protocol when used in the intensive care nursery (ICN). Dollar amount in brackets is the total cost for
each component in the early identification protocol. Cost = expense of testing or follow-up for each infant; CPIN = cost per infant in nursery;
CPHL = cost per hearing-impaired infant identified.

Total $ = 5382 + 337 + 1984 = $7703
CPIN = Total $/# infants = 7703/100 = $77
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