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A data‑driven approach to identify 
a rapid screener for auditory 
processing disorder testing 
referrals in adults
Victoria E. Cancel 1,6, Jacie R. McHaney 1,5,6, Virginia Milne 1,2,3, Catherine Palmer 1,2,3 & 
Aravindakshan Parthasarathy 1,2,3,4*

Hearing thresholds form the gold standard assessment in Audiology clinics. However, ~ 10% of adult 
patients seeking audiological care for self‑perceived hearing deficits have thresholds that are normal. 
Currently, a diagnostic assessment for auditory processing disorder (APD) remains one of the few 
viable avenues of further care for this patient population, yet there are no standard guidelines for 
referrals. Here, we identified tests within the APD testing battery that could provide a rapid screener 
to inform APD referrals in adults. We first analyzed records from the University of Pittsburgh Medical 
Center (UPMC) Audiology database to identify adult patients with self‑perceived hearing difficulties 
despite normal audiometric thresholds. We then looked at the patients who were referred for APD 
testing. We examined test performances, correlational relationships, and classification accuracies. 
Patients experienced most difficulties within the dichotic domain of testing. Additionally, 
accuracies calculated from sensitivities and specificities revealed the words‑in‑noise (WIN), the 
Random Dichotic Digits Task (RDDT) and Quick Speech in Noise (QuickSIN) tests had the highest 
classification accuracies. The addition of these tests have the greatest promise as a quick screener 
during routine audiological assessments to help identify adult patients who may be referred for APD 
assessment and resulting treatment plans.

Self‑reported hearing difficulties despite normal audiograms. Increasing evidence suggests that 
a clinically normal audiogram is not sufficient to guarantee robust suprathreshold communication in complex 
listening environments. About 1 in 10 adult patients who seek help for hearing problems have normal hearing 
 thresholds1–5. Patients with normal hearing thresholds, as defined by pure-tone thresholds ≤ 20 dB HL at octave 
frequencies from 250 to 8000  Hz6, often present to audiology clinics with primary complaints of difficulties hear-
ing in noise and being unable to follow conversations in complex listening environments, such as in the presence 
of multiple speakers, reverberation, or background  noise5,7–9. Speech perception difficulties affect a person’s pro-
ductivity, personal relationships, and their overall well-being1,10,11. Successful speech perception involves both 
bottom-up sensory coding fidelity along the ascending auditory  pathway5,12–15, as well as top-down cognitive 
resources such as selective attention and verbal working  memory5,7,16–19. Hence, normal hearing thresholds on 
an audiogram fail to adequately capture the multidimensional processes that underlie speech comprehension 
under challenging listening conditions, underscoring the need for more holistic diagnostic evaluations which 
may support personalized treatment plans for speech perception difficulties.

Current state of clinical practice. Currently, there is no consensus on the management of adult patients 
with normal audiograms who complain of hearing difficulties. Typical management strategies include counseling 
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on effective communication strategies or low-gain hearing aids in some  cases20,21. Clinical management for adult 
patients with normal audiograms is complicated by the lack of consensus on possible underlying  conditions3, 
with varying terms used to refer to these conditions including central auditory processing  disorder22, central 
 presbycusis23, King–Koptezky  Syndrome24, idiopathic discriminatory  dysfunction25 and auditory  neuropathy26. 
Additionally, recent anatomical evidence from human temporal bones and animal models suggests a loss of 
cochlear synapses between the inner hair cells and the auditory nerve, which is not reflected in the audiogram, 
and is hypothesized to cause hearing difficulties in challenging listening  conditions12,27–34. This heterogeneity in 
presentation and terminology further complicates clinical management in this patient population.

(Central) Auditory processing disorder. Of the myriad disorders attributed to hearing difficulties 
despite normal audiograms, APD, or central auditory processing disorder (CAPD), is arguably the most clini-
cally recognized. APD is classified as a distinct disorder in the International Classification of Disorders manual 
of the World Health Organization version 10 and 11 beta version (ICD-10 and ICD-11 beta version), as well as 
by multiple professional associations, such as the American Speech-Language-Hearing  Association35 and the 
American Academy of  Audiology36. APD is a disorder in which there are “deficits in the neural processing of 
auditory information not due to higher order language or cognition”37. APD is characterized by poor perfor-
mance in “sound localization and lateralization; auditory discrimination; auditory pattern recognition; temporal 
aspects of audition, including temporal integration, temporal discrimination (e.g., temporal gap detection), tem-
poral ordering, and temporal masking; auditory performance in competing acoustic signals (including dichotic 
listening); and auditory performance with degraded acoustic signals”35. The etiology underlying APD remains 
under debate, but may include age-related changes, genetic determinants, neurological disorders or lesions in 
the central auditory  pathway38.

Assessments for APD vary across clinics. Most APD assessments employ speech and non-speech tasks to 
assess potential areas of deficit within the central auditory system. Such tests can include binaural integration or 
separation, speech in noise, and temporal  processing39. Binaural integration tasks are intended to test dichotic 
listening, lateralization, and sound localization. Testing in the binaural domain typically consists of tests where 
the listener is asked to verbally report stimuli heard in two conditions. In the binaural integration condition, 
the listener may be asked to report simultaneous binaural stimuli in a free recall, i.e., in which they report what 
was heard in either ear, in no particular order. The second condition is binaural separation, wherein the listener 
reports what was heard in a specified ear, in a directed  recall40–43. In the speech-in-noise domain, the effects of 
adverse listening conditions on speech recognition are tested by presenting speech stimuli in competing levels 
of background noise. One example is the Quick Speech in Noise (QuickSIN)  test44, which presents a sentence 
spoken in four-talker babble at six signal-to-noise ratios (SNR). Patients are asked to repeat the target sentence 
back to the best of their ability. The output of the QuickSIN test is a metric of SNR loss which reflects the SNR 
level at which the listener can correctly identify speech 50% of the time.

Within the temporal processing domain, frequency discrimination limens and gap detection are typically used 
to test bottom-up sensory representations of rapidly changing auditory information. These tests utilize temporal 
resolution, discrimination, masking, integration, and ordering during a specified time  interval45. In addition, 
electrophysiological responses may be used to assess central auditory function, such as middle latency responses 
or late cortical  responses46. A diagnosis of APD is typically made by the audiologist upon considering results 
from the combination of all of these tests, in addition to patient case histories and results from interdisciplinary 
assessments, such as language and cognitive  assessments36,37.

Referrals for APD assessment. Despite significant debates regarding the etiology, presentation, and diag-
nosis of APD, particularly in adult populations, an APD assessment remains one of the few clinically viable 
avenues of further care for adult patients with self-reported hearing difficulties despite normal audiograms. 
However, there are no established guidelines for referrals toward APD assessment during routine audiology vis-
its. As more is discovered about APD, its management, and diagnoses, the question of when to provide a referral 
for APD assessment is critically important. There is no universally accepted method for screening for APD, and 
there remains a need for valid and efficient screening  tools38. A screener for an APD referral needs to be quick 
to administer during routine audiometric visits and should require minimal specialized equipment that is not 
already present in audiology clinics.

Given the considerations discussed thus far, the current study addressed the following questions—1. What 
percentage of adults who sought help for self-perceived hearing difficulties at the University of Pittsburgh Medical 
Center (UPMC) presented with clinically normal audiograms and how many were referred for APD evaluation? 
2. In the adult patients who were evaluated for APD, on which tests and domains did they demonstrate the great-
est deficits? And 3. Can this information be used to propose a quick screener for use in routine audiology care 
to inform further referrals for APD assessment in adults? To address these questions, we analyzed large-scale 
patient data from eight clinics across UPMC Audiology over a 5-year period (2015–2020), and further examined 
the results from adult patients who underwent an APD assessment.

Methods
Study population. We first analyzed 48,699 patient records across eight clinics affiliated with UPMC Audi-
ology in Western Pennsylvania (Fig. 1A). Deidentified patient records were obtained using an honest broker 
(Health Research Records Request, University of Pittsburgh) for visits to UPMC Audiology occurring between 
2015 and 2020. Deidentified patient records were obtained as comma separated value (csv) files with all sections 
of the audiological test battery digitized. These values and associated fields were then analyzed using scripts in 
 R47. Audiometric thresholds and frequencies tested, as well as age and demographic information, were obtained 
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from the digitized records. Patient primary complaints were extracted from clinician notes. Of the ~ 48,000 
patient records, only patients who had a complete audiogram bilaterally at octave frequencies from 250 to 
8000 Hz were included for further analyses (n = 47,009). Age ranges were between 18 and 89 years. We then 
assessed chart records of patients who were referred for and underwent further APD testing, regardless of their 
audiometric thresholds, though most patients had normal to near-normal audiograms. Only the most recent 
recorded clinic visit was analyzed for each patient, resulting in a final sample size of 47 patients. Audiometric 
information and primary complaints were obtained from clinician notes using the same methods noted above.

APD test battery and patient performance. The APD test battery at UPMC consisted of three deficit 
domains with two tests per domain in (1) binaural integration, (2) speech-in-noise, and (3) temporal process-
ing. In addition to the behavioral assessment, which is a routine clinical questionnaire, a screening version of 
the Hearing Handicap Inventory for Adults (HHIA-S)48 was administered to gauge subjective experiences of 
these patients as it related to their hearing difficulty. Additional tests as a tiebreaker were conducted for specific 
patients when two tests in a domain had conflicting results; however, those tests were not included in the analy-
ses for this study, as they were not completed consistently across patients.

In the dichotic domain, the two tests administered were the Random Dichotic Digits Task (RDDT) and 
Dichotic Words. In RDDT, patients were presented with either one pair, two pairs, or three pairs of numbers 
binaurally. They were asked to repeat all digits they heard in a free recall condition, and the number of correctly 
recalled digits were scored per ear. A score was deemed normal if recall was greater than 90%49. The Dichotic 
Words test required the patient to repeat two pairs of words presented  binaurally50. The patient was either asked 
to repeat back all the words they heard in any order, or they were instructed to report back the words heard in a 
specific order. The score was based on the number of words reported per ear, which resulted in the identification 
of a dominant and non-dominant ear. The test was scored using local normative data used at UPMC Audiology 
for adult patients. A normal score in the dominant ear required the patient to report 88% of the words correctly, 
and a normal score in the non-dominant ear required the patient to report 76% of the words correctly.

In the speech-in-noise domain, the two tests administered were the quick speech in noise (QuickSIN)  test44 
and the words-in-noise (WIN)  test51. In QuickSIN, the patient was presented with six sentences spoken by a 
female voice in the presence of four-talker babble at six SNR levels: 25, 20, 15, 10, 5 and 0 dB. Each target sen-
tence had five keywords for identification. Patients were asked to repeat the target sentence back to the best of 
their ability. One point was given for each keyword correctly identified. The sentences were presented to the left 

Figure 1.  A normal audiogram does not guarantee robust hearing in everyday conditions. (A) Most recent 
patient records from UPMC audiology between 2015 and 2020 were analyzed to identify patients with bilateral 
normal audiograms based on the inclusion criteria listed, resulting in 7212 patients further analyzed. (B) 
Averaged hearing thresholds were better than 20 dB HL for left (blue, solid) and right (red, dashed) ears in 
these patients. (C) The median age distribution of these patients skewed towards young and middle age, with a 
median age of 35 years. (D) The primary presenting complaint for these patients was hearing loss or hearing in 
noise difficulties, followed by tinnitus, pressure/fullness, dizziness and otalgia. (E) Only 47 adult patients were 
further referred for APD testing. These patients also had normal or near normal bilateral audiograms (F), and 
a median age of 30 years (G). The primary presenting complaints in decreasing frequency were hearing loss/
hearing in noise difficulties, tinnitus, dizziness, noise exposure, otalgia, fullness and hyperacusis (H).
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ear, right ear, and binaurally. The first sentence began with a signal-to-noise ratio of 25 dB. Each consecutive 
sentence had an SNR decrease of 5 dB, which made the task more difficult. The score was then reported as an 
SNR loss, which indicated the SNR level at which the patient could accurately identify words in the sentence 50% 
of the  time52. A normal score for QuickSIN was an SNR loss of + 2 dB or lower, meaning the speech signal only 
needed to be 2 dB louder than the four-talker babble noise to achieve 50%  accuracy44. During the WIN test, the 
patients were presented with lists of five words masked by varying degrees of multi-talker babble, ranging from 
24 to 0 dB SNR and were instructed to repeat the words heard. Each list decreased in 4 dB steps such that each 
successive list of words had a lower, more-difficult SNR. The WIN score was calculated from the number of words 
the patient repeated correctly in varying degrees of noise. A score of 4 dB or lower was considered within normal 
limits, while a score of 6 dB or higher was considered two standard deviations outside of the normal  range53.

The temporal domain was tested with the gaps in  noise45 and frequency  patterns54 tests. In gaps in noise, 
patients were presented with bursts of noise containing gaps of varying temporal durations, and the patient was 
instructed to indicate when they detected a gap in the noise. A normal score for gaps in noise required a patient 
to identify 54% or more of the gaps  correctly45. During the frequency patterns test, patients were presented with 
triads of tone bursts that differed in frequency. The patient was instructed to either repeat back what they heard 
by specifying high pitch or low pitch, such as, ‘high low low’, or they were instructed to hum back what they 
heard. A normal score for Frequency Patterns required the patient to correctly identify the pattern of pitches 
75% of the time or  more54,55.

The last portion of the UPMC APD test battery was the HHIA-S in which patients responded to a subjective 
questionnaire about their perception of their hearing difficulties. The HHIA-S is a self-report questionnaire that 
assessed the patient’s reaction to their perceived hearing challenges. There were five questions on the HHIA-S 
that encompassed emotional reactions and five questions that assessed social/situational difficulties. Patients 
responded to each question with a ‘yes’, ‘sometimes’, or ‘no’, where each response was given four, two, or zero 
points, respectively. Possible scores on the HHIA-S ranged from 0 (no hearing handicap) to 40 (severe handicap).

Consistent with ASHA and AAA guidelines, a diagnosis of APD was made if a patient scored outside normal 
limits on two tests within any single  domain36,37. If a patient scored outside normal limits on two tests that were 
not within the same domain, they received recommendations for auditory concerns, but not a firm diagnosis of 
APD. Patients who scored outside normal limits on just one test and those who scored within normal limits on 
all tests did not receive a diagnosis of APD.

Statistical analysis. Variance and Pearson’s correlations were performed using standard functions (corr, 
var) that were used in custom written scripts in MATLAB 2020a (Mathworks). Stepwise selection was performed 
using a custom written script in MATLAB that used an algorithm that is described in the appropriate section in 
“Results”. Sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) and accu-
racy were calculated using the following  formulas56:

Confidence intervals for sensitivity, specificity and accuracy are “exact” Clopper–Pearson confidence 
 intervals57. Confidence intervals for predictive values are the standard logit confidence  intervals58. Patients 
who received a diagnosis of APD (ICD 10 code H93.25, Central auditory processing disorder), and Auditory 
concerns (ICD10 code H93.29, Other abnormal auditory perceptions) were both considered a True Positive for 
these analyses.

This study was approved by the human subjects Institutional Review Board at the University of Pittsburgh. 
Requirements of informed consent were waived for this retrospective chart review by the Institutional Review 
Board at the University of Pittsburgh. Data analysis was performed on de-identified data, in accordance with 
the relevant guidelines and regulations.

Results
Approximately 7% of patients present to the clinic with hearing difficulties despite having 
normal hearing thresholds. Patient records were obtained from the UPMC database for adult patients 
between 18 and 89 years of age. We analyzed patient records of the most recent visit between 2015 and 2020, 
to identify patients with bilateral normal hearing thresholds (less than or equal to 20  dB HL) from 250  Hz 
through 8000 Hz in octave steps. After analyzing 47,009 patient records, we found that 7212 patients had normal 
hearing (Fig. 1A,B). The population of 7212 patients who had normal hearing comprised 15.34% of the total 
patient population who received audiograms, consistent with previously published  studies2–5. These patients had 
a median age of 35 years (Fig. 1C). Among the primary complaints of the 7212 patients with normal audiograms, 
3205 patients or 44% had a primary complaint related to perceived hearing loss or hearing in noise difficulties 
(Fig. 1D). The other primary complaints were tinnitus, pressure or fullness in the ear, dizziness, and otalgia. 
Note that the primary complaints were not mutually exclusive—a patient could have had more than one primary 
complaint. Therefore, based on the primary complaints of perceived hearing loss or of hearing in noise difficul-
ties alone, ~ 7% of the total patient population (3205 out of 47,009) who sought help for hearing difficulties in 
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the clinic had clinically normal hearing thresholds. These patients were provided handouts and counseling on 
effective communication strategies as the primary approach for managing their hearing difficulties.

Adult APD referrals were generally very low, but the majority of patients assessed received a 
diagnosis consistent with APD. Only 47 patients were referred for and underwent APD testing within 
the UPMC system between 2015 and 2020 (Fig. 1E). The characteristics of this population closely matched those 
of the larger patient population with normal audiograms described above. Patients tended to have normal or 
near-normal audiometric thresholds (Fig. 1F) and tended to be young or middle-aged, with a median age of 
30 years (Fig. 1G). These patients also reported having issues in complex listening environments. The most com-
mon complaint among all 47 patients was hearing loss and hearing in noise, followed by complaints of tinnitus, 
dizziness, noise exposure, otalgia, fullness, and hyperacusis (Fig. 1H).

Of the 47 patients who underwent assessment for APD, 24 scored two standard deviations outside normal 
limits on two tests within a single testing domain, which resulted in an APD diagnosis (ICD 10 code H93.25, 
Central auditory processing disorder). This was equivalent to a positive test rate of 51%. Nine patients (19.2%) 
tested outside normal limits on two tests in different domains, resulting in a recommendation for auditory con-
cerns (ICD10 code H93.29, Other abnormal auditory perceptions). Three patients (8.5%) tested outside normal 
limits on one test alone, and 10 patients (21.3%) tested within normal limits on all tests. Patients in these last two 
categories did not receive an APD diagnosis nor recommendations for auditory concerns. Data from all patients 
who underwent the APD assessment were used for further analysis in the following sections.

Most patients assessed for APD self‑reported moderate‑to‑severe hearing difficulties. The 
screening version of the Hearing Handicap Inventory for Adults (HHIA-S)59 was used as a self-assessment of 
hearing difficulties in patients assessed for APD. Sixty-seven percent of patients reported mild to moderate hear-
ing handicap based on the HHIA-S, while 24% reported severe handicaps (Fig. 2). These self-reported deficits 
were present despite normal or near-normal audiometric thresholds, validating the primary complaints that 
they presented with in the clinic (Fig. 1H).

Most deficits in adult patients undergoing APD assessment were concentrated in the binaural 
integration or speech‑in‑noise domains. We then analyzed data from the APD test battery to identify 
tests that consistently proved to be the most challenging for this patient population across the three domains of 
testing—binaural integration, speech-in-noise, and temporal processing.

The two tests administered within the binaural integration domain were the Random Dichotic Digits Task 
(RDDT)49 and the Dichotic Words  task50. The RDDT presented the patients with either one, two, or three pairs 
of numbers binaurally. The patient then repeated the digits they heard and the number of correctly identified 
digits was scored. To receive a normal score on the RDDT, a patient must repeat back digits correctly 90% of 
the time. The RDDT showed decreased performance with increased task complexity, i.e., presentation of more 
digits (Fig. 3A–C). When one pair of digits (two digits total) was presented binaurally, 98% of patients performed 
normally in the right ear and 86% performed normally in the left ear. When two pairs of digits (four digits total) 
were presented binaurally, 63% of patients performed normally in the right ear and 50% performed normally 
in the left. When three pairs of digits (six digits total) were presented binaurally, 27% of patients performed 
normally in the right ear and 17% performed normally in the left ear.

For the Dichotic words  test50, two pairs of words were presented binaurally, and the patients were instructed 
to repeat the words back. Scoring was based on the number of words correctly identified per ear, which led to the 
identification of a dominant ear and a non-dominant ear. Normal performance on Dichotic words is defined as 

Figure 2.  The screening version of the Hearing Handicap Inventory for Adults identifies self-reported hearing 
difficulties in adult patients who underwent an APD assessment. Patient self-reports on the HHIA-S classified 
APD patients into various degrees of hearing handicap, with most patients reporting mild to moderate hearing 
handicap.
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correctly repeating the words 84% of the time in the dominant ear and 76% of the time in the non-dominant ear. 
Scores from the Dichotic words test revealed that 44% of patients had a right ear advantage, 32% had a left ear 
advantage, and 24% of patients had no ear advantage. Seventy-four percent of the patients performed normally 
in the left ear and 88% performed normally in the right ear for the dichotic words task (Fig. 3D).

Within the speech-in-noise domain, SNR loss scores from the QuickSIN  test44 were analyzed. The QuickSIN 
test was comprised of six sentences masked in four-talker babble at six SNR levels from 25 to 0 dB. The SNR loss 
reflects the SNR level at which the listener can correctly identify speech 50% of the time. Normal performance 
on QuickSIN was defined by an SNR loss of + 2 dB or lower. Forty percent of patients performed normally in 
the right ear, 33% performed normally in the left ear, and 44% performed normally when the sentences were 
administered binaurally (Fig. 3E).

The other test in the speech-in-noise domain was the Words-in-Noise (WIN) test. The WIN test consisted of 
lists of five words accompanied by varying degrees of multi-talker babble ranging from 24 to 0 dB SNR, which 
decreased in 4 dB steps so that each successive list of words had a more-difficult SNR. A normal score for the 
WIN test was defined as a patient being able to correctly repeat words in + 4 dB  SNR53. Twenty-five percent of 
patients performed normally on WIN (Fig. 3F).

Most of the adult patients in this study did not show difficulty in the temporal processing domain. Tests in 
the temporal processing domain included gaps in  noise45 and frequency  patterns54. For gaps in noise, the patient 
was presented with bursts of noise containing gaps of varying temporal durations. The patient was required to 
indicate when they heard a gap in the noise. A normal score on gaps in noise was defined as correctly identifying 
the gaps 54% of the time. Ninety-six percent of patients were able to do this in both the left and right ear (Fig. 3G).

The frequency  patterns54 test presented patients with triads of tone bursts that differed in frequency. The 
patient then either repeated back what was heard by specifying high pitch or low pitch such as, ‘high low low’, 
or they were required to hum back what was heard. A normal score on the frequency patterns test was defined 
as correctly repeating the triad of tone bursts 75% of the  time54,55. Ninety-six percent of patients were able to do 
this in the right ear and 97% in the left ear (Fig. 3H).

Figure 3.  Deficits were concentrated in the binaural integration and speech-in-noise domains. Individual test 
data on various domains of testing are shown for the left (blue) and right (red) ears of patients assessed for APD. 
Shaded areas represent normal ranges for respective tests. Pie charts identify proportion of patients who tested 
within normal limits for each test. Tests cover the three domains of APD testing—binaural integration (A–D), 
speech in noise (E,F), and temporal processing (G,H).
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WIN, RDDT, and QuickSIN identify most patients with APD. Pearson’s correlations were used to 
assess the relationship between the most challenging test in each of the three auditory processing domains—
RDDT 3pair, WIN and frequency patterns—and to identify a potential combination of tests for a screening test 
battery. The RDDT three pair condition within the binaural integration domain and WIN in the speech-in-noise 
domain were significantly correlated (r = − 0.43, p = 0.002). No significant correlations were observed within the 
temporal domain (Fig. 4A).

Next, a stepwise selection was performed to settle on the smallest subset of tests that accounted for the largest 
proportion of patients within this population who performed below normal. The entire test battery was analyzed 
to identify the test that had the largest proportion of patients whose results fell outside the normal range. In the 
next step, every remaining test was then systematically added to the first identified test, and the resultant hit rate 
was determined. This process was repeated for every subsequent combination of tests. If two tests or combinations 
of tests produced the same hit rate, they were both selected, and the next selection step repeated. In this manner, 
every possible combination of the tests were analyzed to determine the likelihood that a patient would fail at least 
one test with the least number of steps. The optimal test set is shown in red in Fig. 4B. The three pair condition 
of RDDT alone resulted in 83% of the patients testing outside normal limits. Adding words-in-noise increased 
the percentage of patients testing outside normal limits to 93%. Adding QuickSIN provided a modest increase to 
97%. Addition of subsequent tests did not further increase the number of patients testing outside normal limits.

Finally, based on the stepwise selection, the sensitivity, specificity, positive predictive value, negative predic-
tive value, and accuracy were calculated for the three most predictive tests identified: RDDT (3-pair), WIN and 
QuickSIN. These values were then contrasted with values obtained for frequency processing (the lowest scoring 
test in the stepwise selection) using the equations described in the methods. Calculations for sensitivity, specific-
ity, positive predictive value, negative predictive value, and accuracy used the results from all 47 patients assessed 
for APD. For the purposes of these analyses, both patients who received a diagnosis of APD as well as those who 
received a diagnosis of auditory concerns by the audiologist were considered a true positive. These results, along 
with 95% confidence intervals, are shown in Fig. 4C. Sensitivity, i.e., the probability that a test result would be 
positive when APD was present, was highest for WIN (96.9%), followed by RDDT 3-pair (91.2%) and QuickSIN 
(76.67%). In contrast, FP only had a sensitivity of 3%. Specificity, i.e., the probability that a test result would be 
negative when a diagnosis of APD was not made, was 61.5% for WIN, followed by 45.54% for RDDT, 77.77% 
for QuickSIN and 92.3% for FP. The positive predictive value (PPV), i.e., the probability of APD being present 
when the test is positive, was highest for QuickSIN at 92%, followed by WIN (86.5%) and RDDT (83.8%). In 
contrast the PPV for FP was only 50%. The negative predictive value (NPV), i.e., the probability that APD was 
not present, when the test was negative, was 88.9% for WIN, followed by RDDT (62.5%), QuickSIN (50%) and 
FP (27.3%). Finally, accuracy, i.e., the overall probability that a patient was correctly classified, was highest for 
WIN (87%), followed by RDDT (80%) and QuickSIN (76.9%), as opposed to 28.3% for FP.

Discussion
A case for increased referrals for APD testing. Increasing evidence demonstrates that a normal audio-
gram is not enough to guarantee robust hearing in complex listening environments. Here, we analyzed 48,699 
audiograms from a 5-year period from UPMC audiology clinics to identify adult patients who may fit this pro-
file. Our clinical data showed that approximately 15% of UPMC adult patients had normal audiometric thresh-
olds, wherein 7% had some form of perceived hearing deficit (Fig. 1). These numbers aligned closely with previ-
ously published studies, which suggest that 5–10% of patients coming to the clinic have some form of perceived 
hearing deficits despite normal  audiograms2,3,5. While many of these patients may have been good candidates for 

Figure 4.  Development of a rapid screener for APD referrals. (A) Across domains, only performance on the 
RDDT 3-pair test and the words-in-noise test were significantly correlated in patients assessed for APD. (B) 
Stepwise selection revealed the shortest path for capturing the greatest number of deficits in patients assessed 
for APD (red, solid) compared to all other combinations of tests (gray, dashed). The cumulative increase in hit 
rate with each successive addition of a test is shown on the y axis. RDDT random dichotic digits test, GIN gaps 
in noise test, FP frequency patterns test, QuickSIN quick speech in noise, DW Dichotic words test, WIN words-
in-noise test. (C) Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and 
Accuracy for the top three tests identified via stepwise selection (RDDT, WIN, QuickSIN) contrasted with the 
lowest test (FP). Error bars indicate 95% confidence intervals.
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APD assessment referral, the guidelines for referring a patient to APD testing, and the APD test battery itself, 
varies among practices. Within the UPMC clinic database, only a small number of adult patients were referred 
for and further underwent APD testing, though many more may have been eligible for referral (Fig. 1). The 
majority of patients who were referred and underwent further testing for APD obtained a diagnosis of APD or 
auditory concerns. However, the lack of a gold standard for APD referrals makes appropriate referrals that lead 
to APD diagnosis and resultant treatment plans challenging.

There is a critical need for increased education surrounding the clinical indicators of APD. The ability to iden-
tify a potential case of APD based on case history, self-assessments, and audiometric testing will increase referrals 
and diagnoses, leading to more patients receiving treatment for APD. An interview of the patient and any present 
family members to gain information about their everyday experiences with their hearing difficulties also helps 
to determine APD  referrals37,38. Subjective questionnaires, such as the HHIA-S59, also help to quantify adverse 
listening experiences patients face. Finally, there exists a need for valid and efficient screening tools for  APD38.

A rapid screener to inform APD referrals. In addition to patient reports and self-description of hearing 
difficulties, the inclusion of a few additional tests may be useful as a rapid screener to inform APD referrals for 
adult patients. When patient performance on UPMC’s test battery was analyzed, dichotic listening was the most 
difficult condition for the assessed patients (Fig. 3A–C), particularly when task difficulty increased. Following 
dichotic listening, speech-in-noise was the most challenging domain for patients assessed for APD (Fig. 3E,F). 
Temporal processing was largely normal for the adult patients in this study (Fig. 3G,H), which involved detec-
tion of gaps-in-noise and frequency discrimination, both relatively simple tests of temporal fidelity. More com-
plex temporal processing tests might reveal further deficits in patients with APD, as evidenced by the QuickSIN 
and RDDT results, which, along with their specific domain, also test for temporal integration of complex infor-
mation that form an auditory  stream44,49.

Performance on the words-in-noise and the RDDT tests were significantly correlated in patients assessed for 
APD, suggesting shared underlying mechanisms that may contribute to these deficits (Fig. 4A). Patients per-
formed slightly better in their right ear compared to the left. Many individuals tend to perceive stimuli presented 
to their right ear more accurately than the left ear during dichotic listening, due to the right ear  advantage60,61. 
Right ear advantage is thought to occur because the left ipsilateral pathway shows an increased rate of inhibition 
compared to the right ipsilateral pathway, especially when stimuli are presented  simultaneously60,61.

A stepwise selection was then performed to determine the tests that patients who underwent APD assess-
ment found the most challenging. RDDT, followed by words-in-noise and QuickSIN resulted in the greatest 
hit-rate in identifying perceptual deficits in patients assessed for APD. Based on this selection model, these three 
tests were chosen to calculate sensitivity, specificity, PPV, NPV and accuracy, and these values were contrasted 
with FP, which showed the lowest score in the stepwise selection (Fig. 4B). Based on this analysis, all three tests 
were identified as a reasonable screener to inform APD referrals, with each test differing slightly in terms of 
these metrics (Fig. 4C). Overall, WIN performed the best, having the highest accuracy, sensitivity and NPV in 
terms of detecting patients with a diagnosis of APD or other auditory concerns. QuickSIN had the highest PPV, 
though it had a lower sensitivity and NPV. RDDT had a reasonable sensitivity, PPV and accuracy, though the 
specificity was low. Ultimately, any combination of these tests can be a reasonable screener to inform referrals 
for APD assessment. The actual make-up of this screener can be customized based on tolerances, available time, 
equipment, and testing expertise in an individual clinic. If time constraints dictate the use of one test alone, then 
our data suggests that the WIN test can be effectively used for APD screening to support appropriate referrals.

Caveats and limitations. Certain caveats need to be considered when interpreting the results of this study. 
While a large number of patients presented with self-reported hearing loss or hearing in noise difficulties despite 
normal audiograms (n = 3205), the number of patients who were referred for APD assessment was very low 
(n = 47; Fig. 1). Most other patients who were not referred for APD assessment received counseling and a hand-
out on effective communication strategies. The lack of a standardized APD referral process and the low referral 
numbers were, in part, the motivation for this study. Hence, while this study should be considered an exploratory 
analysis using a limited data set on trends seen in APD testing, these trends can inform referral practices for 
increased APD assessment.

In the absence of standardized treatment options for APD, a valid concern is whether there is a need for 
increased APD referrals in the first place, given the same treatment options may be provided based on routine 
audiometry and patient self-report of hearing difficulties. However, in current clinical practice, APD assess-
ment is much more in depth, taking up to 60–120 min, as opposed to a standard audiological visit, which takes 
15–30 min. In addition to the validation of hearing concerns, management of APD typically includes extensive 
counseling measures to ensure the patient understands the condition they have and to instill realistic expecta-
tions. The patient can be informed that their neural processing may be disrupted, which can cause challenges 
in complex listening environments.

Most treatment options for APD focus on improving the signal-to-noise ratio to support successful com-
munication. This may include counseling on effective communication strategies such as facing the individual 
who is speaking, positioning themselves near the speaker, moving to quieter spaces for communication or 
the use of remote microphone technology to improve the signal-to-noise ratio in challenging communication 
environments. In addition, supplementing the auditory signal with text (e.g., speech to text in live conversation, 
media captioning, phone captioning, etc.) may be recommended. Other management options include low-gain 
hearing amplification, The proliferation of over the counter (OTC) hearing aids including self-fitted amplifica-
tion methods may prove to be valuable as an alternate pathway to obtain low-gain amplification in this patient 
 population62,63 though further research is needed to determine the viability of OTC hearing aids as an effective 
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treatment option for APD. Finally, management can include aural rehabilitation, such as training in challenging 
listening environments, including practice with environmental manipulations and technology solutions. Patients 
also can complete listening exercises aimed to promote confidence in challenging listening situations. Patients 
may get further referrals for neuropsychiatric evaluation or neurology consults as necessary. Finally, they may 
receive educational, or employment accommodations as needed based on these results. A recommendation for 
accommodations would need to be based on metrics indicating difficulty in specific domains as opposed to 
self-report alone. These approaches have the ability to significantly improve quality of  life1,35–37. Additionally, as 
the next generation of objective diagnostic tests become available for APD  assessment64, the use of a screener 
for APD referrals will become more valuable.

Finally, while sensitivity and specificity can be calculated with the study sample along with 95% confidence 
intervals, PPV, NPV, and accuracy assume disease prevalence based on our limited sample size. This is another 
caveat that needs to be considered when interpreting these results.

Summary and conclusions. A large proportion of patients seeking help for hearing difficulties have nor-
mal audiometric thresholds. Currently, the most viable clinical option for further management is assessment for 
APD, but there are no published guidelines for screening techniques that would lead to appropriate APD test 
referral. In the current study, we analyzed test results from the APD assessments at UPMC to propose screening 
tools to inform future APD referrals. Based on our results, WIN, QuickSIN, or RDDT may be useful screener 
tools to motivate a referral for comprehensive APD testing. The exact screener test can be individualized based 
on tolerances for specificities and accuracies, as well as constraints related to time and equipment.

Data availability
All relevant data are within the paper. Raw data that support the findings of this study are available from the 
corresponding author, upon reasonable request.

Received: 27 March 2023; Accepted: 16 August 2023

References
 1. Pryce, H. & Wainwright, D. Help-seeking for medically unexplained hearing difficulties: A qualitative study. Int. J. Ther. Rehabil. 

15, 343–349 (2008).
 2. Hind, S. E. et al. Prevalence of clinical referrals having hearing thresholds within normal limits. Int. J. Audiol. 50, 708–716 (2011).
 3. Tremblay, K. L. et al. Self-reported hearing difficulties among adults with normal audiograms: The Beaver Dam offspring study. 

Ear Hear. 36, E290–E299 (2015).
 4. Spankovich, C., Gonzalez, V. B., Su, D. & Bishop, C. E. Self reported hearing difficulty, tinnitus, and normal audiometric thresholds, 

the National Health and Nutrition Examination Survey 1999–2002. Hear. Res. 358, 30–36 (2018).
 5. Parthasarathy, A., Hancock, K. E., Bennett, K., DeGruttola, V. & Polley, D. B. Bottom-up and top-down neural signatures of dis-

ordered multi-talker speech perception in adults with normal hearing. Elife 9, e51419 (2020).
 6. Katz, J., Chasin, M., English, K. M., Hood, L. J. & Tillery, K. L. Handbook of Clinical Audiology (Wolters Kluwer Health, 2015).
 7. Ruggles, D., Bharadwaj, H. & Shinn-Cunningham, B. G. Normal hearing is not enough to guarantee robust encoding of suprath-

reshold features important in everyday communication. Proc. Natl. Acad. Sci. USA 108, 15516–15521 (2011).
 8. Ruggles, D., Bharadwaj, H. & Shinn-Cunningham, B. G. Why middle-aged listeners have trouble hearing in everyday settings. 

Curr. Biol. 22, 1417–1422 (2012).
 9. Bharadwaj, H. M., Masud, S., Mehraei, G., Verhulst, S. & Shinn-Cunningham, B. G. Individual differences reveal correlates of 

hidden hearing deficits. J. Neurosci. 35, 2161–2172 (2015).
 10. Bainbridge, K. E. & Wallhagen, M. I. Hearing loss in an aging American population: Extent, impact, and management. Annu. Rev. 

Public Health 35, 139–152 (2014).
 11. Huddle, M. G. et al. The economic impact of adult hearing loss: A systematic review. JAMA Otolaryngol. Neck Surg. 143, 1040–1048 

(2017).
 12. Parthasarathy, A., Bartlett, E. L. & Kujawa, S. G. Age-related changes in neural coding of envelope cues: Peripheral declines and 

central compensation. Neuroscience 407, 21–31 (2019).
 13. McGill, M. et al. Neural signatures of auditory hypersensitivity following acoustic trauma. Elife 11, e80015 (2022).
 14. Resnik, J. & Polley, D. B. Cochlear neural degeneration disrupts hearing in background noise by increasing auditory cortex internal 

noise. Neuron 109, 984-996.e4 (2021).
 15. Parthasarathy, A., Herrmann, B. & Bartlett, E. L. Aging alters envelope representations of speech-like sounds in the inferior col-

liculus. Neurobiol. Aging 73, 30–40 (2019).
 16. Akeroyd, M. A. Are individual differences in speech reception related to individual differences in cognitive ability? A survey of 

twenty experimental studies with normal and hearing-impaired adults. Int. J. Audiol. 47(Suppl 2), S53-71 (2008).
 17. Holmes, E. & Griffiths, T. D. ‘Normal’ hearing thresholds and fundamental auditory grouping processes predict difficulties with 

speech-in-noise perception. Sci. Rep. 9, 16771 (2019).
 18. Rönnberg, J. et al. The ease of language understanding (ELU) model: Theoretical, empirical, and clinical advances. Front. Syst. 

Neurosci. 7, 25 (2013).
 19. Edwards, B. A model of auditory-cognitive processing and relevance to clinical applicability. Ear Hear. 37(Suppl 1), 85S-91S (2016).
 20. Roup, C. M., Post, E. & Lewis, J. Mild-gain hearing aids as a treatment for adults with self-reported hearing difficulties. J. Am. 

Acad. Audiol. 29, 477–494 (2018).
 21. Milne, V. A. Management of auditory processing difficulties virtually: A case study. Semin. Hear. 42, 98–106 (2021).
 22. Jerger, J. & Musiek, F. E. Report of the consensus conference on the diagnosis of auditory processing disorders in school-aged 

children. J. Am. Acad. Audiol. 11, 8 (2000).
 23. Welsh, L. W., Welsh, J. J. & Healy, M. P. Central presbycusis. Laryngoscope 95, 128–136 (1985).
 24. Zhao, F. & Stephens, D. A critical review of King–Kopetzky syndrome: Hearing difficulties, but normal hearing?. Audiol. Med. 5, 

119–124 (2007).
 25. Rappaport, J. M., Phillips, D. P. & Gulliver, J. M. Disturbed speech intelligibility in noise despite a normal audiogram: A defect in 

temporal resolution?. J. Otolaryngol. 22, 447–453 (1993).
 26. Starr, A., Picton, T. W., Sininger, Y., Hood, L. J. & Berlin, C. I. Auditory neuropathy. Brain J. Neurol. 119(Pt 3), 741–753 (1996).



10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:13636  | https://doi.org/10.1038/s41598-023-40645-0

www.nature.com/scientificreports/

 27. Kujawa, S. G. & Liberman, M. C. Adding insult to injury: Cochlear nerve degeneration after ‘temporary’ noise-induced hearing 
loss. J. Neurosci. 29, 14077–14085 (2009).

 28. Bharadwaj, H. M., Verhulst, S., Shaheen, L., Liberman, M. C. & Shinn-Cunningham, B. G. Cochlear neuropathy and the coding 
of supra-threshold sound. Front. Syst. Neurosci. 8, 26. https:// doi. org/ 10. 3389/ fnsys. 2014. 00026 (2014).

 29. Parthasarathy, A. & Kujawa, S. G. Synaptopathy in the aging cochlea: Characterizing early-neural deficits in auditory temporal 
envelope processing. J. Neurosci. https:// doi. org/ 10. 1523/ jneur osci. 3240- 17. 2018 (2018).

 30. Wu, P. Z. et al. Primary neural degeneration in the human cochlea: Evidence for hidden hearing loss in the aging ear. Neuroscience 
https:// doi. org/ 10. 1016/j. neuro scien ce. 2018. 07. 053 (2018).

 31. Grant, K. J. et al. Predicting neural deficits in sensorineural hearing loss from word recognition scores. Sci. Rep. 12, 8929 (2022).
 32. Okada, M., Parthasarathy, A., Welling, D. B., Liberman, M. C. & Maison, S. F. Idiopathic sudden sensorineural hearing loss: Speech 

intelligibility deficits following threshold recovery. Ear Hear. 42, 782–792 (2021).
 33. Grant, K. J. et al. Electrophysiological markers of cochlear function correlate with hearing-in-noise performance among audio-

metrically normal subjects. J. Neurophysiol. 124, 418–431 (2020).
 34. Bharadwaj, H. M. et al. Cross-species experiments reveal widespread cochlear neural damage in normal hearing. Commun. Biol. 

5, 1–10 (2022).
 35. ASHA (Central) Auditory Processing Disorders—the role of the audiologist [Position Statement]. American Speech-Language-

Hearing Association https:// www. asha. org/ policy/ ps2005- 00114/ (2005).
 36. AAA. Guidelines for the diagnosis, treatment and management of children and adults with central auditory processing disorder. 

Am. Acad. Audiol. Clin. Pract. Guidel. 51, 25 (2010).
 37. ASHA. Preferred Practice Patterns for the Profession of Audiology. American Speech-Language-Hearing Association https:// www. 

asha. org/ policy/ pp2006- 00274/ (2006).
 38. ASHA. Central Auditory Processing Disorder. American Speech-Language-Hearing Association https:// www. asha. org/ pract ice- 

portal/ clini cal- topics/ centr al- audit ory- proce ssing- disor der/.
 39. Emanuel, D. C. The auditory processing battery: Survey of common practices. J. Am. Acad. Audiol. 13, 93–117 (2002) (quiz 

118–119).
 40. Strouse, A., Wilson, R. H. & Brush, N. Recognition of dichotic digits under pre-cued and post-cued response conditions in young 

and elderly listeners. Br. J. Audiol. 34, 141–151 (2000).
 41. Schmithorst, V. J., Farah, R. & Keith, R. W. Left ear advantage in speech-related dichotic listening is not specific to auditory pro-

cessing disorder in children: A machine-learning fMRI and DTI study. NeuroImage Clin. 3, 8–17 (2013).
 42. Fischer, M. E. et al. Dichotic digits test performance across the ages: Results from two large epidemiologic cohort studies. Ear 

Hear. 38, 314–320 (2017).
 43. Pinheiro, M. L. & Musiek, F. E. Assessment of Central Auditory Dysfunction: Foundations and Clinical Correlates (Williams & 

Wilkins, 1985).
 44. Killion, M. C., Niquette, P. A., Gudmundsen, G. I., Revit, L. J. & Banerjee, S. Development of a quick speech-in-noise test for 

measuring signal-to-noise ratio loss in normal-hearing and hearing-impaired listeners. J. Acoust. Soc. Am. 116, 2395–2405 (2004).
 45. Musiek, F. E. et al. GIN (Gaps-In-Noise) test performance in subjects with confirmed central auditory nervous system involvement. 

Ear Hear. 26, 608–618 (2005).
 46. Musiek, F. E. Central auditory tests. Scand. Audiol. Suppl. 51, 33–46 (1999).
 47. R Core Team. R: A Language and Environment for Statistical Computing. https:// www. gbif. org/ tool/ 81287/r- a- langu age- and- envir 

onment- for- stati stical- compu ting (2022).
 48. Newman, C. W., Weinstein, B. E., Jacobson, G. P. & Hug, G. A. The Hearing Handicap Inventory for Adults: Psychometric adequacy 

and audiometric correlates. Ear Hear. 11, 430–433 (1990).
 49. Musiek, F. E. Assessment of central auditory dysfunction: The dichotic digit test revisited. Ear Hear. 4, 79–83 (1983).
 50. Moncrieff, D. Age- and gender-specific normative information from children assessed with a dichotic words test. J. Am. Acad. 

Audiol. 26, 632–644 (2015).
 51. Wilson, R. H. & Burks, C. A. Use of 35 words for evaluation of hearing loss in signal-to-babble ratio: A clinic protocol. J. Rehabil. 

Res. Dev. 42, 839–852 (2005).
 52. Holder, J. T., Levin, L. M. & Gifford, R. H. Speech recognition in noise for adults with normal hearing: Age-normative performance 

for AzBio, BKB-SIN, and QuickSIN. Otol. Neurotol.. 39, e972–e978 (2018).
 53. Wilson, R. H., McArdle, R. A. & Smith, S. L. An Evaluation of the BKB-SIN, HINT, QuickSIN, and WIN Materials on Listeners 

With Normal Hearing and Listeners With Hearing Loss. J. Speech Lang. Hear. Res. JSLHR 50, 844–856 (2007).
 54. Musiek, F. E. Frequency (pitch) and duration pattern tests. J. Am. Acad. Audiol. 5, 265–268 (1994).
 55. Chowsilpa, S., Bamiou, D.-E. & Koohi, N. Effectiveness of the auditory temporal ordering and resolution tests to detect central 

auditory processing disorder in adults with evidence of brain pathology: A systematic review and meta-analysis. Front. Neurol. 
12, 656117 (2021).

 56. Trevethan, R. Sensitivity, specificity, and predictive values: Foundations, liabilities, and pitfalls in research and practice. Front. 
Public Health 5, 25 (2017).

 57. Clopper, C. J. & Pearson, E. S. The use of confidence or fiducial limits illustrated in the case of the binomial. Biometrika 26, 404–413 
(1934).

 58. Mercaldo, N. D., Lau, K. F. & Zhou, X. H. Confidence intervals for predictive values with an emphasis to case–control studies. Stat. 
Med. 26, 2170–2183 (2007).

 59. Newman, C. W., Weinstein, B. E., Jacobson, G. P. & Hug, G. A. Test-retest reliability of the hearing handicap inventory for adults. 
Ear Hear. 12, 355–357 (1991).

 60. Kimura, D. Cerebral dominance and the perception of verbal stimuli. Can. J. Psychol. Can. Psychol. 15, 166–171 (1961).
 61. Della Penna, S. et al. Lateralization of dichotic speech stimuli is based on specific auditory pathway interactions: Neuromagnetic 

evidence. Cereb. Cortex N. Y. N 1991 17, 2303–2311 (2007).
 62. Borre, E. D. et al. Potential clinical and economic outcomes of over-the-counter hearing aids in the US. JAMA Otolaryngol. Head 

Neck Surg. https:// doi. org/ 10. 1001/ jamao to. 2023. 0949 (2023).
 63. De Sousa, K. C., Manchaiah, V., Moore, D. R., Graham, M. A. & Swanepoel, D. W. Effectiveness of an over-the-counter self-fitting 

hearing aid compared with an audiologist-fitted hearing aid: A randomized clinical trial. JAMA Otolaryngol. Head Neck Surg. 149, 
522–530 (2023).

 64. Maggu, A. R. & Overath, T. An objective approach toward understanding auditory processing disorder. Am. J. Audiol. 30, 790–795 
(2021).

Acknowledgements
This work was supported by a Grant from the PNC-Trees Charitable Foundation (AP), the National Institutes of 
Health Grant (T32-DC011499) to K. Kandler and B. Yates (trainee: J. R. M.) and the National Institutes of Health 
through Grant Number UL1 TR001857 to the Clinical and Translational Science Institute (CTSI). The authors 

https://doi.org/10.3389/fnsys.2014.00026
https://doi.org/10.1523/jneurosci.3240-17.2018
https://doi.org/10.1016/j.neuroscience.2018.07.053
https://www.asha.org/policy/ps2005-00114/
https://www.asha.org/policy/pp2006-00274/
https://www.asha.org/policy/pp2006-00274/
https://www.asha.org/practice-portal/clinical-topics/central-auditory-processing-disorder/
https://www.asha.org/practice-portal/clinical-topics/central-auditory-processing-disorder/
https://www.gbif.org/tool/81287/r-a-language-and-environment-for-statistical-computing
https://www.gbif.org/tool/81287/r-a-language-and-environment-for-statistical-computing
https://doi.org/10.1001/jamaoto.2023.0949


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:13636  | https://doi.org/10.1038/s41598-023-40645-0

www.nature.com/scientificreports/

thank R3 and the CTSI at the University of Pittsburgh for access to clinical data, Jennifer Klara for administrative 
and technical support, and Drs. Jason Bohland and Jyotishka Datta for statistical consults.

Author contributions
A.P. and C.P. conceptualized the study. V.M. collected the data for patients with A.P.D. V.C. and A.P. analyzed 
patient data. J.M. analyzed data from the UPMC audiology database. A.P. and V.C. wrote the initial draft of the 
manuscript. All authors contributed to the final draft of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A data-driven approach to identify a rapid screener for auditory processing disorder testing referrals in adults
	Self-reported hearing difficulties despite normal audiograms. 
	Current state of clinical practice. 
	(Central) Auditory processing disorder. 
	Referrals for APD assessment. 
	Methods
	Study population. 
	APD test battery and patient performance. 
	Statistical analysis. 

	Results
	Approximately 7% of patients present to the clinic with hearing difficulties despite having normal hearing thresholds. 
	Adult APD referrals were generally very low, but the majority of patients assessed received a diagnosis consistent with APD. 
	Most patients assessed for APD self-reported moderate-to-severe hearing difficulties. 
	Most deficits in adult patients undergoing APD assessment were concentrated in the binaural integration or speech-in-noise domains. 
	WIN, RDDT, and QuickSIN identify most patients with APD. 

	Discussion
	A case for increased referrals for APD testing. 
	A rapid screener to inform APD referrals. 
	Caveats and limitations. 
	Summary and conclusions. 

	References
	Acknowledgements


