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Background: Individuals with schizophrenia are impaired in their ability to recognize emotions based on vocal
cues and these impairments are associated with poor global outcome. Basic perceptual processes, such as audi-
tory pitch processing, are impaired in schizophrenia and contribute to difficulty identifying emotions. However,
previous work has focused on a relatively narrow assessment of auditory deficits and their relation to emotion
recognition impairment in schizophrenia.
Methods:We have assessed 87 patients with schizophrenia and 73 healthy controls on a comprehensive battery
of tasks spanning the five empirically derived domains of auditory function. We also explored the relationship
between basic auditory processing and auditory emotion recognitionwithin the patient group using correlational
analysis.
Results: Patients exhibited widespread auditory impairments across multiple domains of auditory function, with
mostly medium effect sizes. Performance on all of the basic auditory tests correlated with auditory emotion rec-
ognition at the p b .01 level in the patient group,with 9 out of 13 tests correlatingwith emotion recognition at r=
0.40 or greater. After controlling for cognition, many of the largest correlations involved spectral processing
within the phase-locking range and discrimination of vocally based stimuli.
Conclusions:While many auditory skills contribute to this impairment, deficient formant discrimination appears
to be a key skill contributing to impaired emotion recognition as this was the only basic auditory skill to enter a
step-wisemultiple regression after first entering ameasure of cognitive impairment, and formant discrimination
accounted for significant unique variance in emotion recognition performance after accounting for deficits in
pitch processing.
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1. Introduction

Schizophrenia is a debilitating disorder in which patients often
struggle to live independently,maintain relationships andmaintain em-
ployment (Bowie et al., 2006). Antipsychotic medications can improve
positive symptoms of psychosis but often leave functioning impaired.
Impaired processing of social information is a key determinant of func-
tional outcomes and is thus a promising target for improving function-
ing in patients with schizophrenia (Brekke et al., 2005; Cornblatt et al.,
2012).

One key component of social cognition is the ability to recognize
emotions in other people. While children may be quite explicit about
iatry and Behavioral Sciences at
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.

their emotions, adolescents and adults tend to be much more subtle.
As onematures, deciphering subtle facial and vocal cues of emotion be-
comes a key skill for navigating personal and professional relationships.
Individuals with schizophrenia are impaired in their ability to recognize
emotions based on facial and vocal cues and these impairments are as-
sociated with poor global outcome (Brekke et al., 2005). Preliminary
findings have suggested that emotion recognition training can improve
social cognition in patients with schizophrenia (Sachs et al., 2012).
However, these training regimens have largely focused on recognition
of emotion in facial expressions and have left training of vocal emotion
recognition largely untapped. Yet patients with schizophrenia struggle
to understand emotion from vocal tone and this difficulty impacts
their lives.

Emotion is conveyed in several separable vocal characteristics of the
speaker including level and contours of vocal pitch, loudness, and
tempo/rhythm, as well as vowel formant structure (amplitude peaks
in the frequency spectrum of the speaker's voice) (Banse and Scherer,
1996). Patients have difficulty recognizing emotion from auditory cues
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embedded in a speaker's vocal characteristics (Corcoran et al., 2015;
Cornblatt et al., 2012; Dickey et al., 2010; Dickey et al., 2008; Leitman
et al., 2007; Leitman et al., 2010; Niemi et al., 2005; Thompson et al.,
2011). A meta-analysis concluded that the effect size of auditory emo-
tion recognition deficits in schizophrenia is large (Hoekert et al., 2007)
and deficits are evident early in disease progression (Corcoran et al.,
2015; Grisham et al., 2011; Thompson et al., 2011). In turn, deficits in
auditory emotion processing have been linked to auditory hallucina-
tions (Badcock, 2010; Rossell and Boundy, 2005; Shea et al., 2007) and
impaired global outcome (Leitman et al., 2005) and are thus an attrac-
tive target for intervention. Indeed, early results suggest that training
of basic auditory skills can have far reaching benefits for basic auditory
processing, ability to follow speech in noise, and improved verbal long
term and working memory (Chandrasekaran et al., 2009; Franklin
et al., 2008; Kraus and Chandrasekaran, 2010; Nikjeh et al., 2009). Addi-
tionally, current auditory cognitive remediation approaches normalize
disturbed M100 signals during phoneme discrimination, suggesting
some effect on speech perception (Adcock et al., 2009). Auditory train-
ing could be designed to improve vocal emotion recognition in individ-
uals with schizophrenia and those at high-risk of developing psychosis.
However, current auditory cognitive remediation approaches empha-
size training of temporal auditory processing, which may not be a key
auditory skill in recognizing emotion in voice.

Individuals with schizophrenia exhibit deficits in pitch discrimina-
tion of simple sine waves (Holcomb et al., 1995; Javitt et al., 1997;
March et al., 1999) and MMN to frequency modulated tones
(Kantrowitz et al., 2015). These frequency processing deficits are associ-
ated with impaired vocal emotion recognition (Kantrowitz et al., 2015;
Leitman et al., 2005; Leitman et al., 2010), suggesting that a remediation
approach that targets frequency processing may improve emotion rec-
ognition. Patients with schizophrenia are also impaired in their ability
to recognize differences in tone duration and volume (Javitt, 2009).
However, a comprehensive assessment spanning all domains of audi-
tory function has not been completed in a schizophrenia sample. Of
the five empirically defined domains of auditory acuity, including
pitch and time, loudness and duration, amplitude modulation, familiar
sounds, and general auditory ability (known as “auditory g”) (Kidd
et al., 2007), only the relationship betweenmeasures of pitchprocessing
and emotion processing has been investigated in schizophrenia. Thus it
is not clear which vocal signals of emotion individuals with schizophre-
nia might bemissing and what auditory skills should be targeted to im-
prove their ability to recognize emotions in voice.

Individuals with schizophrenia have exhibited pitch discrimination
deficits at base frequencies ranging from 500 Hz to 2000 Hz (Holcomb
et al., 1995; Javitt et al., 1997; March et al., 1999). At these frequencies,
neuronswithin the auditory systemare able to phase-lock their firing to
periodic components of the stimulus, allowing for a more precise
encoding of stimulus frequency than occurs with a strictly place-
coded signal (i.e. which neurons are firing) (Rose et al., 1967). Phase-
locking to auditory stimuli is dependent on intact GABAergic modula-
tion (Fukui et al., 2010). Thus a demonstration of impaired phase
locking in schizophreniawould potentially suggest a specific pharmaco-
logical target. Although previously reported pitch processing deficits in
schizophrenia are consistent with impaired phase-locking of auditory
neurons, to our knowledge, no previous study has included control con-
ditions to assess discrimination of stimuli outside the phase-locking
range. To address this, we have included tests that employ stimuli
within the phase-locking range (frequency discrimination 1000 Hz, fre-
quencymodulation (FM) 2 Hz, sinusoidal amplitudemodulation 60Hz)
as well as control tests that employ stimuli outside the phase-locking
range (frequency discrimination 6000 Hz, FM 10 Hz).

While themean pitch and the pitch contour are important signals of
a speaker's emotion, the human voice is muchmore spectrally complex
than simple sine waves, and in that spectral complexity lie further cues
to a speaker's emotion. The distinctive resonances of an individual's
vocal tract produces speech formants (amplitude peaks in the frequency
spectrum) that not only define vowel sounds, but convey the speaker's
emotion through shifts in formant frequencies and widths compared to
emotionally neutral speech. Healthy individuals can identify emotion
valence after very brief exposure to a voiced vowel, suggesting that
the ability to distinguish slight differences in formant structure might
be an important auditory skill for deciphering the emotion of a speaker
(Waaramaa et al., 2010). Individualswith schizophrenia are impaired in
categorizing ambiguous phonemes along the “Ba”–“Da” continuum that
differ only in the direction of movement of their second formant
(Cienfuegos et al., 1999). We therefore included a formant discrimina-
tion task in our basic auditory battery and hypothesized that patients
with schizophrenia would exhibit impairment in formant discrimina-
tion that would be a key contributor to difficulty understanding emo-
tion in voice.

In this study, we have characterized the basic auditory processing
ability of schizophrenia subjects on a battery of tasks spanning the five
empirically derived domains of auditory function and have explored
the relationship between these basic perceptual measures and emotion
recognition.

2. Methods and materials

2.1. Subjects

The study was approved by the Duke University institutional review
board. Informed consent was obtained from 87 outpatients with DSM-
IV schizophrenia or schizoaffective disorder and 73 healthy controls fol-
lowing full explanation of procedures. All subjectswere between 18 and
60 years old, and had intact hearing as demonstrated by audiometric
thresholds at or below 20 dB at 500 Hz, 1000 Hz, 2000 Hz, 3000 Hz or
4000 Hz. All subjects were screened to rule out a history of significant
head injury, neurological or medical conditions that could interfere
with interpretation of cognitive/perception data, or substance abuse
within the last month/substance dependence with the last 6 months
(excluding nicotine). Healthy controls were cognitively normal as de-
termined by the investigator and were screened to rule out personal
history of serious mental illness. All patients were maintained on a sta-
ble dose of antipsychotic for at least 2 months prior to participation.

2.2. Basic auditory battery

All of the auditory taskswere structured similarly, with two identical
stimuli and one deviant to be detected.

2.2.1. Test of basic auditory capabilities (TBAC)
The TBAC is composed of 8 tests of auditory acuity chosen for their

favorable psychometric properties and relatively specific factor loadings
onto empirically determined auditory processing domains. The first
three tests, Pitch Discrimination, Intensity Discrimination and Duration
Discrimination, employ a 1 kHz, 250ms tone as the standard and the tar-
get stimulus is varied along the dimension of interest by equal logarith-
mic steps. Pulse Train tests rhythmic change detection ability. Embedded
Tone tests the ability to detect the presence of the fifth tone (duration
varied tomanipulate difficulty) in a nine tone sequence,which is absent
in the standard. Temporal Order tests the ability to discriminate the
order inwhich two tones are presented. Syllable Sequence is a speech an-
alog to the temporal order subtest. Nonword Recognition assesses the
ability to identify a nonsense syllable in noise.

2.2.2. Formant discrimination task
With consultation from Diane Kewley-Port, we adapted the formant

discrimination task from Liu andKewley-Port (2004). Ourmodified ver-
sion of the test assessed subjects' ability to distinguish first and second
formant frequency shifts in two American English vowels ε (“eh”) and
Λ (“uh”).



Table 1
Demographics.

Schizophrenia Controls t p

N Mean S.D. N Mean S.D.

Age 87 41.83 9.60 73 39.49 11.47 1.38 .17
Education (years) 87 12.91 2.62 73 14.52 2.22 −4.22 b.001
Maternal education 74 13.23 2.84 71 13.54 2.9 −0.64 .52
Paternal education 68 12.93 4.15 67 13.76 3.31 −1.29 .20
Gender

Male 55 63.22% 44 60.27%
Female 32 36.78% 29 39.73%

Race
White 35 40.23% 29 39.73%
African-American 51 58.62% 41 56.16%
Other 1 1.15% 3 4.11%
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2.2.3. Sinusoidal amplitude modulation (SAM)
Although SAM depth was determined to be a discrete domain of au-

ditory ability, it was left out of the original version of the TBAC to limit
testing time. However, subjects with schizophrenia have impaired
physiological responses to SAM stimuli indicative of impaired phase
locking due to reduced GABAergic modulation of pyramidal cell activity
in auditory cortex (Teale et al., 2008). Phase locking is crucial to accurate
encoding of fundamental frequency as well as speech formants
(Johnson et al., 2008; Johnson et al., 2005). We therefore added a test
of SAMdetection to allow us to assess this crucial discrete domain of au-
ditory function.

2.2.4. Pitch discrimination 6000 Hz
The frequency discrimination task that is included in the TBAC uses a

standard tone of 1000 Hz – a frequency at which phase locking plays a
significant role in frequency processing (Sek and Moore, 1995). As a
control condition, we included another frequency discrimination task
with a standard frequency of 6000 Hz – at which phase locking plays
very little role in frequency processing compared to place coding
signals.

2.2.5. Frequency modulation (FM)
All three tones had the same carrier wave frequency and differed

only in that one tone was frequency modulated (depth manipulated
to determine threshold). This experiment was run in separate blocks
employing frequency modulations of 2 Hz (at which phase-locking
plays a significant role in FM detection) and 10 Hz (at which FM detec-
tion depends primarily on place signaling).

2.3. Measures of auditory emotion processing

We assessed the ability to recognize emotion based on vocal affec-
tive cues in speech and non-speech affective bursts using two different
tests.

2.3.1. Comprehensive Affect Testing System (CATS)
We chose this battery because the American English accent of the

actor seemed most appropriate for our demographic. The subtests in-
cluded: emotion prosody discrimination, emotion prosody identifica-
tion, and the identification of emotion from prosody in the presence of
conflicting semantic meaning. In all tests, a male actor portrayed a spe-
cific emotion. Subjects were instructed to make their assessment of the
emotion based solely on the sound of the actor's voice (Schaffer et al.,
2006).

2.3.2. Montreal Affective Voices
The Montreal Affective Voices are freely available stimuli consisting

of multiple male and female actors portraying various emotions
through affective bursts (e.g. chuckles, groans, sighs etc.).We developed
a test of auditory emotion recognition inwhich subjects identified affec-
tive bursts using a 5-alternative forced-choice procedure (choosing
from: anger, disgust, fear, happiness, and sadness).

2.4. Measures of cognition

We assessed current cognition with the Brief Assessment of Cogni-
tion in Schizophrenia (BACS), a 30-minute battery of tests measuring
verbal memory, processing speed, working memory, executive func-
tioning and verbal fluency (Keefe et al., 2004).

2.5. Assessment of symptoms and functioning

We assessed clinical symptoms with the Positive and Negative Syn-
drome Scale (PANSS) (Kay et al., 1987). For all subjects, we assessed
functional capacity with the UCSD Performance-based Skills Assess-
ment (UPSA) (Green et al., 2011).
2.6. Order of assessments

Tominimize order effects, we divided the performance based assess-
ments into 2 blocks and counterbalanced the order of assessment sepa-
rately in patients and controls.
2.7. Data analysis

An emotion composite was constructed by first calculating Z-scores
for the CATS Prosody and MAV outcome variables, and then calculating
T-scores for the sum of these Z-scores. We used descriptive statistics to
generate plots to examine the distribution of each putative deficit in
each of the samples, and test for normality. SAM60, pitchdiscrimination
6000 Hz, FM 10 Hz and FM 2 Hz were all found to be significantly
skewed and each was normalized by natural log transformation.
Groupdifferenceswere assessed bybetween-groups t-tests and compu-
tation of Cohen's d. All correlations were performed in the patient
group. Correlationswere computed as Pearson's correlation coefficients,
and partial correlations, controlling for general performance deficits,
were performed when appropriate.
3. Results

3.1. Demographics

The 87 patients and 73healthy controls did not differ significantly on
demographic variables, other than years of education (Table 1).
3.2. Emotion recognition, cognition and functional capacity

Patients with schizophrenia exhibited similar levels of impairment
on both tests of emotion recognition (Table 2). The effect size for a com-
posite score combining the 2 batteries was d = 0.60 (a medium effect
size). The patients exhibited deficits of similar effect sizes in cognition
(d = 0.65) and functional capacity (d = 0.47).
3.3. Basic auditory processing

Factor analysis of the basic auditory tests indicated a single factor so-
lution and thus all analyseswere performed at the level of the individual
tests. Patients demonstrated widespread impairment of basic auditory
processing. Of the 13 tests included in our battery, patients exhibited
deficits on 10 (Table 2). Intensity discrimination yielded the largest ef-
fect size (d = 0.66) while formant discrimination yielded an effect
size of d = 0.53.



Table 2
Group means on emotion recognition, cognition, functional capacity, and basic auditory
skills measures. CATS: Comprehensive Affect Testing System Prosody Scale, MAV: Mon-
treal Affective Voices, emotion composite: composite score of CATS and MAV, BACS com-
posite: Brief Assessment of Cognition in Schizophrenia composite score, UPSA: UCSD
Performance-based Skills Assessment, SAM 60: sinusoidal amplitude modulation detec-
tion at 60Hz, FM2Hz: frequencymodulation detection at 2Hz, FM10Hz: frequencymod-
ulation detection at 10Hz. For SAM60Hz, pitchdiscrimination (6000Hz), FM2Hz and FM
10 Hz scores are reported as thresholds for discrimination and thus lower scores indicate
better performance. For all other tests, scores are reflect number of correct responses, and
thus higher scores are better.

Measure Schizophrenia Controls Cohen's d

Mean SD Mean SD

CATS 78.09⁎⁎ 11.35 83.65 10.85 0.50
MAV 41.18⁎⁎ 5.87 44.71 5.51 0.62
Emotion composite 47.51⁎⁎ 9.77 53.27 9.41 0.60
BACS composite 33.93⁎⁎ 15.73 43.78 14.45 0.65
UPSA total 36.07⁎⁎ 5.11 38.35 4.41 0.47
Frequency disc. 29.34⁎⁎ 30.83 46.00 32.25 0.53
Intensity disc. 25.10⁎⁎ 29.68 44.96 30.88 0.66
Duration disc. 23.93⁎⁎ 29.58 40.07 34.02 0.51
Pulse-Train 25.03⁎⁎ 29.64 41.53 34.57 0.51
Embedded Tone 19.55⁎⁎ 27.70 36.15 31.00 0.57
Temporal Order 21.49 27.76 28.25 29.48 0.24
Syllable Order 11.78⁎⁎ 16.39 23.86 26.63 0.56
Syllable Recognition 31.15⁎ 27.47 43.04 29.92 0.41
Formant discrimination 47.72⁎⁎ 9.30 52.92 10.14 0.53
SAM60 3.01⁎⁎ 0.85 2.56 0.81 0.54
Pitch discrimination (6000 Hz) 5.53 1.87 5.04 1.78 0.27
FM 2 Hz 0.68⁎ 0.29 0.57 0.23 0.41
FM 10 Hz 0.22 0.11 0.19 0.08 0.31

⁎ p b .05.
⁎⁎ p b .01.

Table 4
Correlations between basic auditory skills and emotion recognition. CATS: Comprehensive
Affect Testing System Prosody Scale, MAV:Montreal Affective Voices, emotion composite:
composite score of CATS andMAV, SAM 60: sinusoidal amplitudemodulation detection at
60Hz, FM 2Hz: frequencymodulation detection at 2 Hz, FM10Hz: frequencymodulation
detection at 10 Hz.

CATS MAV Emotion comp Emotion partial

Frequency 0.48⁎⁎ 0.35⁎⁎ 0.45⁎⁎ 0.31⁎⁎

Intensity 0.46⁎⁎ 0.32⁎⁎ 0.42⁎⁎ 0.27⁎

Duration 0.42⁎⁎ 0.37⁎⁎ 0.43⁎⁎ 0.34⁎⁎

Pulse-Train 0.37⁎⁎ 0.28⁎⁎ 0.35⁎⁎ 0.26⁎

Embedded Tone 0.41⁎⁎ 0.39⁎⁎ 0.45⁎⁎ 0.34⁎⁎

Temporal Order 0.40⁎⁎ 0.33⁎⁎ 0.40⁎⁎ 0.29⁎⁎

Syllable Order 0.31⁎⁎ 0.28⁎ 0.30⁎⁎ 0.20
Syllable Recognition 0.46⁎⁎ 0.45⁎⁎ 0.49⁎⁎ 0.37⁎⁎

Formant frequency 0.47⁎⁎ 0.42⁎⁎ 0.47⁎⁎ 0.38⁎⁎

SAM60 −0.50⁎⁎ −0.43⁎⁎ −0.51⁎⁎ −0.43⁎⁎

Pitch 6000 Hz −0.39⁎⁎ −0.29⁎ −0.38⁎⁎ −0.28⁎

FM 2 Hz −0.42⁎⁎ −0.30⁎⁎ −0.40⁎⁎ −0.35⁎⁎

FM 10 Hz −0.45⁎⁎ −0.23⁎ −0.39⁎⁎ −0.31⁎⁎

⁎ p b .05.
⁎⁎ p b .01.
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3.4. Relationships between basic auditory processing and cognition, emo-
tion recognition, functional capacity and clinical symptoms

All tests of basic auditory processing correlated significantly with all
tests of cognition,with the exception of the TokenMotor task, which ex-
hibited the lowest correlationswith basic auditory processing (Table 3).

All tests of basic auditory processing correlated with both batteries
of emotion recognition (Table 4). In all instances, the correlations
were stronger with the CATS than with the MAV. To remove the effects
of cognition, we computed partial correlations, controlling for BACS
Symbol Coding performance.While the BACS does produce a composite
score, several of the tests that comprise the battery contain auditory
components, and thus controlling for cognition using the composite
score might lead to overcorrection and spuriously reduce the correla-
tion between audition and emotion recognition. The BACS Symbol Cod-
ing testwas chosen to control for cognition because it is a good proxy for
Table 3
Correlation between basic auditory skills and cognition. BACS SC: Brief Assessment of Cognition
60 Hz, FM 2 Hz: frequency modulation detection at 2 Hz, FM 10 Hz: frequency modulation det

Verbal memory Digit seq. Token motor

Frequency 0.40⁎⁎ 0.48⁎⁎ 0.25⁎

Intensity 0.40⁎⁎ 0.40⁎⁎ 0.22⁎

Duration 0.46⁎⁎ 0.44⁎⁎ 0.21
Pulse-Train 0.47⁎⁎ 0.30⁎⁎ 0.13
Embedded Tone 0.37⁎⁎ 0.42⁎⁎ 0.05
Temporal Order 0.41⁎⁎ 0.43⁎⁎ 0.28⁎

Syllable Order 0.41⁎⁎ 0.45⁎⁎ 0.21
Syllable Recognition 0.60⁎⁎ 0.58⁎⁎ 0.30⁎⁎

Formant frequency 0.43⁎⁎ 0.55⁎⁎ 0.15
SAM60 −0.32⁎⁎ −0.49⁎⁎ −0.14
Pitch 6000 Hz −0.35⁎⁎ −0.41⁎⁎ −0.19
FM 2 Hz −0.26⁎ −0.32⁎⁎ −0.20
FM 10 Hz −0.25⁎ −0.33⁎⁎ −0.20

⁎ p b .05.
⁎⁎ p b .01.
overall cognition and because it does not require audition and thus
should not confound the effects of audition on emotion recognition
(Dickinson et al., 2007). With the exception of Syllable Order, all corre-
lations remained significant after controlling for cognition. Our a priori
hypothesis that formant discrimination is associated with deficits in
emotion recognition in patients was supported by this analysis as this
association remained significant after controlling for cognition (Fig. 1).

To determine the ability of basic auditory skills performance to im-
prove prediction of emotion recognition beyond what is accounted for
by cognition, we performed a step-wise regression after controlling
for cognition (by enteringBACS Symbol Coding as thefirst step in the re-
gression). Formant discrimination was the only basic auditory skill to
enter the step-wise model of emotion discrimination after controlling
for cognition. Formant discrimination accounted for an additional
14.5% of variance in emotion identification beyond that accounted for
by cognition and rendered the model a significant predictor of emotion
recognition (F2,59= 7.40, p b .01), while themodel including only cog-
nitionwas not. To quantify the additional variance accounted for by for-
mant discrimination over pitch processing (the most widely
investigated association to date), we performed a multiple-regression,
entering frequency discrimination at 1000 Hz in the first step and
then entering formant discrimination in the second step. We found
that formant discrimination accounted for an additional 6.9% variance
in emotion recognition over frequency discrimination alone (F2,83 =
9.48, p b .01).
in Schizophrenia – Symbol Coding, SAM 60: sinusoidal amplitudemodulation detection at
ection at 10 Hz.

Sem. fluency BACS SC Tower of London Composite

0.41⁎⁎ 0.48⁎⁎ 0.43⁎⁎ 0.55⁎⁎

0.38⁎⁎ 0.52⁎⁎ 0.32⁎⁎ 0.51⁎⁎

0.42⁎⁎ 0.33⁎⁎ 0.30⁎⁎ 0.48⁎⁎

0.30⁎⁎ 0.30⁎⁎ 0.33⁎⁎ 0.41⁎⁎

0.33⁎⁎ 0.38⁎⁎ 0.34⁎⁎ 0.42⁎⁎

0.48⁎⁎ 0.36⁎⁎ 0.46⁎⁎ 0.54⁎⁎

0.54⁎⁎ 0.30⁎⁎ 0.43⁎⁎ 0.51⁎⁎

0.48⁎⁎ 0.45⁎⁎ 0.33⁎⁎ 0.60⁎⁎

0.46⁎⁎ 0.35⁎⁎ 0.36⁎⁎ 0.51⁎⁎

−0.42⁎⁎ −0.33⁎⁎ −0.41⁎⁎ −0.50⁎⁎

−0.38⁎⁎ −0.34⁎⁎ −0.31⁎ −0.46⁎⁎

−0.24⁎ −21 −0.38⁎⁎ −0.38⁎⁎

−0.22⁎ −31⁎⁎ −0.25⁎ −0.38⁎⁎



Fig. 1. Partial regression plot of formant discrimination after controlling for cognition.
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All tests of basic auditory capabilities correlated with UPSA total
score, with Pearson correlation coefficients ranging from 0.28 (FM
2 Hz) to 0.53 (Formant Discrimination) (Supplemental Table 1). Com-
paring the domains of functional capacity, it is clear that auditory skills
correlated less strongly to the domain of comprehension/planning than
other domains. Also, the auditory skills of pitch discrimination at
6000 Hz, pulse train discrimination and FM detection (at both 2 Hz
and 10 Hz) appeared to correlate less strongly with functional capacity
than the other basic auditory skills.

Correlations of basic auditory capabilities with symptomswere gen-
erally quite low (Supplemental Table 2). With only 2 exceptions, basic
auditory capabilities correlated more strongly with negative symptoms
than with positive or general symptoms.

4. Discussion

This study provides the first comprehensive assessment of basic au-
ditory processing in individuals with schizophrenia and the relation-
ships between these basic auditory skills and auditory emotion
processing, cognition and symptoms. Patients demonstrated impaired
ability to recognize emotion in voice with a medium effect size, similar
to deficits reported in other studies(Gold et al., 2012; Kantrowitz et al.,
2013; Leitman et al., 2005). Like other studies, we found that patients
with schizophrenia are impaired in their ability to distinguish differ-
ences in lower frequency pitches and that this ability correlated with
their ability to understand emotion in voice. Unlike other studies, we
tested a wide variety of auditory abilities spanning all empirically de-
fined domains of auditory function and included complex and vocally-
based stimuli. We found that auditory impairments are widespread
and involve all domains of auditory function, with mostly medium ef-
fect sizes. The magnitude of these impairments was very similar to the
magnitude of the cognitive impairments in this group of patients com-
pared to healthy controls. It should be noted that our healthy control
group, which was recruited to rigorously match our patient sample on
age, sex, race, and parental education, scored more poorly on the BACS
cognitive battery than our previous normative study (Keefe et al.,
2008), registering an age- and sex-corrected composite T-score of
43.78. Healthy controls were recruited through use of flyers throughout
the Durham area and through Craigslist advertising. Subjects needed to
be available for a full day of testing during normal business hours, which
may have biased our sample towards lower cognitively functioning
individuals.

Previous studies in patients with schizophrenia have consistently
demonstrated a correlation between pitch processing of simple sine
waves and emotion recognition from vocal tone (Holcomb et al., 1995;
Javitt et al., 1997; Kantrowitz et al., 2015; Leitman et al., 2005;
Leitman et al., 2010; March et al., 1999). Like previous studies, we
found a relationship between pitch processing of lower frequency
(1000 Hz) sine wave tones and emotion recognition. However, in our
study we assessed a wide array of basic auditory abilities, allowing us
to investigate whether this relationship between pitch processing and
emotion recognition is unique or if a wider assortment of basic auditory
impairments is associated with emotion recognition deficits in patients
with schizophrenia. Indeed, correlational analyses in patients indicated
widespread association between basic auditory impairment and emo-
tion recognition deficits. We found the relationships of auditory skills
with emotion recognition to be stronger with the CATS than with the
MAV. We speculate that this may be due to the longer duration of the
CATS stimuli and because the CATS stimuli are verbal as opposed to
non-verbal affective bursts employed by the MAV. Impairment on all
basic auditory skills, except syllable order recognition, was significantly
correlated with emotion recognition deficits after removing the effects
of cognitive impairment. These results suggest that the auditory percep-
tion impairment is far more prevalent than previously demonstrated.

While our results primarily indicate that the impairments in basic
auditory skills are broad ranging, and that most of these impairments
contribute to emotion recognition deficits, there is some evidence that
particular auditory skills may be more central to patients' difficulty in
recognizing emotion. Other studies have demonstrated pitch processing
deficits in patients at base frequencies between 500 Hz and 2000 Hz, in
the range (b4000Hz) atwhich cells in auditory brain structures are able
to phase-lock their response to periodic components of an auditory
stimulus (Holcomb et al., 1995; Javitt et al., 1997; March et al., 1999;
Rose et al., 1967). This phase-locked signal allows for extra precision
of frequency encoding over a purely place-coded signal. To test if fre-
quency encoding is impaired when phase-locking is not involved, we
included a pitch processing test at a base frequency of 6000 Hz (outside
of the phase-locking range). While our patients were impaired in their
ability to distinguish pitches at 1000 Hz, frequency processing at
6000Hzwas one of only three skills thatwas found to be intact. Another
of the intact skills, detection of frequency modulation at 10 Hz involved
stimuli that elicit minimal phase-locking compared to the same task at
2 Hz, for which patients did demonstrate significant impairment. Simi-
larly, the four strongest correlations between basic auditory processing
and emotion recognition, after controlling for cognition, emphasize fre-
quency processing in the phase-locking range (SAM60, Formant Dis-
crimination, Syllable Recognition and FM 2 Hz). Also of note, Formant
Discrimination and Syllable Recognition were the two tests in our bat-
tery that involved discrimination of the most naturalistic, speech-like
sounds. The fact that they were among the most highly correlated
with emotion recognition suggests that discrimination of complex,
speech sounds may be a more important skill than discrimination of
stimuli based on simple, artificial sounds. Formant discrimination defi-
cits, specifically, accounted for unique variance in emotion recognition
impairment beyond general cognitive impairment and basic pitch pro-
cessing deficits in patients with schizophrenia, suggesting that the in-
ability to perceive vowel sounds in schizophrenia patients contributes
to their inability to understand others' emotions.

Impairments in emotion recognition are a key contributor to poor
functional outcomes in schizophrenia (Brekke et al., 2005). Since the
data from the current study suggest thatwidespread basic auditory pro-
cessing deficits are associated with emotion recognition deficits in
schizophrenia, a remediative approach that includes training on all
basic auditory processing domains may be optimal for improving emo-
tion recognition. Further, our results suggest that these auditory pro-
cessing deficits may relate to deficits in functional capacity as
measured by the UPSA. Thus, remediation that improves these basic au-
ditory skills may have the potential to improve functional capacity as
well. Tasks emphasizing spectral processing of naturalistic stimuli in
the phase locking range might be especially helpful. These types of
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natural vocal stimuli may be more relevant than artificial stimuli to the
distinctions that onemustmakewhen judging a speaker's emotion. The
formant discrimination task we employed in this study fulfills these
criteria. Healthy individuals are remarkably adept at judging a speaker's
emotion from very brief exposure to vowel segments of speech. Also,
sensitivity to changes in vowel formant frequencies can be taught in
healthy individuals (Kewley-Port, 2001), suggesting that the deficits ex-
hibited by patients in this skill could be remediated.

4.1. Limitations

Due to the lowperformance of our control group, the cognitive effect
size between our groupswas smaller than has previously been reported.
It is possible that higher effect sizes on the basic auditory and emotion
recognition batteries would have been observedwith a higher function-
ing control group. Also, because this study used a cross-sectional design,
we were unable to assess the relationship between basic auditory defi-
cits and emotion recognition deficits over time. Although we did not
correct formultiple comparisons, the sheer number offindings supports
the conclusion that schizophrenia is associated with widespread im-
pairment in basic auditory processing and auditory emotion recogni-
tion. Finally, because patients were medicated, it is possible that
medications could be impairing both basic auditory function and emo-
tion recognition.

4.2. Conclusions

Patients with schizophrenia exhibit widespread deficits in basic au-
ditory impairments associatedwith difficulty identifying emotions from
the acoustic properties of a speaker's voice. While many basic auditory
skills contribute to this impairment, deficient formant discrimination
appears to be a key skill contributing to impaired emotion recognition
as this was the only basic auditory skill to enter a step-wisemultiple re-
gression after first entering ameasure of cognitive impairment, and for-
mant discrimination accounted for significant unique variance in
emotion recognition performance after accounting for deficits in pitch
processing.
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