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Agenda

1. Auditory processing abilities in adults: Motivation from Veterans 

with exposure to high-intensity blasts

2. Research next steps: Portable Automated Rapid Testing (PART)

3. Auditory neuroscience: Functions of the Central Auditory System

4. Psychoacoustical testing using PART

5. Next steps in testing: Informational masking

6. Rehabilitation: The promise of auditory brain training 
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PART 1

Auditory processing abilities in adults

Motivation from Veterans with exposure to high-intensity blasts
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Blast Exposure and 

Traumatic Brain Injury (TBI)

One of the most common 

effects of blast exposure is mild 

TBI, also known as concussion.



Test % Abnormal

MLD: Masking Level Difference1 30%

FP: Frequency Patterns2 83%

GIN: Gaps-in-Noise3 78%

SSW: Staggered Spondaic Words4 69%

DD: Dichotic Digits4 45%

1: Jabbari et al. (1987) Auditory brainstem response findings in the late phase of head injury. Semin Hear,  8(3)
2: Musiek and Pinheiro (1987) Frequency patterns in cochlear, brainstem, and cerebral lesions. Audiology, 26(2)
3: Musiek et al. (2005) GIN (Gaps-In-Noise) test performance in subjects with confirmed central auditory nervous system involvement. Ear Hear, 26(6)
4: Mueller et al. (1987) Comparison of the Efficiency of Cortical Level Speech Tests. Semin Hear, 8(3)

Clinical Tests Sensitive to Auditory Dysfunction in 

Patients with Confirmed Injury to Auditory Cortex
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• Blast exposed service members tested at Walter Reed within one year of exposure

• Control group with same age and pure tone thresholds as blast group



Proportion abnormal on 
one or more behavioral 
test of Central Auditory 
Processing:

Control:  24%
Blast: 75%



 BLAST GROUP: 30 blast-exposed Veterans

Mean age: 37.3 years (sd 11.5)

Average time since blast exposure: 8.0 years

Average number of blasts reported: 5.1 blasts (Range: 1-40; Median: 3)

Number with PTSD Diagnosis: 23/30

 CONTROL GROUP: 29 age- and hearing-matched participants with no history of brain injury.
Both civilians and Veterans.

Mean age: 39.5 years (sd 13.9) Number with PTSD Diagnosis: 4/29



Self-Report: Hearing Handicap Inventory – Adult 
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25-item questionnaire addressing the impact of hearing-related problems on 
emotional and social functioning

60% of blast-exposed report moderate 
or severe hearing handicap
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Tests abnormal (out of 5 possible)

Number of Tests with 
Abnormal Performance

Percent abnormal on 
one or more test:

Control (n=29): 21%
Blast (n=30) : 63%
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Where could these deficits come from?

Auditory nerve

Brainstem

Cortex



http://www.cochlea.eu/en/

1. scala media
2. scala vestibuli
3. scala tympani
4. spiral ganglion neurons
5. auditory nerve

http://www.cochlea.eu/en/auditory-brain


1. Organ of Corti
2. Reissner’s Membrane
3. lateral wall



Liberman, M. C. (2017). Noise-induced and age-related hearing loss: 

new perspectives and potential therapies. F1000Research, 6.

Low Spontaneous Rate (SR) 
Synapse



Liberman, M. C. (2017). Noise-induced and age-related hearing loss: 

new perspectives and potential therapies. F1000Research, 6.

In the mouse, exposure to 

98 dB SPL noise destroys 

synapses, despite a return 

of threshold detectability to 

baseline levels.

It is unknown whether or 

not blast exposure involves 

synapse destruction.

There is currently no 

agreed upon method by 

which to detect such 
damage behaviorally.
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Younger

Older
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Central Damage due 
to Blast Exposure: 

Model Predictions

Chafi et al (2010) Biomechanical assessment of brain dynamic responses due to blast pressure waves. 

Annals of Biomedical Engineering. 38(2)

• injury to axons (stretching and shearing of axons)
• bruising of the brain surface (contusion) 
• internal bleeding (subdural hemorrhage) from ruptured blood vessels
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Potential for Damage to 

Auditory Brain Areas:

Primary Mechanism: Blast 

Pressure Wave from Explosion

Stretching or shearing of 

thalamus and corpus callosum 

connections resulting in 

disconnection of inputs or cell 

death.

Taber et al., 2006

Contusions: blue
Diffuse axonal injury: pink
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Damage to Auditory Brain Areas:
II. Secondary and Tertiary 

Mechanisms: Blunt Head Trauma, 

Penetrations

– Contusions to temporal and frontal lobes (blue)

– Hemorrhage damage to frontal and parietal lobes 
(purple)

Taber et al., 2006
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Neurophysiological data from younger (Panel A) 
and older (Panel B) monkeys. Younger and 
older monkeys had similar temporal encoding 
in CL (a brain area associated with auditory 
spatial processing), but phase locking was 
reduced in A1 (“primary auditory cortex”) for 
older monkeys. 

Recanzone (2018).
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PART 2

Auditory processing abilities in adults

Next steps from a research perspective



NATIONAL CENTER FOR REHABILITATIVE AUDITORY RESEARCH

How can we know whether or not these areas have been damaged?

There is no “gold standard”, because in almost all cases, a diagnosis of 
mild TBI implies that there is no injury visible with any of the common 
clinical imaging techniques.

Instead, we have to use behavioral and electrophysiological tests and 
compare to normative data. However, those norms are often lacking for 
people who are middle aged or older, especially if they have hearing 
loss.
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Furthermore, many of the tests described in the previous slides 
are hard to do for people with attention and memory issues, or if 
they have language problems.

All of these are common in people with mTBI, and especially 
common in the deployed Veteran population.
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To address these issues, we believe it is important to first establish 
whether or not basic auditory processing abilities are affected. We have 
looked to modern neuroscience to define what we mean by 
fundamental auditory processing abilities. 

To this end, we have, with the support of NIH, developed a software 
platform for psychoacoustics that is free, runs on an iPad with 
inexpensive headphones, and is based on current auditory neuroscience 
and psychoacoustics.
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With this platform we hope to establish norms for people varying in age 

and hearing ability that can be used to determine whether or not an 

individual is within the normal range. This can then be used to identify 

deficits which can then guide further treatment and be used as a marker 

of recovery.

Some patients are expected to have no deficits on any of these tests 

and so any complaints or difficulties found on other tests can then be 

attributed to factors other than basic auditory processing abilities.
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Portable Automated 

Rapid Testing 

(PART)

https://bgc.ucr.edu/games

https://bgc.ucr.edu/games
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Recording of a single 50 ms tone pulse (2000 Hz carrier) produced at 
maximum output through iPad Pro and Sennheiser HD280Pro Headphones
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Recording of a 
single 50 ms tone 
pulse (2000 Hz 
carrier) produced 
at maximum 
output through 
iPad Pro and 
Sennheiser
HD280Pro 
Headphones
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Ten Pulses 
Varying 
between 60 
and 105 dB 
SPL (peak-
to-peak 
equivalent)



Behavioral verification 
involved comparison of 
intelligibility of speech 
through the iPad system and 
a calibrated audiometer.

iPad thresholds were as 
good or better than the 
thresholds obtained with 
speech audiometry
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The auditory processing tests included 
in PART are based on how modern 
neuroscience describes the functions of 
the central auditory system.
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PART 3

Auditory Neuroscience

Current understanding of the functions of the central auditory system
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Thalamus: 

Organization and updating of 
cortical-brainstem connections

Inferior Colliculus: 

Coding of basic timing and 
frequency patterns

Superior Olivary Complex: 

Spatial Processing

Cochlear Nucleus:  

Timing and frequency coding 

Functions of the Central 

Auditory System



Cochlear Nucleus:  Timing and frequency coding

Winter, I. M. (2005). The neurophysiology of pitch. 
In Pitch (pp. 99-146). Springer New York.

RESPONSE of a cochlear 
nucleus neuron

STIMULUS: 300 Hz Tone

“Vector Strength” or “Periodicity Strength (PS)”: Metric of the “phase-locking” of a neural response to 
the periodicity of a stimulus (varies between 0 and 1)

0: Neural spikes can occur at any time
1: Neural spikes only occur during one phase of the stimulus



These data demonstrate the strong 
encoding of frequency using a timing 
code in the cochlear nucleus, up to 
frequencies of at least 1000 Hz. The 
upper limit of phase-locking in humans is 
unknown, but is thought to be about 
1500 Hz.

Winter, I. M. (2005). The neurophysiology of pitch. 
In Pitch (pp. 99-146). Springer New York.

Vector Strengths of Cochlear Nucleus neurons as a function of frequency and species



Winter, I. M. (2005). The neurophysiology of pitch. 
In Pitch (pp. 99-146). Springer New York.

The firing patterns in different cochlear nucleus units

Periodicity Strength (PS) is best for the onset-chopper

The Primary-like units are so named because their 
responses resemble the responses of the auditory 
nerve.



Inferior Colliculus:
Sensitivity to Amplitude Modulation

Krishna, B. S.,&Semple, M. N. (2000). Auditory temporal processing: 

responses to sinusoidally amplitude-modulated tones in the inferior 

colliculus. Journal of neurophysiology, 84(1), 255-273.

STIMULUS: 10 Hz Modulation applied to 
a tone with a higher carrier frequency

RESPONSE of inferior colliculus neurons 
(each dot represents a spike, each row 
represents a neuron)



Inferior Colliculus:
Sensitivity to 
Amplitude 
Modulation

Each curve 
represents a  
“modulation transfer 
function” for a 
different IC neuron

This shows that there 
is tuning for 
modulation 
frequency in IC that 
is independent of 
center frequency (CF) 
or firing rate.

Data from Langer and Schreiner (1988) 

Figure from: 

Winter, I. M. (2005). The neurophysiology of pitch. 
In Pitch (pp. 99-146). Springer New York.



Shamma and his colleagues have 
argued that spectrotemporal
modulation is the unit of analysis at 
the level of auditory cortex (AC).

AC units are tuned to specific rates 
of temporal and spectral 
modulation.



Spectral Modulation in an Auditory Stimulus



Temporal Modulation in an Auditory Stimulus



Spectral and Temporal Modulation in an Auditory Stimulus



Auditory cortical units are 
tuned in temporal 
modulation



Auditory cortical units are 
also tuned in spectral 
modulation



Shamma and his colleagues have argued that 
spectrotemporal modulation is the appropriate 
unit of analysis at the level of auditory cortex.
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Binaural Hearing

• Having two ears allows spatial location of sounds to 
be calculated.

• Acoustical differences between the signals are cues 
listeners can use to determine sound source 
position in space.

• These acoustical differences can also lead to 
improved signal detection and identification in 
complex acoustical environments.



Duplex theory of sound localization 

(Rayleigh 1907)



Schematic Representation of the Major Binaural Nuclei 
of the Mammalian Brainstem: Part I

(Stecker and Gallun, 2012)

Medial and Lateral 
Superior Olivary
Complex (LSO and MSO)

Medial and Lateral 
Nuclei of the Trapezoidal 
Body (MNTB and LNTB)

Ventral Cochlear 
Nucleus (VCN)

Cochlear 
nucleus

Superior Olivary
Complex (SOC)



Schematic Representation of the Major Binaural Nuclei 
of the Mammalian Brainstem: Part II

(Stecker and Gallun, 2012)

Auditory Cortex (AC) and 
Corpus Callosum (CC)

Medial Geniculate Body 
of the Thalamus (MGB)

Inferior and 
Superior Colliculi

(IC and SC)



Firing Patterns of LSO and MSO code Time and Level Differences
(Stecker and Gallun, 2012)
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PART 4

Auditory processing abilities in adults

Tests to include in PART

• Temporal

• Spectral

• Spectrotemporal

• Binaural
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Temporal Processing

Gaps in Short and Long Stimuli





Age and detection 
thresholds were 
correlated, but tones 
and chirps had similar 
detectability, all below 
80 dB peSPL
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Ozmeral et al. (2016) also found 
effects of age and hearing loss 
on a gap detection task, using 
narrowband noises of longer 
duration.



https://bgc.ucr.edu/games

https://bgc.ucr.edu/games






NATIONAL CENTER FOR REHABILITATIVE AUDITORY RESEARCH

Spectral and Spectrotemporal Modulation

Sensitivity and Relationships with Speech in Noise







Shamma and his colleagues have demonstrated that 
human sensitivity to spectrotemporal modulation is 
tuned in sensitivity in the same way that auditory 
cortical units are tuned and similarly to what is 
observed for spatial frequency in the visual system.



A computational model of the amount of STM 
present in a speech signal was shown to be related 
to the ability of human listeners to identify the 
speech.















https://bgc.ucr.edu/games

https://bgc.ucr.edu/games
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Binaural Processing

Dichotic Detection of Frequency Modulation



Binaural sensitivity 
can be measured 
either with clicks or 
tone bursts or by 
creating a time-
varying interaural
time difference using 
frequency modulated 
(FM) stimuli





Younger Older
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PART 5

Steps Forward

Tests of Informational Masking: Tones and Speech
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Informational Masking 

with Tones

Target/Masker similarity 

(Kidd et al., 1994)
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Viemeister and Wakefield 1991)
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Sentences of the form  "Ready [callsign] go to [color] [number] now."

32 possible keyword combinations: 4 colors (red, white, green, blue) and 

8 numbers (1 to 8) 

8 different callsigns (Baron, Charlie, Hopper, Arrow, Ringo,. 

8 talkers: 4 male and 4 female.

READY        CHARLIE       GO TO        WHITE           TWO        NOW

READY          BARON          GO TO   BLUE         EIGHT            NOW



All Sentences Female Talkers in blue (top four)

Male Talkers in red (bottom four)







Listener

Target

MaskerMasker
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Experiment One: Experiment Two: 
Anechoic Chamber Virtual space



Release from masking for small spatial 
separations: Effects of age and hearing loss 

Srinivasan, Jakien, and Gallun (2016)
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The app “Spatial Release” is a stand-alone version of the spatial release 
tests that are now included in PART as well.
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PART 6

What Can Be Done?

The Promise of Auditory Brain Training



We are actively pursuing the possibility that 
performance can be improved through auditory 
training, using portable, tablet-based video games.

This approach has been successful with vision 
training, and we are in the process of developing 
games that can be used to train temporal, spectral, 
and spatial auditory abilities as well.
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https://bgc.ucr.edu/games

“Listen: An Auditory Training Experience” combines an engaging auditory 

game experience with training in spectrotemporal modulation sensitivity 

and spatial awareness, and is available on the iTunes store.

https://bgc.ucr.edu/games
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Thank you for your attention!




