)

r—y Pure

Bangor University

DOCTOR OF PHILOSOPHY

Neuroanatomical and perceptual deficits in auditory agnosia : a study of an auditory
agnosia patient with inferior colliculus damage

Poliva, Oren

Award date:
2015

Awarding institution:
Bangor University

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 16. Apr. 2024


https://research.bangor.ac.uk/portal/en/theses/neuroanatomical-and-perceptual-deficits-in-auditory-agnosia--a-study-of-an-auditory-agnosia-patient-with-inferior-colliculus-damage(d6c753aa-4c94-4d45-b639-92767ead661e).html

Neuroanatomical and Perceptual deficits in Auditory Agnosia:
A Study of an Auditory Agnosia Patient

With Inferior Colliculus Damage

Oren Poliva

Bangor University

A thesis submitted to the School of Psychology, Bangor University, in partial fulfillment of the requirement for

the Degree of Doctor of Philosophy.

September 2014



Acknowledgments:

I would like to extend grateful thanks to Professor Robert Rafal for his expertise and guidance throughout these
experiments and express my admiration for his close reading of even the most inelegantly written manuscripts. I
would also like to extend my gratitude to Dr Patricia Bestelmeyer, Professor Guillaume Thierry, Dr Janet Bulti-
tude, PhD candidate Michel Hall and research co-ordinator Becca Henderson for their contribution to the study
of this patient. Without the help of these individuals, it is fair to say that this thesis could not have been com-
pleted.

I would also like to thank the members of my supervision committee Dr Stephan Boehm and Dr Ayeleyt Sapir
for their input and sound advice.

I’d like to thank my parents, siblings and friends for the love and support that they’ve given me not just during
this work, but before and beyond, and for my son, who did everything in his power for preventing me from fin-

ishing this thesis on time.



Table of Contents

List of Figures 11

List of Tables 12

Summary 13

Chapter 1 - Preface 15
Chapter 2 - Introduction 17

2.1 The auditory system and auditory disorders 18

2.1.1 The peripheral auditory system 18
2.1.2 The sub-cortical auditory system 24
2.1.3 The auditory cortex 30

2.1.4 Electrophysiological Recordings in the Human Auditory System
2.2 Auditory Agnosia - History 41
2.3 Auditory Agnosia and Related Disorders 46
2.3.1 Cerebral Deafness 46
2.3.2 Pure Word Deafness 47
2.3.3 Auditory Agnosia for Environmental Sounds 52
2.3.4 Amusia 54
2.3.5 Word Meaning Deafness 55
2.4 Psychological Deficits in Auditory Agnosia 57
2.5 Auditory Agnosia - Open Questions 60

Chapter 3 - Case Study 61

7

38



3.1 History 61
3.2 Discussion 63

Chapter 4 - Auditory Agnosia and the Scientific Literature 67

4.1 Introduction 67
4.2 Methods 69
4.3 Results and Discussion 71

Chapter 5 - Behavioral Experiments 75
5.1 Introduction 75
5.2.1 Sound Identification and Recognition 76
5.2.1.1 Methods 76
5.2.1.2 Results 76
5.2.1.3 Discussion 78

5.2.2 Two Click Fusion Test and Two Box Fusion Test

5.2.2.1.1 Methods - Two Click Fusion 80
5.2.2.1.2 Methods - Two Box Fusion 80
5.2.2.2,1 Click Fusion Test - Results 80
5.2.2.2,1 Box Fusion Test - Results 81

5.2.2.3 Discussion 81

5.2.3 VOT-POA Discrimination 82

5.2.3.1 Methods 82

5.2.3.2 Results &2

80



5.2.3.3 Discussion 83
5.2.4 Dichotic Listening Task 84
5.2.4.1 Methods 84
5.2.4.2 Results 84
5.2.4.3 Discussion 84
5.2.5 Auditory Localization Task 86
5.2.5.1 Methods 86
5.2.5.2 Results 86
5.2.5.3 Discussion 88
5.3 Chapter Discussion 90
Chapter 6 - Auditory Agnosia - fMRI Study 91
6.1 Introduction 91
6.2 Methods 91
6.2.1 Participants 91
6.2.2 Design 91
6.2.3 Imaging protocol 92
6.2.4 Analysis and mapping of BOLD activation in auditory fields 96
6.3 Results 96
6.4 Discussion 99
Chapter 7 - Auditory Agnosia and Mis-Match Negativity 101

7.1 Introduction 101



7.2 Methods 102
7.2.1 Participants 102
7.2.2 EEG Recordings 102

7.2.3 Experimental Design 103

7.3 Results 104
7.4 Discussion 105
Chapter 8 - General Discussion 110

8.1 Auditory Agnosia is due to Dysfunctional Processing in the Auditory Ventral Streams 112
8.2 Auditory Agnosia Patients Perceive Sounds Via the Auditory Dorsal Stream 116
8.3 Auditory Agnosia as a Deficit in the Perception of Auditory Objects 120
8.4 Auditory Agnosia as an Auditory Temporal discrimination Deficit 123
8.5 Assessment of Auditory Agnosia 125
8.6 Functional Connectivity in the Auditory Cortex 126
8.7 Concluding Notes and Future research 127
Chapter 9 - Appendix A: List of patients with inferior colliculus damage 129
Chapter 10 - Appendix B: List of patients with auditory impairment due to temporal
lobe damage 135
Chapter 11 - Appendix C: T1 Weighted Images 160

Chapter 12 - References 162

10



Figure 1. The peripheral auditory SYStEIM ......cccveeeviieeriieeiiie e e e e 22
Figure 2. The sub-cortical auditory SYStEML.........cccveieriieeiiieeiieeciieeciee et e e 29
Figure 3. The auditory COTtEX......iiiiuiiiiiiieiiieeiiieecieeeiteeetteeeteeeeteeeereeesreeessaeeessseeesnseeennseeens 37
Figure 4. Auditory evoked potentials.........c..ccecueeeriieeiiieeiiie et e e e e 39
Figure 5. The Wernicke-Lichtheim language model............cccovvieiiiiiiiieeiiieceeee e 45
Figure 6. Lesion localization with MRI. .........cccooiiiiiiiiiiieeeceeeeee e 65
Figure 7. Pure tone and narrow band audiometry...........cooceeriieiienieiiienieecesee e 66
Figure 8. Age demographic distribution of patients with auditory perceptual deficits............ 74
Figure 9. Auditory localization task.........c.ccooieiiiiiiniiiiniiitee e 87
Figure 10. fMRI activation - display from above.. .........cceceeiiieiiiniiiiieecee e, 93
Figure 11. fMRI activation - display from the side...........ccceevuieiiiniiiiiiiniieeeee e, 94
Figure 12. fMRI activation - RO analysis. ........cccceeviiriiiiiiiiiieiiee e 95
Figure 13. Mismatch negativity - EEG of standard and deviant components. ...................... 108
Figure 14. Mismatch negativity - The MMN COMPONENL........ccceriireiiienieniieieniienieeeeeieene 109
Figure 15. T1-Weighted axial Mages ........ccceeeeueeriieriiieiieeieeiie ettt 160
Figure 16. T1-Weighted coronal Images..........c.cecveeiieriieiiieiiienieeieeeee et 161

11



Tables

Table 1. Hemispheric damage in auditory diSOrders..........c.eeeeveeeeiieeeiiieeniiieesiieesiee e 74
Table 2. Identification and recognition of spoken Words...........cccceevevieeeieeniieenie e, 77
Table 3. Identification and recognition of spoken environmental sounds ..............ccceeeuvnnnee. 78
Table 4. The deviants and standards of the mismatch negativity study........c..ccccveevcrerennennn. 107
Table 5. List of patients with inferior colliculus damage.............cccceeveeecvieeiiienciieeciee e, 129
Table 6. List of patients with auditory impairment due to temporal lobe damage ................ 135

12



Summary:

Auditory agnosia is a rare disorder in which individuals lose the ability to understand sounds. In this thesis, 1
examine an auditory agnosia patient with brainstem damage, but intact cortex. The patient was severely im-
paired when instructed to type the names of sounds. The patient, however, was only mildly impaired when in-

structed to choose the correct sound out of four written alternatives, which implies partial auditory perception.

In two fMRI scans, conducted a year apart, passive listening to sounds resulted with a unique activation pattern
in her auditory cortices. In particular, her anterior primary and associative auditory fields were much less re-
sponsive to sounds than more posterior primary and associative auditory fields. The functional dissociation be-
tween these regions suggests connections between the anterior primary and associative regions, and between the

posterior primary and associative regions. Hitherto, these connections were only reported in monkeys.

An EEG study that examined mismatch negativity for frequency, duration, and intensity of sounds, demonstrat-
ed that the patient’s ability of detecting changes to frequency and duration of sounds is bilaterally impaired,
whereas the detection of changes to sound’s intensity is impaired in the left hemisphere but intact in the right
hemisphere. Behavioral studies also show that the patient’s auditory perceptual deficit is partially due to im-
paired perception of the duration of sounds. For instance, when the patient heard two subsequent clicks, she was
impaired at discriminating these sounds by the duration of their intervening interval. In a spoken word discrimi-
nation task, she was also impaired at discriminating words that could only be distinguished by their temporal

properties (voice onset-time). Based on these findings, I argue that the patient experiences auditory agnosia be-
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cause the brain stem injury prevents the transmission of critical auditory information to the auditory cortex. As a
result of this absence, the auditory fields responsible for sound recognition, the anterior auditory fields, are not

recruited.

In a dichotic listening task, the patient extinguished sounds presented to the right ear, and in a sound localiza-
tion task she perceived sounds as emerging from the left auditory hemi-field. Given cumulative evidence that
associates the posterior auditory cortex with sound localization and phonological-acoustic analysis of verbal
material from the contra-lateral hemi-field, the patient’s performance in these tasks suggest that her spared audi-
tory abilities is due to processing in her right posterior auditory cortex. This role of the patient’s right posterior
auditory cortex is consistent with both the fMRI study, in which the right posterior auditory cortex was consis-
tently responsive to sounds, and the EEG study, in which detection of changes to sound intensity was restricted

to the right hemisphere.
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1. Preface:

Auditory agnosia (AA) is a disorder characterized by an isolated deficit to auditory perception. Patients suffer-
ing from AA often describe sounds as over-riding each other, unclear or as if emanating from another room.

This disorder manifests after suffering brain damage to auditory processing centers, primarily the auditory cor-
tex. AA is a very elusive disorder, and although has been studied for more than 130 years, its underlying patho-

physiology is still unknown.

The present thesis is chiefly a systematic and comprehensive assessment of a single case study of a patient with
AA due to inferior colliculi (IC) damage, primarily on the left side. There is a remarkable similarity between the
symptoms expressed by this patient and the symptoms expressed by patients with direct damage to the auditory
cortex. This patient thus provides us with a rare opportunity to illuminate the neural basis of audition and the
pathophysiology of AA by systematically comparing this patient’s symptoms to the symptoms of patients with
cortical damage. In this thesis, | examine the patient using functional magnetic resonance imaging (fMRI), elec-
troencephalogram (EEG) recordings and behavioral tests. Based on these studies, I argue that the patient’s audi-
tory perceptual deficit manifests because, downstream to the IC, the auditory cortices receive distorted or di-
minished auditory input and as a consequence the cortical regions dedicated for extracting meaning from
sounds, the anterior auditory cortices, are not recruited. To the best of my knowledge, this is the first study that
suggests a link between dysfunctional sound processing in the anterior auditory cortices and a sound recognition
deficit in humans. In the present manuscript I also argue that the patient’s remaining auditory perception is due

to spared auditory processing in her right posterior auditory cortex; and further theorize that the posterior audi-
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tory cortices are responsible for the remaining auditory perception of other AA patients as well. This study is
valuable for future researchers who are interested in further examining this disorder, and for researchers who are

interested in mapping the human auditory cortex.
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2. Introduction:

The auditory system is unique among the senses in its multi-level and hierarchical processing, which encom-
passes almost all brain regions (e.g., medulla, pons, midbrain, thalamus and cortex). In the present chapter, I
summarize the literature on the anatomy and physiology of the auditory system, with a special attention to the
effect of brain damage of each of the auditory centers on auditory perception. I then discuss early models of au-
ditory processing in the cortex, and the role they played in the discovery and research of AA. Next, I present
evidence for the existence of different sub-types of AA. Then, I discuss recent advancements in our understand-
ing of the psychological experience of AA patients. In the final portion of this chapter, I discuss how all the

studies presented in this chapter motivate the research reported in this dissertation.
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2.1 The auditory system and auditory disorders:

In this section, I divide the auditory system into three parts: 1) the peripheral auditory system, which converts
air vibrations into a neural code, 2) the sub-cortical auditory system, which processes basic acoustic properties,

and 3) the auditory cortex, which is responsible for the perception and recognition of auditory objects.

2.1.1 The peripheral auditory system:

In the peripheral auditory system, air vibrations are converted into mechanical movements and then into an
electrical neural code. The peripheral nervous system is composed of three parts: the outer ear, the middle ear

and the inner ear (letters O, M, I in Fig. 1A).

The outer ear includes the pinna and the ear canal (Fig. 1A). The pinna is a plate like structure and the ear canal
is a hole in the skull located at the center of the pinna. Mathematical models demonstrated that the design of the
pinna maximizes the conduction of air vibrations into the ear canal (Rabbit, 1990; Stinson and Khanna, 1989).

In some mammalian species the pinna is mobile, which enables regulatory control over the level of acoustic in-

put.

The middle ear (Fig. 1A) is located in a small cavity of the mastoid bone slightly above the ear canal (tympanic
cavity). Bordering between the ear canal and the tympanic cavity is the eardrum (tympanic membrane), which is
a stretched flap of skin that systemically folds and unfolds in response to air vibrations. In order to avoid stift-
ness of the eardrum due to higher pressure level in the middle ear than ear canal, a canal that connects the tym-
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panic cavity with the pharynx (eustachian tube) allows air to flow into the middle ear during swallowing to

equalize the pressure levels (Rabbit, 1990).

The middle ear consists of three bones: the hammer, anvil and stirrup (Fig. 1A). The hammer is attached on one
side to the eardrum and to the anvil on the other. The anvil is further attached to the stirrup, which in turn is at-
tached to a membrane of the inner ear called the oval window. The three bones loosely hang from the surround-
ing bone via suspensory ligaments, and serve to conduct and amplify the air vibrations of the eardrum onto the
oval window. The stirrup is also connected to the surrounding bone via the stapedius muscle, and the hammer is
connected via the tensor tympani muscle. As a protective mechanism, these muscles constrict when exposed to
loud sounds, which reduces sound amplification. Fusion or disconnection of the bones of the middle ear results

in deafness from the same ear, known as conduction deafness (Palva and Ojala, 1955).

The inner ear is a series of canals located deep in the petrous bone (Fig. 1A). It is composed of two compart-
ments, the cochlea, which is part of the auditory system, and the vestibule and semi-circular canals, which are
part of the vestibular system. In mammals, the cochlea coils around a bony core (modiolus) two and a half
times, forming a spiral shape. Because the cochlea is filled with a liquid (perilymph), air vibrations are here
converted into waves (Fig. 1B). The cochlea is divided into two canals by an intermediate membranous canal,
the scala media, which is filled with a different liquid (endolymph). Two membranes connects the cochlea with
the tympanic cavity, the round window and the oval window. The canal above the scala media, the scala
vestibuli, is connected to the oval window, and the one below the scala media, the scala tympani, is connected
to the round window (Fig. 1B). In the inner most region of the cochlea (helicotrema), the scala media is not

present, and the scala vestibuli and scala tympani are connected. Because the oval window is connected to the
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middle ear, listening to sounds results in waves spreading from the oval window to the scala vestibuli. At the
helicotrema, the waves then spread into the scala tympani. Each wave ends with the folding and unfolding of

the round window.

The membranes separating the scala media from the scala vestibuli and scala tympani are known as Resinner’s
membrane and basilar membrane, respectively (Fig. 1B, C). Along the basilar membranes (facing the scala me-
dia) are lines of sensory cells known as hair cells (Fig. 1C,D). As a group, these hair cells are referred to as the
organ of Corti. At the tip of each hair cell are hair-like protrusions (stereocilia), which are further attached to a
second membrane located above them (the tectorial membrane; Fig. 1C,D). When hearing sounds, the perilym-
phatic wave displaces the basilar membrane. Because these waves displace the basilar membrane more than the
tectorial membrane, and the hair cells are connected to both membranes, sounds cause deflection of the stere-
ocilia. This event depolarizes the electrical charge of the hair cells. The basilar membrane is not uniform in
shape (i.e., it is narrowest and stiffest in its basal segment, and widest and most flaccid near the helicotrema).
Consequently, sounds of different frequencies displace the basilar membrane and activate the hair cells at differ-
ent locations. High tonal frequencies (up to 20,000 Hz) cause maximal displacement of the basilar membrane in
its basal segment, middle frequencies in its middle, and low frequencies (low as 20 Hz) near the helicotrema

(i.e., apex). Thus, the cochlea is characterized by a gradient of tones (i.e., cochleotopic organization).

There are two types of hair cells in the organ of Corti: inner hair cells (3500 cells) and outer hair cells (12,000
cells). These cells are organized in four lines: a medial line of inner hair cells and 3-4 lateral lines of outer hair
cells (Fig. 1D). Throughout the bony area of the cochlea, medial to the hair cells, are neurons with bifurcating

axons that synapse on one side with the hair cells of the organ of Corti, and on the other side synapse with neu-
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rons in the cochlear nucleus in the brainstem (i.e., the cochlear nerve). Because the cell body of these neurons
maintains the spiral shape of the cochlea, it is called the spiral ganglion. The inner hair cells are the primary
source of afferents to the cochlear nucleus in the brainstem (type I afferents; Figure 1D), and each such cell was
shown to innervate 6-8 type I afferents of the cochlear nerve (Nadol, 1990). The outer hair cells, although pro-
vide only 5-10% of afferents to the cochlear nucleus (type Il afferents), receive significant innervation via the
cochlear nerve from the superior olivary nucleus of the brainstem. The outer hair cells also vibrate as a response
to sounds. This vibration causes the outer hair cells to change their length in accordance with the intensity of the
sound. This structural plasticity of the outer hair cells increases the sensitivity of the cochlea to sounds, and can
increase sensitivity to specific frequencies. Like the cochlea, the spiral ganglion also encodes high tones in the
internal segment of the spiral, middle tones in its central segment and low tones in the external segment of the
spiral (i.e., cochleotopic organization; Moskowitz and Liu, 1972). In the cochlear nerve, the initial segment of
the fibers (100 um) is un-myelinated and regarded as the dendrite of the neurons (Spoendlin and Schrott, 1989).
In the remaining cochlear nerve, the myelin is formed by Schwann cells laterally, and oligodendritic glia cells
medially. The latter section of the cochlear nerve is regarded as part of the central auditory system. Damage to

the cochlear nerve results in unilateral deafness of the same ear (Mc Laughlin et al., 1999).

A method for assessing damage to the cochlea is with otoacoustic emissions (Kemp et al., 1990). In this method,
sounds of different frequencies are emitted into the ear canal. As a result, outer hair cells of that frequency mod-
ify their length. This change in the cellular shape evokes a sound that is recorded by a microphone located in the
ear canal. Absence of evoked sound indicates of damage to the organ of Corti. Another method for assessing the
function of the cochlea is with electrocochleography (Kaga et al., 1996; Margolis et al., 1995). In this method,

an electrode is attached to the ear drum via the ear canal and 1000Hz tone burst is presented. Because of electri-
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cal activity discharged from the outer hair cells, the inserted electrode records electrical waves that are very

similar in shape to the sound wave. This wave is known as cochlear microphonics. In damaged cochlea, there-
fore, there is no activation of the outer hair cells and no cochlear microphonics. Cochlear microphonics are in-
hibited by top-down projections from the brainstem (superior olivary nucleus), and may be disinhibited in pa-

tients with lesions of central auditory pathways resulting in ‘ringing choclear microphonics.’

Semi-circular canals

Stirrup Semi
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Utricle Vestibular nerve

estibular nerve Outer hair cells
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; / <
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Figure 1. A: The peripheral auditory system is depicted from a coronal view. The peripheral auditory system is
divided into the outer, middle and inner ear. The outer ear includes the pinna and ear canal. The middle ear in-
cludes the eardrum, eustachian tube and tympanic cavity. In the tympanic cavity are three bones (hammer, anvil
and stirrup), which form a bridge between the eardrum and the cochlea of the inner ear. B: The inner ear in-
cludes the cochlea and vestibular apparatus (semi-circular canals, utricle and saccule). C: Sounds result with the
eardrum folding and unfolding at different frequencies. The bones of the middle ear relay and amplify the me-
chanical movements of the eardrum. The stirrup bone of the middle ear is attached to the oval window of the

inner ear. The mechanical movement of the stirrup bone and oval window causes a wave in the perilymphatic
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liquid of the scala vestibuli (arrows). The wave proceeds into the scala tympani via the helicotrema. The wave
terminates in the folding and unfolding of the round window. Because of a gradient in the width and flexibility
of the basilar membrane, the location in the cochlea of the maximal amplitude of the standing wave displacing it
is determined by the frequency of the sound wave. Hence there is a tonotopic gradient such that higher frequen-
cies elicit maximal displacement (and hence hair cell discharges) nearest the oval window and lower frequency
sounds displace the basilar membrane further toward the helicotrema. D: The sub-figure shows a cut through a
segment of the cochlea. Between the scala media and scala tympani is the basilar membrane. On the basilar
membrane is the organ of Corti. This structure is composed of sensory cells, called hair cells. On the tip of the
hair cells are stereocilia that are attached to the tectorial membrane. Displacement of the basilar membrane re-
sult in movement of the stereocilia and depolarization of the hair cells. The hair cells synapse with the fibers of
the spiral ganglion. E: A view of the organ of Corti. Each type II fiber synapses with several outer hair cells.
Each inner hair cell synapses with 6-8 type I cochlear nerve fibers. The fibers of the spiral ganglion terminate in
the cochlear nucleus in the brainstem. The cochlear nerve also contain efferent fibers the emerge from the supe-
rior olivary complex and terminate on the outer hair cells and type I fibers. The figure was modified from Kan-

del, E. R,. Schwartz, J. H., & Jessell, T. M. (2006). Principles of Neural Science, chapter 30.
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2.1.2 The sub-cortical auditory system:

The earliest auditory centers of the central nervous system are the ventral and dorsal cochlear nuclei (Fig.
2A,B). The ventral cochlear nucleus is located on the ventro-lateral surface of the inferior cerebellar peduncle.
Soon after entering the cochlear nucleus, the axons of the cochlear nerve bifurcate into anterior and posterior
branches (Moore and Osen 1979; Terr and Edgerton 1985; Adams 1986). Axons that relay low frequencies bi-
furcate closer to the point of entry of the nerve, whereas axons that relay higher frequencies bifurcate at a more
distal, dorsal location. Animal studies analyzing the neural discharge of cochlear nucleus cells reported initial
extraction of acoustic properties, such as sound onset, amplitude and pitch (Pfeifer, 1966; Rhode and Green-
berg, 1994; Wiegrebe and Winter, 2001). Studies that followed fiber degeneration as a result of lesion to the
cochlear nuclei reported that the cochlear nucleus sends projections to the ipsilateral and contralateral superior
olivary nucleus and to the inferior colliculus (Warr, 1966; Strominger, 1977). The ipsilateral connections travel
through an ascending fiber group called the lateral lemniscus. The contralateral projections travel via two stria:
the ventral and intermediate acoustic stria. The ventral acoustic stria (i.e., the trapezoid body) crosses the ventral
pontine tegmentum (immediately dorsal to the descending corticospinal fibers), and terminates in the contralat-
eral superior olivary nucleus. The smaller intermediate cochlear stria crosses the brainstem at its core and joins
the contralateral lateral lemniscus en route to the contralateral inferior colliculus. The dorsal cochlear nucleus is
located on the inferior cerebellar peduncle, dorsal to the ventral cochlear nucleus. The dorsal cochlear nucleus
projects to the contralateral superior olive via the dorsal acoustic stria, which is a fiber group that crosses the
dorsal pontine tegmentum (immediately ventral to the 4th ventricle). Some of the fibers of the dorsal acoustic
stria ascend via the lateral lemniscus to the contralateral inferior colliculus. Patients with unilateral damage to
the cochlear nucleus suffer from unilateral deafness in the same ear, and patients with bilateral cohclear nuclei

damage suffer from severe bilateral hearing loss or deafness (Hausler & Levine, 2000; Dix & Hood, 1973).
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The second auditory center is the superior olivary complex (Fig. 2A,B). This complex is located in the lower
pons, between the ascending fibers of the somato-sensory system, the medial lemniscus, and spino-thalamic
tract. This complex includes a medial and a lateral nuclei and surrounding periolivary neurons. The
cochleotopic organization is maintained in the olivary complex, with low frequencies encoded primarily in the
medial olivary nucleus, and high frequencies in the lateral olivary nucleus. Each cochlear nucleus sends in-
hibitory projections to the ipsilateral lateral olivary nucleus, and via the ventral acoustic stria (trapezoid body)
sends excitatory afferents to the contralateral medial olivary nucleus (Warr, 1966; Strominger, 1977). After their
emergence from the cochlear nucleus, some of the fibers terminate in a group of cells interspersed in the ventral
acoustic stria (nucleus of trapezoid body). This nucleus sends inhibitory afferents to the contralateral lateral oli-
vary nucleus. Studies that compared animals with lesions above and below the superior olive demonstrated that
the superior olive processes the spatial origin of sounds (Yin and Chan, 1990; Casseday and Neff, 1975; Jenkins
and Masterton, 1982). The medial and lateral olivary nuclei estimate sound location by calculating the inter-ear
latency and inter-ear amplitude interval, respectively. Accordingly, human patients with pontine damage are in-
accurate in localizing sounds (Aharonson et al., 1998; Furst et al., 1995; Pratt et al., 1998). Furthermore, two
case studies of human patients with a midline brainstem lesion (i.e., damage to the ventral acoustic stria), which
bilaterally disconnected each superior olive from its contralateral cochlear nucleus, were reported impaired in
sound localization, but had no other auditory impairments (Hausler & Levine, 2000-case 1; Griffiths et al.,
1997a). Taken together, these findings suggest that the superior olivary complex is primarily responsible for au-
ditory localization. A second role of the superior olivary complex is in mediating the stapedius reflex. When

hearing very loud sounds, the superior olive transmits this information to the facial nucleus. The facial nucleus
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in turn projects to the stapedius muscle of the middle ear for reducing sound amplification. Abnormal or absent

stapedius reflex is therefore is a marker of pontine damage.

The third auditory center, the inferior colliculus (IC), is a small protrusion of the tectum of the lower midbrain
(Fig. 2A,B). The two IC are located near each other and are reciprocally connected via a specialized commis-
sure (Moore and Goldberg, 1966; Brunso-Bechtold et al., 1983). The IC is composed of three parts: a central
nucleus, a lateral cortex and a dorsal cortex (Geniec and Morest, 1971; Huffman and Henson, 1990; Morest and
Oliver, 1984; Noort, 1963). The central nucleus of IC receives its afferents from the ipsilateral superior olive, as
well as from the ipsilateral and contralateral cochlear nuclei, via the lateral lemniscus (Adams, 1979; Brunso-
Bechtold et al., 1983). Some of the fibers of the lateral lemniscus synapse on scattered neurons located in the
lateral lemniscus (dorsal and ventral nuclei of the lateral lemniscus), which send inhibitory afferents to the con-
tralateral IC (Fig. 2B; Merchan and Berbel, 1996; Merchan and Saldana, 1994). Like earlier auditory structures,
the central nucleus of IC is organized in a cohcleotopic manner, with low frequencies encoded in its dorsolateral
region, and high frequencies in its ventromedial region (Saldana and Merchan, 1992). In contrast to the central
nucleus of IC, the lateral and dorsal cortices of IC lack cochleotopic organization and their function is as yet
unclear. All three compartments of the IC receive direct descending projections from the auditory cortex (Sal-
dana et al., 1996). Recordings from the IC of cats demonstrated that most IC neurons encode sound locations
(Delgutte et al., 1999). The IC therefore integrates the different localization cues that are generated by indepen-
dent neural populations in the superior olive. The IC then mediates the shifting of gaze toward the origin of the
sound by projecting fibers to the deep layers of the superior colliculi (Moore and Goldberg, 1966; Edwards et
al., 1979; Hartline et al., 1995). The IC, in addition to spatial processing, is also selective to changes in frequen-

cy over time (i.e., frequency modulated sweeps; Williams and Fuzessery, 2010), and to detection of sounds that
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deviate in frequency from pre-heard patterns (i.e., stimulus-specific adaptation; Ayala and Malmierca, 2012).
EEG recordings in humans suggests that the IC is also capable of discriminating sounds by their fundamental
frequency, an acoustic parameter that is critical for voice recognition (Kraus and Nicole, 2005). Patients with
unilateral damage to the IC have no hearing impairments or only suffer from mild hearing loss, whereas human
patients with bilateral IC damage suffer from AA or deafness (see Appendix A for a summary of the literature on

patients with IC lesions).

The fourth auditory center, the medial geniculate nucleus (MGN), is a small protrusion on the posterior thal-
amus, located between the lateral geniculate nucleus and pulvinar (Fig. 2A, B). The MGN is composed of ven-
tral, dorsal and medial nuclei (Winer, 1984). Electrophysiological recordings and neuroanatomical analysis of
the MGN of cats indicates that only the ventral MGN receives afferents from the central nucleus of IC and re-
tains its cochleotopic organization (Morest, 1965; Calford, 1983). Higher frequencies are encoded medially and
lower frequencies are encoded laterally. The dorsal and medial MGN receive their afferents from the cortex of
IC and thus have no cochleotopic organization. The MGN receives its IC afferents via the brachium of IC
(Moore and Goldberg, 1966). The MGN projects to the auditory cortex via another fiber group called the audi-
tory radiations (Poliak, 1932; Rademacher et al., 2002; la Mothe et al., 2006b). A study that recorded neural ac-
tivity in the IC, MGN and auditory cortex of the cat reported that the MGN is the earliest region to suppress
masking noise, and thus facilitates auditory acuity (Las et al., 2005). In addition to relaying sensory input to the
cortex, like most thalamic nuclei, the MGN is thought to modulate cortical processing via cortico-thalamic-cor-
tical connections (Yvert et al., 2002; Sherman, 2012). This connectivity is consistent with an fMRI study that
reported MGN activation during speech perception (Kriegstein et al., 2008). In humans, thalamic damage was

shown to result in AA (Hayashi and Hayashi, 2007; Kaga et al., 2000; Karibe et al., 2000; Lhermitte et al.,
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1972; Motomura et al., 1986; Takahashi et al., 1992; Shivashankar et al., 2001; Shindo et al., 1991-case 4) or

aphasia (Naeser et al., 1982).
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Figure 2. Schematic depiction of the central auditory system. In the left sub-figure (A), connectivity is shown
between the auditory centers. In the right sub-figure (B), the sub-nuclei and cochleotopic organization of each
auditory center is displayed (red-high frequency, black-low frequency). Description of this figure is provided
throughout section 2.1.2. Sub-figure A was modified from Nieuwenhuys, R., Voogd, J., Voogd, J., van Huijzen,
C., & van Huijzen, C. (2008). The human central nervous system. Springer Verlag, chapter 18. Sub-figure B
was modified from Kandel, E. R,. Schwartz, J. H., & Jessell, T. M. (2006). Principles of Neural Science, chapter

30.
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2.1.3 The auditory cortex:

The last auditory center is the auditory cortex. This auditory center is divided into primary and associative terri-
tories. Retrograde tracing techniques and histological staining studies in monkeys demonstrated the existence of
two auditory fields that receive direct afferents from the ventral nucleus of MGN, and are therefore considered
primary regions (Jones, 2003; Hackett et al., 2001; la Mothe et al., 2006b, 2012a). Electrophysiological record-
ings and functional imaging of monkeys further demonstrated that each of these primary auditory fields has its
own cochleotopic gradient (Fig. 2B; Fig. 3 top-left ; Bendor and Wang, 2008; Bieser and Miiller-Preuss, 1996;
Chiry et al., 2003; Kusmierek and Rauschecker, 2009; Merzenich and Brugge, 1973; Morel and Kaas, 1992;
Morel et al., 1993; Rauschecker et al., 1995; Recanzone et al., 2000; Petkov et al., 2006; Woods et al., 2006; Yin
et al., 2008). In the most caudal region, A1, high frequencies are represented caudally, while low frequencies are
represented rostrally. In area R, located rostral to A1, low frequencies are represented caudally while high fre-
quencies are represented rostrally. The use of cohcleotopic mapping in these studies also suggested the exis-
tence of a third primary auditory field, area RT, which is located rostral to area R (Fig. 2B; Fig. 3 top-left).
However, it is unclear at this point whether area RT receives direct projections from the ventral MGN (Morel

and Kaas., 1992; Hackett et al., 2001), and thus it is uncertain whether area RT is a true primary region.

In humans, studies using different post-mortem staining techniques reported that Heschl’s gyrus is the main re-
cipient of primary thalamic projections (i.e., the area with the most developed cortical layer 4), and on that ac-
count concluded that Heschl’s gyrus is the primary auditory cortex (HG in Fig. 3 top-right; Broadmann, 1909,
Von Economo and Koskinas, 1925; Galaburda and Sanides., 1980; Morosan et al., 2001; Wallace et al., 2002;
Fullerton and Pandya, 2007). Evidence also suggests that the parcellation of Heschl’s gyrus into auditory fields

is similar to the one reported for monkeys. Post-mortem histological staining in humans demonstrated the exis-
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tence of two primary auditory fields, located along the posterior and anterior banks of Heschl’s gyrus (Sweet et
al., 2005; Wallace et al., 2002). Functional imaging studies further reported similar cochleotopic gradients in the
anterior and posterior primary auditory fields in humans and monkeys (Da Costa et al. 2011; Humphries et al.
2010; Langers & van Dijk, 2012; Striem-Amit et al. 2011; Woods et al. 2010). These researchers proposed ho-
mology between the monkey and human anterior primary auditory fields (monkey area R and human area hR),
and homology between the monkey and human posterior primary auditory fields (monkey area A1 and human

area hAl).

Outside of the primary auditory fields (core territory), tracing and histological staining studies further divided
the associative auditory fields into two territories: belt and parabelt (Fig. 2B, Fig. 3; Kaas and Hackett, 2000).
The belt territory surrounds the primary auditory fields laterally and medially and receive direct projections
from them (Morel et al., 1993; la Mothe et al., 2006a; 2012b). The parabelt auditory fields are located on the
lateral surface of the superior temporal gyrus, lateral to the lateral auditory belt fields, and receive its projec-
tions from belt territory (la Mothe et al., 2012b). In contrast to the selectivity of the primary auditory fields to
pure tones, the associative auditory fields are more selective to broad band noise (Rauschecker et al., 1995).
Functional imaging and electrophysiological recordings from the belt auditory fields demonstrated the existence
of eight auditory belt fields. Each core auditory field was shown to have the same cochleotopic gradient as the
belt auditory fields that are immediately lateral and medial to it (Kusmierek and Rauschecker, 2009; Petkov et
al., 2006; Rauschecker et al., 1995). In addition to the separation of the associative auditory fields into belt and
parabelt, studies using histological staining and tracing techniques dissociated the associative auditory fields
into anterior and posterior regions (Morel et al. 1993; la Mothe et al., 2006a, 2012b). The anterior primary audi-

tory fields (Fig. 3 top - dark red) were shown to project to the anterior belt auditory fields (Fig. 3 - light red),
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and the posterior primary auditory field (Fig. 3 top - dark blue) projects to the posterior belt auditory fields (Fig.
3 top - light blue). The anterior belt was also shown to project to the anterior parabelt and the posterior belt to

the posterior parabelt (la Mothe et al., 2012).

The anterior-posterior dissociation of the auditory cortex continues beyond the auditory cortex. Studies using
anterograde tracing techniques showed that the anterior belt/parabelt regions project to the amygdala (Kosmal,
1997) and to the ventrolateral prefrontal cortex (Munoz et al., 2009; Romanski et al., 1999). Other anterograde
tracing studies reported projections from the posterior belt/parabelt to the dorsolateral prefrontal cortex (Cusick
et al. 1995; Romanski et al. 1999). Retrograde and anterograde tracing studies and electrophysiological record-
ings from the intraparietal sulcus further demonstrated that this region serves as an intermediate relay station
between the caudal belt/parabelt and the dorsolateral prefrontal cortex (Deacon, 1992; Lewis and Van Essen,
2000; Roberts et al. 2007; Schmahmann et al. 2007; Seltzer & Pandya, 1984). The pathway connecting the ros-
tral auditory cortex with the ventrolateral prefrontal cortex has been designated as the auditory ventral stream
(Fig. 3 bottom - red arrows), and the pathway connecting the caudal auditory cortex with the dorsolateral pre-

frontal cortex as the auditory dorsal stream (Fig. 3 bottom - blue arrows).

There is also some evidence for dissociation of the auditory cortex into ventral and dorsal streams in humans.
Electrophysiological studies that recorded neural activity directly from within the human auditory cortex report-
ed connectivity between posterior Heschl’s gyrus (area hA1) and the posterior belt areas (posterior superior
temporal gyrus-planum temporale; pSTG-PT), and between anterior Heschl’s gyrus (area hR) and the anterior
belt areas (anterior superior temporal gyrus; aSTG; Gourévitch et al. 2008; Guéguin et al. 2007). Human studies

using diffusion tensor tractography further demonstrated connectivity between the aSTG and the ventrolateral
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prefrontal cortex, and connectivity between the pSTG-PT and the dorsolateral prefrontal cortex (Frey et al.,
2008; Saur et al. 2008; Turken and Dronkers, 2011). Connectivity was also reported between the posterior audi-
tory cortex and the inferior parietal region, and from there to the dorsolateral prefrontal cortex (Catani et al.,

2004).

Functional studies corroborate the dissociation of the auditory cortex into anterior segment (part of the auditory
ventral stream) and posterior segment (part of the auditory dorsal stream). Recorded neural activity from the
posterior auditory cortex of monkeys showed that the strongest selectivity to changes in sound location occurs
in the posterior belt fields, intermediate selectivity in primary area A1, and very weak selectivity in the anterior
auditory fields (Benson et al., 1981; Rauschecker et al., 1995; Woods et al., 2006; Miller and Recanzone, 2009).
Similarly, functional imaging studies in humans that contrasted sound discrimination and sound localization
demonstrated that sound localization is associated with activation in the pSTG and PT, whereas sound discrimi-
nation is processed more anteriorly (Ahveninen et al. 2006; Alain et al., 2001; Barrett and Hall, 2006; De Santis
et al. 2006; Hart et al. 2004; Maeder et al., 2001; Viceic et al., 2006; Warren et al., 2002; Warren and Griffiths,
2003). Some fMRI studies further reported that the activation in the pSTG and inferior parietal lobule increased
when individuals perceived sounds in motion (Baumgart et al. 1999; Krumbholz et al. 2005; Pavani et al.,
2002). EEG studies using source-localization also identified the pSTG as the region that processes sound local-
ization (Tata et al., 2005a, 2005b). A combined fMRI and MEG study corroborated the role of the auditory dor-
sal stream with audio-spatial processing by demonstrating that changes in sound location results in activation
spreading from Heschl’s gyrus posteriorly along the pSTG and terminates in the inferior parietal lobule (Brunet-

ti et al., 2005).
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In humans, in addition to sound localization, the posterior auditory cortex and inferior parietal lobule of the left
hemisphere are also involved in the articulation of speech. This has been demonstrated in studies that reported
enunciation errors during object naming (phonological paraphasia) when the inferior parietal lobule is damaged
(Schwartz et al., 2012) or electro-stimulated (Corina et al. 2010; Duffau et al., 2008). Damage to the left tem-
poro-parietal junction is also associated with a deficit of speech repetition (conduction aphasia; Axer et al. 2001;
Buchsbaum et al., 2011). Functional imaging studies also reported that the left temporo-parietal junction is ac-
tive both during speech perception and speech production (Buchsbaum et al. 2001; Hickok & Poeppel, 2003;
Warren et al., 2005; Wise et al. 2001). These findings were interpreted as evidence that the auditory dorsal
pathway of the left hemisphere is dedicated for converting perceived speech into articulations (Hickok & Poep-
pel, 2007; Warren et al., 2005). This role of the auditory dorsal stream was corroborated by intra-cortical record-
ing (Towle et al., 2008) and fMRI studies (Giraud & Price, 2001; Graves et al. 2008; Karbe et al. 1998) that re-

ported activation in this area during speech repetition.

In contrast to the roles of the auditory dorsal stream in audio-spatial processing and speech production, cumula-
tive converging evidence indicates that the auditory ventral stream of both monkeys and humans is responsible
for sound recognition. In the primary auditory fields, recordings from monkeys showed higher percentage of
neurons selective for learned melodic sequences in area R than area A1 (Yin et al., 2008). In humans, recording
directly from within Heschl’s gyrus demonstrated that anterior Heschl’s gyrus (area hR) is more selective for
heard syllables than posterior Heschl’s gyrus (area hA1; Steinschneider et al., 2004). In downstream belt audito-
ry fields, studies from both monkeys and humans reported that the border between the anterior and posterior
auditory fields (Fig. 3 -area PC in the monkey and mSTG in the human) processes pitch attributes that are nec-

essary for the recognition of sounds (Bendor and Wang, 2006). Functional imaging of monkeys (Joly et al.,
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2012; Petkov et al., 2008; Poremba et al., 2004) and studies that recorded neural discharge from the monkey
auditory cortex (Rauschecker et al., 1995; Perrodin et al., 2011; Russ et al., 2007) reported that neurons in the
anterior auditory cortex are capable of discriminating con-specific vocalizations. One fMRI monkey study fur-
ther showed that the anterior auditory cortex discriminates between pack members, and thus is capable of voice
detection (Petkov et al., 2008). The role of the human anterior auditory cortex in sound recognition was demon-
strated in functional imaging studies that showed activation increase in this region during tasks that require
recognition of spoken words (Binder et al., 2004; Davis & Johnsrude, 2003; Liebenthal, 2005; Narain, 2003;
Obleser et al. 2006a; 2006b; Scott et al. 2000), voices (Belin, 2003), melodies (Leaver and Rauschecker, 2010;
Benson et al., 2001) and environmental sounds (Lewis et al., 2006; Maeder et al., 2001; Viceic et al., 2006). In-
tra-cortical recordings from the left aSTG and pSTG of epileptic patients demonstrated that only the aSTG is
more responsive when the patient hears native speech than when listening to unknown foreign spoken words
(Lachaux et al., 2007). Electro-stimulation of the aSTG, but not pSTG, resulted in impaired speech comprehen-
sion (Lachaux et al., 2007; Matsumoto et al., 2011). In humans, downstream to the anterior auditory cortex,
temporal pole damage (e.g., semantic dementia, herpes simplex virus encephalitis, stroke) was associated with
audio-visual loss of semantic knowledge (Schwartz et al., 2009; Noppeney et al., 2006; Patterson et al., 2007;
Turken and Dronkers, 2011). This region is thought to encode the semantic lexicon, where sounds are matched

with their meaning (Gow, 2012).

In the auditory dorsal pathway, speech repetition and production is processed primarily in the left hemisphere.
However, studies that isolated the right and left hemispheres with the WADA procedure (i.e., unilateral hemi-
spheric anesthesia) demonstrated that sound recognition occurs in both hemispheres (Hickok et al., 2008). This

was also shown in a study that recorded directly from the auditory cortices of epileptic patients, and showed that
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the auditory cortices of both hemispheres were responsive to spoken words (Creutzfeldt et al. 1989). Experi-
ments investigating sound recognition in split brain patients showed that sound recognition occurs in both hemi-
spheres, but with the right hemispheres having a smaller vocabulary (Zaidel, 1976). Similar results were also
obtained in non-human primates, since monkeys with extensive unilateral lesion to the auditory cortex were
shown to lose the ability to recognize sounds only after a second circumscribed lesion to the anterior auditory
cortex, but not to the posterior auditory cortex, of the other hemisphere (Harrington and Heftner, 2002). In the
majority of AA reports, the agnosic symptoms manifested in patients with bilateral damage to the auditory cor-
tices, or the underlying white matter (Poeppel, 2001, 2012; Ulrich, 1978; Appendix B). This bilateral require-
ment for AA led researchers to propose that this disorder is the result of bilateral disruption of the auditory ven-

tral streams (Hickok & Poeppel, 2007).
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DLPFC/FEF

Figure 3. Top: The auditory cortex of the monkey (left) and human (right) is schematically depicted on the
supratemporal plane and viewed from above (with the parieto-frontal operculi removed). Bottom: The brains of
the monkey (left) and human (right) are schematically depicted and displayed from the side. Orange frames
mark the region of the auditory cortex, which is displayed in the top sub-figures. Top and Bottom: Blue colors
mark regions affiliated with the auditory dorsal stream and red colors mark regions affiliated with the auditory
ventral stream (dark red and blue mark the primary auditory fields). Abbreviations: AMY G-amygdala, HG-Hes-
chl’s gyrus, FEF-frontal eye field, INS-insula, IPS-intra parietal sulcus, MTG-middle temporal gyrus, PC-pitch
center, PP-planum polare, PT-planum temporale, TP-temporal pole, Spt-sylvian parieto-temporal, DLPFC/
VLPFC- dorsolateral/ventrolateral prefrontal cortex, pSTG/mSTG/aSTG-posterior/middle/anterior superior
temporal gyrus, CL/ML/AL/RTL-caudo-/middle-/antero-/rostrotemporal-lateral belt area, CPB/RPB-caudal/ros-

tral parabelt fields.
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2.1.4 Electrophysiological Recordings in the Human Auditory System:

Processing of sounds in the central auditory system has been assessed with EEG recordings. In this method an
electrode net is placed on the scalp. The electrodes record neural discharge from the brain with high temporal
accuracy. Processing of sounds at different auditory centers results in a series of electrical peaks (Fig. 4). During
the first 10 milliseconds post sound onset, far-field recorded electrical discharge are recored by volume conduc-
tion from the brainstem and thalamus (i.e., brainstem auditory evoked potentials). During the period 10-70 mil-
liseconds post sound onset, the recorded electrical discharge is emitted from the thalamus and primary auditory
cortex (i.e., middle latency evoked potentials). Electrical discharge recorded after 70 milliseconds is the result
of processing in associative auditory cortical fields and downstream cortical regions (i.e., long latency evoked

potentials).

In healthy people, seven peaks (known as waves) are recorded during the first 10 milliseconds post sound onset
(i.e., auditory brainstem evoked potentials). Studies of brain damage patients that correlated lesion location with
EEG activity suggested that every wave signifies auditory processing in a different auditory center (Allen and
Starr, 1978; Stockard et al. 1978, 1986; Moller and Jannetta 1982; Scherg and von Cramon 1985). Waves I and
IT are generated in the cochlear nerve and cochlear nucleus. Wave IlI is generated in the ventral acoustic stria
(between the cochlear nucleus and superior olivary complex). Wave IV is generated in the bend of axons that
emerges from the superior olive, prior to entering the lateral lemniscus. Wave V is generated in the vicinity of
IC (Fischer et al., 1994). Waves VI and VII are generated in the thalamus and auditory radiations (Black et al.,

1979; Nishioka et al., 1993).
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In healthy people, during the period 10 to 70 milliseconds, five positive and negative peaks are observed (mid-
dle latency evoked potentials). Peaks begin with ‘P’ or N’ referring to a waveform on the scalp with a positive
or negative polarity, respectively. A study correlating lesion location and EEG activity suggested that the first
two peaks, PO and Na, are generated in the thalamus, and the latter three peaks, Pa, Nb, P1, are generated in the
cortex (Kaseda et al., 2012; Kraus et al., 1982; Shehata-Dieler et al., 1991). This localization is also supported
by a study that recorded neural discharge directly from the auditory cortex of epileptic patients, and correlated
the middle latency responses with neural discharge from Heschl’s gyrus (Liégeois-Chauvel et al., 1994). This
study also correlated electrical peaks generated after 70 millisecond (long latency evoked potentials), with neur-
al discharge in the pSTG (other auditory cortical fields were not examined). The long latency evoked potentials
refer to three electrical peaks, N1, P2 and N2. It is interesting to note that so far no correlation was found be-
tween the severity of auditory impairment in AA patients (as well as related disorders such as cerebral deafness)

and the absence or presence of specific middle and long latency evoked potentials (Woods et al., 1987; Tanaka

etal., 1991).
Brainstem auditory Middle latency Long latency
evoked potentials evoked potentials evoked potentials

vy

Figure 4. The functionality of the central auditory system examined with EEG. Three types of waves have been
recorded to localize lesion of the auditory pathways. ¢ Far field’ (volume conducted) brainstem auditory evoked

potentials are recorded in the first 10 milliseconds post sound onset, middle latency evoked potentials between
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10-70 milliseconds post sound onset, and long latency evoked potentials between 70-500 milliseconds post
sound onset. The brain stem auditory evoked potentials are emitted from brain stem regions. The middle latency
evoked potentials are emitted from the thalamus and primary auditory cortex. The long latency evoked poten-

tials are emitted from associative cortical regions, and downstream cortical regions outside the auditory cortex.
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2.2 Auditory agnosia - History:

A relationship between hearing and the brain was first documented by Ambroise Paré, a 16th century battlefield
doctor, who associated parietal lobe damage with acquired deafness (reported in Henschen, 1918). Systematic
research into the manner in which the brain processes sounds, however, only began toward the end of the 19th
century. At that time the only tool for studying auditory cortex, was the careful examination of the symptoms of
brain-damaged patients with auditory impairments. The focus of these studies was on identifying the connectivi-
ty between the right and left primary auditory cortices and an auditory region dedicated for processing spoken

words. It was under the context of this early research that AA was discovered and studied.

In his seminal research of brain-damaged patients, Wernicke (1874) was the first to ascribe to a brain region a
role in auditory perception. Wernicke proposed that the impaired perception of language in his patients was due
to losing the ability to register sound frequencies that are specific to spoken words. Wernicke also suggested
that other aphasic symptoms, such as speaking, reading and writing errors occur because these speech specific
frequencies are required for feedback. Wernicke localized the perception of spoken words to the posterior half
of the left STG. Wernicke also distinguished between patients with this disorder (which he labels as receptive
aphasia) with patients who cannot detect sound at any frequency (which he labels as cortical deafness; Wernicke

and Friedlander, 1883).

In 1877, Kussamul was the first to report AA in a patient with intact hearing, speaking, and reading-writing abil-
ities. This case-study led Kussamul to propose of distinction between the word perception deficit and Wer-

nicke’s sensory aphasia. He coined the former disorder as “word deafness”. Kussamul also localized this disor-
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der to the left STG. Wernicke interpreted Kussamul’s case as an incomplete variant of his sensory aphasia

(Wernicke and Freidlander, 1883).

In 1885, Lichtheim also reported of an AA patient. This patient, in addition to word deafness, was impaired at
recognizing environmental sounds and melodies. Based on this case study, as well as other aphasic patients,
Lichtheim proposed that the language reception center receives afferents from upstream auditory and visual
word recognition centers, and that damage to these regions results in word deafness or word blindness (i.e.,
alexia), respectively (Figure 5). Because the lesion of Lichtheim’s AA patient was sub-cortical deep to the pos-

terior STG, Lichtheim renamed AA as “sub-cortical speech deafness”.

The language model proposed by Wernicke and Lichtheim wasn’t accepted at first. For example, Bastian (1897)
argued that, because aphasic patients can repeat single words, their deficit is in the extraction of meaning from
words. He attributed both aphasia and AA to damage in Lichtheim’s auditory word center. He hypothesized that
aphasia is the outcome of partial damage to the left auditory word center, whereas AA is the result of complete

damage to the same area. Bastian localized the auditory word center to the posterior MTG.

Other opponents to the Wernicke-Lichtheim model were Sigmund Freud and Carl Freund. Freud (1891) sus-
pected that the auditory deficits in aphasic patients was due to a secondary lesion to cochlea. This assertion was
confirmed by Freund (1895), who reported two AA patients with cochlear damage (although in a later autopsy,
Freund reported also the presence of a tumor in the left STG in one of these patients). This argument, however,
was refuted by Bonvicini, who measured the hearing of an AA patient with tuning forks, and confirmed intact

pure tone perception (Bonvicini, 1905). Similarly, Barrett’s aphasic patient, who was incapable of comprehend-

42



ing speech, had intact hearing thresholds when examined with tuning forks and with a Galton whistle (Barrett,

1910).

The most adverse opponent to the model of Wernicke and Lichtheim was Marie (1906), who argued that all
aphasic symptoms manifest because of a single lesion to the language reception center, and that other symptoms
such as auditory disturbances or paraphasia are expressed because the lesion encompasses also sub-cortical mo-

tor or sensory regions.

In the following years, increasing number of clinical reports validated the view that the right and left auditory
cortices project to a language reception center located in the posterior half of the left STG, and thus established
the Wernicke-Lichtheim model. Liepmann and Storch (Liepmann, 1898; Liepmann and Storch, 1902) reported
an AA patient with left sub-cortical damage that appeared to sever both right and left afferents to the left lan-
guage reception center. A similar lesion was also described in an autopsy of one of Wernicke’s patients (Liep-
mann, 1912). This language processing model, and its understanding for the etiology of word deafness was fur-
ther corroborated by autopsy reports of aphasic patients with AA symptoms, who were demonstrated to have
had extensive unilateral left white matter damage (Van Geuchten and Goris, 1910; Potzl, 1919; Hennenberg,
1926; Henschen, 1920; Schuster and Taterka, 1926; Kleist, 1934) or bilateral cortical superior temporal lobe
damage (Giraudeau, 1882; Pick, 1892; Dejerine and Serieux, 1898; Ballet, 1903; Bonvicini, 1905; Barrett,
1910; Henschen, 1918, 1920). This view was also consolidated by Geschwind (1965) who reported that, in hu-
mans, the left planum temporale is larger in the left hemisphere than on the right. Geschwind interpreted this

asymmetry as anatomical verification for the role of left posterior STG in the perception of language.
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The Wernicke-Lichtheim-Geschwind model persisted throughout the 20th century. However, with the advent of
MRI and its usage for lesion mapping, it was shown that this model is based on incorrect correlation between
symptoms and lesions (Dronkers et al. 1999; Dronkers, 2000; Dronkers et al., 2004; Poeppel et al., 2012;
Rauschecker & Scott, 2009 - Supplemental Material). Although this model is considered outdated, it is still
widely mentioned in Psychology and medical textbooks, and consequently in medical reports of AA patients. As
mentioned earlier, based on cumulative evidence the process of sound recognition was shifted to the left and

right anterior auditory cortices, instead of the left posterior auditory cortex.
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Figure 5 Schematic depiction of the Wernicke-Lichtheim-Geschwind model. The somatosensory, auditory and
visual cortices analyze the sensory properties of verbal material (speech, text, Braille). The sensory cortices of
both hemispheres project this input to Wernicke’s area in the left hemisphere. Wernicke’s area then extracts the
linguistic properties of this input, and projects it downstream to Broca’s area. Broca’s area then processes
grammatical structure and speech output. In the context of this model, auditory agnosia occurs because of corti-
cal damage to both auditory cortices (bilateral damage), or damage to the fibers that connect the auditory cor-
tices with Wernicke’s area (unilateral left damage). Figure taken from http://www.acbrown.com/neuro/Lectures/

Lang/NrLangSpch.htm.
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2.3 Auditory Agnosia and Related Disorders:

After AA was first discovered, subsequent patients were diagnosed with different types of hearing impairments.
In some reports, the deficit was restricted to spoken words, environmental sounds or music. In one case study,
each of the three sound types (music, environmental sounds, speech) was also shown to recover independently
(Mendez and Geehan, 1988-case 2). It is yet unclear whether general AA is a combination of these three disor-
ders, or whether the source of this disorder is at an earlier auditory processing stage. In the coming sections, I
will present evidence for the existence of the three AA sub-types, and present two related disorders: word mean-

ing deafness and cerebral deafness.

2.3.1 Cerebral Deafness:

Cerebral deafness (also known as cortical deafness or central deafness) is a disorder characterized by complete
deafness that is the result of damage to the central nervous system. The primary distinction between AA and
cerebral deafness is the ability to detect pure tones, as measured with pure tone audiometry. Using this test, AA
patients were often reported capable of detecting pure tones almost as good as healthy individuals, whereas
cerebral deafness patients found this task almost impossible or they required very loud presentations of sounds
(above 100dB; Vignolo et al., 1969; Tanaka et al., 1991). This distinction, however, is not always clear as on
several occasions AA patients were diagnosed with moderate to severe hearing loss for a range of frequencies,
which could be interpreted as partial deafness (low frequency loss: Takahashi et al., 1992; Wang et al., 2000;
high frequencies loss: Jerger et al., 1972; Auerbach et al., 1982; Motomura et al., 1986; Tanaka et al., 1987;

Yaqub et al., 1988; Praamstra et al., 1991). In all reported cases, cerebral deaftness was associated with bilateral
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temporal lobe lesions. A study that compared the lesions of two cerebral deafness patients to an AA patient con-
cluded that cerebral deafness is the result of complete de-afferentation of the auditory cortices, whereas in AA
some thalamo-cortical fibers are spared (Tanaka et al., 1991). In most cases the disorder is transient and the
symptoms mitigate into AA (although chronic cases were reported; Polster and Rose, 1998). Similarly, a mon-
key study that ablated both auditory cortices of monkeys reported of deafness that lasted 1 week in all cases,

and that was gradually mitigated into AA in a period of 3-7 weeks (Heffner and Heffner, 1990).

2.3.1 Pure Word Deafness:

Since the early days of aphasia research, the relationship between AA and speech perception has been debated.
Lichtheim (1885), in his language model, proposed that AA is the result of damage to a brain area dedicated to
the perception of spoken words. To mark the special role of spoken language in this disorder, Lichtheim re-
named this disorder from ‘word deafness’ to ‘pure word deafness’. The description of word deafness as being
exclusively for words was adopted by the scientific community despite the patient reported by Lichtheim’s who
also had more general auditory deficits. Some researchers who surveyed the literature, however, argued against
labeling this disorder as pure word deafness on the account that all patients reported impaired at perceiving spo-
ken words were also noted with other auditory deficits or aphasic symptoms (Head, 1926; Weisenburg and
McBride, 1935; Buchman et al., 1986). In one review of the literature, Ulrich (1978) presented evidence for
separation of word deafness from more general AA, and suggested naming this disorder “linguistic auditory ag-
nosia” (this name was later rephrased into “verbal auditory agnosia”; Wang et al., 2000). To contrast this disor-
der with AA in which speech repetition is intact (word meaning deafness), the name “word sound

deafness” (Kohn & Friedman, 1986; Franklin, 1989) and “phonemic deafness” (Kleist, 1962) were also pro-

posed.
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Although some researchers argued against the purity of word deafness (Head, 1926; Wesenburg and McBride,
1935; Buchman et al., 1986), some anecdotal cases with exclusive impaired perception of speech were docu-
mented. Two early cases, that fit closely with the definition of pure word deafness, were reported by Mills
(1891) and Ziehl (1896). Mill’s patient was unable to comprehend speech or participate in conversations when
not allowed to lip-read. Friends and family, however, reported that she was capable of hearing sounds and music
of various kinds. In one instance, she was capable of calling attention to a band playing in the street, and in an-
other she would go down from the second or third story of her building when hearing a knock on the door. She
was also shown able to identify the sounds of a bell ringing and a clock ticking. Ziehl’s patient was also se-
verely impaired in word comprehension and repetition. This patient, however, was capable of identifying musi-

cal instruments, as well as identifying individuals by their voices.

Since the reports of Mills and Ziehl, several pure word deafness were documented. Hemphill and Stengel
(1940) reported a patient who could not comprehend or repeat words, but could recognize and mimic melodies
without hesitation. Klein and Harper (1956) described a patient who wasn’t able to understand or repeat speech,
but was easily able to identify environmental sounds. This patient was even capable of discriminating three such
sounds when presented simultaneously. After a recovery period, he was also capable of recognizing voices and
accents. Saffran et al (1976) reported a patient with unilateral left damage who was impaired in speech compre-
hension and repetition, but was capable of identifying environmental sounds, gender in voice, and whether a
spoken language was foreign. Yaqub et al (1988) also reported a patient, who was unable to comprehend speech
or discriminate words from nonsense words (although he was capable of writing to dictation 5 out of 10 words),
but was able to recognize environmental sounds (e.g., animal sounds, keys, hand clapping, musical

instruments). This patient was also found capable of discriminating emotional intonations (happy, sad, angry),
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linguistic intonations (question, statement, command), gender (male, female) and accents (Arabic, non-Arabic).
He also enjoyed listening to music, although was unable to comprehend the lyrics of songs. In one case, he even
identified that a heard segment was from the Quran. Similar account was also presented by Takahashi et al
(1992), who reported a patient who could identify environmental sounds melodies and voices without difficulty,
and who was capable of matching the environmental sounds with their pictures. Atypically, he was incapable of
perceiving emotional prosody. The patient of Tanaka et al (1987) was also incapable of comprehending or re-
peating spoken words, but easily named environmental sounds, or sorted sounds into categories (noise, speech,
music). Finally, the patient of Wolmetz et al (2011) was shown to have an exclusive deficit for the comprehen-
sion and repetition of speech. This patient, however, was capable of discriminating other sounds (pure tones and

frequency modulated tones).

In addition to the six most classic cases of pure word deafness, other researchers also diagnosed their patients as
having this disorder. The diagnosis of pure word deafness in these cases, however, is problematic because the
patients were only described in brief clinical reports, which either lack details or systematic testing (Brick et al.,
1985; Coslett et al., 1984; Hausler and Levine, 2000-case 3; Hayashi and Hayashi, 2007; Kim et al., 2011; Oka-
da et al., 1963; Mendez and Geehan-case 2; Shindo et al., 1991-case 4; Shivanshankar et al., 2001-2 patients;
Wolberg et al., 1990), or, in other cases, the spared perception of environmental sounds was measured via an
easier test than speech perception or with a different method (i.e., environmental sounds were measured with
sound to picture matching, whereas speech deafness was diagnosed by assessing behavior, speech discrimina-
tion tests or other methods; Albert and Bear, 1974; Buchman et al., 1986; Maneta et al., 2001; Praamstra et al.,

1991; Hamanaka et al., 1980; Otsuky et al., 1998; Metz-Lutz and Dahl, 1984; Stefanatos et al., 2005). In one
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case, pure word deafness was diagnosed without even testing the perception of environmental sounds or music

(Wang et al., 2000).

The veracity of pure word deafness has also been supported by reports of patients with impaired perception of
non-verbal sounds, but to a different extent than the impaired perception of spoken words. For example, several
patients were described with impaired recognition of melodies and speech, whereas the recognition of environ-
mental sounds was either only mildly impaired or at normal levels (Anegawa et al., 1995; Buchman et al., 1986-
patient 1; Coslett et al., 1984; Engelien et al., 1995-music perception not tested; Eustace et al., 1990-case 1;
Kamei, 1981; Kanshepolsky et al., 1973; Shoumaker, 1977; Auerbach, 1982; Kitayama, 1990; Koyama et al.,
2007; Shindo et al., 1981; Tanaka et al., 1987; Wolberg et al., 1990). In other cases, the verbal and non-verbal
deficits were reported, but where these two kinds of deficit were dissociated by their evolution during the course
of illness. For example, Lizuka et al (2007) reported a frontotemporal dementia patient, who transitioned from a
selective deficit of speech perception into general AA. Similarly, two patients with subcortical hemorrhages
were first diagnosed as pure word deafness which later transitioned into general AA and eventually into cerebral
deafness (Szirmai et al., 2002). Pinard et al (2002) reported a patient who suffered from dementia and, over a
period of 10 years, transitioned from pure word deafness into general AA. Goldstein et al (1975) followed the
convalescence course of an AA patient, and reported gradual improvement in her ability to identify environmen-
tal sounds and match them to pictures. After two years, her performance with environmental sounds was intact,
yet she remained incapable of repeating spoken words. Zhu et al (2010) reported a patient, who in a period of

thirty days, transitioned from deafness to general AA to pure word deafness.
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In a review of the AA literature, Phillips and Farmer (1990) noted a dissociation between patients with relative
sparing of environmental sounds (pure word deafness), and patients with more extensive deficits of auditory
perception. They showed that patients with word deafness are impaired in their ability to discriminate short inter
click intervals as long as 15-50 milliseconds, which is consistent with the duration of phonemes. They also
showed that patients with general AA are impaired in their ability to discriminate inter click intervals as long as
100-300 milliseconds. The authors further showed that word deafness patients liken their auditory experience to
hearing foreign language, whereas general AA described speech as incomprehensible noise. Based on these
findings, and because both word deafness and general AA patients were reported to have very similar neu-
roanatomical damage (bilateral damage to the auditory cortices), the authors concluded that word deafness and
general AA is the same disorder, but with a different degree of severity. This view, although consistent with sev-
eral reports, fails to explain two cases with a severe and general auditory perception deficit, in which click fu-

sion thresholds were almost intact (Chocholle et al., 1975; Kazui et al., 1990).

Pinard et al (2002) also suggested that pure word deafness and general AA represent different degrees of the
same disorder. They suggested that environmental sounds are spared in the mild cases because they are easier to
perceive than speech parts. They argued that environmental sounds are more distinct than speech sounds be-
cause they are more varied in their duration and loudness. They also proposed that environmental sounds are
easier to perceive because they are composed of a repetitive pattern (e.g., the bark of a dog or the siren of the

ambulance).

Auerbach et al (1982) considered word deafness and general AA as two separate disorders, and labelled general

AA as pre-phonemic AA and word deafness as post-phonemic AA. They suggested that pre-phonemic AA mani-
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fests because of general damage to the auditory cortex of both hemispheres, and that post-phonemic AA mani-

fests because of damage to a spoken word recognition center in the left hemisphere. His conclusion, however, is
problematic because he based his diagnosis of post-phonemic AA on 2 case studies, in which no brain scan was
reported, and therefore it is unknown whether the damage was bilateral or unilateral. Recent evidence, however,
possibly verified Auerbach hypothesis, since an epileptic patient who undergone electro-stimulation to the ante-
rior superior temporal gyrus was demonstrated a transient loss of speech comprehension, but with intact percep-

tion of environmental sounds and music (Matsumoto et al., 2011).

2.3.2 Auditory Agnosia for Environmental sounds:

The term auditory agnosia was originally coined by Freud (1891) to describe patients with selective impairment
of environmental sounds. In a review of the AA literature, Ulrich (1978) re-named this disorder as non-verbal
AA (although sound AA and environmental sound AA are also commonly used). This disorder is very rare and
only a few cases have been documented (Albert et al.., 1972; Baddeley and Wilson, 1993; Clarke et al., 2000;
de la Sayette et al., 1994; Eustache et al., 1990-case 2; Habib et al., 1995; Fujii et al., 1990; Johannes et al.,
1990; Lambert et al., 1989; Mazzucchi et al., 1992; Motomura et al., 1986; Nielsen and Sult, 1939; Saygin et
al., 2010; Spreen, 1965; Tanaka et al., 2002; Taniwaki et al., 2000; Wortis and Pfeffer, 1948; Yamamoto et al.,
2004). In contradiction to pure word deafness and general AA, this disorder is likely under-diagnosed because
patients are often not aware of their disorder, and thus don’t seek medical intervention (Saygin et al., 2010; Vig-
nolo et al., 2003; Yamamoto et al., 2004), or it is tested with sound-picture matching test, which isn’t a sensitive

test for this disorder (e.g., Eustache et al., 1990-case 2).
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Throughout the 20th century, all reported non-verbal AA patients had bilateral or right temporal lobe damage.
For this reason, the right hemisphere was traditionally attributed with the perception of environmental sounds.
Impaired recognition of environmental sounds, however, was also demonstrated in aphasic patients with unilat-
eral left damage (Vignolo et al., 1982; Vignolo et al.,2003; Saygin et al., 2003; Schnider et al., 1994). Moreover,
Tanaka et al (2002) reported 8 patients with non-verbal AA, 4 with right hemisphere lesion and 4 with left
hemisphere lesions. Saygin et al (2010) also reported a patient with damage to the left auditory cortex.

The underlying deficit in non-verbal AA appears to be varied. Several patients were characterized by impaired
discrimination of pitch (Johannes et al., 1990; Habib et al., 1995; Spreen et al., 1965), timbre (Fujii et al., 1990;
Mazzucchi et al., 1992; Eustache et al., 1990-case 2) or rhythm (Fujii et al., 1990; Johannes et al., 1990). Dis-
crimination of pitch was relatively preserved in the patient reported by Fujii et al (1990). The most revealing
deficit, however, was documented by Motomora et al (1986). Throughout the course of this patient’s recovery,
the patient was shown to transition from general AA to non-verbal AA. The auditory temporal resolution of this
patient was measured at different stages of his recovery with the click fusion test. The researchers showed that
the transition from general AA to non-verbal AA correlated with improvement in the discrimination of inter-
click intervals shorter than 80 millisecond, whereas the discrimination of longer inter-click intervals (tested up
to 200 millisecond) was still affected. This finding is in contrast to general AA and pure word deafness patients,
who were characterized by better discrimination of longer inter-click intervals than shorter ones. Support for
this conclusion also comes from the patient of Lambert et al (1989), who was also capable of discriminating 10
millisecond inter click intervals. This deficit is consistent with an fMRI study of healthy participants that report-
ed bilateral activation in the auditory cortices when hearing sounds at duration of 80-300 milliseconds, but only
left auditory cortex activation when hearing shorter sounds (Boemio et al., 2005). These findings suggest an au-

ditory duration gradient in the structure of the auditory cortex or underlying white matter, and that non-verbal
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AA is the result of circumscribed lesion to the perception of longer sound durations. A possible neuroanatomical
structure that relays longer sound duration was suggested by Tanaka et al (1991). By comparing the lesions of
two cortically deaf patients with the lesion of a word deafness patient, they proposed the existence of two thal-
amocortical pathways that inter-connect the MGN with the auditory cortex. They suggested that spoken words
are relayed via a direct thalamocortical pathway that passes underneath the putamen, and that environmental
sounds are relayed via a separate thalamocortical pathway that passes above the putamen near the parietal white

matter.

2.3.3 Amusia:

AA patients are often impaired in the discrimination of all sounds, including music. However, in two such pa-
tients music perception was spared (Motomura et al., 1986; Godefroy et al., 1995) and in one patient music per-
ception was enhanced (Mendez, 2001). In rare instances, patients were also diagnosed with an exclusive deficit
for the discrimination and recognition of musical segments (i.e., amusia; Ayotte et al., 2000; Chiba et al., 1989;
Confavreux et al., 1992; Haguenauer et al., 1979; Henschen, 1920; Michel et al., 1976; Murayama et al., 2004;
Peretz et al., 1994, 1998; Piccirilli et al., 2000; Roeser and Daly, 1974; Satoh et al., 2005; Steinke et al., 2001;
Terao et al., 2006; Tramo et al., 1990; Wertheim and Botez, 1961; Wilson et al., 2002). The damage in these
cases was localized to the right hemisphere or was bilateral. (with the exception of left hemisphere damage in a
left handed patient; Piccirilli et al., 2000.) The damage in these cases tended to focus around the temporal pole.
Consistently, removal of the anterior temporal lobe was also associated with loss of music perception (Liégeois-
Chauvel et al., 1998), and recordings directly from the anterior auditory cortex revealed that in both hemi-

spheres, music is perceived medially to speech (Lachaux et al., 2007). These findings therefore imply that the
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loss of music perception in AA is because of damage to the medial aSTG. In contrast to the association of amu-
sia specific to recognition of melodies (amelodia) with the temporal pole, pSTG damage was associated with
loss of thythm perception (arryhthmia). This was demonstrated in three patients with unilateral left or right
pSTG damage, in whom music recognition was intact, while perception of rhythm was impaired (Di Pietro et
al., 2004; Griffiths et al., 1997b; Mavlov, 1980); and two patients with converse diagnosis, in whom rhythm
perception was intact, while recognition/discrimination of musical segments was impaired (Fries & Swihart,
1990; Murayama et al., 2004). Amusia also dissociates in regard to enjoyment from music. In two reports, amu-
sic patients, who weren’t able to distinguish musical instruments, reported that they still enjoy listening to music
(Lechevalier et al., 1984 ; Zhang et al., 2011). On the other hand, a patient with left hemispheric damage in the

amygdala was reported to perceive, but not enjoy, music (Griffiths et al., 2004).

2.3.5 Word Meaning Deafness:

A disorder that is rarely mentioned in aphasia research is word meaning deafness. Patients with this disorder are
characterized by impaired speech recognition but intact repetition of speech (Bormann and Weiller, 2012; Ellis,
1984; Franklin et al., 1994, 1996; Hall & Riddoch, 1997; Kleist, 1962; Kohn and Friedman, 1986; Symonds,
1953). Word meaning deafness is often confused with transcortical sensory aphasia, but such patients differ
from the latter by their ability to express themselves appropriately orally or in writing. Word meaning deafness
patients often repeat words in an attempt to extract its meaning (e.g., “Jar....Jar....what is a jar?”’; Bormann and
Weiller, 2012). In the first documented case, Bramwell (1897 - translated by Ellis, 1984) reported a patient, who
in order to comprehend speech wrote what she heard and then read her own handwriting. Kohn and Friedman

(1986), and Symonds (1953) also reported word meaning deafness patients who are able to write to dictation. It
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is yet unclear if word meaning deafness is synonymous with the disorder deep dysphasia, in which patients can-
not repeat nonsense words and produce semantic paraphasia during repetition of real words (Michel et al., 1983;
Dumahel et al., 1986). It is interesting to note that several AA patients were noted with some sparing of speech
repetition, and therefore should be diagnosed with word meaning deafness or deep dysphasia (Best and Howard,
1994; Coslett et al., 1984; Jacobs & Schneider, 2003; Eustache et al.,1990; Hamanaka et al., 1980; Okada et al.,

1963; Mendez, 2001; Metz-Lutz and Dahl, 1984; Nakakoshi et al., 2001; Stefanatos et al., 2005; Von Stockert,

1982; Wirkowsky et al., 2006).
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2.4 Psychological Deficits in Auditory Agnosia:

In the previous sections, I provided evidence that AA is the result of bilateral damage to the auditory ventral
stream, which is a pathway dedicated for sound recognition. In the present section, I elaborate on the process of
sound recognition that is impaired in AA. In 1928, Kleist suggested that the etiology of word deafness could be
due either to impaired perception of the sound (apperceptive AA), or to impaired extraction of meaning from a
sound (asemantic AA). This hypothesis was first tested by Vignolo et al (1969), who examined unilateral stroke
patients. They reported that patients with left hemisphere damage were impaired in matching environmental
sounds with their corresponding pictures, whereas patients with right hemisphere damage were impaired in the
discrimination of meaningless noise segments. The researchers then concluded that left hemispheric damage
results in asemantic AA, and right hemisphere damage results in apperceptive AA. Given that most documented
AA patients have bilateral damage, this interpretation implies that AA patients are impaired in both the bottom-
up formation of auditory percepts, and in the matching of these percepts to their meaning. This conclusion,
however, is very problematic because it is drawn from patients, who were not suffering from AA (i.e., were ca-

pable of performing one of the tasks) and their lesion was not bilateral.

In the following years, cumulative evidence indicated that AA is primarily or solely a perceptual deficit, rather
than a disconnection between perception and extraction of meaning. This was first shown by Albert and Bear
(1974), who examined an AA patient with the click fusion test. During this test, a patient hears two click sounds
with different time interval between them and is instructed to determine if he/she heard one click or two. In their
study, the patient was only capable of perceiving the gap between click sounds if its duration was longer than 15
milliseconds, whereas healthy controls were capable of discriminating gaps as short as 2-3 milliseconds. This

study was replicated in many later AA cases, and the temporal deficit was consistently reported (Auerbach et al.,
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1982; Best & Howard, 1994; Buchtel and Stewart, 1989; Godefroy et al., 1995; Motomura et al., 1986; Otsuki
et al., 1998; Tanaka et al., 1987; Wang et al., 2000; Wolmetz et al., 2011; Yaqub et al., 1988). The range of
deficits, however, differed between cases with some patients reporting of deficit for gaps as long as 300 mil-
liseconds (Butchel and Stewart, 1989; Tanaka et al., 1987). Studies of patients with Wernicke’s aphasia also re-
ported similar auditory temporal deficit (Carmon and Nachshon, 1971; De Renzi et al., 1989; Efron, 1963;
Lackner and Teuber, 1973; Stefanatos et al., 2007). Corroborating the relationship between auditory temporal
resolution, as measured with click fusion and AA, are longitudinal studies that correlated improvement in this

task with amelioration of AA symptoms (Best & Howard, 1994; Godefroy et al., 1995; Motomura et al., 1986).

A resolution for the apperceptive-asemantic dilemma was proposed by Buchtel and Stewart (1989). They re-
ported an AA patient who was better at matching heard words with their corresponding pictures than at identify-
ing them orally or in writing. Because the matching of a spoken word (e.g., ‘Gambling’) with an associated
drawing (e.g., dice) required the patient to internally activate the vocal representation of the word, the authors
concluded the patient’s internal speech is intact, and therefore there is no disconnection between the acoustic

and semantic representations.

A promising candidate for the diagnosis of asemantic AA is the disorder word meaning deafness. This is be-
cause these patients are capable of repeating words, without comprehending them. Their ability to repeat a spo-
ken word indicates intact bottom up construction of acoustic representations. Their core deficit is thus in the
matching of an acoustic representation to its corresponding semantic representation. Corroborating the view that

word meaning deafness is equivalent to asemantic AA are three subjects, who were tested with the click fusion
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test and demonstrated to have intact temporal discrimination of sounds (Best and Howard, 1994; Nakakoshi et

al., 2001; Stefanatos et al., 2005).
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2.3.4 Auditory Agnosia - Open Questions:

Hitherto, I described past research on the physiology and psychology of AA. This field of research did not show
significant progression since its discovery, 130 years ago. One of the main reasons for this stagnation was the
inability to identify the regions damaged in patients with this disorder, which subsequently rendered it difficult
to associate behavior with a cortical location. In the present thesis, I’ll attempt to resolve this by examining an
AA patient, who suffers from brainstem damage. Because the cortex remained unscathed by the accident, with
fMRI I'’ll provide preliminary evidence that associate AA symptoms with bilateral dysfunction of the anterior
auditory cortices, and that spared auditory abilities is due to auditory processing in the posterior auditory cortex.
These findings will be then corroborated by EEG and behavioral findings. In this thesis, I also provide evidence
that AA patients are capable of segregating sounds into a series of auditory objects (e.g., syllables), and that the

primary impairment in this disorder is in the perception of the acoustic details of each auditory object.
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3. Case Study:

3.1 History:

LM is a 25 years old female who sustained a severe closed head injury (Glasgow Coma Scale = 3) in a road
traffic accident at the age of 17 in 2004. CT scan revealed a hemorrhage in the right basal ganglia and left dorsal
midbrain (Fig. 6A). She remained in a vegetative state for almost three months. When she awoke her hearing
was severely impaired, but she was able to carry on conversation with her family if they spoke slowly and she
could see their faces. By four months after the trauma she was initiating conversations, speaking in full sen-

tences and was oriented to place, time and her circumstances.

Clinical audiological assessment was conducted 8 months after the incident. The testing audiologist reported
that responses during pure tone audiometry were ‘variable and inconsistent’; and that the patient reported ‘being
confused about whether she was hearing sounds or not.” Pure tone audiometry suggested severe, asymmetrical
hearing loss, especially for low frequencies, that was much worse for sounds presented to the right ear (Figure
7, left). Atypically, detection was much better for narrow-band sounds than for pure tones, especially in the right
ear (Figure 7, left). Otoacoustic emissions were intact bilaterally consistent with normal function of outer hair
cells in the cochlea. Normal stapedius reflexes indicated intact acoustic reflex arc (undamaged cochlear nucleus,
superior olive and facial nucleus). Ringing cochlear microphonics were recorded, which indicates of reduced
inhibition of the cochlea due to brainstem damage. Recording of brainstem auditory Evoked potentials indicated

of wave I and III with normal latencies and amplitudes. Wave V was absent in the right ear and prolonged in the
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left ear, suggesting a problem in the upper brainstem. Five months after the injury, she was ambulatory, inde-

pendent in daily activities and was able to return home to live with her parents.

Systematic assessment of this patient in our lab began three years after injury. At that time LM was living a full
and active life, going out with her friends and taking her dog for walks on the beach by her home. Her main per-
sisting complaint was an inability to hear. She was aware that the sound of her speech had changed. Family and
friends had noted no change in her intellect or personality and felt that her memory was good. She worked in
the bar of a family-owned resort taking drinks orders. She was organized and responsible and able to effectively
manage social events sponsored by the resort. Her parents reported that, except for rare occasions when she
would respond to a ringing telephone, she generally did not respond to sounds from locations outside of the
room she was in or that were generated by people or objects out of her sight. She did not react to loud sounds

(like jets flying close overhead).

Neurological examination revealed intact visual fields. There was no visual or tactile extinction. There was no
ptosis or lid retraction and no pupillary abnormality. Macro-square wave jerks were conspicuous. Eye move-
ments were full, but with attempted vertical gaze (downward more than upward), and there was convergence
spasm. Speech was dysphonic and slightly dysarthric but intelligible. There was an action tremor in the right
arm. There was no weakness of the arms or legs, but she walks with a somewhat spastic gait and tends to cir-
cumduct the right leg when walking. The tendon reflexes were increased on the right, especially in the arm.
There was no clonus or spasticity, and normal plantar responses. She was unsteady when trying to stand with

her eyes closed and her feet together. Her postural reflexes were particularly impaired if perturbed backward.
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The lesion was defined using T1 weighted anatomical scans. The scans revealed a cystic cavity in the right
putamen at the site of the previous hemorrhage (Fig. 6B; See also Figures 15, 16 in Appendix C for a complete
series of axial and coronal sections). There was a small periventricular lesion on the right lower pons, in the re-
gion of the inferior cerebellar peduncle, with some hemosiderin staining. There was nearly complete avulsion of
the left IC, sparing only its most medial and caudal parts, and destruction of the brachia of the superior and infe-
rior colliculi with the lesion encroaching on the medial aspect of the left medial geniculate nucleus. Probabilis-

tic tractography confirmed preserved thalamic connectivity to auditory cortex bilaterally (Fig. 6C).

Pure tone audiometry repeated in 2015 showed similar performance to that observed in 2005 (Fig. 7, right), with
very severe impairment in sound detection (especially in the right ear). Again, performance was variable and
unreliable. The patient was asked to raise her hand whenever she heard a click. After several trials, she removed
the headphones and said that she didn’t hear any clicks — * just sounds...like someone whistling”. She also re-
ported that the detection task was difficult because sound hallucinations interfered with her auditory perception
(she described them as ‘tunes in my head’). She could not further characterize this experience, but said that

these sounds were not specific musical songs that she could recognize.

3.2 Discussion:

Converging evidence suggests that LM’s poor auditory performance is the result of her IC damage, with the
damage predominantly affecting the left IC. Examinations of the MRI images didn’t indicate any cortical dam-
age, and DTI tractography demonstrated intact thalamo-cortical pathways. Also, no lesions were evident near

the ear or in the lower brain stem that could have affected processing in the cochlear nucleus or superior olivary
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nucleus. Intact auditory evoked potentials wave I and wave III, intact acoustic reflexes and intact otoacoustic
emissions also indicate intact auditory processing in the inner ear and lower brain stem. MRI images show se-
vere circumscribed damage in the left posterior midbrain. Although the MRI images didn’t provide evidence of
damage to the right IC, the absence of wave V after sound presentation to right ear and the recording of abnor-
mal wave V after sound presentation to the left ear, suggest bilateral damage that affected auditory processing in
both the left and right IC. This view is consistent with a study that recorded activity directly from the human
brain stem after presenting auditory stimuli to the left or right ear, and reported that wave V is generated from
the IC contralateral to the stimulated ear (Mgller et al., 1995). Supporting LM’s bilateral IC damage as the
source of her AA is a survey I conducted of 51 patients with IC damage (appendix A, chapter 9), that showed
that patients with unilateral damage don’t express AA symptoms (or the symptoms are mild and transient)

whereas patients with bilateral IC damage in all cases suffered from deafness or general AA.

LM’s poorer ability to detect sounds presented to the right ear than left ear in the audiometry test is consistent
with the MRI images and wave V recordings, as it suggests more severe impairment in the left IC than right IC.
Associating LM’s predominant right ear hearing loss with her predominant left IC lesion is consistent with a
study that correlated unilateral ablation of the auditory cortex in monkeys with increased hearing threshold re-
stricted to the contralesional ear (Heffner and Heffner, 1989). Studies of humans with lesions along the central
auditory pathways, however, have not previously been associated with such striking asymmetry in hearing
thresholds. Previous reports of AA patients with unilateral IC lesions or temporal lobe lesions have only noted
mild contralesional hearing loss (IC damage: Durrant et al., 1994; Fischer et al., 1994 - intact pure tone audiom-
etry, mild impairment in speech audiometry; Strauss et al., 2000; Temporal lobe damage: Stefanatos et al., 2005;
Saffran et al., 1972). Variability was also shown in the AA population, who suffer bilateral IC or temporal lobe

damage, as in some instances no hearing loss was found, whereas other cases were diagnosed with hearing loss
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of different degrees (IC damage: Cerrato et al., 2005; Meyer et al., 1996; Pillion et al., 2012; Vitte et al., 2002 -
2 patients; Temporal lobe damage: Auerbach et al., 1982; Motomura et al., 1986; Pillion et al., 2012; Praamstra
etal., 1991; Tanaka et al., 1987; Wang et al., 2000; Yaqub et al., 1988). It should also be stressed that her per-
formance in the pure tone audiometry is not a valid indication of her hearing ability. For instance, in a series of
behavioral tests that required headphones (detailed in chapter 5), LM was noted to adjust the sound level to a
volume that was not obviously different from what the experimenter or control participants would have chosen.
In fact in one occasion she commented that the headphones level was too low, and when I checked the head-
phones’ volume it was indeed accidentally set to a very low level. Consistently, if raised hearing thresholds were
the source of her deficit, we would expect that she would perform worse, and not better, when instructed to de-
tect narrow band sounds. Her subjective reports of hearing ‘tunes in my head’ during the pure tone audiometry
also suggest that her poor performance in this test may reflect an alteration of signal-noise ratio rather than sim-

ply an elevation of amplitude detection threshold.
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Figure 6. A. CT scan at the time of injury (in radiological orientation) showing hemorrhage in the ventral basal
ganglia in the left hemisphere and dorsal midbrain hemorrhage. B. High resolution (0.7 x 0.7x 0.7mm voxels)
T1-weighted MRI obtained with a 3T Philips Achieva scanner (Philips Healthcare, Best, The Netherlands)
(Voxel size=1 mm3; FOV=240; TR=12; TE1=3.5; delta TE-1.7). Top - axial sections from ventral (right) to dor-
sal (left) in anatomical orientation; bottom — coronal sections from posterior (right) to anterior (left). C. Proba-
bilistic tractography using FSL FTD Toolbox (Behrens et al., 2003; 2007; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).
Diffusion-weighted echo-planar images were collected at 1.5x1.5x1.5 mm resolution. The imaging parameters
consisted of b values = 1 and 1000, 32 isotropically distributed diffusion-encoding directions, TR=2.0 s, TE=35
ms. Seed masks were manually drawn on Heschl’s gyrus (green) and a waypoint masks was manually drawn on

the medial geniculate nucleus.
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Figure 7. Pure tone and narrow band audiometry from 2005 (left) and 2015 (right). These tests revealed severe
hearing loss in the right ear, and moderate to severe hearing loss in the left ear (primarily for low frequencies).

LM was also better at detecting narrow band sounds than pure tones.
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4. Auditory agnosia and the scientific literature:

4.1 Introduction:

Since AA was first documented more than 130 years ago, there has been surprisingly little progress in under-
standing its pathophysiology. One of the major contributors to this stagnancy is the lack of consistency in the
methods used when investigating AA patients, which rendered comparing patients from different studies diffi-
cult. Consequently, most reviews of the literature discussed interesting cases or recurring characteristics but
didn’t systematically compare cases with one another (Goldstein et al., 1994; Peoppel, 2001; Philips and
Farmer, 1990; Polster and Rose, 1998; Vignolo, 1969; Tanaka et al., 1991). Three systematic attempts to sort out

the AA literature, however, were conducted and will be summarized below.

Ulrich (1978) surveyed 30 case studies from the AA literature and associated them with hemispheric lesions.
His main focus was identifying cases with linguistic AA (i.e., word deafness) and non-linguistic AA (i.e., envi-
ronmental sound AA), and categorizing patients with general AA into predominantly linguistic AA and non-lin-
guistic AA categories. His primary conclusion was that for general AA and word deafness, unilateral right or left
damage is not sufficient for eliciting AA, and that only after the patients suffered additional lesion to the re-
maining hemisphere, did the AA symptoms emerge. This analysis didn’t discuss other possible features of AA

patients.

67



Buchman et al (1986) reported three cases of AA, and further surveyed 34 case studies from the literature. Fol-
lowing Ulrich, this study also showed that AA is dependent on bilateral damage, and that the order of hemi-
spheric lesions is irrelevant to the manifestation of AA symptoms. In this review, when available, the re-
searchers further reported additional characteristics of AA patients. They reported that the most prevalent cause
of AA is CVA (cerebrovascular accident), although it was documented with other aetiologies (e.g., encephalitis,
epilepsy, traumatic brain injury). Furthermore, the researchers rated each patient for their ability to perceive
speech, music and environmental sounds. The researchers also noted that many patients in the AA literature suf-
fer from aphasic symptoms such as writing, reading, naming (including paraphasias) and speech production im-

pairments. Finally, they reported that lip reading was preserved in all the cases.

The most recent comparison of AA patients in the literature was conducted by Griffiths et al (1999). This analy-
sis compared 29 AA patients and 7 cerebral deafness patients, most of which were not examined in the previous
reports. Consistent with the analyses of Ulrich (1978) and Buchman et al (1986), the authors reported that bilat-
eral damage affecting the auditory cortex and its vicinity (i.e., the superior temporal gyrus and underlying white
matter) is the most common anatomical correlate of AA and cerebral deafness. The authors rated the ability of
each AA patient to perceive speech, environmental sounds and music, and concluded that environmental sound
comprehension deficit is the result of suffering unilateral right hemispheric damage and speech comprehension
deficit is the result of suffering unilateral left hemispheric damage. The authors further argued that, because
each case was reported to have a unique set of symptoms, the patients can not be directly compared. This led the
authors to conclude that the only common theme uniting all AA cases is deficit in the perception of spectro-
temporal features. This study also compared lesion locations and reported that in all cases with bilateral auditory

cortex’ damage, at least in one side the lesion included Heschl’s gyrus or its underlying white matter. This
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analysis is consistent with previous researchers who argued that deficit to the primary auditory cortex is manda-
tory for AA manifestation (Coslett et al., 1984; Phillips and Farmer, 1990). In contrast, in a later review, which
was partially based on Griffiths et al (1999) analysis, Poeppel argued against the involvement of the primary
auditory cortex in the etiology of AA and suggested that the area most consistently involved in AA is the left
pSTG. Poeppel's conclusion, however, is problematic as he doesn’t cite any AA patients with spared Heschl’s
gyrus. The author also argued that his conclusion is based on analyzing 59 cases from the literature, but did not

provide a list of the patients that were examined.

Since the publication of the reviews summarized above, many more patients have been reported. In the present
chapter I compare the anatomical and psychological characteristics of 278 patients with auditory perception

deficits from the literature.

4.2 Methods:

In appendix B (chapter 10), I present a list of patients from the literature, who suffered auditory perception
deficits. This list includes any patient diagnosed with general auditory agnosia, pure word deafness, cerebral
deafness, word meaning deafness, amusia or environmental sound agnosia. Attempt was made to avoid listing
patients who use paraphasia in their speech, such as cases with Wernicke's aphasia and Landau-Kleffner’s dys-
phasia, as these errors indicate impaired inner language. However, because the boundary between intact and im-
paired inner language isn’t always clear, some aphasic/dysphasic cases are included if the auditory deficit was

remarkably independent to the aphasia or the aphasia was mild. Due to language or accessibility difficulties, on
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some occasions I was not able to examine a case report. In such instances, I collected the missing data from pa-

pers that described the case study (these cases are marked with ** in the year column).

In this analysis, each patient was rated for his/her ability to perceive speech (Speech-comp column), repeat
speech (Speech-rep column), perceive environmental sounds (E.Sound column) and perceive music (Music col-
umn). A caveat should be given in regard to these symptoms. Because every patient was studied independently,
and their symptoms were reported in different levels of detail, I used a rather lenient and subjective definition
when rating the patients’ deficits (3 levels of deficit were used: impaired, partial, intact). Question mark indi-
cates that the symptom was not tested, and blank cells indicates unavailable information. Based on these mea-
surements the patients were divided into four categories: 1.Auditory Agnosia 2. Word Meaning Deafness 3.
Amusia-E.Sound Agnosia 4. Cerebral Deafness. The classification of a patient into one of these categories in the
present study was independent of the original diagnosis of the patient (the diagnosis presented in the original
research paper). Patients characterized by partial or complete impairment of speech recognition and repetition
were assigned to the category ‘Auditory Agnosia’. Patients characterized by partial or complete impairment of
speech recognition but intact speech repetition were assigned to the category ‘Word Meaning Deafness’. Pa-
tients characterized by intact speech repetition and recognition but with partial or complete impairment of envi-
ronmental sound comprehension or music comprehension were assigned to the category ‘Amusia-E.Sound Ag-
nosia’. Patients characterized by complete deafness at the time of the report were assigned to the category

‘Cerebral Deafness’.

In this analysis of the literature I also collected, when available, other relevant information such as the symp-

toms expressed during the onset of the disorder, and the location of lesions. In the ‘Initial Condition’ column I
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report of any auditory or aphasic symptom that was reported at the acute stage of the disorder (i.e., in the hours/
days after the damage occurred). The initial condition was labeled as either Wernicke’s aphasia (Wernike A),
global aphasia (Global A), cerebral deatness (Deafness), auditory agnosia (General AA-for cases with milder
symptoms than AA), word deafness (Word Deafness-for cases that there was increase in severity of symptoms),
or confusion. Some cases were accompanied with mutism (Mutism). Blank cells indicates that the reported
symptoms manifested immediately after the damage. Hyphen indicates transition from one disorder to another
(e.g., Deafness-General AA - patient transitioned from deafness to general AA to the present condition). In the
‘lesion’ column I listed whether the patient’s damage was either in the right or left hemisphere or both hemi-

spheres (bilateral). (S) indicates diagnosis of hemispheric lesion by symptoms.

4.3 Results and discussion:

In this survey of the literature I examined reports of 203 patients, who were documented with isolated auditory
perceptual deficits. From comments in these reports I also extracted partial information on additional 75 patients
(278 patients overall). From this patient group, 183 were diagnosed with AA (119 suffered bilateral lesions, 37
suffered left hemispheric lesions, 4 suffered right hemispheric lesions), 34 with cerebral deafness (all suffered
bilateral lesions), 51 with amusia-environmental sound agnosia (11 suffered bilateral lesions, 32 suffered right
hemispheric lesions, 8 suffered left hemispheric lesions) and 8 word meaning deafness (2 suffered bilateral le-
sions and 2 suffered left hemispheric lesions; table 1). Patients’ age during testing varied from 13 years old to
77 years old, with the number of reported cases steadily increase as patients approach the 60-70 years old age
group (Figure 8). These disorders were more commonly reported in males (136 cases) than females (71 cases).

The primary cause of these auditory perceptual deficits was cerebral vascular accident (CVA; 166 cases). On
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rare occasions, however, this impairment was the result of head trauma (8 cases), dementia (7 cases), brain tu-
mors (6 cases), seizures (5 cases), encephalitis (3 cases), hydrocephalus (2 cases), vascular disease (2 cases),
multiple sclerosis (1 case), extrapontine myelonisis (1 case), lithium intoxication (1 case), syphilis (1 case), neu-
rosurgery (1 case) and a bullet wound (1 case). In the AA group, in most cases the auditory perceptual deficit
manifested immediately after the trauma. However, in some reports, AA emerged after a short period of deat-
ness (25 cases) or aphasia/dysphasia (31 cases). On 6 occasions this initial short period was also accompanied

with mutism. In 13 cases, during the initial short period, the patients were reported to be delirious or confused.

An important objective of surveying the AA literature was to ascertain whether sufficient information was pro-
vided in the published record that associates the manifestation of AA symptoms with a lesion to a specific audi-
tory cortical field. In chapter 2, I presented recent models that ascribe sound recognition to the aSTG of both
hemispheres. Thus we would expect to find damage to these regions in AA patients. However, researchers in the
literature who evaluated autopsy reports, CT scans and MRI images of their patients often concluded that the
AA symptoms emerged because of right or left pSTG lesions (Left pSTG: Auerbach, 1982; Caramazza et al.,
1983; Doyle and Holland, 1982; Ishii et al., 1995; Kanshepolsky et al., 1973; Leicster et al., 1980; Marshall et
al., 1985; Metz-Lutz and Dahl, 1984; Giovanni et al., 1992; Schuster and Taterka, 1926; Slevc et al., 2010;
Tanaka et al., 1987; Wolmetz et al., 2011; Right pSTG: Kirshner and Webb, 1982; Giovanni et al., 1982; Tanaka
et al., 1987; Engelien et al., 1995). This association of lesion with symptoms, however, appears to be biased by
the Wernicke-Lichtheim-Geschwind model, which places the recognition of sounds at the left pSTG. Contra-
dicting this conclusion is the finding that, in all these cases, the researchers reported that the damage was very
diffuse and included also Heschl’s gyrus. AA in these cases, therefore, could have emerged because either Hes-

chl’s gyrus or the anterior auditory fields were also damaged or de-afferented. As mentioned in the introduction
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of this chapter, Griffiths et al (1990) argued that AA manifests after bilateral damage that includes at least one of
Heschl’s gyri, whereas Poeppel (2001) argued that AA manifests after bilateral damage that includes the left
pSTG. Based on the reported damage of AA patients in the literature I find no supporting evidence for ascribing
a particular role to the left pSTG in the etiology of AA. Moreover, given that in most AA patients the damage
tends to be extensive, the prevalent use of scanning methods with low spatial resolution such as CT, and the
proximity and small size of the auditory fields in the human auditory cortex (Fullerton and Pandya, 2007), I

conclude that the AA literature does not provide sufficient data to associate AA with individual auditory fields.
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Table 1: Hemispheric Damage in Auditory Disorders

Bilateral Left Right Unknown Total

Auditory 119 37 4 23 183
Agnosia

Cerebral 34 0 0 0 34
Deafness

Word Meaning | 2 2 0 4 8
Deafness

Amusia- 11 7 32 1 51
E.Sound
Agnosia
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Figure 8. Histogram depicting demographic distribution by age of patients with auditory perceptual deficits.
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S. Behavioral experiments:

5.1 Introduction:

In past case studies of AA patients with cerebral damage, the disorder was investigated almost solely using be-
havioral tests. These tests explored a varied range of auditory faculties, such as identification and recognition of
spoken words, environmental sounds and music, discrimination of speech parts, sound localization and more.
These tests are critical for the diagnosis of AA as it demonstrates whether the patient is deaf, and if not, what
auditory information is processed and experienced by the patient. In the present chapter, I describe a battery of
behavioral tests that were administered to LM. These tests shed light on LM’s subjective experience of sounds,

and help us compare her to other AA patients.
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5.2.1 Sound Identification and Recognition:

5.2.1.1 Methods:

Fifteen word sounds and fifteen environmental sounds were randomly presented to the patient via headphones.
Prior to the test, the patient was instructed to adjust the volume of the sound to a comfortable level and at which
she could consistently detect the sounds. Immediately after hearing each sound, LM was instructed to type the
name of each sound that she had just heard. Once she had completed the open ended response question, she was
then instructed to choose one of four possible answers presented in multiple choice format on the screen for that
same sound. In the word recognition segment of this test, the four possible matches included the correct answer,
a phonological distractor (e.g., for the word ‘blue,’ the distractor was ‘glue’), a semantic distractor (e.g., for the
word ‘table,’ the distractor was ‘chair’), and a word that that was neither semantically nor phonologically re-

lated to the heard word (e.g., for the word ‘train,’ the distractor was ‘hammer’).

5.2.1.2 Results:

By merely listening to the sounds, the patient was accurately able to type to dictation (auditory identification) 2
out of 15 words. Also in this open ended response format, she was able to type the names of 3 of the 15 envi-

ronmental sounds. (See Tables 2 and 3.)

When given multiple choice selections for the same sounds, the patient’s ability to identify the spoken word

(auditory recognition) increased significantly. In these trials, the patient made only 4 errors with spoken words
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and 4 errors with environmental sounds. These errors were phonological in nature, as displayed below. On aver-
age, when the sound was a word LM required 2+1.8 repetitions and 59+22 seconds to make a response. Envi-

ronmental sounds required 2+2.1 repetitions and 63+22 seconds for a response.

Table 2: Perceived Spoken Words

WORD SPOKEN TYPED RESPONSE MULTIPLE CHOICE
RESPONSE

Book Tuckin Cook

Lake Achoo Lake

Glue Bee Blue

Table Sneeze Table

Rope Bless-you Rope

Shirt Shout Shirt

Pen Slam Pen

Lips Gates Hips

Carpet Go Puppet

House Cards House

Soap Sea Soap

Car Car Car

Train Turn Train

Radio Radio Radio

Stone Sound Stone

* Bold marks a response as correct
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Table 3: Perceived Environmental Sounds

SOUND HEARD TYPED RESPONSE MULTIPLE CHOICE
Telephone Telephone Telephone
Fire-truck Laughing Machine gun
Car-horn Bell Car horn
Car engine Saw Car breaks
Trumpet Smashing Trumpet
Donkey Singing Donkey
Dog Barking Dog

Owl Space Monkey
Rooster Cockerel Rooster
Toilet Rustling Toilet

Cat Beep Oowl

Crow Horn Crow

Horse Crying Horse

Bird Chimes Bird

Rifle Splash Rifle

* Bold marks a response as correct

5.2.1.3 Discussion:

The sound identification and recognition test is critical for the diagnosis of AA. This is because failing both tests

indicates that the patient suffers from cerebral deafness instead of AA. In the sound identification and recogni-
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tion tests I showed that LM is severely impaired when instructed to type the names of heard environmental
sounds and spoken words, and that she is much less impaired when instructed to choose the correct answer out
of four written alternatives. Like LM, other AA patients were also better at recognizing spoken words when pre-
sented with alternative distractors, and made more phonological errors than semantic errors (Best and Howard,
1994; Buchman et al., 1986; Engelien et al., 1995; Eustache et al., 1990; Garde and Cowey, 2000; Goldstein et
al., 1975; Kazui et al., 1990; Kirshner and Webb, 1981; Lechevalier et al., 1984; Maneta, 2001; Marshall et al.,
1985; Mendez, 2001; Mendez and Geehan, 1988; Miceli, 1982; Michel et al., 1980; Pinard et al., 2002; Saffran
et al., 1976; Tessier et al., 2007). These patients were examined in a similar spoken to written word matching
tests or sound to picture matching tests. In only a few instances patients were tested for both sound identifica-
tion and recognition for the same words (Denes and Demenza, 1975; Eustache et al., 1990; Maneta, 2001;
Miceli, 1982; Pinard et al., 2002). In these cases, like LM, the patients performed better when tested in multiple

choice trials than in open ended trials. Denes and Semenza (1975) labeled this symptom auditory anomia.
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5.2.2 Two Click-Fusion Test and Two Box-Fusion Test:

5.2.2.1.1 Two Click-Fusion Test - Methods:

Two 2KHz, 30 ms clicks were presented binaurally to the patient one after the other for a total of 60 trials. In
the first 30 trials, gaps of different durations were inserted between the clicks (10-300 ms at 10 ms increments).
In the remaining 30 trials, no gap was inserted. The trials were presented randomly. Subjects were asked in each
trial to press the left button if there were two sounds or right button if only one sound was heard. The trials were

presented in random order.

5.2.2.1.2 Two Box Fusion Test - Methods:

This experiment was used as a control for the two click fusion task to test whether a limitation in temporal res-
olution was exclusive to auditory stimuli. Two black boxes measuring 5.3 by 5.3 cm were sequentially presen-
ted on the monitor in the center of the screen each for 200 ms (60 trials). In half the trials, the stimuli were fused
together in time and in the other half the gap varied (17-306 ms at 17 ms increments). The trials were presented

in random order.

5.2.2.2.1 Click Fusion Test - Results:

The test was given to 3 control participants (2 females) and to the patient. All the control participants achieved a

perfect score by showing no difficulty in recognizing 10 ms gaps or more. The patient, on the other hand, con-
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sistently perceived two clicks as a single click for time intervals up to 100 ms, and was inconclusive when the
time interval was between 100 to 160 ms. For gaps longer than 160 ms she was able to perceive the two clicks
as distinct. Follow-up testing a year later confirmed that an interval > 90 ms was required for her to detect two

clicks.

5.2.2.2.2 Box Fusion Test - Results:

The test was given to 3 control participants (2 females) and to the patient. The patient and the healthy parti-
cipants achieved a perfect score. This study demonstrated that the patient has no difficulty in recognizing tem-

poral gaps in the visual domain as brief as 17 ms.

5.2.2.3 Discussion:

With the click-fusion and box-fusion tests I’ve shown that LM is impaired at perceiving small inter sound inter-
vals, but is not impaired at comparable temporal gaps interspaced between visual objects. Impairments of audi-
tory temporal resolution of this severity (100-300 ms) have been reported also in other patients with AA (Buch-
tel and Stewart, 1989; Godefroy et al., 1995; Motomura et al., 1986— stage 1; Otsuki et al., 1998; Tanaka et al.,
1987) and fluent aphasia (Carmon and Nachshon, 1971; De Renzi et al., 1989; Efron, 1963; Lackner and Teu-
ber, 1973; Stefanatos et al., 2007). Case studies that followed the recovery course of AA patients further corre-
lated improvements in the click fusion test with improvements in the perception of sounds (Best & Howard,
1994; Godefroy et al., 1995; Motomura et al., 1986). As discussed in chapter 2.4, this temporal deficit is thought

to constitute the core deficit in AA.
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5.2.3 VOT-POA discrimination task:

5.2.3.1 Methods:

In each trial the patient heard 1 out of 8 possible words pronounced by a female English speaker [‘duck’, ‘tuck’,
‘puck’, ‘buck’, ‘pier’, ‘beer’, ‘gear’ or ‘tear’ (pronounced ‘teer’)]. After the sound presentation, two written al-
ternatives were displayed on the monitor (one above the other) and the patient was instructed to choose the
word she had just heard by pressing on its corresponding button. In all trials, one of the two written words was
correct whereas the other differed, with equal probability, in either place of articulation (POA; e.g. duck-buck),
voice onset time (VOT; e.g. peer-beer) or both (e.g. duck-puck). All sounds lasted for 1.6 seconds and the inter
trial interval was 500 ms. This test was conducted in several sessions that spanned over a period of several

months. In total the test was repeated 13 times. Each test consists of 36 trials.

5.2.3.2 Results:

LM responded with 62% accuracy when the distractor word differed by VOT only, with 73% accuracy when the
distractor word differed by POA only and 78% accuracy when the distractor word differed by both POA and
VOT. Accuracy in all three conditions was better than chance according to chi-square tests (p<0.05). A direct
comparison of trials in which only VOT differed and trials in which both POA and VOT differed showed that
accuracy was significantly higher in the latter condition [chi-square (1,308) = 8.9, p<0.005]. That is, LM per-

formed significantly better when information from POA was available compared to when it was not. In contrast,
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there was no significant difference in accuracy between trials that differed only in POA and trials that differed in
both POA and VOT [chi-square (1,308)=0.86, p=0.21]. This indicates that LM’s performance was the same re-
gardless of whether or not VOT information was available. Furthermore, accuracy for trials in which only VOT
differed was significantly lower than accuracy for trials in which only POA differed [chi-square (1,308)=4.3,
p<0.05]. A short version of this test was also given to 4 control participants, who all reached a perfect score
(100% correct). Overall, these results demonstrate that LM is significantly impaired at processing speech fea-
tures such as POA and VOT when compared to healthy control. LM was also significantly more impaired at

processing VOT than POA.

5.2.3.3 Discussion:

LM was tested for her ability to discriminate short spoken words that differ by VOT and POA. She was found
impaired at discriminating both features, with the deficit much more extensive when the heard words differed
by VOT than POA. It is interesting to note that although other AA patients were also reported to have a more
severe deficit for VOT discrimination than POA discrimination (Oppenheimer and Newcombe, 1978; Praamstra
et al., 1991; Saffran et al., 1976), in other cases, the opposite pattern was reported (Miceli, 1982; Pan et al.,

2004— IC damage; Yaqub et al., 1988).
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5.2.4 Dichotic Listening Task:

5.2.4.1 Methods:

Two out of six possible words (‘money’, ‘couch’, ‘radio’, ‘cigar’, ‘flute’, ‘pants’) were presented simultan-
eously to the subject through headphones while all six alternatives were presented visually on screen. The pa-
tient was asked to click on all the words that she heard. The six words were presented in all possible combina-

tions. The test was delivered 3 times for a total of 90 trials.

5.2.4.2 Results:

In all trials, the patient insisted that she heard only one word. In 68 trials (75%) the patient correctly identified
the word presented to the left ear. In 15 trials (16%) she correctly identified the sound presented to the right ear.

In the remaining 7 trials (7.7%) the patient made an incorrect response.

5.2.4.3 Discussion:

In the dichotic listening task of the present study, LM insisted she never heard more than one word, and that the
word she heard was perceived as having been presented to the left ear. Accordingly, LM was almost always able
to match between the sound from the left ear and its corresponding written word. The phenomena of impaired

ability to hear sounds from one ear when different sounds are presented to both ears is known as auditory ex-
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tinction (hemi-anacousia; Heilman and Valenstein, 1972). Patients diagnosed with this symptom often suffer
from unilateral damage, which is contra-lesional to the extinguishing ear (Michel and Peronnet, 1982; de Renzi
et al., 1984, 1989; Dumahel, 1986; Lapras et al., 1994 - tectal damage; Clarke et al., 2001 — IC damage; Bell-
mann et al., 2001, 2003). Auditory extinction, though, independent to auditory comprehension, was also report-
ed in patients with mild auditory agnosia symptoms. For instance, pure word deafness patients with unilateral
left hemispheric damage extinguished sounds presented to the right ear (Eustache et al., 1990; Pasquier et al.,
1991; Stefanatos et al., 2005; see also the cases of Saffran et al. ,1976 and Albert and Bear, 1974 for which the
lesion location is unknown). Accordingly, it was shown that patients with auditory agnosia for environmental
sounds (Eustache et al., 1990; Fujii et al., 1990) or general auditory agnosia (Mendez, 2001) with right hemi-
spheric damage extinguished sounds presented to the left ear (see also the case of Lambert et al., 1989 for which
the lesion location is unknown). These findings imply that it is the right auditory cortex that is responsible for

LM’s remaining ability to recognize sounds.
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5.2.5 Auditory Localization Task:

5.2.5.1 Methods:

The subject was sitting blindfolded in a rectangular room while holding a red laser pointer. The experimenter
silently walked in the room to seven pre-defined locations at a distance of 2 meters from the subject and at pre-
defined angles (0°, 30°, 60° and 90° in both auditory fields). At each of these locations the experimenter created
an identifiable sound with a clicker. The subject was required to point towards the location of the perceived
sound. After each trial the experimenter placed a sticky-note at the location that LM had pointed towards. Each
sticky-note had the trial number and true stimulus location written on it. The trials were presented in random-

ized order. The patient decided to end the experiment after conducting 36 trials.

5.2.5.2 Results:

This test was delivered to 3 controls (2 females) and to the patient. All control participants were consistently
able to correctly point to the correct azimuth of the sound, with an error range that did not exceed 25 degrees.
Note that, as shown in Figure 9, not only did LM mis-localized stimuli on her right to the left hemi-space, local-
ization accuracy for stimuli in the left hemi-space was also poor with compressed localization to a narrow re-

gion at 30-60 degrees to the left of the midline.

86



AN
A Y
A

Figure 9. During the auditory localization task the patient was blindfolded and instructed to point toward a
sound’s source. The sound was presented either in front of the patient (bottom left) or at different degrees to the
left (30°, 60°, 90%) or right (30°, 60°, 90°). In each half-circle the black oval represents the patient, the ‘X’ repre-

sents the location of the sound, and the lines represent the perceived azimuth of the sound for each trial.
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5.2.5.3 Discussion:

In this test I showed that when LM is instructed to localize sounds in space, she perceives all sounds as coming
from the left hemi-field. Similar deficit in sound localization has also been reported in AA patients with bilateral
cerebral damage (Jerger et al., 1969; Lhermitte et al., 1971; Albert et al., 1974; Wortis and Pfeifer, 1984; Gold-
stein et al., 1975; Chochole et al., 1975; Michel & Peronnet, 1980; ; Coslett, Brashear, & Heilmann, 1984;
Kazui et al., 1990; Lechevalier et al., 1984; Woods et al., 1984; Tabira et al., 1981; Tanaka et al., 1965). On oth-
er accounts, however, sound localization was intact (Fujii, 1990; Gazzaniga, 1973; Spreen, 1965; Jerger et al.,

1972; Kanshepolsky et al., 1973; Denes and Semenza, 1975; Okada et al., 1963).

Unilateral shifting of sounds locations is not limited to AA, and was reported also with brain-damaged non ag-
nosic human patients (Sanchez-Longo and Forster, 1958; Matzker, 1959; Neft, 1968; Efron et al., 1983;
Haeske-Dewick et al., 1996; Zatorre et al., 1995; Lessard et al., 2000) including two patients who suffer unilat-
eral IC lesions (Litovsky et al., 2001; Champoux et al., 2008). Auditory localization deficits have also been re-
ported in brain-damaged monkeys (Thompson and Cortez, 1983; Heftner et al., 1997; Heffner and Heftner,
2003). In all cases the lesion was restricted to only one hemisphere, and the sounds were perceived as emerging

from the hemi-field contralateral to the intact hemisphere.

Unilateral directional loss in brain damaged patients can manifest as a result of impaired bottom-up audio-spa-
tial processing (Bellmann et al., 2001; Bellmann Thiran and Clarke, 2003; Clarke et al., 2004) or impaired top-
down auditory attention (i.e., hemi-spatial neglect; Heilman and Valenstein, 1972; Ruff et al., 1981; Bisiach et

al., 1984; Hugdahl and Wester, 1994). One might thus assume that the auditory extinction exhibited by LM
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might reflect an attention deficit. However, LM’s comments during the task suggested that this was not the case.
For instance, at one stage during testing, LM removed the blindfold and asked why we were not presenting any
‘clicks’ from the right side of the room. This comment indicates that she was not neglecting the right auditory
space and that she was fully aware of the apparent absence of sounds emanating from locations on her right. It
is also important to comment that we were able to demonstrate that her impairment is not due to amodal loss of
spatial processing, as in pre-test trials, she showed no difficulty pointing to the sound’s source that she was able

to see. These findings, thus, indicate that LM’s impairment is due to loss of perceptual audio-spatial processing.
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5.3. Chapter Discussion:

In this chapter I’ve examined the patient using a sound identification and recognition task, a phoneme discrimi-
nation task, a dichotic listening task, and a sound localization task. LM’s performance in these experiments
sheds light on the brain regions likely mediating her remaining auditory perception. In the dichotic listening
task, when LM heard two different words, she tended to perceive the sound originating from the left ear, thus
indicating a role for the right auditory cortex in sound recognition. Similarly, in the sound localization task, LM
reported that she perceived sounds as emanating from the left hemi-field, further corroborating the role of her
right auditory cortex in her auditory perception. In chapter 2, I also reviewed studies that ascribe sound localiza-
tion with processing in the posterior auditory cortex, which implies LM’s auditory perception is due to process-
ing in this region of the auditory cortex. Arguing that LM’s posterior right auditory cortex is responsible for her
auditory perception is also congruent with her tendency to comprehend a spoken word/sound better if it is ac-
companied with its written representation, as the integration of spoken and written words was shown to occur in
the posterior auditory cortex (Zubicaray et al., 2001). The possible role of the right posterior auditory cortex in
mediating LM’s remaining auditory perception is discussed more thoroughly in the general discussion chapter

of this thesis (chapter 8.2).
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6. Auditory Agnosia - fMRI Study:

6.1 Introduction:

AA is usually the result of bilateral damage to the auditory cortices (Poeppel et al., 2001, 2012; chapter 4); and
in most cases, onset only after a second stroke, which sometimes occurs years after the first lesion (Ulrich et al.,
1978). Because bilateral lesions tend to be extensive, the cortex is known to reorganize after lesions, and the
auditory fields are small, no specific auditory field was hitherto associated with this disorder (Phillips and
Farmer, 1990; Poeppel, 2001, 2012). Given the sparing of the cortex (including both auditory cortices) in pa-
tient LM, and the acute emergence of her symptoms, LM provides us with a rare opportunity to identify the spe-
cific auditory fields that are dysfunctional in this disorder. This can be achieved by contrasting her BOLD acti-
vation pattern in the auditory cortices when she hears sounds or not to the BOLD activation pattern of healthy

individuals.

6.2 Methods:

6.2.1 Participants:
Participants were patient LM and four neurologically healthy control participants (3 females) of similar age (21-

33). For LM, fMRI data was collected in two separate sessions, one year apart.

6.2.2 Design:
A block design paradigm was employed that was based on Belin et al. (2000) “voice localizer” (with the addi-

tion of blocks of single words uttered by a variety of speakers). Each participant heard 60 randomized blocks of
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sounds (20 blocks of spoken words, 20 blocks of human vocalizations and 20 blocks of environmental sounds)
plus 20 blocks of silent events in a single functional run. Each block lasted 8 seconds. All sounds were normal-
ized for energy (RMS) and were semantically meaningful. The participants (patient and healthy control) were
instructed to passively listen to the sounds with their eyes closed. Sounds were presented binaurally using the
electrostatic NNL headphone system (NordicNeuroLab Inc.) at an intensity of 85dB SPL(C). The patient was

scanned twice, with a year apart between the scans.

6.2.3 Imaging protocol:

T2*-weighted imaging scans were acquired with a 3T Philips Achieva scanner (Philips Healthcare, Best, The
Netherlands) using an 8-channel head coil. The scans were taken using functional echoplanar imaging with an
interleaved ascending sequence consisting of 38 slices of 3 mm thickness (0.3 mm gap) with an in-plane resolu-
tion of 2.88 x 2.88 x 3 mm (FOV = 230). The block-design experimental scan (repetition time [TR] = 2 sec,
echo time [TE] = 30 ms) consisted of 410 volumes and allowed reliable identification of sound sensitive regions
compared to silence. Stimuli presentation wasn’t timed in reference to scanner’s noise. The functional scan was
superimposed on the whole-brain T1 weighted scan (detailed in chapter 3.0), which was collected at the same

time.
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PatientLM |S2 = Patient LM

Control2 Control3 Control4
Figure 10. A 3D rendering of the T1-weighted scan of the patient (Sessions 1 and 2) and healthy controls are

displayed from above. The parietal and frontal lobes have been manually removed in order to expose the supra-
temporal plane. A parametric statistical map of the voxels contrasting BOLD signal changed during presentation
of meaningful sounds with scanner noise is superimposed on the T1-weighted brain image. A map of the audito-
ry fields, as identified from a post-mortem cytochrome oxidase staining study (Wallace et al., 2002), is super-
imposed on top of the statistical parametric map of a representative control (top left). Abbreviations: STG/STG/
pSTG- anterior/middle/posterior superior temporal gyrus, PTm/PTI-medial/lateral planum temporale, PP-

planum polare, hR- human area R, hA1-human area Al.
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Control3 Controld

Figure 11. A 3D rendering of the T1-weighted imaging scan, with superimposed BOLD activation of the healthy
controls and of the patient in the first (LM-S1) and second (LM-S2) imaging sessions are shown. In all controls,
activation included the STG, superior temporal sulcus and frontal lobe. In some controls there was also activa-
tion in the parietal lobe (control-3, control-4) and cerebellum (control-2, control-4). LM activation pattern was
almost identical in both sessions. Compared with controls, outside of the auditory cortex, small patches of acti-
vation were shown in the left temporo-parietal junction, right intra-parietal sulcus and left cerebellum. In the
second session, the activation also spread into the superior temporal sulci. In contrast to controls, no activation

was shown in the frontal lobes.
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Figure 12. fMRI ROI analysis. Left: Three masks were drawn on each auditory cortex. The area posterior to

Heschl’s gyrus was designated as the pSTG (red), the area lateral to Heschl’s gyrus was designated as the

mSTG (green) and area anterior to Heschl’s gyrus was designated as the aSTG (blue). Right: Bold signal change

was measured for each ROI. ‘Control’ labelled bars refer to the average signal change of the healthy participants

(red whiskers mark standard deviation). ‘LM1’ and ‘LM2’ labeled bars refer to LM’s signal change in imaging

session 1 and 2, respectively.
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6.2.4 Analysis and mapping of BOLD activation in auditory fields:

Data were analyzed using the FEAT toolbox of FSL (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki). Pre-processing of the
data followed a standard analysis pipeline and consisted of AC-PC alignment of the anatomical images (and ap-
plication of the orientation change to all functional images acquired in the same session). Functional scans were
corrected for head motion (trilinear interpolation) by aligning all scans to the first scan of the functional run and
a mean image was created. The anatomical scan was co-registered to the mean image. Statistical parametric
maps of the t-statistic were generated to identify voxels that were significantly active during all experimental
sounds (speech, human vocalizations and environmental sounds) against baseline. Images are depicted at a
height threshold p = 0.05 (corrected) and an extent threshold of 10 voxels. For the ROI analysis, masks were
drawn using the FSLVIEW toolbox of FSL, and percentage BOLD signal change for each region was then cal-

culated using the FEATQUERTY toolbox of FSL.

6.3 Results:

In the current analysis, the auditory stimulated BOLD response for all sounds was contrasted with baseline
noise. To visualize the BOLD activation in relation to auditory fields, the parietal and frontal lobes were manu-
ally erased using the FSLVIEW toolbox of FSL and rendered into 3D space with MRIcroGL (http://www.cabi-
atl.com/mricrogl), thus exposing the supra-temporal planes (temporal operculi). In healthy controls, a map of
the auditory fields that was identified in post-mortem brains with cytochrome oxidase staining (Wallace et al.,
2002), was superimposed on axial view of the 3D rendering. The matching of the map to the anatomical scan

was done by matching two landmarks, Heschl’s gyrus and the external contour of the temporal lobe. By apply-

96



ing the same matching technique to LM’s brain, we identified individual auditory fields. This method is similar
to the method used by Viceic et al (2006). In Figure 10, I show this map superimposed on the exposed supra-
temporal planes of the healthy controls and LM’s first imaging session (S1) and second imaging session (S2).
Corroborating this method is the finding that LM’s BOLD activation patches correspond with the boundaries of
the auditory fields in the map, and that the triangular wedge of the BOLD activation in healthy control closely

matched with the triangular shape of the map.

Figure 11 shows that in all healthy participants the activation was spread bilaterally across the supra-temporal
plane, superior temporal gyrus, superior temporal sulcus and in varying locations in the frontal lobes (primarily
Broca’s area and dorsal premotor cortex). Two control participants also showed activation in the left parietal

lobe (control-3 and control-4) and cerebellum (control-2 and control-4).

In both sessions, the pattern of activation for the auditory cortex of patient LM was more limited than that ob-
served in controls (Figures 10, 11). In the core regions, the activation was restricted to posterior bank of Hes-
chl’s gyrus bilaterally (hA1), whereas the remaining Heschl’s gyrus (hR) was inactive. In the associative audito-
ry cortices of both hemispheres, there was activation in LM’s mSTG, whereas the aSTG were inactive bilateral-
ly. In the right hemisphere, there was activation also in the PT-pSTG. In the second session, activation was also
observed in the left PT. In the first imaging session, only the right planum polare was activated, whereas in the
second session the activation included both planum polare (this activation was also spread to the medial tempo-
ral pole, near the amygdala). Outside the supra temporal plane and STG, when compared to controls, LM

showed no significant activation in the superior temporal sulci and frontal lobes of both hemispheres (Figure
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10). Small areas of activation are also evident in LM’s left temporo-parietal junction, right intra-parietal sulcus

and left cerebellum.

In order to confirm LM’s weak responsiveness to sounds in the anterior auditory cortices, and to measure possi-
ble asymmetry in responsiveness to sounds between the hemispheres, Region of Interest (ROI) analysis was
performed. In each brain (LM and controls), three ROI masks were drawn on the basis of an anatomical land-
mark, Heschl’s gyrus. Voxels lateral to Heschl’s gyrus were labeled as mSTG and the areas posterior and anteri-
or to this ROI were labeled as pSTG and aSTG, respectively (Figure 12 - left). Because no clear anatomical
landmark separates the primary auditory fields and because of their small number of voxels, areas hA1 and hR
were excluded from the ROI analysis. BOLD signal change was then calculated for each ROI (Figure 12 -
right). Comparison of LM to healthy controls with a Z test showed reduced BOLD activation in all ROIs in both
the first and second scanning sessions (all with p<0.0001). Comparing the difference in activation between
ROIs from the same hemisphere was performed by subtracting the BOLD signal of one ROI by another (e.g.,
aSTG_R-mSTG_R) and then normalizing this value by dividing it with the average activation of that cortex
(e.g., (PSTG_R+mSTG_R+aSTG_R)/3). For asymmetry measurements (e.g., pPSTG_R-pSTG_L), normalization
was performed by dividing the difference between the two ROIs by the average of cortical activity of the audi-
tory cortices of both hemispheres ( (pSTG_R+pSTG L+mSTG R+mSTG L+aSTG R+aSTG L)/6 ). This
normalization was necessary because LM’s overall reduced brain activation resulted with a ceiling effect which
biased the results (e.g., for calculating aSTG-mSTG, the reduced activation in the mSTG masked the bigger re-
duction in the aSTG, and consequently the difference between these ROIs appeared smaller than in the control
group). For the healthy group, the subtraction and normalization were calculated for each control participant

and only then the values of all participants were averaged. Calculating the difference between LM’s areas pSTG

98



and mSTG, and comparing it to the difference between these regions in the average control, didn’t indicate sig-
nificant signal change in the right hemisphere in the first session (p=0.15) and second session (p=0.33). In the
left hemisphere, LM’s area pSTG was significantly lower than mSTG in the first session (p=0.005) but not in
the second session (p=0.44), when compared to the same difference in the average control. More anteriorly,
there was significant reduction when calculating the difference between LM’s aSTG and mSTG in both hemi-
spheres of both sessions when compared to the average control (Session 1 Left: p=0.0005 Right: p=0.02, ses-
sion 2 Left: p<0.0001 Right: p=0.002). In healthy controls, no asymmetry was shown in BOLD signal between
each ROI and its counterpart in the contralateral hemisphere (pSTG: p=0.258; mSTG: p=0.91; aSTG: p=0.415).
In both sessions, no difference in BOLD signal change was shown between LM’s left and right aSTG (session
1: p=0.29, session 2: p=0.25) and left and right mSTG (session 1: p=0.14, session 2: p=0.25), when compared to
the same difference in the average control. In the pSTG there was significant reduction in BOLD signal change
in the left hemisphere in the first session (p=0.0001) but not in the second session (p=0.44), when compared to
the same difference in the average control. Taken, together, these findings suggest that relative to LM’s overall
brain activation, in both hemispheres, her anterior auditory field, aSTG, was significantly less responsive to
sounds than the mSTG of the same hemisphere when compared to the healthy group. The right pSTG was also

significantly more responsive to sounds than the left pSTG when compared to healthy group.

6.4 Discussion:

In this study, I compared the effect of passively listening to sounds on the BOLD activation pattern between
healthy controls and our AA patient. The most visible effect of her disorder on processing in her auditory cor-

tices was overall reduced BOLD signal in all regions. This is likely due to her suffering damage to the mid-
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brain, resulting with reduced transmission of auditory afferents to the auditory cortices. Comparing activity be-
tween ROIs of the same hemisphere showed that, relative to overall activation in the cortex, there was less acti-
vation in the aSTG when compared to the mSTG than was found for the healthy participants. This finding is
important because recent models ascribed a critical role for areas aSTG in sound recognition (cf. chapter 2). In
the general discussion chapter (chapter 8.1), I compare this finding to findings collected from LM’s other tests,
which confirm impairment in her anterior auditory fields. An hypothesis for the relationship between her brain

stem damage and her lack of recruitment of these regions is also presented.

Another interesting observation was that, in the first imaging session, the activation in the pSTG of the left
hemisphere was significantly lower than the pSTG of the right hemisphere. In the second imaging session, con-
ducted a year later, although no asymmetry was found in activation between the right and left pSTG, the right
pSTG was more active than the left one. This tendency for stronger activation in the right pSTG is interesting as
it could suggest that LM’s right pSTG takes a predominant role in processing her remaining auditory abilities.
In the general discussion section (chapter 8.2) I show that findings collected from LM’s other tests supports this

hypothesis.
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7. Auditory Agnosia and Mis-Match Negativity:

7.1 Introduction:

One of the basic principles that govern hearing is the detection of acoustic change. EEG and MEG studies re-
ported that exposure to infrequent changes of acoustic stimuli correlates with increase in negativity of electrical
charge at about 100-250 ms post sound onset (see May and Tiitinen, 2010; Nééténen et al., 2010 for reviews).
This negative enhancement is known as the mismatch negativity (MMN). In a typical MMN study, the negative
shift is detected after an individual hears several identical stimuli (i.e., standard), which end in a sound that dif-
fers in at least one acoustic dimension (i.e., deviant). MMN can be generated via manipulation of simple
acoustic dimensions (e.g., intensity, frequency, duration, inter-sound interval; Escera et al., 2002; Giard et al.,
1995; Levénen et al., 1996; Liasis et al., 2000; Paavilainen et al., 1991; Rosburg, 2003; Sysoeva et al., 2006a;
Yabe et al., 2001) as well as by manipulation of more complex variables (e.g., phoneme regularity, tone pattern;
Alho et al., 2003; Néadtdnen et al., 1997). Studies attempting to localize the MMN generator (Giard et al., 1995;
Rosburg, 2003; Sysoeva et al., 2006b) demonstrated that a different population of auditory cortex’s neurons
mediates the MMN response of each acoustic dimension. More detailed localization of the different MMN gen-

erators into specific auditory fields, however, hasn’t been established.

In the present study, I attempt to correlate LM’s cortical activation pattern (presented in Chapter 6) with her
ability to generate frequency-, duration- and intensity MMN responses; and based on these findings to infer for

the cortical auditory fields that generate each MMN response.
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7.2 Methods:

7.2.1 Participants:

In addition to LM, 10 neurologically intact right-handed females (age range 20-31) participated in this study.
All participants provided written informed consent and were paid for their participation. With the exception of

patient LM, all participants reported having intact hearing.

7.2.2 EEG Recordings:

Electrophysiological data were recorded in reference to Cz at a rate of 1 kHz from 64 Ag/AgCl electrodes
placed according to the extended 10—20 convention (Neuroscan system). Impedances were kept below 7Q. EEG
activity was filtered on-line band pass between 0.1 and 200 Hz and re-filtered off-line with a 30 Hz low pass
zero phase shift digital filter. Eye-blinks were detected using the vertical electro-oculogram bipolar channel. Po-
tential variations exceeding a threshold of 20% of maximum EEG amplitude over the duration of a complete
individual recording session were automatically registered as artifacts and contributed to the computing of a
model blink artifact (derived from approximately 50 individual blink artifacts in each participant). Artifacts
were then individually corrected by subtracting point-by-point amplitudes of the model from signals measured
at each channel proportionally to local maximum signal amplitude. Eye movements, drifts, and other artifacts
were removed by an algorithm that eliminated all events associated with brain waves that were larger than 75

uV or smaller than =75 pV.
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7.2.3 Experimental Design:

Prior to the experiment, the sound’s intensity was adjusted to the comfort level of the participants. The partici-
pants were instructed to watch a silent movie with their eyes open and to minimize eye and jaw movements.

The participants were seated comfortably in a reclining chair in a dimly lit, electrically and acoustically shielded
room. The experiment was prepared using the Presentation Software (www.neurobs.com). All auditory stimuli
were prepared using the Cool Edit Pro 2.0 software (www.cooledit.com). Four tones were used in the experi-
ment: T1 (200 ms, 2000 Hz), T2 (200 ms, 2250 Hz), T3 (100 ms, 2000 Hz), T4 (200 ms, 2000 Hz, dB SPL level
that is 60% of the participant’s comfort level). The sounds were presented binaurally to the participant via

pneumatic ear inserts.

During the experiment, 3 variables were modified: frequency, duration, and intensity. Each variable was tested
separately. During each variable, the participant heard an MMN inducing sequence that was repeated 100 times.
Each sequence began with a series of 4-7 identical sounds (standard) and finished in a sound that differed from
the standard on the basis of a single acoustic variable (deviant). Each condition was presented twice, with the
sounds serving as standard and deviant in the first presentation, exchanging roles in the second presentation of
the same condition (see table 4 for the standard and deviant of each condition). The inter-stimulus interval was

200 ms for all conditions.
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7.3 Results:

Consistent with previous research (Scherg et al., 1989), an EEG was recorded from the three fronto-medial elec-
trodes of each hemisphere (FC1, F3 and AF3 for the left hemisphere, and FC2, F4 and AF4 for the right hemi-
sphere). To analyze the MMN response, I first extracted the 400 ms post-sound onset of each standard and de-

viant tone, and then averaged the recordings from the three electrodes of each hemisphere. I then averaged the

two presentations of the same condition to calculate the average standard and average deviant (e.g., for the fre
quency condition, we averaged T1 and T2 when served as standard, and averaged T1 and T2 when served as
deviant). This calculation enabled us to eliminate any contribution to the ERP component that is not due to de-
tection of infrequent acoustic change. To visualize the MMN response, in Figure 13 I display the EEG activa-

tion of the standard (blue line) and deviant (red line) of each condition.

I then examined whether LM’s MMN response was significantly different than the MMN response of the con-
trol sample. The MMN response was calculated by subtracting the EEG activation level of the standard from the
deviant at each time point. In Figure 14, LM’s MMN response (red line) was then compared to the average
(black line) and upper/lower boundaries of the 95% confidence interval range (gray lines ) of the control sam-
ple. The MMN was determined as absent in LM if her MMN response was below the lower confidence interval

boundary of the control sample.

When all healthy participants perceived a deviant sound of any kind (duration, intensity, frequency), this result-
ed in clear and visible P1, N1 and MMN ERP components (Figure 13). In contrast, recordings from LM’s brain

showed no generation of any MMN response when the deviant was either of frequency or duration. MMN re-
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sponse for intensity was only recorded in the right hemisphere. It is also interesting to note that the N1 compo-
nent was not visible under any condition, and in the only case in which MMN was recorded (intensity deviant in
the right hemisphere), it was the baseline activation level that became more negative instead of N1 (Figure 13-

bottom right graph).

7.4 Discussion:

In the present chapter, using EEG recordings, I’ve shown impairment in LM’s ability to detect changes in the
sound’s frequency and duration in both hemispheres and intensity changes in the left hemisphere. Her ability to

detect changes in sound’s intensity was relatively intact in the right hemisphere.

As discussed in Chapter 2, the primary auditory cortex is composed of 2 auditory fields denoted as areas hA1
and hR. Measurements of neural selectivity of ‘best-frequency’ in the auditory cortex of monkeys and compara-
ble fMRI studies in monkeys and humans demonstrated that each primary auditory field has a different
cochleotopic organization. Area hA1 is characterized by a posterior to anterior gradient of increase in frequen-
cy-selectivity, and area hR by a posterior to anterior gradient of decrease in frequency-selectivity. Because in
both auditory cortices area hR in LM’s was unresponsive to sounds and she did not generate MMN for frequen-
cy and duration deviant sounds in both hemispheres, I propose that area hR generates the frequency- and dura-

tion-MMN.

Past studies corroborate the localization of frequency-MMN to area hR. The auditory fields that generate fre-

quency MMN was investigated in healthy participants using fMRI (Opitz et al., 2005). This study presented par-
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ticipants with a sequence of sounds that induces MMN (several identical click sounds that end with a sound of
different frequency) and contrasted this it with a sequence of sounds that don’t produce MMN (every sound in
the sequence had different frequency). The hearing of MMN inducing sound changes correlated with activation
increase in the anterior bank of Heschl’s gyrus (i.e., area hR), and the hearing of sound changes that don’t in-
duce MMN correlated with activation increase in the posterior bank of Heschl’s gyrus (i.e., area hA1l). The re-
searchers proposed that this hA1 activation corresponds with ERP component N1, which is thought to partici-
pate in the orienting of attention toward sounds. Similar results were also obtained via intra-cerebral recording
from the supra-temporal plane of epileptic patients (Halgren et al., 1995). This study reported that frequency-
MMN is generated at much earlier latencies in the anterior supra-temporal plane than in the posterior supra-
temporal plane. This study also reported that the MMN generator is located anterior to the generator of N1,
which was localized to posterior Heschl’s gyrus. EEG (Scherg et al., 1989) and MEG (Hari et al., 1992; Ko-
rzyukov et al., 1999) studies also confirmed that frequency MMN is generated slightly anterior to N1, and one
study (Tiitinen et al., 1993) further reported mirror image cochleotopic maps for MMN and N1, which are con-

sistent with the topography of the cochleotopic maps in areas hA1 and hR along the curvature of Heschl’s

gyrus.

When compared to frequency-MMN, very little research was allocated for investigating the characteristics of
duration- and intensity-MMN. Consistent with my localization of frequency- and duration-MMN to area hR,
MEG studies reported that duration-MMN is located near frequency-MMN in Heschl’s gyrus (Giard et al.,
1995; Rosburg, 2003). (although see Sysoeva et al., 2006, which localized duration-MMN to the medial planum
temporale.) These studies also localized intensity-MMN medial to N1 in area hA1 (Rosburg et al., 2004) or

more caudally, in the medial planum temporale (Giard et al., 1995). These findings are consistent with my re-
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sults because both hA1 and the planum temporale in LM’s right hemisphere were responsive to sounds (chapter
6), and LM was shown to generate intensity-MMN only in the right hemisphere. The localization of intensity-
MMN into area hA1 (instead of planum temporale) is consistent with a study that recorded intensity-MMN di-

rectly from the primary auditory cortex of monkeys (Javitt et al., 1994).

Table 4: The Deviants and Standard of Each Condition

Condition Standard Deviant
Frequency 1 Tl T2
Frequency 2 T2 T1
Duration 1 Tl T3
Duration 2 T3 T1
Intensity 1 Tl T4
Intensity 2 T4 T1

107



Patient LEET Control Patient RIGHT Control

o Standard 15
ww Deviant 1

0s I
Duration ¢
05 ) 01 & 51 401 451

Bl

15
2

25

2

15

S
o
°
Frequenc¥7$ 1751 1201 2517301 351 401 1

1

15
2
25 2s

2 2 Pt

15
] I
0s

Intensity - :AW
0%

1

15

2

Figure 13. EEG responses of the patient and the average of the control sample to the perception of the standard
tone (blue) and deviant tone (red). Under all conditions (duration, frequency, intensity), the control participants
were observed to generate MMN, as well as ERP components P1 and N1 (see bottom right). The patient did not
generate P1 and N1 ERP components. The only condition in which the patient was observed to generate MMN
was when the deviant tone differed from the standard by the intensity level, and only in the right hemisphere.

Black vertical rectangle represents sound onset.
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Figure 14. The MMN response (standard — deviant) of the patient (red) was compared to the average (black) and
lower- and upper-bound 95% confidence interval (grey) of the control sample. The patient was defined as inca-
pable of generating the MMN if her MMN response was consistently beneath the lower confidence interval of

the control sample. Black vertical rectangle represents sound onset.
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Chapter 8. General Discussion:

In the last 130 years, despite countless debates concerning AA, very little has changed in our understanding of
this disorder (chapter 2). This lack of progress is primarily due to patients developing AA only after suffering
two separate neurological insults, affecting the temporal lobes of both hemispheres. Because bilateral damage
tends to be extensive, no cortical field was so far associated with this disorder. In the current thesis, I examined
a rare case of AA with brainstem damage. Due to the cortex spared in the trauma, this case provides a rare op-

portunity for examining the involvement of the auditory cortex in this affliction.

In the coming discussion, I present several novel perspectives regarding AA, auditory perception and organiza-
tion of the human auditory cortex. First, I explore the neuroanatomical correlates of LM’s AA disorder. In sec-
tion 8.1, present converging evidence that LM’s agnosic symptoms are the result of the anterior auditory fields
not being recruited for extracting meaning from sounds due to receiving diminished and/or abnormal auditory
input. In section 8.2, I provide converging evidence that LM’s pSTG (with emphasis on this region in the right
hemisphere) is responsible for her spared auditory perceptual abilities, and further suggest that the pSTG medi-
ates the spared auditory perception of other AA patients. In the following sections, I explore the psychological
experience of LM and other AA patients. In section 8.3, based on the result of the click fusion test in our patient
and in other AA patients, I propose that AA patients are capable of segregating sounds into separate auditory
objects, and that their deficit is in the encoding of the acoustic content of each auditory object. In section 8.4, |
argue against a model of AA that portrays this disorder as an amodal loss of temporal resolution (i.e., loss of
both visual and auditory temporal properties), and provide evidence that AA is exclusive to the auditory modali-

ty. In section 8.5, I point out that throughout the literature, there was little consistency in the diagnosis of AA
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patients, and based on the present study, suggest a more systematic diagnosis process. In section 8.6, I the inter-

pret the results from LM’s fMRI study as evidence of parallel processing streams in the human auditory cortex.
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8.1 Auditory Agnosia is due to Dysfunctional Processing in the

Auditory Ventral Streams:

The source of the auditory impairments experienced by AA patients has so far not been discovered. In this chap-
ter | present findings from the fMRI, EEG and behavioral studies that shed light on the origin of LM’s disorder,

and potentially also of other AA patients.

The first clue to LM’s disorder arrives from her IC lesion. As discussed in chapter 2, the IC is the first auditory
center that converges all the auditory input from both ears, and as such was considered the true primary auditory
center (i.e., equivalent to the primary visual area; Nelken et al., 2004). It is therefore possible that LM’s AA is
the result of dysfunctional auditory processing in the IC. If this is the case, I expect IC damage to result in more
severe auditory impairment than damage to the auditory cortex. Documented AA patients with IC lesions, how-
ever, are remarkably similar in their characteristics to AA patients with temporal lobe damage. Tectal and corti-
cal AA are also similar in their requirement for bilateral damage, as patients with unilateral damage in either the
IC or temporal lobe rarely develop in AA (appendix A; Ulrich, 1978). In one case, a patient with IC damage was
even diagnosed with pure word deafness (Meyer et al., 1996). This case is revealing because electro-stimulation
of the left anterior auditory cortex during surgery resulted with non-agnosic patients transiently developing pure
word deafness (Matsumoto et al., 2011). Given the similarity between tectal and cortical AA, a possible aetiolo-
gy for tectal AA is that IC damage results with reduction in auditory input relayed to the upstream auditory cen-
ters (medial geniculate and auditory cortex). This results with weak activation of the auditory cortices, which
resembles the effect of direct cortical injury. This explanation is consistent with the results of the fMRI study, in

which LM was shown to have overall reduced BOLD activation in the auditory cortices.
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Associating LM’s AA symptoms with her general diminished sound responsiveness in the auditory cortices
doesn’t explain some interesting findings such as the weaker responsiveness to sounds of the anterior auditory
fields when compared to more posterior auditory fields. This finding can be explained by human and monkey
studies that implicate the auditory ventral streams of both hemispheres, the anterior auditory cortices in particu-
lar, in sound recognition (cf. chapter 2). In a previous review it was even proposed that, because AA is most
commonly reported in patients with bilateral temporal lobe damage, AA is the result of disruption to the anterior
auditory cortices of both hemispheres (Hickok and Poeppel'; 2007). Further supporting this view is a study that
removed the auditory cortex of monkeys on one side, and either the anterior or posterior portion of the con-
tralateral auditory cortex. Consistent with the ascribed role of both anterior auditory cortices in sound recogni-
tion, only removal of the anterior portion resulted with the monkeys losing the ability to discriminate sounds

(Harrington and Heffner, 2002; Harrington et al., 2001; Heftner and Heftner, 1986).

Consistent with the association of LM’s AA with her weak responsiveness to sounds in the anterior auditory
fields are the results of the EEG study. In this study, I showed that LM is impaired at detecting changes to the
duration or frequency of sounds (measured as mis-match negativity difference wave-forms), and that detection
of changes to sound intensity is lateralized to the right hemisphere. This bilateral impairment in the detection of
spectro-temporal changes could be related to the bilateral weak responsiveness to sounds in the anterior audito-
ry cortices that was shown in the fMRI scan. Assuming that the bilateral deficit in both the fMRI and EEG stud-

ies results from the same deficit, these findings indicate that MMN for frequency and duration are generated in

TIn chapter 4, | presented a study by Poeppel (2001) that associates AA with left pSTG damage, whereas in the study presented here (Hickok and
Poeppel, 2007) he associates AA with bilateral aSTG damage. The author doesn’t explain this self contradiction.
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the anterior auditory cortices, and serve primarily for sound recognition. It also suggests that accurate discrimi-
nation of sound intensity is not required for sound recognition. Associating sound duration and frequency, but
not intensity, with sound recognition is also intuitively correct because changing the duration or frequency of a
sound can alter its meaning, whereas altering its intensity has no effect on the meaning (e.g., when an individual

either shouts or whispers a word/sound, its meaning remains the same).

The results of the VOT-POA discrimination study also support the association of the anterior auditory cortices
with AA. In that experiment I showed that LM is more impaired at discriminating VOT than POA. Several stud-
ies demonstrated that VOT is primarily processed within the auditory ventral streams. For instance, an fMRI
study reported activation increase in the aSTG, but not pSTG, when participants heard voiced consonants com-
pared to unvoiced consonants (Obleser et al., 2006b). Another fMRI study presented participants with the sound
of a consonant with a VOT of varying durations. The study reported that VOT increase correlated with activa-
tion increase in the aSTG and anterior Heschl’s gyrus (hR; Hutchison et al., 2008). Given that VOT, but not
POA, requires analysis of short durations, this VOT discrimination deficit is also consistent with LM’s bilateral
lack of MMN for sound duration, which I associated earlier with the lack of activation in the anterior auditory
cortices. The role of the anterior auditory cortex in encoding VOT is corroborated by a study that recorded
neural discharges directly from Heschl’s gyrus of epileptic patients while presenting consonants with VOT of
different durations (Steinschneider, 2004). This study reported that neurons located along the anterior bank of
Heschl’s gyrus (corresponding with hR), but not along the posterior bank of Heschl’s gyrus (corresponding with

hA1), encode the duration of the VOT sound as a delay in their neural activity.
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The fMRI, EEG and behavioral findings suggest that LM’s auditory perceptual deficit could be the result of im-
paired auditory processing in the IC, the result of general diminished responsiveness to sounds in the auditory
cortices or is the result of more specific impairment in the sound recognition mechanism of the anterior auditory
cortices. A possible explanation of LM’s impairment integrates all three hypotheses. I propose that because of
her IC lesion, her auditory cortices receive less auditory input than healthy individuals. As a consequence, the
auditory cortices don’t detect acoustic properties that are required for further processing of auditory objects in
the anterior auditory fields. This lack of detection of acoustic properties is evident in the EEG study, as changes
in the frequency or duration of sounds did not evoke MMN response. The lack of detection of acoustic proper-
ties then resulted in the lack of recruitment of the anterior auditory cortices when attempting to discriminate
meaningful sounds. This lack of recruitment is evident in the fMRI study, in which LM’s anterior auditory fields

responded weakly to sounds.
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8.2 Auditory Agnosia Patients Perceive Sounds Via the Audito-

ry Dorsal Stream:

Cerebral deafness is deafness that occurs after bilateral temporal damage (Polster and Rose, 1988). AA patients
differ from cerebral deafness patients in that some of their hearing is preserved. They can detect sounds, but
discrimination and identification of sounds is impaired. It is not yet known which acoustic properties are spared
in AA. In this chapter I argue that LM’s remaining auditory perception is processed in the pSTG, which is part
of the auditory dorsal stream. I also propose that the auditory dorsal stream is responsible for the remaining au-

ditory perception of other AA patients.

In chapter 2, I presented evidence that the auditory dorsal stream processes a varied range of functions in hu-
mans, such as audio-visual integration, sound localization and the analysis of acoustic/phonological properties
of spoken words. Below I demonstrate that these functions correspond with LM’s spared hearing abilities.
Based on the similarity of her symptoms to the symptoms of AA patients who suffer cerebral damage, I further

hypothesize that in most AA patients, the pSTG (unilaterally or bilaterally) is spared.

The most prominent evidence that the right auditory dorsal stream is responsible for LM’s spared auditory abili-
ties is demonstrated in the dichotic listening task (chapter 5.2.4) and the auditory localization task (chapter
5.2.5). In the dichotic listening task, in which a different sound was presented simultaneously to each ear, LM
was shown to extinguish sounds arriving at the right ear. This finding suggests that it is the auditory cortex in

the left hemisphere that is dysfunctional and thus it is the auditory cortex of the right hemisphere that mediates
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LM’s remaining auditory perception. In the auditory localization study, LM was shown to perceive all sounds as
emanating from the left auditory hemi-field, which also indicates of spared auditory processing in her right au-
ditory cortex. Using electrophysiological recordings from the auditory cortices of monkeys it was shown that
sound localization is processed in the posterior, but not anterior, auditory cortices, with each auditory cortex lo-
calizing sounds to the contralateral hemi-field (Benson et al., 1981; Rauschecker and Tian, 1995, 2000; Harring-
ton et al., 2002; Woods et al., 2006; Miller and Recanzone, 2009). Accordingly, functional imaging studies in
humans also showed that the contralateral pSTG is the area most active, when participants are instructed to lo-
calize sounds (Weeks et al., 1999; Baumgart et al., 1999; Warren et al., 2002; Warren and Griffiths, 2003; Hart
et al., 2004; Krumbholtz et al., 2005; Tata et al., 2005; Isenberg et al., 2012). Based on these findings, I suggest

that LM’s left hemi-field localization is due to processing in her right pSTG.

Evidence that LM’s spared auditory perception is lateralized to the right pSTG is also demonstrated in the fMRI
study (chapter 6). When LM heard meaningful sounds, although her anterior auditory cortices responded to
sounds very weakly, there was strong BOLD activation in the mSTG and pSTG. In the first fMRI scan, the
pSTG in the right hemisphere, but not in the left, was activated. In the second scan, a year later, although both
pSTG regions were responsive to sounds, the right pSTG was slightly more active. These findings therefore
suggest that her right and left pPSTG-mSTG are the areas most responsive to sounds, with the right auditory

fields showing more consistent activation.

In the spoken word recognition test, LM committed 4 errors. In all cases, LM confused the spoken word with a
word that has a similar phonological-acoustic structure (e.g., when heard the word ‘lips’ she chose the word

‘hips’ as the correct answer). Accordingly, in the open question section, after listening to the words ‘Train’ and
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‘Shirt’ she typed the words ‘Turn” and ‘Shout’, which are phonologically similar. In a prior pilot study, after lis-
tening to the word ‘donkey’ she typed the word ‘knock’, which is also phonologically similar. Evidence for the
association of LM’s ability to match phonologically-acoustically similar spoken and written words, with spared
auditory processing in the right posterior auditory areas, is supported by several studies of healthy individuals.
Priming studies, in which auditory word presentation interferes with the process of matching an object drawing
to its written word, have shown that semantically related auditory words suppress reading while phonologically
related spoken words facilitates it (Damian and Bowers, 2009; Damian and Martin, 1999). Following this find-
ing, functional imaging studies using the same protocol showed that this phonological facilitation is associated
with BOLD reduction in the pSTG (Zubicaray and MacMahon, 2009; Also Bles and Jansma, 2008 for a similar
picture-picture matching experiment). On this account, the authors concluded (Zubicaray and MacMahon,

2009) that this BOLD reduction is due to the sharing of neural resources in the pSTG when phonological match

ing between visual and auditory words occur. In another study, it was further shown that congruency between
the matched orthographic and auditory representations have an effect on the type of activation in this region as
well (van Atteveldt et al., 2007). In all these studies, the described pSTG was localized to the left hemisphere.
However, in the dichotic listening task, LM was shown to hear predominantly the word presented to the left ear.
Together, these findings suggest that in the case of LM, it was her right auditory cortex that facilitated the
acoustic-phonological perception of words. This conclusion is consistent with an MEG study of healthy partici-
pants that correlated phonological analysis of spoken words with activity in the left and right hemispheres (with

the left hemisphere doing so more efficiently; Uusvuori et al., 2007).

Additional evidence that LM’s spared auditory perception is due to processing in the pSTG is demonstrated by

her ability to enhance speech comprehension by observing the speaker’s lip movements. Lip reading, when
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combined with speech, is known as speech reading, and, in healthy people, enhances intelligibility (Sumby and
Pollack, 1954; Dodd, 1977) by correcting for acoustic errors (Erber, 1969; MacLeod and Summerfield, 1987;
Sanders and Goodrich, 1971). Although LM’s speech-reading ability was not directly tested, it is evident from
her every day interaction with her family, and from her interaction with the research staff. She also reported to
use it daily at her job as a tender in a family owned bar. Speech reading was reported to facilitate comprehen-
sion also in all other AA patients (chapter 4), and appears as a very consistent characteristic of this disorder (for
empirical demonstrations in auditory agnosia and aphasia see: Oppenheimer and Newcombe, 1978; Kirshner
and Webb, 1982; Auerbach et al., 1982; Weidner and Jinks, 1983; Metz-Lutz and Dahl, 1984; Shindo et al.,
1991; Morris et al., 1996). Cumulative evidence indicates that speech reading is processed in the pSTG (Olson
et al., 2002; Wright et al., 2003; Callan et al., 2004; Campanella and Bellin, 2007; Kreifelts et al., 2007; Bre-
fczynski-Lewis et al., 2009; Okada and Hickok, 2009) and the neighboring posterior superior temporal sulcus
(Calvert et al., 2001; Sekiyama et al., 2003 Miller and D’Esposito, 2005; Stevenson and James, 2009; Werner
and Noppeney, 2009; Beauchamp et al., 2010; McGettigan et al., 2012). LM’s processing of speech reading in
the right pSTG is consistent with the result of an fMRI study of an aphasic patient with left pSTG damage that

was shown to activate her right pSTG more than healthy controls when speech reading (Baum et al., 2012).
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8.3 Auditory Agnosia as a Deficit in the Perception of Auditory

Objects:

In their seminal study, Veimeister and Wakefield (1991) presented healthy participants two short pulse sounds
with an intermediate silent gap that lasted 5 ms or less. The researchers demonstrated that the longer the sound
gap (i.e, closer to 5 ms), the lower is the minimal sound amplitude required for detection. They then showed that
for gaps longer than 5-10 ms, there is no further reduction in the threshold level required for sound detection.
Based on this finding the researchers inferred that the auditory system fractionate sounds into units of 5-10 ms
duration. In a second experiment, the researchers presented healthy participants with two pulses separated by
100 ms gap of wide band noise. On some trials, one of the pulses was omitted. The study showed that the sound
level required for detecting two pulses was lower than the sound level when only one of the pulse sounds was
presented. This study therefore demonstrated that at the range of 100 ms there is integration of sounds into a
unified auditory object. The researchers then concluded that during auditory perception there is segregation of
sounds into temporal units with duration of 5-10 ms, and in parallel into temporal units with duration of 100 ms
(or more) . The 5-10 ms segments were named ‘looks’, and the researchers hypothesized that the during the 100
ms period, the ‘looks’ are encoded in memory and then integrated to form the longer temporal units. This model

is known as the multiple look model.

Similar to the auditory integration window of 100 ms reported by Veimeister and Wakefield (1991), the time
frame of 100-300 ms also corresponded to observations in other auditory studies. For instance, in a seminal
backward masking study, Massaro (1972) showed that a masking noise inserted between two monosyllabic

words with similar vowels interfered with their discrimination only if the masking noise was shorter than 270
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ms. Similarly, Wallace and Blumstein (2008) showed that speech and non-speech sounds of different durations
can prime the identification of a vowel of the same duration and that this priming effect disappears for durations
longer than 150 ms. With EEG, it was also shown that sounds differing in frequency elicit a mis-match negativ-
ity (MMN) response only if the inter-sound duration is 170 ms or less (Yabe et al., 2001). It is also interesting to
note that the time frame of 100-300 ms corresponds to the duration of syllables (Greenberg, 2006; Studdert-
Kennedy et al., 1970) and to the minimal required gap for perceiving syllables as separate (Repp, 1980). Taken
together, these findings imply that during auditory perception, sounds are segmented into discrete units of 5-10
ms (e.g., phonemes). These units are further integrated into longer 100-300 ms segments, which could be

viewed as auditory objects (e.g., syllables).

In the test that measured LM’s ability to detect inter-click intervals (chapter 5.4.2), LM was only able to con-
sistently perceive two sounds as distinct if the time gap was longer than 160 ms. Impairments of auditory tem-
poral resolution of this severity (100-300 ms) have been reported in other patients with general AA (Buchtel and
Stewart, 1989; Godefroy et al., 1995; Motomura et al., 1986— stage 1; Otsuki et al., 1998; Tanaka et al., 1987)
and fluent aphasia (Carmon and Nachshon, 1971; De Renzi et al., 1989; Efron, 1963; Lackner and Teuber,
1973; Stefanatos et al., 2007). Demonstrating the relationship between temporal processing and AA are studies
that tracked the recovery of AA patients and correlated improvement in the temporal discrimination of sounds
with improvement in the resolution of the agnosic symptoms (Best and Howard, 1994; Godefroy et al., 1995;
Motomura et al., 1986). As AA patients were shown to be capable of detecting sounds that are longer than this
time frame, I propose that their ability to segregate sounds into 100-300 ms auditory objects is intact. However,
as AA patients cannot detect shorter durations, I further propose that the primary deficit in AA is in the integra-

tion of short temporal segments (i.e., ’looks’) into auditory objects. This conclusion is consistent with an in-
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formal test, in which LM showed no difficulty tapping with her finger at the onset of each syllable when heard
polysyllabic words. Deficit in the perception of the acoustic content of auditory objects is consistent with my
previous association of AA with disruption to the auditory ventral streams, as fMRI studies directly correlated
aSTG BOLD activation with the bottom-up construction of auditory objects (Scheich et al., 1998; Zatorre et al.,

2004).

Supporting the hypothesis that AA is the result of loss to the temporal integration of segments of auditory ob-
jects are AA patients with very mild syndromes, such as patients with pure word deafness and AA for environ-
mental sounds. When tested with the click-fusion test, pure word deafness patients were characterized by a defi-
cit for very short durations (15-50 ms; Albert and Bear, 1974; Auerbach et al., 1982; Wang et al., 2000; Wolmetz
et al., 2011; Yaqub et al., 1988), which correspond with the duration of consonants (Rosen, 1992). Similarly, in
AA patients with specific impairment for environmental sounds but spared perception of words, discrimination
of short durations was spared but impaired for the longer durations (50-200 ms; Motomura et al., 1986— stage 2;
The environmental sound AA patient of Lambert et al., 1989 was shown capable of detecting 10 ms gaps). Al-
though, such unique auditory temporal discrimination should be verified in future environmental sound AA pa-
tients before considered valid, this finding could suggest that in such patients the integration of sounds into
temporal units lasting 5-10 ms is intact and that their deficit is due to impaired integration of these units into

100-300 ms auditory objects.
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8.4 Auditory Agnosia as an Auditory Temporal discrimination

Deficit:

In the visual and somato-sensory modalities, the perception of objects is dependent on the analysis of spatial,
but not temporal, properties (e.g., a ball can be recognized visually by analyzing the spatial arrangement of its
contours in a single time point). The auditory modality differs from the visual and somato-sensory modalities
because objects are defined primarily by their pattern of change in time (e.g., changing the presentation order of
syllables in a word can alter the word’s meaning). As described earlier (chapter 2, chapter 8.3), a common char-
acteristic of AA patients is a deficit in the detection of time gaps between sounds (measured with the click fu-
sion test), which suggests a reduction in auditory temporal resolution (Albert and Bear, 1974). On two accounts
AA patients were also characterized by a visual temporal discrimination deficit in addition to auditory temporal
discrimination deficit (Best and Howard, 1994; Tanaka et al., 1987). On that account, Best and Howard (1994)
hypothesized that AA isn’t due to loss of auditory temporal resolution but to a loss of a more general perception

In time.

In chapter 5.2.2, I’ve demonstrated that LM is impaired at the detection of short time intervals when presented
in the auditory modality but not in the visual modality. This finding is consistent with the findings of the VOT-
POA discrimination. In this study, LM was especially impaired at discriminating VOT, which is a speech feature
that is distinguishable only on the basis of temporal analysis. This finding is also consistent with the results of

the MMN study because no MMN was observed when the deviant sound differed from the standard by its dura-
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tion. LM’s spared ability of discriminating visual time gaps, and her impaired ability at discriminating auditory
time gaps, is in contradiction to the hypothesis that AA is due to general perception of time, proposed by Best
and Howard (1995). Supporting the conclusion that AA isn’t due to general loss of time perception is a study of
aphasics patients, that demonstrated temporal discrimination deficit in the auditory, but not visual, modality

(Ilmberger, 1984).

124



8.5 Assessment of Auditory Agnosia:

The present study has implications regarding the best approach to assessing future cases of AA. In past case
studies, diagnosis of AA was done by either instructing patients to match sounds to their corresponding pictures
in a multiple-choice format or to describe (orally or in writing) the meaning of sounds. However, only on rare
occasions both tests were administered (Eustache et al., 1990; Maneta, 2001; Miceli, 1982; Pinard et al., 2002).
In the current research (section 5.2.1), I directly compared between-sound identification with open-ended re-
sponse and multiple-choice and showed that the two tests are not interchangeable. Thus, preferring one test to
the other could lead to inadequate understanding of the patient’s deficit. One noticeable consequence of this in-
consistency in the literature is the over-diagnosis of patients with word deafness. This occurred because AA for
environmental sounds was almost solely measured using sound-to-picture matching tests (multiple choice),
whereas diagnosis for AA for verbal sounds (i.e., word deafness) was based on the patient’s inability to partici-
pate in conversations. Based on the findings presented herein, I recommend that diagnosis of future AA patients

should be conducted with both identification and recognition tests.
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8.6 Functional Connectivity in the Auditory Cortex:

In addition to providing insight into the nature of AA, studying LM also has the potential of shedding new light
on the organization of the human auditory cortex. In the fMRI study (chapter 6), when control participants pas-
sively listened to sounds, all the auditory fields in their auditory cortices became active. In contrast, when LM
was passively listening to sounds, there was circumscribed bilateral activation in the primary auditory fields
hA1 and associative auditory fields pPSTG-mSTG, whereas her auditory fields hR and aSTG were only weakly
responsive bilaterally (Figure 10, 11). In Chapter 2, I cite evidence from monkey and humans of connectivity
between area A1/hA1 and the posterior auditory cortex, and area R/hR and anterior auditory cortex. I interpret
the current BOLD activation pattern as supporting evidence of the connectivity between areas hR-aSTG and
hA1-pSTG in humans. Corroborating the dual parallel hA1-pSTG hR-aSTG processing streams in humans are
also other auditory fMRI studies that reported contiguous activation along areas hR-aSTG and separate contigu-
ous activation along areas hA1-mSTG/pSTG (Brechmann et al., 2002; Di Salle et al., 2001; Hashimoto et al.,

2000; Langers et al., 2007; Patterson et al., 2002; Scheich et al., 1998; Schonwiesner et al., 2002).
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8.7 Concluding Notes and Future research:

In this dissertation I examined with fMRI, EEG and behavioral tools an AA patient who suffered damage to the
dorsal midbrain and as a result acquired AA. Given the similarity in symptoms between this patient and patients
who suffer bilateral temporal lobe damage I’ve reached several conclusions regarding the etiology and neu-
roanatomical correlates of this disorder. The primary conclusion of this study is that AA is the result of losing
the ability to detect changes in sound duration and frequency, which are critical early stages in sound recogni-
tion. This processing occurs in the anterior auditory fields of both hemispheres in healthy people, and I propose
that AA manifests when these regions malfunction or are not recruited. I also demonstrate that spared auditory
abilities of AA patients correspond with known functions of the pSTG (e.g., speech reading, sound localization),
and propose that the pSTG is unilaterally or bilaterally spared or recovered in AA patients. Based on present and
past AA patients’ deficit in perceiving inter-sound intervals I further propose that AA patients are capable of
segregating continuous sounds into 100-300 ms auditory objects, and that their deficit is in the perception of the
acoustic details of each auditory object. I also show that this disorder is limited to the auditory modality, thus
arguing against an existing model that views AA as a general loss of temporal resolution. Finally, because AA in
the past was diagnosed in a very unsystematic manner, I propose a new diagnostic criteria for AA, which in-

clude both sound recognition and identification.

The primary weakness of the the present study, is that the data was collected from a single patient, and therefore
the findings presented here need to be replicated with future AA patients. An experiment that can help verify the
etiology of AA i1s mis-match negativity. In AA patients, even with cerebral origin, I predict that mis-match nega-

tivity for changes in sound duration and frequency will be reported bilaterally, but not sound intensity. In rare
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cases of AA patients with no cortical damage, I propose further exploration of the neuroanatomical correlates of
AA using functional imaging, and predict reduced activation in the anterior auditory fields of both hemispheres.
Studies using trans-magnetic stimulation to different auditory fields can also potentially help demonstrate con-

tribution of the anterior auditory fields for the manifestation of AA symptoms.
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Chapter 9

Appendix A

List of patients with Inferior Colliculi Damage

Auditory etiology Side of lesion | BAEP Citation
deficit
Word Surgical removal | bilateral Intact Meyer, B., Kral, T., and Zentner, J. (1996). Pure word
deafness of tectal plate deafness after resection of a tectal plate glioma with
glioma preservation of wave V of brain stem auditory evoked
potentials. J. Neurol. Neurosurg. Psychiatr. 61, 423—-424.
General AA Hematoma bilateral bilateral Johkura, K., Matsumoto, S., Hasegawa, O., and Kuroiwa, Y.
reduced and (1998). Defective auditory recognition after small
prolonged hemorrhage in the inferior colliculi. J. Neurol. Sci. 161, 91—
wave V 96.
General AA Lymphoma bilateral Hoistad, D.L., and Hain, T.C. (2003). Central hearing loss
with a bilateral inferior colliculus lesion. Audiol. Neurootol.
8, 111-113.
General AA Hemorrhage bilateral Intact Kimiskidis, V.K., Lalaki, P., Papagiannopoulos, S.,

Tsitouridis, I., Tolika, T., Serasli, E., Kazis, D., Tsara, V.,
Tsalighopoulos, M.G., and Kazis, A. (2004). Sensorineural
hearing loss and word deafness caused by a
mesencephalic lesion: clinicoelectrophysiologic
correlations. Otol. Neurotol. 25, 178—182.
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of tectal plate
glioma

wave V

5 | General AA Tectal bilateral Wave V Pan, C.-L., Kuo, M.-F., and Hsieh, S.-T. (2004). Auditory
germinoma attenuated agnosia caused by a tectal germinoma. Neurology 63,
bilaterally. 2387-2389.
Wave V absent
in 2.5 year
later follow up
6 | Deafness Hemorrahge bilateral Howe, J.R., and Miller, C.A. (1975). Midbrain deafness
following head injury. Neurology 25, 286—289.
7 | Deafness Head trauma bilateral Wave V absent | Jani, N.N., Laureno, R., Mark, A.S., and Brewer, C.C.
bilaterally (1991). Deafness after bilateral midbrain contusion: a
correlation of magnetic resonance imaging with auditory
brain stem evoked responses. Neurosurgery 29, 106—-8—
discussion108-9.
8 | Deafness Hemorrahge bilateral Intact Hu, C.J., Chan, K.Y., Lin, T.J., Hsiao, S.H., Chang, Y.M.,
and Sung, S.M. (1997). Traumatic brainstem deafness with
normal brainstem auditory evoked potentials. Neurology 48,
1448-1451.
9 | General AA venous infarction | bilateral Intact Vitte, E., Tankéré, F., Bernat, |., Zouaoui, A., Lamas, G.,
of the two inferior and Soudant, J. (2002). Midbrain deafness with normal
colliculi brainstem auditory evoked potentials. Neurology 58, 970—
973.
10 | General AA Hemorrahge bilateral Intact Vitte, E., Tankéré, F., Bernat, |., Zouaoui, A., Lamas, G.,
and Soudant, J. (2002). Midbrain deafness with normal
brainstem auditory evoked potentials. Neurology 58, 970—
973.
11 | Deafness compression by bilateral Sloane P. (1943). Midbrain deafness. Tumor of the midbrain
tumor (glioma) producing sudden and complete deafness. Arch NeurPsych
49, 237-243.
12 | Deafness Hemorrahge bilateral Musiek, F.E., Charette, L., Morse, D., and Baran, J.A.
(2004). Central Deafness Associated with a Midbrain
Lesion.

13 | Intact hearing | Surgical removal | Left Right ear Fischer, C., Bognar, L., Turjman, F., and Lapras, C. (1995).
of tectal plate stimulaton Auditory evoked potentials in a patient with a unilateral
glioma resulted in lesion of the inferior colliculus and medial geniculate body.

reduced and Electroencephalogr Clin Neurophysiol 96, 261-267.
delyed wave V.

Interval waves

|-V was

augmented

14 | Intact hearing | Surgical removal | Left Michela, A., Clarke, S., Bellmann, A., Maedert, P., Meulit,

after hemorrhage R., Thiranl, J.-P., Fornaris, E., and de Tribolet Nicolas
(2001). Auditory localisation and recognition of work load
on cortical activation patterns (fMRI study). Neurolmage 13.
15 | Intact hearing | Surgical removal | Right Slight delay of | Bognar, L., Turjman, F., Villanyi, E., Mottolese, C., Guyotat,

J., Fischer, C., Jouvet, A., and Lapras, C. (1994). Tectal
plate gliomas. Part Il: CT scans and MR imaging of tectal
gliomas. Acta Neurochir (Wien) 127, 48-54.
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of glial tumor

infiltration by
tumor

16 | Intact hearing | Hemorrahge Right Delay of Wave | Durrant, J.D., Martin, W.H., Hirsch, B., and Schwegler, J.

V to left ear (1994). 3CLT ABR analyses in a human subject with
stimulation unilateral extirpation of the inferior colliculus. Hear. Res. 72,
99-107.

17 | Intact hearing | Venuous Right Delay of waves | Strauss, C., Naraghi, R., Bischoff, B., Huk, W.J., and
congestion in the n-v Romstdck, J. (2000). Contralateral hearing loss as an effect
caudal IC of venous congestion at the ipsilateral inferior colliculus

after microvascular decompression: Report of a case. J.
Neurol. Neurosurg. Psychiatr. 69, 679-682.

18 | Intact hearing | Hemorrahge Right Reduced wave | Litovsky, R.Y., Fligor, B.J., and Tramo, M.J. (2002).

V for left ear Functional role of the human inferior colliculus in binaural
stimulation hearing. Hear. Res. 165, 177—-188.

19 | Intact hearing | Hemorrahge Right Champoux, F., Paiement, P., Mercier, C., Lepore, F.,
Lassonde, M., and Gagné, J.P. (2007). Auditory processing
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tumor removal of the auditory brain stem response. Ann. Otol. Rhinol.

Laryngol. 109, 1107-1112.

28 | General AA Hemorrahge bilateral Wave V absent | Pillion, J.P. (2012). Speech Processing Disorder in Neural
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plate gliomas. Part I: Microsurgery of the tectal plate
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134




Year

Age/
Sex

Chapter 10

Appendix B

List of patients with auditory impairment

due to temporal lobe damage:
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Speech-
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E.Sound

Music Initial Cond Lesion
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? Wernicke A Bilateral
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halus
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? Global A

Intact
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Silva, J. 2012. Cortical Deafness: A
Case of Selective Auditory Agnosia,
Amusia and Word Deafness (P07.
177). Neurology.

Burton, C. Chaudhuri, G. 2012.
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Impaired
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Intact
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Wernicke A

Global A
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Bilateral
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Bilateral
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Bilateral
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Figure 15. A series of axial MRI T1 sections of LM are shown from lower (upper left) to top (bottom right). The

upper two rows display the left IC lesion, and lower row displays the left medial geniculate lesion and the right

putamen damage.
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Figure 16. A series of MRI T1 coronal sections of LM are shown from posterior (top left) to anterior (bottom

right). These scan display the extent of the IC lesion.
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