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 ‚ Die Ohren sind Straße und Kanal, durch 

die die Stimme zum Herzen kommt. ‘ 

Chrétien de Troyes 

 (1140-1190), Französischer Autor 

 

 

‚ The ears are the road and the channel 

through which the voice comes to the heart ‘ 

Chrétien de Troyes 

 (1140-1190), French poet 
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Summary 

Worldwide approximately 5 % of the population - around 466 million people - suffer 

from significant hearing impairments with a strong trend upwards being expected within 

the next years. Numerous factors can induce hearing loss reaching from genetic 

predisposition, infectious disease to excessive noise exposure. Nevertheless, one third of 

the people being affected by hearing loss are over 65 years. Accordingly, age-related 

hearing loss is a key issue of health. This is especially true in consideration of recent 

insights on an association between hearing loss and dementia. Changes in the central 

auditory pathway and related processing deficits, particularly at a neurotransmission 

level, are not yet fully understood. If amplification via conventional hearing aids does 

not provide sufficient auditory rehabilitation anymore, cochlear implantation enables 

successful therapy of inner ear deafness in the majority of cases. The success of 

cochlear implant (CI) based rehabilitation depends first of all on an intact auditory 

nerve. However, unexplained limitations of speech understanding still occur in some 

patients. In the last three decades, especially neuroimaging methods provided new 

insights with regard to auditory perception and related neuronal correlates. Particularly 

emission tomography has been proven to be a valuable, (re-)translatable tool in clinical 

and preclinical auditory research, providing functional and molecular information for 

improved understanding of pathophysiology and rehabilitation in hearing disorders. In 

previous clinical studies, especially regional glucose metabolism and cerebral perfusion 

were successfully targeted with radiotracers to grasp alterations due to deafness or brain 

activation in auditory implant users during non-speech and speech stimuli. In vitro data 

gave evidence for the importance of inhibitory neurotransmission (e.g. GABAergic) 

with respect to developmental and age-related hearing loss. Therefore, in vivo 

measurements at a receptor level in animal models appear to be highly promising to 

further disentangle causality of hearing loss and its successful therapy.  

In this dissertation two preclinical and one clinical study in the field of hearing research 

are included. In the preclinical studies functional and molecular bio-markers for PET 

(positron emission tomography) were used to study the auditory system in the 

Mongolian gerbil. It was an essential endeavor to explore the feasibility and 

meaningfulness of this technique in gerbils as compared to earlier studies in rats since 

the audible frequency range of gerbils is more similar to that of humans. However, their 

smaller size compared to rats was challenging for imaging. In general, PET offers the 

advantage of non-invasive and longitudinal measurements investigating laboratory 

animals in different conditions without the need to sacrifice them. In the clinical study a 

multimodal diagnostic approach including electroencephalography (EEG) and single-

photon emission computed tomography (SPECT) was elaborated and used to assess in 

CI users compensatory networks of auditory processing related to cognitive functions.  
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Since rats are particularly sensitive in higher frequency ranges, we aimed to implement 

in the first preclinical study, a suitable procedure using fluorine-18 labeled (18F) 

fluorodeoxyglucose (FDG) PET for investigating activations in the auditory pathway of 

the Mongolian gerbil – a preferred and a well translatable animal model for hearing 

research. As a prerequisite to perform experiments with carefully targeted auditory 

stimulation, e.g. via headphones, in which anesthesia is needed, we evaluated the effect 

of anesthesia on auditory activation in [18F]FDG PET. Therefore, we used different 

anesthetic agents that are well established in electrophysiological studies of auditory 

processing. To our knowledge, there are no studies existing that used PET for a hearing 

related topic in gerbils. This is why the suitability of gerbils for PET imaging studies in 

auditory research still needed to be evaluated. We demonstrated, that frequency 

modulated auditory stimulation at 90dB compared to a resting condition, resulted into a 

significantly higher uptake in the inferior colliculus of awake animals (p=0.02) or if 

opioid based anesthesia is used (p=0.0012), but not with the often used 

ketamine/xylazine (KX) anesthesia. Among other things, this result was explained by 

blood glucose measurements showing significantly higher levels of “cold” glucose 
under KX (p=0.024) competing with radiotracer uptake. Our results suggested valid 

[18F]FDG PET measurements of auditory activations in the gerbil with opioid-based 

anesthesia, which provides a basis to employ more carefully targeted binaural 

stimulation for hearing research. 

Since aging is a major factor affecting hearing abilities in humans, we focused on age-

dependent hearing impairments and related neurotransmission deficits in the second 

preclinical study. Previously it has been shown in in vitro studies, that age-dependent 

hearing loss is followed by reactive plastic changes in the central auditory system, 

involving especially the GABAergic system. As a prerequisite to examine the 

pathophysiology of hearing impairment caused by aging, we elaborated for the first-

time 18F-flumazenil ([18F]FMZ) PET in gerbils to measure GABAA receptor binding in 

vivo quantitatively by applying different kinetic modeling approaches. Verification of 

results was realized with in vitro autoradiography and present hearing status was 

evaluated using auditory brainstem responses. With this study we proved successfully 

that the simplified reference tissue model (SRTM) is a valid and robust approach to 

quantify GABAA receptor binding based on [18F]FMZ PET data from gerbils, even on a 

voxel (smallest resolution element) based level for statistical parametric mapping 

analyses. Our results showed a substantial age-related decrease (p<0.0001) of GABAA 

receptor binding in > 36-months old gerbils compared to young (5-6 months old) 

gerbils.  

The third project was a clinical study in which we evaluated the impact of cognitive 

functions on cochlea implantation outcome. Therefore, we used a multi-modal 

diagnostic approach including brain-perfusion SPECT with Technetium (99mTc) labeled 
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hexamethylpropyleneamineoxime (HMPAO), EEG and neuropsychological as well as 

audiometric testing. First of all we demonstrated the suitability of a sentence 

discrimination task to obtain corresponding data on speech processing in the brain with 

high spatial (SPECT) and temporal (EEG) resolution. Overall the semantic speech 

discrimination task revealed the involvement of bilateral temporo-frontal networks in 

speech comprehension. Furthermore, CI users with higher vs. lower performance in 

speech understanding recruited different networks. Specifically, higher performers 

showed beneficial activation in compensatory networks including e.g. parietal regions 

relevant for attention while lower performers showed frontal activations possibly 

reflecting increased listening effort due to limitations in interpretability of auditory 

signals obtained via the CI. Patients reaching a higher activation during the sentence 

discrimination task in brain regions and networks relevant for cognitive functions 

exhibited higher scores in tests for word recognition and verbal intelligence 

underpinning the relevance of cognitive functions for speech comprehension in CI 

users. Finally, SPECT findings indicated that the source of a specific EEG component – 

the N400 wave, reflecting the sentence discrimination – is located in the middle 

temporal lobe. 

In conclusion, all three studies showed PET to be a valuable diagnostic tool in hearing 

research for preclinical as well as clinical applications. The information obtained in PET 

may elucidate (in animal model) at a functional or molecular level the pathophysiologic 

basis of hearing loss. These objective measures might serve in a clinical context as bio-

markers with prognostic relevance. When it comes to therapy, in particular using 

auditory implants, PET might show functional changes explaining differences in the 

level of obtained speech comprehension. These differences might guide directed 

(training) strategies for auditory rehabilitation. Moreover, it can be expected that based 

on advances in PET-radiochemistry new radiopharmaceuticals will allow to reveal new 

targets concerning the pathophysiology of hearing loss in-vivo, eventually with further 

implications for patient treatment.  

Besides the above described three studies (see chapters no. 2-4) this doctoral thesis 

contains chapters for introduction (no. 1) and general discussion (no. 5) followed by a 

short conclusions section (no. 6). The introduction gives basic information on the 

subject and methods of this thesis. An overview of the anatomy and function of the 

central auditory pathway and cortex in humans, and hearing disorders and their 

treatment is given (see 1.1). Differences of the auditory system in rodents compared to 

humans and the relevance of inhibitory neurotransmission are outlined (see 1.2). With 

regard to diagnostic methods principles of clinical and preclinical emission tomography 

as well as electroencephalography are described (see 1.3). The introduction ends with a 

summary of the research questions of this thesis (see 1.4). The general discussion 

elaborates more in detail on hearing research using emission tomography – with regard 
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to the contribution of this thesis and the perspectives in general. It gives first a detailed 

summery of the three studies contained in the thesis (see 5.1). Auditory research that 

motived the present work is described (see 5.2). Thereafter the interplay of preclinical 

and clinical research (see 5.3), the synergistic use of other diagnostic modalities 

together with emission tomography (see 5.4) and the added value due to multiple or 

follow-up radiotracer studies are elaborated (see 5.5). Finally, the perspectives of 

studying inhibitory neurotransmission (see 5.6) and those related to advances in scanner 

technology and production of radiopharmaceuticals (see 5.7) are elucidated. 
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Zusammenfassung 

Weltweit leiden etwa 5% der Bevölkerung (rund 466 Millionen Menschen) an 

erheblichen Hörstörungen mit einer stark zunehmenden Tendenz, die in den nächsten 

Jahren erwartet wird. Zahlreiche Faktoren können einen Hörverlust verursachen, die 

von genetischer Veranlagung über Infektionskrankheiten bis hin zu übermäßiger 

Lärmbelastung reichen. Gleichwohl ist ein Drittel der von Hörverlust betroffenen 

Menschen über 65 Jahre alt. Entsprechend ist der altersbedingte Hörverlust ein zentrales 

Gesundheitsproblem. Dies gilt insbesondere in Anbetracht der jüngsten Erkenntnisse 

über einen Zusammenhang zwischen Hörverlust und Demenz. Veränderungen im 

zentralen auditorischen Signalweg und damit verbundene Verarbeitungsdefizite, 

insbesondere auf Ebene der Neurotransmission, sind jedoch noch nicht vollständig 

verstanden. Wenn die Verstärkung durch herkömmliche Hörgeräte keine ausreichende 

auditive Rehabilitation mehr bietet, ermöglicht die Cochlea-Implantation (CI) in der 

Mehrzahl der Fälle eine erfolgreiche Therapie der Innenohr-Taubheit. Der Erfolg einer 

auf CI basierenden Rehabilitation hängt zunächst einmal von einem intakten Hörnerv 

ab. Bei einigen Patienten treten jedoch immer noch unerklärliche Einschränkungen des 

Sprachverständnisses auf. In den letzten drei Jahrzehnten lieferten insbesondere 

Neuroimaging-Methoden neue Erkenntnisse hinsichtlich der auditorischen 

Wahrnehmung und der damit verbundenen neuronalen Korrelate. Insbesondere die 

Emissionstomographie hat sich als wertvolles (re-)translatierbares Werkzeug in der 

klinischen und präklinischen Hörforschung erwiesen und lieferte funktionale und 

molekulare Informationen für ein besseres Verständnis der Pathophysiologie und 

Rehabilitation bei Hörstörungen. In früheren klinischen Studien wurden vor allem der 

regionale Glukosestoffwechsel und die zerebrale Perfusion mit Radiopharmazeutika 

erfolgreich untersucht, um Veränderungen aufgrund von Taubheit oder 

Gehirnaktivierungen bei Hörimplantat-Nutzern während Nicht-Sprach- und 

Sprachreizen zu erfassen. In-vitro Daten belegten die Bedeutung der hemmenden 

Neurotransmission (z.B. der GABAergen) im Hinblick auf den Entwicklungs- und 

altersbedingten Hörverlust. Daher erscheinen in-vivo Messungen auf Rezeptorebene in 

Tiermodellen vielversprechend, um die Ursachen des Hörverlusts und seine erfolgreiche 

Therapie weiter aufzuklären. 

In dieser Dissertation sind zwei präklinische und eine klinische Studie aus dem Bereich 

der Hörforschung enthalten. In den präklinischen Studien wurden funktionelle und 

molekulare Biomarker für die Positronen-Emissions-Tomographie (PET) verwendet, 

um das auditorische System in der mongolischen Wüstenrennmaus zu untersuchen. Es 

war ein wesentliches Ziel, die Machbarkeit und Aussagekraft dieser Technik bei 

Rennmäusen im Vergleich zu früheren Studien an Ratten zu untersuchen, da der hörbare 

Frequenzbereich von Rennmäusen dem des Menschen ähnlicher ist. Ihre im Vergleich 

zu Ratten geringere Größe stellte jedoch eine Herausforderung für die Bildgebung dar. 
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Im Allgemeinen bietet PET den Vorteil nicht-invasiver und longitudinaler Messungen, 

bei denen Versuchstiere unter verschiedenen Bedingungen untersucht werden, ohne die 

Tiere töten zu müssen. In der klinischen Studie wurde ein multimodaler 

Diagnostikansatz entwickelt, der Elektroenzephalographie (EEG) und Einzelphotonen-

Emissions-Computertomographie (SPECT) einschließt und zur Bewertung 

kompensatorischer Netzwerke der auditorischen Verarbeitung in Bezug auf kognitive 

Funktionen bei CI-Trägern verwendet wird. 

Da Ratten in höheren Frequenzbereichen besonders empfindlich sind, wollten wir in der 

ersten präklinischen Studie ein geeignetes Verfahren entwickeln unter Verwendung 

von PET mit der Benutzung von Fluor-18 markierter (18F) Fluordeoxyglukose (FDG) 

zur Untersuchung von Aktivierungen in der auditorischen Hörbahn bei der 

mongolischen Rennmaus, als einem bevorzugten und translatierbaren Tiermodell für die 

Hörforschung. Als Voraussetzung für die Durchführung von Experimenten mit gezielter 

auditorischer Stimulation, z.B über Kopfhörer, bei denen eine Narkose erforderlich ist, 

wurde die Wirkung der Narkose auf die auditive Aktivierung in der [18F]FDG PET 

untersucht. Dafür haben wir unterschiedliche Anästhetika verwendet, die in 

elektrophysiologischen Studien zur auditorischen Verarbeitung gut etabliert sind. Nach 

unserer Kenntnis gibt es keine Studien, die PET für ein auf das Hören bezogenes Thema 

in Rennmäusen verwenden. Deshalb musste die Eignung von Rennmäusen für PET-

Bildgebungsstudien in der Hörforschung noch bewertet werden. Wir haben gezeigt, 

dass die frequenzmodulierte auditive Stimulation bei 90 dB im Vergleich zur 

Ruhebedingung zu einer signifikant höheren Aufnahme des Tracers im Inferioren 

colliculus bei wachen Tieren (p = 0,02) oder wenn eine auf Opioid basierenden Narkose 

verwendet wird (p = 0,0012) führt, jedoch nicht mit der häufig verwendeten Ketamin / 

Xylazin (KX) Narkose. Dieses Ergebnis wurde unter anderem durch Ergebnisse der 

Blutzuckermessungen erklärt, welche deutlich höhere Spiegel "kalter" Glukose im Blut 

unter KX zeigten (p = 0,024) die mit der Radiotracer-Aufnahme konkurriert. Unsere 

Ergebnisse legen eine Durchführbarkeit der [18F]FDG PET-Messungen auditorischer 

Aktivierungen in der Rennmaus mit Opioid-basierter Narkose nahe, die eine Grundlage 

für gezielte binaurale Stimulationen weiterer Hörforschung bietet. 

Da das Altern einen wesentlichen Einfluss auf die Hörfähigkeit des Menschen hat, 

konzentrierten wir uns in der zweiten vorklinischen Studie auf altersbedingte 

Hörstörungen und die damit verbundene Neurotransmissions-Defizite. In in-vitro 

Studien konnte gezeigt werden, dass auf den altersabhängigen Hörverlust reaktive 

plastische Veränderungen im zentralen Hörsystem folgen, an denen insbesondere das 

GABAerge System beteiligt ist. Als eine Voraussetzung für die Untersuchung der 

Pathophysiologie der altersbedingten Schwerhörigkeit haben wir daher erstmals 18F-

Flumazenil ([18F]FMZ) PET Untersuchungen in Wüstenrennmäusen etabliert, um die 

GABAA-Rezeptorbindung in-vivo quantitativ zu messen, indem verschiedene kinetische 
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Modellierungsansätze verwendet wurden. Die Überprüfung der Ergebnisse wurde 

mittels in-vitro-Autoradiographie durchgeführt und der gegenwärtige Hörstatus wurde 

anhand von auditorisch evozierten Hirnstamm Potentialmessungen bewertet. Mit dieser 

Studie haben wir erfolgreich bewiesen, dass das vereinfachte Referenzgewebemodell 

(SRTM) ein valider und robuster Ansatz ist, um die Bindung an GABAA-Rezeptoren 

basierend auf [18F]FMZ-PET Daten in der Wüstenrennmaus, selbst auf Voxel-Ebene 

(kleinstes Auflösungselement) für statistische parametrische Mapping-Analysen zu 

quantifizieren. Unsere Ergebnisse zeigten eine erhebliche altersbedingte Abnahme (p 

<0,0001) der Bindung an GABAA-Rezeptoren in > 36 Monate alten Rennmäusen, im 

Vergleich zu jungen (5-6 Monate alten) Rennmäusen.  

Das dritte Projekt war eine klinische Studie, in der wir den Einfluss kognitiver 

Funktionen auf das Ergebnis von Cochlea-Implantationen untersuchten. Dafür haben 

wir einen multimodalen diagnostischen Ansatz verwendet, der die Hirnperfusions-

SPECT mit Technetium (99mTc) markiertem Hexamethylpropylenaminooxim 

(HMPAO), EEG und neuropsychologischen, sowie audiometrischen Tests umfasste. 

Zunächst wurde die Eignung einer Satzdiskriminierungsaufgabe gezeigt, um 

korrespondierende Daten zur Sprachverarbeitung im Gehirn mit hoher räumlicher 

(SPECT) und zeitlicher (EEG) Auflösung zu erhalten. Insgesamt zeigte die semantische 

Sprachdiskriminierungsaufgabe die Beteiligung bilateraler temporo-frontaler Netzwerke 

beim Sprachverstehen. Darüber hinaus rekrutierten CI-Träger mit höherer vs. 

niedrigerer Leistungsfähigkeit beim Sprachverstehen unterschiedliche Netzwerke. 

Insbesondere zeigten leistungsstärkere Personen eine vorteilhafte Aktivierung in 

kompensatorischen Netzwerken, z.B. in der für die Aufmerksamkeit relevante 

Parietalregion, während Personen mit niedrigerer Leistung frontale Aktivierungen 

zeigten, die möglicherweise einen erhöhten Höraufwand widerspiegeln, infolge 

eingeschränkt interpretierbarer über das CI erhaltener auditorischer Signale. Patienten, 

die während der Satzunterscheidungaufgabe in für kognitive Funktionen relevanten 

Gehirnregionen und Netzwerken eine höhere Aktivierung zeigten, wiesen bei Tests zur 

Worterkennung und verbalen Intelligenz bessere Leistungen auf, was die Relevanz 

kognitiver Funktionen für das Sprachverstehen bei CI-Trägern untermauert. Schließlich 

zeigten die SPECT- Ergebnisse, dass der Ursprung einer spezifischen EEG-

Komponente - der N400-Welle, welche die Satzdiskriminierung widerspiegelt - im 

mittleren Temporallappen liegt. 

Zusammenfassend haben alle drei Studien gezeigt, dass PET ein wertvolles 

diagnostisches Instrument in der Hörforschung für präklinische und klinische 

Anwendungen ist. Die mittels PET gewonnenen Informationen können zunächst (im 

Tiermodell) die pathophysiologischen Grundlagen des Hörverlusts auf funktioneller 

oder molekularer Ebene aufklären. Diese objektiven Messungen könnten im klinischen 

Kontext als prognostisch relevante Bio-Marker dienen. In Bezug auf die Therapie, 
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insbesondere bei auditorischen Implantaten, könnte PET funktionelle Veränderungen 

zeigen, welche die Unterschiede im Sprachverständnis erklären. Diese Unterschiede 

können gezielte (Trainings-)Strategien für die auditive Rehabilitation implizieren. 

Darüber hinaus ist zu erwarten, dass neue Radiopharmazeutika aufgrund der Fortschritte 

in der PET-Radiochemie neue Zielstrukturen in Bezug auf die Pathophysiologie des 

Hörverlusts in-vivo zeigen, die letztendlich Einfluss auf die Behandlung des Patienten 

haben werden. 

Zusätzlich zu den drei oben genannten Studien (siehe Kapitel 2 bis 4) enthält diese 

Doktorarbeit Kapitel zur Einführung (Nr. 1) und zur allgemeinen Diskussion (Nr. 5), 

gefolgt von einem kurzen Abschnitt mit Schlussfolgerungen (Nr. 6). Die Einleitung gibt 

grundlegende Informationen zum Thema und zu den Methoden dieser Arbeit. 

Insbesondere wird ein Überblick über die Anatomie und Funktion der zentralen 

Hörbahn und der Hirnrinde beim Menschen sowie über Hörstörungen und deren 

Behandlung gegeben (siehe 1.1). Unterschiede des auditorischen Systems bei 

Nagetieren im Vergleich zum Menschen und die Relevanz der inhibitorischen 

Neurotransmission werden dargestellt (siehe 1.2). Hinsichtlich der diagnostischen 

Methoden werden die Prinzipien der klinischen und präklinischen 

Emissionstomographie ebenso wie die Elektroenzephalographie beschrieben (siehe 1.3). 

Die Einleitung endet mit einer Zusammenfassung der Forschungsfragestellungen dieser 

Arbeit (siehe 1.4). In der allgemeinen Diskussion wird die Hörforschung mittels 

Emissionstomographie - im Hinblick auf den Beitrag dieser Arbeit und die Perspektiven 

im Allgemeinen - eingehender erörtert. Sie enthält als erstes eine detaillierte 

Zusammenfassung der drei in dieser Arbeit enthaltenen Studien (siehe 5.1). Es wird die 

Hörforschung beschrieben, die die vorliegende Arbeit motiviert hat (siehe 5.2). 

Anschließend werden das Zusammenspiel von präklinischer und klinischer Forschung 

(siehe 5.3), die synergistische Nutzung anderer diagnostischer Modalitäten zusammen 

mit der Emissionstomographie (siehe 5.4) und der Mehrwert durch Mehrfach- oder 

Verlaufsuntersuchungen von Radiotracern (siehe 5.5) herausgearbeitet. Abschließend 

werden Perspektiven erläutert, die sich ergeben aus Untersuchungen zur inhibitorischen 

Neurotransmission (siehe 5.6) und im Zusammenhang mit Fortschritten in Scanner-

Technologie und Radiopharmaka-Herstellung (siehe 5.7). 



Table of Contents 

 XI 

Table of Contents 

Summary........................................................................................................................III 

Zusammenfassung ...................................................................................................... VII 

Table of Contents .......................................................................................................... XI 

1 Introduction ...................................................................................................... 1 

 The auditory system in humans .......................................................................... 1 1.1

1.1.1 Peripheral auditory system in humans ................................................................ 1 

1.1.1.1 External and middle ear ...................................................................................... 1 

1.1.1.2 Cochlea ............................................................................................................... 2 

1.1.2 Central auditory system in humans .................................................................... 5 

1.1.2.1 The central auditory pathway ............................................................................. 5 

1.1.2.2 The auditory cortex ............................................................................................. 9 

1.1.3 Disorders of the auditory system in humans .................................................... 11 

1.1.4 Cochlea Implants for treatment of hearing loss in humans .............................. 13 

1.1.4.1 Components and function of a Cochlea Implant .............................................. 13 

1.1.4.2 Factors affecting the outcome after cochlear implantation .............................. 15 

 The auditory system in rodents ......................................................................... 16 1.2

1.2.1 Differences between human and rodent auditory system ................................. 16 

1.2.2 Animals models in hearing research and the role of inhibitory 
neurotransmission  ............................................................................................ 17 

1.2.3 Effects of aging on inhibitory neurotransmission in animals ........................... 18 

 Neuroimaging techniques ................................................................................. 19 1.3

1.3.1 Nuclear medicine imaging ................................................................................ 20 

1.3.1.2  Radiopharmaceuticals ....................................................................................... 22 

1.3.1.3  Emission-tomography in patients with auditory implants and small animals .. 24 

1.3.1.4  Analysis of emission tomographic data ............................................................ 26 

1.3.1.5  Effects of anesthesia on measurements in auditory research............................ 28 

1.3.2 Electroencephalography ................................................................................... 29 

1.3.2.1 Principle of EEG ............................................................................................... 30 

1.3.2.2 Auditory event-related potentials ..................................................................... 31 

 Objectives of the present studies ...................................................................... 33 1.4

2 Study 1 – Establishment of a PET imaging approach in gerbils ................ 36 

 Abstract ............................................................................................................. 37 2.1

 Keywords .......................................................................................................... 37 2.2

 Introduction ...................................................................................................... 38 2.3



Table of Contents 

XII 

 Materials and Methods ...................................................................................... 39 2.4

2.4.1 Animals............................................................................................................. 39 

2.4.2 Anesthesia......................................................................................................... 40 

2.4.3 Stimulation and 18F-FDG application ............................................................... 40 

2.4.4 PET data acquisition ......................................................................................... 41 

2.4.5 Data analysis .....................................................................................................42 

 Results ............................................................................................................... 44 2.5

2.5.1 Waking state ………………………………………………………………….45 

2.5.2 Anesthesia ........................................................................................................ 46 

2.5.3 Blood glucose measurements ............................................................................ 47 

 Discussion ......................................................................................................... 48 2.6

2.6.1 Differential activation in the auditory pathway ................................................ 49 

2.6.2 Influence of anesthesia ...................................................................................... 53 

 Conclusion ........................................................................................................ 54 2.7

 Acknowledgement ............................................................................................ 54 2.8

 References of study 1 ........................................................................................ 54 2.9

 Supplementary information. .............................................................................. 59 2.10

3 Study 2 - Investigation of the GABAergic system in aged gerbils .............. 61 

 Abstract ............................................................................................................. 62 3.1

 Keywords .......................................................................................................... 63 3.2

 Introduction ....................................................................................................... 64 3.3

 Material and Methods ....................................................................................... 65 3.4

3.4.1 Radiolabeling ....................................................................................................65 

3.4.2 Animals ............................................................................................................ 66 

3.4.3 ABR-measurement ............................................................................................ 66 

3.4.4 In-vitro autoradiography ................................................................................... 67 

3.4.5 PET procedure .................................................................................................. 67 

3.4.6 Data analysis .....................................................................................................68 

3.4.6.1 Kinetic Analysis ................................................................................................ 68 

3.4.6.2 Statistical analysis ............................................................................................. 69 

 Results ............................................................................................................... 70 3.5

3.5.1 Comparison of models ...................................................................................... 70 

3.5.2 Correlation of PET and in-vitro autoradiography labelling of brain regions .... 74 

3.5.3 Comparison of young and old gerbils ............................................................... 75 

 Discussion ......................................................................................................... 77 3.6

3.6.1 Capability of different models .......................................................................... 78 



Table of Contents 

 XIII 

3.6.2 Assessment of PET estimates of BPnd ............................................................. 78 

3.6.3 Differences between young and old gerbils ..................................................... 79 

 Conclusion ........................................................................................................ 81 3.7

 Acknowledgement ............................................................................................ 81 3.8

 References of study 2 ....................................................................................... 81 3.9

 Supplementary information .............................................................................. 87 3.10

4 Study 3- Studying speech comprehension in CI-users ................................ 89 

 Abstract ............................................................................................................. 90 4.1

 Keywords .......................................................................................................... 91 4.2

 Introduction ...................................................................................................... 92 4.3

 Material and Methods ....................................................................................... 94 4.4

4.4.1 Patients ............................................................................................................. 94 

4.4.2 Audiometric and neurocognitive testing ........................................................... 97 

4.4.3 Stimuli .............................................................................................................. 98 

4.4.4 Procedure ..........................................................................................................98 

4.4.5 SPECT – acquisition and reconstruction .......................................................... 99 

4.4.6 EEG recording ................................................................................................100 

4.4.7 Data analysis ...................................................................................................100 

4.4.7.1 EEG preprocessing ......................................................................................... 100 

4.4.7.2 EEG data analysis ........................................................................................... 101 

4.4.7.3 SPECT data analysis ....................................................................................... 102 

 Results ............................................................................................................ 103 4.5

4.5.1 Speech audiometry, cognitive testing and sentence discrimination task 
performance ....................................................................................................103 

4.5.2 EEG components ............................................................................................105 

4.5.3 Comparison of brain perfusion: baseline vs. stimulation ............................... 106 

4.5.4 Contrasting groups of higher and lower CI performers .................................. 107 

4.5.5 Correlation analyses: Correlation of brain activation in SPECT to    
audiometric and cognitive performance ......................................................... 111 

4.5.6 Correlation analyses: Correlation of brain activation in SPECT to EEG 
components .....................................................................................................113 

 Discussion ....................................................................................................... 116 4.6

4.6.1 Brain regions involved in speech processing in NH listeners and CI users ... 116 

4.6.2 Different patterns of regional baseline brain activity and activation related      
to semantic processing between CI users with lower and higher       
performance ………………………………………………………………...  118 



Table of Contents 

XIV 

4.6.3 Cognitive abilities and their correlation to activation during semantic 
processing in CI users ..................................................................................... 121 

4.6.4 Correlation between sentence discrimination induced activation in SPECT   
and ERP components ......................................................................................122 

 Conclusion ...................................................................................................... 124 4.7

 Acknowledgement .......................................................................................... 125 4.8

 References of study 3 ...................................................................................... 125 4.9

 Supplementary information ............................................................................. 135 4.10

5 General discussion ......................................................................................... 147 

 Summary of the three research projects included in this dissertation ............. 147 5.1

 Auditory research using emission tomography that motivated this     5.2
dissertation ...................................................................................................... 149 

 Inspiration of auditory research with emission tomography from preclinical    5.3
to clinical and vice versa ................................................................................. 151 

 Synergistic use of other diagnostic procedures together with emission 5.4
tomography ..................................................................................................... 153 

 Added value of multiple or follow-up radiotracer studies .............................. 155 5.5

 Studies of inhibitory neurotransmission in auditory research ......................... 156 5.6

 Emission tomography in auditory research - outlook and potentials .............. 158 5.7

5.7.1 Advances in scanner technology with respect to spatial resolution ................ 158 

5.7.2 Development of new radiopharmaceuticals .................................................... 159 

5.7.2.1 Advances in radiochemistry ............................................................................ 159 

5.7.2.2 New Biomarkers and Imaging approaches ..................................................... 161 

6 Conclusions .................................................................................................... 163 

References of chapters 1 and 5 ................................................................................... 164 

List of Figures ........................................................................................................... XVII 

List of Tables .............................................................................................................. XIX 

List of Abbreviations ................................................................................................. XXI 

Contribution ............................................................................................................. XXV 

Declaration ........................................................................................................... XXVIII 

Acknowledgements ................................................................................................. XXIX 

Curriculum Vitae ................................................................................................... XXXI 

 

 

  



Table of Contents 

 XV 



 

XVI 

  



Introduction 

 1

 

1 Introduction 

 The auditory system in humans 1.1

1.1.1 Peripheral auditory system in humans 

The human auditory system is sensitive to a broad range of frequencies starting from 15 

Hz to 20 000 Hz (Kulkarni 1999). This ability is provided by several components that 

are involved in the process of hearing. As peripheral component in the hearing process 

the ear itself represents the organ of hearing and balance, being divided into three parts: 

the external, the middle and the inner ear (Fig. 1 A) (Alberti 2006; Moller 2006; Moore 

2013; Pickles 2015; Pickles 2013). Sound is conducted to the cochlea via the external 

and the middle ear. In the inner ear (cochlea) the sound is processed according to 

frequency. Signal transduction into neuronal code is achieved by hair cells and 

transmitted to the fibers of the auditory nerve (Moller 2006). 

1.1.1.1  External and middle ear 

The external ear consists of the pinna and the auditory canal, which is leading to the 

tympanic membrane (also called eardrum) and thus connects the outer ear to the middle 

ear (Alberti 2006; Moller 2006; Moore 2013; Pickles 2013). The pinna is a partially 

cartilaginous flange and includes the concha, which is a resonant cavity (Pickles 2013). 

Especially at high frequencies the pinna is modifying the incoming sound, which is 

important for sound localization (Moore 2013). In humans, the ear canal is lazy S 

shaped (Moller 2006), has a length of 2-3 cm (Hayes et al. 2013) and a diameter of 

approximately 0.6 cm (Moller 2006). The ear canal is covered by skin that is secreting 

cerumen (Moller 2006) that protects against foreign debris and bacteria (Hayes et al. 

2013). The skin is innervated by four cranial nerves, the trigeminal, the facial, the 

glossopharyngeal and the vagus nerves (Moller 2006). In principle, the external ear 

compiles sound waves over the pinna and concha, carries them through the ear canal, 

whereby the set of resonances increases the sound pressure, which causes the tympanic 

membrane to vibrate (Kulkarni 1999; Moore 2013; Pickles 2015; Pickles 2013). In total, 

the human external ear provides a pressure gain of approximately 10-15 dB (Hayes et 

al. 2013) and at a maximum of 20 dB (Pickles 2013). Due to the complementarity of 

resonance frequency peaks, the pressure on the eardrum is increased relatively 

uniformly over a frequency range of 2 to 8 kHz (Pickles 2015).  

The tympanic cavity is an air-filled space (2 cm3), consisting of the tympanum (larger 

lower portion) and the epitympanum (smaller upper portion) (Hayes et al. 2013). A 

canal – the Eustachian tube - links the middle ear with the nasopharynx and allows the 
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equalization of pressure between middle ear cavity and environment (including external 

canal) for proper sound wave transfer (Alberti 2006; Hayes et al. 2013; Moller 2006).  

Starting at the tympanic membrane as outer wall, the middle ear contains three small 

bones (ossicles) coupled one after another: malleus, incus and stapes, which conduct 

sound waves to the inner ear (Alberti 2006; Moore 2013; Pickles 2013). Two muscles 

are attached to the ossicles: innervated by the trigeminal nerve the tensor tympani 

muscle is attached to the malleus and the stapedius muscle, which is innervated by the 

facial nerve and is connected to the stapes (Moller 2006). The middle ear muscles 

reduce the transmission of low-frequency sounds and may serve to protect the ear from 

noise damage (Pickles 2013). The malleus and the incus are rigidly coupled, following 

that by extension of the malleus over the tympanic membrane; both bones rotate 

together, transferring the force to the stapes, which is connected to a flexible window in 

the wall of the cochlea (oval window) (Pickles 2013). The round window constitutes a 

second connection between inner and middle ear and moves outwards, when the oval 

window moves inwards and vice versa (Fig. 1 A) (Moore 2013). 

After traversing the external and the middle ear, sound waves reach the inner ear and 

mechanical pressures are converted to electrical signals here (Alberti 2006; Hayes et al. 

2013). 

1.1.1.2  Cochlea 

In the inner ear, embedded in the temporal bone, a fluid-filled spiral structure - the 

cochlea – is located (Fig. 1 B) (Kulkarni 1999; Moller 2006; Pickles 2013). In humans, 

the cochlea has approximately 2 ½ turns (Kulkarni 1999; Moller 2006; Pickles 2015) 

and has a volume about 0.2 ml (Alberti 2006). Overall the cochlea has a width of 1 cm, 

is standing 5 mm high and contains a 35mm long coiled basilar membrane (Pickles 

2015; Pickles 2013). The ability of the basilar membrane to separate sounds according 

to their frequency is one major aspects of sound analysis. Here, high frequency tones 

travel a short distance, while low frequency tones travel longer distances (Moller 2006). 

The bony cochlea tube is divided into three fluid-filled compartments: the scala 

vestibuli, the scala media and the scala tympani (Hayes et al. 2013; Moller 2006; 

Pickles 2013). The base of the cochlea is where the oval window is situated, while the 

inner tip is the apex, the helicotrema (Alberti 2006; Moore 2013). While scala media 

and the scala tympani are separated by the basilar membrane, scala vestibuli and scala 

media are separated by the Reissner´s membrane (Hayes et al. 2013; Moller 2006). The 

scala tympani and the scala vestibuli contain perilymph, which resembles extracellular 

fluid composition, having high concentrations of sodium and low of potassium and is 

near ground potential (Moller 2006; Pickles 2013). In contrast, scala media as an inner 

compartment of the cochlea contains endolymph, which is similar to intracellular fluids 

with high contents of potassium and low of sodium (Hayes et al. 2013; Moller 2006; 
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Two different subtypes of hair cells are known: inner and outer hair cells. Moreover, a 

number of supporting cell types are contained in the organ of corti (Moller 2006; Stöver 

and Diensthuber 2011). Through the hair cells, the mechanical signal of fluid motion is 

converted into an electrical signal (Kulkarni 1999). In humans, the cochlea contains 

approximately 15 000 hair cells (Pickles 2013; Stöver and Diensthuber 2011). They are 

arranged along the basilar membrane having one row of inner hair cells and three rows 

of outer hair cells (Hayes et al. 2013; Moller 2006; Pickles 2013; Stöver and 

Diensthuber 2011). Additional structure and purchase of hair cells is provided by the 

supporting cells (Hayes et al. 2013). Hair cells have bundles of stereocilia on their top 

(Bear et al. 2006; Moller 2006; Pickles 2013) which are composed of actin filaments 

that give them stiffness for response to mechanical deflection and thus are involved in 

the initial sensory transduction (Pickles 2013). The innervation of the cochlea occurs by 

different types of nerve fibers: afferent auditory nerve fibers being located in the spiral 

ganglion and taking impulses from the cochlea to the brain and efferent fibers which 

bring impulses from the brain to the cochlea (Alberti 2006; Moller 2006). There are two 

types of auditory nerve fibers: type I and type II, which can be both afferent or efferent 

(Hayes et al. 2013; Moller 2006; Nayagam et al. 2011; Pickles 2013). Type I fibers have 

large cell bodies, are myelinated (Moller 2006) and comprise 90-95% of all auditory 

nerve fibers (Hayes et al. 2013; Moller 2006; Pickles 2013). In contrast, type II fibers 

have small cell bodies, are unmyelinated and make up the remaining 5-10% of the 

auditory nerve (Bear et al. 2006; Moller 2006; Pickles 2013). While each inner hair cell 

is directly connected to 20-30 type I auditory nerve fibers (LeMasurier and Gillespie 

2005; Pickles 2013), each type II nerve fiber innervates many outer hair cells (Moller 

2006; Pickles 2013). By activation of inner hair cells due to sound stimuli, action 

potentials are fired by type I fibers and transmitted to the central auditory system, 

whereas type II fibers do not fire action potentials (Hayes et al. 2013). It has been 

shown, that thin type II afferent fibers play a role in reporting cochlea damage (Liu et 

al. 2015).  

However, before acoustic information reaches auditory nerve fibers, it is processed via 

hair cells first. 

Hair cells constitute specialized mechanoreceptor cells, having the ability to transform 

mechanical force in form of sound waves or vibrations, into an electrical signal and the 

neuronal activity of the spiral ganglion cells (Bechstedt 2007; Stöver and Diensthuber 

2011). This underlying mechanism is called mechanoelectrical transduction and begins 

with hair-bundle deflection, being initiated by basilar-membrane oscillation 

(LeMasurier and Gillespie 2005). For this process, thin protein threads, so called tip 

links, which interlink stereocilia and ion channels, are crucial (LeMasurier and Gillespie 

2005; Stöver and Diensthuber 2011). During the hearing process, hair bundles are 

mechanically displaced (Bechstedt 2007; Pickles 2013; Stöver and Diensthuber 2011). 
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In respond to this displacement, gating properties of ion channels change and thus 

channels either open or close (Pickles 2013; Stöver and Diensthuber 2011). A 

displacement of the hair bundle towards the highest stereocilium increases the 

probability of ion channels to open (excitatory direction) and thus applies tension to the 

links, whereas deflection in the reverse direction takes tension off the links and close 

channels (inhibitory direction) (LeMasurier and Gillespie 2005; Pickles 2013; Stöver 

and Diensthuber 2011). The inflow of ions causes a release of neurotransmitters and 

auditory nerve fiber activation (Moller 2006). Involved in this process are both, 

potassium and calcium ions (K+ and Ca2+), whereby major current is due to K+ influx 

(LeMasurier and Gillespie 2005). Inflow of K+ triggers hair cell depolarization, that 

opens voltage-gated calcium channels (Bear et al. 2006; Hayes et al. 2013; LeMasurier 

and Gillespie 2005) and further initiates neurotransmitter release from synaptic vesicles, 

which then elicits signal propagation to the postsynaptic neurite from the spiral ganglion 

(Bear et al. 2006; LeMasurier and Gillespie 2005).  

1.1.2 Central auditory system in humans 

Previously described peripheral components of the auditory system provided 

information about the conduction of the stimulus to receptors and transformation into a 

neuronal signal. This section will focus on the further transmission of auditory neuronal 

signals.  

About 30 000 neurons in each auditory nerve transfer information from the cochlea to 

the central nervous system (Moore 2013; Pickles 2013). Signal transmission from spiral 

ganglion to auditory cortex as the highest structure of the central auditory pathway 

(Pickles 2013) in the brain can take place via different pathways (Bear et al. 2006) 

including ascending and descending systems (Moller 2006; Moller 2011; Pickles 2015; 

Pickles 2013).  

1.1.2.1  The central auditory pathway  

From the spiral ganglion afferent nerve fibers enter the brain stem via the auditory nerve 

(Bear et al. 2006). Further neuronal signal processing to the primary auditory cortex 

(AC), which is in humans situated on the upper surface of the temporal lobe (Pickles 

2013), involves a series of subcortical nuclei in the pons, midbrain and thalamus (Moller 

2011): (i) Nucleus cochlearis (NC), (ii) Superior olivary complex (SOC), (iii) Lateral 

lemniscus (LL), (iv) Inferior colliculus (IC), (v) Medial geniculate body (MGB) (Fig. 

2).  

The cochlea nucleus complex is the first nucleus of the ascending auditory pathway 

(Moller 2011). The NC is situated in the lower brainstem, being innervated by axons at 

the junction between the medulla and pons (Moller 2006; Moller 2011). It’s rostral-





Introduction 

 7

 

tonotopically organized nucleus, receiving both ipsilateral excitatory and contralateral 

inhibitory input from the contralateral medial nucleus of the trapezoid body (MNTB), 

which is located in the caudal pons (Pickles 2015; Pickles 2013). The LSO is known to 

contribute to sound localization by comparing intensities of the stimuli from the two 

ears (Moller 2006; Pickles 2015; Pickles 2013). Principal cells are the major cell type in 

the LSO (Pickles 2013). The second subdivision, the medial superior olive (MSO), is a 

low-frequency nucleus, which responds to differences in timing between the two ears 

and thus contributes to sound localization (Pickles 2015).  

The LL is a tract, with fibers running from SOC to the IC (Moller 2006; Pickles 2013). 

Two subdivisions of the LL can be separated: the dorsal and ventral nucleus (DNLL and 

VNLL), whereby DNLL is suggested to be involved in (binaural) sound localization and 

VNLL is taking part in sound identification (Pickles 2013). Moreover, inhibitory 

projections from DNLL to both ICs and the contralateral DNLL are existing (Moller 

2006; Pickles 2015).  

The primary site of integration and transformation of auditory information is the IC, 

being located in the midbrain (Moller 2006; Pickles 2015; Pickles 2013). The IC is 

tonotopically organized, harbors fibers from different sources, with the same 

characteristic frequency each (Pickles 2015; Pickles 2013; Ress and Chandrasekaran 

2013) and is the first stage where a convergence of sound identification and sound 

localization takes place (Pickles 2015; Pickles 2013). In humans, the IC is relatively 

small with a diameter of < 9 mm (Guimaraes et al. 1998). Three main divisions can be 

identified: central nucleus, the external cortex and the dorsal cortex of the IC (Moller 

2006; Pickles 2015; Pickles 2013). The central nucleus has a laminar structure, formed 

by layers of afferent axons and dendrites of intrinsic neurons (Pickles 2013). 

Approximately 80% of the neurons harbored in the central nucleus of the IC are disc-

shaped, with dendrites branching out in a flat plane, facilitating frequency-specific 

interactions within one lamina, while the remaining proportion of cells are stellated cells 

providing more easy interaction across laminas (Pickles 2015; Pickles 2013). The 

nucleus receives a multiplicity of excitatory (glutamatergic) and inhibitory (γ-

aminobutyric acid (GABA) ergic and glycinergic) inputs from the lower nuclei (Pickles 

2013). The contralateral cochlea nucleus, the contralateral LSO and ipsilateral MSO, as 

well as the ipsilateral VNLL provide excitatory inputs, while the majority of 

GABAergic inhibitory inputs arrive bilaterally from the DNLL. Additional gylcinergic 

inhibition is supplied by the ipsilateral LSO and both glycinergic and GABAergic 

inhibition is delivered by the ipsilateral VNLL. GABAergic neurons constitute 

approximately 30% of the central nucleus of the IC (Pickles 2013). Projections from the 

branchium of the central nucleus of the IC run to the ventral part of the MGB (Moller 

2011). The branchium is the main output station of the central IC and is known to 

harbor 10-times more fibers compared to the auditory nerve (Moller 2006). The dorsal 
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cortex of the IC plays a role in processing novel stimuli (Lumani and Zhang 2010) and 

gets inputs from the cochlear nucleus and the contralateral IC, as well as descending 

inputs from the AC (Pickles 2015; Pickles 2013). The dorsal part of the spinal cord 

projects into the external cortex of the IC (Aitkin et al. 1978; Moller 2011) and thus 

provides inputs from the somatosensory system and is an integrative area of auditory 

and somatosensory stimuli (Aitkin et al. 1978; Moller 2011; Pickles 2013).  

As a thalamic relay the MGB receives projections from the branchium of the central IC 

and projects to the auditory cortex (Moller 2006; Pickles 2015; Pickles 2013). 

Integration of the spatial, spectral, and temporal features is maintained and continued in 

MGB (Pickles 2015). There are three parts the MGB can be divided into: the ventral, 

dorsal and medial part (Moller 2006; Pickles 2013; Winer 1984). The ventral part 

receives optical information, having tectofugal, thalamofugal and corticofugal axons 

(Winer 1984). The ventral MGB is a lemniscal auditory relay and has a laminar 

structure with a tonotopic organization pattern (Winer 1984) and contains two types of 

intrinsic neurons: tufted neurons with large dendritic fields and short-axon interneurons, 

which are Golgi Type II cells with small or large dendritic trees (Pickles 2013). Mutual 

connections with the AC, represents the ventral part as a functional unit together with 

the AC (Pickles 2013). Both, the medial and dorsal part of the MGB are parts of the 

extra-lemniscal auditory system (Pickles 2015; Pickles 2013). Afferents from the dorsal 

cortex of the IC are running to the dorsal division of the MGB and somatosensory 

system (Pickles 2015). Predominantly small somata are comprised in the dorsal division 

of the MGB (Winer 1984). The medial division has a multi-sensory and integrative role 

(Pickles 2015) harboring cells with large somata and a multipolar branching pattern 

(Winer 1984). It is involved in emotional conditioning of processed auditory stimuli, 

due to connections with the lateral nucleus of the amygdala (Pickles 2015). 

In terms of signal processing in the auditory system two separate pathways, the classical 

and the non-classical pathway have been identified, whereby division of these two types 

of pathways first occurs in the auditory nerve (Pickles 2015).  

In the “classical” pathway the auditory information reaches the primary auditory cortex. 

This pathway partly crosses sides, ensuring input from both ears are received at the two 

hemispheres, so that sound is represented bilaterally (Moller 2011).  

The Non-classical pathway, - also called extra-lemniscal pathway - is polysensory 

(Moller 2006; Moller 2011) and branch off the classical pathways at several levels. 

From the external nucleus of the IC, neurons project to the dorsal and medial MGB and 

numerus of parietal associated cortices (Musiek et al. 2011). Thus, sound bypasses the 

primary AC (Moller 2006; Moller 2011; Musiek et al. 2011). The non-classical pathway 

also receives information from other sensory systems, like the somatosensory or the 

visual system (Moller 2011).  
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1.1.2.2  The auditory cortex  

Complex neural processing of auditory information is provided in the AC (Moller 2006) 

and among others sound localization is one of its major roles (Pickles 2015; Pickles 

2013). Different regions have been previously identified, dividing the AC into three 

different areas: the core, belt and parabelt areas (Pickles 2015; Pickles 2013), whereby 

the core areas are surrounded by the belt areas, which are surrounded by parabelt areas 

(Pickles 2015). The core contains the primary auditory cortex, also called A1 and other 

areas, getting major nerve supply from the ventral part of the MGB (Moller 2006; 

Pickles 2015; Pickles 2013). Belt areas predominantly receive projections from the 

dorsal and medial divisions of the MGB, while the parabelt areas connect to the belt 

regions and frontal lobe, but have no junctions to the core areas (Pickles 2015). Due to 

ability of frequency-selective representation patterns, areas within the core, as well as 

some belt areas are tonotopically organized (Morosan et al. 2001; Pickles 2013; Saenz 

and Langers 2014). In humans, the primary auditory cortex of the core area is located in 

the depth of the sulcus lateralis in the posterior and medial part of Henschl´s gyrus 

(Morosan et al. 2001; Pickles 2013) on the superior temporal plane (Galaburda and 

Sanides 1980). Especially the core regions respond to acoustic differences (e.g. sound, 

frequency or intensity) in speech stimuli, which is a feature not seen in belt and parabelt 

regions (Peelle et al. 2010).  

According to cytoarchitectural definitions of Brodmann (Brodmann 1909), the anterior 

transverse temporal area 41 represents the human primary AC (Brodmann 1909; 

Morosan et al. 2001; Pickles 2013), being caudolaterally surrounded by the posterior 

transverse temporal area 42, which constitutes the non-primary AC in humans. The 

neuroanatomical classification according to Brodmann and further areas classified by 

the Brodmann nomenclature are important for auditory perception and speech 

processing, which will be elaborated in the next section.  

1.1.2.3 Brain region (Brodmann areas) involved in language processing  

A topographic sub-division of the human cerebral cortex in terms of regions with 

homologous cytoachitecture was performed by Brodmann (Brodmann 1909). Thereby 

the cerebral cortex was divided into 52 areas according to histological criteria 

(Brodmann 1909). Although Brodmann already recognized the functional role of some 

areas, it became clear for most of the areas later. Meanwhile, this neuroanatomical 

classification is widely used and specific Brodmann areas (BA) have been identified to 

participate specifically in the hearing process and being e.g. part of speech processing 

(Démonet et al. 2005). Especially a temporal frontal network has been identified as a 

functional correlate of language comprehension (Bernal et al. 2016; Démonet et al. 

2005; Friederici 2012). Figure 3 shows left (A) and right (B) hemispheric brain areas 

participating in language processing. 
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Brodmann area 41 being situated in the posterior-medial part of Henschl´s gyrus 

(Pickles 2013).  

Besides the auditory cortex areas, other temporal areas, like the superior temporal gyrus 

(BA 22, also known as Wernicke´s area) and the medial temporal gyrus (BA 21) are 

involved in sound processing, word recognition and speech comprehension as well 

(Ardila et al. 2015; Démonet et al. 2005; Pickles 2013). Particularly BA 22 has been 

identified to take part in lexico-semantic processing and semantic memory (Bernal et al. 

2016; Friederici 2012). In the frontal lobe the main language production areas, namely 

BA 44 and 45 (also called Broca´s area), are located (Ardila et al. 2015; Démonet et al. 

2005). Frontal regions like BA 46, BA 47 and partially BA 6 (premotor cortex) are also 

added to the language production system (Ardila et al. 2015; Friederici 2012). 

Moreover, naming tasks revealed activations in the precentral gyrus (BA 4) as a sign for 

it’s relevance in language production (Démonet et al. 2005). Furthermore, participation 

in the circuits of language processing was demonstrated for areas near Wernicke´s area: 

BA 20, BA 37, BA 38, BA 39, and BA 40 (Ardila et al. 2015; Démonet et al. 2005), 

which are involved in associating words (Ardila et al. 2015). Finally an activation of the 

extrastriate visual cortex (BA 18, 19) during single-word processing has been 

demonstrated in a functional neuroimaging employing reading of words and 

pseudowords as a task (Petersen et al. 1988; Petersen et al. 1990).  

With respect to auditory sentence comprehension, two different pathways have been 

identified: the ventral and dorsal pathway. The ventral pathway contains processes 

starting in the BA 41 running to the anterior superior temporal cortex and further to the 

prefrontal cortex, with back-projections from BA 45 to the posterior superior temporal 

gyrus. The dorsal pathway runs from BA 41 via the posterior superior temporal 

gyrus/sulcus to the premotor cortex (BA 6) and BA 44 (Friederici 2012). 

Considering all this information, it becomes quite clear that the auditory system is very 

complex and also recruits many areas beyond the auditory cortex and it’s belt to 

accommodate auditory and language processing. 

1.1.3 Disorders of the auditory system in humans 

According to WHO worldwide approximately 466 million people suffer from hearing 

impairments (von Gablenz and Holube 2015). Hearing loss can have multiple origins, 

but it is a common feature of a human aging society (Moore 2013). 

In general there are different types of hearing loss, however two main types can be 

categorized: (1) conductive hearing loss and (2) sensorineural hearing loss (Kulkarni 

and Hartley 2008; Moore 2013; Pickles 2013). 
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If conductive hearing loss is diagnosed, a problem in the outer or middle ear occurred, 

reducing the sound transmission to the cochlea (Korver et al. 2017; Moore 2013). 

Typically conductive hearing loss can be a result of infections like otitis media, 

accumulating viscous fluids in the middle ear or appears after bone growth around the 

stapes footplate, also called otosclerosis (Moller 2006; Moore 2013). Causes can also be 

the accumulation of cerumen in the ear canal (Moore 2013) or damage of the tympanic 

membrane (Pickles 2013). Typically, during conductive hearing loss a frequency-

dependent attenuation of sound occurs (Pickles 2013) that provides the possibility of an 

effective compensation by a hearing aid (Moore 2013; Pickles 2013). Infections can be 

treated with antibiotics (Plontke 2005). 

Sensorineural hearing loss affects the cochlea in the inner ear, the auditory nerve or the 

central auditory pathway (Korver et al. 2017; Pickles 2013) and can arise differently:  

The auditory nerve may be affected by a tumor around the sheath of the vestibular nerve 

(vestibula schwannoma, or acoustic neuroma). However most commonly, impairments 

occur from the cochlea. Those cochlea impairments can appear related to an acoustic 

trauma, drugs like kanamycin, streptomycin, and cisplatin or infections (Pickles 2013; 

Wilson and Dorman 2008a; Wilson and Dorman 2008b), but can also persist since birth 

and are congenital (Korver et al. 2017; Pickles 2013). Major weak points represent the 

hair cells, which are sensitive transducer cells, but if injured, not replicable (Moller 

2006). People having a congenital hearing loss, lost the ability of the ear to convert 

vibration of sounds into a neuronal signal and the impairment can be attributed to 

environmental, prenatal factors or can have genetic causes (Korver et al. 2017). The 

most frequently type of sensorineural loss is related to age and called presbycusis. It 

typically begins with a sensitivity loss in higher frequencies, followed by the disability 

of speech-understanding especially in noise (Cardin 2016; Frisina et al. 2016). On 

average, 70 year- old persons have hearing thresholds that are raised 10 dB at lower 

frequencies (250-1000 Hz) and at higher frequencies 20 up to 60 dB (Cardin 2016). 

During presbycusis different morphological changes in the cochlea can occur: (i) the 

loss of sensory hair cells, starting with a loss of outer hair cells, followed by an inner 

hair cell loss (sensory presbycusis); (ii) secondly a decrease in the number of spiral 

ganglion cells up to 25% during lifespan (neural presbycusis) and (iii) third an atrophy 

of the stria vascularis of the cochlear lateral wall of scala media (Frisina et al. 2016). 

Another category are hyperactive disorders, such as tinnitus, hyperacusis (decreased 

tolerance of sound) and loudness recruitment (Moller 2006). Tinnitus can have two 

different forms, a subjective and an objective one, whereby the subjective one does not 

involve a physical sound and is only heard by the person itself and the objective tinnitus 

is caused by a physical sound generated mechanically in the body and conducted to the 

cochlea. It became evident, that most forms involve neuroplastic changes in central 
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auditory structures and are not associated with morphological changes (Henry et al. 

2014).  

1.1.4 Cochlea Implants for treatment of hearing loss in humans 

Hearing restoration and thus treatment of hearing impairments is dependent on the type 

and severity of hearing loss and different treatment options are feasible: therapies are 

ranging from amplification with hearing aids, middle ear implantation, electric acoustic 

stimulation with a hybrid system, to cochlear implantation (CI) and thus stimulation of 

the cochlea (Sprinzl and Riechelmann 2010), hearing restoration via an auditory 

brainstem implant (ABI) (Nakatomi et al. 2016) or via an auditory midbrain implant 

(AMI) (Lenarz et al. 2006; Lim et al. 2009). A hybrid system combines a hearing-aid 

(to treat low frequencies) and a cochlea implant with a short electrode-array (to treat the 

high frequencies) for both electrical and acoustical stimulation (Li et al. 2019; Woodson 

et al. 2010). However, for those who suffer from more severe to profound hearing loss, 

one of the most successful neural prostheses developed to date is the CI (Kulkarni and 

Hartley 2008; Wilson and Dorman 2008b). CIs provide replacement of hair cell 

function by bypassing damaged hair cells and transmitting electrical impulses directly to 

the auditory nerve (Gaylor et al. 2013). In contrast, ABI and AMI are inserted after a 

post-cochlear injury. 

1.1.4.1  Components and function of a Cochlea Implant 

For cochlea implantation, an intact auditory nerve is required (Kulkarni and Hartley 

2008; Sprinzl and Riechelmann 2010) and unlike hearing aids, they do not amplify 

sound.  Most commonly for elderly people, unilateral CI is implanted, however if 

receiving bilateral CIs, a better access to binaural cues can be obtained (Sprinzl and 

Riechelmann 2010). Components of a CI are usually the following: 

A CI comprises an inner part with a receiver or stimulator and an electrode array (Fig. 

4A). The visible outer part consisting of a microphone and a speech processor with a 

battery (Fig. 4B) and a transmitter coil.  

Microphone, a battery pack and the speech processor typically join in a case behind the 

ear (Wilson and Dorman 2008a). The microphone is sensing the sound in the 

environment and converts it into electrical signals (Sprinzl and Riechelmann 2010; 

Wilson and Dorman 2008a; Wilson and Dorman 2008b). These signals are sent to the 

speech processor, which modifies the electric signals for the implanted array of 

electrodes into a special pattern of coded electrical impulses. Afterwards the output of 

the processor is transmitted to the magnetic coil, which is attached to the skull (Sprinzl 

and Riechelmann 2010). Transmission then proceeds in form of radio-waves to an 

implanted receiver / stimulator (Sprinzl and Riechelmann 2010; Wilson and Dorman 
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Dorman 2008b). Speech understanding in competition with background noise is still a 

challenge for most CI users (Wilson and Dorman 2008a; Wilson and Dorman 2008b).  

1.1.4.2  Factors affecting the outcome after cochlear implantation 

Although most CI users achieve very good speech understanding performances, 

individual outcomes remain different (Wilson and Dorman 2008a; Wilson and Dorman 

2008b). Factors affecting the outcome with CI can be various, ranging from 

implantation success itself (Lazard et al. 2012) to cognitive abilities (Gordon-Salant and 

Fitzgibbons 1997; Zekveld et al. 2012). A number of contributing factors obtained from 

2251 patients was evaluated by Blamey and colleagues (Blamey et al. 2013): age at 

onset of severe to profound hearing loss, duration of severe to profound hearing loss, 

age at implantation, duration of CI experience and etiology of hearing loss were 

assessed. A negative influence on outcome of a longer duration of deafness was seen. 

The most significant influencing factor was the duration of implant experience, which 

had a positive influence on performance up to 3 years after implantation (Blamey et al. 

2013). Using the same data set, additional factors contributing to the outcome with CI 

were confirmed, showing the pure tone average threshold of the better ear, the device 

brand, the percentage of active electrodes, the use of hearing aids during the period of 

profound hearing loss, and the duration of moderate hearing loss as significant factors. 

The surgical procedure during CI implantation was slightly significant and other factors 

like gender or educational level did not reveal significant effects on outcome (Lazard et 

al. 2012). 

Also individual biological conditions or abilities, such as functional integrity of the 

auditory pathways in the brain stem and the auditory cortices are influencing speech 

comprehension, which also contribute to diverse CI outcomes (Wilson and Dorman 

2008b). 

Several studies also focused on the influence of cognitive factors on speech recognition 

performance in general (Gordon-Salant and Fitzgibbons 1997; Zekveld et al. 2012) and 

in CI users (Heydebrand et al. 2007). Indicating the involvement of cognitive factors in 

speech perception of normal hearing subjects, neuroimaging using fMRI revealed a 

relation between individual cognitive abilities, such as working memory or linguistic 

competence, and activation in the left medial temporal gyrus, inferior frontal gyrus and 

angular gyrus during speech perception (Zekveld et al. 2012).  

A study of 55 CI users with 6 month follow-up, showed a strong correlation between 

verbal learning ability and enhanced word recognition in the first 6 month post 

implantation, which provided first evidence of individual learning playing an important 

role in CI outcome (Heydebrand et al. 2007). Vice versa the rehabilitation with CI in 
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elderly patients resulted in improvements in speech perception as well as in improved 

cognitive abilities (Mosnier et al. 2015). 

 The auditory system in rodents 1.2

The contribution of animal research to clinical medicine including the treatment of 

human diseases is based on the concept that certain animal species share physiological, 

behavioral and other properties with humans (Ericsson et al. 2013).  

Since in vitro and in silico methods have many limitations in terms of translatability and 

revealment of physiological processes, some research has to be performed in vivo (Reis 

et al. 2017). Especially animal modeling in rodents became essential for demonstrating 

biological significance (Ericsson et al. 2013).  

1.2.1 Differences between human and rodent auditory system  

Based on the large knowledge provided by the last decades of research, rodents can be 

used to study questions related to the auditory system (King et al. 2015). Nevertheless, 

despite many anatomical similarities like the division of the cochlea into three 

compartments and the number of cochlea turns of 2.5 in both, rats and humans (can vary 

in other species), anatomical differences between both species exist as well (Felix 2002; 

King et al. 2015). Especially in terms of size, e.g. the length of the basilar membrane in 

rats (~ 5 mm) is approximately 7-8 fold smaller (humans: ~ 28-40 mm) (Felix 2002). 

Beside differences in length of basilar membrane, also the width vary between humans 

(104 µm in basal turn, 336 µm in middle turn and 504 µm in the apical turn) and rats 

(100 µm in the basal turn, 200 µm in the middle turn and 250 µm in the apical turn) 

(Felix 2002), which may also reflect differences in physiological frequency ranges 

(Felix 2002; Nadol 1988). Furthermore, the number of inner and outer hair cells in the 

organ of Corti and the length of hairs on both inner and outer hair cells differs among 

species (Nadol 1988). In humans the number of hair cells amounts to 15 000 (Pickles 

2013) whereas in rats the number of inner hair cells is 960 and the number of outer hair 

cells is 3470 (Keithley and Feldman 1982), which is in total 1/3 of the human hair cell 

amount. A major difference exists also with respect to the number of afferent nerve 

terminals per inner hair cell, the branching of afferent fibers as well as the synapse 

number per afferent nerve terminal (Nadol 1988). Rats have approximately half of the 

spiral ganglion cells (~ 15 800) (Keithley and Feldman 1982) compared to humans (~ 

25000-30000) (Pickles 2013). Moreover, the percentage of myelinated spiral ganglion 

cells differs between animals and humans as well as the presence of synapses on spiral 

ganglion cells and the number of cochlear nerve fibers (Nadol 1988).  

All of these anatomical features have important physiologic implications (Heffner and 

Heffner 2007; Nadol 1988) and may contribute to differences in auditory sensitivity, 
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which is varying widely across species (Heffner and Heffner 2007). Humans are able to 

hear low-frequencies their typical hearing range at 10dB is 250 Hz – 8 kHz or even 

better for 60dB (up to 17.6 kHz). Hearing abilities of most other mammals extensively 

overlap with those of humans however especially rodents have less abilities to hear low-

frequencies, but they are more sensitive in high-frequency ranges with for example 85.5 

kHz as an upper limit in the domestic house mouse (Heffner and Heffner 2007). 

Exceptionally the Mongolian gerbils (Meriones unguiculatus) has an auditory frequency 

range essentially overlapping with that of humans and thus is a well suited animal 

model for auditory research (Ryan 1976). Thereby hearing range of the gerbil is similar 

to that of humans in low frequencies (0.1 kHz), but extends to frequencies above 20 

kHz (Gleich and Strutz 2012). 

1.2.2 Animals models in hearing research and the role of inhibitory 

neurotransmission 

Different species are investigated in preclinical hearing research, ranging from small 

animals like the zebrafish, to bigger ones as the paca. Apart from factors such as 

anatomy, physiology or even economy, the research question has to be considered for 

the choice of animal model of auditory issues (Reis et al. 2017). Hearing ability can 

vary between commonly used species and strains: most inbred mouse strains such as 

DBA / 2J, C57 and BALB have some degree of genetically based hearing loss and are 

susceptible to noise, often causing seizures. Commonly used rat strains like the Fischer 

(F344) and the F1 hybrid cross between the F344 and Brown Norway rat (FBN), show 

very different patterns of auditory sensitivity. Both show different hearing abilities with 

the F344 rat having ~ 20 dB better hearing at low frequencies (4 kHz) and the FBN rat 

having ~ 20 dB better hearing at higher frequencies (32 kHz) (Turner et al. 2005). 

Animal models have also contributed to the knowledge of tinnitus, whereby especially 

the rat provided one of the first animal models for tinnitus by treatment with a high dose 

of sodium salicylate (Brozoski and Bauer 2016). 

Damage at different levels of the auditory system, both central and peripheral occurs in 

the process of ageing and thereby causes a decline in hearing sensitivity. This has been 

extensively studied in mice, rats and gerbils (Fetoni et al. 2011). Research on age-

related hearing loss (presbycusis) is dominated by three rodent animal models: the most 

prominent one for human presbycusis is the Mongolian gerbil (Syka 2002). The hearing 

loss of 36 month old gerbils shows a 15–35 dB threshold shift, with greater damage at 

higher frequencies and is known to be analog to 60-65 year-old human males and 70 

year-old human females (Mills et al. 1990). It has been shown, that in the process of 

aging hair-cell loss occurs, as a main factor contributing to hearing loss (Tarnowski et 

al. 1991). Beside the gerbil, also the C57BL/6J mouse strain, as well as the Fischer 344 

(F344) rat, are both reliable models of presbycusis, but their disadvantage compared to 
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the gerbil is, that their audibility curve is shifted upward to higher frequencies with the 

greatest sensitivity around 16 kHz (Syka 2002).  

In hearing research using animal models, thresholds of hearing are typically measured 

using auditory brainstem response (ABR) measurements (Laumen et al. 2016). In this 

technique responses represent activity of neurons in the auditory nuclei and tracts of the 

brainstem. ABRs are identified with respect to their amplitude-intensity (Boettcher et al. 

1993). Different waves correspond to different stages in the auditory pathway. Typically 

wave 1 represents the auditory nerve activity (Boettcher et al. 1993; Boettcher et al. 

1996; Laumen et al. 2016) 

In order to reveal pathophysiologic factors and potential treatment options for hearing 

impairments, the role of the GABAergic system has been investigated in gerbils 

previously. Kotak and colleagues (Kotak et al. 2013) examined the ability to rescue 

inhibitory synapses after after previously induced conductive or sensorineural hearing 

loss by boosting GABAergic transmission in vivo by administrating GABA agonists for 

one week. To induce hearing loss, tympanic membrane puncture and removal of the 

malleus was performed in gerbils (postnatal day 10) prior to onset of hearing. From 

postnatal day 11 to 17, GABA agonists were administrated subcutaneously once a day. 

Inhibitory postsynaptic currents were then recorded from pyramidal neurons in a 

thalamocortical brain slice preparation. The group observed a rescue of the inhibitory 

postsynaptic current amplitude in animals following developmental hearing loss. 

Another group investigated the relevance of the GABAergic system in behavioral 

studies with gerbils using vigabatrin, which increases the concentration of GABA in the 

brain. After drug treatment gerbils showed an improvement in gap detection i.e. 

auditory function (Gleich et al. 2003). 

A loss of inhibitory neurotransmission can result in impaired hearing abilities. 

Since it has been shown, that levels of inhibitory neurotransmitters such as glycine or 

GABA decrease with age (e.g. in Caspary et al. 2008), it can be suggested, that an 

altered balance of excitation and inhibition in aged auditory nuclei does affect response 

properties, as well. 

1.2.3 Effects of aging on inhibitory neurotransmission in animals 

It has been shown, that a general downregulation of the GABAergic system occurs with 

age resulting amongst others in a loss of inhibition in the auditory system (Caspary et al. 

2008; Caspary and Llano 2018).  

GABA is considered to be the major inhibitory neurotransmitter in the brain (Owens 

and Kriegstein 2002). Especially the neocortex is rich of inhibitory interneurons 

(Buzsaki et al. 2007; Gupta et al. 2000) and thus GABA synapses are present in all 
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neocortical layers and can be observed in proximal dendrites and axon initial segments 

(Owens and Kriegstein 2002). Potentials, introduced by GABA, can be mediated by 

different receptors: fast acting ionotropic (GABAA-receptors) or slow-acting 

metabotropic receptors (GABAB-receptors) (Nutt 2006; Young and Chu 1990). GABAA 

receptors are the predominant GABA receptor type in the brain (Bowery et al. 1987; 

Nutt 2006; Nutt and Malizia 2001). The GABAA receptor is a ligand gated chloride 

channel with GABA-binding affinity regulated by a benzodiazepine-binding site (Nutt 

2006; Owens and Kriegstein 2002; Schultz 1997). The GABAA receptor complex 

consists of at least 5 different protein subunits arranged in a ring around a central 

positioned pore (Nutt 2006). When GABA is binding to the receptor, chloride-ions can 

flow into the cell, resulting in neuronal hyperpolarization (Schultz 1997). 

It has been demonstrated previously, that age-related changes of the auditory system 

result in altered GABA neurotransmitter function in the IC of rats (Caspary et al. 1999; 

Caspary et al. 1995). Quantification via immunocytochemistry of GABA and glycine in 

the rat IC showed that 25% of the IC neurons are GABAergic, more neurons than 

initially estimated and larger neurons than non-GABAergic neurons. GABA-mediated 

inhibition spreads over dendrites and cell bodies (Merchan et al. 2005). Age-related 

alterations of the GABAergic system have been studied in F344 rats. Reduced GABAA 

receptor binding has been demonstrated in the IC using quantitative receptor 

autoradiography (Milbrandt et al. 1996). Moreover, age-related changes in the 

glutamate decarboxylase levels (GAD65 and GAD67) have been investigated using 

immunohistochemistry and western blotting in the IC and the AC. GAD is the key 

enzyme which is taking part in the synthesis of GABA. A decline in GAD levels was 

observed, which was assumed to contribute to hearing impairment during aging, via a 

decrease in GABA inhibition (Burianova et al. 2009). In conclusion this suggests, that a 

loss of sensory input with age (as laid out above under 1.1.3) results in a change in pre- 

and postsynaptic GABAergic inhibitory neurotransmission – specifically a 

downregulation of GABAergic inhibition throughout the central auditory system. 

 Neuroimaging techniques 1.3

Neuroimaging encompasses a wide range of non- or minimally invasive techniques and 

provides an essential tool for studying the structure, function and molecular 

composition of the brain in health and disease in vivo (Bandettini 2009). Those imaging 

methods enable e.g. insights into brain function, while subjects are performing various 

types of tasks, including perception, motor or cognitive tasks (Xue et al. 2010). In 

general, techniques such as electroencephalography (EEG), functional Magnetic 

resonance imaging (fMRI) and Positron-Emission-Tomography (PET) are included, 

which use different principles to image the brain respectively (Bandettini 2009). The 
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following section will focus on emission tomographic techniques and EEG, since these 

methods were used in this doctoral research study. 

1.3.1 Nuclear medicine imaging 

1.3.1.1 Principles of PET and SPECT  

In vivo investigation of molecular and cellular processes can be conducted with 

approaches like PET and Single-Photon Emission Computed Tomography (SPECT) 

using compounds labeled with radioactive isotopes (Kwee et al. 2013). The PET 

technique offers the possibility to obtain consecutive 3-dimensional distributions of 

absolute radioactivity concentrations. Based on these, physiologic parameters like 

receptor binding potentials, can be determined in quantitative analyses using bio-kinetic 

modeling either voxel-wise (i.e. for each resolution element) or for (anatomical) regions 

of interest (Berger 2003; Daghighian et al. 1990; Kwee et al. 2013). Such parameters 

can be employed to detect changes over time (e.g. related to a certain disease process) 

(Berger 2003). That´s the reason why PET has been shown, to be a powerful tool for 

both research and diagnostics in clinical use (Daghighian et al. 1990; Kwee et al. 2013). 

Typically, PET is applied in diagnostics of neuro-degenerative disorders like dementia, 

identification/assessment of malignancies and cardiac disease e.g. by evaluating 

myocardial viability (Daghighian et al. 1990; Dupont et al. 2018; Li et al. 2017; Zhu et 

al. 2011). 

The PET measurement is based on the detection of photons pairs always being send out 

when a positron emitting radioisotope decays (Daghighian et al. 1990; Koukourakis et 

al. 2009; Kwee et al. 2013). Figure 5 (left) displays PET principle. For the PET 

investigation the radiopharmaceutical (tracer) containing the positron emitting isotope is 

injected into the body via a peripheral vein first (Berger 2003; Daghighian et al. 1990; 

Kwee et al. 2013). The radiopharmaceutical distributes in the body according to the 

properties of the pharmaceutical. Then the nucleus of the radioisotope emits a positron, 

which collides with an electron, within a very short distance (≤ 2mm). Thereby both 

undergo annihilation and send out from that location two gamma rays (photons) each 

having energy of 511 keV in opposite direction, which are measurable outside the body 

by the PET scanner (Daghighian et al. 1990; Kwee et al. 2013). State of the art PET 

cameras contain rings of detectors in which the patient is positioned to detect those 

photons (Berger 2003; Cherry 2004; Daghighian et al. 1990). Originally two opposing 

detectors, which then rotate around the patient were used (Daghighian et al. 1990). Most 

of the existing PET cameras at present use scintillation crystals coupled to 

photomultiplier tubes as detectors. The photon energy is absorbed by the crystals, re-

emitted as light and detected by the photomultiplier tubes (Daghighian et al. 1990; 

Kwee et al. 2013) and converted into an electrical current (Berger 2003). By recording 
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necessary to correct PET images for Compton scatter in order to assure valid 

quantitative measurements of radioactivity concentration (Zaidi and Montandon 2007).  

While PET is designed to detect β+-radiation, SPECT identifies γ-rays, by making use 

of a collimator to gain regional information (Kuwert 2008). Radioisotopes contained in 

SPECT radiopharmaceuticals have typically a longer half-live as compared to isotopes 

in PET tracers (Cherry 2004) and therefore provide a larger observational time window 

i.e. the option to obtain later images (Rahmim and Zaidi 2008). This can be an 

important issue with respect to clinical use of both technical approaches (Koukourakis 

et al. 2009) and will be described in detail in the following section.  

A current SPECT system has typically two gamma camera heads integrated, that usually 

rotate 360° around the patient, i.e. 180° for each of two opposing detectors (SPECT 

principle see Fig. 5 right). Photon detection is again crystal based with amplification in 

photo multipliers. After each angular step, a two-dimensional projection of the 

radioactivity distribution is taken. Then a set of parallel layers is reconstructed from all 

projections. Typically this is a maximum of 128 tomograms for an acquisition with a 

matrix size of 128x128 pixels (Kuwert 2008). The principle of SPECT is based on the 

radioactivity distribution within the object being projected through the collimator 

(Cherry 2004). Usually, the sensitivity of SPECT is more than 10 orders of magnitude 

lower compared to PET. That is because collimators are needed in order to reject 

photons that are not originating within a small angular range (Rahmim and Zaidi 2008). 

In SPECT likewise as in PET attenuation correction is required to avoid artifacts. 

However, frequently (unlike to PET) not a computer tomography (CT) based correction 

is applied at least for brain studies but an approximate correction based on ellipses 

drawn around the outer boarder of the brain according to a method referred to as 

‘multiplicative Chang technique’ (Rahmim and Zaidi 2008).An additional advantage 

(besides attenuation correction) for both, PET and SPECT being assembled with CT in 

a hybrid device is the option to correlated immanently coregistered anatomical and 

functional data (Mariani et al. 2010). 

1.3.1.2 Radiopharmaceuticals 

In nuclear medicine radiopharmaceuticals are used for diagnostic and for therapeutic 

purposes (Kuwert 2008). Localization and molecular characterization of 

pathophysiological processes, such as tumors or inflammations are frequently the 

objective (Kuwert 2008; Wiebe 1984).  

As previously described, PET and SPECT imaging require different radionuclides. 

Every single radionuclide has a different decay time (Wiebe 1984). In PET imaging 

commonly used radionuclides are carbon-11 (11C) (half-live: 20.33 min), nitrogen-13 

(13N) (half-live: 9.97 min), oxygen-15 (15O) (half-live: 2.04 min) and fluorine-18 (18F) 
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(half-live: 109.75 min). For SPECT imaging mainly technetium-99m (half-live: 6.02 

hours), indium-111 (111In) (half-live: 2.8 days) and iodine-123 (123I) (half-live: 13 

hours) are used (Kuwert 2008; National Research and Institute of Medicine Committee 

on State of the Science of Nuclear 2007). They are produced in linear accelerators, 

cyclotrons, or nuclear reactors (National Research and Institute of Medicine Committee 

on State of the Science of Nuclear 2007; Wiebe 1984). For targeted imaging, a 

particular substance or molecule (“pharmacon”) is necessary that accumulates at a 

specific site in the body and serves as a vehicle for the radioisotope (Kuwert 2008; 

National Research and Institute of Medicine Committee on State of the Science of 

Nuclear 2007). Due to the small amount of substance given to the patient, usually no 

pharmacological effect is expected (Kuwert 2008). Since several radiopharmaceuticals 

have been developed during the last decades, this section will focus on those relevant 

for this doctoral research study.  

In PET imaging, fluorodeoxyglucose (FDG) labeled with 18F is one of the most 

frequently used tracers, whereby the deoxyglucose molecule is the vehicle for the 

radioisotope 18F (Buck and Reske 2004). [18F]FDG is taken up into living cells like the 

unlabled glucose molecule (by an active transport process) and then phosphorylated by 

hexokinase, but it can – as the deoxy-form of glucose – not undergo further metabolism 

and is therefore trapped in the cell (Pimlott and Sutherland 2011; Yu et al. 2005). Due 

to the constant glucose requirement in many metabolic processes and target organs, the 

labeled glucose is a good indicator of cell viability and the level of glucose consumption 

in a tissue (Buck and Reske 2004; Kuwert 2008; Yu et al. 2005). Since it is known, that 

increased glycolysis is a distinctive feature of malignant tumors compared with normal 

tissues; [18F]FDG is nowadays particularly used for tumor identification in oncology 

(Buck and Reske 2004), although the first application has been in brain imaging in the 

1970s (Portnow et al. 2013). It provides an efficient measure of human brain function. 

In this context, especially regional differences in [18F]FDG uptake can reflect changes 

of brain activity (Buck and Reske 2004; Schiffer et al. 2007). Data acquisition usually 

starts 30-60 min. after injection if a static image is required (Kuwert 2008). 

Despite imaging of metabolic activity in certain target organs, there is also a rising 

availability of radiotracers for PET imaging of e.g. neurotransmitter systems 

(Ametamey et al. 2008; Fujita 2001). One of the first neurotransmitter tracers was 

developed for visualization of the dopaminergic neurotransmitter systems: [18F]Dopa 

(e.g. Morrish et al. 1995) to investigate Parkinson’s disease or [11C]raclopride for 

schizophrenia (e.g. Farde et al. 1988). Those enable to analyze properties, kinetics and 

distribution of tracer compounds. One of those tracers used in the present doctoral 

research study is 18F – labeled flumazenil ([18F]FMZ), which images the 

benzodiazepine-binding site of GABAA receptors (Dedeurwaerdere et al. 2009; 

Hammers et al. 2007; Odano et al. 2009) and can be used to study changes in several 
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brain diseases e.g. epilepsy (Hammers et al. 2007) or in the process of aging (Caspary et 

al. 2008; Caspary and Llano 2018), in which GABAergic neurotransmission is affected. 

Investigations applying 18F-FMZ PET have been carried out in both humans (Hammers 

et al. 2007; Odano et al. 2009) and animals (Dedeurwaerdere et al. 2009; Lopes Alves et 

al. 2018). For absolute quantification of receptor binding a kinetic analysis based on a 

dynamic acquisition is required and thus acquisition and tracer application are supposed 

to start simultaneously (Kuwert 2008).  

Information of brain activity using SPECT imaging is typically assessed by 

measurements of regional cerebral blood flow (rCBF) (Khalil 2011; Kuwert 2008). The 

compound usually utilized for measuring rCBF is Technetium-99m (99mTc) labeled 

hexamethyl-propylenamineoxime (HMPAO) (Dougall et al. 2004; Khalil 2011). 

[99mTc]HMPAO is highly lipophilic and it has a high extraction rate into the brain. After 

intracellular accumulation, [99mTc]HMPAO is converted into a hydrophilic form and 

thereby gets trapped in the brain. This is the reason why the accumulation represents the 

distribution of brain perfusion at the time of injection. Accumulation of the tracer is 

supposed to be the product out of the extraction rate and blood flow. Fixation of 

[99mTc]HMPAO is essentially finished 2 min. after injection (Kuwert 2008). In clinical 

applications [99mTc]HMPAO is often used in the diagnostics of cerebrovascular disease 

and neurodegenerative disorders (Dougall et al. 2004; Gungor et al. 2005; Masterman et 

al. 1997). In a research setting changes in rCBF have also been previously examined in 

the context of language processing – e.g. with passive auditory single-word stimulation 

(Beversdorf et al. 1995). 

1.3.1.3 Emission-tomography in patients with auditory implants and small 

animals  

With a spatial resolution of less than 2 mm and a temporal resolution in the sub-second 

range, particularly fMRI as a non-invasive imaging technique has been used in the past 

to assess auditory pathway functionality before CI surgery and to predict outcome for 

implantation (Giraud et al. 2001). Moreover, fMRI was able to confirm the tonotopic 

organization of the AC (Wessinger et al. 1997). Due to its small size, the investigation 

of the IC are difficult in humans, nevertheless tonotopic organization was possible to be 

determined using fMRI methodology (Ress and Chandrasekaran 2013). In healthy 

subjects, fMRI has been successfully used to study brain activity related to (i) listening 

to different types of stimuli (speech vs. non-speech) (e.g. Binder et al. 1994) or 

orchestral music (e.g. Guimaraes et al. 1998), (ii) perceived loudness in contrast to 

physical sound intensity (Röhl and Uppenkamp 2012) and (iii) effects of binaural vs. 

monaural stimuli and neuronal plasticity (Langers et al. 2005). However when it comes 

to study brain activity after cochlea implantation, fMRI remains mostly unfeasible, 

because conventional CIs are not compatible with fMRI scanners (Giraud et al. 2001). 
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In this context, both, PET and SPECT are safe techniques for patients and implants, as 

well as they do in contrast to fMRI not produce noise, that profoundly interferes with 

auditory stimulation (Giraud et al. 2001; Johnsrude et al. 2002). PET imaging after 

cochlea implantation studying rehabilitation with CI, revealed brain plasticity as a 

prerequisite to achieve better auditory recovery and speech recognition (Strelnikov et al. 

2015). In a comparative study, a differential recruitment of brain areas relevant for 

speech processing in healthy subjects and rehabilitated CI users has been detected. This 

might reflect alternative / compensatory neural strategies to achieve speech 

comprehension after cochlea implantation. In this study, CI users showed higher 

activations in prefrontal and parietal regions due to speech stimuli. In response to 

meaningless vowels, left temporoparietal semantic regions were additionally activated 

(Giraud et al. 2000). Bilateral cochlear implant users have been studied by another 

research group with a voice processing paradigm using oxygen-15 water, revealing 

bilateral activation of temporal voice areas during binaural auditory stimulation and 

activation of left temporal voice areas during monaural stimulation (Coez et al. 2014). 

Together these results imply that CI users might involve additional brain areas relevant 

for cognitive functions like attention and memory to achieve best possible speech 

comprehension.  

Apart from these examinations of speech comprehension in CI users, PET has been 

applied as well in patients suffering from tinnitus or auditory hallucinations (Johnsrude 

et al. 2002). Moreover, healthy subjects have been studied to improve understanding of 

auditory networks of attention in humans. Thereby two major networks have been 

proposed to be involved: a local temporal network and a frontal network (Tzourio et al. 

1997).  

Beside PET, also SPECT using [99mTc]HMPAO, has been shown to be a valuable tool 

to study patterns of auditory activation in response to acoustic stimuli (Di Nardo et al. 

2013), to obtain prognostic information before cochlear implantation. Furthermore, 

bilateral central processing of monaural and binaural tone stimuli (Goycoolea et al. 

2005) and a correlation to auditory event related potentials (Gungor et al. 2005; 

O'Mahony et al. 1996) have been elaborated using [99mTc]HMPAO SPECT. 

More recent advances in SPECT and PET instrument engineering, specifically leading 

to higher spatial resolution and system sensitivity, enabled to build small animal PET 

and SPECT systems allowing in vivo imaging in preclinical research. Previously this 

has been achieved by traditional ex vivo autoradiographic methods (Cherry 2004; 

Riemann et al. 2008). In auditory research only few studies employ such new in-vivo 

imaging techniques, predominantly in rats (Hsu et al. 2009; Jang et al. 2012; Kang et al. 

2013; Mamach et al. 2018a). Most of them used [18F]FDG to study regional differences 

in glucose metabolism. 
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In normal hearing rats, activations along all levels of the auditory pathway except the 

AC have been detected comparing different stimuli to background noise (Mamach et al. 

2018a). This was similarly shown in a study investigating auditory adaptation to sound 

intensity, where activities along the auditory pathway regions were proportional to the 

sound intensity level, but bilateral AC activity decreased with increasing sound intensity 

(Jang et al. 2012). Moreover, bilateral cochlea ablation in rats has been studied, showing 

reduced activity in auditory regions compared to normal hearing rats but increased 

activity in the olfactory nucleus, interpreted as cross-modal activation (Mamach et al. 

2018a). Similar findings have been detected, scanning rats before and after unilateral 

cochlear ablation, where unilateral cochlear ablation decreased the metabolic activity in 

the contralateral IC and AC (Hsu et al. 2009).  

1.3.1.4 Analysis of emission tomographic data 

Even if the brain anatomy of different individuals from one species shares many 

common characteristics, differences are present. Therefore, image data from each 

individual brain has to be transformed into the same (stereotaxic) anatomical standard 

space to allow comparisons for each resolution element (voxel) of the brain across 

individuals (i.e. group analyses).  

PET and SPECT image analysis is a multistage process (Johnsrude et al. 2002). This 

process could include image transformations such as resizing, rotation or flipping if 

necessary (Kiessling and Pichler 2011). Scans typically need to be corrected for 

movement, particularly if subjects are scanned over a longer time period. The 

underlying process is called realignment (Johnsrude et al. 2002; Yoder 2013). 

Especially when it comes to brain analysis on a group-based level, realignment of every 

single 3-dimensional data set to a standard atlas is necessary, to have all data sets in the 

same anatomical space (Johnsrude et al. 2002; Yoder 2013). Spatial normalization 

typically involves a previously constructed brain template, which usually is an average 

of many individual brains (Johnsrude et al. 2002). Due to the high quality of MRI in 

displaying anatomical structures, brain templates are often MRI based (Evans et al. 

2012). Templates are available for clinical routine (Mandal et al. 2012), and even for 

research in rats (Schwarz et al. 2006) and mice (Johnson et al. 2010; Natt et al. 2002). In 

emission tomography imaging, if MRI is not obtainable, templates can also consist of an 

average of several CT images or an average image of for example several [18F]FDG-

PET images. For easier regional assignment, typically digital 3D volumes of interest 

(VOIs), a set of voxels, are drawn around macroscopic anatomical structures or 

histomorphometric homogeneous areas and spatially in accordance to the brain template 

(Yoder 2013). Using a dedicated software like PMOD (PMOD TECHNOLOGIES, 

Zürich, Switzerland), e.g. mean uptake values can be calculated for different VOIs in 

each subject to reveal differences between conditions (paired t-test) or between groups 



Introduction 

 27

 

(unpaired t-test) for the respective regions. In humans (Talairach and Tournoux 1988), 

in the rat (Paxinos and Watson 1982), in the mouse (Paxinos 2004), and also in the 

Mongolian gerbil (Radtke-Schuller et al. 2016) stereotactic coordinate systems for the 

brain have been defined. However, the transfer into a digital 3D space for PET or 

SPECT data analysis has already been performed for the Talairach atlas, as well as for 

the above-mentioned mouse and rat atlases, but not for the gerbil atlas.  

In most cases both, a VOI based, as well as a voxel-wise statistical analysis are 

performed (Yoder 2013). The VOI based analysis is often driven by the a priori 

assumption of distinct expected differences in the brain or is performed if one wants to 

focus on specific brain regions. Regional activity can be measured as activity 

concentration in [kBq/ml] (Kinahan and Fletcher 2010). However, if a comparison of 

PET data across studies and subjects should be done, the calculation of standardized 

uptake values (SUV) is performed (Ametamey et al. 2008). Basically, the radioactivity 

activity concentration [kBq/ml] measured by the PET scanner within a VOI or voxel is 

connected with the weight of the subject [g] and the decay-corrected amount of injected 

radiolabeled dose [kBq] (Kinahan and Fletcher 2010) as follows:  

 

𝑆𝑈𝑉 = 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝐵𝑞𝑔 )  𝑥 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 (𝑔)𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝐵𝑞)  

 

One can also perform a normalization of the SUV, if a high variation of values among 

subjects, species or different scans in the same subject can be expected. For example, if 

injecting via intraperitoneal route (i.p.), variable tracer uptake from the peritoneum to 

the blood (and finally the brain) can cause that variation. For those situations, SUV ratio 

(SUVr) can be calculated by normalization to a reference region (Yoder 2013). If values 

for respective brain regions are generated, further statistical analysis can be performed 

with those normalized values.  

As mentioned above statistical analysis can be also carried out as a parametric analysis 

on a voxel level. Statistical parametric maps are created without a priori hypotheses 

about regionally specific effects by comparing conditions or groups voxel by voxel in a 

statistical test (Friston et al. 1994). The procedure is called “statistical parametric 
mapping” (SPM), in which results of statistical test (e.g. paired t-test, two-sample t-test, 

correlation) are further assembled in an image (Friston et al. 1994). Compared to VOI 

based procedures, voxel-wise analyses have a major advantage: they allow to identify 

significant differences in the entire brain, where and in what size so ever they occur 

(Yoder 2013). 
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As PET data can be also acquired dynamically, this provides data quantification by 

applying bio-kinetic modeling approaches (Ametamey et al. 2008). For bio-kinetic 

modeling the time course of the tracer activity in the blood and the tracer delivery to the 

tissue must be determined. This information is classically obtained by arterial blood 

sampling during the scan, from which the arterial input function can be calculated 

(Ametamey et al. 2008; Dupont and Warwick 2009). In clinical routine this is hardly 

feasible. In rodents, this is feasible if final studies in the animals are performed, but for 

longitudinal studies, due to the small size of rodents, blood sampling would be highly 

laborious and invasive. Thus, other techniques using image-derived input functions (e.g. 

left ventricle from the heart, vena cava caudalis) have been validated in the past 

(Naganawa et al. 2005; Zanotti-Fregonara et al. 2011) and have been proofed being a 

valid technique for noninvasive estimation of the input function for PET neuroreceptor 

studies (Zanotti-Fregonara et al. 2011). In general two major types of models can be 

applied for kinetic analysis: (i) plasma input models (Gunn et al. 2002), in which the 

arterial input function has to be taken into account for parameter estimation and (ii) 

reference models using a reference tissue (Dupont and Warwick 2009; Lammertsma and 

Hume 1996). The reference is based on negligible specific binding of the tracer in this 

region. Using FMZ for GABAA receptor imaging, the Pons has been reported being the 

reference tissue of choice (Parente et al. 2017). There are two parameters, which are 

typically of interest: (i) the volume of distribution (Vt), which represents the 

concentration of a tracer in tissue to that in plasma and (ii) the non-displaceable 

binding-potential (BPnd) to the receptor (Gunn et al. 2002). While reference models 

calculate BPnd directly, plasma input models generate values for Vt. However, BPnd 

can be calculated from Vt using the following equation: 

 𝐵𝑃𝑛𝑑 = (𝑉𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 − 𝑉𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)𝑉𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  

 

Bio-kinetic modeling can also be applied at a voxel level, based on parametric images 

calculating Vt or BPnd for every voxel respectively, resulting in a parametric map, 

which can be further used for SPM analysis (Lopes Alves et al. 2018).  

1.3.1.5 Effects of anesthesia on measurements in auditory research 

Side-effects of anesthesia have been reported for humans and animals, indicating a 

major influence on the brain (Loepke and Soriano 2008). Advantages and disadvantages 

are known for both volatile anesthetics (e.g. isoflurane, servoflurane) and injections 

(e.g. ketamine, pentobarbital). Typically, a loss of hemodynamic responses, e.g. on an 

increased blood pressure or heart rate, as well as an apnea out of spontaneous breathing 
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can be observed during anesthesia (Kiessling and Pichler 2011). An important aspect, 

which has to be considered, is that different anesthesia’s do affect the brain and the 
body differently, e.g. ketamine is known to induce psychotic symptoms similar to those 

observed in schizophrenia (Morgan and Curran 2012), isoflurane has less influence on 

metabolism, but it has been shown to induce higher heart rates compared to 

ketamine/xylazine (KX) anesthesia (Albrecht et al. 2014). 

In preclinical auditory research, anesthesia has to be applied if certain methods are used. 

For instance, anesthesia is needed in electrophysiology. Previous electrophysiological 

investigations of the IC and AC successfully applied KX and a mixture of fentanyl, 

midazolam and medetomedine (FMM) (Lesica and Grothe 2008a; Lesica and Grothe 

2008b; Meyer et al. 2014a; Meyer et al. 2014b; Pachitariu et al. 2015). In a comparative 

electrophysiological study a much weaker interaural time difference (ITD) tuning in A1 

wave was seen under KX compared to FMM anesthesia (Belliveau et al. 2014). KX did 

also influence spontaneous firing rates in neurons the IC (Astl et al. 1996). However, 

another research group using similar anesthetic protocols did not see any difference in 

the (gerbil) IC at all (Sanes et al. 1998). When it comes to brain imaging in nuclear 

medicine, frequently glucose metabolism as an indicator for activity in the brain is 

investigated (Buck and Reske 2004). Usually anesthesia has to be applied in small 

animal imaging during acquisition to prevent moving artefacts (Kiessling and Pichler 

2011). It has been shown, that anesthesia frequently affects glucose metabolism in a 

way that glucose levels become elevated (Brown et al. 2005; Fink and Haschke 1973). 

In rodents this has been especially reported for KX (Brown et al. 2005; Saha et al. 

2005). In an ex-vivo autoradiography study, ketamine anesthesia increased 2DG uptake 

even without acoustic stimulation, suggesting that anesthesia itself does affect glucose 

metabolism (Wang et al. 1987). Elevated glucose levels are expected to result in 

reduced uptake of radiolabeled glucose compounds due to a competition at the glucose 

transporter. Using [18F]FDG to study in-vivo regional glucose consumption, a negative 

correlation between glucose levels and [18F]FDG uptake in the brain has been observed 

(Berti et al. 2014; Huang 2000; Ishizu et al. 1994). Since this has been shown for 

nuclear medicine approaches in general, it is expected to be relevant for auditory 

research using in-vivo imaging and [18F]FDG PET in particular.  

1.3.2 Electroencephalography 

EEG is a non-invasive method that can be used to monitor the status and functions of 

the brain (Casson et al. 2018). It, therefore, is widely applied in the field of basic and 

clinical neurophysiology (Paudel et al. 2012). Since it can track events in the brain 

within the range of millisecond, the EEG has the advantage of a very high temporal 

resolution when compared to other imaging techniques, like fMRI, near infrared 

spectroscopy or PET (Burle et al. 2015; Casson et al. 2018). 
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The existence of electrical currents in the brain was discovered for the first time in 1875 

by the English physician Richard Caton, who recorded the EEG invasively from the 

exposed brains of rabbits and monkeys (Teplan 2002). The origin of the human EEG in 

its present form traces back to the work of Hans Berger, a German psychiatrist and 

neurologist, who reported the first EEG recording in humans in 1929 (Casson et al. 

2018). Berger observed a change in the electrical activity of the brain related to it’s 
functional status, as for instance sleep, anesthesia or certain neural diseases, using non-

invasive scalp electrodes. He thereby provided the basis for many of the present EEG 

applications (Teplan 2002). 

1.3.2.1  Principle of EEG 

In the absence of external or internal events, the EEG records the spontaneous electrical 

activity of the brain, which is generated by the firing of a huge number of neurons 

(Paudel et al. 2012). The activation of the neurons leads to a local electrical current 

flow, as a result of ionic currents. Na+, K+, Ca2+, and Cl- ions are pumped through ion-

channels in the neuron’s membrane along a concentration gradient, in the direction 
driven by the membrane potential (Teplan 2002). The electrical currents, flowing in the 

extracellular space are generated by the algebraic summation of excitatory and 

inhibitory postsynaptic potentials (Paudel et al. 2012). The summated potentials are 

further conducted through the skull and registered by multiple electrodes placed on the 

scalp (Casson et al. 2018). Despite activation of many neurons at the same time, there 

are some essential other prerequisites for proper measurement of EEG signals: (i) the 

orientation of individual neurons should be the same, (ii) the postsynaptic potential, 

which is generated from a large number of neurons have to arise from the same part of 

neurons (e.g. apical or basal) and (iii) the current flow of the neurons firing together 

should be the same in order to avoid cancellation of the signal (Luck 2014). 

To obtain clean and unbiased EEG recordings, additional points have to be considered 

prior to the measurements. Certain substances, like tranquilizers, sleeping aids or drugs 

for the treatment of neurologic disorders, as well as caffeine have been shown to 

influence the electrical activity of the brain and should therefore be omitted as far as 

possible. Furthermore, the scalp should be prepared, for instance by removing dead skin 

particles (Paudel et al. 2012).  

For the EEG recording, different types of electrodes can be used, including disposable 

(gel-less, and pre-gelled types), reusable disc electrodes (gold, silver, stainless steel or 

tin), headbands and electrode caps, saline-based electrodes and needle electrodes. For 

EEG recordings with multiple electrodes, electrode caps are preferred (Teplan 2002). 

Different systems of electrode placements are known. A common layout, which is also 

recommended by the International Federation of Societies for EEG and Clinical 

Neurophysiology, is the international 10-20 system (Casson et al. 2018; Paudel et al. 
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2012; Teplan 2002). Here, distances between electrodes are 10% or 20% of the skull 

dimensions (Casson et al. 2018), dividing the head into proportional distances from 

prominent skull landmarks (nasion, inion, preauricular points), whereby all brain 

regions are covered (Teplan 2002). The following system of designation for localization 

of electrodes has been developed: F = frontal; C = central; P = parietal; T = temporal; O 

= occipital; A = auricular (ear); Fp = fronto-polar. A number is added, referring to the 

exact location with odd numbers over the left hemisphere of the brain and even numbers 

over the right one. Midline electrodes are additionally denoted with a “z” (Paudel et al. 

2012). The number of electrodes can be variable, depending on the demand of spatial 

resolution. Having a cap electrode arrangement, the space between electrode and skin 

should be filled with conductive paste, which ensures low impedances at the electrode-

skin interface (Teplan 2002). During the EEG recording, the magnitude of the desired 

amplitude of voltage can be increased using an amplifier while unwanted noise can be 

rejected. A simplified scheme for EEG procedure is displayed in figure 6. 

As the EEG also records electrical activity from other biological sources, like the head 

muscles, the heart, and the eye muscles, the recorded data must be preprocessed to 

remove such artefacts (Luck 2014). In CI patients, an additional artefact is introduced 

by the implant itself. The removal of those unwanted artefacts is important, because 

they might affect the desired potentials. The artifact removal can be done using specific 

algorithms. Especially signal decomposition techniques like independent component 

analysis (ICA) and principal component analysis are employed, which can for instance 

be easily implemented in the EEGLAB toolbox running in the MATLAB environment 

(Casson et al. 2018; Delorme and Makeig 2004). These techniques allow to 

significantly increase the signal-to-noise ratio (Blankertz et al. 2011).  

1.3.2.2  Auditory event-related potentials  

EEG components can be divided into ongoing activity and event-related potentials 

(ERPs) (Luck 2014). The rhythmic brain oscillations can be divided according to their 

frequency (Delta: Activity at less than 4 Hz, Theta: Activity between 4 and 8 Hz, Alpha: 

Activity between 8 and 13 Hz, Beta: Activity between 13 and 30 Hz, Gamma: Activity 

over 30 Hz). Evoked potentials or ERPs are much smaller and arise in response to a 

stimulus, what makes them suitable for cognitive research (Casson et al. 2018; Teplan 

2002).  

ERPs appear to be time-locked to specific sensory, motor or cognitive events and are 

thought to reflect activity of summed postsynaptic potentials of many cortical pyramidal 

neurons synchronously firing while processing information (Sur and Sinha 2009). There 

are some commonly described ERPs: P100, N100, P200, P300 and N400.  
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The P300 (also known as P3) is probably one of the most frequently studied ERP 

components and is typically elicited in the classical oddball paradigm in response to a 

deviant stimulus occurring infrequently in a sequence of a standard stimulus (Duncan et 

al. 2009). For auditory paradigms, the latency range for this component is 250-400 ms 

(Sur and Sinha 2009). There are several factors influencing the amplitude of the P300 

component, like the time interval between the stimuli, but also biological factors, like 

environmental variables or individual differences (Duncan et al. 2009). Several studies 

focused on the detection of the P300 generator. Since the potential has been localized in 

widespread areas of the scalp and cortical as well as subcortical areas, one concluded, 

that it might be produced by multiple, independent generators (Duncan et al. 2009).  

Kutas and Hillyard were the first describing the N400 ERP, related to semantic 

processing of sentences in 1980 (Kutas and Hillyard 1980). Several following studies 

showed that the N400 is elicited when detecting a semantic violation in an acoustically 

presented sentence (Duncan et al. 2009; Hahne and Friederici 2002; Kutas and 

Federmeier 2011; Sur and Sinha 2009; Van Petten and Luka 2006). The N400, 

however, is not modality-specific, but can also be elicited when detecting semantic 

violations in visually presented sentences (Duncan et al. 2009; Van Petten and Luka 

2006). Typically, the maximum of the N400 can be observed over centro-parietal scalp 

regions, 400ms after the onset of the critical word which indicates the semantic 

violation (Kutas and Hillyard 1980). However, the N400 shows a broad scalp 

distribution with much smaller amplitudes at prefrontal and lateral frontal sites (Duncan 

et al. 2009). A fMRI study in children showed, that the N400 effect can be related to 

enriched activation in the temporal gyri bilaterally (BA 22), in the left middle temporal 

gyrus (BA 21), and in the inferior frontal gyri bilaterally (BA 47/45) (Chou et al. 2006; 

Friederici 2006). 

A further component related to language processing is the P600, which is associated 

with the processing of syntactic violations (Sur and Sinha 2009). This positive 

component is prominent over centro-parietal scalp regions and often observed after a 

syntactic related negative potential (Hahne and Friederici 2002).  

In summary, auditory speech processing is reflected in different kinds of ERPs 

representing neural information processing in a millisecond range.  

 Objectives of the present studies 1.4

The pathophysiology of hearing loss, which is an increasing problem in an aging 

society, is not sufficiently understood. With respect to therapy, although auditory 

implants, particularly into the cochlear, are a big success story, rehabilitation outcome 

after implantation is profoundly variable with unexplained poor speech comprehension 

in a relevant number of patients (Blamey et al. 2013; Lazard et al. 2012). Therefore, 
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there is an essential need to improve understanding of the underlying mechanisms e.g. 

at a functional level in tailored animal models or with the use of new diagnostic 

procedures targeting processes involved in hearing loss and outcomes of its treatment at 

a functional or molecular level. Especially PET imaging holds much potential in this 

regard (Berding and Lenarz 2017; Berding et al. 2015; Coez et al. 2011; Giraud et al. 

2011; Johnsrude et al. 2002). Furthermore, the rising availability of radiotracers, 

provides much more opportunities compared to the already published data.  

Due to an auditory frequency range overlapping with that of humans, gerbils are an 

unique model to study hearing alterations related to aging (Cheal 1986; Ryan 1976). 

Because the gerbil has so far not been investigated with PET at all, this doctoral 

research thesis aimed to establish the first preclinical protocols for PET specifically 

adapted for the auditory system. The thesis intended to qualify preclinical PET to study 

in gerbils phenomena of age related hearing loss in humans such as deteriorated 

binaural sound localization or altered inhibitory (GABAergic) neurotransmission. 

Therefore, the first specific aim was to implement functional studies of the auditory 

system in gerbils with [18F]FDG PET including the option of binaural auditory 

stimulation. This required to evaluate that (i) sufficient activation can be achieved 

during anesthesia (and with which type of anesthesia) – since carefully targeted binaural 

stimulation is not feasible in awake animals and (ii) PET has sufficient spatial resolution 

to recover the activation signal from nuclei of the central auditory pathway. The second 

specific aim of this thesis in qualifying preclinical PET, was to elaborate quantitative 

measurements of GABAA receptor binding in gerbils (using [18F]FMZ). This 

encompassed in particular (i) to select a best fitting algorithm for quantitative analysis 

and (ii) to prove its validity in demonstrating a biologically meaningful difference in the 

animal model (e.g. age-related receptor loss). Hence, the present work in gerbils 

shouldprovide the basis for further studies e.g. (i) on processing deficits of binaural 

stimuli in old gerbils (translatable into humans by using the same auditory stimuli) and 

(ii) (if evidence for a relevance of GABAA receptor binding in age-related hearing loss 

could be supported by preclinical PET) in patients evaluating the usefulness of this bio-

marker in the management of auditory implantation.   

In the third part of this doctoral research thesis evaluation of the mechanisms underlying 

superior or inferior outcome after cochlear implantation in patients was in focus, 

together with the elaboration of a new multimodal diagnostic approach including EEG 

and brain perfusion SPECT. The aim was to detect differences in the central processing 

of auditory information, which reflect different cognitive processes, relevant for 

differences in quality of language comprehension. It was hypothesized that different 

strategies / use of cognitive resources are one factor to better understand unexplained 

differences in speech comprehension between users of auditory implants. Consequently, 
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the objective measures reflecting these strategies / resources might ultimately support an 

improved indication for auditory implantation and the subsequent rehabilitation. 
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 Abstract  2.1

Here we present results from a 18F-fluorodeoxyglucose (18F-FDG) positron emission 

tomography (PET) study in the Mongolian gerbil, a preferred animal model in auditory 

research. One major issue in preclinical nuclear imaging, as well as in most of the 

neurophysiological methods investigating auditory processing, is the need of anesthesia. 

We compared the usability of two types of anesthesia which are frequently employed in 

electrophysiology, ketamine/xylazine (KX) and fentanyl/midazolam/medetomidin 

(FMM), for valid measurements of auditory activation with 18F-FDG PET.  

Gerbils were placed in a sound shielding box and injected with 18F-FDG. Two acoustic 

free-field conditions were used: (i) baseline (no stimulation, 25 dB background noise) 

and (ii) 90 dB frequency modulated tones (FM). After 40 min of 18F-FDG uptake, a 30 

min acquisition was performed using a small animal PET/CT system. Blood glucose 

levels were measured after the uptake phase before scanning. Standardized uptake value 

ratios for relevant regions were determined after implementing image and volume of 

interest templates.  

Scans demonstrated a significantly higher uptake in the inferior colliculus with FM 

stimulation compared to baseline in awake subjects (+12%; p=0.02) and with FMM 

anesthesia (+13%; p=0.0012), but not with KX anesthesia. In non-auditory brain regions 

no significant difference was detected. Blood glucose levels were significantly higher 

under KX compared to FMM anesthesia (17.29±0.42 mmol/l vs. 14.30±1.91 mmol/l; 

p=0.024).  

These results suggest that valid 18F-FDG PET measurements of auditory activation 

comparable to electrophysiology can be obtained from gerbils during opioid-based 

anesthesia due to its limited effects on interfering blood glucose levels. 
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 Introduction  2.3

Positron emission tomography (PET) imaging has been proven to be a valuable tool in 

clinical and preclinical auditory research. PET offers advantages compared to magnetic 

resonance imaging (MRI) due to producing less noise during the measurement and due 

to its compatibility with metallic and magnetic components. Thus, it enables 

investigations in cochlear and auditory brainstem implant users (Johnsrude et al. 2002; 

Coez et al. 2009). PET methodology also enables decoupling of scan and auditory 

stimulation. In previous clinical studies using 18F-fluorodeoxyglucose (18F-FDG) PET, 

alterations of resting glucose metabolism in auditory brain areas due to deafness have 

been examined (Catalan-Ahumada et al. 1993; Lee et al. 2003; Okuda et al. 2013). 

Other clinical studies focused on investigations of brain activation in auditory implant 

users during speech comprehension tasks or acoustic stimulation (Berding et al. 2015; 

Giraud et al. 2000), in which regional cerebral blood flow was assessed after 

intravenous applications of 15O-water. Likewise, 18F-FDG has also been used to 

investigate cortical activity following the restoration of hearing by cochlear 

implantation (Green et al. 2011). Furthermore, it has been used to study auditory 

disorders such as tinnitus (Geven et al. 2014; Langguth et al. 2006). Thus, 18F-FDG has 

been demonstrated to be a suitable marker for studying neuronal correlates of auditory 

function.   

The Mongolian gerbil (Meriones unguiculatus) has been established as a well-suited 

animal model in auditory research (Ryan 1976). However, its suitability for PET 

imaging studies still needed to be evaluated. Age-related hearing loss, which is of 

particular interest in an aging human society, has been frequently investigated in the 

gerbil (Cheal 1986; Mills et al. 1990; Schmiedt et al. 1996; Gleich and Strutz 2002). 

Gerbils also offer the possibility for studying perception using a behavioral approach 

(Sinnott and Mosqueda 2003; Hamann et al. 2002) and are well suited for 

electrophysiological studies on different levels of the auditory pathway (Huet et al. 

2016; Grothe et al. 2010; Graña et al. 2017; Ohl et al. 2000; Sanes et al. 1998). 

Furthermore, the anatomy and functional organization of auditory brain areas has been 

well studied using a range of histological methods including measurement of brain 

activation using 2-deoxyfluoro-D-glucose (Scheich et al. 1993; Scheich and Zuschratter 

1995; Cant and Benson 2005; Budinger et al. 2000a).  

In electrophysiological studies as well as in small animal PET imaging, anesthesia has 

to be applied. Even so, experiments with need of more carefully targeted auditory 

stimulation also require anesthesia. Hence it is important to evaluate the effect of 

anesthesia on activation patterns, in order to optimize translation to human studies. 

Potential anesthesia-induced alterations of cerebral blood flow and cerebral metabolic 
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rate have been previously addressed in human subjects (Bonhomme et al. 2011; Ishizu 

et al. 1994; Berti et al. 2014). Consequently, in order to reveal the effect of anesthesia 

on auditory activation in 18F-FDG PET measurements, results obtained with different 

anesthetics have to be compared to those obtained in the waking state.  

Here, we report 18F-FDG PET responses to frequency modulated (FM) tones using 

anesthesia with ketamine/xylazine (KX), and mixture of 

fentanyl/midazolam/medetomedin (FMM), and compare these to responses obtained 

from awake gerbils. Our aim was to establish a suitable procedure for investigating 

activation in the gerbil auditory pathway based on 18F-FDG PET using procedures for 

anesthesia that are well established in electrophysiological studies of auditory 

processing. 18F-FDG PET offers the advantage of non-invasive and longitudinal 

measurements investigating subjects in different conditions without the need to sacrifice 

the animals. So far, KX and the specific mixture of FMM that were applied in 

electrophysiological studies (Pachitariu et al. 2015; Meyer et al. 2014b; Meyer et al. 

2014a; Lesica and Grothe 2008a; Lesica and Grothe 2008b) have not been compared 

and evaluated in a study using 18F-FDG PET. Furthermore, it will be necessary to 

demonstrate which structures in the auditory pathway can be investigated given the 

resolution by PET in the gerbil. 

 Materials and Methods 2.4

2.4.1 Animals 

In total, 3 female and 5 male young (3-7 months) healthy Mongolian gerbils (Meriones 

unguiculatus) were included in this study. Gerbils were housed in groups of 2-3 animals 

in enriched Type IV cages (EU), containing wooden chipping as bedding, paper towels 

for nesting and wooden sticks for gnawing. Gerbils were kept under constant laboratory 

conditions with a 14/10-h day/night rhythm, a temperature between 21-23°C, and a 

humidity of 45-55%. They had unrestricted access to autoclaved tap water and food 

pellets (Altromin 1324 TPF, Altromin Spezialfutter GmbH & Co. KG, Lage, Germany). 

The care and treatment of the gerbils were permitted by the institutional responsible 

person for animal welfare at Hannover Medical School and in accordance with a permit 

(identification number: 33.12-42502-04-14/1625) issued by the Landesamt für 

Verbraucherschutz und Lebensmittelsicherheit (LAVES, Lower Saxony, Germany). 

The use of animals in this study also complies with the `Guide for the Care and Use of 

Laboratory Animals' (NIH).  
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2.4.2 Anesthesia 

To assess the effect of anesthesia on measured activation of the auditory system, three 

states during radiotracer uptake were investigated: (i) awake state as a reference, (ii) 

ketamine/xylazine (KX) anesthesia and (iii) fentanyl/midazolam/medetomidin (FMM) 

anesthesia. For KX anesthesia animals were injected intra-peritoneally (i.p.) with a 

mixture of ketamine (70 mg/kg bodyweight; Ketamin® 10% WDT, Garbsen, Germany) 

and xylazine (3 mg/kg bodyweight; Sedaxylan® WDT). For maintenance of KX 

anesthesia, the respiration rate was taken into account: if the respiration rate reached 70 

respirations per minute, a quarter of the initial dose was given once subcutaneously to 

maintain KX anesthesia. A mixture of fentanyl (0.03 mg/kg bodyweight, Fentadon®, 

Albrecht GmbH, Aulendorf, Germany), medetomedine (0.15 mg/kg bodyweight, 

Domitor®, Orion Pharma GmbH, Hamburg, Germany) and midazolam (7.5 mg/kg 

bodyweight, Dormicum®, Roche, Wien, Austria) was applied i.p. for opioid based 

anesthesia. Additional injections for maintenance of FMM anesthesia were not 

necessary. In the awake state animals were awake during the uptake phase of 18F-FDG. 

For the PET scan animals of all states were kept under isoflurane anesthesia (see below 

in PET data acquisition).  

2.4.3 Stimulation and 18F-FDG application 

To reveal the difference between strong and weak activation in auditory brain regions of 

the gerbil under different anesthesia, two different acoustic stimulation regimes were 

applied during the 18F-FDG uptake phase. To provide an isolation environment and 

prevent sound interference from the outside, experiments were carried out using a 

sound-attenuating box. In the baseline condition we did not stimulate with additional 

sounds and responses will reflect the low level of background noise in the box. The 

noise level in the baseline condition was 25 dB sound pressure level (SPL) (A-

weighted, Brüel & Kjaer Mediator 2238, Naerum, Denmark). In the FM stimulation 

condition (stim-FM), frequency modulated tones of 90 dB SPL were presented via a 

loudspeaker (SC 10 N Visaton loudspeaker, VISATON GmbH & Co. KG, Haan, 

Germany) located 12 cm above the animal’s head. In order to approach natural stimuli, 
which are characterized by a rich dynamic structure with respect to spectro-temporal 

and other features, often FM tones have been used. FM tones have been utilized for 

estimating sensory neurons’ receptive fields based on single unit recordings in the 
auditory cortex (AC) as well as inferior colliculus (IC) in anesthetized gerbils (Meyer et 

al. 2014a; Meyer et al. 2014b). The FM stimulus consisted of a mix of four tones with 

frequencies sweeping up or down linearly with independent start and end frequencies 

for each tone. For each subsequent block of 100 ms, the start and end frequencies of 

each tone were chosen randomly between 500 Hz and 16 kHz. The block onset and 

offset were ramped with raised cosine functions for 5 ms each.  The overall stimulus 
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was also ramped with raised cosine functions for 10 ms at the start and end, 

respectively. The sound reproduction system was calibrated by passing all stimuli 

through a 256th order FIR filter, which was calculated to keep spectral variations in 

level to a range of 90 dB ± 2 dB in the frequency range between 500 Hz and 16 kHz. 

For calibrating, the sound spectrum was recorded with a Knowles FG-23329 

microphone at the position of the animals head using a white noise played through the 

speaker or at the floor of the cage in which the awake animal was placed. Sound 

calibration was done daily before starting the experiments.  

For the awake state, animals were injected i.p. with 18F-FDG and put into a cage which 

was placed in the middle of the sound shielding box. For studies using anesthesia 

animals were anesthetized and placed on a heating plate to maintain body temperature 

during the experiment. The head in the position in the sound-shielding box 

corresponded to the position for which the calibration was obtained.  After that, a 

catheter of one meter length for tracer application was placed i.p. and the box was 

closed. One minute after starting the acoustic condition 18F-FDG was injected followed 

by 0.2 ml of heparinized saline. Animals remained in the box for 40 min under the 

respective acoustic stimulation. In all experiments animals were injected i.p. with 18.2 ± 

2.1 MBq 18F-FDG in a volume of 0.3 ml physiologic isotonic saline.  Every animal had 

at least 1 week of recovery between scans. 

2.4.4 PET data acquisition 

18F-FDG PET images for all conditions were obtained with a high-resolution Siemens 

Inveon™ PET-CT hybrid-system (Siemens Medical Solutions, Knoxville, TN, USA). 

PET data were collected in list mode for 30 minutes, followed by a low dose CT scan.  

During PET scanning isoflurane (Forene®, Abbvie Deutschland GmbH & Co. KG, 

Wiesbaden, Germany) was applied for anesthesia and vaporized with an Ohmeda Isotec 

4 Vaporizer (UniVet Porta, Groppler Medizintechnik, Deggendorf, Germany). 

Isoflurane doses after awake state uptake phases were initially 3.5 % and for 

maintenance 2.5%. After injection anesthesia in the uptake phase the isoflurane dose 

was 0.5-2.0 % after KX and 1.0-2.5 % after FMM anesthesia, respectively. Animals 

were warmed and monitored throughout the scan. Using an OSEM 3D algorithm, 

emission tomograms were reconstructed with a voxel size of 0.8×0.8×0.79 mm3 and a 

matrix size of 128×128×159. Tomograms were corrected for photon attenuation and 

scatter. Glucose levels were determined from samples withdrawn from a femoral vein 

immediately before the scan by micro-punctation (Contour Next, Bayer Vital GmbH, 

Leverkusen, Germany). 
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To facilitate atlas co-registration (see below) and for improved image display as well as 

assignment of structures a CT template was created (Fig. 1a). This template was based 

on CT-image sets of 8 healthy gerbils and was created analogously and in the same 

space as the PET-template.  

Generation of a VOI template for spatial assignment of auditory activation 

A cyto-and myeloarchitectural brain atlas of the Mongolian gerbil was utilized to assign 

the activated voxels to the anatomical locations (Radtke-Schuller et al. 2016). In a first 

step, plates with ROIs were extracted from the pdf document using Inkscape v0.91 (Fig. 

1b). All colors except the outlines were removed (Fig. 1c). Due to differences in size 

after extracting plates out of the pdf document of the stereotactic atlas, plates had to be 

adjusted with respect to size and position in the Inkscape document, so that all 62 plates 

could be then uploaded in the right size, position and anatomical order (Fig. 1d) in 

PMOD v3.7. The size of each voxel in every direction was calculated. The resulting 

value for each voxel was 0.005 mm/dot in x and y-axis and 0.350 mm/dot in z-axis. 

Using the anatomical drawn regions in the plates of the cyto-and myeloarchitectural 

atlas, VOIs were drawn on x-y-planes (Fig. 1e). To get a 3D data set, VOIs were 

stacked in z-direction. Thereafter 3D data sets containing VOIs and image template, 

respectively, were loaded together in one hybrid space. The VOIs were adjusted to the 

template by shifting and scaling (Fig. 1f).  The final VOI atlas is displayed in Fig. 1g. 

Fig. 2 shows an extract of the atlas in axial views ranging from plane 8 to plane 30 by 

displaying every second image plane of a total of 33. The VOI atlas is either overlaid on 

the CT (Fig. 2a) or on the FDG-PET template (Fig. 2b) to demonstrate the accuracy of 

realignment for both templates. The final template resolution was set to 0.35 mm in x-, 

y- and z-direction analogue to the PET-template.  

Determination of standardize uptake value ratios as a quantitative parameter for 

auditory activation 

Standardize uptake values (SUV) were first calculated at voxel level for spatially 

normalized 3D data sets of each animal. Thereafter, SUV means combining data from 

the left and right hemisphere could be determined for auditory brain areas using the 

VOI template. Due to variable tracer-uptake in the brain induced by application via the 

i.p. route, values for each region were scaled to the pons as a reference region (i.e., 

divided by the mean SUV in the pons) to obtain standardized uptake value ratios 

(SUVrs). No deviation of the data from the normal distribution could be detected using 

the Kolmogorov–Smirnov test. We evaluated our data using a linear mixed-effects 

model ANOVA (procedure MIXED) in SPSS (IBM, Armonk, USA) setting the 

significance level threshold to p = 0.05. 
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area, indicating that the SUVr differs significantly between brain areas (F(3, 96,88) = 

42.9, p < 0.0005, Suppl. Table 1). Significant 2-way interactions were observed 

between brain area and stimulus condition (F(3, 96.88) = 8.416, p < 0.0005), between 

brain area and anesthetic condition (F(6, 96.88) = 3.812, p = 0.002), and between 

stimulus condition and anesthetic condition (F(2, 97.54) = 6.723, p = 0.002). Also a 

significant 3-way interaction between area, stimulus condition and anesthetic condition 

was observed (F(6, 96.88) = 2.681 p = 0.019) that may simply result from the 2-way 

interactions. The significant 2-way interaction between brain area and stimulus 

condition indicates that the brain areas were activated differently by the stim-FM 

sounds. The significant 2-way interaction between brain area and anesthetic condition 

indicates that the anesthesia affected the SUVr differently in the different brain areas. 

The significant 2-way interaction between stimulus condition and anesthetic condition 

indicates that the anesthesia affected the SUVr in the resting state without stimulation 

and in the state of the brain during stimulation differently.  

Since we observed a large main effect of brain area and a highly significant interaction 

between brain area and anesthetic as well as stimulus condition, we conducted a mixed-

model ANOVA separately for each of the brain areas (for the full ANOVA results see 

supplementary materials Table 2, here we only report the significant results). In the IC, 

significant main effects of stimulus condition (F(1, 20.00) = 16.363 p = 0.001) and 

anesthetic condition (F(2, 23.24) = 9.704 p = 0.001) as well as a significant interaction 

was observed (F(2, 20.03) = 12.764 p < 0.0005). The stim-FM sounds produced larger 

SUVr values in the IC than baseline stimulation. FMM anesthesia produced on average 

a significantly larger SUVr value than KX anesthesia or what was observed in the 

awake state. The interaction represented the contrast between the decrease of the SUVr 

with FM stimulation under KX anesthesia and the substantial increase in the SUVr 

observed with FM stimulation under FMM anesthesia and in the awake state (Fig. 4). In 

the auditory cortex no significant main effects and interaction were observed (Suppl. 

Table2). We only observed a main effect of stimulus conditions in MGB (F(1, 19.49) = 

5.787 p = 0.026) and SC (F(1, 18.13) = 5.011 p = 0.038). In contrast to the IC where we 

observed an increase of the SUVr due to the FM stimulation, in both the MGB and the 

SC the SUVr was reduced with FM stimulation compared to baseline). All other effects 

on the SUVr values in these areas were not significant (Suppl. Table.2).  

2.5.1 Waking state  

Feasibility and applicability of measurements of auditory activation using PET were 

demonstrated in animals acoustically stimulated during the awake state. Uptake 

differences in IC between the two conditions are additionally visualized in Fig. 3 (a, b), 

where images averaged over all animals show both ICs more strongly marked in the 

stim-FM condition (Fig. 3 b, arrows) than in background noise (baseline, Fig 3a, 
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arrows). Data for VOI based calculation of SUVr for brain areas being part of the 

auditory pathway, as well as non-auditory region (somatosensory cortex, SC) are shown 

in Fig 4a and Table 1. Comparing stim-FM to the baseline condition, a significant 

stimulus specific activation was identified at the level of IC (paired t-test, t = 4.508, n = 

4, p = 0.02). VOI-based analysis did not reveal any significant difference between both 

conditions for MGB, AC and SC using the paired t-test (Fig. 4a). In detailed 

consideration of results, for the IC a significant activation of 12% was observed 

comparing SUVrs for stim-FM versus baseline in awake state: 1.23±0.03 vs. 1.10±0.05 

(Table 1). The region specific mixed model ANOVA results (Suppl. Table 2) indicate a 

significant reduction of the activity in MGB and SC in the stim-FM condition compared 

to baseline. As the data in Table 1 suggest, this reduction is mainly due to the SUVrs in 

the awake state. Using the contrast stim-FM – baseline, the outcome of the t-tests for the 

different anesthetic states has also been verified via SPM (Fig. 5). Voxels in which 

uptake was significantly higher during stimulation compared to baseline were only 

detected in the IC, but not in the other regions. In fact 8% of the voxels in the IC VOIs 

showed significant activation (SPM uncorrected, p < 0.01). To verify whether VOI of 

IC drawn in the atlas fit to results found via SPM analysis, spatial assignment of the 

observations was visually checked by overlaying the VOI atlas on the SPM map (Fig. 

5d). All voxels indicating significant differences between acoustic conditions are 

exclusively located in VOIs of the IC, which further underlines the robustness of 

generated VOIs, as well as the feasibility of the procedure.  

2.5.2 Anesthesia  

Ketamine/Xylazine: Four animals were investigated using the stimulation procedure of 

the awake animals and KX anesthesia during auditory stimulation. In Fig. 3 c and d, 

averaged images displayed no visual differences between baseline (c) and stim-FM (d). 

Fig. 4b also indicates no differences of calculated SUVrs between conditions under KX 

anesthesia for all regions of interest. Those results are also reflected in Tab.1. No 

significant difference for SUVrs comparing stim-FM versus baseline for IC (1.22 ± 0.07 

vs. 1.14 ± 0.07, Table 1, not significant) as well as for the other areas could be detected. 

For SPM analysis, corresponding results could be provided: no significant difference 

above all thresholds for statistical voxel-wise testing was observed for KX (Fig. 5b, here 

SPM uncorrected, p < 0.01).  

Fentanyl/Midazolam/Medetomidin: More strongly activated ICs (arrows) during stim-

FM stimulation (f) compared to baseline (e) could also be observed under FMM 

anesthesia as indicated in Fig. 3. SUVr based values in Fig. 4c show significant auditory 

activation within the IC (paired t-test, t = 6.655, n = 6, p = 0.0012). In total, the 

difference between conditions in IC revealed a significantly higher activation of 13% 

(1.35 ± 0.06 vs. 1.20 ± 0.02, Table 1) in stim-FM versus baseline conditions. Other 
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Table 1 Mean values of VOI based SUVrs in different anatomical regions  

  Awake  KX  FMM 

  Baseline Stim-FM r2 p-value  Baseline Stim-FM r2 p-value  Baseline Stim-FM r2 p-value 

IC  1.10±0.05 1.23±0.03 0.87 p=0.02  1.22±0.07 1.14±0.07 0.29 p=0.35  1.20±0.02 1.35±0.06 0.90 p=0.0012 

MGB  1.14±0.10 0.92±0.07 0.60 p=0.13  1.17±0.05 1.09±0.03 0.63 p=0.11  1.10±0.06 1.11±0.07 0.00 p=0.87 

AC  1.02±0.11 0.92±0.09 0.38 p=0.27  1.07±0.04 1.03±0.04 0.33 p=0.32  1.00±0.04 1.00±0.08 0.00 p=0.97. 

SC  1.21±0.12 1.09±0.11 0.59 p=0.13  1.19±0.10 1.10±0.03 0.35 p=0.29  1.09±0.03 1.09±0.07 0.00 p=0.97 

VOI volume of interest, SUVr standardized uptake value ratio, FM frequency modulated (stimulation) KX ketamine/xylazine, FMM fentanyl/midazolam/medetomidin, 

IC inferior colliculus, MGB medial geniculate body, AC auditory cortex, SC somatosensory cortex  

Mean SUVrs and standard deviations for different states, conditions and every region of interest are given in this table. In the awake state the IC is 12% more activated 
during FM stimulation compared to baseline, but this activation in the IC could not be detected under KX anesthesia. Using FMM again, the IC was more activated 
with FM stimulation (13%). MGB, AC and SC showed no significant difference between conditions in all states. 
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sound-evoked activation in AC (Yu et al. 2005). In summary, the findings of these 

studies are in good agreement with our observation of sound evoked activation in the 

gerbil IC and a lack of activation in the gerbil AC. 

Investigations of sound-evoked activation in IC and AC have also been carried out 

using other techniques. Comparing activation observed with PET imaging with results 

using autoradiographic analysis of the same brain areas, Hsu and colleagues (2009) 

observed that ex vivo autoradiography is more sensitive and leads to a larger response 

than can be observed in the rat with PET. Applying the 14C-2-deoxyglucose (2DG) 

autoradiographic technique in awake gerbils using FM tones to investigate the sound-

evoked activation of the gerbil brain, frequency representation and tonotopic 

organization of the AC could be revealed (Scheich et al. 1993). The technique of 2DG 

autoradiography as a measure of metabolic activity has also been successfully used to 

evaluate increased activity due to the exposure to normal laboratory sounds particularly 

in the IC of young gerbils. This could be clearly demonstrated using unilateral models 

of hearing loss (Tucci et al. 1999). Previous studies in the gerbil (Sharp et al. 1981; 

Ryan et al. 1982) demonstrated a lesser increase of 2DG uptake during noise exposure 

in gerbil AC and MGB that is consistent with our findings in these areas. Only in the 

MGB (and in the non-auditory SC) we observed an unaccountable significant decrease 

of the SUVr related to the FM stimulation in the ANOVA which was not observed in 

the AC. However, when analyzing the SUVr values for separate anesthetic states in a 

pairwise comparison, no significant differences were observed in MGB which may be 

due to the smaller sample size resulting from the splitting between anestethic states. The 

large r2 values (Table 1) suggest that the power may not have been sufficient for 

investigating separate anesthetic states in the MGB. Also in electrophysiological studies 

using FM tones as in the present study activation in gerbil IC and AC could be observed 

(Meyer et al. 2014a; Meyer et al. 2014b). Thus, stimulus dependent activation of AC in 

electrophysiological experiments and ex vivo-autoradiography was possible, whereas in 

the PET study it did not show up. Autoradiography appears to be more sensitive than 

PET having at least a difference in resolution of approximately one order of magnitude 

compared to the best small animal PET (Schmidt and Smith 2005).  

Additional reasons why the PET technique is insensitive in the AC may relate to the 

function of AC. AC is modulated by behavioral context (Shamma and Fritz 2014), 

which is important to consider for our investigations in the awake state. Insensitivity in 

AC using the PET technique could also be due to the observation of sparse coding in 

primary AC neurons, which can be highly selective for complex sounds (Willmore and 

King 2009; Hromádka and Zador 2009) and, thus, only a small fraction of the neurons 

are driven by a specific stimulus. This part of the neuronal population may not be 

sufficiently large to be detected by PET. 



Study 1 – Establishment of a PET imaging approach in gerbils 

 53

 

Especially when it comes to structure size in small animal PET measurements, the 

phenomenon of partial volume effect has to be considered. If the size of the measured 

object is too small in relation to the spatial resolution of the PET scanner, the true 

amount of radioactivity in the object will only partially be recovered (underestimated). 

In our case the spatial resolution (full width at half maximum, FWHM) of the PET 

scanner was ≈ 1.5 mm (Constantinescu et al. 2009). Magnitudes in (auditory) areas of 
sizes under 1-times the FWHM do recover less than 20 % (Knoop et al. 2002). In 

gerbils, AC, and IC (≈ 1.8 mm) are above this threshold (Radtke-Schuller et al. 2016). 

Nevertheless, the effect of partial volume could even reduce signals from AC and IC. 

Widths of structures in the gerbils for lateral lemniscus (≈ 0.2 mm), olivary complex (≈ 
0.6 mm), nucleus cochlearis (≈ 0.5-0.8 mm) and MGB (≈ 1.4 mm) are all below the 

threshold value of 1-times the FWHM (Radtke-Schuller et al. 2016) and thus cannot be 

properly analyzed given the intrinsic resolution of the PET-scanner (Constantinescu et 

al. 2009, Knoop et al. 2002). 

2.6.2 Influence of anesthesia 

We found similar activation with FMM anesthesia compared to awake state, but not 

with KX anesthesia. The partial aspect of an observed larger proportion of activated 

voxels in the IC with FMM anesthesia compared to awake state is most likely related to 

the larger number of animals in the anesthetized group. Both anesthetics have already 

been successfully applied in electrophysiological studies in the IC and AC (Pachitariu et 

al. 2015; Meyer et al. 2014a; Meyer et al. 2014b; Lesica and Grothe 2008a; Lesica and 

Grothe 2008b). However, differential effects of both types of anesthesia have been 

observed in multi- and single-unit recordings. KX anesthesia showed an influence on 

spontaneous firing rates of neurons in the IC (Astl et al. 1996). Comparing the neural 

representation of ITDs (interaural time differences) in the IC and primary auditory 

cortex (A1) of gerbils, it has also been demonstrated that ITD tuning in A1 was much 

weaker under KX compared to investigations under FMM anesthesia (Belliveau et al. 

2014). However using similar anesthetic protocols Sanes and colleagues (1998) did not 

find any differences in the gerbil IC. In a human experiment using an increasing dose of 

alfentanil, fentanyl and morphine, the auditory brainstem response wave V was stable 

and showed a similar pattern as in awake patients (Schwender et al. 1993). 

Anesthesia by itself may also affect the glucose metabolism (Fink and Haschke 1973). 

Even without acoustic stimulation, Wang and colleagues (1987) observed in increased 

2DG uptake with Ketamine anesthesia (Wang et al. 1987). In tumor bearing nude mice 

it has been shown, that anesthesia with a combination of fentanyl-fluanisone and 

diazepam is feasible using the 18F-FDG PET approach and the method did not alter the 

glucose uptake in brain (Siikanen et al. 2015). Comparing different anesthetics, it has 

been shown that both isoflurane and a KX mixture decrease 18F-FDG uptake in the 
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mouse brain determined by PET (Toyama et al. 2004). We also observed differences in 

blood glucose levels between different anesthetic states (Fig.6). Blood glucose levels 

under KX anesthesia were significantly higher compared to those for the awake state as 

well as for FMM anesthesia. Consistent with our results in the gerbil, previous studies 

demonstrated that KX anesthesia increases blood glucose levels in rodents (Saha et al. 

2005; Brown et al. 2005). It was suggested that induced hyperglycemia may be due to 

xylazine blocked insulin secretion on pancreatic islets (Abdel el Motal and Sharp 1985). 
18F-FDG studies additionally indicated a negative correlation between blood glucose 

levels and 18F-FDG uptake in the brain (Berti et al. 2014; Ishizu et al. 1994; Huang 

2000). This correlation is likely to be due to increased levels of “cold” glucose in the 
blood interfering with 18F-FDG uptake because of saturation of glucose transporters 

(Dunn et al. 2009; Kilbourn 2017). Therefore, the combination of effects with increased 

glucose levels leading to lower 18F-FDG uptake renders KX anesthesia unsuitable 

activation studies using 18F-FDG-PET. However, although fentanyl leads to enriched 

blood glucose levels, it still does not seem to block stimulus transformation and 

processing in the brainstem (Schwender et al. 1993). 

 Conclusion 2.7

For the first time, the activation in the auditory pathway of the gerbil, a preferred animal 

model in auditory research, has been investigated using 18F-FDG in a dedicated small 

animal PET based approach. Our results underline the usefulness of this method for 

further investigation of auditory processing in gerbils. This also provides new 

opportunities in translational research with gerbils, as well as comparing results of 

whole brain imaging with results of electrophysiological investigations. In addition, the 

digital VOI brain atlas of the gerbil constructed as part of this study may serve as a basis 

for future studies of the gerbil as a model in hearing research.    
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 Supplementary information. 2.10
Supplementary Table 1: Fixed effects revealed by a mixed model ANOVA with SUVr as the dependent 
variable and subject as random effect. Factors were the area (inferior colliculus, medial geniculate body, 
auditory cortex, somatosensory cortex), the stimulus (baseline without special stimulation, 90 dB SPL FM 
sweeps), and the anesthetic condition (awake, KX anesthesia, FMM anesthesia). 

source 
Numerator  
degrees of 
freedom 

Denominator 
degrees of 
freedom 

F-value significance 

Constant term 1 6.798 4117.726 <0.0005 
Area 3 96.876 42.900 <0.0005 

Stimulus 1 97.505 1.989 0.162 
Condition 2 102.200 2.137 0.123 

Area * Stimulus 3 96.876 8.416 <0.0005 
Area * Condition 6 96.876 3.812 0.002 

Stimulus * Condition 2 97.540 6.723 0.002 
Area * Stimulus * 

Condition 6 96.876 2.681 0.019 
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Supplementary Table 2: Fixed effects revealed by an area-specific mixed model ANOVA with SUVr as 
the dependent variable and subject as random effect. Factors were the stimulus (baseline without special 
stimulation, 90 dB SPL FM sweeps), and the anesthetic condition (awake, KX anesthesia, FMM 
anesthesia). 

source 
 

area 
Numerator  
degrees of 
freedom 

Denominator 
degrees of 
freedom 

F-value significance 

Constant term 

IC 
 

1 
 

6.927 5993.304 <0.0005 
AC 6.647 2253.491 <0.0005 

MGB 6.393 3845.777 <0.0005 
SC 5.417 2637.506 <0.0005 

Stimulus 

IC 

1 

20.004 16.363 0.001 
AC 19.600 0.868 0.363 

MGB 19.488 5.787 0.026 
SC 18.131 5.011 0.038 

Condition 

IC 
 

2 
 

23.243 9.704 0.001 
AC 22.802 0.202 0.819 

MGB 22.957 2.046 0.152 
SC 21.718 1.074 0.359 

Stimulus * Condition 

IC 
 

2 
 

20.034 12.764 <0.0005 
AC 19.628 0.263 0.771 

MGB 19.520 2.147 0.144 
SC 18.159 1.453 0.260 
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 Abstract  3.1

Purpose  

Plastic changes in the central auditory system involving the GABAergic system 

accompany age-related hearing loss. Such processes can be investigated with positron 

emission tomography (PET) imaging using [18F]flumazenil ([18F]FMZ). Here, 

[18F]FMZ PET based modeling approaches allow a simple and reliable quantification of 

GABAA receptor binding capacity revealing regional differences and age-related 

changes. 

Procedures 

Sixty min list-mode PET acquisitions were performed in 9 young (range 5-6 months) 

and 11 old (range 39-42 months) gerbils, starting simultaneously with the injection of 

[18F]FMZ via femoral vein. Non-displaceable binding potentials (BPnd) with pons as 

reference region were calculated for auditory cortex (AC), inferior colliculus (IC), 

medial geniculate body (MGB), somatosensory cortex (SC) and cerebellum (CB) using 

(i) a two-tissue compartment model (2TCM), (ii) the Logan plot with image derived 

blood-input (Logan (BI)), (iii) a simplified reference tissue model (SRTM) and (iv) the 

Logan reference model (Logan (RT)). Statistical parametric mapping analysis (SPM) 

comparing young and old gerbils was performed using 3D parametric images for BPnd 

based on SRTM. Results were verified with in-vitro autoradiography from 5 additional 

young gerbils. Model assessment included the Akaike information criterion (AIC). 

Hearing was evaluated using auditory brainstem responses. 

Results 

BPnd differed significantly between models (p<0.0005), showing the smallest mean 

difference between 2TCM as reference and SRTM as simplified procedure. SRTM 

revealed the lowest AIC values. Both, volume of distribution (r2 = 0.8793, p=0.018) and 

BPnd (r2=0.8216, p=0.034) correlated with in-vitro autoradiography data. A significant 

age-related decrease of receptor binding was observed in auditory (AC, IC, MGB) and 

other brain regions (SC and CB) (p<0.0001, unpaired t-test) being confirmed by SPM 

using pons as reference (p<0.0001, uncorrected).  

Conclusion  

Imaging of GABAA receptor binding capacity in gerbils using [18F]FMZ PET revealed 

SRTM as a simple and robust quantification method of GABAA receptors. Comparison 

of BPnd in young and old gerbils demonstrated an age-related decrease of GABAA 

receptor binding. 
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 Introduction 3.3

Positron emission tomography (PET) is a high-end imaging technique for studying a 

wide range of molecular processes in-vivo [1-2]. It becomes more and more important 

in research involving small animals, since it is a minimally invasive procedure [3] 

allowing longitudinal measures in the same animals [4] and is translatable to humans 

[5]. With the increasing availability of radiotracers for PET imaging of neurotransmitter 

systems [3, 6], different models to analyze the properties, kinetics and distribution of 

radiotracers have been developed [4-5, 7-8] – in particular for the calculation of non-

displaceable receptor binding potentials (BPnd) [7]. Thus, the PET technique is well 

suited to study changes in neurotransmitter systems [3], which can be observed in the 

context of aging [9]. Especially the γ-aminobutyric acid (GABA) neurotransmitter 

system is affected in the process of aging in humans and rodents [9-10].  

GABA has been considered being a major inhibitory neurotransmitter in the brain [11] 

and an age-related decline of central GABAergic inhibition has been observed [12]. 

GABAergic effects are mediated by different types of receptors: fast acting ionotropic 

(GABAA-receptors) and slow-acting metabotropic receptors (GABAB-receptors) [13-

14]. GABAA receptors are the predominant GABAergic receptor type in the brain [13, 

15-16]. The GABAA receptor is a ligand gated chloride channel with GABA-binding 

affinity regulated by a benzodiazepine-binding site [11, 13, 17]. Flumazenil (FMZ) acts 

as an antagonist at the benzodiazepine binding site, which is classically located at the 

α/γ subunit interface of GABAA receptors [18-19]. Therefore binding affinity is, in part, 

determined by the α/γ subunit composition of the GABAA receptor, which is known to 

be altered with age [20]. While providing insights into the pharmacokinetic properties 

of the drug, radiolabeled FMZ has been used in in-vivo PET-imaging to visualize the 

GABAA receptor binding, [21-22]. Thus, FMZ PET bears potential for minimal invasive 

assessment of GABAergic neurotransmission in the auditory pathway during ageing.  

Previous in-vitro investigations of the GABAergic mammalian systems focused on the 

auditory system and provided evidence for an age-related reduction [12, 23] as well as 

downregulation of GABAergic inhibition throughout the auditory central nervous 

system [20, 24-26].  

In-vivo investigations of the GABAergic system focusing on hearing-related topics and 

using [18F]flumazenil PET have not yet been conducted. Mongolian gerbils are well-

suited animal models to study age-related changes in the auditory system due to their 

similar hearing range to that of humans [27-28]. Here, we investigate the GABAA 

receptor binding potential in young and old gerbils quantitatively using 8-[18F]fluoro-5-

methyl-6-oxo-5,6-dihydro-4H-imidazo[1,5-a][1,4]benzodiazepine-3-carboxylate 

([18F]flumazenil, abbreviated as [18F]FMZ) in a PET based approach. As [18F]FMZ PET 
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has not been performed in the gerbil before, a prerequisite for proper evaluation of 

biological differences in receptor binding in gerbil is a methodological assessment. 

Thus, the present work consists of both, a methodological and a biological part, in 

which the methodological information is necessary to properly classify measured age-

related differences for a physiological perspective. 

For the methodological part, two models rely on image derived blood/plasma input 

(two-tissue compartment model, 2TCM; classical Logan plot analysis with blood-input, 

Logan (BI)) and two further are reference modelling approaches (simplified reference 

tissue model, SRTM; Logan reference tissue model, Logan (RT)). The 2TCM was used 

as a reference in comparison to the other models simplified either with respect to input 

function (reference tissue) or parameter fitting (Logan plot). The capability of a model 

to describe the measured data is typically being assessed by criteria evaluating the 

goodness of fit. For such evaluations we used the Akaike information criterion (AIC) 

[29-30]. Our first aim for the methodological part was to identify a simple and reliable 

procedure for the calculation of binding potentials to quantify GABAA receptors in 

gerbils. Since [18F]FMZ has not been used in gerbils so far, our second aim was to 

verify whether regional differences observed in [18F]FMZ binding using PET resemble 

the distribution of GABAA receptors demonstrated by in-vitro autoradiography. After 

clarifying the weaknesses and strengths of the different kinetic modeling approaches, 

the biological part of this study was to demonstrate age related differences of GABAA 

receptor binding in gerbils, exemplifying the usefulness of the method to grasp 

physiological changes with age.   

 Material and Methods 3.4

3.4.1 Radiolabeling 

N.c.a. fluoride-18 (F-18) was produced using the 18O(p,n)18F nuclear reaction at a 

Scanditronix MC35 cyclotron. The F-18 labeling of [18F]flumazenil was performed 

using the corresponding mazenil pinacol borate precursor (5-methyl-6-oxo-8-(4,4,5,5-

tetramethyl-[1,3,2]dioxaborolan-2-yl)-5,6-dihydro-4H-2,5,10b-triazabenzo[e]azulene-3-

carboxylic acid ethyl ester, 20 mg) in a Cu(II)-catalyzed (tetrakis(pyridine)copper(II) 

triflate, 40 mg) 18F-fluorination in N,N-dimethylacetamide (1.0 ml) and a potassium 

carbonate (0.1 mg) potassium oxalate (1.0 mg) Kryptofix[2.2.2] (6.3 mg) system [31]. 

The radiosynthesis of the crude radiotracer was automated on a radiosynthesis apparatus 

(GE TRACERlab® MXFDG) in a custom-made cassette system. The crude labeling 

mixture was then purified on a RP (C18) semi-prep HPLC system using an isocratic 

eluent of water/acetonitril (75/25) at 3 ml/min flow. The product fraction was isolated 

and formulated in 0.9% saline (10-15% ethanol) after SPE(C18)-based solvent change. 
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3.4.2 Animals 

Two groups of Mongolian gerbils (Meriones unguiculatus) were included in the PET 

study: 9 young (range 5-6 months old) and 11 old (39-42 months) gerbils. Brains of 

further 5 young gerbils (5 months old), were used for in-vitro autoradiography. Animals 

were housed in macrolon type IV cages, containing wooden chipping as bedding, paper 

towels for nesting and wooden sticks for gnawing. All animals remained in constant 

laboratory conditions with a 14/10-h day/night rhythm, a temperature between 21-23°C, 

and a humidity of 45-55%. Animals had free access to autoclaved tap water and food 

pellets (Altromin 1324 TPF, Altromin Spezialfutter GmbH & Co. KG, Lage, Germany).  

3.4.3 ABR-measurement 

To determine the auditory thresholds of young and old gerbils, auditory brainstem 

response (ABR) measurements were performed. For ABR measurements animals were 

anesthetized by intra-peritoneal injection of a mixture of fentanyl (0.03 mg/kg 

bodyweight, Fentadon®, Albrecht GmbH, Aulendorf, Germany), medetomodine (0.15 

mg/kg bodyweight, Domitor®, Orion Pharma GmbH, Hamburg, Germany) and 

midazolam (7.5 mg/kg bodyweight, Dormicum®, Roche, Wien, Austria) [32]. 

Animals were monitored and maintained at normal physiological temperature by a 

heating blanket. 

The ABRs were recorded utilizing subcutaneous needle electrodes. One electrode was 

positioned on the vertex (reference) and the recording electrode at the neck. Impedance 

was reduced by wetting the electrodes with saline solution [33-34]. Animals were 

electrically grounded with a butterfly-needle, placed subcutaneously in the upper leg. 

The signal of the electrode was amplified using a World Precision Instruments ISO-80 

Bio-amplifier and recorded on hard disk via a sound card (RME Hammerfall Multiface 

II), which was also used for stimulus presentation. The stimuli were presented through 

Sennheiser IE800 headphones via a Yamaha A-S501 amplifier. 

Calibration of stimuli was carried out using Knowles FG-23329 microphones positioned 

in the ear-bars between the headphone and the corresponding ear canal entrance. For 

additional recording of the sound stimuli simultaneously with the ABR signal, the 

microphones were kept in place during the experiment and the microphone signal was 

recorded. Epochs with maximum response amplitudes less than about 25 µV were 

considered free of artifact (e.g., heart beat or breathing muscle potentials) [34]. 

Monaural and binaural evoked ABRs were measured using a click stimulus (click 

duration approximately 21 µs) at 90 dB sound pressure level (SPL) with ITDs between -

1000 and 1000 μs. Additionally, hearing thresholds for the left and right ear were 
investigated playing monaural clicks with levels ranging from 20 to 90 dB SPL. Each 

stimulus condition was repeated in randomized order until at least 500 of the 
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corresponding recorded intervals were artifact-free. The presentation rate was 

approximately 8 Hz. 

3.4.4 In-vitro autoradiography 

As a proof-of-principle approach to get better insights in correlation of PET-parameters 

to in-vitro [18F]FMZ binding to the GABAA receptor benzodiazepine binding site, in-

vitro autoradiography was done using brains from additional young gerbils. Five young 

gerbils were decapitated and their brains were rapidly frozen in liquid nitrogen. The 

brains were cut into 14-μm thick coronal sections on a cryostat (Thermo Shandon 
Cryotome, Thermo Fischer Scientific™, Germany) and mounted on microscopy glass 
slides (Superfrost Plus™. Thermo Fischer Scientific™, Germany). Brain sections were 
pre-incubated for 30 min at room temperature (RT) in phosphate-buffered saline (PBS). 

Then, samples were incubated with 4 MBq [18F]FMZ (in 200 ml PBS) for 30 min. After 

incubation, slides were washed with PBS at 4°C for 5 min and afterwards submerged 

three times in cold demineralized water (4°C) to remove buffer salts. Thereafter, slides 

were dried at RT (≈ 20 min). Furthermore, a calibration curve was prepared using a 
thin-layer chromatography (TLC) plate and a serial dilution (8 tubes) with 

concentrations starting from 500 kBq/ml to 10 kBq/ml [18F]FMZ. Slides and the TLC 

for the calibration curve were exposed on a phosphor screen (Multisensitive, medium, 

PerkinElmer life sciences, Germany) for 30 min that was digitized using a Cyclone 

scanner (PerkinElmer life sciences, Germany).  

Digitized images of the slides were further analyzed using PMOD3.7 software (PMOD 

Technologies LLC, Zürich, Switzerland). Using the calibration curve, values for optical 

density were converted to Bq/mm2. Quantification for each slide and each animal was 

done by overlaying the volumes of interest (VOI)-template for selected regions, which 

was previously described by our group [35] and was implemented from a stereotaxic 

brain atlas of the Mongolian gerbil [36]. Inferior colliculus (IC, bregma -6.2), auditory 

cortex (AC, bregma -2 and -3.4), medial geniculate body (MGB, bregma -3.4), 

somatosensory cortex (SC, bregma -2) and pons (bregma -6.2) were analyzed with 

delineations according to the atlas of Radtke-Schuller and colleagues [36].  

3.4.5 PET procedure 

In order to establish a least-invasive injection strategy, vena femoralis was selected for 

intravenous injection, because a tail vein injection typically used in laboratory rodents is 

hardly feasible in gerbils. To place the intravenous access for the tracer in the gerbil, 

animals were first anesthetized with 3.5% isoflurane (Forene®, Abbvie Deutschland 

GmbH & Co. KG, Wiesbaden, Germany), which was vaporized with an Ohmeda Isotec 

4 Vaporizer (UniVet Porta, Groppler Medizintechnik, Deggendorf, Germany). For 
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catheter placement, gerbils were positioned on their back in the PET-bed. A 30G 

cannula was then placed transcutaneous in the vena femoralis. The anesthetized animal 

was then carefully transported with the bed to the scanner. In total 13.7±2.2 MBq [18F]-

FMZ was injected.  

Dynamic images were obtained with a high-resolution Siemens Inveon™ PET-CT 

hybrid-system (Siemens Medical Solutions, Knoxville, TN, USA). Tracer injection and 

60 min list-mode acquisition were started simultaneously. During PET scanning, 

isoflurane was maintained using doses of about 2.5%. Data were reconstructed 

iteratively into 32 consecutive frames (5x2s, 4x5s, 3x10s, 8x30s, 5x60s, 4x5min, 

3x10min) including a germanium-68 source-based attenuation-correction.  

3.4.6 Data analysis 

PET scans of both young and old animals were analyzed with PMOD3.7 software using 

the same PET template, which was based on 7 full grown healthy gerbils and distinct 

regions from a digital VOI atlas, both previously described by our group [35]. As the 

animals of the young and the old group were all fully grown, we used the same 

template. Reconstructed dynamic images were spatially co-registered to the PET-

template and VOIs were overlaid on the [18F]FMZ images for further kinetic analysis.  

3.4.6.1  Kinetic Analysis 

Image-derived input function (IDIF) has been used as a non-invasive alternative to 

arterial sampling [7] for plasma input models. Therefore, the complete time-course of 

activity in the blood was obtained from the vena cava caudalis [37]. For kinetic 

modelling, VOIs for IC, AC, MGB, SC, cerebellum (CB) and pons were used. 

Compartment modeling and linear graphical analysis were carried out and all models 

were compared to each other. Plasma-input models, the 2TCM and Logan (BI) were 

used to determine the volume of distribution, designated as Vt by PMOD software. 

BPnd cannot be directly calculated from these models. However, using Vt, it is possible 

to calculate the BPnd using the following equation.  

 𝐵𝑃𝑛𝑑 = (𝑉𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 − 𝑉𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒)𝑉𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒  

 

Vt is the ratio between the concentration of radio-ligand in a region of tissue and the 

concentration of active radio-ligand in plasma at equilibrium. It can be obtained for 

regions of tissue with and without specific tracer binding [38]. The concept of BPnd is 

one of the main outcome measures for radioligand imaging and can be defined as the 
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ratio at equilibrium of specifically bound radioligand to non-displaceable radioligand in 

tissue [38]. 

Using reference models, BPnd has also been calculated using Logan (RT) and SRTM 

with the pons as reference region [22]. In order to obtain mean values for flumazenil 

binding in auditory areas, calculations were carried out with the PKIN tool from PMOD 

software. The PKIN tool allows calculating Vt or BPnd. Thereby a mean value for each 

brain areas of interest can be generated using different kinetic models. Additionally, 

PXMOD tool from PMOD was used to calculate a parametric map, i.e., a voxel-based 

images of regional flumazenil binding employing the SRTM model.  

3.4.6.2  Statistical analysis  

The data was evaluated using SPSS 25.0 (IBM, Armonk, USA). Significant effects of 

variables like “area”, “model” and “age” on the BPnd and on the AIC were determined 

in two separate general linear model rmANOVAs (repeated measures analysis of 

variance, GLM5) using Greenhouse-Geisser correction. To test the effects of the 

amplitude at 90dB, the age and the brain area on BPnd obtained with SRTM, a third 

rmANOVA was carried out. Tables of rmANOVAs are displayed in the supplementary 

material. The AIC for 2TCM, Logan (BI) and SRTM, as a measure for evaluating the 

quality of a model fit [29-30] was therefore calculated. AICs for Logan (RT) were not 

provided by PMOD.  

Unpaired t-tests were performed as planned comparisons after the GLM analysis 

revealed a general effect comparing BPnds of each area between young and old animals 

separately. Significances of mean differences in BPnd obtained from Logan (BI), Logan 

(RT) or SRTM compared to BPnd obtained with the 2TCM as reference were assessed 

with the rmANOVA. P-values <0.05 were considered as significant. Values shown 

across all animals of each group are displayed as mean and standard deviation (SD). 

Statistical parametric analysis was performed using SPM8 (Institute of Neurology, 

University College of London, UK) implemented in Matlab (Mathworks, MA, USA) 

employing calculated parametric maps of BPnd derived from the PXMOD tool. To 

detect differences between young and old gerbils, areas in which the binding potential 

was higher in young gerbils were identified using two-sample t-tests (p < 0.0001, 

uncorrected).  

Additionally, values for the brain areas measured with autoradiography were compared 

with values for the same areas measured with PET. Therefore, mean values of [18F]FMZ 

binding for AC, MGB, IC, SC and pons derived from autoradiography (n = 5) were 

compared to means in either BPnd or Vt measured with PET (n = 9) in correlation 

analyses (Pearson) using GraphPad Prism 6. For these correlation analyses SRTM was 

chosen for calculating BPnd and 2TCM for calculating Vt values. 



Study 2 - Investigation of the GABAergic system in aged gerbils 

70 

 Results 3.5

3.5.1 Comparison of models  

In table 1, mean values for BPnd calculated in a VOI-based procedure for young and 

old gerbils obtained with different kinetic models are listed for the different brain areas. 

To estimate the effects of “area”, “model” and “age” on BPnd, a rmANOVA was 
carried out and results are displayed in the supplementary table 1. This part of the 

results section focuses on the effect of area and model on BPnd. A significant main 

effect of the area (F= 194.128, p < 0.0005, partial η2= 0.915) could be detected 

indicating that BPnd differed between brain areas. The model also had a significant 

main effect on BPnd (F= 25.783, p < 0.0005, partial η2= 0.589), indicating that the 

average binding potential was different when calculating it with different models. 

Significant 2-way interactions were observed between brain area and model (F= 18.721, 

p < 0.0005, partial η2= 0. 510), indicating that BPnd in the brain areas differs when 

using different models for quantification (see also Fig.1). Table 1 demonstrates how the 

choice of the model affects the calculated BPnd values in the different brain areas. Here, 

for all regions the highest values of the binding potentials were found in AC, IC, and 

SC, but with the hierarchy between the three brain areas differing between the different 

models. For all regions BPnd for MGB was lower, followed by CB with the lowest 

BPnd being independent from the model. When considering the interaction between age 

and the model used for quantification of binding potential, a significant 2-way 

interaction was observed (F= 6.232, p = 0.007, partial η2= 0.257). Considering mean 

differences of BPnd between Logan (BI), SRTM and Logan (RT) model compared to 

our common reference, the 2TCM, (table 2), the smallest difference was found for the 

SRTM, with a mean difference of -0.079 barely reaching significant (p = 0.049). In 

summary, using different models small variations in mean BPnd of AC, IC and SC are 

found. However, prominent differences of mean BPnd between specific areas are 

revealed independent of the choice of the model. In order to reveal how well the data fit 

the respective models we used the AIC. Mean values for young and old gerbils and 

different brain regions are reported in table 3, showing highest values for 2TCM 

(young: 85.21 - 97.74, old: 63.09 - 95.26), followed by Logan (BI) (young: 37.88 - 

42.12, old: 39.02 – 46.68) and SRTM (young; 25.02 - 38.47, old: 19.20 – 41.20) with 

the lowest values. To evaluate the relation of the main effects “area”, “model” and 
“age” on AIC, additionally a rmANOVA was carried out. Full results are shown in the 
supplementary table 2. A significant main effect was observed for area (F= 7.656, p = 

0.004, partial η2= 0.298), indicating that the AIC is 
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Table 1 

[18F]FMZ BPnd (mean ± standard deviation) for different brain areas* obtained applying 2TCM, Logan, SRTM and Logan Ref models*1. Data from 9 young and 11 old 
animals are shown. Significant differences between young and old gerbils obtained with an unpaired t-test are displayed in figure 1. 

 

 
*AC – Auditory Cortex, IC – Inferrior Colliculus, MGB – Medial Geniculate Body, SC – Somatosensory Cortex, CB - Cerebellum  
*12TCM: two-tissue compartment model; Logan (BI): logan plot; SRTM: simplified reference tissue model; Logan (RT): logan reference. For reference tissue models, pons was 
used as reference tissue 

 

Table 2 

Mean difference between BPnds calculated using Logan, SRTM and  
Logan Ref models and the BPnd for the 2TCM model*1 

  
Mean 

difference 
Standard 

error 
Significance * 

2CM Logan (BI) -0.191 0.035 <0.0005 

 SRTM -0.079 0.037 0.049 

 Logan (RT) -0.241 0.040 <0.0005 

*without Bonferroni correction 

AC IC MGB SC CB 

young old young old young old young old young old 

2TCM 2.26±0.76 0.80±0.21 2.41±0.58 0.97±0.22 1.77±0.58 0.47±0.18 2.29±0.80 0.79±0.24 0.96±0.41 0.09±0.11 

Logan (BI) 2.67±0.94 0.94±0.13 2.63±0.71 1.06±0.14 2.08±0.71 0.53±0.17 2.66±0.93 0.94±0.16 1.08±0.43 0.11±0.10 

SRTM 2.49±0.81 0.88±0.11 2.40±0.57 1.00±0.11 1.88±0.57 0.50±0.14 2.48±0.80 0.88±0.13 1.01±0.37 0.08±0.06 

Logan (RT) 2.81±0.98 1.01±0.12 2.63±0.67 1.09±0.13 2.11±0.71 0.56±0.16 2.75±0.94 0.99±0.15 1.15±0.46 0.11±0.07 
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Difference between 2TCM and SRTM is not significant anymore in Bonferroni correction is applied (p = 0.15).  

*12TCM: two-tissue compartment model; Logan (BI): logan plot; SRTM: simplified reference tissue model; Logan (RT): logan reference. For reference tissue models, pons was 
used as reference tissue 

 

Table 3 

Values for the Akaike Information Criterion (mean ± SD) in young and old gerbils. Means were calculated separately for different brain areas* and the three kinetic 
models*1. Highest AIC can be observed for 2TCM, followed by Logan and SRTM with the lowest value for AIC. 

AC IC MGB SC CB 

 young old young old young old young old young old 

2TCM 86.71±12.64 69.83±15.37 97.74±17.82 80.49±17.48 86.44±16.29 80.04±12.55 85.52±11.34 63.09±18.57 85.21±13.62 95.26±46.46 

Logan (BI) 39.28±6.49 39.02±5.92 42.12±7.86 40.40±8.29 39.30±9.82 40.28±9.37 37.88±9.44 39.13±6.12 40.58±8.92 46.68±13.52 

SRTM 30.67±14.08 22.24±12.16 36.21±13.12 25.85±15.03 38.47±14.25 41.20±14.59 25.02±14.97 19.20±12.47 33.16±15.71 32.77±11.43 

 
*AC – Auditory Cortex, IC – Inferrior Colliculus, MGB – Medial Geniculate Body, SC – Somatosensory Cortex, CB – Cerebellum 
*12TCM: two-tissue compartment model; Logan (BI): logan plot; SRTM: simplified reference tissue model 
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different across brain areas. Also, the model has a significant main effect on the AIC 

(F= 101.36, p < 0.0005, partial η2= 0.849), which suggests that the AIC is significantly 

different between the different model. Age as a between-subject variable has no 

significant effect on AIC (F = 1.889, p = 0. 186, partial η2= 0.095). A weak but 

significant 2-way interaction was observed for area and age (F= 3.828, p = 0.041, partial 

η2= 0.172) indicating, that the AIC varied across brain areas differently in young and 

old animals. 

3.5.2 Correlation of PET and in-vitro autoradiography labelling of brain 

regions 

Since [18F]FMZ has not been applied in the gerbil so far, binding parameters of this 

tracer in the different brain areas of young gerbils from separated groups were 

determined using either in-vitro autoradiography or PET and then correlated. BPnd 

(derived from SRTM) and Vt (derived from 2TCM) measured with the PET method 

was highly correlated to [18F]FMZ binding in-vitro in AC, MGB, IC, SC and pons. 

Figure 2 shows the brain mask used for analysis (a) and the corresponding two 

representative autoradiographic sections (b) and PET images (c) using the same coronal 

planes.  

 

Fig. 2. Autoradiographic and PET images. In  a  the brain mask is displayed alone. Two representative 
coronal sections of the in-vitro autoradiography with the brain mask in the background are displayed in  b  
with VOIs overlaid for AC, MGB (top row) and IC and pons (bottom row). VOIs delineate: the AC 
(blue), MGB (pink) and IC (turquoise) and pons (dark blue). For better depiction and comparison to 
representative PET images, representative slides from autoradiography were smoothed. In  c  
representative PET images for BPnd in coronal direction equivalent to the sections from autoradiography 
are displayed. Both autoradiography and PET images show high binding of [18F]FMZ indicated by the red 
coloring in cortical areas as well as at the level of the IC and the MGB. The pons showed the lowest 
binding.   

 

VOIs marked in the figure are overlaid at the level of the AC and MGB (upper row) or 

IC and pons (lower row). The exposed sections are displayed with the brain-VOI-mask 
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animals. Specifically, the images display a progressively increasing significance of higher BPnd values in 
young compared to old animals using a color-scale changing from red to white. From top left to bottom 
right the consecutive (no. 12 to 20) reconstructed slices show the corresponding SPM-result (young > old) 
from dorsal to ventral. Each slice was reconstructed with a width of 350 µm without dead space between 
layers. The SPM t-map is co-registered to a CT template for anatomical orientation with additional 
overlay of regions of interest (bright blue – auditory cortex, AC; green – medial geniculate body, MGB; 
yellow – inferior colliculus, IC; dark blue – somatosensory cortex, SC; white – cerebellum, CB). 

 

A significantly higher BPnd for cortical areas as well as the lower midbrain at the level 

of the superior and inferior colliculus can be observed in young gerbils compared to old 

gerbils.  

By additionally overlaying the VOI-atlas, age-related differences in BPnd can especially 

be assigned to areas of the main auditory pathway (AC-bright-blue, IC-yellow and 

MGB- green) and are only partially observed in the CB (white). Other brain areas also 

show significant differences between young and old gerbils but are not further 

discussed. 

 Discussion 3.6

Since decades, PET using radiolabeled neuronal receptor ligands has played an 

important role in the in-vivo assessment of neurotransmitter function in the normal and 

diseased human brain [39]. FMZ PET can demonstrate clinically relevant change in 

several brain diseases, particularly for epilepsy [40-41]. Furthermore, FMZ PET allows 

investigating plastic changes in the GABAergic system related to aging. 

In the present study, for the first time the [18F]FMZ PET was applied for in-vivo 

investigation of receptor binding in the Mongolian gerbil. For longitudinal studies with 

dynamic acquisitions of [18F]FMZ PET we successfully implemented a protocol based 

on minimal invasive intravenous injections in gerbils. In order to properly establish the 

[18F]FMZ PET for studies in gerbils, it was important to find a suitable kinetic 

modelling approach for the calculation of BPnd. After having established the 

weaknesses and strengths of different models for estimating BPnd, age effects were 

determined in different brain structures. There were three main findings. Firstly, the 

SRTM as one of three simplified approaches (Logan (BI), Logan (RT) and SRTM 

provided the best robust approximation of BPnd as determined with a reference 

procedure (2TCM) and was further used to measure age-related pathophysiological 

change. Secondly, we demonstrated a highly significant correlation between [18F]FMZ 

based measures of GABAA receptor binding in the young gerbil brains from in-vitro 

autoradiography and in-vivo PET. Thirdly, the PET measurements revealed a highly 

significant decrease in GABAA receptor binding capacity related to age in auditory 

areas, both cortically (AC) and subcortically (IC, MGB) and in addition in other brain 

regions (SC, CB).  
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3.6.1 Capability of different models  

Several quantification methods for PET tracer kinetic modeling have been previously 

established [7, 38, 42] and were either based on compartment model analyses utilizing a 

metabolite-corrected arterial input function [39, 43] or on reference tissue models [41, 

44]. Comparisons between models with blood-based input data and reference tissue 

models have been made demonstrating that reference tissue models can provide an 

adequate replacement for investigating receptor binding in both humans [22, 44-47] and 

rats [38, 44, 48]. Contrary to the present study, arterial blood sampling was performed, 

and the resulting metabolite-corrected plasma input curve was considered in 

compartment model analysis.  

Arterial blood sampling is not recommended in longitudinal studies in small laboratory 

animals [2]. Thus, we used an IDIF [7, 38] applying the 2TCM as our reference 

standard and an alternative to arterial blood-sampling. IDIF has been shown to be an 

elegant technique for non-invasive estimation for the tissue-time activity of some 

neuronal receptor tracers [49-50]. Such a non-invasive method provides the possibility 

of follow-up studies in the same animals when it comes to preclinical investigations 

[51]. Nevertheless, one has to consider the limitation of IDIF since values for BPnd in 

the gerbil may be underestimated due to the lack of metabolite-correction. Our data 

showed that the BPnd differed significantly between Logan (BI) and Logan (RT) 

compared to 2TCM, but not to the SRTM. This may indicate that SRTM can serve as an 

alternative to 2TCM for VOI based calculation of BPnd. Since voxel-wise kinetic 

calculations of BPnd are typically performed with reference models [52], our findings 

suggest that the SRTM method might be useful for both VOI-based and voxel-wise 

calculation of BPnd in the gerbil. For target parameters like Vt, 2TCM is preferable, 

since voxelwise calculation of Vt can be done using this model. 

AIC [29, 53] revealed differences in the quality of the models used for the analysis of 

our data. According to Akaike et al. [29] the smaller the AIC, the better the data is 

described by the model used for the approach. SRTM having the smallest AIC describes 

our data best.  

3.6.2 Assessment of PET estimates of BPnd 

The values for BPnd can vary between different species being related to different 

neuroanatomical delimitation of brain regions and differences in methodology, 

especially due to the fact that preclinical imaging is usually performed under anesthesia. 

The BPnd values we obtained in the gerbil were different from previously published 

data from humans [45-46] and rats [54]. Differences between animals and humans may 

be due to using isoflurane anesthesia in preclinical investigations in animals. Isoflurane 

acts as a positive allosteric modulator by interacting with the benzodiazepine binding 
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site [55]. Isoflurane has been shown to have pronounced effects on receptor binding and 

blood brain distribution of radiolabeled FMZ [56-57]. Since GABAA receptor 

composition changes with age in several areas [e.g. 58, 59], isoflurane modulation of 

binding to the benzodiazepine site might be different in young and old animals. Thus, 

isoflurane anesthesia may also affect age effects of [18F]FMZ binding.  

We observed an overall good agreement between our PET measurements and in-vitro 

autoradiography of young gerbils (as a kind of “gold standard” reference technique) 
[60-61] and both showed the same hierarchy in regional [18F]FMZ distribution. 

Assuming that all α subunits do equally bind FMZ [e.g. 13, 62, 63], binding affinity 
may depend on the γ subunit. However, it has been shown that a single receptor 
subtype, i.e. the α1β2γ2 GABAA receptor, is the most abundant one in the brain [13, 64] 

and regional differences in FMZ binding should be primarily related to differences in 

GABAA receptor density in each structure and to a lesser extent to differences in 

receptor composition.  

The use of anesthesia in animals in-vivo and the lack of endogenous neurotransmitters 

in-vitro could introduce differences between in-vivo and in-vitro measurements. The 

high correlation between the in-vitro autoradiography results and the in-vivo PET 

imaging results suggest that such possible differences are unimportant.  

3.6.3 Differences between young and old gerbils 

Elderly people often suffer from age-related decrease in hearing sensitivity [65]. 

Changes have been demonstrated in the rodent auditory subcortical system including a 

reduction of inhibition with increased age [12]. Studies in humans revealed significantly 

reduced GABA levels with increasing age [66]. In the old gerbils we observed BPnd 

being approximately one third of that in young gerbils in the different brain areas. A 

significant age-related decrease of GABAergic binding potential in brain regions of the 

main auditory pathway (AC, IC and MGB), but also in other brain regions (SC and CB) 

could be observed in the gerbil.  

The data obtained in the present study with the PET technique are in good agreement 

with the results from the previous immunocytochemical [67-68] and autoradiographical 

[26] studies or with data obtained with in-situ hybridization [68-69]. Quantitative 

microchemical methods for mapping concentrations of amino acids in central auditory 

structures of young, middle aged and old rats also provided evidence that hearing 

deficits in older adults may be associated with decreases in excitatory (glutamate) as 

well as inhibitory (glycine and GABA) neurotransmitter amino acid functions [70]. 

Previous studies in rats suggested an age-related reduction of GABAergic inhibition 

throughout the auditory system [20, 24, 26, 67, 69]. In AC and IC of rats, a decline in 

glutamate decarboxylase levels (GAD65 and GAD67) with increased age was also 
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observed. It was suggested, that this decline may contribute to the age-related 

deterioration of hearing function [68, 71]. In particular, in the IC of F344 rats age-

related differences were associated with a decreased number of GABA immuno-reactive 

neurons, a decrease in GABA concentration and release [24], as well as with an age-

related change in GABAA receptor composition. The latter is evident in significant age-

related losses of α1 and increases in γ1 and α3, which has also been suggested from 
other aging studies [20]. With the increase of γ1, γ2 has been shown to be reduced with 
age in the auditory system [20]. Since the pharmacological properties of γ1 have been 
tested showing more than 10-fold reduced affinities for antagonists [e.g. flumazenil 72], 

it might be conceivable, that the age-related decrease in [18F]FMZ binding can also be 

attributed to a change in GABAA receptor composition . This has also been suggested in 

another PET-based study: Hoekzema and colleagues (2012) investigated 

benzodiazepine binding using [11C]FMZ comparing rats which were on average 

approximately 3.1 month old (young group)  and  20.6 months of age (older group) [73] 

and also reported a different age-related reduced radioligand binding in different brain 

regions. Their results are in line with our data, since our SPM results showed that 

GABAA receptor binding in cortical areas (e.g. AC, SC), as well as the midbrain (e.g. 

IC) and partly in the CB decreased with age. The age-related regional differences being 

observed in both of the studies on gerbil and rat indicate that age-related changes in 

GABAergic receptor binding in the brain may be regionally specific.  

Considering potential age-related GABAA receptor subunit modifications, there are 

already PET radioligands available for targeting different GABAA/benzodiazepine 

receptor complexes [63]. This may provide starting points to more extensive 

investigations of these issues in future studies. 

Effects of age related changes in brain volume on BPnd in our study are probably 

negligible. In rodents, no evidence was found for a relevant age related reduction of 

whole brain volumes as well as the brain areas investigated in the present work [74], 

and we included only fully grown young animals in our study. Thus, the lower values of 

receptor binding in aged compared to young gerbils are not likely explained by age 

related atrophy and resulting partial volume effects. 

We used ABR measurements as a reference method for describing hearing differences 

between young and old gerbils. We could determine a lower amplitude at 90dB for 

wave 1 in old gerbils compared to young ones. This reveals a significantly decreased 

hearing sensitivity in aged animals as was previously observed in the gerbil [34]. We 

observed an overall higher binding potential for young animals, suggesting that a higher 

binding potential is associated with a higher wave 1 amplitude at 90dB. However, since 

hearing ability is correlated with age one cannot conclude that BPnd is causally related 

with either age or ABR amplitude. Since we did not observe markedly different effects 

between auditory and non-auditory areas, this suggests a general effect of age on BPnd 
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that might not only be associated with a loss of sensory input. Thus, age itself may be 

associated with a reduction of GABAergic inhibition in the gerbil brain as was 

previously observed in the rat in the frontal and parieto-occipital lobules of the cerebral 

cortex, bilateral hippocampus, at the level of the midbrain and the cerebellum [73]. 

 Conclusion 3.7

The present study establishes SRTM as a useful method for dynamic PET imaging 

using F-18 radiolabled FMZ in the Mongolian gerbil, providing a tool for obtaining 

translatable measures of GABAA receptor binding to that in humans enabling 

longitudinal research. Furthermore, the present study revealed age-related changes in 

GABAA receptor binding indicating a substantial decrease in GABAA receptor binding 

in > 36-months old gerbils. There are several factors which may influence [18F]FMZ 

binding potential and have to be taken into consideration: a (i) reduction in GABAA 

receptor density, (ii) differences in GABAA receptor composition and (iii) anesthetic 

effects.   
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Supplementary Table 1: Results of an rmANOVA* with BPnd as the dependent variable testing the 
within-subject effects of brain Area and Model and the between-subject effect Age.  

Factor F-value 
Degrees of 
freedom 

p-value* 
Partial Eta 

squared 

Area 194.128 4, 72 <0.0005 0.915 

Model 25.783 3, 54 <0.0005 0.589 

Age 43.250 1, 18 <0.0005 0.706 

Area * Age 14.895 4, 72  <0.0005 0.453 

Model * Age 6.232 3, 54  0.007 0.257 

Area * Model 18.721 12, 216 <0.0005 0.510 

Area * Model * Age 4.003 12, 216 0.025 0.182 

 

* Repeated measures analysis of variance – rmANOVA, Greenhouse-Geisser correction was used 

2TCM: two-tissue compartment model; Logan (BI): logan plot; SRTM: simplified reference tissue model; 
Logan (RT): logan reference. For reference tissue models, pons was used as reference tissue 
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Supplementary Table 2: Results of an rmANOVA* with AIC as the dependent variable testing the 
within-subject effects of brain Area and Model and the between-subject effect Age.  

Factor F-value 
Degrees of 
freedom 

p-value* 
Partial Eta 

squared 

Area 7.656 4, 64 0.004 0.298 

Model 101.36 2, 32 <0.0005 0.849 

Age 1.889 1, 16 0.186 0.095 

Area * Age 3.828 4, 64 0.041 0.172 

Model * Age 1.097 2, 32 0.343 0.057 

Area * Model 2.461 8, 128 0.099 0.120 

Area * Model * Age 1.489 8, 128 0.239 0.076 

 

* Repeated measures analysis of variance – rmANOVA, Greenhouse-Geisser correction was used 

 

 

 

Supplementary Table 3: Results of an rmANOVA* with BPnd obtained with SRTM as the dependent 
variable, brain area as a within subject factor, wave I amplitude at 90dB SPL as covariate and age as 
between subject factor. 

Factor F-value 
Degrees of 
freedom 

p-value* 
Partial Eta 

squared 

Area 177.574 4, 68 <0.0005 0. 913 

Amplitude 90dB 22.395 1, 17 <0.0005 0. 568 

Age 120.448 1, 17 <0.0005 0. 876 

Area * Amplitude90dB 13.023 4, 68 <0.0005 0. 434 

Area * Age 35.451 4, 68 <0.0005 0. 676 

 

* Repeated measures analysis of variance – rmANOVA, Greenhouse-Geisser correction was used 
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4 Study 3- Studying speech comprehension in CI-users 

This study will be submitted for publication in the near futureFigure and table legends 

are partly reduced in the list of figures and tables to achieve a coherent style for the 

lists.   
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 Abstract 4.1

Cochlear implantation constitutes already for decades a successful therapy of inner ear 

deafness, with the majority of patients showing good outcomes. There is, however, still 

some unexplained variability in outcomes with a number of cochlear-implant (CI) users 

showing major limitations in speech comprehension. The current study used a 

multimodal diagnostic approach combining single-photon emission computed 

tomography (SPECT) and electroencephalography (EEG) to examine the mechanisms 

underlying speech processing in CI users. Additionally, patients were characterized 

using speech audiometry and neuropsychological testing. Each of twenty-one post-

lingually deafened CI users took part in two separate diagnostic sessions. In one session, 

participants performed a speech discrimination task, in which sentences had to be 

classified as semantically correct or incorrect, depending on the final word of the 

sentence. During the whole task, a 96-channel EEG was recorded and two minutes after 

start of the task, the perfusions marker 99mTc-HMPAO was injected intravenously. 1.5 

hours after injection a SPECT scan was acquired, reflecting the cortical activity during 

the speech task. The second session included a SPECT scan after injection without 

stimulation at rest. Analysis of SPECT data using statistical parametric mapping (SPM) 

showed a bilateral activation in auditory cortices and Broca’s area during the task 
compared to rest. A larger N400 wave in the EEG was associated with enhanced 

activity in SPECT (during task vs. rest) in the middle temporal area. A higher working 

memory capacity was associated with increased activity in left-sided inferior, middle 

and superior temporal areas, as well as bilateral occipital and parietal areas. Contrasting 

CI users with higher and lower performance, using a median-split of scores in the 

Göttinger sentence test (speech reception threshold for 50% speech understanding in 

noise), a higher perfusion increase especially in the high (pre)frontal lobe, was detected 

in the group of lower performers considering difference images (stimulation-rest). The 

group of higher performers in contrast showed a higher perfusion increase in occipital, 

left-sided inferior temporal regions, as well as in the right-sided parietal cortex. In 

conclusion the current study showed the recruitment of a temporo-frontal network in CI 

users during a speech discrimination task. Assessment of a semantic violation, as 

indicated by an enhanced N400 in the EEG, was related to higher perfusion in the left-

sided middle temporal region, which is in line with findings in normal hearing subjects, 

providing further evidence that this region is the generator of the N400. The differences 

in cortical activation patterns related to different speech recognition abilities suggest 

distinct strategies in CI users with high and low performance for speech comprehension.  
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 Introduction 4.3

Hearing loss and especially sensorineural hearing loss is one of the leading causes for 

years lived with disabilities (Sprinzl and Riechelmann, 2010). An established and 

effective method of treating sensorineural hearing loss of cochlear origin is cochlear 

implantation (Gaylor et al., 2013; Wilson and Dorman, 2008a; Wilson and Dorman, 

2008b). By bypassing the damaged structures of the inner ear and directly delivering 

electrical stimulation to the auditory nerve, cochlear implants (CIs) can restore hearing 

abilities (Wilson and Dorman, 2008a; Wilson and Dorman, 2008b).  

Although cochlear implantation in most cases results in the successful therapy of inner 

ear deafness, there is a high variability in outcomes, with some individuals still 

demonstrating major limitations in speech understanding (Heydebrand et al., 2007). The 

observed variability in outcomes cannot be completely explained so far (Blamey et al., 

2013; Lazard et al., 2012). Differences in performance could be caused by diverse 

factors, including factors associated with the physiology of the auditory nerve, the 

implant itself, the positioning of the implant, but also with the duration of hearing loss 

or cross-modal reorganizations of the central auditory system (Drennan and Rubinstein, 

2008; Lazard et al., 2012; Nadol, 1997; Sandmann et al., 2015). Furthermore, speech 

intelligibility does not only depend on hearing abilities, but also on cognitive abilities, 

including the working-memory capacity, and linguistic competences (Finke et al., 2016; 

Rönnberg et al., 2013). Thus, individual differences in cognitive skills could be an 

additional reason for the large variance observed with regard to speech understanding in 

CI users. Hearing via CI differs fundamentally from normal acoustic hearing and the 

knowledge on sensory and cognitive processes underlying speech understanding in CI 

users is still incomplete. Here, neuroimaging methods provide helpful tools to gain 

further important insights.  

EEG and especially event-related potentials (ERPs) have been demonstrated to be very 

useful to improve understanding of the relations between sensory and cognitive 

processing, cognitive abilities and speech comprehension in CI users (e.g. Bönitz et al., 

2018; Finke et al., 2016). With regard to speech understanding, early sensory processing 

steps can be evaluated by auditory sensory components as the auditory N1 and P2 wave 

(e.g. Finke et al., 2016), whereby later processing stages, especially in the case of 

sentences processing, can be investigated by assessment of the N400 or P600 

component (Friederici et al., 1993; Holcomb and Neville, 1991). The N400 component 

was first noted in the seminal study by (Kutas and Hillyard, 1980a). Here the negative 

component was elicited in response to sentences with semantically anomalous endings 

(e.g. ‘I like my coffee with cream and socks). The P600 is primarily elicited by 

syntactic violations (Hagoort et al., 1993; Osterhout and Holcomb, 1992), however it 
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has also been discussed in the framework of semantic processing (see e.g. Bornkessel-

Schlesewsky and Schlesewsky, 2008). Although ERPs provide an excellent temporal 

resolution, spatial information is to some extent limited. However, neuroimaging 

methods, such as e.g. emission tomography, used to investigate language processing, 

provide a better spatial resolution, enabling the visualization and more precise spatial 

assignment of neuronal activity related to auditory and cognitive processing within the 

central nervous system of CI users (Johnsrude et al., 2002). Since CI users cannot be 

examined by means of functional magnetic resonance imaging, for safety reasons and 

because of the expected imaging artifacts, positron emission tomography (PET) and 

single-photon emission computed tomography (SPECT) provide valuable alternatives 

for investigating the neuronal basis of auditory processing in this group of patients 

(Berding et al., 2015; Beversdorf et al., 1995; Coez et al., 2011; Di Nardo et al., 2013; 

Giraud et al., 2001b; Strelnikov et al., 2015). Previous PET studies in CI users (e.g. 

Giraud et al., 2000; Giraud and Truy, 2002) showed for example, that CI users, in spite 

of a similar performance in speech comprehension compared to normal-hearing (NH) 

subjects, demonstrated an altered network recruited for speech processing. Independent 

of the type of speech stimuli (e.g. vowels, bisyllabic words, simple sentences or stories), 

CI users showed an over-activation of prefrontal and parietal areas, as well as of 

subcortical auditory regions (Giraud et al., 2000). In response to meaningful speech 

stimuli, a deactivation was observed in areas involved in semantic functions, whereas 

increased activity was observed in certain regions relevant for the discrimination of 

phonemes. These differences in activation patterns might reflect alternative strategies 

used to achieve a sufficient speech understanding after rehabilitation with the CI. 

Furthermore, a study by Giraud and Truy (2002), provided evidence for an activation in 

response to speech stimuli close to the face area in the fusiform gyrus, suggesting the 

enhanced use of lip-information in CI users in order to compensate for limitations in 

“normal” processing of auditory input. 

Taken together, EEG and emission tomography can provide complementary 

information that benefit from the excellent temporal resolution of the EEG and the good 

spatial resolution of the emission tomography. Combined sequential PET and ERP 

studies have been shown to be feasible in other domains of auditory research. In the 

study by Lockwood and colleagues (2008) patients were investigated by both methods, 

however, on separate days. Participants underwent a series of PET scans using 15O-

water. As 99mTechnecium (99mTc) hexamethylpropyleneamine oxime (HMPAO), which 

was used in the present study for SPECT imaging, also 15O-water enables to image 

cerebral blood flow and is a widely used marker for cerebral activity (e.g. Giraud et al., 

2001b; Lockwood et al., 2008; Strelnikov et al., 2010). So far, combined EEG and 

SPECT measurement have been, for example, used to investigate mild and moderate 

Alzheimer’s disease (Gungor et al., 2005; O'Mahony et al., 1996), Schizophrenia 
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(Blackwood et al., 1994; Medved et al., 2001; Shajahan et al., 1997) or obsessive-

compulsive disorders (Molina et al., 1995). The combination provided complementary 

information with comparisons of ERP latency and/or amplitude (e.g. N1, P2 or P300), 

mainly between patient and control groups. Even so, correlation of ERP latency and 

amplitude were performed in a parameter driven correlation analysis to distinct regions 

of interest (e.g. Blackwood et al., 1994; Gungor et al., 2005; Molina et al., 1995; 

O'Mahony et al., 1996) or were performed voxel-wise (e.g. Shajahan et al., 1997). 

However, here, SPECT and EEG data were not recorded simultaneously but 

sequentially.  

In the present study, we aimed to demonstrate in principle, that an activation paradigm 

typically used for the registration of auditory evoked potentials in EEG, is also usable to 

achieve proper activations in brain perfusion SPECT. Thereafter we implemented this 

as a simultaneous, synergistic multimodal diagnostic approach with a semantic violation 

paradigm similar to that of Hahne et al. (2012) and Kutas and Hillyard (1980a). One 

purpose to implement that dual method approach was to reveal by means of perfusion 

SPECT more precisely the source of evoked potentials specifically reflecting the task 

(e.g. N400 wave). With respect to the clinical problem our goal was to employ this new 

approach to compare groups of CI users with higher and lower speech recognition skills 

in noise in order to elucidate the underlying pathophysiology. Therefore, we included 

CI users with proficient speech understanding in quiet that were expected to detect the 

semantic violations but still encompassed a spectrum in speech recognition skills in 

noise, allowing to build considerably differing groups for comparison. Finally, we 

aimed to gain further insights, which brain regions and networks are crucial for speech 

comprehension in CI users. This was carried out by correlating different measures, 

including speech recognition skills and cognitive abilities to EEG and SPECT data.  

 Material and Methods 4.4

4.4.1 Patients 

Twenty-one post-lingually deafened CI users (mean age: 62.1 years, standard error of 

the mean (SEM): 2.6 years, range: 30–80 years; 10 female) participated in the present 

study, with 18 CI users being consistent right-handers and three being consistent left-

handers (Annett, 1970). Eight CI users were implanted unilaterally (5 left) and 13 were 

implanted bilaterally. In case of bilateral implantation, the ‘better’ ear, according to the 
performance in the Freiburg monosyllabic word test (Hahlbrock 1970), was used for 

stimulation (5 left). All CI users were native German speakers, had at least 11 months of 

CI experience (mean: 99.4 months, SEM: 15.3, range: 11–346 months) and achieved a 

word recognition score of at least 20% in the Hochmair-Schulz-Moser (HSM) sentence 

test in quiet (Hochmair-Desoyer et al., 1997) with the tested CI. None of the CI users 
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Table 1           
Patient 

characteristics           

# Sex Age Handedness Etiology 
Side 
of 

stim. 
Implant 

Contralateral to 
stimulation side 

Age at 
onset of 

profound 
deafness 
(years) 

Age at 
implanta

tion 
(years) 

Duration 
of 

deafness 
(months) 

Implant 
use 

(months) 

Residual 
hearing 
of not 

tested ear 

1 M 64 Right Otosclerosis Right Nucleus CI24R (CA) 
Nucleus CI24RE 

(CA) 49 51 21 160 None 

2 F 45 Right Unknown Right Nucleus CI24RE Hybrid-L 
(no ACO) 

Nucleus CI422 39 39 1 79 None 

3 F 30 Left Unknown Left Nucleus CI512 
Nucleus CI24RE 

(CA) 27 27 1 25 None 

4 F 64 Right Otitis media Left Nucleus CI422 
Nucleus CI24RE 

Hybrid-L (H) 55 59 45 65 None 

5 F 48 Right Unknown Left Nucleus CI24RE (CA) HA 43 43 1 58 
65 dB HL 
0.25 kHz 

6 M 65 Right Morbus 
Menière Right MED-EL Sonata ti100 HA 57 57 1 80 None 

7 F 53 Right Genetic Right AB HiRes90K Helix AB HiRes90K Helix 31 42 133 124 None 

8 M 59 Left Unknown Right AB HiRes90K Helix AB Clarion CII 26 49 274 116 None 

9 M 73 Right Genetic Left Nucleus CI512 HA 65 65 1 87 None 

10 M 58 Right Unknown Left MED-EL Concerto Flex EAS 
28 (no ACO) 

HA 53 53 1 58 
45-90 dB 
HL 0.25-2 
kHz 

11 F 68 Right Acute hearing 
loss Left AB HiRes 90K Advantage 

HiFokus Mid-Scala 
HA 61 63 19 58 

40-90 dB 
HL 0.25-8 
kHz 
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12 F 60 Right Unknown Right AB HiRes90K Helix AB HiRes90K Helix 50 51 4 109 None 

13 F 67 Right Genetic Left AB HiRes90K Helix 
Nucleus CI24RE 

(CA) 56 56 1 129 None 

14 F 52 Right Unknown Left Nucleus CI512 Nucleus CI24R (CA) 23 23 8 346 None 

15 M 70 Right Acute hearing 
loss Left Nucleus CI24RE Hybrid-L 

(no ACO) 
deaf 61 61 1 112 None 

16 M 80 Right Acute hearing 
loss Right Nucleus CI512 Profile (CA) HA 73 79 66 11 

60-80 dB 
HL 0.25-8 
kHz 

17 M 75 Left Unknown Right Nucleus CI24RE (CA) Nucleus CI24M 22 62 492 151 None 

18 M 77 Right Noise trauma Right 
MED-EL Sonata Flex EAS 20 

(Hann.) 
MED-EL Sonata Flex 

EAS 20 (Hann.) 69 69 1 100 
80 dB HL 
0.25 kHz 

19 M 62 Right Unknown Left Nucleus CI522 Nucleus CI422 59 59 1 78 None 

20 F 70 Right Morbus 
Menière Right Nucleus CI532 HA n.a. 68 n.a. 13 

75-85 dB 
HL 0.25-2 
kHz 

21 M 65 Right Unknown Right Nucleus CI24RE (CA) Nucleus CI24R (CA) 41 54 157 129 None 

Note. F = female. M = male. HA = Hearing aid. Stim = stimulation. Age at onset of profound deafness refers to the age at which the amont of hearing loss was too severe to be 
sucessfully treated by a conventional hearing aid. Duration of deafness is defined as the time between the age at onset of profound deafness and the CI implantation. For the 
residual hearing, only thresholds below or equal to 90 dB HL are reported. 
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reported to use sign language for communication. Details concerning the patient’s 
implant system and characteristics can be obtained from Table 1. None of the CI users 

reported neurological or psychiatric disorders, or using medications affecting the central 

nervous system.  

All participants gave informed written consent before the experiment. The study was 

approved by the Ethics Committee of the Hannover Medical School (vote no. 6678), the 

German Federal Office for Radiation Protection (reference number Z5-22461/2-2014-

012) and was carried out in accordance with the Declaration of Helsinki. 

4.4.2 Audiometric and neurocognitive testing  

Speech recognition abilities obtained with the CI used in the experimental session were 

assessed using three frequently applied German speech tests: (1) the Freiburg 

monosyllabic word test in quiet (Hahlbrock 1970), (2) the HSM sentence test in quiet 

and in noise (10dB signal-to-noise ratio (SNR), (Hochmair-Desoyer et al., 1997) and (3) 

the Göttinger sentence test (adaptive noise; (Kollmeier and Wesselkamp, 1997). All 

tests were presented at a sound intensity of 65 dB SPL and performed in an acoustically 

shielded booth. Participants were instructed to report all words perceived. To control for 

residual hearing the contralateral device was detached for the time of testing and the ear 

was closed by means of an ear-plug. Beforehand, to assess residual hearing in the non-

tested contralateral ear, a pure-tone audiometry (unaided; range: 0.25-8 kHz) was 

performed. To test for relationships between speech recognition skills, cortical 

activations and cognitive abilities, participants additionally completed four different 

cognitive tests, assessing working memory capacity and verbal abilities. 

The ’Mehrfachwahl-Wortschatz-Intelligenz-Test’ (MWT-B, Lehrl, 1977) was applied to 

measure verbal intelligence. Here, participants had to identify a real word amongst four 

fictive word constructions. Verbal fluency was tested using the lexical verbal fluency 

subtest of the ’Regensburger Wortflüssigkeits-Test’ (RWT, Aschenbrenner S.; Tucha 
O.; Lange, 2001; Harth et al., 2004). In this test, subjects were asked to report as many 

words as possible with the initial letter ’s’ within two minutes. To assess the verbal 

working-memory capacity, a German version of the size-comparison span test 

(SICSPAN) was applied (Sorqvist et al., 2010). Furthermore, memory and executive 

functions were assessed using several subtests (word learning, word recall, word 

recognition, figure drawing, figure recall, figure drawing from memory, trail-making 

test A and B) of the CERAD-Plus test-battery (Memory Clinic Basel, 

(https://www.memoryclinic.ch/de/main-navigation/neuropsychologen/cerad-plus/). The 

MWT-B, the RWT and the CERAD were analyzed as defined in the official guidelines 

provided with the test material. For the MWT-B and the RWT, individual percentiles in 

relation to a norm sample respectively provided by the test supplier were used for the 
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statistical analyses. For the subtests of the CERAD, z-scores were obtained using age-

specific normative data. The SICSPAN was analyzed using the total percentage of 

correctly remembered words. 

4.4.3 Stimuli 

The stimulus material consisted of 87 sentences in German language, constructed out of 

6 words each (determinative, subject, the auxiliary ‘hat/haben’/’has/have’, 
determinative, object, past participle). Sentences were either semantically correct (e.g. 

‘Die Mutter hat den Kuchen gebacken’/’The mother has baked the cake’) or incorrect 
(e.g. ‘Der Junge hat das Radio gebadet’/’The boy has bathed the radio’). Semantic 
incorrect sentences contained selection restriction violations, that is, the semantic 

restrictions a word, in this case the verb, imposes on its environment are violated. The 

correctness of each sentence was evident on the past participle, which is referred to as 

the critical word. All sentences were spoken by a trained female native German speaker. 

Audio files had a sampling frequency of 44 kHz with a 32-bit resolution. Sentence 

duration ranged from 4.01 to 5.85 sec. The onset of each critical word was carefully 

identified by auditory and visual inspection to ensure an accurate time looking of the 

event-related potentials (ERP) in response to the critical word. Stimuli were delivered 

using the Presentation software (version 16.5; Neurobehavioral Systems, Inc., Berkeley, 

CA, USA) and a personal computer. Sentences were presented via two loudspeakers 

(HECO victa 301) located at 50° azimuth. In case of a second CI or a conventional 

hearing aid at the contralateral side, the device was detached for the duration of the 

experiment and the respective ear was closed with a wax ear-plug. In total ten CI users 

were stimulated on the left and 11 on the right side. Sentences were presented with ~65 

dB SPL, whereby a loudness scaling procedure was used to adjust the perceived 

loudness of the stimuli to a moderate level, equivalent to 60-70 dB(A), assessed to be 

comfortable by the patient (Allen et al., 1990; Zeng, 1994). For this purpose, loudness 

was rated on a seven-point loudness-rating scale (e.g. Sandmann et al., 2015; Schierholz 

et al., 2017).  

4.4.4 Procedure 

In total, participants underwent two individual sessions, separated by 13±6.47 days. In 

general, a rest condition was performed first, but due to organizational issues the 

stimulation condition was carried out first in some cases (n=4). However, no influence 

of order of investigation days has been detected. In one session, CI users completed the 

neuropsychological testing, except for the SICSPAN and a SPECT scan was performed 

after application of 729.09±8.10 MBq Tc-99m labeled HMPAO without stimulation 

(‘rest condition’). Injection of the substance took place in a quiet room with dimmed 
light, where participants stayed for 15 min before and 5 min after application for uptake. 
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The SPECT scan itself was performed approximately 1.5 h post injection (p.i.). In the 

second session, participants underwent the audiometric testing and the SICSPAN 

(Sorqvist et al., 2010) to determine the verbal working-memory capacity. Furthermore, 

the speech discrimination task was performed during which a continuous EEG was 

recorded. For the tasks, participants were seated comfortably in a dimly lit, as well as 

electrically and acoustically shielded cabin, 100 cm in front of a computer screen. 

Before the actual start of the experiment, participants performed a short training block 

with seven sentences (each presented twice) to familiarize them with the task and 

loudness was adjusted respectively for each subject to an optimal middle-loud loudness 

level. For the sentence discrimination task, in total 80 different sentences (40 

semantically correct/40 semantically violated) were presented within the course of two 

experimental blocks (block 1: 55 sentences, ~ 7 min; block 2: 25 sentences, ~ 3min) 

with a short break in between. To have enough trails for EEG data analysis typically a 

minimum of 10 min for the sentence task should be recorded. Due to this for CI users 

sophisticated task, the recording time should be divided into to blocks. As additionally 

tracer injection for later SPECT imaging was performed the first block was set to be the 

longer one with 7 min compared to 3 for the second block. The order of the presented 

sentences was pseudo-randomized between participants. Participants were instructed in 

written form to listen to each sentence while focusing on a black screen. A white 

fixation point, appearing 1000 ms after the offset of each sentence signaled the 

participants to provide a response via a button press on whether the sentence was 

semantically correct or not. Assignment of the buttons to the two answer possibilities 

was counterbalanced across participants. The fixation point remained on the screen for 

3000 ms, which constituted the response window. The delayed response window 

ensured decoupling of the ERP on the critical word to the motor response. After the 

task, subjects were asked to evaluate the subjective listening effort during the task with 

on a scale ranging from 1 – not demanding to 5 – words could not be understood. 

During the first block, 2 min after the start of the task, 731.49±6.80 MBq Tc-99m 

labeled HMPAO were applied intravenously via medical tubing from outside the 

shielded cabin, so that the uptake took part during the performance of the task without 

interference. Approximately 1.5 hours after injection a SPECT scan was acquired, 

reflecting cortical activity during the sentence discrimination task (‘speech condition’). 

4.4.5 SPECT – acquisition and reconstruction 

For the scan, participants were positioned as comfortably as possible on the patient bed 

and the head was carefully fixed with a special headband with Velcro straps. The need 

to avoid head movements during the scan, was explicitly explained to the participants. 

Acquisition was performed using a dual head gamma camera (Discovery 670 NMCT, 

GE Healthcare, Haifa, Israel) with low-energy high-resolution (LEHR) parallel-hole 
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collimators. In total 180 projections, that is, 90 projections for each of the two detectors 

have been acquired using a step and shot mode with circular orbit (rotation around the 

head of the subject with the smallest possible distance, normally 15 cm). With this set-

up typically a total number of counts in the order of 9 million could be achieved per 

study. The required projection time was individually determined before starting the scan 

on the basis of the count rate detected with the patients head in the camera field of view. 

Typically, the pulse rate was between 1.4 and 1.6 kCts and the appropriate total 

recording time was about 55 min. Projections were acquired with a 128x128 matrix size 

and a zoom factor of 2.0 (pixel-size: 2.23 x 2.23 mm²). The unprocessed projection data 

were assessed visually in cine mode and in form of sinograms with respect to motion 

artifacts, immediately after the recording. Data were reconstructed iteratively, using an 

ordered-subset expectation maximization (OSEM) algorithm with 5 iterations, 10 

subsets and a Butterworth filter with a cut-off frequency of 0.55 cycles/cm, power 10 

(Hudson and Larkin, 1994).Dual window scatter correction (scaling 1.1) (Jaszczak et 

al., 1984) and attenuation correction according to Chang (threshold of 5 and attenuation 

coefficient of 0.11/cm) (Chang, 1978) were performed.  

4.4.6 EEG recording 

EEG data were recorded using 94 Ag/AgCl electrodes, integrated in an infracerebral 

electrode cap with an equidistant electrode layout (Easycap, Herrsching, Germany). To 

record an electrooculogram, two additional electrodes were placed below the eyes. The 

reference electrode was positioned on the nose tip and a midline electrode, placed 

anterior to FZ, served as ground. Data were recorded by means of three linked 32-

channel BrainAmp amplifiers (BrainProducts, Gilching, Germany), with a sampling rate 

of 1000 Hz and an online analog filter from 0.02 to 250 Hz. For data acquisition 

electrode impedances were kept below 10kΩ.  

4.4.7 Data analysis 

4.4.7.1  EEG preprocessing 

EEG data were preprocessed using custom scripts in MATLAB 9.2.0.556344 (R2017a; 

Mathworks, Natick, MA) and EEGLAB (version 13.6.5b, Delorme and Makeig, 2004). 

Raw data were imported, down-sampled to 500 Hz and low-pass filtered (40 Hz) using 

a windowed since FIR filter (Hann window, Widmann and Schröger, 2012). Electrodes 

covering the CI speech processor as well as the transmitter coil were omitted for 

recording and accordingly removed for the analysis. Subsequently, the continuous data 

were segmented into 2 s segments and pruned for unique, non-stereotype artifacts. The 

remaining data were high-pass filtered (1 Hz) and subjected to an extended infomax 

independent component analysis (ICA, Bell and Sejnowski, 1995). The resulting ICA 
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weights were applied to the raw data that were filtered (.1 to 40 Hz) and epoched (-200 

to 8000 ms) relative to sentence onset. The pre-stimulus interval (-200 to 0 ms) was 

used for baseline correction. ICA components representing eye-blinks, horizontal eye 

movements, heartbeat activity, as well as other sources of non-cerebral activity were 

identified and removed (Debener et al., 2008; Jung et al., 2000a; Jung et al., 2000b). 

Missing channels were interpolated using a spherical spline (mean: 5.81, SEM: 1.62, 

range: 2-10 electrodes). Additional triggers were set, marking the onset of the critical 

word in each sentence. Based on these triggers, additional epochs, time locked to the 

onset of the critical words (-200 to 1000 ms), were created. Data were corrected using 

the time interval of -200 to 0 ms relative to the onset of the critical word.  

4.4.7.2  EEG data analysis 

For the analysis single-subject onset ERP were computed by averaging over all correct 

trials, irrespective of the condition of the sentence (ERPonset). Additional ERPs for each 

participant were computed with respect to the onset of the critical word, separately for 

semantically correct sentences (ERPcritCorr) and sentences with a semantic violation 

(ERPcritViol), including only correct trials. Furthermore, a difference wave was computed 

relative to the onset of the critical word (ERPcritDiff = ERPcritViol - ERPcritCorr). The group 

average ERPs with respect to the onset of the sentence as well as with respect to the 

onset of the critical word are displayed in Figure 1 The single-subject onset ERPs were 

analyzed using a fronto-central ROI, including 7 electrodes around FCz (see Fig. 1A), 

and a time window of the auditory N1 and P2 (N1: 80 - 200 ms; P2: 160 - 280 ms), 

determined by visual inspection of the grand average ERP. The difference waves were 

once analyzed using a centro-parietal ROI around CPz, including 7 electrodes and a 

time window for the N400 (250 - 900 ms) and once using a centro-parietal ROI, 

including 9 electrodes around CPz and a time window for the P600 (750 - 940 ms), 

whereby both time windows likewise were defined by visual inspection of the grand 

average ERP. For the quantification of the evoked responses, we determined the local 

minimum (N1, N400) or the local maximum (P2, P600), respectively, of the ERP 

amplitudes in the respective time window and the respective ROI (peakdet.m; 

http://www.billauer.co.il/ peakdet.html). The mean amplitude was computed for ±10 ms 

around the local minimum/maximum. The latency of the respective peaks was 

determined by detecting the time of the local peak minimum (N1, N400) or maximum 

(P2, P600). Amplitude and latency measures were subjected to correlation analyses with 

the SPECT data. Moreover, ERPs were compared between a group of higher and a 

group of lower performing CI users by means of independent t-tests, separately for each 

ERP components. Groups of higher and lower CI performers were created by applying a 

median-split procedure based on the GÖSA scores (cutoff: + 7.6 dB SNR).  
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4.4.7.3  SPECT data analysis 

SPECT images were analyzed using the statistical parametric mapping software (SPM8, 

Wellcome Trust Center for Neuroimaging, Institute of Neurology, University College 

London, London, UK), running in MATLAB 9.2.0.556344 (2017a; Mathworks, Natick, 

MA, USA). First baseline (‘resting condition‘) and stimulation (‘speech condition‘) 
images of each patient were realigned and transformed into a standard stereotaxic 

anatomical space according to the Montreal Neurological Institute (MNI) employing the 

default brain perfusion SPECT template provided in SPM8. Further preprocessing 

included scaling of the images before statistical testing. For the comparison between 

stimulation and baseline condition images were scaled to the 75th percentile (Buchert et 

al., 2006). Then, effects of stimulation were assessed using a paired t-test. For further 

group comparisons and correlations to speech audiometry etc. difference images were 

generated base on procedures included in SISCOM (subtraction ictal SPECT co-

registered to MRI) analysis (Apostolova et al., 2008; Huberfeld et al., 2006), in 

particular a two-step scaling procedure. First, images were scaled to the global average, 

using a gray matter mask excluding the cerebellar voxels. Then, preliminary difference 

images (stimulation-baseline) were created. Proceeding from these, a mean value of 

voxels with a low difference between stimulation and baseline (i.e. < 2 times the 

standard deviation of the mean) was calculated. This mean value was used for rescaling 

of stimulation study, which avoids an impact of voxels from activated areas on scaling. 

Thereafter, final difference images were calculated by subtracting baseline images 

scaled to global average from rescaled stimulation images. These final difference 

images were used for further group comparisons and correlations. Moreover, for the 

assessment of group difference and correlations based on baseline images these images 

were scaled to the 75th percentile.  

For all image- based statistics, as well SPM8 was used. Results of all statistical tests are 

presented including two different thresholds for statistical inferences: (i) p < 0.01 

(uncorrected for multiple comparisons with an extent voxel threshold of k = 50) and (ii) 

p < 0.001 (uncorrected for multiple comparisons with an extent voxel threshold k = 0). 

This was done in order to account for the obviously different levels of significance 

observed across test results. In the case of a relatively low level of significance, only a 

few individual voxels might survive with a threshold of p < 0.001. Here, a threshold of 

p < 0.01 produces a more realistic anatomical representation of an activated brain area. 

Statistical parametric maps were displayed overlaid to a surface rendered MR image in 

MNI space using the “modern design” (lots; RGB) provided in SPM8 including some 
information on the depths location of activations. Locations of significant differences 

were spatially assigned by automated anatomical labelling, specifically by overlaying 

the statistical parametric map with a Brodmann VOI (volume of interest) atlas (Rorden 

and Brett, 2000; Tzourio-Mazoyer et al., 2002). To appreciate potential effects of 
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handedness paired t-tests comparing stimulation and baseline condition were performed 

twice, once including and once excluding the three left-handed participants. As no 

differences were observed in the resulting statistical parametric maps were evident, all 

left-handers were included in the further analyses. Another influencing factor related to 

“side” across subjects is the side of stimulation (right =11; left = 10). Therefore, an 
additional comparison of stimulation and baseline condition was performed, with 

images from patients stimulated at the left side were flipped with respect to the side. 

However, for all other analyses, the original, non-flipped images were used. The further 

analyses included the comparison of the cortical baseline activity and stimulated 

activation patterns (baseline and difference images) between groups of CI-users with 

high and low performance. This was achieved by applying a median-split procedure into 

two subgroups on basis of the values of the GÖSA audiometric test (cutoff: + 7.6 dB 

SNR). The GÖSA was selected for grouping, as it is highly demanding and was not 

known to most of the subjects and therefore more challenging. Baseline and difference 

images were compared between subgroups using two-sample independent t-tests for 

two different contrasts (lower performer > higher performers and higher performers > 

lower performers). Additionally, correlation analyses were performed between 

difference images and EEG audiometric and neuropsychological data.  

 Results 4.5

4.5.1 Speech audiometry, cognitive testing and sentence discrimination task 

performance 

Results for speech recognition skills, different cognitive tests and task performance of 

each single subject are listed in table 2. In the mean all CI users reached a high 

performance for speech recognition in quiet with average scores of 83.5 ± 11.6 % and 

92.7 ± 11.2 % in the Freiburg monosyllabic word test and the HSM sentence test in 

quiet, respectively. Speech perception in noise, however, was clearly lower with on 

average 46.8 ± 18.6 % in the HSM sentence test in noise (10dB SNR) and 50 % speech 

reception with an average SNR of +8.6 ± 4.22 dB for the 50 % speech reception 

threshold, as revealed by the GÖSA   

Performance scores in the cognitive tests showed an average percentile rank of 68.5 ± 

24.5 for the MWT-B, an average of 31.1 ± 7.0 (total sum) for the SICSPAN and an 

average percentile rank of 54.8 ± 28.9 for the RWT. Z-scores for learning a wordlist 

achieved with the CERAD plus test battery were on average -0.2 ± 1.2 and for recalling 

the wordlist 0.0 ± 1.0.  
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Table 2                                                                                         
Results of the speech audiometry, the cognitive testing and 
task performance. 

      
 

   
      

 
   

      
 

   

 
Speech audiometry 

 
Cognitive testing Task performance 

# 

Freiburg 
monosylla
bic word 
test (%) 

HSM 
sentence 

test in 
quiet 
(%) 

HSM 
sentence 

test in 
noise (10 
dB SNR) 

(%) 

Goettinger 
sentence test 
(dB SNR for 

SRT50%) 
 

MWT-B      
(percentile 

rank) 

RWT 
(percentile 

rank) 

SICspan     
(% total 
score) 

CERAD 
learning 
wordlist 
(z-score) 

CERAD 
recall 

wordlist 
(z-score) 

 

Hits 
(%) 

Correct 
rejections 

(%) 

Subjective 
listening 

effort 
(sentence 

task) 

1 100 100,0 37,0 4,3  97,7 31 33,87 -1,81 -1,16  98 100 2 
2 95 100,0 44,0 7,6 

 
48,9 13 53,23 -0,55 0,95  98 95 1 

3 90 95,0 33,0 7,9 
 

32,5 1 54,84 -0,29 0,3  88 98 2 
4 90 98,0 29,0 17,6 

 
88,6 31 56,45 -1,16 -0,64  90 83 2 

5 95 98,0 49,0 5,7 
 

94,3 79 61,29 -1,1 -0,33  100 100 2 
6 100 100,0 67,9 4,5 

 
80,6 87 62,90 1,01 -0,58  98 83 2 

7 65 78,0 11,3 8,8 
 

48,9 70 59,68 0,09 -0,1  90 98 1 
8 75 100,0 55,6 2,7 

 
32,5 25 37,10 0,6 -0,27  100 98 1 

9 80 98,0 50,1 11,8 
 

94,3 86 56,45 0,81 1,7  95 100 2 
10 75 97,0 74,0 4,6 

 
71,1 76 66,13 1,29 1,64  95 98 1 

11 70 99,0 61,3 7,1 
 

94,3 86 48,39 -0,77 -0,05  98 95 2 
12 60 91,5 46,2 5,5 

 
62,2 7 38,71 -2,62 -1,8  98 98 1 

13 85 98,0 60,4 2,9 
 

55 58 61,29 0,39 1,49  98 100 1 
14 95 98,0 54,7 15,4 

 
43,5 60 53,23 -0,06 0,1  83 88 1 

15 65 53,8 11,3 15,5 
 

35,8 48 27,42 -2,34 -1,58  78 78 2 
16 65 84,9 48,1 7,2 

 
62,2 98 33,87 1,1 1,29  95 93 1 

17 75 77,4 18,7 14,2 
 

94,3 58 66,13 -1,43 -0,05  80 98 2 
18 75 97,2 55,7 10,8 

 
94,3 97 37,10 1,24 1,42  90 88 2 

19 85 90,6 55,7 6,2 
 

29,2 31 46,77 1,33 0,36  80 85 2 
20 90 99,0 81,1 9,8 

 
97,7 58 53,23 -0,7 -1,49  95 95 1 

21 85 100,0 74,5 10,6 
 

80,6 50 46,77 0,22 -0,54  98 98 3 
Note. dB = decibel . SNR = signal to noise. SRT = MWT-B = Mehrfachwahlwortschatzintelligenztest - B. RWT = Regensburger Wort Test. SICSPAN = Size comparison span 
test. Subjective listening effort with 1 - not exhausting at all, 2 - little exhausting, 3 - exhausting
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in MNI space. The upper row shows results obtained using the original data without flipping are 

displayed. For SPM shown in the bottom row each data set with task material presented via a left sided CI 

was flipped in the median sagittal plane while data sets from right sided presentations remained un-

flipped, in order to obtain uniformly data sets with same (“right”)-sided stimulation for analysis. 

Significant perfusion increases due to the task are visible bilaterally in the superior and middle temporal 

cortices and the inferior prefrontal cortex. Note a lack of perfusion increase in the ipsilateral (right) 

primary auditory cortex identifiable in the bottom row. 

Furthermore, a significant increase in perfusion could also be observed in Broca’s area 
(BA 45 left), bilaterally in the pars orbitalis (BA 47) and the orbitofrontal cortex (BA 

11), as well as in the left premotor cortex (BA 6) (p < 0.001, k=0; Fig.2 upper row, 

Suppl. Table 1A). With a less rigid threshold for statistical inferences (p < 0.01; k = 50), 

increased perfusion could be observed additionally in frontal areas (BA 10 (bilateral), 

BAs 8, and 46 (left)), the motor cortex (BA 4, bilateral) and parietal regions (BAs 7 and 

40 (left), BA 3 (right)). Furthermore, the activation of the temporal areas was more 

extended compared to the results obtained with the higher level for statistical inferences. 

The bottom row of figure 2 shows the same contrast tested including with flipped 

images for all subjects stimulated on the left side. With this contrast compared to the 

completely non-flipped data, a stronger, more extended increase in perfusion in the left 

STG (BA 22), right temporo-polar (BA 38), and left frontal areas (BAs 10, 11, 46, 47), 

as well as bilaterally in BA 45 (p < 0.001, k = 0, Fig 2 bottom row, Suppl. Table1B). 

However, no activation could be detected at that level of significance in the right 

primary auditory cortex (BA 41) with stimulation always from the (ipsilateral) right side 

(either originally or due to flipping in patient stimulated originally on the left side). 

Nevertheless, using a level for statistical inferences of p < 0.01 (k = 50) an increased 

perfusion in the right BA 41 could be observed, as well. Furthermore, a more extended 

activation could be seen in frontal areas. 

4.5.4 Contrasting groups of higher and lower CI performers 

The formation of groups of CI users with lower and higher performance in speech 

comprehension was based on a median-split procedure employing the Göttinger 

sentence test (cutoff: + 7.6 dB SNR). To evaluate group differences from behavioral 

EEG data achieved during semantic sentence paradigm, hit rates were compared 

between CI users with lower and higher performance, showing significantly lower hit 

rates in the group of CI users with lower performance (88.7 ± 2.1 % vs. 96.2 ± 1.7 %; 

t(19) = 2.8 , p < 0.05). 
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Table 3                                                                                                                                                               
Results of independent t-test for group based comparisons of the difference image (stimulaion.- baseline)   

p < 0.001, extent voxel threshold k = 0           
                  
                  
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb Voxels Significantly activated  

proportion of BA [%] 

                

lower CI performer > higher CI performer 

Frontal BA 8 R 24 18 46 4,07 5 0,30 
Frontal BA 9 L -16 50 48 4,57 14 0,64 
Inferior temporal BA 20 L -44 -2 -48 3,66 1 0,02 

higher CI performer > lower CI performer 

Parietal BA 3 R 32 -30 56 3,99 1 0,06 
Occipital BA 17 L -10 -82 0 4,07 1 0,06 
Inferior temporal BA 20 L -52 -34 -30 3,78 1 0,02 
    

 
            

a MNI corrdinates.                 
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Table 4                                                                                                                                                               
Results of independent t-test for group-based comparisons of the baseline image 

  

p < 0.001, extent voxel threshold k = 0           
                  
                  
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb Voxels Significantly activated  

proportion of BA [%] 

                

lower CI performer > higher CI performer 

Posterior frontal BA 4 R 26 -30 56 3,97 70 3,36 
Posterior frontal BA 4 R 2 -22 58 3,94 2 0,10 
Posterior frontal BA 6 R 26 -30 56 3,97 6 0,10 
Posterior frontal BA 6 R 2 -22 58 3,94 34 0,56 
Parietal BA 2 R 12 -42 58 4,3 59 6,74 
Parietal BA 3 R 26 -30 56 3,97 1 0,06 
Parietal BA 5 R 12 -42 58 4,3 3 0,33 

higher CI performer > lower CI performer 

Temporopolar BA 38 R 36 26 -18 4,1 1 0,06 
Frontal BA 47 R 36 26 -18 4,1 38 1,78 
Inferior temporal BA 20 L -26 -8 -10 4,16 32 0,55 
Temporal BA 34 L -26 -8 -10 4,16 3 0,98 
Hippocampal BA 48 L -40 -24 22 5,3 6 0,06 
Inferior frontal BA 11 L -12 16 -22 4,88 62 1,50 
Inferior frontal BA 11 L -32 30 -18 3,86 1 0,02 
Frontal BA 25 L -12 16 -22 4,88 139 17,12 
Frontal BA 47 L -32 30 -18 3,86 38 1,75 

                  
a MNI corrdinates.                 
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Table 5                                                                                                                                                                                          
Results of correlation analysis (negative): difference image (stimulation - baseline) - N400 

p < 0.001, extent voxel threshold k = 0           
                  
                  
Brain region Corresponding 

Brodmann 
area 

Hemisphere xa ya za T Nb Voxels Significantly activated  
proportion of BA [%] 

                

Occipital BA 17 R 8 -96 -20 4,62 12 0,56 

Occipital BA 18 R 8 -96 -20 4,62 1 0,02 

Occipital BA 18 R 10 -98 -18 4,48 9 0,18 

Occipital BA 18 R 8 -102 -12 4,04 1 0,02 

Inferior temporal BA 20 L -62 0 -32 5,31 14 0,24 

Middle temporal BA 21 L -62 0 -32 5,31 5 0,16 

Middle temporal BA 21 L -66 -2 -24 3,8 1 0,03 

Posterior frontal BA 6 L -58 6 44 4,05 1 0,02 

Frontal BA 46 L -28 50 30 4,21 1 0,06 

Parietal BA 7 L -20 -72 62 4,73 5 0,16 

Occipital BA 17 L -24 -100 4 4,31 1 0,06 

Occipital BA 18 L -24 -100 4 4,31 13 0,28 
                  

a MNI corrdinates.                 
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Table 6                                                                                                                                                                                          
Results of correlation analysis (positive): difference image (stimulation - baseline) - P600 

p < 0.001, extent voxel threshold k = 0           
                  
                  
Brain region Corresponding 

Brodmann 
area 

Hemisphere xa ya za T Nb Voxels Significantly activated  
proportion of BA [%] 

                

Inferior frontal BA 11 R 8 32 -16 4,17 1 0,02 

Inferior temporal BA 20 L -62 -16 -4 3,97 1 0,02 

Middle temporal BA 21 L -62 -16 -4 3,97 4 0,13 

Superior temporal BA 22 L -62 -16 -4 3,97 8 0,53 
Anterior transverse 
temporal 

BA 41 L -46 -40 16 4,23 1 0,20 

Frontal BA 8 L -32 20 50 4,26 1 0,07 

                  
a MNI corrdinates.                 

 



Study 3- Studying speech comprehension in CI-users 

116 

 Discussion 4.6

In the present study, we examined speech processing, in CI users, using a multimodal 

diagnostic approach, including brain-perfusion SPECT with tracer injection during EEG 

measurement. Four main findings were obtained: Firstly, the suitability of a semantic 

speech discrimination task to induce activation in the auditory system depictable from 

the same time window by brain perfusion SPECT and EEG. Secondly, that CI users 

with lower and higher speech comprehension capabilities showed different patterns, in 

baseline brain activity as well as activation due to a sentence discrimination task, 

pointing to different use of resources and strategies in speech processing. Thirdly, the 

evidence for strong correlations between the brain networks activated during the 

sentence discrimination task and specific cognitive abilities implying the latter to be a 

crucial factor in speech understanding. Fourthly, that CI users activated temporo-frontal 

networks during language processing in particular with correlation to the amplitude of 

the EEG N400 component (which indicates the semantic discrimination) for the left 

middle temporal gyrus (Brodmann area 21), a region implicated to be a source of the 

N400 before.  

4.6.1 Brain regions involved in speech processing in NH listeners and CI 

users 

The language processing cascade, comprising the primary acoustic analysis, the 

identification of phonemes, words and other phonological information, but also the 

integration of semantic and syntactic information, includes a complex system of 

interacting brain areas (Friederici, 2002; Hickok and Poeppel, 2000; Scott and 

Johnsrude, 2003). With the rising availability of new techniques in the field of 

neuroimaging, it was possible to provide concepts of auditory processing streams in the 

brain (Friederici, 2012). The traditional view proposed the dominant involvement of the 

left hemispheric inferior frontal and temporal cortices (Broca, 1861; Wernicke, 1874). 

Those cortices were suggested to be connected via a ventral pathway, involved in the 

mapping of the auditory input to meaning and a dorsal pathway, involved in the 

auditory to action/motor mapping (Hickok and Poeppel, 2004; Hickok and Poeppel, 

2007; Rauschecker and Tian, 2000). Subsequent findings, however, suggested the 

existence of two dorsal and two ventral pathways (Friederici, 2012; Friederici et al., 

2006; Saur et al., 2008; Saur et al., 2010), with the dorsal streams connecting the STG 

with the premotor cortex and BA 44, respectively, whereas the ventral streams connect 

on the one hand the STG to BA 45/47 and on the other hand the anterior temporal 

cortex to the frontal operculum. When focusing on auditory sentence processing, 

phonological, syntactic and semantic information must be considered (Friederici, 2002). 

Sentence processing basically includes three different phases that follow the initial 
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analysis of acoustic-phonological features (Friederici, 2002). The first phase includes 

the establishment of the local phrase structure, whereby information’s are used on the 
word category. The second phase involves the integration of semantic and syntactic 

information. Here the goal is to assign a thematic role, that is, to infer ‘who is doing 
what to whom’. In the third phase process of semantic reanalysis and repair take place, 
especially when semantic and syntactic information cannot be easily integrated. 

Previous findings suggest that the syntactic and semantic processing involve temporal 

as well as inferior frontal cortical areas (for a review, see e.g. Friederici, 2002). 

Semantic processing, here, dominantly includes areas in BA 45/47 and the left MTG, 

whereby syntactic processing relies on areas in the left BA 44 and the left frontal 

operculum, but also in the left STG. Further MEG and fMRI findings support the 

essential role of the left MTG in semantic processing (see e.g. Lau et al., 2008).  

In a large part, the involvement of the brain regions and circuits in speech processing as 

laid out above for NH listeners could be demonstrated for CI users as well. 

Nevertheless, considerable differences to this normal activation pattern have been noted 

in the CI users as well (Coez et al., 2008; Coez et al., 2014; Giraud et al., 2000; Giraud 

et al., 2001b; Giraud and Truy, 2002; Giraud et al., 2001c). A relatively lower activation 

in the temporal voice area of semantic processing (Coez et al., 2008; Giraud et al., 

2000) has been observed together with a compensatory increase of activation in the left 

inferior prefrontal cortex (Broca’s region) (Giraud and Truy, 2002), the anterior 
superior temporal phonologic region (Giraud et al., 2000), temporo-occipital visual 

areas (Giraud et al., 2001b; Giraud and Truy, 2002), parietal attentional regions (Coez et 

al., 2014; Giraud et al., 2000) and parahippocampal memory areas (Giraud et al., 

2001c).  

In the present study the contrast stimulation versus baseline allowed to reveal the 

recruitment of a temporo-frontal network of brain areas, a network that has been 

described before as a basis of sentence, and specifically semantic processing in healthy 

adults (Friederici, 2002; Hahne et al., 2012; Kutas and Hillyard, 1980a, b; Van Petten 

and Luka, 2006). In line with our findings is specifically a PET study in healthy adults 

investigating brain activity triggered by task-induced semantic processing (Noppeney 

and Price, 2002). This study revealed activations especially in the inferior frontal gyrus 

(BA 47), as we did in using a semantic discrimination task.  

Comparing the brain activations we observed in CI users in the context of a semantic 

sentence discrimination task including on both sides extendedly the temporal cortex 

(BA 41, 42, 22, 21 and 20) as well as the inferior prefrontal cortex (BA 45, 47) fitted 

also to previous research using PET in CI users, observing a bilateral activation of 

primary and secondary auditory cortices (Coez et al., 2008; Miyamoto et al., 1999; 

Naito et al., 1995) as well as activation in inferior prefrontal cortex (Coez et al., 2014; 

Giraud et al., 2001a; Giraud and Truy, 2002). Nevertheless, we did not observe an 
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activation of inferior parietal and the dorsal part of Broca’s areas in the inferior 
prefrontal cortex (BA 44). According to this finding the dorsal pathway of sentence 

processing seemed not to be considerably activated in our patients. This pathway is 

particularly known to be involved in processing of syntactically complex sentences 

(Friederici, 2012). Since the sentences used in our discrimination paradigm were 

syntactically rather simple and even trained before the patient entered the functional 

measurements, their processing seemed not be dependent form the dorsal pathway but 

rather from the ventral pathway mapping auditory input to meaning. Particularly the 

lack of parietal stimulation might be related to the fact that we stimulated unilaterally, 

since it has been observed only with bilateral stimulation by Coez et al. (2014). 

However, supplementary activation in one region – the hippocampus (BA 48) – could 

be detected in our patients pointing to the memory functions involved in the performing 

the discrimination task (possibly related to the expected correct wording).  

Furthermore, in the present study, if strictly analyzing stimulation from the right side 

(=ipsilateral) and flipping all studies with stimulation from the left side in a sagittal 

median plane before inclusion in the analysis, no activation was seen in the ipsilateral 

(right) primary auditory cortex (BA 41). This result corresponds to the theory that 

monaural presentation of speech results in a stronger contralateral activation of the 

primary auditory cortex, as has been shown in NH controls using fMRI (Jäncke et al., 

2002; Stefanatos et al., 2008). Contra-laterally predominant activation has also been 

observed with unilateral as opposed to bilateral stimulation in CI users (Coez et al., 

2014; Green et al., 2011). 

4.6.2 Different patterns of regional baseline brain activity and activation 

related to semantic processing between CI users with lower and 

higher performance 

Although CIs, by now, represent the world’s most successful neural prostheses, there is 
still a high inter-individual variability in speech comprehension abilities across CI users 

which cannot be fully explained so far (Blamey et al., 2013; Lazard et al., 2012). 

Previous studies showed differences between brain networks activated in normal 

hearing subjects compared to CI users when listening to words or sentences (Coez et al., 

2008; Giraud et al., 2000; Giraud and Truy, 2002; Giraud et al., 2001c). Analogously, 

differences in recruited neural networks for speech processing might occur between 

groups of proficient and less proficient CI users. These differences might be partly 

preexisting, since a fMRI study revealed that groups of in the later course lower and 

higher performing CI users, showed pre-implantation distinct activations patterns during 

a rhyming task on written words (Lazard et al., 2010). While CI users with later on good 

performance showed an activation of a dorsal phonological (auditory to motor) route, 

later on lower CI performers showed an activation of a ventral temporo-frontal 



Study 3- Studying speech comprehension in CI-users 

 119

 

(auditory to meaning) route as well as an abnormal recruitment of the right 

supramarginal gyrus. These results imply an altered cortical network for language 

processing in CI users with lower performance, maybe due to cross-modal 

reorganization resulting into a reduced capability of these areas to be sufficiently 

activated by re-innervation from the original modality via the CI. Distinct activations in 

higher and lower performers were as well observed in a study by Mortensen and 

colleagues (2006). Comparing speech versus baseline perfusion in a PET-imaging 

approach, subjects with higher speech comprehension abilities showed a significant 

activation of temporal and prefrontal areas, whereas the group with lower speech 

comprehension only recruited temporal areas (Mortensen et al., 2006). The authors 

concluded that only CI users with good restored speech recognition skills show a 

recruitment of inferior prefrontal areas in addition to the auditory cortex in response to 

speech. Another study comparing similarly good and poor performers after CI 

implantation observed less activation in the temporal voice area (with regard to extent 

and only unilaterally) in the poor performers (Coez et al., 2008). In the present study, 

both groups of CI users (with higher and lower performance) showed in direct 

comparison activations in the temporal cortex (BA 20), however, we were not able to 

find a difference in the level of significance. The lack of difference with regard to 

temporal cortex activation in our study might be explained by the way we received our 

groups (based on a median split procedure) while both other studies extracted CI users 

with clearly different good or bad performance by leaving out a broad spectrum of 

patients with intermediate performance. Nevertheless, we saw in the group of CI users 

with higher performance additional activations of parietal and occipital regions, whereas 

the group of CI users with lower performance showed a stronger activation of frontal 

areas. The first findings in better performers are likely to reflect increased activity in 

temporo-occipital visual areas (Giraud et al., 2001b; Giraud and Truy, 2002) and 

parietal attentional regions (Coez et al., 2014; Giraud et al., 2000) known to contributed 

to compensatory networks of speech processing in CI users. The stronger activation of 

occipital areas might be related to cross-modal reorganizations in the direction of the 

visual system that is used to compensate for the degraded input via the CI. Activation of 

the visual cortex by auditory stimulation has been shown to be positively related to CI 

performance before (Chen et al., 2016; Giraud et al., 2001b; Giraud et al., 2001c). In 

contrast frontal activations in CI users with lower performance in our study, might 

reflect up-regulation due to limited interpretability of auditory signals obtained via the 

CI or increased attention / listening effort in this situation (Berding et al., 2015). The 

group of CI users with lower performance seems to rely on a different compensation 

strategy by making enhanced use of frontal, potentially higher-cognitive resources; 

however, the strategy seems not to be sufficient to achieve very high levels of speech 

recognition outcomes. The different strategy might be due to the fact that no cross-

modal reorganization in the direction of the visual system has taken place, or vice versa 
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cross-modal reorganization has happened in temporal originally auditory areas, which 

instead is suggested to be associated with lower speech recognition skills (Sandmann et 

al., 2012).  

Stimulation-independent imaging, that is, evaluation of the resting state has been 

primarily used in deaf patients before CI implantation for prognostic assessment of 

outcome (Giraud et al., 2011; Lee et al., 2007; Strelnikov et al., 2015; Suh et al., 2015). 

Central finding in these studies is a low activity in the primary auditory / superior 

temporal cortex – indicating no manifest cross modal take over by the visual system – 

as a prognostically good sign (Lee et al., 2007; Strelnikov et al., 2015; Suh et al., 2015). 

In part, the same has been observed for an increased activity in the prefrontal cortex 

(Lee et al., 2007; Suh et al., 2015). However, conflicting results have been obtained 

with regard to visual areas (Strelnikov et al., 2015; Suh et al., 2015). Suh and colleagues 

(2015) performed pre-implantation PET scans and correlated the results with the 

performance in an auditory sentence task performed 1 year after CI-implantation. Their 

results revealed good CI performers to show higher resting state metabolism in 

temporo-frontal regions pre-operatively. Other investigators showed that resting state 

perfusion changes with CI experience from the time of the initial implant switch on 

(Strelnikov et al., 2010). PET scans in their study showed changes in activated brain 

areas during resting state from inexperienced (1-22 days) to experienced (3-11 months) 

CI users especially in the auditory cortex, Broca’s area, as well as in the posterior 
temporal cortex. In all of these areas activity increased with the duration of CI 

experience, showing that alterations in auditory experience, lead to significant 

functional cortical reorganizations even at rest. If results obtained during resting state 

are compared to ours, it has always to be taken into consideration that we investigated 

in the status after implantation and rehabilitation. However, in our resting state 

investigations increased frontotemporal activity was – as know from preimplantation 

studies – still related to a better performance in speech understanding. In detail, it 

appeared that higher baseline activity in inferior frontal (BA 47), temporopolar, inferior 

temporal (BA 20) and hippocampal regions might reflect training of the compensatory 

networks for auditory processing in CI users. This effect with time has been shown in 

particular for the Broca’s area (Petersen et al., 2013). Vice versa the stronger activation 
of especially in somatosensory cortices of CI users with lower performance, potentially 

reflects alternative compensation strategies or use of modalities, to countervail the 

insufficient speech comprehension. Overall, groups of CI users with lower or higher 

performance showed distinct brain networks recruited during speech processing but also 

at rest, pointing to the use of different compensation strategies for the respective 

auditory input and different adaptation of the brain in response to the individual 

auditory experience.  
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4.6.3 Cognitive abilities and their correlation to activation during semantic 

processing in CI users 

The performance of CI users has been shown to be related to cognitive factors, like 

verbal fluency and working memory capacity (Finke et al., 2016; Rönnberg et al., 

2013).  

The present study revealed both, higher word recognition scores and higher verbal 

intelligence to be associated with enhanced perfusion in, predominantly, temporo-

frontal areas during the sentence discrimination task. These regions include areas 

related to auditory processing, but also areas related to executive functions and memory 

processes. These processes are similarly engaged in the verbal intelligence task (MWT-

B) and the speech recognition task (Freiburg monosyllabic word test) but are also 

related to the semantic paradigm (Kutas and Federmeier, 2011; Lau et al., 2008). Our 

findings underpin that CI users, able to activate temporo-frontal regions and networks 

during the sentence discrimination task stronger are also able to reach higher 

performance scores for word recognition and verbal intelligence. A similar correlation 

between speech recognition scores and the activation of primary auditory areas has been 

observed in a previous PET imaging study (Łukaszewicz-Moszyńska et al., 2014). Here, 

one year after CI implantation, a significant correlation was observed between speech 

recognition scores and activation in Heschl’s gyrus (BA 41), the superior temporal and 
the angular gyrus. The superior-posterior temporal cortex has been shown before to be 

associated with the process of recognition memory (Ojemann et al., 2001). Also frontal 

regions are known be associated with diverse aspects of memory, especially working-

memory, that is, the temporary storage and manipulation of information, whereby the 

storage of verbal information (auditory and non-auditory), especially activated Broca’s 
area, supplementary left-hemispheric as well as premotor areas (Fletcher et al., 1995; 

Smith and Jonides, 1999).  

A similar temporo-frontal activation pattern observed for the Freiburg monosyllabic test 

and the MWT-B is accordingly not counterintuitive, and is supported by the additional 

correlations observed for the wordlist learning and recall subtests of the CERAD, 

revealing a relation to significant higher perfusion in left-hemispheric superior, middle 

and inferior temporal regions. Both CERAD subtests evaluate the short-term memory, 

which is known to depend on the integrity of medial temporal lobe structures (Ojemann, 

1978).  

Working memory capacity has been shown to modulate the use of semantic cues during 

speech perception in noise (Zekveld et al., 2012). This study, furthermore, showed 

larger working memory capacities to be rated to higher activations in occipital areas. 

These results are in line with the present positive correlation observed between the 
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working memory capacity (SICSPAN) and the perfusion in the occipital, superior 

temporal and parietal lobe.   

4.6.4 Correlation between sentence discrimination induced activation in 

SPECT and ERP components  

Diverse language related ERP components have been observed over the course of the 

past ERP research, with the N400 and the P600 being the most studied language ERP 

components (for a review, see e.g. Kutas et al., 2006). The N400 occurs as a negative 

deflection that starts around 200 - 300 ms and reaches its peak at around 400 ms after 

word onset (see e.g. Lau et al., 2008). The N400 component is sensitive to semantic 

violations, showing more negative amplitudes for sentences with a semantic violation 

than for correct sentences (Kutas and Hillyard, 1980c; Kutas and Hillyard, 1984). The 

difference in amplitude of the N400 between conditions of correct and semantically 

violated sentences is called the N400 effect (see e.g. Lau et al., 2008). The N400, 

however, is not only elicited by semantic violations, but can also be observed for 

semantically less expected words (Kutas and Hillyard, 1984), suggesting that the N400 

rather reflects the level of difficulty with which a word is integrated in the respective 

context (Van Petten et al., 1999).  

The difference waves (ERPcritViol - ERPcritCorr) in the present study, time-locked to the 

onset of the critical words, revealed a clear N400 component. The latency values in the 

group of CI users, however, were somehow delayed with respect to the latencies 

reported in the literature (~ 400 ms; e.g. Lau et al., 2008). A previous study, 

investigating the N400 effect likewise in CI users and using similar sentences, revealed 

similar latencies of the N400 in a semantic violation condition of around 700-800 ms. 

Our results, therefore, support the findings of delayed semantic integration processes in 

CI users, which might be the result of the degraded auditory input.  The N400 has been 

suggested to be primarily generated in the left middle temporal gyrus, approximating 

BA 21 (Friederici, 2012). The present study revealed a negative correlation between the 

SPECT difference image (stimulation - baseline) and the N400, that is, more negative 

N400 amplitudes were associated with higher perfusion in a broad network, including 

temporal, frontal, parietal as well as occipital regions. However, in line with previous 

results, a strong correlation was observed to left temporal regions, including the middle 

temporal area. Additionally, a higher parieto-occipital perfusion correlated with stronger 

N400 responses. The engagement of occipital areas might be related to the fact that 

although sentences are presented purely auditorily, they might be internally visualized. 

But also cross-modal reorganizations, as a result of the time of auditory deprivation, but 

also of the time of CI experience, may play a role (Sandmann et al., 2012).  
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Furthermore, the difference waves revealed, that the N400 was followed by an 

additional positive deflection at around 900 ms. This late component, although 

somewhat delayed, was referred to as the P600 (Osterhout and Holcomb, 1992), which 

normally peaks between 300 and 800 ms (Friederici, 2006; Friederici et al., 2000). 

Traditionally, it is related to syntactic processing effort in general and it is, for example, 

observed in the context of syntactical repair, the syntactical complexity of sentences or 

the difficulty of syntactic integration (Friederici et al., 2002; Hagoort et al., 1993; Kaan 

et al., 2000; Osterhout and Holcomb, 1992). In our study, the late component might be 

related to difficulties in the syntactic integration process, even for simple and 

syntactically correct sentences, as it was similarly observed in the study by Hahne and 

colleagues (2012). Nevertheless, the P600 has recently been discussed in a semantic 

context also (see e.g. Bornkessel-Schlesewsky and Schlesewsky, 2008). The studies by 

Kolk et al. (2003) and Van Herten et al. (2005), for example, observed a P600 effect 

elicited by semantic anomalies, challenging the merely syntactic account of the P600. 

Moreover, a study by Shen and colleagues (2016) provided results, supporting the view 

that the P600 reflects rather a more genereal meachnisms of semantic reinterptetation 

and conflict monitoring, that leads to the retrieval of word knowledge from long-term 

memory, than only a systactic processes. A systematic review on the effects of semantic 

incongruency by Van Patten and Luka (2012) compared results of studies contrasting 

conditions of congruent and incongruent sentence endings (e.g. “I take coffee with 
cream and sugar/socks.”, (Kutas and Hillyard, 1980c). Importantly, all included studies 
used syntactically correct sentences. As not all included studies performed an explicit 

statistical analysis of the P600, comparisons relied to a certain extend on visual 

inspections. The review, in total, identified 21 out of 64 contrast (congruent vs. 

incongruent) that exhibited a bisphasic N400/P600 effect. The P600 is suggested to be 

generated bilaterally in the medial/posterior temporal cortex (Service et al., 2007). In 

line with this, a stronger P600 response was predominantly associated with higher 

perfusion in middle superior and posterior temporal areas. Additionally, stronger P600 

responses were associated with higher perfusion in frontal and premotor areas.  

Taken together, both ERP components correlate with the activation of tempo-frontal 

resources, but also show unique correlations with distinct other brain areas.  

To identify possible effects of speech recognition skills on the different ERP 

components, the averaged ERPs waves relative to the onset of the sentences as well as 

the difference waves relative to the onset of the critical words were plotted separately 

for groups of lower and higher CI performers. Descriptively, the early sensory 

components on the sentence onset, that is, the auditory N1 and auditory P2 showed 

reduced amplitudes in the group of lower CI performers compared to the group of 

higher ones.  The opposite pattern, however, can be observed when looking at a later 

higher cognitive component, that is, for the P600. Here, the group of higher CI 
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performers showed reduced amplitudes compared to the group of lower CI performers. 

Although not statistically significant – a fact that might be due to a small statistical 

power, as both groups were rather small – these observations may give a hint in the 

direction that lower CI performers show deficits/limitation in the initial stimulus 

processing due to the degraded auditory input, but try to compensate these by a stronger 

recruitment of later, higher-cognitive resources. This might go in line with the Ease of 

Language Understanding (ELU) model of Rönnberg and colleagues (2013), according 

to which additional cognitive resources are needed to support speech understanding in 

demanding listening situations, which is also the case for listening with a CI, especially 

in lower performing CI users. In contrast to the P600, the N400 descriptively showed 

more negative amplitudes for the group of higher as compared to the group of lower CI 

performers. Although this result was not statistically significant, it might suggest that 

more and less proficient CI users differ in how well semantic violations are detected and 

integrated. This would be also in line with the behavioral results. Here, the group of 

lower CI performers showed significantly lower hit rates in the sentence discrimination 

task as the group of higher CI performers. The lower N400 amplitude/hit rate might also 

be related to the higher P600 amplitudes, likewise suggesting some compensatory 

strategies.  

 Conclusion 4.7

The present study proved the meaningful applicability of a combined EEG and SPECT 

multimodal diagnostic approach for research in the field of language processing. 

Although, is has to be kept in mind that the results are not based on fully homogenous 

population, as participants differ with respect to the CI manufacturer and the stimulation 

side, the present results provide first relevant findings using a combined EEG-SPECT 

approach in CI users. The present data revealed that based on a sentence discrimination 

task activation of a temporo-frontal network can be detected in both diagnostic 

modalities correspondingly to previous observations with PET in CI users. Furthermore, 

neuropsychological and audiometric data enabled the unveiling of relations between 

cognitive and speech recognition abilities, cortical perfusion and EEG components. 

Neuronal networks involved in stimulus processing were identified, specifically 

associated with semantic processing (temporo-frontal), cognition, that is memory and 

verbal abilities (located predominantly left temporal, partly frontal, parietal and 

occipital, depending on the cognitive test), speech perception (mainly temporo-frontal) 

as well as the N400 (predominantly left temporal) and the P600 EEG component 

(predominantly bilateral temporal).   

Furthermore, the present results revealed significantly different activation patterns 

between lower and higher CI performers. The results point to the use of different 

compensational strategies for the degraded auditory input and different adaptations of 
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the brain in response to the individual auditory experience for groups of CI users with 

higher and lower performance. Moreover, differences between these groups of CI users, 

at least descriptively, were observable for the EEG data. Here, the early sensory 

components on the sentence onset (auditory N1 and P2) showed reduced amplitudes in 

the group of CI users with lower performance, whereas the opposite pattern could be 

observed for a higher cognitive component (P600). The group of CI users with higher 

performance showed reduced amplitudes compared to the lower performers. Although 

not statistically significant this might point to deficits/limitation in CI users with lower 

performance in the initial stimulus processing due to the degraded auditory input, but 

they seem to compensate these by a stronger recruitment of later, higher-cognitive 

resources.  
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 Supplementary information 4.10

Supplementary Table 1 A                                                                                                                                     
Results of paired t-test of the contrast stimulation > baseline (unflipped data)   

p < 0.001, extent voxel threshold k = 50           
                  
                  
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb Voxels Significantly activated  

proportion of BA [%] 

                
Inferior temporal BA 20 R 54 -20 0 8,08 16 0,30 

Middle temporal BA 21 R 54 -20 0 8,08 32 1,14 

Superior temporal BA 22 R 54 -20 0 8,08 308 23,40 

Anterior transverse temporal BA 41  R 54 -20 0 8,08 352 70,27 

Posterior transverse temporal  BA 42 R 54 -20 0 8,08 15 3,64 

Inferior frontal BA 11  R 30 56 -20 4,89 122 2,98 

Frontal BA 47 R 32 20 2 3,99 1 0,05 
Hippocampal BA 48 R 54 -20 0 8,08 17 0,17 
Hippocampal BA 48 R 32 20 2 3,99 17 0,17 

Inferior temporal BA 20 L -42 -4 -42 4,88 1 0,02 

Middle temporal BA 21 L -58 -24 12 6,97 106 3,47 

Superior temporal BA 22 L -58 -24 12 6,97 125 8,25 

Temporal BA 36 L -42 -4 -42 4,88 106 12,66 

Temporopolar BA 38 L -58 -24 12 6,97 452 25,59 

Anterior transverse temporal BA 41  L -58 -24 12 6,97 18 3,54 

Posterior transverse temporal  BA 42 L -58 -24 12 6,97 27 6,63 
Hippocampal BA 48 L -58 -24 12 6,97 120 1,21 
Hippocampal BA 48 L -50 22 12 4 34 0,34 
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Frontal/Broca's area BA 45 L -50 22 12 4 2 0,11 

Frontal BA 47 L -50 22 12 4 34 1,57 
    

       
a MNI corrdinates.                 
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Supplementary Table 1B                                                                                                                                           
Results of paired t-test of the contrast stimulation > baseline (flipped data)   

p < 0.001, extent voxel threshold k = 50           
                                    
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb Voxels Significantly activated  

proportion of BA [%] 

                  
Middle temporal BA 21 R 60 -22 4 7,29 67 2,38 

Superior temporal BA 22 R 60 -22 4 7,29 233 17,70 

Temporopolar BA 38 R 60 -22 4 7,29 414 25,45 

Posterior transverse temporal  BA 42 R 60 -22 4 7,29 79 19,12 
Hippocampal BA 48 R 60 -22 4 7,29 25 0,25 

Inferior temporal BA 20 L -54 -18 2 7,9 80 1,37 

Middle temporal BA 21 L -54 -18 2 7,9 10 0,33 

Superior temporal BA 22 L -54 -18 2 7,9 215 14,19 

Temporopolar BA 38 L -54 -18 2 7,9 344 19,48 

Temporopolar BA 38 L -48 18 -2 4,57 26 1,47 

Anterior transverse temporal BA 41 L -54 -18 2 7,9 1 0,19 

Posterior transverse temporal  BA 42 L -54 -18 2 7,9 87 21,34 
Hippocampal BA 48 L -54 -18 2 7,9 79 0,80 
Hippocampal BA 48 L -48 18 -2 4,57 35 0,35 

Frontal BA 47 L -48 18 -2 4,57 15 0,69 

Frontal BA 47 L -26 52 6 4,33 1 0,05 

Frontal/Broca's area BA 45 L -48 18 -2 4,57 13 0,72 

Frontal BA 46 L -26 52 6 4,33 33 1,86 

Inferior frontal BA 11 L -26 52 6 4,33 5 0,12 

Frontopolar BA 10 L -26 52 6 4,33 42 1,88 

    
       

a MNI corrdinates.                 
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Supplementary Table 2A                                                                                                                                                                                      
Results of correlation analysis (positive): difference image (stimulation vs. baseline) - results of Freiburg monosyllabic word test 

p < 0.001, extent voxel threshold k = 50           

                  
                  
Brain region Corresponding 

Brodmann area 
Hemispher
e 

xa ya za T Nb Voxels Significantly activated  
proportion of BA [%] 

                

Inferior temporal BA 20 R 54 -20 0 9,24 178 3,30 

Middle temporal BA 21 R 54 -20 0 9,24 111 3,95 

Superior temporal BA 22 R 54 -20 0 9,24 646 49,08 

Temporopolar BA 38 R 54 -20 0 9,24 622 38,23 

Anterior transverse temporal BA 41 R 54 -20 0 9,24 209 41,70 

Posterior transverse temporal BA 42 R 54 -20 0 9,24 63 15,27 

Hippocampal  BA 48 R 54 -20 0 9,24 206 2,09 

Hippocampal  BA 48 R 30 56 -18 6,81 166 1,69 

Hippocampal  BA 48 R 36 2 28 5,61 7 0,07 

Posterior frontal BA 4 R 36 -16 58 5,28 37 1,77 

Posterior frontal BA 4 R 42 -32 56 5,4 36 1,73 

Posterior frontal BA 4 R 10 -30 76 4,77 0 0,00 

Posterior frontal BA 6 R 36 -16 58 5,28 117 1,92 

Frontopolar BA 10 R 30 56 -18 6,81 161 6,67 

Inferior frontal BA 11 R 30 56 -18 6,81 70 1,71 

Frontal BA 44 R 36 2 28 5,61 30 2,52 

Frontal BA 45 R 54 -20 0 9,24 30 1,68 

Frontal BA 45 R 30 56 -18 6,81 108 6,15 

Frontal BA 46 R 30 56 -18 6,81 24 1,34 

Frontal BA 46 R 36 2 28 5,61 202 11,27 

Frontal BA 47 R 54 -20 0 9,24 96 4,49 
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Frontal BA 47 R 30 56 -18 6,81 186 8,72 

Parietal BA 2 R 42 -32 56 5,4 9 1,03 

Parietal BA 3 R 42 -32 56 5,4 46 2,98 

Parietal BA 40 R 42 -32 56 5,4 1 0,05 

Inferior temporal BA 20 L -58 -12 8 8,77 14 0,24 

Inferior temporal BA 20 L -38 -2 -40 7,39 12 0,21 

Middle temporal BA 21 L -58 -12 8 8,77 10 0,32 

Superior temporal BA 22 L -58 -12 8 8,77 431 28,47 

Temporal BA 36 L -38 -2 -40 7,39 574 68,49 

Temporopolar BA 38 L -58 -12 8 8,77 765 43,33 

Anterior transverse temporal BA 41 L -58 -12 8 8,77 134 26,37 

Posterior transverse temporal BA 42 L -58 -12 8 8,77 95 23,24 

Temporal BA 43 L -58 -12 8 8,77 245 53,67 

Temporal/hippocampal BA 48 L -58 -12 8 8,77 227 2,29 

Posterior frontal BA 4 L -42 -24 64 6,59 43 1,97 

Posterior frontal BA 4 L -8 -28 68 4,54 1 0,05 

Posterior frontal BA 6 L -58 -12 8 8,77 248 4,02 

Posterior frontal BA 6 L -8 16 56 6,87 131 2,12 

Posterior frontal BA 6 L -42 -24 64 6,59 363 5,88 

Posterior frontal BA 6 L -32 0 60 4,93 3 0,05 

Frontal BA 8 L -8 16 56 6,87 472 31,38 

Frontal BA 8 L -32 0 60 4,93 127 8,44 

Frontal BA 9 L -8 16 56 6,87 540 24,56 

Frontal BA 9 L -34 54 6 7,36 52 2,37 

Frontopolar BA 10 L -34 54 6 7,36 7 0,31 

Inferior frontal BA 11 L -34 54 6 7,36 292 7,04 

Frontal BA 24 L -8 16 56 6,87 29 4,67 

Frontal BA 32 L -8 16 56 6,87 30 1,54 

Frontal/Broca's Area BA 44 L -58 -12 8 8,77 1 0,08 
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Frontal/Broca's Area BA 45 L -58 -12 8 8,77 41 2,24 

Frontal/Broca's Area BA 45 L -34 54 6 7,36 45 2,49 

Frontal BA 46 L -34 54 6 7,36 91 5,13 

Frontal BA 47 L -58 -12 8 8,77 294 13,54 

Frontal BA 47 L -34 54 6 7,36 435 20,02 

Parietal BA 3 L -42 -24 64 6,59 29 1,84 

Parietal BA 5 L -2 -48 74 5,27 19 1,76 

Parietal BA 7 L -2 -48 74 5,27 37 1,15 

                  
a MNI corrdinates.                 
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Supplementary Table 2B                                                                                                                                                                                          
Results of correlation analysis (positive): difference image (stimulation vs. baseline) - results of MWT-B 

p < 0.001, extent voxel threshold k = 50           

                  
                  
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb 

Voxels 
Significantly activated  
proportion of BA [%] 

                

Inferior temporal BA 20 R 54 -18 0 10,13 4 0,08 

Middle temporal BA 21 R 54 -18 0 10,13 136 4,84 

Superior temporal BA 22 R 54 -18 0 10,13 511 38,81 

Temporopolar BA 38 R 54 -18 0 10,13 566 34,81 

Anterior transverse temporal BA 41 R 54 -18 0 10,13 143 28,55 

Posterior transverse temporal BA 42 R 54 -18 0 10,13 61 14,83 

Hippocampal  BA 48 R 54 -18 0 10,13 253 2,57 

Hippocampal  BA 48 R 40 8 34 4,89 146 1,48 

Posterior frontal BA 4 R 36 -14 56 6,43 14 0,67 

Posterior frontal BA 4 R 8 -28 76 5,51 16 0,77 

Posterior frontal BA 6 R 36 -14 56 6,43 136 2,24 

Posterior frontal BA 6 R 40 8 34 4,89 1 0,02 

Frontal BA 9 R 40 8 34 4,89 14 0,60 

Frontopolar BA 10 R 28 56 -18 6,85 177 7,33 

Inferior frontal BA 11 R 54 -18 0 10,13 158 3,85 

Inferior frontal BA 11 R 28 56 -18 6,85 99 2,41 

Frontal BA 44 R 54 -18 0 10,13 58 4,88 

Frontal BA 44 R 40 8 34 4,89 6 0,50 

Frontal BA 45 R 54 -18 0 10,13 1 0,05 

Frontal BA 45 R 28 56 -18 6,85 209 11,91 

Frontal BA 46 R 28 56 -18 6,85 49 2,73 
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Frontal BA 47 R 54 -18 0 10,13 111 5,19 

Frontal BA 47 R 28 56 -18 6,85 203 9,51 

Parietal BA 1 R 8 -28 76 5,51 41 23,61 

Parietal BA 2 R 36 -14 56 6,43 48 5,48 

Parietal BA 3 R 36 -14 56 6,43 38 2,46 

Parietal BA 3 R 8 -28 76 5,51 11 0,71 

Parietal BA 5 R 8 -28 76 5,51 166 18,17 

Parietal BA 40 R 36 -14 56 6,43 290 15,10 

Inferior temporal BA 20 L -54 -18 0 11,38 47 0,81 

Inferior temporal BA 20 L -42 -2 -42 9,26 13 0,22 

Middle temporal BA 21 L -54 -18 0 11,38 12 0,39 

Superior temporal BA 22 L -54 -18 0 11,38 401 26,48 

Temporal BA 36 L -42 -2 -42 9,26 636 75,93 

Temporopolar BA 38 L -54 -18 0 11,38 747 42,29 

Anterior transverse temporal BA 41 L -54 -18 0 11,38 99 19,51 

Posterior transverse temporal BA 42 L -54 -18 0 11,38 75 18,38 

Hippocampal  BA 48 L -54 -18 0 11,38 288 2,90 

Posterior frontal BA 4 L -40 -18 60 6,3 52 2,38 

Posterior frontal BA 4 L -12 -28 72 4,95 5 0,23 

Posterior frontal BA 6 L -54 -18 0 11,38 252 4,09 

Posterior frontal BA 6 L -6 14 54 6,84 136 2,20 

Posterior frontal BA 6 L -40 -18 60 6,3 291 4,72 

Frontal BA 8 L -6 14 54 6,84 524 34,83 

Frontal BA 8 L -40 -18 60 6,3 509 33,84 

Frontal BA 9 L -6 14 54 6,84 577 26,24 

Frontopolar BA 10 L -54 -18 0 11,38 12 0,53 

Inferior frontal BA 11 L -8 56 -26 4,41 14 0,34 

Frontal BA 24 L -6 14 54 6,84 13 2,10 

Frontal BA 32 L -6 14 54 6,84 22 1,13 
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Frontal/Broca's Area BA 44 L -54 -18 0 11,38 243 20,84 

Frontal/Broca's Area BA 45 L -54 -18 0 11,38 15 0,82 

Frontal BA 46 L -54 -18 0 11,38 422 23,81 

Frontal BA 47 L -54 -18 0 11,38 277 12,74 

Parietal BA 1 L -40 -18 60 6,3 25 11,84 

Parietal BA 2 L -40 -18 60 6,3 2 0,21 

Parietal BA 3 L -40 -18 60 6,3 1 0,06 

Parietal BA 7 L -48 -66 48 7,33 4 0,12 

Parietal BA 39 L -48 -66 48 7,33 76 4,09 

Parietal BA 40 L -48 -66 48 7,33 187 8,87 

          
a MNI corrdinates.                 
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Supplementary Table 3A                                                                                                                                                                                          
Results of correlation analysis (positive): difference image (stimulation vs. baseline) - results of SICSPAN 

p < 0.001, extent voxel threshold k = 0           
                  
                  
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb Voxels Significantly activated  

proportion of BA [%] 

                

Occipital BA 17 R 6 -76 -10 3,88 1 0,05 

Occipital BA 18 R 28 -86 -10 4,04 1 0,02 

Occipital BA 19 R 28 -86 -10 4,04 10 0,19 

Inferior temporal BA 20 L -54 -20 -2 4,72 2 0,03 

Middle temporal BA 21 L -54 -20 -2 4,72 3 0,10 

Superior temporal BA 22 L -54 -20 -2 4,72 12 0,79 

Hippocampal BA 48 L -54 -20 -2 4,72 15 0,15 

Posterior frontal BA 6 L -20 -18 78 4,3 1 0,02 

Parietal BA 2 L -42 -40 64 4,58 3 0,32 

Parietal BA 3 L -42 -40 64 4,58 14 0,89 

Parietal BA 7 L -24 -74 50 3,91 1 0,03 

Occipital BA 19 L -34 -84 30 4,12 3 0,06 

Occipital BA 19 L -40 -74 6 3,88 1 0,02 

                  
 a MNI corrdinates               
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Supplementary Table 3B                                                                                                                                                                                          
Results of correlation analysis (positive): difference image (stimulation vs. baseline) - results of wordlist learning subtest of CERAD 

p < 0.001, extent voxel threshold k = 0           
                  
                  
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb Voxels Significantly activated  

proportion of BA [%] 

                

Middle temporal BA 21 L -66 0 -20 4,89 7 0,23 

Middle temporal BA 21 L -72 -22 -12 3,89 1 0,03 

Superior temporal BA 22 L -66 0 -20 4,89 94 6,21 

Temporopolar BA 38 L -66 0 -20 4,89 2 0,11 

Hippocampal BA 48 L -66 0 -20 4,89 7 0,07 

Hippocampal BA 48 L -54 6 6 4,07 1 0,01 

                  
a MNI corrdinates.                 
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Supplementary Table 3C                                                                                                                                                                                          
Results of correlation analysis (positive): difference image (stimulation vs. baseline) - results of wordlist recall subtest of CERAD 

p < 0.001, extent voxel threshold k = 0           
                  
                  
Brain region Corresponding 

Brodmann area 
Hemisphere xa ya za T Nb Voxels Significantly activated  

proportion of BA [%] 

                

Temporopolar BA 38 R 28 28 -24 3,88 1 0,06 

Occipito-temporal BA 37 R 30 -42 -22 4,69 1 0,02 

Occipital BA 19 R 50 -76 6 4,45 4 0,08 

Inferior temporal BA 20 L -50 -22 -8 6,39 43 0,74 

Inferior temporal BA 20 L -38 -26 -30 4,78 2 0,03 

Middle temporal BA 21 L -50 -22 -8 6,39 71 2,33 

Superior temporal BA 22 L -50 -22 -8 6,39 31 2,05 

Hippocampal BA 48 L -50 -22 -8 6,39 18 0,18 

                  
a MNI corrdinates.                 
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5 General discussion 

 Summary of the three research projects included in this 5.1

dissertation 

Neuroimaging methods, especially emission tomography, offer bright potentials for 

clinical and preclinical hearing research. Thereby, in particular the compatibility with 

metallic and magnetic components, the possibility of decoupling the time points of 

auditory stimulation and scanning, and the option to measure molecular structures of 

neurotransmission provide essential diagnostic perspectives. Investigations can in 

contrast to MRI straight forward be performed in auditory implant users. Furthermore, 

high spatial resolution of dedicated emission tomography systems achieved in the first 

years of the 21st century provide new opportunities for preclinical research. Since 

profound deterioration occurs in the auditory system as a common feature in members 

of an aging society and outcome of rehabilitation with auditory implants has been 

shown to be highly variable, there is the vital necessity of understanding underlying 

(neuronal) processing deficits. In consequence, the refinement of emission tomography 

approaches for both clinical and preclinical investigations addressed in this dissertation 

is of substantial interest for auditory research. 

In the frame of this dissertation for the first time a [18F]FDG based approach using PET 

has been established to study activation of the auditory system in the Mongolian gerbil 

as a preferred animal model in hearing research. A major issue in this context is the 

need of anesthesia, which is in preclinical studies required for nuclear imaging and most 

of the neurophysiological approaches. We compared two types of anesthesia, which are 

frequently used in electrophysiology - KX and FMM - to the waking state, employing 

either no stimulation (baseline) or a frequency-modulated stimulus at 90dB (FM) during 

a 40 min uptake phase of [18F]FDG in a sound absorbing box. Blood glucose levels 

were measured afterwards, followed by a 30 min acquisition with a dedicated small 

animal PET/CT system. To regionally assign neuronal activation during auditory 

stimulation, image- and volume- based templates were implemented. From previous 

results in awake rats we knew, that the visualization of distinct auditory brain areas is 

possible, but signal reductions due to their smaller size in the gerbil brain might occur. 

Our results showed a significantly higher uptake only emerging in the inferior colliculus 

with FM stimulation compared to baseline in awake subjects (p=0.02) and with FMM 

anesthesia (p=0.0012), but not with KX anesthesia. Blood glucose levels were 

significantly higher under KX compared to FMM anesthesia (p=0.024), and most likely 

competition of “cold” glucose caused limited [18F]FDG uptake with KX. Those findings 

underline the usefulness of an opioid based [18F]FDG PET approach for further 

investigation of auditory processing in gerbils, which provides new opportunities for 
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translational research. Nevertheless, limitations to recover smaller structures, like the 

MGB have to be taken into account. 

The second preclinical study extended the first one by implementing an experimental 

and bio-kinetic modeling approach for investigating the GABAA receptor binding 

capacity in gerbils using [18F]FMZ, which has not been performed in vivo in the gerbil 

so far. To confirm the ability of the method to reveal biologically meaningful effects, 

the impact of aging was assessed by comparing GABAA receptor binding potentials 

between young and old animals. Hearing ability was evaluated with ABR 

measurements. Previously preclinical in vivo measurements of GABAA receptor binding 

using radiolabeled FMZ have been successfully accomplished in rats. Furthermore, 

previous in vitro studies in rats, showed age-related reductions of the GABAergic 

activity in the auditory pathway. The present work hypothesized that those changes can 

also be detected in-vivo in the auditory system of gerbils. Indeed the feasibility of a PET 

based approach using [18F]FMZ in gerbils, with regional differences being verified with 

in vitro autoradiography could be demonstrated. A simplified bio-kinetic analysis 

procedure (SRTM) showed the most robust results for calculation of GABAA receptor 

binding capacity, allowing even modeling for the smallest resolution elements (voxels). 

For the first time it was possible to demonstrate in-vivo a significant decrease of 

GABAA receptor binding, which was mainly related to age and to a lesser extent to 

hearing ability based on 5-6 months compared to > 36 months old gerbils.  

The third project of this doctoral research study, aimed to combine the superior spatial 

resolution of brain perfusion SPECT with the superior temporal resolution of EEG for 

synergistic investigations of auditory speech processing in CI users. Actual scores for 

speech comprehension were obtained from speech audiometry. Since the outcome after 

CI implantation has been related to differences in cognitive abilities previously, 

neuropsychological tests were included in the analysis additionally. [99mTc]HMPAO 

SPECT imaging was performed at two different days with one at resting condition 

(without auditory stimulation) and another parallel with a 96 channel EEG recording 

during performance of a semantic discrimination sentence task. First of all, the present 

work showed that a sentence discrimination task is a suitable procedure to induce a 

temporo-frontal activation pattern graspable from the same time period by EEG and 

SPECT. Furthermore, distinct basal and stimulated activity patterns could be 

demonstrated for CI users with lower and higher speech comprehension performance. 

Lower performers had additional activations in (superior) frontal cortex might reflecting 

increased listening effort due to difficulties in speech comprehension, while CI users 

with higher performance seemed to activate additional resources in parietal (attention) 

and occipital (cross modal) cortex. Moreover, they had higher baseline activity in the 

hippocampus (memory) and inferior frontal cortex possibly reflecting training effects. 

Together CI users with higher performance seem to recruit successfully additional 
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regions mainly related to cognitive functions for better speech comprehension. The 

relevance of cognitive functions for speech comprehension in CI users is further 

underlined by strong correlations between activations in temporo-parietal and infero-

frontal regions during the discrimination task and the patient’s performance in word 

recognition and verbal intelligence scores. Finally, the EEG N400 component reflecting 

the discrimination between correct and incorrect sentences correlated with activations in 

the middle temporal cortex (BA 21) – in line with literature evidence with respect to the 

source of this component. 

Both the preclinical and the clinical project revealed complementary information’s 
studying either basic research topics of hearing in terms of sub-cortical physiological 

processes also related to age (preclinical) and relations of higher cognitive functions to 

the performance of speech understanding in CI users as one main target group (clinical). 

Main goals are to get evidence based better insights in the pathophysiology of hearing 

loss, assessment of the prognosis for its treatment and factors influencing rehabilitation 

success. This will provide the basis for further investigations e.g. in the gerbil, as 

preferred animal model, including studies of binaural hearing deficits as well as in 

humans using low-dose emission tomography in follow-up studies, like they are 

possible with H2[
15O] PET, also synergistically with EEG. 

 Auditory research using emission tomography that motivated 5.2

this dissertation 

Over the last decades refined approaches and technology of functional imaging 

fundamentally increased the knowledge about the central auditory system. In this 

respect especially PET and fMRI have been favored for studying the neuronal activity 

while performing an auditory task (Ruytjens et al. 2006). However, for several auditory 

research questions, emission tomography provides distinct advantages in comparison to 

fMRI: it is less noise producing, it is compatible with metallic and magnetic 

components and provides the possibility of decoupling the time points of auditory 

stimulation and scanning (Johnsrude et al. 2002; Kapucu et al. 2009). As auditory 

implant users wear an internal metallic component, imaging of hearing processes, such 

as those involved in speech comprehension can only be adequately imaged with 

emission tomography (Aggarwal and Green 2012; Miyamoto et al. 1999). In particular 

H2[
15O] PET has been employed in users of different types of auditory implants (to the 

cochlear, the brainstem and the midbrain) and showed during speech and continuous 

multi-tone stimuli a bilateral auditory cortex activation (Berding et al. 2015). H2[
15O] 

PET has also been applied to compare monaural and binaural stimulation in CI users, 

which had to passively listen to human voice sounds, environmental sounds, non-voice 

or silence. Monaural stimulation with voice and non-voice stimuli both resulted against 

silence into bilateral activations of the temporal auditory cortices. Binaural stimulation 
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was associated with higher speech comprehension scores and an activation of right 

frontoparietal networks related to attention (Coez et al. 2014). CI users have also been 

investigated in an earlier study with brain perfusion SPECT during different speech 

conditions and several time-points employing a 99mTc labeled ethyl cysteinate dimer 

(ECD) to assess cerebral blood flow. While hearing sequential sentences one month 

after initial fitting, a significant increase in cerebral blood flow in bilateral auditory 

cortices could be detected together with additional activations in the frontal lobe using 

this approach (Suárez et al. 1999). In this context our combined SPECT-EEG approach 

(see chapter 4) enabled detection of increased perfusion in bilateral auditory cortices 

and neighboring tempo-parietal areas (related to attention) during semantic sentence 

discrimination using [99mTc]HMPAO SPECT. Therefore, the study by Suárez as well as 

our study underline that brain perfusion SPECT similarly like PET allows to 

demonstrate primary and supplementary regions involved in speech processing at least 

at a group level of analysis.  

Up to now, an increasing variety of radiolabeled compounds became available for 

clinical and preclinical investigations, allowing imaging of metabolic and physiologic 

processes, transport of amino acids or even neurotransmitter transporters in the brain 

(Kilbourn 2017). In addition small animal scanner became available enabling emission 

tomography applicable for animal models from different species and with a longitudinal 

study designs (Cherry and Gambhir 2001; Larobina et al. 2006). Consequently, 

preclinical small animal imaging has been employed to help improving the 

understanding of neuronal processes that underlie hearing and hearing impairments – 

and to evaluate potential therapies. Firstly this has been demonstrated in awake rats: 

neuronal activation was investigated using [18F]FDG before and after unilateral cochlear 

ablation together with 115dB broadband noise stimulation, to visualize the IC (Hsu et 

al. 2009). In another study different broadband noise intensities have been applied 

inducing increasing activations in the NC, SOC and IC with increasing sound pressure 

level (Jang et al. 2012). The aforementioned studies showed either no activation (Hsu et 

al. 2009) or a decrease of activity (Jang et al. 2012) in the AC. A more recent study 

from our working group investigated both, normal hearing and cochlea ablated awake 

rats using [18F]FDG. Normal hearing rats showed activations in the NC, OC and IC with 

different acoustic stimuli (rippled noise, 95db; white noise 65db) compared to 

laboratory background noise, and stimulus dependent a decrease in activation in AC 

(with white noise) or no activation (with rippled noise) always compared to background 

noise (Mamach et al. 2018a). AC “activations” only appeared by contrasting normal 
hearing rats and cochlea ablated ones for all conditions. All these studies demonstrated, 

that activation studies of the auditory system in normal hearing animals as well as 

models of hearing loss are possible if dedicated animal scanners and a metabolic marker 

are employed. This stimulated us, trying to transfer [18F]FDG PET approaches to the 
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gerbil as a more suited animal model for hearing research. First, we investigated 

whether activation within the central auditory pathway can be demonstrated in awake 

gerbils and we established a feasible anesthetic protocol as a prerequisite for elaborate 

binaural stimulation protocols. Our study revealed that neuronal activation can (only) be 

observed at the level of the IC by contrasting a frequency modulated acoustic condition 

(90dB) and background noise (25dB) in awake gerbils or during FMM anesthesia. No 

activations were seen for the same comparison of conditions under KX anesthesia. 

These results in gerbils for the applicability of anesthesia in gerbils fit to an earlier 

retrospective clinical study from our group, demonstrating activations in auditory 

cortices during flat, also opioid based general anesthesia in children not able to be 

studied using H2[
15O] PET (Mamach et al. 2018b).  

Taking all this together, emission tomography is a well translatable tool for auditory 

research, based on the detection of neuronal activity via measurements of cerebral blood 

flow or glucose metabolism in both, humans and rodents. However, beyond that 

molecular markers of neurotransmission like radiolabeled FMZ for imaging GABAA 

receptors have been applied in both rats (e.g. Hoekzema et al. 2012; Lopes Alves et al. 

2018) and humans (e.g. Hodolic et al. 2016; Odano et al. 2009) for clarifying other 

research questions like those appearing in epilepsy (e.g. Savic et al. 1993). Since the 

GABAergic system is also highly relevant in the context of hearing and has been 

investigated with other molecular biological methods before, e.g. aging effects at the 

level of the IC in rats have been demonstrated (Caspary et al. 1999; Caspary et al. 1995; 

Caspary et al. 1990; Milbrandt et al. 1994; Milbrandt et al. 1996), imaging studies of 

this transmitter system are of special interest in auditory research for both, humans and 

animals. Therefore, we employed the molecular marker of GABAA receptors 

([18F]FMZ) in a second preclinical study in gerbils and obtained first insights for further 

translational studies in humans, revealing a general decrease of GABAA receptor 

binding potential in auditory brain regions related to aging. Hence, preclinical imaging 

might act as a pacesetter for future clinical applications, and identify new methods with 

potential for clinical hearing research (Larobina et al. 2006).  

 Inspiration of auditory research with emission tomography from 5.3

preclinical to clinical and vice versa 

Since hearing loss in patients and animal models of hearing loss can be investigated 

across species using functional and molecular imaging with emission tomography this 

technique provides a bridge from animal to human research and back (Riemann et al. 

2008). Due to the history in technical development of PET, research in patients using 

full ring with decent sensitivity and spatial resolution became available in the 1980s of 

the last century, while equipment accomplishing this analogously for small animals 

(rodents) became just available about two decades later. Consequently, this offered the 
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possibility to address research questions that had first been studied using PET in 

patients again in animal models and with experimental options not given in patients. 

Moreover, the whole armamentarium with regard to radiopharmaceuticals could be 

employed in animal models. This is particularly of interest if in vitro data suggests a 

pathophysiologic relevance of a target potentially assessed in vivo by PET but the 

knowledge is still at a level not justifying to proceed strait to PET studies in humans. 

Later on, if in vivo studies (animal PET) provide further evidence this can change the 

situation.  

In that sense, we addressed using small animal PET a potential auditory research 

questions for the clinic: the effect of age on inhibitory neurotransmission involved in the 

hearing process, which has been suggested by in vitro data on the GABAergic system, 

providing very promising evidence that in age-related hearing loss the GABAergic 

system is being altered and downregulated (e.g. Caspary et al. 1999; Caspary et al. 

2008; Caspary et al. 1995; Caspary et al. 1990; Milbrandt et al. 1994; Milbrandt et al. 

1996). Accordingly, we focused on the GABAergic system employing a bio-marker of 

GABAA receptor binding well established in humans – [18F]FMZ. We established a 

quantitative method in the gerbils as an animal model for hearing disorders well 

translatable into humans and demonstrated in vivo a significant age-related decrease in 

GABAA receptor binding potential in the IC. The specific role of the IC in the central 

auditory pathway speaks for a potential relevance of this finding in hearing loss rather 

than an unrelated age effect. This is further supported by an observation made in gerbils 

using a substance for boosting the GABAergic system, vigabatrin (influence studied e.g. 

in Gram et al. 1989), commercially available as Sabril (Gleich et al. 2003). The study by 

Gleich et al. (2003) demonstrated improved hearing via boosting the GABAergic 

system, suggesting a deficit in GABAergic neurotransmission (e.g. at the receptor level 

as we found) for hearing deficits in aged animals. With these preclinical observations, 

studies of GABAA receptors in patients with hearing impairments might come into 

focus. As mentioned above [18F]FMZ has already been applied in humans – specifically 

in healthy subjects (e.g. Salmi et al. 2008) and in patients with epilepsy (e.g. Hammers 

et al. 2007; Hodolic et al. 2016; Vivash et al. 2013). Based on this [18F]FMZ PET 

studies in patients with hearing loss or before and after CI implantation are feasible and 

expected to be reliable for this established procedure. Such studies might deliver 

completely new information on the pathophysiologic relevance of GABAA receptors in 

the nuclei of the central auditory pathways and within the auditory cortex of patients 

with hearing loss or potentially related to the outcome of auditory implantation.  

It is known, that sound localization and spatial perception is affected during age-related 

hearing loss and is accompanied with changes in peripheral and central auditory 

function (e.g. Dobreva et al. 2011). Before using preclinical functional PET of gerbils in 

this context, the assessment of the effect of anesthesia is necessary as a prerequisite to 
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further perform more carefully targeted stimulation via headphones. We addressed this 

issue in the first preclinical study of this dissertation. With a type of anesthesia (FMM) 

that preserves the activation signal in the IC we already achieved preliminary data using 

specific binaural stimuli to investigate binaural masking level difference, which has 

been shown to be an excellent paradigm to study deficiencies in sound localization 

using other methods than PET (e.g. Asadollahi et al. 2010; Hughes et al. 2014; Jiang et 

al. 1997; Lu et al. 2010; Mandava et al. 1996). However, this is not part of this thesis. 

Thus, both preclinical projects of this dissertation elaborate factors relevant for age-

related hearing impairment (loss of GABAergic receptors and the option to study 

deficiencies in binaural stimulus processing). Future results might be translated into 

patient studies as laid out above.   

Conversely, the third (clinical) study in CI users employed emission tomography in 

patients, which might stimulate the implementation of preclinical models. We addressed 

the influence of cognitive abilities on speech comprehension of sentences. Thereby, our 

study showed the involvement of distinct brain areas, known to be relevant for specific 

cognitive domains like attention or memory, being recruited to get optimal speech 

comprehension. At this step it is possible to again address specific findings obtained 

from our human study, by recommitting them to preclinical PET imaging approaches, 

e.g. performing CI implantation in gerbils (DeMason et al. 2012; Hessel et al. 1997; 

Wiegner et al. 2016) and applying speech like stimuli (see, e.g. Gleich et al. 2007; 

Sinnott and Mosqueda 2003; Sinnott and Mosteller 2001), to test the outcome of the 

therapeutic procedure experimentally as it would not be possible in the clinical 

situation. E.g. against the background of cross modal recruitment of visual areas 

contributing to speech understanding (Giraud and Truy 2002), and consequently 

suggested, audio-visual rehabilitation to optimize auditory rehabilitation (e.g. 

Schierholz et al. 2015), the issue could be further explored. Audiovisual, training 

strategies have already been applied in CI users (Alghamdi et al. 2015; Strelnikov et al. 

2009), however preclinical work could help to elaborate successful training strategies in 

a more systematic way. 

Overall, the interplay of preclinical and clinical auditory research using emission 

tomography contributes to unveiling and investigating the relevant processes involved 

in hearing loss and optimized the approaches for the rehabilitation and therapy of 

hearing disorders. 

 Synergistic use of other diagnostic procedures together with 5.4

emission tomography 

Different diagnostic methods might enable a broader assessment of pathophysiologic 

phenomena. The compatibility of emission tomography technique with other methods 
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have been shown in preclinical and clinical studies. This is in contrast particularly to 

MRI where the applicability of other e.g. electrophysiological methods is limited due to 

the magnetic field.  

Our study in CI users indicates the feasibility and usefulness of corresponding brain 

perfusion SPECT/EEG registration during a speech comprehension task. Thereby 

complementary information could be achieved helping to better understand mechanisms 

and processes involved in hearing ability with CI. Both methods advantageously 

complement one another, since EEG provides high temporal resolution (about 10-

100ms), but poor spatial resolution (> 1cm) while this is vice versa with emission 

tomography (Ruytjens et al. 2006). Similarly to our study in CI users and thus in an 

approach for hearing research, the combination of EEG – in that case auditory event 

related potentials – and brain perfusion SPECT has been used to disentangle the 

pathophysiology in other types of diseases, in particular: mild and moderate 

Alzheimer’s disease (Gungor et al. 2005; O'Mahony et al. 1996), Schizophrenia 

(Blackwood et al. 1994; Medved et al. 2001; Shajahan et al. 1997) and obsessive-

compulsive disorders (Molina et al. 1995). Specifically, particular components of the 

EEG like the P300 potential showed in correlation to brain perfusion SPECT the 

involvement of particular brain regions in the pathophysiological process like the 

precuneus in Alzheimers disease or the frontal cortex in schizophrenia (Blackwood et 

al. 1994; Gungor et al. 2005). We observed a correlation of the N400 component 

reflecting sentence discrimination and inferior temporal brain perfusion. The finding is 

not that surprising, since a number of studies have already applied EEG to study 

auditory evoked neuronal correlates in auditory implant users (e.g. Bönitz et al. 2018; 

Finke et al. 2016; Schierholz et al. 2017). Moreover, audiometric tests (e.g. Coez et al. 

2009; Lee et al. 2003) and behavioral data (e.g. Strelnikov et al. 2011) have been 

applied in auditory implant users and deaf patients to extract further information on 

pathophysiologic and functional mechanisms from PET data.  

Also, in auditory research using small animal imaging approaches, important additional 

information can be achieved by additive performance of other techniques. This has been 

shown in our preclinical studies in gerbils, in which we additionally gathered levels for 

blood glucose or hearing thresholds via ABR measurements. Anesthesia induced 

measured high blood levels of “cold” glucose explained the lack of activation in 
auditory regions (and not the anesthesia itself). Moreover, ABR measurements are 

required to exclude animals with an unexpected hearing impairment based on an 

objective procedure.  Furthermore, ABR measurements were performed in preclinical 

PET studies in rats to evaluate hearing thresholds after noise-induced hearing loss 

(Kang et al. 2013; Ma et al. 2013) and after unilateral cochlea ablation (Hsu et al. 2009). 

Finally, in a study investigating salicylate-induced tinnitus in rats, behavioral tests and 

MRI imaging were additively measured to small animal PET (Paul et al. 2009). This 
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illustrates exemplarily, that structural imaging is always helpful for emission 

tomography in diseases where no a priori hypothesis with regard to the location of an 

expected effect is present and if precise spatial assignment is desirable. Moreover, 

behavioral testing can clarify the condition of an animal, i.e. assure that the model 

corresponds to the clinical condition, which would in the case of tinnitus in the clinical 

situation be simply stated by the patient. 

 Added value of multiple or follow-up radiotracer studies  5.5

Beside the use of additive techniques, further information can be obtained by using 

different tracers, e.g. to reveal auditory activation and the current state of a particular 

neurotransmission system in the same animals. Thus, complementary information can 

be achieved.  

Multitracer imaging in humans has already been successfully performed in Alzheimer’s 
disease (e.g. Ossenkoppele et al. 2012). In order to demonstrate differences between 

subjects with mild cognitive impairment (MCI) and healthy controls. Ossenkoppele and 

colleagues (2012) directly compared the amyloid marker Pittsburgh Compound-B 

([11C]PIB) and the metabolic marker of neuronal activity 18F labeled 

fluorodeoxyglucose ([18F]FDG) concluding, that both tracers measured related, but 

different, aspects of the neuropathology associated with Alzheimer’s disease. While 
increasing [11C]PIB binding revealed disease progression in MCI, decreasing [18F]FDG 

uptake correlated with a decline in cognitive function. This exemplifies that 

complementary information on disease pathophysiology can be obtained in clinical 

research using a multitracer approach. Multitracer imaging has also been applied in 

animals - for example in investigations of an animal model for Parkinson’s disease 
(Ballanger et al. 2016). In asymptomatic MTPT (1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine) intoxicated monkeys longitudinal PET studies were performed 

using different tracers to study changes in (i) dopamine synthesis ([18F]DOPA), (ii) 

dopamine D2 receptor binding ([11C]raclopride), (iii) serotonin transporter function 

11C-N,N-dimethyl-2-(-2-amino-4- cyanophenylthio) benzylamine ([11C]DASB) and 

(iv) serotonin 1A receptor binding ([18F]MPPF). The study revealed evidence for 

compensatory mechanisms in the serotonergic system as a consequence of the 

dopaminergic deficit. Multitracer imaging although its application in auditory research 

is rare up to now, holds a great potential as molecular changes (e.g. in inhibitory 

neurotransmission) and functional impairments (e.g. activations in the auditory system) 

are present in the same disease conditions (e.g. age-related hearing loss), but their 

interrelation is still to be clarified.  

In addition to multitracer imaging, follow-up imaging using the same radiotracer 

provides attractive options for to capture changes as disease evolves or after treatment. 
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Brain activity during a speech task has been studied in a follow-up study in CI users 

employing [18F]FDG PET at three different time points: immediately after the first 

fitting of the speech processor and one and two years later. Thereby a correlation 

between degree of cortical activation and success of speech therapy results have been 

shown (Łukaszewicz-Moszyńska et al. 2014). In this study, a tendency towards 

increasing levels of activation in left-sided auditory cortex as rehabilitation progresses 

as well as a correlation of cortical activation and speech test results could be 

demonstrated.  

Follow-up studies have also been applied in preclinical auditory research. E.g. Mamach 

et al. (2018a) from our group investigated rats with three different auditory conditions 

before and after cochlear ablation for visualization of effects of auditory deprivation. He 

revealed cross-modal activation of the olfactory system following cochlea ablation. This 

finding indicates that PET is useful to gain more insight into long-term neuro-plastic 

changes of the auditory system. Kang and colleagues (2013) investigated effects of 

noise-induced hearing loss on serotonin transporters in rats, employing [18F]ADAM 

small animal PET at days 1, 8, 15 and 29. The group showed that the serotonin 

transporter level was reduced in several brain regions within 24 h following noise 

exposure. This decrease persisted to 30 days. Both exemplary auditory based studies for 

follow-up investigations demonstrate the usefulness of emission tomography in hearing 

research to study alterations in the auditory pathway over time.  

 Studies of inhibitory neurotransmission in auditory research  5.6

Several transmitters are known, transferring information between neuronal cells, which 

have already been targeted using PET to study e.g. neurological or psychiatric disorders 

(e.g. Tuominen et al. 2014), but might be interesting in auditory research as well.  

In particular the following neurotransmitters have been described already decades ago: 

serotonin, noradrenaline, dopamine, glutamate, acetylcholine and GABA (Jones 1986). 

Beside cyto- or myeloarchitectonic staining methods, knowledge about distribution and 

density of neurotransmission receptors in cerebral cortex layers previously arrived from 

multireceptor expression studies using quantitative in vitro receptor autoradiography of 

postmortem human brains (Zilles and Palomero-Gallagher 2017; Zilles et al. 2004). It 

has been shown, that cerebral cortex layers harbor various types of transmitter receptors 

with GABA and glutamate receptors reaching much higher densities than those of all 

other receptor types (Zilles and Palomero-Gallagher 2017).  

With the raising knowledge about neurotransmitters in the brain, also many radiotracers 

for PET have been developed for imaging neurotransmission transporters, metabolism 

or receptors for both clinical and preclinical application (Finnema et al. 2015; Kilbourn 

2017; Lancelot and Zimmer 2010). 
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Focusing on the auditory system, several - in particular - inhibitory neurotransmitters 

have been identified being involved in the process of hearing, occurring at different 

levels of the auditory pathway: the major inhibitory transmitter GABA has been studied 

using microiontophoretic techniques. It mediates via GABAA receptors the excitatory 

glutamateric transmission of the cochlea inner hair cells. Besides that, GABA is also 

involved in transmission from the cochlea up to higher auditory structures (Oestreicher 

et al. 2002). In the auditory nerve, GABA is supposed to mediate transmission, as well 

(Guth and Melamed 1982). Furthermore, GABAergic inhibition is known to occur 

alongside the whole auditory pathway in sub-cortical and cortical areas (Caspary et al. 

2008; Caspary and Llano 2018). In postmortem human brain tissue areas belonging to 

the sentence comprehension network - left hemispheric BA 44, 47, 45, inferior frontal 

gyrus/sulcus and posterior temporal gyrus/sulcus - showed similar receptor expressions, 

differing from primary sensory areas, with all areas having highest density of the  

benzodiazepine receptor followed by GABAA and GABAB, NMDA, α2, M3 and 5-HT2 

receptors (Zilles et al. 2015). Similarly to distributions of GABA receptors previously 

observed in the mammalian auditory system (e.g. Bowery et al. 1987), our findings 

from imaging GABAA receptor binding to the benzodiazepine binding site with 

[18F]FMZ using both, in vitro autoradiography and PET imaging, also showed high 

binding in sub-cortical and cortical auditory brain regions. However, the spatial 

resolution (full width at half maximum, FWHM) of the PET scanner used in our study 

was ≈ 1.5 mm (Constantinescu and Mukherjee 2009), implying that imaging GABAA 

receptors in the cochlea is uncertain and in the brainstem, still is challenging in the 

gerbil due to limited spatial resolution of the scanner for these small structures. A new 

perspective for imaging der GABAergic system might arise from radioligands whose 

binding can be influenced by the endogenous GABA concentration in the synaptic cleft. 

Such a radioligand is the novel agonist to the GABAA receptor benzodiazepine binding 

site [11C]RO6899880. It has been suggested to provide a sensitive approach to measure 

changes in synaptic GABA concentration (Finnema et al. 2015).  

Beside GABA, also other inhibitory neurotransmitters in the auditory system have been 

studied. One of them is glycine, which is similarly involved in aging of the auditory 

system like GABA and particularly abundant in the NC, but also SOC of the brainstem 

(Caspary et al. 2008; Caspary and Llano 2018; Friauf et al. 1997). This also suggests 

new perspectives for neurotransmission imaging in hearing research with already 

existing tracers like [18F]MK-6577 (Hamill et al. 2011; Joshi et al. 2015), [11C]CMPyPB 

(Hamill et al. 2011) or [11C]R05013853 (Borroni et al. 2013) for imaging glycine 

transporter 1. 

In addition, interesting applicability for imaging of glycinergic and GABAergic 

inhibitory neurotransmission arrives in the context of tinnitus, since impaired inhibitory 
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neurotransmission has already been hypothesized as a pathogenetic factor in this disease 

(Richardson et al. 2012). 

Another inhibitory neurotransmission system implicated to be relevant for the auditory 

system is the serotonergic system. Diverse radioligands have been developed for PET 

imaging of the serotonergic system: serotonin transporters have been targeted with e.g. 

[11C,18F]diarylsulfides and [11C]DASB (Kilbourn 2017; Lancelot and Zimmer 2010; 

Wang et al. 2009), but also tracers for imaging 5-hydroxytryptamine (5-HT1A) 

receptors ([18F]MPPF, [11C]WAY100635) and 5-HT2A ([11C]MDL100907) have been 

developed (Finnema et al. 2015; Lancelot and Zimmer 2010). In the auditory system, 

serotonergic brainstem neurons (5-hydroxytryptamine, 5-HT) have been identified, 

projecting to the mammalian cochlea (Bartolome and Gil-Loyzaga 2005). Previous 

investigations in both humans and animals provided evidence for the relation between 

intensity of auditory evoked potentials and brain serotonergic activity in the brain 

(Hegerl and Juckel 1993; Juckel et al. 1997; O'Neill et al. 2008). In the context of 

hearing related topics, serotonin transporters imaging has been used to investigate 

effects of noise-induced hearing loss in rats, employing 4-[18F]ADAM and small animal 

PET. It has been suggested, that noise-induced hearing loss involves a reduction in 

serotonin transporter expression in various regions of the rat brain (Kang et al. 2013).  

 Emission tomography in auditory research - outlook and 5.7

potentials 

5.7.1 Advances in scanner technology with respect to spatial resolution  

Our studies in gerbils showed activations in the IC, when comparing baseline with a 

strong 90dB frequency modulated tone during awake state and under FMM anesthesia, 

and age-related GABAA receptor binding alterations in MGB, IC and AC, but not in 

smaller regions of the auditory pathway. Contrasting our studies in the gerbil and 

previous studies in rats (e.g. Jang et al. 2012; Mamach et al. 2018a), also smaller sub-

cortical structures like NC and SOC were recoverable with small animal PET scanner in 

rats. This is most likely due to the bigger size of the rat brain and the more sufficient 

spatial resolution (FWHM) of the PET scanner for rats in contrast to the proportions in 

gerbils. The spatial resolution (FWHM) was ≈ 1.5 mm in our scanner (Constantinescu 

and Mukherjee 2009). The widths of the anatomical structures in the gerbil are: for the 

LL (≈ 0.2 mm), OC (≈ 0.6 mm), NC (≈ 0.5-0.8 mm) and for the MGB (≈ 1.4 mm) 
(Radtke-Schuller et al. 2016). All anatomical structures below the threshold value of 1-

times the FWHM, cannot be fully recovered with the intrinsic resolution of our PET 

scanner due to partial volume effects (Constantinescu and Mukherjee 2009; Knoop et al. 

2002). Therefore, considering the highly significant difference in GABAA receptor 
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binding in MGB between young and old gerbils one must keep in mind, that although it 

is clearly detectable, it might be underestimated. However, although the MGB in the 

gerbil brain might be challenging with respect to signal recovery in PET, the pair of 

values from PET and in vitro autoradiography for the MGB was in line with the pairs of 

values from the other regions (see Fig. 3 in chapter 3). Since autoradiography has a 

much better resolution of approximately one order of magnitude (100–200 μm, Schmidt 
and Smith 2005) and in consequence no limitation in signal recovery) an outlier would 

occur in case of a major underestimation of the MGB signal in the PET measurement. 

Still, there is ongoing development of new systems providing higher resolutions for 

small animal PET imaging. Up to now, several preclinical PET scanners have been 

developed with different technological characteristics and opportunities (e.g. Larobina 

et al. 2006; Vaquero and Kinahan 2015). One of those systems developed earlier, 

providing better resolution compared to our preclinical PET scanner (Inveon, Siemens), 

is the 32-module quadHIDAC animal PET scanner that is produced by Oxford Positron 

Systems and has been evaluated by Schäfers and colleagues (2005). This animal PET 

scanner uses the technique of gas ionization by incoming photons. Photons are detected 

using multiwire proportional chambers. In the radial, tangential, and axial directions this 

system offers values of 1.08, 1.08, and 1.04 mm of spatial resolution (Schäfers et al. 

2005), which is approximately 0.42 mm better compared to our current system. With a 

field of view of 165 mm and a length of 280 mm it additionally offers the possibility for 

imaging various types of even somewhat larger animals. 

Currently a magnetic resonance compatible PET insert for simultaneous pre-clinical 

PET/MR imaging has been proposed, providing better resolution as well. Using this 

insert, spatial resolution ranges from 1.17 to 1.86 mm FWHM (depending on radial 

offset), but phantom imaging showed that object sizes as low as 0.7 mm can be resolved 

after reconstruction (Stortz et al. 2018). Hence, analyzing OC or NC in the gerbil might 

be feasible with the most advanced technology in small animal PET imaging. Still, there 

will be signal reduction in those structures, since sizes are hardly at the limit of 1-times 

FWHM.  

5.7.2 Development of new radiopharmaceuticals 

5.7.2.1  Advances in radiochemistry 

New perspectives and improvements for emission tomography imaging of the auditory 

system do not only rely on better resolution of dedicated PET systems, but also on new 

advances in development of radiopharmaceuticals.  

Some new developments over the last years happened in the field of radionuclide 

production. Here, unconventional radionuclides have been proposed, which are 
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promising for the development for new imaging agents: manganese-52 (52Mn), 

titanium-45 (45Ti) scandium-43 (43Sc) and scandium-44 (44Sc), - all transition metal 

radionuclides that emit positrons - are some of those (Chaple and Lapi 2018; Costa et al. 

2018).  

A potentially interesting candidate, 52Mn, with a long half-life of 5.6 days was 

considered being promising for imaging of longer biologic processes or compounds that 

intrinsically contain manganese. Additionally, the assessment and detection of 

distribution and uptake patterns of manganese-based MRI agents is feasible applying 

PET imaging with 52Mn (Chaple and Lapi 2018). Because Mn2+ can enter neurons, it 

has been shown, that 52Mn can also be used as neuronal imaging agent to study 

neurodegenerative disease (Saar and Koretsky 2018). This might also be interesting to 

study neuronal alterations of the auditory system. Another candidate is 45Ti, which has a 

half-life of approximately 3.09 h and therefore allows distribution within a broader 

region compared to radiopharmaceuticals based on shorter half-life radionuclides (Costa 

et al. 2018). 43Sc and 44gSC have relatively longer half-lives of 3.89 and 3.97 h, 

respectively and thus are alternatives to the currently used 68Ga (diagnostic/imaging 

compound) for theranostic approaches including lutetium-177 (177Lu) (therapy 

compound) (Chaple and Lapi 2018).  

Another focus in radiochemistry are improvements of radiotracer synthesis for PET 

imaging using already existing radioisotopes. Due to its unique and nearly ideal 

properties, especially 18F is frequently used and enables to label many compounds 

(Coenen and Ermert 2018; van der Born et al. 2017). Besides 18F, labeling methods with 

other radioisotopes like 11C-, 13N-, and 15O are advancing also, providing greater 

flexibility when designing new PET ligands with optimized pharmacological and 

physicochemical properties (Deng et al. 2019). When focusing on 18F, different labeling 

strategies are known to assess 18F labelled tracers. The two major strategies are: (i) late-

stage radiofluorination, in which the 18F is introduced in the last step of the synthesis by 

direct labeling the precursor and (ii) the building-block approach, with a fast, efficient 

introduction of 18F into a building block, which is further transformed in one or multiple 

reaction steps to create the PET tracer (van der Born et al. 2017). In this respect many 

methodologies for late-stage aromatic radiofluorination reactions have been developed, 

but it has been stated, that also the building block approach holds high potentials and 

advantages in contrast to late-stage reactions: in the late-state radiofluorination 

techniques, a synthesis strategy is only feasible for dedicated precursors, whereby once 

a building block is developed the same generic labelling methodology can easily be 

applied to other compounds (van der Born et al. 2017). Therefore, the building block 

approach is a good example to improve development of new radiopharmaceuticals as 

well. However, also late-stage labelling strategies are still under development: such 

radiofluorination methods are accompanied by the improved technical procedures, like 
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automated syntheses, which enable fast and reliable syntheses, the use of high amounts 

of radioactivity and provides better fulfilment of regulatory compliances (GMP 

requirements, e.g. sterility, quality control) (Coenen and Ermert 2018). 

5.7.2.2  New Biomarkers and Imaging approaches 

With improved strategies for tracer development, new compounds might become 

available for PET imaging of targets relevant in auditory research. As already 

mentioned, a considerable variety of radiotracers has been proposed and evaluated for 

investigating different neurotransmission systems. Some of those existing tracers, 

particularly those directed to inhibitory neurotransmission systems, seem to be 

promising for application in hearing research.  

In many hearing diseases, the cochlea itself is affected. Therefore, with respect to new 

approaches and biomarkers for auditory research using PET, imaging of processes in the 

cochlea in-vivo, might be interesting and advantageous. In humans the cochlear has a 

width of 1 cm, a height of 5 mm and it contains a 35 mm long coiled basilar membrane 

(Pickles 2015; Pickles 2013). Detection of radiotracer accumulation in the human 

cochlea might be feasible with current clinical PET systems, which have an 

approximate resolution of 4.3 mm (FWHM) (Rausch et al. 2015), and will become even 

more realistic, if current experimental devices providing a spatial resolution of about 3.5 

mm (FWHM) become available (van Sluis et al. 2019). In animals, the cochlea is even 

bigger in relation to the whole body, but naturally much smaller with the containing 

basilar membrane being approximately 7-8 fold smaller (length ≈ 5mm) in rats 
compared to humans (Felix 2002). Nevertheless, imaging processes in the cochlea in 

animals might be even better possible with the newer dedicated systems compared to 

humans, as described in the previous sections. As sensorineural hearing loss is one of 

the major hearing disease (e.g. Korver et al. 2017; Pickles 2013), processes and 

molecules being involved in this type of hearing loss are surely interesting targets to 

label for PET imaging approaches. These molecules might be structures of inhibitory 

neurotransmission, as stressed in chapter 5.6, but tracers for other targets - e.g. 

particular proteins - might also be of interest. For example, Vogl and colleagues (2017) 

showed that deficiency of the BEACH protein LRBA in mice leads to progressive 

sensorineural hearing loss, which likewise causes syndromatic sensorineural hearing 

impairment in humans. The authors concluded that LRBA is required for hair bundle 

maintenance in cochlear hair cells and for hearing. Therefore, PET radiotracers binding 

to LRBA proteins would be beneficial to get further insights into the in vivo 

pathophysiology of sensorineural hearing loss in both, animals and humans.  

Furthermore, imaging of inflammatory processes in the cochlear including those 

responsible for fibrosis around cochlear implants would be of interest as a potentially 

influenceable cause of limited outcome after implantation (Wilk et al. 2016). Some 
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biomarkers for PET imaging of inflammation already exist. One of the most widely 

used tracers to image metabolic activity of inflammatory cells is [18F]FDG. Another 

target for radiotracers to reveal active inflammatory cells is the translocator protein 

(TSPO), which is located at the outer mitochondrial membrane and has been shown 

being expressed in macrophages, neutrophils, lymphocytes, activated microglia and 

astrocytes. A second generation PET radiotracer for imaging of TSPO is 18F-labled 

flutriciclamide ([18F]GE-180) (Feeney et al. 2016). Additionally, new tracers for fibrosis 

imaging became available (Lindner et al. 2018).  
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6 Conclusions 

This thesis demonstrated the feasibility and meaningful application of emission 

tomography using functional and molecular bio-markers in preclinical and clinical 

auditory research. First of all, it has been shown in this dissertation that the spatial 

resolution of current preclinical PET equipment is sufficient to measure activations and 

receptor binding potentials in the central auditory system of gerbils. Specifically, a type 

of anesthesia has been elaborated allowing to obtain activations based on binaural 

auditory stimulation. This provides the basis for applying specific binaural stimuli 

including masking to study activations patterns related to source separation in 

multisource environments in gerbil models of age-related hearing loss. After that, 

stimuli and insights obtained in animal models can be translated into humans / patients. 

With respect to age-related hearing loss we demonstrated an age-related reduction of the 

GABAA receptor binding potential in the auditory system, encouraging further studies 

in patients to disentangle the role of inhibitory neurotransmission for hearing loss and 

success of its treatment. Part of this dissertation is also a study in CI users implementing 

a multimodal diagnostic approach using brain perfusion SPECT and EEG based on a 

sentence discrimination task. This study was dedicated to elucidate the relevance of 

cognitive factors on the speech comprehension abilities after CI implantation. In 

general, we showed that recruitment of additional brain resources related to cognitive 

functions like attention (inferior parietal cortex), memory (mesial temporal cortex), 

inferior frontal (Broca area) and cross modal in occipital visual areas results in a higher 

performance in speech comprehension. This might guide / stimulate targeted approaches 

in rehabilitation, and refinement of activation studies ([15O]water PET) for 

individualized patient assessment and rehabilitation monitoring.  

Finally, challenges and advances in terms of resolution in emission tomography have 

been clearly illustrated by the findings of this thesis related to the auditory system in 

gerbils. Novel findings can also be expected in patients against the background of recent 

technical advances with regard to clinical PET devices. This suggests the potential of 

emission tomography to assess new structures like e.g. the cochlea. New biomarkers, 

for inhibitory neurotransmission systems or molecular markers of inflammation/fibrosis 

would be of interest in this context to improve understanding of the pathophysiology of 

hearing loss and its response to auditory implantation. 

Thus, emission tomography is offering an increasing potential for preclinical and 

clinical auditory research. The methodology is minimally invasive, provides the 

possibility longitudinal studies and translational research. Thereby, improved 

understanding of the basis for hearing loss, the quality of speech comprehension after 

auditory implantation and factors relevant for improved rehabilitation can be gained. 
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