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Abstract
In the last twenty years, advances in real-time functional magnetic resonance imaging (rt-

fMRI) have offered exciting new tools to study the human brain. One of them, termed rt-fMRI

neurofeedback (NF), has turned the MRI scanner environment into an interactive brain-

computer interface (BCI), allowing to position brain activity as the independent variable in the

relationship ranging from brain function to observed behavior. This paradigm immediately

gained considerable interest in the fMRI research community, as the idea of grasping volitional

control over a precisely targeted brain area suddenly became feasible. Since then, a multitude

of studies have used this technique in drastic efforts to normalize pathological brain activity

(or connectivity) in a wide range of neurological disorders, ultimately seeking clinical and

behavioral improvement.

Among these, chronic tinnitus, commonly referred to as “ringing in the ears”, has been consid-

ered a promising condition for NF interventions. Tinnitus has been linked to wide disruptions

in brain functions involving attention, cognition, emotional distress, and auditory and sensory

processing, among others. It has also been associated with hyperactivity in the primary audi-

tory cortex after acoustic trauma. Currently, no cure exists for a complete relief of symptoms. A

previous proof-of-concept study suggested that learned down-regulation of the auditory cortex

slightly improved short-term subjective reports of tinnitus severity in a small group of partic-

ipants. Here, we present the longest NF clinical trial to date in chronic tinnitus (NeuroTin),

in which 60 patients are enrolled across 3 different interventions: electroencephalography

NF (EEG NF), fMRI NF, and cognitive behavioral therapy (CBT), nowadays considered as

standard care for tinnitus. The aim is to assess whether any of the two NF approaches can

outperform standard CBT training for alleviation of tinnitus distress. In this dissertation, we

present clinical outcomes and neuroimaging findings for the fMRI NF group.

Twenty-one participants learned to down-regulate the activity of their primary auditory cortex

over 15 weeks of fMRI NF training. While only a few participants managed to learn down-

regulation, we found a significant clinical relief in tinnitus distress lasting up to one year in

the fMRI NF group, as opposed to the CBT group. We demonstrate the superiority of fMRI

NF training over standard care CBT and show, for the first time, resulting long-term benefits

in quality of life. Furthermore, we bring additional evidence regarding the implication of a

highly modulated small brain region in tinnitus, bilaterally located in the parietal operculum

(OP3). We describe its effective connectivity with regions pertaining to the auditory pathway
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Abstract

and discuss its implication in a possibly altered multisensory integration mechanism in tin-

nitus. Then, using a co-activation patterns analysis, we unveil 4 functional brain networks

co-occurring with the deactivation of OP3. We identify them as (1) an auditory-visual network

comprising an important node of the auditory pathway (the medial geniculate body), (2) a

part of the NF control network, (3) the default mode network, and (4) a somatosensory net-

work likely linked to other sensory integration modalities. Lastly, we characterize the average

dynamics of these 4 functional networks and discuss new avenues for fMRI NF interventions

and treatments in chronic tinnitus.

Keywords: chronic tinnitus, neurofeedback, real-time functional MRI, auditory cortex, parietal

operculum, cognitive behavioral therapy, electroencephalography, clinical trial
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Résumé
Au cours des vingt dernières années, les progrès de la résonance magnétique fonctionnelle

(IRMf) en temps réel ont offert de nouveaux outils passionnants pour étudier le cerveau

humain. L’un d’eux, appelé rt-fMRI neurofeedback (NF par IRMf), a permis de transformer

l’environnement du scanner IRM en une interface cerveau-ordinateur interactive (BCI), per-

mettant de positionner l’activité cérébrale comme la variable indépendante dans la relation

allant de la fonction cérébrale au comportement observé. Ce paradigme a immédiatement

suscité un intérêt considérable dans la communauté de recherche en IRMf, étant donné

que l’idée d’exercer un contrôle volitif sur une zone précise du cerveau est soudainement

devenue possible. Depuis lors, une multitude d’études ont utilisé cette technique à travers

d’innombrables efforts visant à normaliser l’activité (ou la connectivité) cérébrale patholo-

gique présente dans un large éventail de troubles neurologiques, recherchant finalement une

amélioration clinique et comportementale.

Parmi ceux-ci, les acouphènes chroniques, communément appelés “sifflements dans l’oreille”,

ont été considérés comme une cible prometteuse pour les interventions de NF. Les acouphènes

sont liés à de vastes perturbations dans certaines fonctions cérébrales impliquant l’attention,

la cognition, la détresse émotionnelle, et le traitement d’informations auditives et sensorielles,

entre autres. Ils ont également été associés à une hyperactivité dans le cortex auditif primaire

après un traumatisme sonore. Actuellement, il n’existe aucun remède pour un soulagement

complet des symptômes. Une précédente étude de faisabilité a suggéré qu’un apprentissage

d’une régulation à la baisse du cortex auditif a légèrement amélioré les rapports subjectifs de

sévérité des acouphènes à court terme dans un petit groupe de patients. Nous présentons ici le

plus long essai clinique de NF à ce jour sur les acouphènes chroniques (NeuroTin), pour lequel

60 patients sont recrutés dans 3 groupes différents : le NF par électroencéphalographie (EEG

NF), le NF par IRMf, et la thérapie cognitivo-comportementale (TCC), qui est aujourd’hui

considérée comme le traitement standard des acouphènes. Le but est d’évaluer si l’une des

deux approches de NF peut surpasser l’efficacité du traitement standard pour le soulagement

de la détresse liée aux acouphènes. Dans cette thèse, nous présentons les résultats cliniques et

de neuroimagerie pour le groupe de NF par IRMf.

Vingt et un participants ont régulé à la baisse l’activité du cortex auditif primaire pendant 15

semaines d’entraînement de NF par IRMf. Bien que seulement quelques participants aient

réussi à réguler l’activité auditive vers le bas, nous avons constaté un soulagement clinique
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Résumé

significatif de la détresse liée aux acouphènes pouvant durer jusqu’à un an dans le groupe de

NF par IRMf, comparé au groupe de TCC. Nous démontrons ainsi la supériorité du NF par

IRMf sur la TCC de groupe, et mettons en évidence, pour la première fois, les avantages de

qualité de vie à long terme qui en résultent. De plus, nous apportons des preuves supplémen-

taires concernant l’implication d’une petite région cérébrale hautement modulée dans les

acouphènes, située bilatéralement dans l’opercule pariétal (OP3). Nous décrivons sa connecti-

vité effective avec d’autres régions de la voie auditive et discutons de son implication probable

dans un mécanisme d’intégration multisensorielle altéré dans les acouphènes. Ensuite, à

l’aide d’une analyse des modèles de co-activation, nous dévoilons 4 réseaux cérébraux qui

co-occurrent avec la déactivation d’OP3. Nous les identifions comme (1) un réseau d’inter-

action audio-visuel comprenant un nœud important de la voie auditive (le corps géniculé

médial), (2) une partie du réseau de contrôle par NF, (3) le réseau en mode par défaut, et (4)

un réseau somatosensoriel susceptible d’être lié à d’autres modalités d’intégration sensorielle.

Enfin, nous caractérisons la dynamique moyenne de ces 4 réseaux fonctionnels, et discutons

de nouvelles approches pour les interventions de NF par IRMf et le traitement des acouphènes

chroniques.

Mots-clés : acouphènes chroniques, neurofeedback, IRMf en temps réel, cortex auditif, oper-

cule pariétal, thérapie cognitivo-comportementale, électroencéphalographie, étude clinique
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1 Introduction

Tinnitus is defined as a phantom auditory perception, not triggered by any external sound

source (Shore et al., 2016). Commonly, it is referred to as “persistent ringing in the ears”. It

is estimated to affect around 10–15% of the general population (Hall et al., 2011; Langguth

et al., 2013), and 1–2% in Western industrialized countries experience it in its severe, bother-

some form (Shore et al., 2016) — and these numbers are prone to increase, concomitant with

elevated noise exposure in modern societies. The latter group of individuals thus experience

symptoms that severely reduce their quality of life. Alongside recent efforts to define a clear

consensus for the proper definition of tinnitus (De Ridder et al., 2021c; Noreña et al., 2021), its

heterogeneity is being widely recognized today (Beukes et al., 2021; Cederroth et al., 2019).

Several types can be clinically distinguished, the most common descriptors being objective

vs subjective, acute vs chronic, primary vs secondary, and pulsatile vs non-pulsatile (Esmaili

et al., 2018). Objective tinnitus, which is sometimes audible by an external examiner, can be

due to mechanical or vascular abnormalities in the vicinity of the inner ear (whose anatomy

is illustrated in Figure 2.4 and further described in section 2.2) (Chari et al., 2018). It is often

associated to the pulsatile character of tinnitus, which can be classified by its site of genera-

tion, usually arterial, arteriovenous, or venous (Hofmann et al., 2013). While acute tinnitus is

generally considered as a symptom with a duration of less than one (Vielsmeier et al., 2020)

or three (De Ridder et al., 2021c) months, its chronification is playing an important role in

addressing long-term tinnitus more and more as an established disorder. Most cases thus

relate to subjective chronic tinnitus, and these are often associated to other accompanying

conditions such as anxiety, depression, insomnia and sleep disturbances, somatic problems,

and lower self-esteem and general well-being (Aazh et al., 2019; Basso et al., 2021; Halford

et al., 1991; Krog et al., 2010; Langguth, 2011; Langguth et al., 2011; Stegeman et al., 2021).

From the etiological heterogeneity arising from pathological changes along the entire auditory

pathway (see Figure 2.5), most common causes underlying chronic tinnitus are initial cochlear

lesions involving noise trauma, sudden hearing loss, or side effects of ototoxic drugs, leading

to a secondary onset of tinnitus (Langguth et al., 2013).
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Although there is currently no evidence-based universal cure for tinnitus, several treatment

approaches have been attempted with various degrees of success (see Zenner et al. (2017) for

an extensive review and D. Tang et al. (2019) for more details on several alternative therapies).

Notably, cognitive behavioral therapy (CBT) is recognized to some degree as the current

gold standard treatment for tinnitus. In a large randomized controlled clinical trial (n =
492) in the Netherlands, a significant improvement of the quality of life was reported in a

tinnitus population compared to the usual care control group (Cima et al., 2012; Zenner

et al., 2017). CBT aims at reducing the negative impact of tinnitus, in particular its induced

distress and handicap, but not at directly influencing acoustic features of the percept itself

(Jun et al., 2013). However, mainly due to its heterogeneity, to the numerous clinical attempts

to address its different facets, and to the complex brain mechanisms involved in its generation

and perceptual maintenance, it seems unlikely that a single treatment could benefit many

etiologically different subgroups of chronic tinnitus sufferers.

Recently, with fast-paced technological advances, neuromodulation has also propelled clinical

tinnitus research, in particular since closed-loop paradigms offer possibilities to evaluate

tinnitus-related changes more spontaneously than behavioral therapies. Invasive — such

as vagus nerve stimulation (VNS, De Ridder et al., 2021a) or deep brain stimulation (DBS,

Cheung et al., 2019; Shi et al., 2009; Smit et al., 2016), but also less invasive — such as high-

definition transcranial direct current stimulation (HD-tDCS, and tDCS, Elyssa Kok et al., 2021;

Jacquemin et al., 2021b) or repetitive transcranial magnetic stimulation (rTMS and TMS,

Burger et al., 2011; P. M. Kreuzer et al., 2021) external neuromodulation modalities are being

intensively explored for chronic tinnitus in an urgent need of innovative therapeutic attempts.

In the same direction, non-stimulation closed-loop neurofeedback (NF) paradigms have also

attracted growing interest for tackling chronic tinnitus. In particular, electroencephalography

(EEG) NF has been extensively utilized, with different up-regulation (↑) or down-regulation

(↓) target frequency bands (e.g. α ↑ (Hartmann et al., 2013), α ↑ β ↓ (Gosepath et al., 2001;

Schenk et al., 2005), α ↑ δ ↓ (Crocetti et al., 2011; Dohrmann et al., 2007a), or even α ↑β ↓ γ ↓
(Vanneste et al., 2018); see Güntensperger et al., 2017 for a more detailed review). On top of the

different included tinnitus subgroups, additional variability in research protocols, especially

regarding electrodes or source localization, as well as in the underlying feedback computation

and presentation methods, has produced a large spectrum of results regarding successful

and unsuccessful manipulations of neural EEG NF features. There is therefore a difficulty in

reaching a consensus for a methodological approach in the field even if, recently, initial efforts

to delineate individual success predictors in EEG NF for tinnitus have been made (Riha et al.,

2021), as well as an investigation of the feasibility and efficacy of a portable solution eventually

brought to the home of the patient (Guillard et al., 2021).

With a rapidly growing research volume on tinnitus and its associated comorbidities in the

past 15–20 years (Moller et al., 2015), evidence from neuroimaging techniques is accumulating

for larger disruptions in brain networks extending way beyond the sole auditory pathway

(De Ridder et al., 2014a; Elgoyhen et al., 2015; Hullfish et al., 2018). In particular, resting-state

functional magnetic resonance (rs-fMRI) and other brain imaging techniques (see section 2.1
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for more details) have unveiled altered brain activity in primary auditory cortex (A1), insula,

amygdala, dorsolateral and ventromedial prefrontal cortex (dlPFC, vmPFC), and parahip-

pocampus (PHC) (see Elgoyhen et al. (2015) for a review). These findings have shed more

light on brain networks’ interactions in tinnitus-related distress, even if the overall picture still

remains elusive. An interesting parallel with well-known pathways involved in pain, especially

in similarities with chronic phantom pain, has been proposed for tinnitus (De Ridder et al.,

2021b). In this context, possibly due to mechanical damage to tiny inner ear structures on top

of cochlear cell damage after acute noise trauma, it is plausible that tinnitus may also relate to

a proprioceptive illusion, akin to sensations in missing limbs in amputees (Job et al., 2012).

Chronic tinnitus research is therefore only slowly converging to more widely accepted per-

turbations in the human brain, as previously described (see also section 2.3.3), despite its

still elusive underlying mechanisms. Further efforts in precise symptom characterization

and heterogeneity mapping are certainly necessary before more efficient treatments can be

proposed.

1.1 Motivation

Current treatments for chronic tinnitus, such as sound therapy, tinnitus retraining therapy,

CBT, and education/counseling, are only effective in diminishing the awareness of tinnitus

and/or its associated distress. The underlying neurological mechanisms responsible for the

generation and maintenance of the percept are, however, left untreated (Czornik et al., 2022;

Henton et al., 2021). Nowadays, only a few approaches are considered as promising candidates

to potentially elicit clinically meaningful brain plasticity in chronic tinnitus, leading to a

normalized brain activity. Among these, the development of pharmaceutical drugs through

neuroscience-based precision medicine and precise neuromodulation through advanced

neuroimaging technologies are of particular interest.

In this work, we make use of the latter, by leveraging a non-invasive human brain imaging

modality (fMRI) to access underlying functional brain dynamics and providing a personalized

feedback. The approach, termed neurofeedback, slightly differs from proper neuromodulation

techniques, in the fact that no external modulation is applied. In fact, the MRI scanner is

converted into a brain-computer interface (BCI), enabling volitional modulation of one’s own

extracted brain features. We built up on a set of previous pilot and proof-of-concept studies

(Emmert et al., 2017b; Haller et al., 2010, 2013; Van De Ville et al., 2012), in which initial

attempts to modulate maladaptive brain activity in chronic tinnitus sufferers was explored

with rt-fMRI NF. In Haller et al. (2010), a small sample of five (out of six) chronic tinnitus

subjects managed to down-regulate broad auditory cortex activity over four short NF sessions

of 4 min 24 s each. On the behavioral level, two subjects reported a mild improvement (while

four reported no change) in tinnitus symptoms after the training. Broad deactivations were

found by the authors in bilateral auditory areas, in the default mode network (DMN; prefrontal

cortex, precuneus, and inferior parietal lobe), and increasing activations in bilateral insula
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extending to the bilateral ventrolateral prefrontal cortex (vlPFC) and right dorsolateral PFC. In

Emmert et al. (2017b), a similar paradigm was used to highlight that continuously delivered

feedback may be more advantageous and more relaxing for longer-term down-regulation in

tinnitus subjects than its intermittent alternative, and that down-regulation might be more

pronounced in parts of the secondary rather than of the primary auditory cortex.

Based on these previous findings, we aimed at analyzing the effects of longer-term, regular

NF down-regulation training in a larger sample of chronic tinnitus subjects over the course of

several months. To do so, we designed a clinical trial encompassing three different groups:

standard care CBT, EEG NF, and fMRI NF. The aim of this trial is to assess whether NF ap-

proaches can outperform classical CBT interventions for decreasing tinnitus distress.

1.2 Contributions

This doctoral dissertation aims to provide novel insights into brain mechanisms involved in

chronic tinnitus, as well as to evaluate the potential of real-time functional magnetic reso-

nance imaging neurofeedback (rt-fMRI NF) in reducing tinnitus loudness and tinnitus-related

distress. To this aim, we present the longest NF clinical trial to date in severe, bothersome

chronic tinnitus (NeuroTin, chapter 3), involving in total over 60 participants randomized

across three different interventions: a standard care group with cognitive behavioral therapy

(CBT) training, an electroencephalography NF (EEG NG) group, and a rt-fMRI NF group. This

clinical trial is kindly supported by the Wyss Center of Bio and Neuroengineering at Campus

Biotech, in Geneva (Switzerland). Among these three arms, this dissertation mainly focuses

on the rt-fMRI NF intervention, with detailed reporting of the clinical study’s design, NF exper-

imental protocol and training schedule, technical rt-fMRI NF setup characteristics, software

and code contributions, extensive data collection and consolidation, as well as clinical and

neuroimaging data analysis.

The first main contribution includes development of code for added functionality and improve-

ment to the main used open-source NF software (OpenNFT; Koush et al., 2017b) previously

developed in the laboratory, together with experimental and NF-related code. While the latter

can serve to substantially accelerate NF protocol design and tedious experimental preparation

steps, such as inter-session functional registration of whole-brain templates or regions of

interest (ROIs), or an automatized efficient creation of a NF session initial code coupled with

final data compression and upload, the former consists of an improved real-time quality

assessment (rtQA) and motion monitoring add-on. This add-on, implemented in python and

MATLAB, is detailed in section 3.3 (page 89), together with references to online resources.

This methodological improvement led to a wider collaborative effort involving the initial

developers of OpenNFT, and to a publication submitted to the journal of Neuroinformatics:

• Davydov N., Peek L., Auer T., Prilepin E., Gninenko N., Van De Ville D., Nikonorov A., Koush Y.

(2022). Real-time and recursive estimators for functional MRI quality assessment. NeuroInfor-

matics, March 2022, https://doi.org/10.1007/s12021-022-09582-7.
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1.2 Contributions

The associated code and standalone software are available online (see end of section 3.3,

page 91). Additionally, we attach the corresponding full revised manuscript in the appendix

of this dissertation (page 175). My personal contribution included the initial add-on code

developments later merged into a more complete rtQA tool, as well as proofreading and

correcting the full manuscript.

Long-term collection of neuroimaging data over a period of 3 years (see Figure 3.17, page 92)

— including an unique fMRI NF dataset of more than 2000 NF runs, together with resting-

state fMRI (rs-fMRI), longitudinal anatomical (T1) recordings, repeated auditory localizers,

diffusion-weighted imaging (DWI), physiological recordings, as well as NF strategies docu-

mentation, tinnitus and general behavioral (see Figure A.1, page 155) and clinical reporting,

— all constitute a second major contribution to the field (see Table 3.3, page 95). The vast

majority of fMRI NF studies published so far used shorter NF training paradigms, in the order

of 3–5 NF sessions on average (Hampson et al., 2021). The neuroimaging data collected in this

clinical trial, comprising a longitudinal full dataset of 21 participants × 15 NF sessions × 6–7

runs each, represents an unprecedented opportunity for researchers in the field to further

explore NF training effects and tinnitus mechanisms in the human brain. For comparison, an

existing meta-analytical study in the field analyzed a total of 889 NF runs when pooled from

several NF studies (Emmert et al., 2017b) (two other meta-analytical studies, however, did not

report on the number of total NF runs analyzed, but included a much larger number of healthy

subjects and patients (Haugg et al., 2020, 2021)). Additionally, the collected data provides the

ground for probing more advanced tinnitus and NF models, notably by leveraging algorithms

designed for big data. Discussion between study partners is currently ongoing regarding the

possibility of dissemination and consolidation of this valuable dataset (see page 94).

Group data analysis (detailed in chapter 4) permitted to bring additional evidence regarding

the implication of several brain regions in functional alterations in chronic tinnitus. Notably,

we found that a small brain region identified as parietal operculum 3 (OP3) is highly involved

with bilateral auditory cortex during its attempted volitional down-regulation through fMRI

NF (see section 4.3, page 117). We further discuss the implications of this finding in the

context of other previously reported alterations in chronic tinnitus (Elgoyhen et al., 2015),

and link it to previous evidence regarding the involvement of this region in transient tinnitus

percepts (Job et al., 2011, 2012, 2016, 2020). We also report additional evidence for functional

networks involved in NF (down-)regulation in tinnitus, and partly replicate findings from a

pilot study preceding NeuroTin (Haller et al., 2010). These results form a preprint out of the

NeuroTin clinical trial, combined with the reporting of positive long-term clinical outcomes

(as measured by the THI questionnaire, Newman et al., 1996, 1998) for participants of the fMRI

NF group:

• Gninenko N., Trznadel S., Daskalou D., Gramatica L., Robyn C. L., Spigoni G., Khaliliardali

Z., Yulzari A., Sitaram R., Birbaumer N., Haller S., Senn P., Van De Ville D. (2022). Long-term

alleviation of chronic tinnitus distress after extensive real-time fMRI neurofeedback training.

Preprint.
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Note that this manuscript is not included in this dissertation to avoid redundancy, as it sum-

marizes the findings detailed in sections 4.1–4.3 (page 97). The final version will be published

later than this dissertation and may involve author list and manuscript title modifications.

Minor contributions

Real-time fMRI NF being a very technical, applied, and at the same time rapidly evolving field

encompassing a growing number of clinical applications, the continuous literature follow-up

and exposure in the field led us to contribute to the first ever fMRI NF reporting consensus in

the field:

• Ros T., Enriquez-Geppert S., Vadim Zotev V., Young K. D., Wood G., Whitfield-Gabrieli S., Wan

F., Vuilleumier P., Vialatte F., Van De Ville D., Todder D., Surmeli T., Sulzer J. S., Strehl U., Ster-

man M. B., Steiner N. J., Sorger B., Soekadar S. R., Sitaram R., Sherlin L. H., Schönenberg M.,

Scharnowski F., Schabus M., Rubia K., Rosa A., Reiner M., Pineda J. A., Paret C., Ossadtchi

A., Nicholson A. A., Nan W., Minguez J., Micoulaud-Franchi J.-A., Mehler D. M. A., Lührs M.,

Lubar J., Lotte F., Linden D. E. J., Lewis-Peacock J. A., Lebedev M. A., Lanius R. A., Kübler A.,

Kranczioch C., Koush Y., Konicar L., Kohl S. H., Kober S. E., Klados M. A., Jeunet C., Janssen

T. W. P., Huster R. J., Hoedlmoser K., Hirshberg L. M., Heunis S., Hendler T., Hampson M.,

Guggisberg A. G., Guggenberger R., Gruzelier J. H., Göbel R. W., Gninenko N., Gharabaghi A.,

Frewen P., Fovet T., Fernández T., Escolano C., Ehlis A.-C., Drechsler R., deCharms R. C., Debener

S., De Ridder D., Davelaar E. J., Congedo M., Cavazza M., Breteler M. H. M., Brandeis D., Bo-

durka J., Birbaumer N., Bazanova O. M., Barth B., Bamidis P. D., Auer T., Arns M., Thibault R. T.,

Consensus on the reporting and experimental design of clinical and cognitive-behavioral neuro-

feedback studies (CRED-nf checklist), Brain, Volume 143, Issue 6, June 2020, Pages 1674—1685,

https://doi.org/10.1093/brain/awaa009.

My personal minor contribution included proofreading the revised manuscript as well as

several suggestions for specific items of the checklist at early stages of writing. For proper

adherence to these endorsed recommendations, we also provide an example of such a detailed

CRED-nf checklist for our clinical trial NeuroTin (Table A.1 in the appendix, page 157).
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2 Background

In this chapter, we first provide an overview of basic human brain neuroimaging concepts

and methodologies, with a brief focus on functional magnetic resonance imaging (fMRI),

followed by an introduction to the human auditory system. The aim of these first two sections

is to provide a non-exhaustive but sufficient background to interested readers outside of the

field. The presented concepts thus aim at introducing the more clinical section 2.3 about

tinnitus, and the more technical section 2.4 about neurofeedback — both fields at the core

of this research work. In section 2.3, we illustrate the complexity of tinnitus research with an

overview of debates around its proper definition, different occurrences and clinical subtypes,

prevalence around the world, comorbidities, relationship to other hearing disorders such as

hearing loss and hyperacusis, and etiology. We then present the most relevant neuroscientific

findings surrounding tinnitus in animal models, and how these are transposed to humans,

as well as the latest insights from more recent neuroimaging techniques. We proceed with

an overview of latest neuromodulation attempts at tinnitus, to bridge our clinical part with

neurofeedback, which we detail in section 2.4. We present a short history of this technical field,

together with current state-of-the-art practices and challenges. Then, we discuss relevant

clinical applications of neurofeedback (NF), before narrowing down to specific practices in

electroencephalography (EEG) NF and fMRI NF for tinnitus, thus merging both research fields

in the last subsection 2.4.5, which serves as a background introduction to our clinical study

detailed in the next chapter 3.
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Chapter 2. Background

2.1 Neuroimaging of the human brain

Before the advent of magnetic resonance imaging (MRI) in the common clinical setting

around 1984, much of what we knew of the developing brain mainly stemmed from invasive

animal research (Bandettini, 2012; Blakemore, 2012). Starting in the 1950s, ground-breaking

animal experiments using light and electron microscopy permitted to characterize some of

the most fundamental aspects of the brain, such as synaptogenesis — the (time) process

describing wiring of new synapses in the brain (Cragg, 1975). Since then, the advancement of

the understanding of such processes depended on methodological breakthroughs improving

accessibility to such synaptic complexes (Jin, 2002).

ECoG

EEG

fNIRS

fMRI

PETMEG FDG

Figure 2.1: Illustration of most common brain neuroimaging modalities. With electrocorticogra-
phy (ECoG, sometimes referred to as intracranial EEG (iEEG)), electrodes are placed directly on the
exposed surface of the brain, after an invasive surgical procedure. In functional near-infrared spec-
troscopy (fNIRS), indirect brain activity is optically measured by assessing changes of hemoglobin
(Hb) concentrations within the brain (somewhat similar to fMRI in that sense), using near-infrared
light. Magnetoencephalography (MEG) is a very sensitive technique that relies on tiny changes in
magnetic fields produced by the brain’s electrical currents. Positron emission tomography (PET) uses
radiopharmaceutical tracers (e.g. fluorodeoxyglucose, FDG) to quantitatively evaluate metabolic brain
activity. Finally, electroencephalography (EEG) and functional magnetic resonance imaging (fMRI;
both in yellow) are the two non-invasive brain recording modalities used in the present clinical trial
(NeuroTin, see chapter 3). Their working principles are further detailed in section 2.1. Modified from
Pandarinathan et al. (2018), under the Creative Commons Attribution License 4.0.

Later, in the 1960s and 1970s, post-mortem human brain research also contributed to histolog-

ical findings in the brain, such as synaptic reorganization during childhood and adolescence

(Webb et al., 2001). However, limitations of post-mortem brain studies include the quality of

preserved tissues, the inability to study live processes in the brain, and the issue of causation

in the examination (that is, a certain deficit during a patient’s lifetime may not be linked to a

deficit found in the brain tissue).
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Figure 2.2: Temporal and spatial sensitivities of several portable and not portable brain neuroimaging
modalities. While fMRI provides a much better spatial selectivity and resolution than EEG, it lacks
its temporal sensitivity. Note that even if sub-second fMRI resolution can be achieved nowadays, the
modality is intrinsically limited by the brain hemodynamic delay of 4–6 s. On the other hand, EEG
is portable and provides the best sensitivity in time, but suffers from less specific measured brain
sources. MEG, PET, and (f)MRI are all bulky, heavy, and immobile machines requiring dedicated
facilities to which patients have to travel. EEG: electroencephalography, fNIRS: functional near-infrared
spectroscopy, DOT: diffuse optical tomography, MEG: magnetoencephalography, fMRI: functional
magnetic resonance imaging, PET: positron emission tomography. Adapted with permission from
Wheelock et al. (2019), under the Creative Commons Attribution License 4.0.

New tools were thus necessary to study the brain in vivo. In the realm of clinical neuroimaging,

these tools can be divided into several modalities, the most common being positron emission

tomography (PET), magnetoencephalography (MEG), computed tomography (CT), electroen-

cephalography (EEG) and (functional) magnetic resonance imaging (MRI)1. Other modalities

based on ultrasound (functional ultrasound imaging) or near-infrared spectroscopy (fNIRS)

also exist, but provide limited access to deeper brain structures. A summary of these is pre-

sented in Figure 2.1. PET utilizes radioactive tracers to quantitatively assess certain metabolic

brain functions. A very commonly used radiopharmaceutical is 18F (fluorodeoxyglucose, or

FDG), which allows to precisely assess the uptake of glucose in brain tissues — a very useful

quantitative information for cancer diagnosis, for example, or in mild traumatic brain injuries

(Byrnes et al., 2014). However, due to the injection of radioactive compounds, PET is mostly

preferred in the clinical setting. So is CT, which relies on relatively high doses of X-ray radiation,

despite its versatility in many imaging applications (de Leon et al., 1984). Both MEG and EEG

offer a high temporal resolution, in the order of 50 ms, but are based on magnetic and electric

measurements of brain activity from the scalp of the head, respectively. MEG is a bulky, very

sophisticated and expensive equipment, that is not widespread due to its high cost (several

millions of US$). In this same category fall PET and MRI (Figure 2.2), heavy non-portable

modalities.

1Brain-imaging techniques on Wikipedia.
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EEG, however, is highly portable and widespread due to its easy usage and accessibility. The

first human EEG was recorded in 1924 by the German physiologist and psychiatrist Hans Berger

(Haas, 2003). The first EEG alterations were then reported during mental effort, attention, and

after cerebral injury. EEG directly measures electrical brain activity by the means of many

electrodes positioned on the scalp. Often, a conductive gel is used to reduce impedance at

the contacts, e.g. due to dead skin cells. Nowadays, most common setups consist of 19 to 64

electrodes, and measure a signal between 10 µV and 100 µV in a typical adult human. In 1993,

the International 10-20 system was adopted for most clinical and research applications of

EEG, specifying electrode names and locations on the scalp for human research (Towle et al.,

1993). This system, however, does not apply to more recent high-density setups with up to 256

electrodes. In practice, analog signals are recorded from each position on the scalp, amplified

using a differential amplifier with a reference electrode for each pair, converted to their digital

equivalent using an analog-to-digital converter after filtering, and recorded in the form of a

multidimensional array in time. In order to capture relevant brain signals’ oscillations, EEGs

are often filtered between 0.5-1 Hz (high-pass) and 35-70 Hz (low-pass), before any further

analysis is performed. This allows to dampen movement, slow (electrogalvanic) and higher-

frequency (electromyographic) artifacts. An additional notch filter at 50 Hz (or 60 Hz in the US)

can be used to further remove power lines electrical artifacts. EEG involves a lengthy setup,

especially if a higher number of electrodes are used, and their performance decays after several

hours wearing the device. To minimize this issue, dry active electrodes have been recently

developed (Slipher et al., 2018), not any more requiring conductive gel. Signal stability is

affected, but solutions such as semi dry electrodes (releasing a small amount of gel upon scalp

contact) or the use of a saline solution (Fiedler et al., 2015) were also developed. However, EEG

still suffers from limited spatial resolution, and signals from deeper brain structures such as

cingulate gyrus or hippocampus carry a limited contribution in the recorded data. Moreover,

EEG is biased towards certain neuron types (e.g. populations of parallel dendrites transmitting

current in the same direction at the same time) and the reconstruction of localized brain

activity from EEG measurements remains a mathematically ill-posed problem, since some

currents produce potentials that cancel each other out (Murakami et al., 2006). Nevertheless,

good approximations allow to estimate a localized electric dipole that represents the recorded

currents2.

2.1.1 Functional magnetic resonance imaging

Functional magnetic resonance imaging (fMRI) research using the endogenous contrast of

blood magnetic susceptibility was on its way since early 1991 (Bandettini, 2012). Functional

MRI enables to indirectly measure spatially highly localized brain activity through blood-

oxygen-level-dependent (BOLD) imaging. Indeed, neurons do not store internal amounts of

energy in the forms of oxygen and sugar. This energy is provided through an increased release

of oxygen from enriched blood at the vicinity of more active neurons, through a process called

2EEG on Wikipedia.
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the hemodynamic response. When the oxygen-carrying hemoglobin releases its oxygen, its

magnetic susceptibility increases compared to neighboring tissue, as do the induced inhomo-

geneities within the magnetic field in tissue (Figure 2.3). This causes the MRI signal to decay

faster, because of different signal frequencies that arise in a less uniform magnetic field in

surrounding tissue (Gore, 2003). Functional MRI therefore detects the lower concentration of

deoxyhemoglobin in regions of brain tissue. However, there is no simple relationship between

any single physiological parameter and the measured signal change, as the relationship of

the BOLD signal to the underlying metabolic and electrophysiological activity is still not fully

understood. Moreover, there is an intrinsic delay between the underlying neural activity

and its associated hemodynamic response. This delay is intrinsic in humans and cannot

be bypassed with current BOLD imaging techniques, since it depends on the vasodilation

and deoxyhemoglobin wash-out happening several seconds (usually peaking at 4–6 s) after

increased regional brain activity.

Figure 2.3: Illustration of the underlying working principle of fMRI BOLD contrast. When neural
activity is triggered, vasodilation progressively occurs to palliate for the increased metabolic demand.
Oxygen-rich hemoglobin then flows to the active region in the brain, before releasing its oxygen. The
process is accompanied by a wash-out of the deoxyhemoglobin, thus increasing the uniformity of the
magnetic field in the vicinity of the active region, which in turn can be measured as a slower decaying
MR signal. The resulting fMRI BOLD contrast is thus entirely based on the paramagnetic properties of
deoxyhemoglobin. Reproduced with permission from Gore (2003).
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2.2 The auditory system

The human auditory system is a complex and fascinating sensory modality. From the evolu-

tionary perspective, and histochemically, our auditory core well resembles that of chimpanzees

and monkeys (Kaas et al., 2000). It can be subdivided into peripheral structures (the outer,

middle, and inner ear, see Figure 2.4) and brain regions (cochlear nuclei, superior olivary

nuclei, lateral lemniscus, inferior colliculus (IC), medial geniculate nuclei/body (MBG) in the

thalamus, and auditory cortex, see Figure 2.5; Peterson et al. (2021)). Its primary function

is to process and interpret sounds in the surrounding environment. In the brain, auditory

circuits encode sound frequency, attenuation, and spatial location. Descending feedback

circuits further continuously modulate the processing of auditory information in function

of altered attentional and environmental perceived cues. Below, we detail the functioning of

both subdivisions and present some key anatomical and functional landmarks of the human

auditory system.

Figure 2.4: Anatomy of the human ear. The auricle helps to capture sound pressure waves that travel
through the auditory canal until they reach the tympanic membrane. The latter transmits absorbed
acoustic energy into vibrations to the auditory ossicles and then to the oval window of the fluid-filled
cochlea. It also serves as a separator between the external (outer) and middle ear. The cochlea, together
with the vestibular system, form the inner ear (auris interna). The middle ear thus converts sound
pressure energy into a force upon the perilympth (the fluid) of the inner ear, resulting in waves in the
cochlear fluid. These waves in turn propagate into the cochlea, and are converted into nerve impulses
in a precise manner, further propagating auditory information to the brain (see Figure 2.5). Adapted
with permission from the Medical Gallery of Blausen Medical (2014), under the Creative Commons
Attribution Unported License 3.0.3

3Blausen.com staff (2014). “Medical gallery of Blausen Medical 2014”. WikiJournal of Medicine 1 (2). DOI:
10.15347/wjm/2014.010. ISSN 2002-4436.
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2.2.1 Peripheral auditory system

The peripheral auditory system is responsible for transmitting sound information to the

auditory nerve further stemming from the cochlea. The outer ear captures sound pressure

waves, which travel through the ear canal up to the middle ear, before reaching the inner ear.

This entire process is summarized in Figure 2.4. Typically, humans hear within a frequency

range of 20 Hz to 20 kHz (Peterson et al., 2021). Pressure waves cause movement of the

tympanic membrane, which transmits mechanical vibrations to 3 small bones within the

middle ear (the malleus, incus, and stapes — auditory ossicles), which in turn amplify this

energy and transmit it to the oval window of the cochlea. The cochlea is a spiral-shaped

structure filled with fluid (the perilymph), in which the mechanical energy from oval window

vibrations is transferred to perturbations (waves) in the fluid. A cross-section of the cochlea

comprises three different portions: the scala tympani, scala vestibuli, and scala media (not

illustrated). The outer part of the spiraling cochlea consists of the scala tympani, while the

scala vestibuli covers the inner spiraling part. Between these two fluid-filled areas lies the

scala media, which shelters the Organ of Corti (illustrated as a zoom section of the cochlea in

Figure 2.5, bottom right). The latter comprises two different kind of mechanoreceptor cells:

one row of inner and three rows of outer hair cells (IHCs/OHCs). As depicted in Figure 2.5, the

base of these cells is embedded within the basilar membrane (interfacing the scala tympani),

but the cells are also connected to the tectorial membrane (within the scala media) at their

apex (Peterson et al., 2021). As the fluid in scala tympani and scala vestibuli oscillates, shifts

between the basilar and tectorial membrane occur. These shifts bend the stereocilia at the

edge of OHCs, which in turn triggers opening or closing of potassium channels within these

cells, leading to their activation or deactivation.

Important properties of cochlear organization are the differences in anatomy of hair cell stere-

ocilia and in the environment within the cochlea closer to the oval window. Indeed, the base of

the cochlea is stiffer and stereocilia of surrounding hair cells are shorter, whereas at the apex of

the cochlea, the opposite holds: an increased flexibility accompanied by more than twice the

length of stereocilia as compared to the base (Zhao et al., 2015). These differences influence

the movements of the basilar and tectorial membranes, and cause the hair cells to respond

to lower frequencies. Both characteristics promote the so-called tonotopic organization of

auditory frequency coding in the cochlea (Delacroix et al., 2015). This tonotopic gradient thus

allows for specific OHCs to respond to specific ranges of frequencies (from higher at the base

to lower at the apex).

IHCs innervate around 90% of auditory nerve fibers in the cochlea (Delacroix et al., 2015).

They therefore handle the majority of auditory processing. OHCs, on the other hand, only

synapse on 10% of the spiral ganglion neurons. The particularity of the latter is their ability to

alter the stiffness of the basilar membrane by contracting the length of OHCs (Ciganović et al.,

2018). This function permits to dampen sounds arriving to the auditory system (e.g. in loud

environments), and can be driven by top-down modulation from the cortex via innervation to

OHCs (Brownell et al., 1985; Mulders et al., 2000).

13



Chapter 2. Background

Figure 2.5: The human auditory pathway. Sound detection first occurs in the cochlea (Figure 2.4),
where sound pressure waves are converted into electrical signals transmitted to the auditory nerve.
The first relay of the primary auditory pathway is located in the cochlear nuclei in the brainstem. The
majority of auditory fibers then cross the midline and synapse into the superior olivary nuclei, the
second relay. Then, they connect the inferior colliculus (IC) in the mesencephalon, before reaching
the medial geniculate body (MGB) in the thalamus. Signals are then transferred to the auditory cortex,
where the conveyed tonotopic organization is preserved (zoomed panel, top right; Hudspeth, 1997). A
cross-section of the cochlea (Organ of Corti) is also shown (zoomed panel, bottom right). Reprinted by
permission from Springer Nature: Nature Reviews | Neuroscience, Elgoyhen et al. (2015).

2.2.2 Central auditory system

The central auditory system processes auditory information after its conversion into electrical

impulses in the cochlea, which is achieved with the prior help of the peripheral auditory system

(Figure 2.4). This information is further transmitted from the cochlea to the cortex via the

auditory nerve (Figure 2.5). This pathway thus goes through several auditory nuclei: cochlear

nuclei, superior olivary nuclei, lateral lemniscus, inferior colliculus (IC), medial geniculate

nuclei in the thalamus, and up to the auditory cortex (Felix et al., 2018). At the first relay (the

cochlear nuclei), a majority of fibers cross the midline to the superior olivary nuclei. However,

it is noteworthy to mention that at all relays, a significant number of neurons within the

auditory system possess crossing fibers. For many aspects of auditory processing, information

from contra- and ipsilateral side is needed (Peterson et al., 2021). Furthermore, the tonotopic
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organization initiated in the cochlea is preserved at all levels of the primary auditory pathway,

until its reflection in the primary auditory cortex (Felix et al., 2018). Regarding loudness and

attenuation, most neurons increase their firing rate in response to increased attenuation,

which contributes to discriminate different sound intensity ranges. Another feature processed

by the brain is sound localization. Differences in attenuation and timing of inputs from both

ears are processed by specialized neurons within the superior olivary complex. This coding

for the temporal delay that occurs if a sound is perceived outside of the midline (i.e. more

lateralized to one side of the head) is referred to as binaural processing (Felix et al., 2018).

Another type of selective sound processing is mediated by “combination-sensitive” neurons —

ones that show inhibited or enhanced responses specifically to combinations of sounds with a

specific temporal delay (Peterson et al., 2021). These are thought to mediate an enhancement

of processing for those combinations that are relevant for the individual (such as speech;

Peterson et al., 2012). They are located within the IC, lateral lemniscus, MGB, and auditory

cortex (Gans et al., 2009; Peterson et al., 2009, 2008; Wenstrup, 1999; Yavuzoglu et al., 2011).

2.3 Tinnitus

In this section, we aim at providing the reader with a condensed overview of tinnitus, by

detailing several of its clinical and neuroscientific facets. Tinnitus research is a complex field

by itself, involving neuroscience, hearing research, psychology, medicine, pharmacology, and

many other scientific disciplines. Despite tremendous efforts and progress in the last decades,

there is still an inherent difficulty in properly tackling tinnitus with more efficient approaches,

and as of today, no proper cure exists (McFerran et al., 2019). What follows is therefore a mere

introduction to the topic’s complexity, in an attempt to cover relevant progress and converging

trends in tinnitus basic research and its existing therapies with, in particular, an extended

focus on approaches from the more recent realms of neuromodulation and neurofeedback,

the latter being central to this work.

2.3.1 Definition and clinical subtypes

The term tinnitus originally stems from the Latin word “tinnire” (“to ring”), and is commonly

referred to as “ringing in the ears” for the general public (Dziuganowska, 2016). Its first refer-

ence, however, can be found in a papyrus dated back to the 17th Egyptian dynasty (1650–1532

B.C.), where it is explained as “bewitched ear” (Dietrich, 2004). The symptom has therefore

been known in ancient times and while its treatment and mitigation methodologies have

greatly evolved, it was already associated to hearing loss, headache, and menstruation disor-

ders in Corpus Hippocraticum, a collection of early Ancient Greek medical works connected to

Hippocrates. The symptom has also indiscriminately affected many over the centuries, from

Ludwig van Beethoven to Michelangelo Buonarroti and Charles Darwin (Morgenstern, 2005),

but it is often misconstrued as a pathology of the contemporary age and linked to the elevated

noise exposure in modern societies (Hazle et al., 2021).
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Today, in the scientific community, the exact definition of tinnitus is still a matter of debate,

although recently, converging opinions have produced a first proposal based on updated

understanding of the pathology (De Ridder et al., 2021c). In the literature, it has previously

been defined as “the conscious experience of a sound that originates in the head of its owner”

(McFadden, 1982), and later on, more commonly as “the conscious perception of an auditory

sensation in the absence of a corresponding external stimulus” (Baguley et al., 2013a; Elgoyhen

et al., 2015; Langguth et al., 2013; Møller, 2007). These definitions have shaped the current

World Health Organization’s (WHO) International Classification of Disorders (ICD) coding

tool4 reference for tinnitus: “A nonspecific symptom of hearing disorder characterized by the

sensation of buzzing, ringing, clicking, pulsations, and other noises in the ear in the absence

of appropriate corresponding external stimuli and in the absence of what the examiner can

hear with a stethoscope”. However, some of these definitions remain quite broad and may en-

compass other phenomena such as auditory hallucinations in schizophrenia, somatosounds

such as palatal myoclonus, abnormal opening of the Eustachian tube, temporomandibular

joint disease, spontaneous otoacoustic emissions (OAE), sounds of vascular origin, as well

as other sensations elicited from cochlea or auditory nerve malfunctioning (Dziuganowska,

2016). This contributes to issues around the proper definition of the symptom, which in

turn impacts the down-stream difficulties for epidemiological research, estimation of global

health and economic costs of tinnitus, and its proper classification for health insurances and

healthcare regulators (De Ridder et al., 2021c). These issues also partly arise from the highly

multidisciplinary facets of tinnitus, bringing together different scientific disciplines with their

own methodologies, from its heterogeneity and often poor characterization in patients, and

from the fact that generally accepted neurophysiological models of tinnitus are still lacking

(see subsection 2.3.3), making it difficult to reach a consensus definition. With this in mind,

De Ridder et al. (2021c) recently proposed a first international and multidisciplinary proposal

to palliate some of these issues, as well as to properly delineate tinnitus from tinnitus disorder

(which refers to tinnitus (associated) distress). Indeed, this panel of 57 active researchers and

experts in tinnitus proposed a combined renewed definition for both tinnitus and tinnitus

disorder for ICD (WHO): “Tinnitus is the conscious awareness of a tonal or composite noise for

which there is no identifiable corresponding external acoustic source, which becomes Tinnitus

Disorder when associated with emotional distress, cognitive dysfunction, and/or autonomic

arousal, leading to behavioral changes and functional disability”. This more recent proposition

offers a way to separate psychological ailments and tinnitus associated distress from the actual

conscious percept. However, awareness in the above definition also had to be refined, as often,

the percept may fluctuate over time, with periods without conscious attention being allocated

to it. For this purpose, De Ridder et al. (2021c) also included a minimum time criterion for its

conscious perception, with at least 5 minutes per day, and occurring “on the majority of days”,

although this remains rather vague due to the large subjective heterogeneity in perception

reported by tinnitus patients. Indeed, sounds associated to tinnitus have often been described

as being analogous to cicadas, crickets, winds, falling tap water, grinding steel, escaping steam,

fluorescent lights, or old television noise, as well as many others. . . (B. I. Han et al., 2009).

4Search for “tinnitus” in the WHO ICD-11 Coding Tool.
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By bringing patients’ point of views to the center of the debate on a proper definition for

tinnitus, Noreña et al. (2021) suggested that not only sensory (localization, loudness, tone and

pitch), but also cognitive (attentiveness, behaviors, thoughts) and emotional (discomfort and

suffering) aspects of the pathology should come into play. The short version of their proposal

reads: “Tinnitus is an auditory sensation without an external sound stimulation or meaning,

which can be lived as an unpleasant experience, possibly impacting quality of life.”.

While the auditory component of the percept is for now impossible to objectively assess in

patients, its duration (time from onset) has allowed a somewhat better classification into acute

and chronic tinnitus. Acute tinnitus is considered temporary and easily occurs after prolonged

noise exposure (e.g. after a night out in a loud music environment). It has therefore been

experienced by most of the population. Often, it is considered to last at most one (Vielsmeier

et al., 2020) or three (Cima et al., 2019) months. Indeed, its chronification phase is sometimes

referred to as sub-acute when the percept lasts for more than 3 months, even if some consider

that its chronicity is already established at this stage (Pilgramm et al., 1999; Zenner et al., 2015).

The acute phase is a highly heterogeneous phenomenon and only 20% of sufferers may expect

a full recovery after 6 months (Vielsmeier et al., 2020). In general, chronic tinnitus is defined as

lasting more than 6 months (Altissimi et al., 2016; De Ridder et al., 2021c). However, there is no

empirical evidence for these choices, and sometimes tinnitus may be referred to as of recent

onset (Vanneste et al., 2011d) or persistent (Langguth et al., 2010; Weise et al., 2013) in the

literature, which also allows a more flexible study-specific categorization. A less characterized

feature of tinnitus is its intermittence. Intermittent tinnitus is thought to relate to different

underlying brain mechanisms than persistent (or continuous) tinnitus (Koops et al., 2019),

because differences in pitch, loudness, perceived sound quality and its bothersome nature

occur within the day. Sometimes, the percept is absent for a certain period of time, briefly

allowing a complete relief of symptoms, but little is known of its dynamics.

A more important classification concerns the origin of the percept. It can be classified to

objective and subjective tinnitus (Chari et al., 2018). The former is more rare and refers to

the physical generation of (somato)sounds near the ear. In many cases, patients are also

able to modulate their percept with e.g. jaw movements, and it can sometimes be heard by

the external examiner during an audiological evaluation. Based on the patient’s description

of the sound, it is also often possible to determine whether their tinnitus is the result of an

identifiable somatosound. Abnormal interactions between sensory modalities, sensorimotor

systems, and neurocognitive and neuro-emotional networks is thought to contribute to this

type of somatosensory tinnitus (Ralli et al., 2017). Subjective tinnitus, on the other hand, is

the most common type, and is commonly explained in the literature as a phantom auditory

perception, not triggered by any external sound source (Shore et al., 2016). In general, tinnitus

by itself refers to this type. Note that the several definitions provided previously usually do

not distinguish between these two types. However, the distinction is important in the clinical

setting, as objective tinnitus can sometimes be efficiently treated with medical (or surgical)

interventions.
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Finally, tinnitus can also be characterized as pulsatile or non-pulsatile, as well as primary or

secondary (Esmaili et al., 2018). Its pulsatile character is associated to objective tinnitus, and

can be classified by its site of generation, usually arterial, arteriovenous, or venous (Hofmann

et al., 2013). While primary tinnitus recognizes the symptom as central to the (auditory)

problem, secondary tinnitus usually develops as a result of an existing condition, such as

traumatic brain injury or head and neck trauma, or certain type of ototoxic drugs.

2.3.2 Prevalence, comorbidities and etiology

Many studies worldwide have investigated the prevalence of tinnitus (Bhatt et al., 2016; Gallus

et al., 2015; Hasson et al., 2010; Khedr et al., 2010; Kochkin, 2011; Oiticica et al., 2015; Schubert

et al., 2021; Shargorodsky et al., 2010) — to cite a few. Because of differences in methodologies,

assessments, supplemented questionnaires, and the lack of a proper consensus definition of

the percept as previously explained, it is difficult to provide an accurate estimate of the true

prevalence today. For example in the United States alone, about one in 10 adults experienced

tinnitus in a 12 months period in 2016 (Bhatt et al., 2016), and this trend is likely to continue

with elevated noise exposure in many work and private environments. About 21.4 million of

adults were thus concerned in this study. In a previous study from 2011 (Kochkin, 2011), an

incidence as high as 26.7% was also found in the US, for adults aged 65-84 years. Meanwhile,

Mahboubi et al. (2013) reported 7.5% for 12-19 years old in the US. Indeed, advanced age has

been linked to higher prevalence in tinnitus (Shargorodsky et al., 2010), as well as non-Hispanic

origin, former smokers, and adults with hypertension, hearing impairment, anxiety, or loud

noise exposure. Other studies reported similar rates in Great Britain (9.7% for prolonged

spontaneous tinnitus; Davis, 1989), Sweden (14.2%; Axelsson et al., 1989), Italy (between 6.2%

and 14.5%; Gallus et al., 2015; Quaranta et al., 1996), Norway (21.3% for men, and 16.2% for

women; Krog et al., 2010), Egypt (5.17%; Khedr et al., 2010), Nigeria (a crude estimate of 14.5%;

Sogebi, 2013), China (14.5%; Xu et al., 2011), Japan (18.6%; Michikawa et al., 2010), and South

Korea (19.7%; Park et al., 2014), among others. A Brazilian study in the city of São Paulo has

also found a prevalence of 22% (Oiticica et al., 2015), but affecting more women (26%) than

men (17%). However, this is less consistent with the male sex also being identified as a relevant

risk factor for tinnitus (Langguth et al., 2013). In an attempt to unify these measures, a large

systematic review by McCormack et al. (2016) reported an prevalence ranging from 11.9% to

30.3% based on 12 studies using the same definition of tinnitus in adults.

While prevalence studies are necessary to better understand tinnitus epidemiology and delin-

eate risk factors and vulnerable populations, it is also paramount to consider the impact of

tinnitus on other associated comorbidities such as anxiety, depression, insomnia and sleep

disturbances, somatic problems, and lower self-esteem and general well-being (Aazh et al.,

2019; Basso et al., 2021; Halford et al., 1991; Krog et al., 2010; Langguth, 2011; Langguth et al.,

2011; Ooms et al., 2011; Stegeman et al., 2021). Tinnitus is also strongly represented in the

aftermath of military sequelae in modern warfare (Helfer, 2011), and its resulting auditory

behaviors such as decreased loudness tolerance may be affected by similar neural mecha-
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nisms as those linked to post-traumatic stress disorder (PTSD), another symptom commonly

experienced after demanding military interventions (Fagelson, 2007). Conversely, tinnitus

presence deteriorates military job performance, concentration, and sleep (Henry et al., 2019).

Therefore, these comorbidities should be properly recognized and addressed as part of chronic

tinnitus management in patients (Bhatt et al., 2017). Moreover, tinnitus may extend beyond

psychological ailments and also impact (Mohamad et al., 2016; Neff et al., 2021; Tegg-Quinn

et al., 2016; Waechter et al., 2015, 2021) or be associated with (Das et al., 2012; Khan et al.,

2020) decreased cognition capabilities, although the reciprocal relationship is still somewhat

unclear (Tavanai et al., 2018).

In the psychiatric realm, depression and anxiety are among the most common comorbidities of

tinnitus. Salazar et al. (2019) performed a systematic review of 28 studies with more than 9900

tinnitus patients, and found a median depression prevalence rate of 33% among sufferers,

which calls for urgent care and screenings for this comorbidity in the current treatments

options explored for the symptom. Anxiety is closely associated and can be found in up to 45%

of patients with tinnitus (Zöger et al., 2001). While, independently from tinnitus, prevalence of

both psychiatric disorders are relatively high (6.7% for depression, and 15.2-28.7% for anxiety;

Ziai et al., 2017), their impact in tinnitus has been widely researched (Adoga et al., 2015;

Andersson et al., 2009; Bartels et al., 2008; Bhatt et al., 2017; Crocetti et al., 2009; Durai et al.,

2016; Folmer et al., 1999; Halford et al., 1991; Hesser et al., 2009; Hu et al., 2015; Langguth et al.,

2007b; Trevis et al., 2016; Zöger et al., 2004).

Insomnia and sleep disturbances are also very common comorbidities in chronic, bothersome

tinnitus. Although the precise nature of the relationship between disturbed sleep and tinnitus

is not clearly understood, the resulting impairment in quality of life is correlated with tinnitus

severity (Crönlein et al., 2007). These disturbances range from a prevalence of 50% (Hallam,

1996) to 77% (Alster et al., 1993) in patients with tinnitus. More recently, H. Gu et al. (2021)

also estimated a prevalence of 53.5% when pooling results from seven studies and more than

3000 tinnitus patients. Specific factors of high impact contributing to the deterioration of

sleep quality in tinnitus patients include cervical pain, the use of antidepressants and ben-

zodiazepines, and tinnitus perceived mean and maximal intensity (Koning, 2019). Insomnia,

among hearing distress and anxiety, was also found to be best predictor of tinnitus severity in

another cross-sectional study by Beukes et al. (2021) where 3 subgroups of tinnitus patients

were investigated according to its severity (mild, significant, and severe tinnitus, sorted using

scores from the Tinnitus Functional Index (TFI) questionnaire (Meikle et al., 2012)). Although

studies on insomnia and tinnitus remained previously scarce (Asplund, 2003; Crönlein et al.,

2016; Eysel-Gosepath et al., 2005; Fioretti et al., 2013; Hallam, 1996; Hébert et al., 2007; Izuhara

et al., 2013; Schecklmann et al., 2015), more recent work started to further investigate their

relationship (Aazh et al., 2019; H. Gu et al., 2021; Hwang et al., 2021; Koning, 2019; Lu et al.,

2020), since this comorbidity is the second major problem associated to tinnitus, after anxiety

disorders mentioned above. Sleep disturbances have been shown to improve when adequate

tinnitus care is delivered (Wakabayashi et al., 2018). However, Lu et al. (2020) have reported

that sleep quality before tinnitus onset is positively correlated with tinnitus severity, suggesting
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that initial poor sleep may be a risk factor for tinnitus occurrence. Insomnia and tinnitus often

form a vicious cycle, worsening one another. In this direction, Wallhäusser-Franke et al. (2013)

suggest that the distressing percept and insomnia may be promoted by similar physiological

mechanisms, namely hyperarousal caused by an enhanced activity of the sympathetic nervous

system.

Tinnitus with comorbidities is often referred to as “debilitating” or “invasive” tinnitus, or

“tinnitus (associated) distress”. As mentioned in subsection 2.3.1, it is urgently needed to rec-

ognize it as a tinnitus disorder, when emotional and psychological alterations come into play.

Above, we described the most common pathologies that often accompany chronic tinnitus,

namely psychiatric issues (anxiety and depression) and sleep-related disorders (insomnia),

although its cognitive ailments, especially attention disorders, may also take an increasingly

important place with the accumulating research. Moreover, these comorbidities are more

likely to compromise tinnitus patients’ ability to comply with recommended care and man-

agement strategies (Gabr et al., 2011). Among these, a series of other tinnitus comorbidities

were reported, such as diabetes, high blood pressure, thyroid gland problems (Simões et al.,

2021), as well as less frequent issues such as erectile dysfunction (Cheng et al., 2021). Although

arteriovenous pathologies are often related to objective tinnitus, efforts are also directed at

better understanding the relationships with other types of tinnitus.

Aside from its cognitive, psychological, and other non-auditory comorbidities discussed above,

tinnitus unfortunately already provides a substantial layer of etiological complexity within

the realm of other audiological pathologies, due to its heterogeneity. It is often associated

with hearing loss, although it is not clear whether hearing loss by itself can cause tinnitus.

The hearing loss frequency range, however, most often encompasses the perceived tinnitus

frequency (Noreña et al., 2002). Moreover, a large portion of patients with hearing loss do

not develop tinnitus (König et al., 2006), and approximately 25% of tinnitus patients do

not show abnormal hearing thresholds when standard audiometry (125 Hz to 8 kHz range)

is performed (J. Tang et al., 2011). However, certain type of cochlear damage or auditory

deafferentation is not detected with conventional audiometry (Kujawa et al., 2009; Paul et al.,

2017; Weisz et al., 2006), suggesting a more complex relationship between hearing loss and

tinnitus onset at specific frequencies. High frequency audiometry (above 8 kHz) has been

shown to provide useful additional information in tinnitus patients with otherwise normal

audiograms, and asymmetry in high frequency audiograms has been associated to tinnitus

laterality in those patients (Vielsmeier et al., 2015). Indeed, in such patients, occurrences

of cochlear dead regions (Weisz et al., 2007b) and outer hair cell (OHC) damage, as well

as impaired hearing thresholds in higher frequencies (> 8 kHz) were more frequent than

in healthy subjects (Fabijańska et al., 2012). OHCs damage in higher frequencies may also

increase susceptibility to tinnitus in normal hearing subjects (Job et al., 2007). Savastano (2008)

have previously reported that tinnitus characteristics in normal hearing subjects significantly

differ from those in hearing impaired with tinnitus (except for the pitch, residual inhibition,

and subjective judgment of perceived tinnitus intensity). It can be noted that a hearing deficit

can contribute to increase the perceived severity of the percept.
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Another common audiological problem co-occurring with tinnitus (and often, with hearing

loss) is hyperacusis. Hyperacusis is an hypersensitivity to sounds of mild to moderate intensity

that are perceived as normal by healthy people, and that can relate to auditory pain or signif-

icant discomfort (Koops et al., 2021a). Indeed, the prevalence of hyperacusis co-occurring

with tinnitus has been estimated to range between 55-86% (Anari et al., 1999; Dauman et al.,

2005; Schecklmann et al., 2014), and its co-occurrence with hearing loss to ∼59% (Paulin et al.,

2016). The reported discomfort mainly relates to sound distortions and hypersensitivity (per-

ceived amplification) of certain frequencies. The tinnitus percept was also found to be more

frequently modulated by external environmental sounds or head, neck and jaw movements in

patients with additional hyperacusis (Schecklmann et al., 2014).

While objective tinnitus is usually associated to mechanical abnormalities in the inner ear,

subjective tinnitus has a neural origin, which is not yet possible to objectify. Objective tinnitus

can arise from vascular murmurs, muscular spasms (e.g. palatal myoclonus), nasopharyngeal

sounds and temporomandibular joint (TMJ) “clicks” (Atkinson, 1947). It can manifest itself as

pulsatile, as clicks, or as a continuous high-frequency sound (Coles et al., 1975). The latter

makes its distinction with subjective tinnitus more difficult. However, objective tinnitus can

sometimes be entirely suppressed if the underlying issue (e.g. arteriovenous malformation

in the inner ear or middle ear myoclonus) is accurately diagnosed (Bento et al., 1998). As

previously mentioned in subsection 2.3.1, it is relatively common that this type of tinnitus

can also be modulated by TMJ or other movements (Pinchoff et al., 1998; Won et al., 2013). In

fact, a temporary tinnitus percept can be induced even by up to 60% non-tinnitus subjects

with these types of movements (Levine et al., 2003). On more rare occasions, specific eye

(gaze) (Biggs et al., 2002; Lockwood et al., 2001; Wall et al., 1987; Whittaker, 1982), limbs and

head (Nam et al., 2010; Sanchez et al., 2002), and finger (Cullington, 2001; Emmert et al.,

2014a) movements can also modulate this kind of somatosensory tinnitus (Sanchez et al.,

2008). Among these phenomena, cutaneous-evoked tinnitus is believed to have a relationship

with changes in the central nervous system (CNS) following peripheral sensory or motor

deafferentation (Cacace et al., 1999). Ralli et al. (2017) have reviewed modulations abilities

in tinnitus patients across 10 different studies on somatosensory tinnitus. Their interesting

results are illustrated here (Figure 2.6). Visual and limb-related tinnitus modulation remains

rare, but provides interesting neurophysiological hints about the various causes that may

underlie this type of tinnitus.

Unfortunately, and in practice, the cause for subjective tinnitus often remains unknown. A

very common risk for developing tinnitus5 is over-exposure to loud environments with high

sound level pressure (SPL; such as at the vicinity of running planes’ engines on airport tar-

macs, heavy noisy machinery in some industries, dancing music clubs, or military assault

weapons). However, such over-exposure is not clearly defined. In the US, for example, several

recommendations exist by different institutions (see Figure 1 in Pienkowski (2021)), which take

into consideration that exposure duration and sound energy can be traded off. Sometimes,

5From here on, tinnitus always refers to subjective tinnitus, unless mentioned otherwise.
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Figure 2.6: Somatosensory tinnitus modulation by body region. In this study, close to 70% of tin-
nitus patients were able to modulate several characteristics of their percept by somatic movements.
Authors depicted the different modulation abilities by body regions. TMJ: temporomandibular joint.
Reproduced with permission from Ralli et al. (2017), under the Creative Commons Attribution Non-
Commercial Unported License 3.0.

less than a second suffices to cause irreversible damage to the cochlea, such as explosions or

firearms in the military setting, as attested by war veterans (Theodoroff et al., 2015). Some

other times, extended exposure to loud club music may lead to transient tinnitus lasting

for a few hours, which already conveys a physiological stress happening to the inner ear

(Degeest et al., 2014; Pienkowski, 2021). Unfortunately, insufficient prevention is made, as

demonstrated in a study by Gilles et al. (2012), in which most responders out of 145 university

students held a neutral or positive attitude toward loud music, without being aware of its

possible over-exposure consequences. More worryingly, the usage of personal music devices

in children brings potential risks of noise over-exposure at home, with significant changes in

hearing thresholds, OAEs, and a high tinnitus prevalence reported in some children, which

may indicate an association between music exposure and hearing loss (le Clercq et al., 2016).

Another study targeting 17–75 years old found a strong association between high exposure to

leisure music and increased frequency of tinnitus (Moore et al., 2017). Other independent asso-

ciations included hearing difficulties, increasing age, and workplace noise exposure. Nondahl

et al. (2012) have shown that increasing age is indeed a risk factor, but also that participants

in a given generation today are significantly more likely to report tinnitus than participants

from a previous one, 20 years apart, potentially indicating an increasing prevalence (although

this claim is disputed, since it could also be that progresses in medicine and healthcare have

increased the average health expectations in the general population, and that today one may

be more aware of their own tinnitus issues than in the past). The WHO recently cautioned that

“1.1 billion young people worldwide could be at risk of hearing loss due to unsafe listening

practices. Nearly half of all teenagers and young adults (12—35 years old) in middle- and

high-income countries are exposed to unsafe levels of sound from the use of personal audio

devices, and some 40% of them are exposed to potentially damaging sound levels at clubs,

discotheques and bars” (WHO, 2015).
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Aside from hearing loss, noise over-exposure and its associated acute acoustic trauma (AAT),

tinnitus can develop after head or neck injury (Nondahl et al., 2011), as a side effect of ototoxic

drugs (Cianfrone et al., 2011), barotraumas (e.g. from rapid changes of pressure, as in planes,

or while diving; Duplessis et al., 2006), and some ear infections. However, these occurrences

may result in very heterogeneous tinnitus conditions, as well as other auditory comorbidities.

Therefore, for most of such cases, tinnitus onset is considered as a secondary condition.

2.3.3 The neuroscience of tinnitus

Initial neurophysiological investigations in tinnitus have widely utilized animal models for

studying the effects of induced acute acoustic trauma (AAT). In these models, peripheral deaf-

ferentation is induced through cochlear damage, by exposing animals to traumatizing noise

levels, or by using ototoxic drugs such as salicylate (aspirin), quinine, or kanamycin. Noise

over-exposure triggers an increased spontaneous neuronal firing rate (SFR) in several relays of

the auditory pathway, including the ventral and dorsal cochlear nucleus, the central nucleus of

the IC, the ventral division of the MGB, and A1 (Koops et al., 2021b). These increased SFRs are

thought to originate from a compensatory neural mechanism involving homeostatic plasticity.

When cochlear input is reduced, central auditory structures up-regulate neuronal excitability

to account for this loss of input. This up-regulation maintains homeostatic plasticity and

is proposed to amplify “neural noise” — a possible trigger for the generation of perceivable

tinnitus (Noreña et al., 2003). In addition, an increased synchrony of neuronal firing has

also been observed in the auditory cortex after the induction of HL in animal models. This

increased neuronal synchrony has therefore been proposed as a neural correlate of tinnitus,

since the affected frequency in HL often matches tinnitus frequency in humans (Eggermont

et al., 2004). However, mechanisms of somatosensory-auditory MSI at the dorsal cochlear

nucleus may also be involved in tinnitus (Elgoyhen et al., 2015). Somatosensory stimulation

facilitates or suppresses responses to sound in the cochlear nucleus (Basura et al., 2012).

A tonotopic rearrangement in the auditory cortex after cochlear damage has also been dis-

covered in animal studies (Eggermont et al., 2004). This cortical maladaptive plasticity has

been proposed to be analogous to phantom pain perception after limb amputation (Flor

et al., 1995), and this analogy is particularly relevant for patients describing their tinnitus as

painful (Elgoyhen et al., 2015). However, tinnitus can also develop with little to no HL, and

cortical reorganization does not necessarily occur after minimal damage to hair cells of the

cochlea (Rajan, 1998). These analogies have thus been recently challenged, as the distortion

of tonotopic maps is rather thought to be part of a compensatory mechanism to HL-induced

deafferentation instead (Roberts et al., 2008). Two additional fMRI studies have also confirmed

that macroscopic cortical reorganization is not a prerequisite for tinnitus (D. Langers et al.,

2012; D. R. Langers, 2014). Overall, these research gaps cast doubt on whether the behavioral

tests used in animal models predict tinnitus, HL, or hyperacusis, and animal models are only

of limited value when transposed to research on humans (Elgoyhen et al., 2015). Indeed,

tinnitus being often accompanied by increased emotional distress, these are more challenging
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to capture in animal models. In what follows, we present a few neurophysiological models of

tinnitus in humans, and discuss the current neuroimaging insights into the condition.

Neurophysiological models of tinnitus

Several neurophysiological models have been proposed for tinnitus in humans, mainly stem-

ming from evidence in previous animal research experiments (Jastreboff et al., 1989). An

important turning point was reached when Jastreboff (1990) highlighted the importance of the

CNS and of the autonomic nervous system in tinnitus distress, and proposed to abandon the

sole classification into central and peripheral tinnitus. The model from Jastreboff thus puts

forward the emotional processing in the brain as a central factor in generating tinnitus distress,

and promotes habituation as a coping mechanism (Baguley et al., 2013b). Furthermore, it

differs from previous psychological models in which the subjective evaluation of symptoms in

patients predominated over subconscious processing of auditory information.

Since then, peripheral models emphasizing cochlear damage and aberrant cochlear activity

(Mulders et al., 2009) have been complemented with other subcortical hyperactivity models,

in which aberrant activity is relayed to auditory cortex from subcortical structures. These

include the central gain model (Schaette et al., 2011; Zeng, 2013), somatosensory-auditory

interactions (Shore, 2005), frontostriatal gating (Rauschecker et al., 2015), and thalamocortical

dysrhythmia (Llinás et al., 1999; Weisz et al., 2007a). The frontostriatal gating model builds

upon similarities of chronic tinnitus with chronic pain: both centrally involve higher cognitive

and affective brain systems. Rauschecker et al. (2015) proposed that a “central gate-keeping”

mechanism involving the vmPFC and NAcc is implicated in an evaluation of affective value

in sensory stimuli. The resulting top-down modulation can then relate to both chronic

conditions. When this gating is compromised, long-lasting aberrant activity may propagate

and generate the tinnitus percept. Another model closely linking both chronic conditions

was also previously proposed by De Ridder et al. (2011). In the latter, authors considered that

synchronization of activity in the sensory cortex following deafferentation still contributes to

form a conscious percept, but only when propagated to other salience or self-awareness brain

networks. Furthermore, the associated distress arises from consolidation of the percept, which

in turn affects other distress networks comprising the AAC, anterior insula, and amygdala

(De Ridder et al., 2011). Thalamocortical dysrhythmia, however, has been first characterized

by MEG studies, in which an increased measured low-frequency rhythmicity marker was

associated to several conditions, including tinnitus (Llinás et al., 1999).

Other models pertaining to neural synchrony — as described earlier for animal models, —

including tonotopic reorganization in A1, have also been considered for the generation of the

phantom percept in humans (Noreña et al., 2003; Seki et al., 2003). However, these still lack

proper neural correlates between healthy controls and tinnitus sufferers (Sedley et al., 2016).

Attention has also been proposed to play an important role in tinnitus chronification and ha-

bituation mechanisms (Roberts et al., 2013). In this direction, another model relating to global

workspace theory suggests that tinnitus is composed of different characteristics (loudness,
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distress, laterality, . . . ), which, together, shape the percept. By disentangling these differ-

ent characteristics, separable functional subnetworks may account for a context-dependent

tinnitus perception (De Ridder et al., 2014a). This model also presents interesting clinical

perspectives, since different functional subnetworks could be targeted for different tinnitus

characteristics. In essence, if this theory holds, it should be possible to further delineate the

oscillatory signatures of these subnetworks.

Figure 2.7: Altered inputs in existing models of tinnitus generation, as further described in subsec-
tion 2.3.3. IPC: inferior parietal cortex, PHC: parahippocampal cortex, AC: auditory cortex, IC: inferior
colliculus, MGB: medial geniculate body, vlPFC/vmPFC: ventrolateral/ventromedial prefrontal cortex,
NAc: nucleus accumbens (NAcc in the rest of this dissertation), CN: cochlear nucleus (note that in the
rest of this dissertation, CN refers to “caudate nucleus” — see List of Abbreviations on page xv). Figure
reproduced from Sedley et al. (2016), under the Creative Commons Attribution License 4.0.

The models presented here were reviewed in more detail by Sedley et al. (2016). Authors argued

that, collectively, the presented models are mostly not compatible with each other (except for

De Ridder et al., 2014a), as some require a framework encompassing multiple tinnitus “origins”.

We reproduced their summary of altered connectivities (directed inputs) in the presented

neurophysiological models of tinnitus (Figure 2.7). Moreover, authors presented an updated

integrative model for tinnitus based on sensory precision, in which several shortcomings

of previously presented models are addressed (see Table 1 in Sedley et al., 2016). Their

model suggests the existence of a “tinnitus precursor” — altered spontaneous activity in

the subcortical auditory pathway, — which is filtered in healthy individuals (or not entirely

in those able to hear a minimal tinnitus percept in silent environments, thus exempt of

associated distress (Levine et al., 2003; Tucker et al., 2005)) as compared to the stronger “silence”

reference. However, this filtering is proposed to be encoded as a precision in a predictive coding

framework (Kumar et al., 2011). Therefore, when the precision of the tinnitus precursor is low,

conscious perception is not altered, and the silence precursor prevails. However, following

AAT (or from other causes), the precision of the percept may involuntarily increase, due to the

presence of altered activity or connectivity as explained by previous models (e.g. increased
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central gain, or increased subcortical firing rates), thus disturbing the brain’s usual response

associated to a given imprecise pattern of prediction (i.e. the silence percept). In summary,

Sedley et al. (2016) proposed a framework into which previously described tinnitus models

all contribute, and more importantly, which encompasses several clinical manifestations of

tinnitus. This model, however, remains to be probed in future experimental paradigms able to

manipulate sensory precision in the brain. Several emerging studies have achieved preliminary

steps in this direction (Neff et al., 2019; Song et al., 2021). Neff et al. (2019) found that active

listening to one own’s tinnitus increases related distress, presence, and loudness, while no EEG

signature of these variations was found. This finding supports the idea of a shifted increased

precision of the percept, that is not altered by increased attention to the percept. More recently,

Song et al. (2021) used a volume entropy model of the brain to show that an imbalance between

the DMN and a Bayesian inferential network may regulate tinnitus perception in individuals

with HL and tinnitus. This Bayesian network is thought to retrieve auditory information from

(para)hippocampal areas to compensate for decreased peripheral auditory input (De Ridder

et al., 2011), therefore contributing to the maintenance of an elevated precision.

Insights from neuroimaging

Human neuroimaging studies have greatly contributed to our evolving understanding of

functional brain alterations in chronic tinnitus (here, we do not detail findings pertaining

to structural alterations). In particular, early EEG (and MEG) studies on tinnitus focused on

spontaneous activity of tinnitus participants at rest, as compared to the one of healthy controls

(Güntensperger et al., 2017). Distinct frequency bands (δ: 0.5–4 Hz, θ: 4.5–8 Hz, α: 8.5–12 Hz,

β: 12.5–35 Hz, and γ: 35.5–80 Hz) were mainly investigated. A consistent pattern of reduced α

activity over temporal areas was found in most tinnitus patients, as well as relatively consistent

patterns of elevated γ and δ activities (Ashton et al., 2007; Kahlbrock et al., 2008; I. Lorenz et al.,

2009; Weisz et al., 2007b). These early studies related these findings to the thalamocortical

dysrhythmia model (see Figure 2.7), in which an imbalance between excitation and inhibition

at the level of thalamocortical circuits is postulated (Weisz et al., 2007a). However, it is not

clear whether these patterns of altered activity are generated by tinnitus-related mechanisms

themselves, or if they rather arise as neuronal attempts to dampen the tinnitus percept (Sedley

et al., 2012). Moreover, another study by Schlee et al. (2014) only revealed decreased α power

in the lower subband (8–10 Hz), but not the upper one (10–12 Hz), while several other studies

failed to replicate these findings (Song et al., 2013; Vanneste et al., 2012b, 2011d). Vanneste

et al. (2011d) found an increased γ connectivity between the left primary and secondary

auditory cortex, between the left primary auditory cortex and left insula, as well as between

auditory cortices and the right dlPFC. However, there is no conclusive evidence that these

alterations are related to tinnitus generation (see two early reviews by Adjamian et al. (2009)

and Schlee et al. (2008) for more details on first EEG and MEG studies targeting tinnitus). More

recently, a study found an increased cross-frequency coupling between θ and γ in the left

auditory cortex and left PHC in a tinnitus group, compared to a control group (To et al., 2021),

providing additional evidence for thalamocortical dysrhythmia.
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Figure 2.8: Regions of the human brain involved in tinnitus, as assessed by neuroimaging studies
(Elgoyhen et al., 2015). Regions depicted in green have been reported in altered FC in tinnitus, and
abnormal activity in A1 has been repeatedly associated with tinnitus loudness. ACC: anterior cingulate
cortex, vmPFC/dlPFC: ventromedial/dorsolateral prefrontal cortex, AMY: amygdala, PHC: parahip-
pocampus, INS: insula, A1: primary auditory cortex. Reprinted by permission from Springer Nature:
Nature Reviews | Neuroscience, Elgoyhen et al. (2015).

Another set of studies used rs-fMRI to study functional alterations in the human brain related

to tinnitus (Burton et al., 2012; Chen et al., 2014, 2018; Davies et al., 2014; L. Han et al., 2019; L. B.

Hinkley et al., 2015; Husain et al., 2014; J.-y. Kim et al., 2012; Maudoux et al., 2012a; Maudoux

et al., 2012b; Schmidt et al., 2013; Wineland et al., 2012), and more recently at 7 T (Berlot et al.,

2020). Many of these have highlighted aberrant connectivity involving the auditory cortex.

Burton et al. (2012) reported reduced FC between auditory and occipital cortex, between

occipital cortex and insula and left inferior frontal gyrus. Authors also found increased FC

between auditory cortex and left inferior frontal gyrus, and between amygdala and mPFC. J.-y.

Kim et al. (2012) reported increased FC between auditory cortex and amygdala, and Maudoux

et al. (2012b) highlighted the increased FC of auditory cortex with insula, PHC, PCC, and

occipital cortex. Further findings from these initial set of studies (Burton et al., 2012; J.-y. Kim

et al., 2012; Maudoux et al., 2012b; Schmidt et al., 2013) are compared in more detail in Husain

et al. (2014). It is worth to note that these studies used different analysis methodologies and

targeted different subgroups of tinnitus patients, such that a proper comparison of findings

is challenging. However, a consistent finding highlighted altered auditory- and DMN-limbic

functional interactions in tinnitus, which are thought to be mainly related to tinnitus distress.

The more recent high MRI field (7 T) study by Berlot et al. (2020) further reported reduced FC

between primary and non-primary auditory cortex regions, as well as between MGB and A1,

but not between IC and MGB.

Overall, rs-fMRI studies have shown FC disruptions in long-range connectivities between

auditory and non-auditory regions, and together suggest that these are key for conscious

perception of tinnitus (De Ridder et al., 2011; Laureys et al., 2000). Elgoyhen et al. (2015) have

densely reviewed these findings from EEG, MEG, and rs-fMRI studies on tinnitus. Importantly,

authors highlight the contribution of non-auditory areas in tinnitus, notably of vmPFC, PHC,
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ACC, and insula. We illustrate these contributions in Figure 2.8, by replicating their Figure 3 (El-

goyhen et al., 2015). AAC and insula are key regions of the salience network, and hyperactivity

of these regions in tinnitus has been associated to the salience attributed to the phantom per-

cept, which hinders habituation (De Ridder et al., 2011). Amygdala is thought to be associated

with the affective component of tinnitus (De Ridder et al., 2011, 2014a), and an hyperactive A1

has been associated to tinnitus loudness by several studies (J. W. Gu et al., 2010; Kahlbrock

et al., 2008; Ortmann et al., 2011; Vanneste et al., 2011d,f, 2013d). The role of vmPFC in tinnitus

is however more disputed (Melcher et al., 2013), with some studies reporting its involvement

in the conscious perception of the phantom sound (Leaver et al., 2011; Seydell-Greenwald

et al., 2012). Finally, the PHC has been widely highlighted in tinnitus studies (De Ridder et al.,

2014a; Moazami-Goudarzi et al., 2010; Song et al., 2013; Vanneste et al., 2011a; Vanneste et al.,

2010b, 2011f), and is proposed to be implicated in memory retrieval of unavailable (reference)

percepts, such as those frequencies impaired in HL. However, its implication in other tinnitus

studies has not always been reported (Elgoyhen et al., 2015).

2.3.4 Neuromodulation for tinnitus

In this last subsection, we discuss the recent clinical neuromodulation approaches that have

been attempted for chronic tinnitus in the last couple of years. For this purpose, it is necessary

to first differentiate neuromodulation as opposed to usually less invasive and more self-

driven neurofeedback modalities such as electroencephalography neurofeedback (EEG NF) or

functional MRI neurofeedback (fMRI NF), whose applications in tinnitus are further discussed

in section 2.4.5.

Neuromodulation approaches generally refer to all modalities able to induce transient per-

turbations of neural activity in defined brain regions (Langguth et al., 2012). Moreover, most

of them can be categorized as brain stimulation techniques, such as transcranial magnetic

stimulation (TMS, and its repetitive application rTMS), transcranial direct current stimulation

(tDCS, and its more recent “high definition” HD-tDCS, with HD electrodes allowing for more

focal stimulation (Kuo et al., 2013)), epidural stimulation (electrodes directly placed on the

dura of the brain, involving an invasive procedure), and deep brain stimulation (DBS). On rare

occasions, NF approaches (see section 2.4) are also considered as a form of (self-driven) neu-

romodulation, when appropriate neural feedback is provided. However, it is more customary

to differentiate the two, since there is no external modulation happening in NF.

Other types of indirect neuromodulation can also encompass vagus nerve stimulation (VNS) or

transcutaneous electrical nerve stimulation (TENS), where different nerves are targeted with

electric stimulation instead of the brain. These approaches in chronic tinnitus are therefore

detailed separately below.
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Figure 2.9: Illustration of a HD-tDCS setup. Electrodes are positioned towards the right dorsolateral
prefrontal cortex (dlPFC), and its current flow simulation is shown (from Soterix HD-Explore™ 4, ©
Soterix Medical Inc.). Reprinted from Jacquemin et al. (2021a) with permission by Elsevier.

tDCS and HD-tDCS

Transcranial direct current stimulation and its “high-definition” version are common types of

transcranial electrical stimulation (tES) approaches (Figure 2.9). Dependent on the stimulation

paradigm, other variations such as transcranial alternating current stimulation (tACS) and

transcranial random noise stimulation (tRNS) also exist and have been compared for tinnitus

(Moossavi et al., 2016). Among these three types of stimulation, tRNS was shown to carry the

most suppressive effect for tinnitus loudness in a cohort of 111 tinnitus patients (Vanneste

et al., 2013b), when compared to tACS and tDCS with the same stimulation parameters (1.5

mA for 20 min). Higher intensity (2 mA) and longer duration (20 min) were also found to be

the most effective parameters for tinnitus relief (Shekhawat et al., 2016). In tDCS, two surface

electrodes (bulkier than for HD-tDCS, Figure 2.9) are placed at the vicinity of the skull. One

serves as anode, the other as cathode. This way, weak constant currents (in the order of 0.5 to

2 mA) are passed through the cerebral cortex. Depending on the polarity of the stimulation,

tDCS can increase or decrease local cortical excitability in the targeted regions (Miranda et al.,

2006). However, part of the current is shunted through scalp tissue and only a portion of it

passes through the brain (Moossavi et al., 2016). An identical setup can be used for tACS and

tRNS, by adapting to their respective stimulation type.

Many studies have investigated the effects of tDCS (De Ridder et al., 2012; Faber et al., 2012; E.

Frank et al., 2012; Fregni et al., 2006; Garin et al., 2011; Hyvärinen et al., 2016; Joos et al., 2014;

Minami et al., 2015; Pal et al., 2015; Shekhawat et al., 2013, 2018; Vanneste et al., 2011b,c, 2010a,

2011e) or HD-tDCS (Elyssa Kok et al., 2021; Henin et al., 2016; Jacquemin et al., 2018, 2019,

2021a), and its variations, tACS (Moossavi et al., 2016; Vanneste et al., 2013c) and tRNS (Claes

et al., 2014; Schoisswohl et al., 2021; To et al., 2017; Vanneste et al., 2013b) on chronic tinnitus.

The rationale behind direct brain stimulation is the exciting perspective that it offers for

modulating brain activity related to maladaptive plastic changes in the cortex and excitability

in the auditory cortex (Garin et al., 2011). The most common targets for chronic tinnitus are

the left temporoparietal area (LTA) (Fregni et al., 2006; Garin et al., 2011; Shekhawat et al.,

2014, 2013), the auditory cortex (Joos et al., 2014; Minami et al., 2015; Teismann et al., 2014;

Vanneste et al., 2013b), and the dorsolateral prefrontal cortex (dlPFC) (De Ridder et al., 2012;
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Faber et al., 2012; E. Frank et al., 2012; Shekhawat et al., 2018; To et al., 2017; Vanneste et al.,

2011b,c, 2010a). Among these studies, it was found that anodal stimulation often outperforms

its cathodal alternative in terms of benefits in tinnitus loudness reduction (Shekhawat et al.,

2015). However, mixed outcomes have been reported, with respect to tinnitus annoyance

and loudness. Several studies achieved reduction of both characteristics (Joos et al., 2014;

Vanneste et al., 2011b, 2010a, 2013c) while others only reported a reduction in annoyance but

not loudness (Faber et al., 2012), or only in loudness (Fregni et al., 2006; Vanneste et al., 2011c),

or no effects in both (Pal et al., 2015; Shekhawat et al., 2014; Teismann et al., 2014; Vanneste

et al., 2013b).

Overall, these studies support the effectiveness of tDCS for transient tinnitus suppression/at-

tenuation and/or reduction of related annoyance. Vanneste et al. (2010a) have found that

with tDCS, improvement had no relationship with factors such as age, gender, tinnitus dura-

tion, type, or laterality. Furthermore, Vanneste et al. (2011b) have also shown that significant

suppression of tinnitus perception (41.7%) and tinnitus-related distress (43.2%) were only

observed in the true tDCS group after stimulation, compared to the sham condition. Not

only this finding reinforces the involvement of dlPFC in chronic tinnitus, but it also casts

more promise on future optimization of tES approaches for the disorder. Indeed, functional

connectivity between dlPFC and areas such as the subgenual anterior cingulate cortex (sgACC)

and parahippocampal area was shown to be altered in chronic tinnitus responders to tDCS

(Vanneste et al., 2011e). Authors hypothesize that bifrontal tDCS may affect the parahippocam-

pal area by modulating the sensory gating for tinnitus, thereby suppressing the percept in

responders — a mechanism possibly involving a hippocampal influence, which prevents the

percept from being pulled or updated from hippocampal memory (De Ridder et al., 2006).

However, further research is needed to properly characterize underlying neurophysiological

mechanisms behind tES approaches (Elyssa Kok et al., 2021). Several more in-depth reviews

covering the studies above are available (Elyssa Kok et al., 2021; Shekhawat et al., 2015).

HD-tDCS also offers a promising future for more localized stimulation and potentially longer-

lasting effects (Elyssa Kok et al., 2021). In a recent study, Jacquemin et al. (2021a) found

that repeated sessions of HD-tDCS (Figure 2.9) on the right dlPFC resulted in a self-reported

improvement of tinnitus perception for up to 47% of patients (out of 117), but with a larger

effect for female patients. However, on a clinical scale (TFI), an improvement between 17–27%

was reported, which questions the appropriate outcome measure. Authors also achieved a

longer-lasting effect as compared to previous tDCS studies (Jacquemin et al., 2018; Shekhawat

et al., 2015), which may be due to the beneficial effect of HD-tDCS (Kuo et al., 2013). Moreover,

HD-tDCS has several practical advantages over bulkier tDCS: it is easier to administer the

stimulation of the targeted area, and fewer side-effects are reported (Jacquemin et al., 2018).

So far, however, HD-tDCS did not reach significantly better results than conventional tDCS

(Jacquemin et al., 2018), which suggests than improvements in protocols’ effectiveness and a

search for additional predictive factors are necessary to better understand the advantages of

HD-tDCS over other tES approaches.

30



2.3 Tinnitus

TMS and rTMS

Transcranial magnetic stimulation (TMS) is another form of non-invasive brain stimulation,

in which magnetic pulses are delivered to the brain using a magnetic coil, producing electrical

currents in targeted areas. TMS is a popular neuromodulation application, as it is relatively

simple to administer. Its repetitive usage during a single TMS session, with multiple pulses

delivery, has been characterized as repetitive TMS (rTMS) (Theodoroff et al., 2013). Many

randomized clinical trials have utilized rTMS for chronic tinnitus (Anders et al., 2010; Barwood

et al., 2013; Bilici et al., 2015; Chung et al., 2012; De Ridder et al., 2005; Ghossaini et al., 2004;

Hoekstra et al., 2013; Khedr et al., 2008; Langguth et al., 2014; H. Y. Lee et al., 2013; I. Lorenz

et al., 2010; Marcondes et al., 2010; Plewnia et al., 2012; Roland et al., 1993; Vanneste et al.,

2012a). Soleimani et al. (2016) have reviewed these interventions in detail, by classifying them

with an appropriate quality score (Jadad scale). Among these 19 studies, only 3 qualified

as “excellent” (5/5) and 6 as “good” (4/5), further questioning the interpretation of rTMS

outcomes in these works. In Anders et al. (2010), a significant reduction of THI and TQ scores

was reported at a short-term follow-up of 2 weeks after TMS in the treatment group, but also in

the sham group. However, these reductions only persisted for 2 weeks in the later, compared

to 14 weeks for the group that received real TMS. In Chung et al. (2012), both scores were also

significantly reduced in the active rTMS group as compared to the control group after the

intervention, but effects did not persist and were no longer significant after one month.

VNS and other electrical stimulation approaches

A few other different neurostimulation approaches have been attempted for chronic tinnitus.

These include the ones targeting nerves, vagus nerve stimulation (VNS) and transcutaneous

electrical nerve stimulation (TENS). VNS has been applied to epilepsy and depression, and

initially involves an invasive surgical implantation for electrodes placement at the left vagus

nerve (Groves et al., 2005). However, a transcutaneous alternative (tVNS) has recently been

developed to suppress the surgical intervention risk (Yap et al., 2020). The latter has been

shown to activate the same brain regions and pathways as direct VNS (Frangos et al., 2015;

Yakunina et al., 2017). It can be applied at the auricular or cervical branch of the vagus nerve

(Yap et al., 2020), and has been investigated in a few studies targeting tinnitus (P. Kreuzer et al.,

2012; P. M. Kreuzer et al., 2014; Suk et al., 2018; Ylikoski et al., 2017, 2020). However, only

Ylikoski et al. (2020) and Suk et al. (2018) have reported the site of stimulation (tragus, and

cavum, concha, and tragus, respectively — see Figure 2.10) for tVNS.

Among these studies, only Suk et al. (2018) reported significant reductions in THI and BDI

scores (in a sample of 24 tinnitus patients), and Ylikoski et al. (2020) reported alleviated

tinnitus distress and associated handicap in 76% of patients undergoing tVNS combined

with tinnitus retraining therapy (TRT). Relevant for the field, no cardiac adverse effects were

reported in this large study with 250 tVNS patients. Other aforementioned studies did not

report any significant improvements in tinnitus complaints after tVNS. Two other studies

focused on combining tVNS with a form of sound stimulation, namely tailor-made notched
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Figure 2.10: A. Regions of the ear innervated by the cutaneous auricular branch of the vagus nerve,
also serving as tVNS targets. B. Illustration of relevant nerves in the vicinity of the neck, including the
cervical branch of the vagus nerve. Reprinted from Yap et al. (2020), under the Creative Commons
Attribution License 4.0.

music (Lehtimäki et al., 2013; Shim et al., 2015), with significant improvements reported

in THI (only for Lehtimäki et al. (2013)) and mean visual analog scale (VAS) loudness and

annoyance, suggesting a potential benefit from the combination of both treatments. Indeed,

neural plasticity in the auditory cortex was shown to be promoted in rats, reversing their

behavioral tinnitus correlates, when VNS was paired with multiple tones (Engineer et al.,

2013).

Moreover, another set of studies also combined direct VNS with sound stimulation (De Ridder

et al., 2014b, 2015; Kochilas et al., 2020; Tyler et al., 2017; Vanneste et al., 2017). In these studies,

sound stimulation consisted of tones without the tinnitus frequency. In a single case report,

De Ridder et al. (2015) have shown that THI and Tinnitus Reaction Questionnaire (TRQ) scores

can be decreased if presenting tones without this frequency, but increased if normal tones

are administered. De Ridder et al. (2014b) reported significant clinical improvements in 4

out of 10 patients, with an average THI decrease of 11.78%. Tyler et al. (2017) have shown

that VNS combined with sound stimulation (tones without tinnitus frequency) seem to be

more effective for patients not suffering from hissing or blast-induced tinnitus. Significant

improvements in THI were also reported in this study for 50% of patients (16) in the active

group and for 28% of controls (14; VNS without sound stimulation). Finally, a study explored

the impact of VNS on tinnitus in epilepsy patients without additional sound stimulation

(Wichova et al., 2018). Authors reported a significant post-operative decrease of VAS loudness

(as well as a one point decrease in 80% of patients).

Three neuroimaging studies have also explored the effects of tVNS on the brain in tinnitus

patients (Hyvärinen et al., 2015; Lehtimäki et al., 2013; Yakunina et al., 2018). In particular, two

of these studies utilizing MEG have shown that tVNS reduces the amplitude of the auditory

N1m response (Lehtimäki et al., 2013), and modulates the synchrony of tone-evoked tinnitus-

related brain activity, especially at the beta and gamma bands (Hyvärinen et al., 2015). The

last study by Yakunina et al. (2018) used fMRI to highlight that tVNS induced auditory and
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limbic deactivations in tinnitus sufferers, in particular involving the middle and superior

temporal gyrus (MTG/STG). More deactivations were also observed in the parahippocampal

gyrus (PHG) and hippocampal areas, and localized but bilateral activations were reported in

the cerebellum (see also Figure 3 of Yakunina et al. (2021)). These preliminary observations

reinforce the hypothesis that tVNS may efficiently deactivate tinnitus-related brain networks in

certain circumstances, and thus reduce perceived tinnitus loudness. However, more research

is needed to identify relevant tVNS paradigms, coupled with the inclusion of proper control

groups, and larger sample sizes. Indeed, there is still no reliable evidence to date to support

that (t)VNS by itself (uncoupled from additional sound stimulation) is effective in treating

tinnitus (Yakunina et al., 2021).

A different approach has also been attempted for tinnitus, in which transcutaneous electrical

nerve stimulation (TENS) is applied using preauricular skin electrodes. The approach is

mostly used for alleviating chronic pain, but attempts in phantom pain perception have also

been carried out (M. I. Johnson et al., 2015). Several studies have investigated the effects of

TENS in tinnitus (Collet et al., 1987; Herraiz et al., 2007; Kapkın et al., 2008; S. K. Lee et al.,

2014; L. Li et al., 2019; Moon et al., 2018; Tutar et al., 2020; Vanneste et al., 2011c, 2010c).

In Vanneste et al. (2010c), although only 17.9% of 43 patients responded to TENS therapy,

and for 6 patients, a total suppression of tinnitus occurred, but only while stimulation lasted.

Indeed, a high degree of inter-patient variability in TENS response is observed, as for other tES

approaches. The hypothesis behind the stimulation of the upper cervical nerve (C2) in this

study is that it may result in increased activation of the dorsal cochlear nucleus (DCN) through

the somatosensory pathway (Vanneste et al., 2010c), which may in turn augment the inhibitory

role of the DCN on the CNS (Herraiz et al., 2007). Although most of the aforementioned studies

find a small therapeutic potential in TENS for tinnitus, placebo effects have also been reported

(Tutar et al., 2020). S. K. Lee et al. (2014) have shown that TENS is more effective in patients

with low-frequency tinnitus or with associated mild hearing loss, and that in most patients,

improvements may last up to a month after treatment. However, Kapkın et al. (2008) previously

reported little improvements, with rates of 42.8% (18 out of 42 patients) in the TENS group,

and 28.5% (4 out of 14) in the placebo group, suggesting that no promising outcome can be

achieved. Similar improvement rates (46%, of which half reduced tinnitus intensity and half

completely suppressed it) were found by Herraiz et al. (2007), when targeting somatic tinnitus.

In a large meta-analysis of TENS effects on tinnitus, Byun et al. (2020) analyzed the outcomes

of 17 studies reporting on 1215 patients, and showed that an overall significant reduction

of -7.55 points was achieved for THI, and -0.65 points for VAS, and that complete tinnitus

suppression and tinnitus reduction occurred in respectively, 22.2% and 10.2% of (survey)

responders at 3 months after treatment. These results hold further promise for TENS as an

intervention for chronic tinnitus, but as for other stimulation approaches, a need to reach

more specificity in responders among different heterogeneous tinnitus sufferers as well as a

better understanding of stimulation effects – notably with the use of fMRI – are needed before

significant advances can be achieved in this field.

Aside from the transcutaneous, direct electrical, and magnetic stimulation approaches pre-
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sented above, more invasive interventions involving deep brain stimulation (DBS) and similar

implanted electrodes have also been attempted for tackling tinnitus (Cheung et al., 2010;

Cheung et al., 2019; L. B. N. Hinkley et al., 2021; Perez et al., 2019; Shi et al., 2009; Smit et al.,

2016). Following encouraging animal behavioral results for tinnitus suppression with DBS of

the caudate nucleus (CN) in rats (Ahsan et al., 2018), several cases reports of DBS significantly

and completely suppressing tinnitus in humans have also been published (De Ridder et al.,

2004; Dijkstra et al., 2018; Larson et al., 2013). Perez et al. (2019) have contributed with map-

ping CN locations most responsive to intraoperative direct electrical stimulation for tinnitus

loudness modulation, by stimulating at 20 different locations within this region. Their results

suggest that the body of the CN is functionally more connected to the auditory cortex (using

rs-fMRI) and more likely to induce acute tinnitus loudness reduction with stimulation than

the remaining electrodes locations in the head of the CN. Another clinical trial also showed

encouraging results with 60% to 80% treatment response rates (Cheung et al., 2019). Naples

et al. (2021) also recently proposed that a “gradient” may be present within the CN, and that

most effective tinnitus stimulation locations are more anterior within the CN for patients

with normal hearing/mild hearing loss (HL), and more posterior for those with worsening HL

(see Figure 3 in their publication). Overall, these studies suggest that DBS of non-auditory

structures in the thalamus may provide relief for some tinnitus patients ready for an invasive

surgical procedure. The stimulation opportunity provided by DBS is able to counteract local-

ized pathological brain activity, even if the exact locations for different tinnitus sufferers are

still a matter of debate (Smit et al., 2015). Therefore, more studies are required to understand

the mechanisms between the pathophysiology of tinnitus and the related involvement of

thalamic and limbic structures in order to support the use of invasive procedures such as DBS

(Rammo et al., 2019).

2.4 Neurofeedback

2.4.1 Real-time functional magnetic resonance imaging

Over the last 20 to 30 years, the substantial progress in technological developments regarding

computer hardware, MRI methods, and MRI analysis software, has allowed to greatly propel

forward the fMRI imaging field. In particular, first successful attempts to reconstruct acquired

MRI functional volumes in real-time were achieved in 1995 by R. W. Cox et al. (1995), who

successfully presented first real-time fMRI (rt-fMRI) pseudo-colored images reconstructed

within only 500 ms of the RF pulse, on a 3 Tesla scanner. In 1997, Kerr et al. (1997) proposed

a first real-time interactive clinical cardiac MR imaging system capable of reconstructing

dynamic processes such as arrhythmic cardiac motion or peristalsis in the abdomen. Later

in 1999, Yoo et al. (1999) proposed a real-time adaptive fMRI implementation capable of

trading off a reduced field of view (i.e. zooming into a region of interest (ROI)) in favor of

increased temporal and spatial sampling in that same ROI. This work thus combined the

newly “adaptive” rt-fMRI method based on radiofrequency encoding (earlier demonstrated

for multiresolution imaging by Panych et al. (1994)) with real-time MR data processing and
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image analysis, and demonstrated the first real-time decoding of primary motor cortex activity

using a previously well-characterized finger-tapping task. At that time, improvements in real-

time motion correction and functional data realignment algorithms (R. W. Cox et al., 1999; K.

Mathiak et al., 2001; Thesen et al., 2000) have also greatly contributed to increase the reliability

of obtained brain correlation maps. Little time elapsed before the idea to provide these

measurements as a form of feedback — akin to previous pioneering biofeedback experiments

with invasive recordings (Elbert et al., 1980; Kotchoubey et al., 1997) — had seen the day within

the fMRI setting. The first feasibility study of the motor task with rt-fMRI NF has then been

published by Yoo et al. (2002), and very rapidly, gave rise to a new research field based on

behavioral effects of local self-regulation of the brain, based on BOLD imaging techniques

(Posse et al., 2001, 2003; Weiskopf et al., 2003, 2004b). In 2004, deCharms et al. (2004) have

further shown that volitional control of brain activity in a localized ROI during a simple motor

task paradigm can be learned with rt-fMRI NF, bringing deeper interrogations to the table

(such as “to which extent can this imaging modality be used to drive cognitive processes in

a controlled setting?”). Finally, as compared to previous classical fMRI paradigms, in which

brain activity is conventionally measured dependent on behavior, rt-fMRI NF bring a new

opportunity to study behavior — mental strategies, physiological measures, affective states —

dependent on self-regulated activity in well-defined brain regions (Weiskopf et al., 2004a).

Real-time fMRI NF is a rapidly growing field, which has gone from experimental pilot studies

to registered clinical trials in about 15 years, and is the most developed application of real-time

fMRI in today’s scientific research. The rationale behind rt-fMRI NF is the new possibility

to learn a volitional control of one’s own brain activity in a particular experimental setting,

thanks to a feedback signal provided to the subject. The development of the field was mainly

driven by previous applications of EEG NF (Birbaumer et al., 1999; Kotchoubey et al., 2001;

Rockstroh et al., 1990), and mostly by its limitations, notably its low spatial resolution, varying

source sensitivities across the brain, and the inability to precisely reconstruct underlying

brain activity due to the ill-posed problem of EEG sources. Functional MRI circumvents these

problems by providing a spatially well-defined access to deeper brain structures. However,

a significant challenge was to quickly and robustly access to MRI real-time data, often due

to closed proprietary medical systems (e.g. SIEMENS). The development of real-time export

and analysis methods (Hollmann et al., 2008; Weiskopf et al., 2004a; Weiskopf et al., 2004b)

thus permitted to address this issue and support different acquisition methods and feedback

presentation types.

2.4.2 Current state-of-the-art and challenges

The development of NF has followed in pace with tremendous advances in computer hardware,

real-time MRI sequences, machine learning algorithms, and open science practices in the

neuroimaging community. Here, we present an overview of up-to-date developed NF methods

(from targeting specific brain activity to feedback presentation approaches), considerations in

the design of NF protocols, and actual challenges still present in the field.
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Figure 2.11: Overview of the general principles of neurofeedback (NF). Localized brain activity is
measured either using direct electrophysiological neuroimaging techniques (EEG, ECoG, MEG) or
indirect hemodynamic neuroimaging techniques (fNIRS, fMRI). The different relative spatial resolution
of these techniques is represented as circles of varying radius on the neural tissue. Brain activity is then
extracted through respective sensor channels, before different signal features can be computed (e.g. co-
herence for EEG, or connectivity for fMRI measurements). These features are in turn mapped into a
feedback signal, and delivered back to the subject through different feedback modalities (e.g. visual or
haptic). The delivered feedback can then be processed by the subject. The essence of NF lies in the
ability of the subject to modulate their own brain activity according to the perceived feedback, and in
turn, influence the subsequent feedback estimation in a closed-loop paradigm, eventually leading to a
consolidation of the learned regulation mechanism. FFT: fast Fourier transform, MVPA: multivariate
pattern analysis. See List of Abbreviations (page xv) for neuroimaging modalities. Reprinted by permis-
sion from Springer Nature: Nature Reviews | Neuroscience, Sitaram et al. (2017).

The general principle of NF is illustrated in Figure 2.11 (Sitaram et al., 2017). Starting from a

neuroimaging modality — from here on, we will narrow down to NF as solely rt-fMRI NF, — a

specific brain activity of interest is measured. For electrophysiological imaging techniques

(directly measuring electrical or magnetic changes in the brain) such as EEG or MEG, different

signal features can be computed (e.g. evoked potential, coherence, or other multivariate

pattern analysis (MVPA) metrics) and mapped to a feedback signal. The same applies for

signals extracted from indirect measurements based on the hemodynamic response, such

as with fNIRS or fMRI (e.g. connectivity metrics between different brain regions). These are

then delivered to the subject in different possible feedback types (e.g. visual, auditory, . . . ),

before being processed back by the subject. The cognitive mechanisms involved in feedback
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appraisal are part of the neurofeedback evaluation by the subject. These highly depend on

feedback quality: a good signal-to-noise ratio (SNR), the choice of appropriate brain target

region(s), as well as appropriate feedback mapping and delivery. With an optimization flaw

in one of these steps, it is unlikely that an expected behavioral outcome of interest can be

observed.

Early studies of rt-fMRI NF focused on simple feedback estimation methods such as averaging

BOLD activity in voxels of one or two brain regions (deCharms et al., 2004; Weiskopf et

al., 2004a; Weiskopf et al., 2003). The first use of a control region for a better NF feedback

estimation was also adopted early on by Weiskopf et al. (2004a). This approach allowed to

cancel out unwanted effects of BOLD variability in the targeted region(s), due to physiological

artifacts induced by breathing and general increased blood flow in the brain, thereby greatly

increasing feedback specificity. Other early studies also included sham or inverted feedback as

a way to control for unspecific NF effects (Caria et al., 2007; deCharms et al., 2004, 2005), and

inspired from internal control approaches previously used in EEG NF. More studies followed

with such approaches, demonstrating the ability of healthy volunteers to self-regulate well-

defined BOLD activity in the brain. In particular, these studies demonstrated that learning was

mediated by appropriate feedback delivery, setting aside the mere use of conscious cognitive

strategies without feedback to achieve the same goal (Rota et al., 2009; Scharnowski et al.,

2012; Shibata et al., 2011).

The further development and expansion of the rt-fMRI NF field until a decade ago have

targeted numerous human brain regions in the attempt to provide accumulating evidence

of possibilities granted by the technique. Well studied regions such as motor areas (Bray

et al., 2007; deCharms et al., 2004; LaConte et al., 2007; Sitaram et al., 2011; Weiskopf et al.,

2004a; Yoo et al., 2002, 2004, 2008), auditory cortex (Haller et al., 2010; Yoo et al., 2006, 2007),

and somatosensory cortex (Bray et al., 2007; deCharms et al., 2004; Yoo et al., 2002, 2004)

were first targeted. It was demonstrated that learning abilities could be retained for a longer

period (2 weeks; Yoo et al. (2007)) of time after training, and that reaction times changed with

regulation of motor areas (Bray et al., 2007; Scharnowski et al., 2010). deCharms et al. (2005)

also demonstrated that pain ratings were correlated to activity in the ACC. Other early studies

targeted the amygdala (S. J. Johnston et al., 2010; Posse et al., 2003), insula (Caria et al., 2007,

2010; Veit et al., 2012), inferior frontal gyrus (Rota et al., 2009), parahippocampus (Scharnowski

et al., 2015; Weiskopf et al., 2004a), and visual areas (Scharnowski et al., 2012). In the latter,

visual detection thresholds were shown to covary with specific retinotopic activity in the visual

cortex.

Overall, these first studies demonstrated the potential of rt-fMRI NF to modulate behavior,

and have opened avenues for first clinical investigations of this modality. Furthermore, the

specificity of observed behavioral effects led to hypothesize the potential superiority of NF for

clinical applications over other pharmaceutical interventions, in which adverse effects were

more likely to be observed.
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Neurofeedback methods

Real-time fMRI NF studies require extensive care in their implementation, compared to con-

ventional offline analysis fMRI studies. The modality provides interesting new approaches

for precisely targeting neurological mechanisms in the brain — whether it concerns mal-

adaptive localized activity or more distributed functional alterations in one or several brain

networks. However, these approaches need to be clearly defined for NF to be effective, and

this is intrinsically linked to how well the pathology of concern is understood in the scientific

community. Indeed, for any brain disorder of interest, it is very often very challenging not only

to define the best NF target(s) in the brain, as well as their interaction(s) with other regions, but

also to setup the appropriate feedback mechanism that would lead to effective learning and

significant behavioral outcomes. Since rt-fMRI NF is usually delivered in a block-type fashion,

akin to conventional task-based fMRI, it is of paramount importance to obtain meaningful

single-trial regulation patterns. As opposed to offline analysis as after task fMRI, online analy-

sis of targeted brain regions needs to yield statistically much more stringent information in

order for a learning window to occur. Here, we review the most important NF parameters and

requirements in the scope of any modern state-of-the-art NF experiment. However, we also

remind that NF is a fast-paced field, with new applications arising as fast as new developments

in the real-time MRI field (e.g. the popularization of 7 T MRI), and that it is very likely that

more sophisticated methodologies see the day in the next couple of years.

Basic prerequisites in any NF setup include a real-time reconstruction and export capability

ensured by the MRI manufacturer. The MRI computer should indeed be able to provide raw

fMRI data at every repetition time (TR), before the next volume is acquired (Sorger et al., 2020).

Although seemingly simple, this export is a very important facet for timely delivered feedback.

The occurrence of lags or local (MRI) network instabilities will likely degrade downstream

data processing capabilities. Nowadays, it is possible to minimize these issues with quality

hardware and powerful processing units, but reconstruction or export errors may still occur

from time to time. Today, most studies keep using TRs in the range of 1–3 s, even if subsecond

acquisition sequences are often available (Feinberg et al., 2010). The difficulties in optimizing

online NF processing outweigh the benefits of faster TRs, since the BOLD hemodynamic lag

of 5–6 s is itself an intrinsic constraint to faster regulation dynamics. Finally, online fMRI

processing and analysis methods are similar to their offline counterparts, but require much

optimization to achieve useful and timely processed outputs. An example is the general

linear model (GLM) approach, widely used for offline analysis, but requiring an adaptation

for online usage. All the time-series are considered in the offline case, while in the online

case, the accumulation of volumes in time renders the method highly ineffective. In this

case, an incremental version of the GLM (iGLM) has been proposed to counteract this issue

(Hinds et al., 2011). In this version, a recursive (incremental) implementation of the GLM

is computed, such that estimated statistical parameters are not recomputed from scratch

but updated with the information contained in the next available volume during the online

acquisition (Bagarinao et al., 2003; R. Goebel, 2001; Hinds et al., 2011; Smyser et al., 2001).
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The iGLM is used to clean the fMRI signal in real-time, by removing unwanted signal drifts

contributing to feedback estimation. These are usually caused by physiological and physical

noise sources in the MRI, and can be often captured as linear or nonlinear trends. The

iGLM has been demonstrated as an efficient online algorithm for incremental signal drift

removal (Kopel et al., 2019). The importance of drifts removal is reflected in the quality of the

computed feedback metric, since it ensures that the observed signal fluctuations are indeed

related to relevant brain activity changes and not to unrelated drifting noise. In practice, drift

predictors use linear trends, in addition with a set of Fourier or discrete cosine transform

(DCT) basis functions to model low-frequency fluctuations of no-interest. These act as a

(progressive) temporal high-frequency filter on the acquired time-series (on a whole-brain

level, not only in the NF target regions of interest). Indeed, “progressive” means here that first

estimates (when starting a NF run, with few volumes available) are often highly correlated

at the beginning of a NF acquisition, leading to unstable GLM estimates. However, these

improve and become reliable over time. To counter this issue, Bagarinao et al. (2003) have

proposed to use an orthogonalization procedure (Gram-Schmidt) to convert unstable these

early unstable predictors into orthogonal functions, thereby ensuring the performance of

iGLM fitting. Another alternative is to use real-time motion parameters derived from the next

acquired volume in the iGLM. These act as (generally) low frequency confound predictors and

have the advantage of also capturing some of the high-frequency noise due to head movement.

Eventually, both motion parameters and nonlinear DCT predictors can be used together to

slightly enhance the outcome.

Subjects’ head motion is probably the most important source of noise in most cases. In real-

time, motion is corrected by realigning each newly acquired volume to an existing template,

such as a preprocessed average functional volume from a previous echo planar imaging (EPI)

acquisition. A resting-state fMRI sequence or data from a functional localizer can for example

serve as EPI template for subsequent online NF. An alternative is to opt for “prospective

motion correction” techniques, in which pulse sequence parameters are updated in real-

time according to the current estimates, such that the next imaged volume is in accordance

with the new position of subject’s head (Maclaren et al., 2013). However, these techniques

can introduce further motion artifacts, and should be only carefully used by experienced

researchers. For online realignment, existing offline algorithms were also adapted for single

volume-to-volume realignment, and methods ranging from classical trilinear interpolation

to more accurate windowed sinc interpolation can now be used in real-time. Furthermore,

their implementation on graphical processing units (GPUs) can significantly decrease online

preprocessing time when parallel computing is used (Scheinost et al., 2013b).

Another type of considerable noise may arise from cardiac or respiratory physiological artifacts.

Indeed, respiration can affect the BOLD signal (Abbott et al., 2005) beyond NF-relevant mea-

surements (Thibault et al., 2018b). While most studies opt for posthoc physiological nuisance

regression — an easier and yet more reliable approach, — some attempted the tackle these

issues by including other nuisance regressors in the iGLM as described above, such as white

matter (WM) and/or cerebrospinal fluid (CSF) average signals (Yamashita et al., 2017). Others
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penalized the feedback computation with a partial correlation metric with the average WM

signal (Spetter et al., 2017). Proper online physiological regression involves the optimization

of existing algorithms (such as RETROICOR (Glover et al., 2000), respiratory volume per time

(Birn et al., 2006), or heart rate variability (HRV, Chang et al. (2009))) for real-time purposes,

which is a nontrivial task due to the high sampling rate and increased artifact sensitivity of such

peripheral recordings. Nevertheless, Misaki et al. (2015) implemented an online version of two

physiological regression methods (RETROICOR and HRV) using GPUs, with a performance of

less than 300 ms per volume (∼100000 voxels).

To further enhance the SNR, a smoothing step is often included in real-time preprocessing

for most feedback computation approaches (except for MVPA techniques, see below), akin to

conventional offline fMRI data preprocessing. The smoothing is usually performed using a

Gaussian kernel in 3D, with a full width at half maximum (FWHM) in the order of 4–5 mm (for

voxel sizes of 2–3 mm3), sufficient for individual fMRI NF data. Temporal smoothing on the

other hand is less common for feedback computation in rt-fMRI NF experiments. To avoid

spikes and unfiltered noise, some researchers implement a moving average (or median) filter

in the order of 2–3 previous time points. Often, when feedback is delivered intermittently (see

below), as in (Pamplona et al., 2020), larger smoothing (i.e. averaging) implementations can

be used (e.g. last 8–10 TRs). Note that this is done is exclusively for feedback computation, and

does not relate to additional prior temporal preprocessing at the level of the NF signal itself,

such as auto-regressive correction of first order (Lindquist, 2008) or high-frequency noise

removal with approaches like online Kalman filtering (see Koush et al. (2012) for details).

Aside from online preprocessing steps, an important part of any rt-fMRI NF experiment is

the proper selection or delineation of target ROIs for NF training. Since the latter commonly

occurs in subject-space (a normalization procedure into a template space such as MNI is

possible in real-time if the transformation matrix is available but generally does not bring

any significant improvement), preparing a functional localizer is often a good solution if the

resulting brain activation maps can delineate a robust NF target region (such as in Scheinost

et al. (2013a) and Subramanian et al. (2011)). A functionally defined ROI is more sensitive to

individualized modulation and captures less noise than brain regions realigned from exist-

ing anatomical atlases (Eickhoff et al., 2005; Rosenke et al., 2018). Indeed, inter-individual

functional differences may not be precisely reflected in realigned anatomical atlas locations.

However, when the functional localization is dependent on a mental task, highly variable

results may impede reliable localization in all subjects. In this case, anatomical atlases may

be preferred (such as in K. A. Mathiak et al. (2015) and K. D. Young et al. (2017a)). Another

alternative is to use a probabilistic functional atlas (Rosenke et al., 2021), which can help to

identify ROIs that can not be reliably delineated by single-subject functional localization.

Once NF target ROIs are defined and the preprocessing pipeline is set up, NF training can

begin. Usually, NF paradigms involve alternating rest and regulation periods in a block-type

design, inspired from classical task fMRI studies. While NF training is a highly personalized

intervention, paradigm consistency across subjects is a requirement for meaningful interpre-
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tation of results at the group or population level. This limits other adaptive NF paradigms,

such as unbounded regulation blocks solely dependent on performance (i.e. switching into

a rest period only upon reaching a predefined regulation target). Regulation performance is

then compared between task and rest periods, and feedback can be estimated from the whole

regulation block or from its (several) last time point(s). It is customary to subtract the average

of the preceding baseline block (or a cumulative one also involving previous rest blocks) to

estimate the amplitude of regulation. Usually, interleaving blocks of 10–30 s are used for NF.

The duration can depend on the regulation target but should at least allow for the BOLD

hemodynamic lag to reach the expected outcome (5–6 s). Because of this lag, it is also useful

to exclude several time points at the beginning of each baseline block (i.e. the time required

for the BOLD signal to return to baseline) and optionally also at the end of it (habituation

effects). Regarding session-to-session NF methodology, it is often advised to keep the same

ROIs as delineated during the first session. A drawback of this decision is that less flexibility is

allowed throughout the NF training, if functional changes do indeed occur. Additionally, this

may yield a poor learning curve if the initial ROIs later reveal to be inaccurate. However, it is

the recommended solution for consistent longitudinal analysis and inter-subject comparison.

In practice, ROIs from the first session can be realigned to the new functional (EPI) template

in 3 steps: the initial session’s anatomical volume (T1) is first realigned to the newly acquired

T1, the transformation is then applied to the initial EPI template, and then to the initial ROIs.

Note that a new EPI template can also be used, in which case, it should be properly aligned to

the newly acquired anatomical volume (R. Goebel, 2021).

Aside from these practical considerations, feedback can be delivered in several different

modalities. The most common way is to deliver feedback visually (on a MR-compatible screen

visible to the subject inside the scanner), with simple indications reflecting current and target

regulation levels. This is done by displaying a simple line graph (Scharnowski et al., 2015;

Scheinost et al., 2013a; Sukhodolsky et al., 2020), a filling thermometer (see also Figure 3.5 of

the present work; or as in Caria et al. (2007), Linden et al. (2012), Ninaus et al. (2013), Paret

et al. (2016a,b), and Ruiz et al. (2013)), or an expanding disk (Cortese et al., 2016; Shibata et al.,

2011). Other ways include auditory feedback (e.g. through MR-compatible earphones; Banca

et al. (2015), Harmelech et al. (2015), Posse et al. (2003), Ramot et al. (2016), and Robineau

et al. (2019)) or more generally haptic or electrical alternatives (see Figure 2.11), although only

few reports of such techniques are available in the literature (Fleury et al., 2020; K. D. Young

et al., 2020). Visual feedback remains however the most commonly used modality. With recent

progress in virtual reality research and the availability of MR-compatible VR headsets, it can

be further expected that this feedback modality rapidly evolves in the near future, although

research characterizing the effects of different feedback modalities on learning in rt-fMRI NF

is still lacking. However, it has been reported that improved visual feedback may enhance NF

learning (Cohen et al., 2016), when an avatar feedback interface was used.

An interesting feature of feedback presentation is its reinforcement aspect through congruent

stimuli. This can be referred to as “closed-loop” NF (deBettencourt et al., 2015), or “moti-

vational” NF (Ihssen et al., 2017). Indeed, if the feedback intrinsically contains elements
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pertaining to the regulation task, its effectiveness could be further enhanced. deBettencourt

et al. (2015) have for example used feedback consisting of scenes and faces images to show

that their transparency can be volitionally controlled by an increased attention to the task.

Authors have shown that participants could better monitor and evaluate the state of their

attention after NF training. Furthermore, the congruence between increased task difficulty

and attention waning have been attributed to the observed behavioral changes. Not only this

feedback characteristic can guarantee salience during NF, but it can also alleviate subjects

from the additional cognitive load attributed to feedback processing when an unrelated men-

tal task is performed for regulation. However, a potential drawback is the confounding effects

on observed brain processes that could result from feedback and task-related stimulus at the

same time. These can be avoided with a careful experimental design (Hampson et al., 2021).

A last feature of feedback presentation is its timely delivery (last step of the NF loop, Fig-

ure 2.11). In the majority of studies, feedback has been delivered in a continuous way: the

feedback value is updated after each acquired volume, under 1 TR. In some cases (e.g. con-

nectivity NF, see below), feedback needs to be delivered intermittently, because several time

points are used for a reliable estimate. The advantage of this approach is that participants no

longer need to process the hemodynamic delay of several seconds as in the continuous case.

A few studies have investigated the efficacy of both types of feedback delivery (Emmert et al.,

2017b; Hellrung et al., 2018; K. A. Johnson et al., 2012; Oblak et al., 2017), but the conclusions

remain that either forms may find efficacy in different contexts. Continuous feedback might

be more engaging and appropriate in longer-term NF training studies (Emmert et al., 2017b).

Intermittent feedback may be better for certain brain targets such as the down-regulation

of reward circuitry, which may be more difficult with continuously delivered performance

indicators (Greer et al., 2014).

Regarding feedback computation, several methods can be used to extract meaningful time-

series of brain activity (Figure 2.12; Heunis et al. (2020)). The choice of one feedback computa-

tion method over another is usually backed up by the neuroscientific knowledge pertaining

to the targeted disorder or neurophysiological experiment. In exploratory studies, however,

this choice is otherwise based on the best retained hypothesis about the studied brain mech-

anisms. Most commonly, one or several ROIs are used to train up- or down-regulation of

circumscribed brain activity. To account for other higher frequency signal fluctuations un-

related to brain activity, but not captured by the previously described low-frequency drifts’

removal procedures — such as physiological artifacts from cardiac pulse or breathing-induced

whole-brain BOLD changes (Abbott et al., 2005) — a differential feedback can be implemented

by subtracting the activity of a control ROI of no-interest for the given NF training (deCharms

et al., 2004; Weiskopf et al., 2004b). This technique has been used in studies targeting sus-

tained attention training (Pamplona et al., 2020), stress-related large-scale network balance

(Krause et al., 2021), differential primary motor cortex activity (Chiew et al., 2012), or visual

perception (Scharnowski et al., 2012), among others. However, the proper choice of the control

ROI is equally important. Indeed, it can be part of a known brain network of interest (as in

Scharnowski et al. (2012)), in which case the effects may be well controlled; but it can e.g. also
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a.

b.

c.

Figure 2.12: Depiction of several common methods for extracting brain activity during fMRI NF. a.
The simplest approach consists of choosing a particular ROI (here a portion of the left auditory cortex,
depicted in yellow) and computing its average percentage change signal (PSC) from contributing
voxels. b. Feedback can also be computed using a functional connectivity (FC) metric (e.g. Pearson
correlation) between two ROIs (as depicted in motor and parietal cortex), over a specific time window.
c. Another possibility is to extract a multivoxel specific brain activity pattern that should then best
match a previously trained pattern according to some similarity metric. This approach, sometimes
referred to as “decoded neurofeedback” (DecNef, Watanabe et al., 2017), allows for a more sophisticated
feedback estimate, but also requires a well-defined (trained) brain template, which is often challenging
to achieve. Note that a single brain slice is shown in the axial plane for illustration purposes, but the
method assumes voxels in a 3-dimensional space. Finally, other variations of the presented methods
above have been reported in the field. Figure was modified from Heunis et al. (2020), under the Creative
Commons Attribution License 4.0.
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be indirectly involved in a large-scale cortical network co-activating with the targeted ROI,

which would greatly reduce the efficacy of the provided feedback signal (Marins et al., 2015).

Another way of combining ROIs dependencies is to use connectivity NF (Figure 2.12 b.), in

which metrics (e.g. Pearson correlation or dynamic causal modeling (DCM)) between two

(or more) time-series are used to compute the feedback (i.e. functional connectivity (FC);

Koush et al. (2013, 2017a), Megumi et al. (2015), Morgenroth et al. (2020), Weiss et al. (2020),

and Zilverstand et al. (2014)). The difference between DCM-based and FC-based NF is the

existence of a connectivity model in the DCM case, which allows to manipulate the direction

of connectivity. Careful preprocessing and filtering as described above is also a prerequisite to

obtain meaningful connectivity metrics, since correlations can also be driven by remaining

noise.

Other more sophisticated machine learning methods can also be implemented for feedback

estimation, such as MVPA methods pre-trained on previous data prior to NF training (Fig-

ure 2.12 c.; deBettencourt et al. (2015) and Koizumi et al. (2016)) or whole-brain predictive

estimation methods (e.g. connectome-based NF, Figure 2.13; Scheinost et al. (2020) and Shen

et al. (2017)). A particular advantage of using an MVPA approach is the ability to decode

multiple local brain activation states in a given ROI, as compared to the conventional averaged

activity feedback from that same ROI. Indeed, in the conventional approach, brain activity

is averaged from smoothed ROI voxels and an unique relationship between the underlying

brain activity and the obtained value is assumed. In an MVPA approach, voxels composing the

ROI can result in different activity patterns (since the previous assumption does not hold any

more), and thus allow to differentiate several brain states within the same ROI (as illustrated

in Figure 2.12 c.). In fact, Watanabe et al. (2017) go further and explain the one-to-many

problem in ROIs in general: that is, for a given set of voxels, different patterns of underlying

brain activity (at the neural population level) can elicit the same (coarser) voxel activation

pattern within the said ROI (see Figure 3 in Watanabe et al. (2017)). A proper choice of ROIs’

sizes is therefore an important parameter for rt-fMRI NF, since defining too large or imprecise

ROIs may result in inefficient learning if the dimensionality of underlying neural activation

patterns producing similar voxels’ activations (in the case of an averaged ROI) or simply the

dimensionality of possible voxel activation patterns within the given ROI (in the case of MVPA)

becomes too large. Authors also proposed a decoded NF (DecNef; Watanabe et al. (2017))

approach able to minimize these issues, although their interpretation was debated (Huang,

2016; Shibata et al., 2016b). DecNef is a form of MVPA NF in itself, but where no explicit in-

structions are provided to subjects. It is based on unconscious reinforcement learning, usually

with a monetary reward (Shibata et al., 2019; Watanabe et al., 2017). In DecNef, associative

learning is presumed to replace explicit NF instructions, such that multivoxel patterns are

paired with the online reward (or punishment). One advantage over more conventional NF

studies is that DecNef allows to conduct double-blind placebo-controlled NF interventions,

since both the experimenter and the subject can be kept unaware of the precise nature of the

NF intervention (Taschereau-Dumouchel et al., 2021). An associative version of DecNef has

also been proposed by Amano et al. (2016). There, the objective was to create unconscious
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Figure 2.13: Illustration of a connectome-based NF method used in fMRI NF. A chosen brain parcella-
tion can be used to build a relevant connectivity matrix best matching a predicted behavioral outcome
of interest. This procedure is done from available data prior to NF training and yields a selective edge
mask, which summarizes the relevant targeted brain connectivities. Later, during the NF training, a
real-time connectivity matrix can be built following a similar procedure, after several (1–3) minutes of
acquisition. The available edge mask then enables to translate connectivities of interest into a feedback
value, which can be displayed intermittently to the subject. Note, however, that this type of NF requires
considerable computing resources and has been piloted in this study mainly as a methodological
demonstration. Reprinted from Scheinost et al. (2020), with permission from Elsevier.

associations between a visual stimulus during the induction (classifier training) phase and

the targeted MVPA training pattern. By using this technique, Taschereau-Dumouchel et al.

(2018) have shown that it is possible to pair a monetary reward with unconscious occurrences

of decoded representations of feared animals in the brain. This study provided a first evidence

that a physiological response (in this case, fear) can be unconsciously reduced by combining

hyperalignment decoders with NF, in complete absence of subjects’ awareness.

Recently, a “richer” feedback presentation has been proposed by Russo et al. (2021). Termed

semantic NF, this alternative method differs from previous activity-, connectivity-, and MVPA-

based NF by representing (or mimicking) the mental states of a subject on a two-dimensional

visual semantic map. This form of feedback can be seen for some as an evolution of classical

visual feedback in the forms of a thermometer bar or an expanding disk shape. However, in

addition to the “augmented” visual feedback, several target representations (e.g. mapped brain

representations of certain emotions) are also fed back onto this 2D space, with a semantic

meaning. This can theoretically enable the subject to navigate between different represented

mental states of interest (e.g. angry, sad, happy, . . . ). The underlying (dis)similarities between

evoked brain activity patterns can be computed using representational similarity analysis (RSA,

Kriegeskorte et al. (2008), which has been adapted for real-time purposes) or with features

from prior hyperalignment procedures (e.g. Haxby et al., 2011). The semantic map is then

computed in 2D using a low-dimensional representation (e.g. through multidimensional

scaling) of pairwise dissimilarity values between each target representations. During NF,

online RSA can then inform the subject how close or how far their current mental state is, with
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respect to the previously decoded target representations. While this new approach offers a

more transparent NF training for both the subject and the experimenter (e.g. as compared

to DecNef), its ability to accurately represent unknown mental target states has not yet been

assessed in the clinical setting (e.g. what would be considered a “normal” mental state in

patients with several aberrant connectivity profiles in a given brain disorder?).

We presented an overview of the essential methods used in rt-fMRI NF research to extract

meaningful brain activity patterns for subsequent NF training. Although this is a brief sum-

mary of existing methods, it is worth to mention that while NF has achieved a certain form

of maturity in terms of these methods (efficient scanning designs and advanced feedback

estimation algorithms), it is still a complicated task to practically design and run a rt-fMRI

NF study. The development of automatized pipelines and state-of-the-art user interfaces are

further required to bring rt-fMRI NF into the clinics.

Design of neurofeedback protocols

Real-time fMRI NF publications have increased considerably over the last couple of years

(Watanabe et al., 2017). However, used software, brain target regions, feedback computa-

tion and delivery, training duration and intensiveness, evaluation of outcomes, and even

instructions delivered to participants highly vary between these (Hampson et al., 2021). This

highlights that NF is far from being a standardized field, and new creative applications and

clinical interventions are still arising despite the increasing methodological background in

the field. On the other hand, comparison between different NF studies and replication of

results highly suffer from this heterogeneity in NF protocols. Here, we will describe the main

experimental aspects to consider for a successful set up of a new rt-fMRI NF intervention,

and highlight a few recently established guidelines. Notably, we detail several aspects of the

consensus on the reporting and experimental design of clinical and cognitive-behavioral

NF studies (CRED-nf checklist; Ros et al., 2020), to which we contributed by reviewing and

polishing the manuscript (see also section 1.2).

Although the main question behind every NF study can be initially formulated as “what to

target?” (Hampson et al., 2021), a prior deeper understanding of the neuroscience behind the

targeted brain disorder is of paramount importance to maximize the behavioral or clinical

outcomes of the intervention. Indeed, there are endless possibilities of directly “applying” NF

training as a standardized protocol (see for example Sherwood et al., 2017), but these can only

be of relevance if the underlying neuroscientific hypothesis for positive outcomes after NF

training is well supported. Another concern is that rt-fMRI NF has not yet reached a solid state-

of-the-art consensus on how brain regulation is mediated, to which extent, and for how long

can improvements last (Rance et al., 2018). For these reasons, practical considerations that

follow regarding protocol design for NF studies have to be carefully evaluated on a case-by-case

basis, as no single optimized protocol can exist for any targeted disorder.

NF training protocols all encompass at least the following characteristics: trained neural tar-
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get(s), regulation task (if any), feedback modality, timing, and interfacing, reward (monetary

or other), duration of training and number of sessions, mental practice between sessions,

control group, targeted population, information provided to participants, and primary out-

come measure (Hampson et al., 2021). Assuming that the neural targets are well defined from

previous neuroimaging evidence, one first needs to decide by which means (with which task)

brain activity will be modulated in the desired direction, and whether single brain regions

or connectivity patterns may best be regulated. These decisions are usually also influenced

by practical considerations such as available computing power or scanner time. It is worth

to mention that any additional developments or hardware/software optimizations for a NF

study behind existing capabilities are often extremely time consuming, and require extensive

piloting phases to ensure proper functionality. Researchers are then able to decide whether

implicit or explicit NF training should be implemented. Implicit NF is appealing for interven-

tions in which patients should preferably remain unaware of the task or of brain mechanisms

trained (or both). These can be also include control groups, or tasks for which there is no

clear associated mental strategy (e.g. “noise defocalization” in our study, see section 3.1.4).

Explicit NF on the other hand consists of providing participants with defined cognitive strate-

gies or mental tasks to achieve a goal of interest. In K. D. Young et al. (2017a), for example,

depressive patients were instructed to reminisce of positive autobiographical memories while

attempting to up-regulate amygdala activity during NF, since these mental states are believed

to engage the trained network of interest. Fully implicit NF studies are also advantageous in

minimizing confounds such as placebo effects or demand bias (reporting changes according

to experimenter’s expectations; Hampson et al. (2021)).

While successful NF training has been achieved with as low as one (deBettencourt et al.,

2015; Harmelech et al., 2013) or two (Scheinost et al., 2013a; K. D. Young et al., 2017a) MRI

sessions, it is not clear what an optimal NF training schedule is. Some have repeated training

every few days (Sukhodolsky et al., 2020), while others preferred a weekly basis (Mehler et al.,

2018), to let repeated sessions’ effects sink in. One of the longest study to date used 10 MRI

sessions (Shibata et al., 2011). Basic research in NF is still lacking to answer training schedule

related questions, but it is likely that for some specific interventions, limited training might be

sufficient to induce the sought behavioral changes.

An important aspect of NF protocol design is the proper choice of control conditions, either

at the participant level (control group) or at the feedback level (sham feedback), or both

(Sorger et al., 2019). This aspect, like for any other clinical research intervention, is useful

in controlling for nonspecific training effects and attributing brain activity changes to NF.

However, no perfect control groups or conditions exist, and protocol should optimize between

them and statistically powerful outcomes (see Table 1 in Sorger et al. (2019)). For feasibility

and early-stage studies, often no control condition is used. These offer preliminary insights

into specific applications of NF that could be translated to a wider clinical intervention (such

as Haller et al. (2010) for this work). In terms of control at the feedback level, studies have

implemented a yoked (or sham) (Caria et al., 2010; Lawrence et al., 2014; McCaig et al., 2011;

Papoutsi et al., 2020; Scheinost et al., 2013a; Sherwood et al., 2018, 2019; Sukhodolsky et
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al., 2020; Zotev et al., 2013, 2018) feedback. However, yoked feedback can sometimes be

recognized by self-aware participants and potentially uncover the control condition, as it

consists of providing a control subject with a recorded feedback from a previous subject that

truly underwent NF training. Another possibility is to provide inverted feedback or no feedback

at all, but these options are rarely used in clinical studies, since opposite regulation may result

in unwanted worsening effects, and is most of the time ethically not acceptable. Feedback

from a different brain region can also be used (akin to a control ROI as discussed earlier, but

with a feedback signal computed from it). This, however, involves a substantial added layer of

complexity, since additional evidence for the control ROI’s (absence of) role in the targeted

pathology is necessary. Furthermore, a poorly chosen control ROI can influence regulation

outcomes if an underlying functional connectivity link is present with the true target region(s)

(this was inconveniently shown by Mehler et al. (2018), where both treatment and control

groups managed to up-regulate target regions to a similar extent). Aside from feedback-related

controls, matched control groups can also be used with either no intervention (similar to a

no-feedback condition but without the actual MRI sessions) or standard (e.g. “gold” treatment)

clinical intervention in a comparative way. This kind of control is less specific to NF effects and

usually does not allow to exclude placebo or experimental (the fact of benefiting from a “novel”

intervention compared to an existing treatment) effects — in this case, the goal is shifted to

demonstrating the superiority of a NF intervention as a whole on the existing comparison

group6 (Hampson et al., 2021).

Apart from control conditions, participants randomization also plays an important role in

clinical NF studies. Classical randomization procedures already employed in other clinical

interventions have been transposed to NF. In general, double-blind randomization is preferred

(such as in Guan et al. (2015) and Zweerings et al. (2019)), but this is sometimes difficult

to achieve with complex NF setups or when no additional personnel is available. Another

solution is to use a minimization approach instead, which will attempt to balance patients

according to several important predefined clinical variables of interest. Since recruitment

in clinical rt-fMRI NF studies usually happens progressively (as it is nontrivial to quickly

find eligible patients in some cases), both approaches of participant sorting suffer from the

unavailability of all clinical variables at the same time. On top of that, NF studies are usually

small sampled because of the huge time and financial investment required to run these. A

larger sample will therefore not be justified until some data can demonstrate the promise of a

particular NF intervention (Hampson et al., 2021).

Regarding monetary reward, little evidence is available from actual NF studies to strongly

support its positive effect on learning. A study by Sepulveda et al. (2016) found that providing

explicit motor imagery instructions or a form of monetary reward increased the inter-subject

variability in the supplementary motor area (SMA) throughout the training. However, authors

also suggested that the highest BOLD signal amplitude was measured in the group receiving

the monetary reward for successful regulation. Another study (K. A. Mathiak et al., 2015)

6This is in fact the kind of clinical trial for chronic tinnitus carried out in this work (see chapter 3).
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found that providing a social reward in the form of a gradually smiling avatar increased

targeted activity in the ACC and in reward-related areas as compared to a classical moving

feedback bar. However, a recent study by Guler et al. (2021) also found that activity in ACC was

increased in a group of participants receiving sham feedback as compared to the active group,

although both groups showed activation of reward-related circuits but did not demonstrate

any significant improvement in lateralized motor activity. Providing a social or monetary

reward may therefore bring a small benefit to certain protocols, but it is in general avoided

when clinical populations are targeted, since the intervention in itself might hold a beneficial

expectation for patients’ symptoms, which is most of the time considered as a sufficient

incentive for fully attending NF training. Moreover, it is inherently difficult to create a fair and

reward-matched reimbursement scheme for control subjects.

Achieved control over different brain regions can also be estimated in several ways. A com-

mon way is to include so-called transfer runs towards the end of NF training, which are often

identical to normal NF runs, but without feedback presentation. These serve to assess the

supposedly learned ability of the subject to control their own brain activity in the targeted

NF regions after initial training with feedback. Learning can be assessed by significant im-

provements in regulation success over the training, as measured by a positive slope of change.

When a control (e.g. sham feedback) group is present, it is further meaningful to assess these

outcomes in a differential way, by comparing against the performance in the sham NF group

(Hampson et al., 2021). Because many ways exist to characterize NF training regulation

outcomes, proper performance comparisons between studies remain difficult, even if few

attempts have already been carried out (Dudek et al., 2021; Haugg et al., 2021).

Finally, a valuable and inexpensive addition to any NF clinical protocol is the collection of

follow-up data, at relevant time points after completion of NF training. Up to date, a few

studies have collected such information (Amano et al., 2016; Megumi et al., 2015; Robineau

et al., 2017; Yoo et al., 2007, 2008), with effects persisting from several weeks to many months

after the intervention was delivered. There is therefore some scarce evidence for long-lasting

effects following NF training, but further clinical trials need to incorporate this beneficial

reporting. Indeed, latent adverse effects could also be missed if such data is unavailable.

The heterogeneity in rt-fMRI NF protocols described above led to the development of several

proposed guidelines and recommendations in an effort to increase methodological consis-

tency among studies (Randell et al., 2018; Ros et al., 2020; Stoeckel et al., 2014; Taschereau-

Dumouchel et al., 2021), as well as several frameworks aimed at simplifying answers to com-

plex encountered design issues (R. Lorenz et al., 2016; Ramot et al., 2019; Sorger et al., 2019).

These recent publications reflect the fast-paced evolution of the field, and call for an unifying

methodological reporting to increase reproducibility, by proposing certain (clinical) standards

for NF interventions. This is in fact what led Ros et al. (2020) to propose a first consensus

for reporting in rt-fMRI NF, co-signed by more than 70 active researchers in the field. The

proposed checklist, termed CRED-nf checklist7, highlights essential and recommended re-

7An online version of the CRED-nf checklist is also available.
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porting points for presenting a NF study. The goal of such a reporting procedure is to achieve

a better future consistency in NF literature, and to help to delineate the total effects of NF

training between the following 5 proposed categories: NF specific, NF nonspecific, general

nonspecific, natural, and repetition-related effects. The checklist is further divided into 6 main

parts (pre-experiment, control groups, control measures, feedback specifications, outcome

measures (brain and behavior), and data storage), with several items in each. An example of

such a filled checklist for the clinical trial of this manuscript (NeuroTin, see chapter 3) is also

attached in the appendix (Table A.1).

Challenges

As previously discussed in this section 2.4.2, rt-fMRI NF has matured from first pilot experi-

ments into enlarged clinical trials in less than two decades (Linden et al., 2021). As the field

advanced, criticism and reflection upon poorly controlled experiments rose, notably driven by

previous debate in the EEG NF community (Thibault et al., 2018a, 2017), despite the rejoicing

for the clinical potential of these tools (Thibault et al., 2016a). Many non-academic institutions

also expressed their interest in promoting these technologies (mostly for EEG NG) outside the

rigor of scientific research, by accelerating clinical applications for which little evidence of

NF efficacy exists (Thibault et al., 2018a). This led to a thoughtless enthusiasm regarding the

potential of rt-fMRI NF, further widening the gap between larger clinical interventions using

NF and the existing understanding of basic neuroscientific mechanisms behind NF in the

brain (see subsections 2.4.3 and 2.4.4). This issue, however, does not come as a surprise, given

the increased difficulties in funding more theoretical research in rt-fMRI NF (Hampson et al.,

2021), judged too expensive for the little incremental theoretical benefits that it could provide.

Nevertheless, smaller studies keep contributing to our understanding of best NF paradigms

and training schemes. The significant challenges in the field can therefore be separated

into several categories: theoretical understanding of involved brain mechanisms behind NF

(see subsection 2.4.3), methodological challenges linked to NF protocol design (as described

above), and limitations arising from research fields supporting rt-fMRI NF (MRI research

at higher fields (7 T) (Hutton et al., 2011; van der Zwaag et al., 2009), advances in parallel

computing, MRI-compatible hardware, . . . ). Practical limitations such as available scanner

time, financial resources, and reach out to eligible patients, also contribute to these challenges.

Methodological challenges may however represent the most malleable part, with meta-analytic

studies beginning to emerge (Dudek et al., 2021), despite a lack of standardization in the

field, while theoretical knowledge about NF slowly accumulates. These may pave the way

to more efficient NF training schedules and protocols, bringing us a step closer to optimal

parameters (against currently sufficient ones) for inducing learning in a variety of NF protocols.

In summary, applications in the field should consider study objectives — whether brain-

behavior relationships or clinical benefits are prioritized — and the nature of the targeted

participant population (Hampson et al., 2021). Moreover, ethical considerations arise in

clinical populations for which inverted or sham feedback may worsen outcomes. Indeed,
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control conditions should not be used if a possibly worse behavioral outcome can be obtained

by regulating targets in the brain in an opposite direction. A more expensive and possibly more

ethically acceptable alternative would be to provide real NF training to a sham control group

after the NF study has completed, but even then, participants may for example only succeed

in regulating a brain target in an opposite direction compared to the sought behavioral effect.

Another ethical issue emerges from implicit NF training paradigms aimed at modulating a

brain activity undisclosed to patients (e.g. Taschereau-Dumouchel et al., 2018). Although

this approach may prove to be more efficient for certain brain disorders than its explicit

alternatives, it involves a degree of intervention on patients that goes beyond the standard

informed consent in clinical trials (see also Nakazawa et al., 2016).

2.4.3 The neuroscience of neurofeedback

Unlike other disciplines explicitly involving pathological brain alterations (e.g. tinnitus re-

search, as previously described in subsection 2.3.3), the field of fMRI NF as a whole can not

rely on animal models to understand the underlying brain mechanisms leading to volitional

control of targeted BOLD activity. However, the concept of operant conditioning, first demon-

strated in BMIs and early EEG experiments (e.g. Jasper et al., 1941), has been shown to play

an important role in learning to self-regulate brain activity (Birbaumer et al., 2013). Oper-

ant conditioning, sometimes referred to as instrumental learning, is a form of associative

learning that relies on rewards and/or punishments for behavior. It differs from classical

conditioning (or Pavlovian conditioning) by the fact that it associates behavioral learning

with consequences, as opposed to the association of two unrelated stimuli in the classical

case. Indeed, explicit strategies provided to subjects during NF may not be necessary or even

hinder efficient learning (Kober et al., 2013; Witte et al., 2013). Rather, studies have explored

implicit NF protocols relying on reward during the training process (Bray et al., 2007; Megumi

et al., 2015; Shibata et al., 2011), often, with a monetary incentive (Buyukturkoglu et al., 2015;

Sepulveda et al., 2016).

However, other principles derived from learning theory (classical conditioning, shaping,

placebo, . . . ) are also involved in the general NF experience (Sherlin, 2011), making it difficult

to postulate which of those can best explain NF learning. A few theories possibly explaining

the latter are discussed in Sitaram et al. (2017), including operant learning, motor learning,

dual process theory, awareness theory, global workspace theory, and skill learning. In what

follows, however, our goal is not to extensively discuss these theories (as it would go beyond the

scope of this dissertation), but to provide several insights into the proposed learning models

enabling the induction of plastic changes in the brain, which in turn manifest as behavioral

changes. The idea is that different NF paradigms may recruit different learning mechanisms,

and therefore be related to different learning theories, such as when studying episodic memory

(MacDuffie et al., 2018; MacInnes et al., 2016; Wammes et al., 2021) or emotion and social

neuro-cognition (Dickerson et al., 2021), in which meta-cognition (comparative evaluation

of multiple regulation strategies), a mechanism with temporally different dynamics from
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reinforcement learning, could also explain certain behavioral outcomes linked to NF training.

Proposed learning models

Two models of plasticity have been proposed in association with the majority of fMRI NF

experiments: the targeted neural plasticity (TNP) and the learned modulation (LM) model

(Shibata, 2021). The first model (TNP) only considers NF-driven plasticity occurring in a

targeted brain area. This model implies that fMRI NF training directly results in an experience-

dependent synaptic plasticity at the neuronal level within the target brain area. The LM model,

on the other hand, assumes neural plasticity occurring in other brain areas, but not in the

target area. In the latter, behavioral changes are explained by the modulation of the target

area by other non-trained regions, in which plasticity occurs. While these models may explain

most NF studies, they are not mutually exclusive for a given NF training paradigm (Shibata,

2021).

The TNP model is directly associated with most NF paradigms aiming at modulating a given

(set of) target ROI(s). If activity in the given ROI(s) can indeed be significantly modulated with

NF, and if subjects’ ability to do so is preserved after training (e.g. as evaluated using transfer

runs without feedback presentation), as compared to pre-training, then the occurrence of

some form of learning in subjects can be postulated. Furthermore, the hypothesis of NF-

induced plasticity occurring in the target ROI(s) becomes viable. However, to delineate NF-

induced from other placebo or experimenter effects, a passive post-training condition could

serve as a marker of activity in the target area(s). By comparing the latter with a pre-training

condition unrelated to fMRI NF training, plasticity effects in the target ROI(s) can be assessed

after training. Such an approach was demonstrated in the context of perceptual learning to

dissociate between changes related to a sensory visual representation from those due to an

improved processing of a trained task (i.e. repetition effects) (Shibata et al., 2012, 2016a).

In the LM model, behavioral changes are explained by a learned modulation of other brain

functions (such as attention and imagery, D. Lee et al., 2019) on the target ROI(s), rather than

direct functional changes related to the targeted function itself (Shibata, 2021). An interesting

feature of this model is its resulting (necessary) prediction of functional changes in other brain

areas than those targeted by the fMRI NF training, with several studies reporting such changes

(deCharms et al., 2005; Scheinost et al., 2013a; Yoo et al., 2008). It is likely that subjects thus

learn to modulate other functionally associated areas (e.g. by using meta-cognitive strategy

exploration approaches, see above) to the target ROI(s) to better exert cognitive control on the

latter. This hypothesis can be further verified by studying the functional links (e.g. with FC

approaches) between NF target areas and modulated areas during NF, and with the help of

external FC studies without NF. However, as previously stated, plasticity in the target area(s) can

also drive modulation of these functionally connected non-target areas. More sophisticated

FC methods such as DCM can further delineate the causal relationships between these areas

and provide evidence in favor of either of the two models.
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However, some limitations may arise in interpretation when a TNP model is considered. As

discussed in Watanabe et al. (2017) (and earlier in subsection 2.4.2), most studies using a

form of BOLD signal averaging in the feedback estimation process are unable to delineate

specific patterns of brain activity that would occur in the targeted ROI(s). Moreover, further

analyses beyond NF training data are often necessary to understand if the observed behavioral

outcomes reflect plastic changes in the trained area(s) or in the functional modulation by

other areas, as described above. However, implicit NF studies with successful and robust

behavioral outcomes (such as Amano et al., 2016; Koizumi et al., 2016; Taschereau-Dumouchel

et al., 2018) do not necessarily (need to) answer this question, as long as the sought behavioral

outcomes are met, in which case the fMRI NF training could also be regarded as a purely

clinical intervention. By leveraging MVPA feedback estimation methods (such as decoded

NF (DecNef, see “Neurofeedback methods” under subsection 2.4.2)), Shibata et al. (2011)

showed that the achieved behavioral outcomes (improved sensitivity for a particular target

visual orientation, but not for other orientations) were specifically explained by a TNP model

over a LM model. Authors used an implicit NF paradigm, and conducted a “leak analysis” (see

Shibata (2021) for more details) to show that no other activity patterns in non-target brain

areas were able to predict the likelihood of the target orientation, as computed from patterns

of activity within the target ROI.

In summary, these two proposed models — discussed in much more detail in Shibata (2021) —

are in adequacy with most conventional fMRI NF experiments, and can explain the observed

behavioral outcomes. However, further research is required to understand the underlying

brain mechanisms supporting one or another type of NF-mediated learning, and which

regions of the human brain can be modulated with fMRI NF, to which extent, and with which

approaches (i.e. NF methodologies relying on TNP or LM). For example, authors of Shibata et al.

(2011) acknowledged that their successful manipulation of localized brain activity in the early

visual cortex may be related to the particular neuronal characteristics of this targeted region;

that is, a part of the early visual sensory modality in which activities of targeted neurons are

constrained on a low-dimensional manifold — a particularly suitable architecture for feedback

estimation from a neural network implementation (Blumenfeld et al., 2006). Further design of

NF paradigms will highly benefit from future insights into these questions, especially when

different theoretical learning mechanisms (e.g. operant conditioning) will be linked with more

confidence to achieved results.

Neuroimaging correlates of neurofeedback

A few studies have directly investigated NF-related mechanisms in the human brain (deBet-

tencourt et al., 2019; Direito et al., 2021; Emmert et al., 2016; Guler et al., 2021; Ninaus et al.,

2013; Ramot et al., 2016; Sepulveda et al., 2016; Skottnik et al., 2019). Among these, an interest-

ing (and first) meta-analysis study by Emmert et al. (2016) revealed common NF regulation

correlates across a set of 12 NF studies (B. Berman et al., 2013; B. D. Berman et al., 2012; Brühl

et al., 2014; Emmert et al., 2014b; S. Frank et al., 2012; Haller et al., 2013; Hui et al., 2014;
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Figure 2.14: Neurofeedback correlates in the human brain, as assessed by many neuroimaging studies.
Regions are divided into 3 NF components: NF control (thalamus, dlPFC, PPC, LOC), NF learning (DS),
and NF reward processing (ACC, VS, AIC). These regions have been consistently found to be involved in
these cognitive components in a set of NF studies. ACC: anterior cingulate cortex, DS/VS: dorsal/ventral
striatum, dlPFC: dorsolateral prefrontal cortex, AIC: anterior insular cortex, PPC: posterior parietal
cortex, LOC: lateral occipital cortex. Reprinted by permission from Springer Nature: Nature Reviews |
Neuroscience, Sitaram et al. (2017).

S. Johnston et al., 2011; Paret et al., 2014; Robineau et al., 2014; Sulzer et al., 2013b; Veit et al.,

2012). Across 8 of these studies, two consistently active regions were reported during NF: the

bilateral anterior insula and the basal ganglia. When further extending the field of view with

the 4 remaining studies, authors reported novel activations in posterior ACC, bilateral vlPFC,

an area in bilateral dlPFC extending to the premotor cortex (PMC), a large temporo-parietal

area extending bilaterally, lateral occipital areas (including visual association areas) and the

temporooccipital junction, also bilaterally (Emmert et al., 2016). Additionally, a few areas (PCC,

precuneus, and bilateral transverse temporal area) were found to be generally deactivated

during NF across 8 studies. This meta-analysis was the first to report such extended activations

in the context of general rt-fMRI NF training across different paradigms and targeted brain

regions. It comprised 175 subjects over 889 NF runs8. However, a drawback of this study is the

non-differentiation between successful and unsuccessful NF regulations runs, which may lead

to confounded interpretations. Another limitation arose from the limited field of view across

studies, since some were favoring individual slice positioning to better capture the trained

ROIs, while not necessarily enforcing whole-brain coverage.

Nevertheless, many reported regions have a meaningful interplay with cognitive functions

linked to NF training. Anterior insula (Craig, 2002; Critchley et al., 2004) and basal ganglia

(Schneider et al., 2008) are involved in interoceptive cognitiveand self-awareness processes.

The latter also mediates motivational processing (Arsalidou et al., 2013), as often required

in a variety of NF paradigms, and is implicated in declarative (dorsomedial striatum) and

procedural (dorsoventral striatum) learning. Furthermore, its activation with both the AIC

8Representing a fraction of the data collected in this work (see section 3.4 and Table 3.3).
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and vlPFC may reflect a fronto-basal-ganglia network often activated in cognitive control

tasks (Aron et al., 2014). Integration of (visual) feedback, self-processing, and multisensory

integration of body-related information could also explain temporoparietal activations (Arzy

et al., 2006). Finally, the implication of premotor areas (PMC) and dlPFC is likely to be involved

in imagination of actions and mental imagery during NF (Hanakawa et al., 2003; Lotze et al.,

2006).

Additional evidence for the involvement of AIC, dlPFC, ACC, and PPC during generalized

NF (with visual feedback) is also supported by several other studies (Emmert et al., 2017a;

Gevensleben et al., 2014; Ninaus et al., 2013; Ramot et al., 2016). Murray et al. (2004) have

shown that attention increases neural selectivity in the LOC, which is relatable to the increased

attention to the feedback signal during regulation (Sitaram et al., 2017). Conscious perception

of the feedback signal and its reward are thought to be mediated by the ACC and AIC, which

form part of the salience network (Amiez et al., 2012; Craig, 2009; Gevensleben et al., 2014),

whereas unconscious processing of reward involves the ventral striatum (VS) (Ramot et al.,

2016). Together, these results have been summarized in Figure 2.14. The dorsal striatum (DS)

has been linked to NF learning — and is so far the only region associated here to a NF learning

network, — the ACC, AIC, and VS form a NF reward processing network, and the thalamus,

dlPFC, PPC, and LOC are associated to a NF control network, frequently engaged in general

NF paradigms (Sitaram et al., 2017). It is likely that the knowledge and characterization of

these networks in the NF field evolves in the near future, with studies probing these basic NF

brain mechanisms.

2.4.4 Clinical applications

Real-time fMRI NF has been progressively extended to many clinical applications, sometimes

ahead of preliminary evidence of successful behavioral outcomes or proof-of-concept studies.

Stemming from EEG NF, in which most research findings with behavioral improvements are

likely to involve placebo effects due to poorly controlled studies (Thibault et al., 2015), rt-fMRI

NF brings a new clinical promise for faster achieved regulation of brain hemodynamics than

electrical fluctuations (Thibault et al., 2016b). A systematic review recently performed by

Thibault et al. (2018b) reported the different clinical interventions carried out using rt-fMRI

NF. To provide a better overview, we replicated these in Figure 2.15.

The first successful clinical report of rt-fMRI NF was published by deCharms et al. (2005),

in the context of decreasing subjective perceived chronic pain by learning control over the

ACC activity, even in the subsequent absence of feedback (i.e. transfer runs). However, larger

sample replication attempts have failed to produce similar outcomes (Birbaumer et al., 2013;

Sulzer et al., 2013a), casting doubt on the initially enthusiastic promise of this approach.

However, researchers provided the participants in the control condition with the same mental

strategies as in the veritable feedback group, which may have driven the similar decrease in

pain ratings in both groups (Sulzer et al., 2013a) (this is discussed in more details in Thibault

55



Chapter 2. Background

Figure 2.15: Distribution of participants among the 99 fMRI NF studies reviewed by Thibault et
al. (2018b). While larger clinical trials involving fMRI NF remained (until recently) relatively scarce,
many studies have used the modality with healthy populations to reinforce the understanding of NF
mechanisms in the human brain. Reprinted from Thibault et al. (2018b), with permission from Elsevier
(excerpt minimally modified from Figure 7 of original publication).

et al. (2016b)). Other studies targeting chronic pain with rt-fMRI NF followed (Emmert et al.,

2014b, 2017a; Guan et al., 2015; Rance et al., 2014), with promising but yet low-quality evidence

supporting its use (Patel et al., 2020), akin to a more recent EEG NF study in which similar

benefits were observed in the sham group compared to the true NF group (Ide-Walters et al.,

2021), raising further concern about previous uncontrolled findings in favor of NF alone.

Aside from chronic pain, many recent rt-fMRI NF studies addressed different craving issues.

In particular, nicotine dependence (Canterberry et al., 2013; Hanlon et al., 2013; Hartwell et al.,

2016; D.-Y. Kim et al., 2015; X. Li et al., 2013) has been targeted, yet with various outcomes,

and no reporting of quitting smokers, reduction of daily cigarettes consumption, or change in

Fagerström score (a questionnaire evaluating nicotine dependence) after NF training (Pandria

et al., 2020). Strong associations between mean ACC activity and mean cue craving ratings

were reported in some of these studies (Hanlon et al., 2013; Hartwell et al., 2016; X. Li et al.,

2013). However, no longer-term follow-ups nor comparisons with other treatments or cost

effectiveness of NF have been assessed by these studies (Nolen et al., 2012). Other targeted

dependencies include food craving (and/or in obesity) (S. Frank et al., 2012; Ihssen et al., 2017;

Kohl et al., 2019; Sokunbi, 2018; Spetter et al., 2017) and alcohol use disorder (Karch et al.,

2015, 2021; Kirsch et al., 2016), for which two clinical trial protocols were published (W. M. Cox

et al., 2016; Gerchen et al., 2018). Only preliminary results were presented in a conference

paper for the latter (Halli et al., 2019) (from the clinical protocol of Gerchen et al. (2018)), yet

no further evidence is available from these interventions. Lastly, one study investigated the

effects of rt-fMRI NF training of the dopaminergic mesolimbic reward system (specifically in

the ventral tegmental area (VTA) and substantia nigra (SN)) in cocaine users (Kirschner et al.,

2018). Although there were no differences in the ability to modulate these regions between

cocaine users and healthy controls, the former showed deficits in VTA/SN modulation when

categorization included an absence of presence of severe obsessive-compulsive drug use (see
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Martz et al. (2020) for a more detailed review on rt-fMRI NF interventions associated with

addiction/craving).

Attention deficit hyperactivity disorder (ADHD) is another popular clinical application of

rt-fMRI NF (Alegria et al., 2017; Criaud et al., 2020; Katya et al., 2016; Lam et al., 2020; Rubia

et al., 2019; Zilverstand et al., 2017), especially in younger populations. It is strongly moti-

vated by numerous prime attempts from the EEG NF field (for comprehensive reviews, see

e.g. Sampedro Baena et al. (2021) and Van Doren et al. (2019)), although a recent clinical trial

failed to demonstrate the non-inferiority of a home-based personalized EEG NF-like treatment

over long-acting existing medication for ADHD (methylphenidate) (Purper-Ouakil et al., 2021).

Among rt-fMRI NF studies, Katya et al. (2016) showed that only the active NF group with

feedback from the right inferior frontal cortex maintained improvements in ADHD symptoms

at an average of 11 months follow-up, compared to a control group receiving feedback from

a different region (left parahippocampal gyrus). Moreover, authors reported that only the

active NF group showed a transfer effect in the aforementioned region, and reduced ADHD

symptoms further significantly correlated with the observed brain changes in this region. It

was later proposed that rt-fMRI NF training of this region leads to a strengthening of fronto-

cingulo-striatal networks, coupled with a weakening of FC with posterior DMN regions, and

that these functional changes underlie the observed clinical improvements (Rubia et al., 2019).

Other rt-fMRI NF clinical studies have targeted anxiety (S. J. Johnston et al., 2010; Morgenroth,

2019; Morgenroth et al., 2020; Zilverstand et al., 2015) and related obsessive compulsive

disorder (OCD) (Buyukturkoglu et al., 2015; Scheinost et al., 2013a; Scheinost et al., 2014),

aphasia (Sreedharan et al., 2019, 2020) or motor deficits in stroke patients (Bezmaternykh et al.,

2021; Chiew et al., 2012; Liew et al., 2016; Lioi et al., 2021; Sitaram et al., 2011; B. M. Young et al.,

2014), spatial (hemi)neglect following stroke (Robineau et al., 2019; Saj et al., 2021), autistic

disorder (Caria et al., 2015; Ramot et al., 2017), borderline personality disorder (Paret et al.,

2016a; Zaehringer et al., 2019), major depressive disorder (Hamilton et al., 2016; Jaeckle et al.,

2019; Linden et al., 2012; MacDuffie et al., 2018; Mehler et al., 2018; Peciña et al., 2018; K. D.

Young et al., 2014, 2017a,b, 2018; Yuan et al., 2014) — with, in particular, a very recent spike of

contributions in this field with more advanced NF paradigms or simultaneous EEG-fMRI NF

setups (Keller et al., 2021; K. Mathiak et al., 2021; Mennen et al., 2021; Quevedo et al., 2019;

Tsuchiyagaito et al., 2021; Zahn et al., 2019; Zotev et al., 2020a,b), — language processing

(Rota et al., 2009), psychopathy (Sitaram et al., 2014) and psychiatric history effects on NF

regulation (Skouras et al., 2019), post-traumatic stress disorder (PTSD) (Misaki et al., 2021;

Zotev et al., 2018; Zweerings et al., 2020, 2021), schizophrenia (Humpston et al., 2020; Orlov

et al., 2018; Ruiz et al., 2013), and working memory performance (Sherwood et al., 2016; Zhang

et al., 2013, 2015). Several considerations of rt-fMRI NF for Tourette syndrome (Coffey, 2020;

Farkas et al., 2015) and multiple sclerosis (Ayache et al., 2021) have been proposed, but only

one clinical trial attempted to reduce tics in adolescents with the syndrome by targeting the

SMA (Sukhodolsky et al., 2020). Although participants had a greater reduction of associated

tics in the NF group compared to the control (sham feedback) group, no effects were found in

terms of change in control over the SMA.
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A last distinct group of rt-fMRI NF clinical interventions includes neurodegenerative disor-

ders. This particular class of brain diseases slightly differs from previously described clinical

applications in the sense that maladaptive brain activity (or connectivity) in these cases is

accompanied by biological mechanisms further impairing cognitive abilities. Attempts of rt-

fMRI NF have thus been carried out in mild cognitive impairment or (prodromal) Alzheimer’s

disease (Hohenfeld et al., 2017; Skouras et al., 2020), Parkinson’s disease (Buyukturkoglu et al.,

2013; Fukuma et al., 2018; Subramanian et al., 2011, 2016; Tinaz et al., 2018), and Huntington’s

disease (Papoutsi et al., 2018, 2020). However, no robust evidence of substantial clinical ben-

efits was found in any of these interventions, leaving unanswered the question of whether

(rf-fMRI) NF can help to reverse any progressing neurodegenerative mechanisms (for a more

detailed review of clinical applications of rt-fMRI NF, see Tursic et al., 2020).

2.4.5 Neurofeedback for tinnitus

In this subsection, we detail clinical applications of NF to (chronic) tinnitus, by merging

the both fields presented in this chapter (tinnitus in section 2.3 and NF in section 2.4). As

for the many clinical applications of rt-fMRI NF detailed in the previous subsection 2.4.4,

neuromodulation of tinnitus with NF was first investigated with EEG. Neuroimaging (and

electrophysiological) correlates of tinnitus were previously described in subsection 2.3.3.

EEG neurofeedback for tinnitus

One of the first studies to target tinnitus with EEG NF was carried out in 2001 by Gosepath

et al. (2001). In this study, 40 chronic tinnitus participants underwent 15 sessions of alpha

band (α, 8–13 Hz) up-regulation (↑) alongside with beta (β, 14–30 Hz) down-regulation (↓) NF

training. A control group of 15 subjects underwent the same training but without feedback.

While the latter did not show any changes in α or β activity, 24 participants of the NF group

could successfully up-regulate their α activity, and 16 could exclusively down-regulate β. All

participants also reported to be less disturbed by their tinnitus after the training, and all TQ

(G. Goebel et al., 1994) scores decreased. This set a first hope for using EEG NF to tackle

persisting tinnitus symptoms. Later in 2005, Schenk et al. (2005) aimed at replicating these

results. In this new study, chronic tinnitus patients first underwent a stress test with EEG

recordings. According to the test (and difference of EEG amplitudes at baseline), patients

were then assigned into the same two groups as in Gosepath et al. (2001). 23 patients with a

decreasedα activity under stress were thus asked to up-regulate theirα band (8–13 Hz), and 13

patients were selected for theβ down-regulation group (also 14–30 Hz). 4 patients were left out

in a mixed group (both ↑α and ↓β) due to inconclusive EEG observations from the stress test.

Patients in the α group managed to increase their amount of α oscillations, while patients of

the second group could not down-regulate β. However, these showed an unexpected increase

in α activity, although this was not targeted by the feedback. TQ scores also decreased for both

groups (the third group of 4 patients was not analyzed). Aside from specific frequency bands,

an early case study was also reported by Weiler et al. (2002), in which z-score NF training was
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used in one chronic tinnitus patient. The approach consisted of comparing their EEG activity

to 20 control subjects in several frequency bands. Authors found decreased α, β, delta (δ), and

theta (θ) activities in this patient, and feedback was therefore based on the up-regulation of

these bands. The patient later reported a reduction in the frequency of occurrence of their

tinnitus, as well as a normalization of anxiety and depressive symptoms. These studies remain

first attempts of addressing chronic tinnitus with EEG NF, although unspecific effects of NF

training may have played a big role (Güntensperger et al., 2017) given the generalized clinical

improvements (as measured by TQ) reported regardless of NF regulation success.

Later in 2007, following the proposal of an oscillatory model of tinnitus (Weisz et al., 2007a),

Dohrmann et al. (2007a,b) adapted their NF protocol to target an increase of α and a decrease

of delta (δ) frequency bands in tinnitus subjects, during 10 NF sessions. A total of 21 patients

were distributed into 3 groups: ↑α ↓ δ (n = 11), ↑α (n = 5), and ↓ δ (n = 5). A group (n = 10)

performing frequency discrimination training was used as control. Authors found an increased

ratio of α over δ activity over (targeted) temporal auditory regions for the 3 groups. Moreover,

tinnitus distress and loudness reduced in all of the NF groups, with stronger reductions

observed in the first group (↑α ↓ δ). Notably, beneficial effects on tinnitus distress were still

present 6 months after the end of NF training. No effects were reported for the control group.

In 2011, Crocetti et al. (2011) attempted to reproduce these results in a group of 15 chronic

tinnitus sufferers with normal hearing (with no control group, however) in 12 NF sessions

(↑ α ↓ δ, with α in 8–12 Hz (referred to as tau rhythm) and δ in 3–4 Hz). Although not all

participants were able to successfully modulate the α/δ ratio, an up-regulation trend was

found. Additionally, THI scores indicated significant improvements for both loudness and

distress, which were also maintained after the end of the NF training.

These two studies, however, used only 4 localized electrodes (Fc1, Fc2, F3, F4) as NF sources.

This approach could not ensure that the captured feedback signal indeed stemmed from the

auditory cortex, due to the nature of EEG (see section 2.1; Güntensperger et al., 2017). In order

to address this point, Hartmann et al. (2013) used a 32-channel EEG system and projected

the recorded activity on 8 dipole-sources. Two of these were located in the temporal cortex,

capturing auditory information. Eight tinnitus subjects trained to up-regulate α power from

these sources during 10 NF sessions, and nine tinnitus subjects were assigned to an equivalent

rTMS intervention as a control group. Interestingly, authors only reported decreased tinnitus

distress (as measured by the TQ) in the NF group, but not in the rTMS group. Furthermore,

resting-state activity measured with MEG over the primary auditory cortex before and after

NF training revealed an increased α activity post-training. This study was therefore the first

to demonstrate focal enhancement of α activity in tinnitus patients using EEG NF — an

important proof-of-concept of the induction of neuronal effects with NF interventions in

tinnitus.
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Chapter 2. Background

fMRI neurofeedback for tinnitus

The transition from EEG NF to fMRI NF also took place to some extent in chronic tinnitus,

even if lots of studies today are still using the former for its simplicity, accessibility, and much

lower costs. Only a very few studies have investigated either tinnitus or modulation of auditory

cortical activity with rt-fMRI NF (Emmert et al., 2017b; Haller et al., 2010, 2013; Sherwood

et al., 2018, 2019; Yoo et al., 2006), as well as one previous doctoral work (Sherwood, 2017).

The early study by Yoo et al. (2006), interestingly, was carried out during a similar time as

first proof-of-concept experimental works regarding the use of fMRI NF for brain regulation

(Birbaumer et al., 2013; deCharms et al., 2004). In this work, authors showed that a small group

of healthy participants was able to up-regulate the activity in their auditory cortex through

intermittent auditory (computer-generated voice) feedback, as compared to participants

in a control group without feedback (Yoo et al., 2006). Although it can be debated whether

the increased activations are only driven by increased attention to auditory stimuli (i.e. and

that learning did not really occur), this study was the first to demonstrate that this kind of

modulation was (to some extent) possible in the auditory cortex.

The study by Sherwood et al. (2019) (seemingly a refined version of previous work, Sherwood

et al., 2018) focused on auditory down-regulation. Authors showed that a group of healthy

participants was able to down-regulate A1 across 5 fMRI NF sessions. Subjects were split into

2 groups, 18 receiving true visual feedback, and 9 receiving sham. Each fMRI NF session was

composed of one auditory (localizer) run, followed by 2 NF runs. During NF, subjects received

additional binaural white noise stimulation at 90 dB. They were instructed to watch the visual

feedback bar, and reduce it by decreasing A1 activation during “lower” trials, as opposed to

“rest” blocks. Authors found that subjects receiving true feedback were able to volitionally

down-regulate A1, and that the deactivation ability increased across NF training in this group.

Subjects reported the use of mindfulness and directed attention strategies to perform the

task. However, a drawback of this study, despite the inclusion of the sham control group, is

the impossibility to attribute the observed effects to actual learning. For instance, authors

report that the most successful participants reported focusing on breathing during “lower” NF

trials. Therefore, in the absence of a control region (no differential feedback), it is possible

that increasing deactivations are due to nonspecific global BOLD regulation effects rather

than localized modulation in the auditory cortex. Nevertheless, this study adds an important

contribution to the field, since it demonstrates that healthy volunteers are able to modulate

auditory cortex activity with directed attention strategies — an encouraging claim for tinnitus

patients.

The remaining set of studies by Emmert et al. (2017b) and Haller et al. (2010, 2013) directly

precedes the current clinical study (NeuroTin — see next chapter 3). In the first work of Haller

et al. (2010), a small sample of 5 out of 6 chronic tinnitus sufferers managed to down-regulate

broad auditory cortex activity over 4 short NF sessions of 4 min 24 s each. On the behavioral

level, 2 subjects reported a mild improvement and 4 no change in tinnitus symptoms after
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2.4 Neurofeedback

fMRI NF training. Broad deactivations were found in bilateral auditory areas, in the DMN (PFC,

precuneus, and inferior parietal lobe), and increasing activations in bilateral insula extending

to the bilateral vlPFC and right dlPFC. In Emmert et al. (2017b), a similar paradigm was used to

highlight that continuously delivered feedback may be more advantageous and more relaxing

for longer-term down-regulation in tinnitus subjects than its intermittent alternative, and that

down-regulation might be more pronounced in parts of the secondary rather than the A1.

In the present dissertation, we built upon these previous studies by investigating the effects

of prolonged NF down-regulation training of bilateral auditory cortex in a larger sample of

chronic tinnitus patients. We tried to leverage suggestions from previous dissertation works in

the field (Emmert, 2016; Güntensperger, 2018; Malekshahi, 2021; Sherwood, 2017; Wise, 2012)

to optimize our fMRI NF and EEG NF training paradigms. The fMRI NF part of our clinical trial

(NeuroTin) is presented in the next chapter, together with brief summaries of methodologies

from CBT and EEG NF groups.
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3 NeuroTin: a clinical trial on neuro-
feedback vs CBT for chronic tinnitus

This chapter introduces NeuroTin, a prospective clinical trial on chronic tinnitus kindly sup-

ported by the Wyss Center at Campus Biotech in Geneva, Switzerland. NeuroTin was initially

an international and multicentric initiative, and is composed of three independent research

arms. By evaluating physiological regulation of chronic tinnitus using EEG and fMRI neu-

rofeedback, the primary clinical outcome is to assess whether neurofeedback groups can

outperform standard group CBT in terms of tinnitus distress reduction, as measured by the

Tinnitus Handicap Inventory (THI). The study design, methodology, and protocol for each

group are further detailed in this chapter, with a central focus on the fMRI group. Its rt-fMRI

neurofeedback setup, piloting, and software development contributions are presented. We

conclude the chapter with a summary of the large clinical and neuroimaging data acquired

during the last three to four years.
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Chapter 3. NeuroTin: a clinical trial on neurofeedback vs CBT for chronic tinnitus

3.1 Study design

In the previous section, we introduced the latest NF approaches that have been used to

study chronic tinnitus. While most have focused on EEG NF, our clinical trial NeuroTin aims

to regroup these approaches to explore extensively the effects of long-term NF training for

chronic tinnitus sufferers, in comparison to group CBT. Details of the clinical trial are presented

in this section.

3.1.1 Overview

The present prospective clinical trial aims to characterize the reduction of chronic, continuous,

non-pulsatile, and debilitating tinnitus in patients by comparing NF to the standard CBT. CBT

is currently considered to be the most widespread and evidence-based option for treating

tinnitus. Its aim is to reduce tinnitus psychological burden and associated stress, but it is far

from a cure (Cima et al., 2014). Therefore, a search for better therapeutic options is necessary.

Our hypothesis is that NF approaches can outperform CBT in the physiological reduction of

tinnitus distress. More precisely, we aim to assess tinnitus distress reduction using the THI

questionnaire (Newman et al., 1996, 1998) as a primary clinical outcome and compare the

results between the EEG and fMRI NF groups and the CBT group. Secondary clinical outcomes

include the characterization of tinnitus after training with respect to other facets of its distress:

quality of sleep, as measured by the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989),

associated depressive symptoms using Beck’s Depression Inventory (second edition, BDI;

Beck et al., 1996), anxiety, with the State-Trait Anxiety Inventory (STAI; Spielberger, 2010),

and general well-being alterations as captured by the World Health Organization Disability

Assessment Schedule 2.0 (WHODAS; Üstün, 2010). The latter measures levels of functioning

in six different domains of life: cognition, mobility, self-care, interaction with other people, life

activities (domestic responsibilities, leisure, work and school), and participation in community

activities and society. Due to the many associated comorbidities that can accompany chronic

tinnitus, secondary outcomes offer a way to further evaluate the impact of extended NF

training on our population sample.

As detailed in the previous section for pilot studies, the rationale of this clinical trial is to

target the probable pathological activity in the primary auditory cortex in chronic tinnitus

sufferers. It is hypothesized that by precisely targeting this hyperactivity through NF, its

voluntary reduction may alleviate tinnitus symptoms. In a preceding pilot study, Haller et al.

(2010) have shown that voluntary control over the auditory cortex can be learned through

rt-fMRI NF. In contrast to neuromodulation techniques such as TMS, the learned modification

of brain activity is self-regulated rather than externally induced, and may persist longer over

time. Similar arguments may apply to a learned increase of α activity in EEG. As a secondary

objective, we wanted to evaluate whether measured subjective tinnitus improvement or lack

thereof follows the achieved physiological learning trend, if any, namely BOLD reduction in

fMRI NF and α increase in EEG NF in the primary and secondary auditory cortex.
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3.1 Study design

NeuroTin is based upon two previous research projects: one using EEG NF at the Tübingen

University Hospital in Tübingen, Germany, in 2014, and another using fMRI NF in Geneva,

Switzerland, between 2013 and 2016. The first project investigated training inhibition of

the central auditory system using EEG-α NF, comparing to CBT. The second project was

termed “Amélioration du neurofeedback par connectivité en temps réel évaluée par imagerie

par résonance magnétique fonctionnelle pour les patients acouphènes”1. Since investigators

from both sites shared a common interest in understanding tinnitus mechanisms, the new

research protocol aimed at encompassing common assessment methods and experimental

endpoint measures, as based on the international consensus on tinnitus research from 2006

(Langguth et al., 2007a). This gave rise to our multicentric and international collaboration

NeuroTin, which obtained the ethical approval from the Swiss authorities (“Commission

Cantonale d’éthique de la recherche Genève (CCER)”) on the 20th of July 2017 (BASEC ID:

2017-008132). NeuroTin was picked as a short name for “Physiological regulation of chronic

tinnitus” and the clinical trial is supported by the Wyss Center for Bio and Neuroengineering,

at Campus Biotech, in Geneva, Switzerland. Initially combining two arms per research site

(EEG NF and CBT in Tübingen, Germany, and fMRI NF and CBT in Geneva, Switzerland), the

study evolved over time, and with unfortunate circumstances, later became monocentric in

Geneva, following the cease of research activities related to the project in Tübingen. These

unforeseen changes have created substantial alterations and delays in the trial. However, the

EEG NF arm could then be successfully deployed (June 2020) in Geneva, leading to a more

close collaboration between all partners (namely Ecole Polytechnique Fédérale de Lausanne

(EPFL), Geneva University Hospital (HUG), and the Wyss Center for Bio and Neuroengineering).

Details of the protocol are described in the next section.

3.1.2 Protocol

The first goal of this project is to show a significant reduction of subjective tinnitus after inno-

vative rehabilitation training. To do so, we assess subjective tinnitus intensity before and after

long-term training in 3 comparable participant groups with chronic, severe tinnitus. Then,

the independent efficiency of NF rehabilitation training with EEG or fMRI will be compared

to the reference standard care CBT group. The recruitment and sorting of participants into

the 3 clinically matching experimental groups using a minimization method (Taves, 1974)

are detailed in subsection 3.1.3. Enrollment into the study is based on clear inclusion and

exclusion criteria that are evaluated by a board certified otorhinolaryngologist (ENT) at the

Geneva University Hospital (HUG). Prior to enrollment, a written informed consent is ob-

tained from all participants, specifying the exclusion of any invasive intervention. The enrolled

participants are also eligible for travel fee reimbursement upon request.

1“Evaluation of fMRI use at increasing real-time connectivity neurofeedback in tinnitus patients”.
2Swiss ethics registry for NeuroTin can be viewed here, by searching for the mentioned BASEC ID.
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Figure 3.1: NeuroTin clinical trial design. Screening was done through controlled advertisement in
the public domain in Geneva and at the Geneva University Hospital (HUG) by qualified clinicians. All
enrolled participants attended a baseline visit at the hospital, during which clinical questionnaires (THI,
STAI, PSQI, WHODAS, and BDI) were filled and audiological tests performed. They were then randomly
assigned into one of the 3 experimental groups (CBT, EEG NF, or fMRI NF). Up to 2 weeks before the
first experimental visit, participants were once again asked to fill the main clinical questionnaire (THI)
during the pre-assessment visit. The same clinical assessments, as well as audiological tests, were
also performed 2 to 4 weeks (early) and 6 months (late) after the end of the last experimental visit.
Long-term follow-ups (only clinical questionnaires) were completed online by participants every ∼4.5
months after the late post-assessment.

Schedule and experimental visits

Patients interested in the study are screened at the University Hospital of Geneva, where they

receive ample information about our research protocol. Participants willing to take part in

the clinical trial follow the protocol as schematized in Figure 3.1, after signing the informed

consent form. Within one to two months after enrollment, participants are invited for a

baseline evaluation visit at the hospital, during which inclusion and exclusion criteria (see

subsection 3.1.3) are confirmed. Demographic information, audiological testing including

audiometry, tinnitometry and tympanometry, and clinical quality of life questionnaires (THI,

BDI, STAI, PSQI, WHODAS) are collected during this visit. Furthermore, to exclude any central

nervous system (CNS) lesions, an anatomical MRI is prescribed for participants if no previous

(≤ 12 months) imaging data is available. After the baseline visit, the participant is sent home

and assignment into one of the 3 experimental groups is handled to ensure matching groups

respective to the collected tinnitus and demographic characteristics (see subsection 3.1.3 for

details). Once the participant is assigned to an experimental group, a series of assessments

becomes available on an online platform3, which regroups all the clinical data from the study,

and can handle access accounts for our participants. The pre-assessment, that includes the

THI questionnaire, is necessary 3 weeks after the baseline visit if experimental visits have not

started by then. In most cases, anatomical MRI is not yet available, so the pre-assessment has

to be filled. Overall, it gives another measure of the THI after the baseline visit.

3http://www.neurotin.org.
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3.1 Study design

The participant is then informed of his randomization result, which is sometimes a crucial

point for drop-out, since some participants may have formed a biased expectation for group

assignment. He/she is then invited for the first experimental visit of his/her group, which

cannot start later than 4 months after baseline. As much as possible, weekly visits are then

planned, with a maximum theoretical training time of 4 months, and at most 3 visits per week.

The number of visits was debated during the initial stage of the protocol and an agreement

on 15 visits for NF groups (EEG and fMRI) was reached. Indeed, most NF studies in the

literature have a shorter NF training time, and one of the particularities of NeuroTin is to

assess longer-term NF training effects. The number of visits needed for a given paradigm is

a matter of debate in the field, especially that it highly differs between EEG NF and fMRI NF

approaches (Thibault et al., 2018b). However, for group CBT, a standard care paradigm could

be adapted to 10 visits. Usually, CBT for tinnitus is a structured and time-limited psychological

therapy lasting between 8 and 24 weekly sessions (Martinez-Devesa et al., 2010). Detailed

interventions of each group are described in the next paragraphs, with a core focus on the

fMRI NF group, center to this manuscript.

Within 4 weeks after completing the training (15 EEG NF or fMRI NF visits, or 10 group CBT

visits), the participant takes part in an early post-assessment visit at the hospital, during which

the 5 same clinical questionnaires are completed, as well as audiometry and tinnitometry

reassessed. This is the first post-assessment evaluation, which enables to directly uncover

the immediate effects after training. The second, late post-assessment visit, is scheduled

around 4.5 (±1.5) months after the end of the last experimental visit (in practice, this delay

was closer to ∼6 months). The same clinical questionnaires and audiological tests are then

performed once again. The late post-assessment marks the end of the main research with the

participant. After that, long-term follow-ups are planned on the same online clinical platform,

which involves filling up the THI questionnaire, with no in-person visit at the hospital. These

long-term follow-ups start 9 months after the last experimental visit (i.e. ∼4.5 months after the

late post-assessment visit) and reminders are sent by email every 4.5 (±1.5) months after, until

the clinical trial ends and for a maximum period of 5 years. In some cases, participants were

directly contacted by phone to overcome the usual difficulties in staying in touch, with was

further challenged by the coinciding pandemic context overlapping with our clinical timeline.

Cognitive behavioral therapy group

Participants of the CBT group undergo a series of training visits that encompass different

themes in relation to tinnitus distress management. CBT was proven to be generally well

received by patients and is a cost-effective approach for reducing the impact of tinnitus on

quality of life (Maes et al., 2014). In this study, an adapted protocol with 10 weekly group CBT

visits was elaborated by our clinicians and collaborators at HUG. Its contents are summarized

in Table 3.1. In practice, every session begins with a form of guided relaxation for ∼15 min. It is

followed by a review of homework (previously assigned exercises), involving inter-participant

discussion and the exchange of previous strategies used for these exercises. Then, the actual
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Chapter 3. NeuroTin: a clinical trial on neurofeedback vs CBT for chronic tinnitus

Visit Theme Contents

1 Psychoeducation Introduction and presentation of the sessions
Anatomy of the ear
What causes tinnitus?
Hearing loss, noise exposure
Hearing loss and tinnitus
Mood and tinnitus: depression and anxiety
CBT and tinnitus

2 Relaxation Stress and tinnitus
Tips for reducing stress
Progressive muscle relaxation (Jacobson)
Autogenic training (Schultz)
Breathing and relaxation
Mindfulness
Practical exercise

3 Thoughts and emotions Changing thoughts about tinnitus
Thinking about tinnitus
Automatic thoughts
Impact of emotions
The ABC model (Ellis): activating event,
beliefs, consequences

4 Beliefs Observing beliefs about tinnitus
Thinking in a logical manner
Challenging illogical thoughts
Managing negative thoughts

5 Defocalization Reducing your attention to the tinnitus
Source of defocalization
Exercises of defocalization

6 Sleep Normal sleep
States and stages of sleep during a typical night
The effects of tinnitus on sleep
Managing sleep difficulties

7 Loudness recruitment, Loudness recruitment
hyperacusis, Hyperacusis
and phonophobia Phonophobia

Sound sensitivity and tinnitus
Management of sound sensitivity

8 Concentration Concentration
The effects of tinnitus on concentration
Tips to improve concentration

9 Prevention of relapse How to prevent relapse?
Impact of anxiety, depression and sleep on relapse

10 End and questions Questions
Feedback

Table 3.1: Schedule of the group cognitive behavioral therapy (CBT) arm of NeuroTin. Every CBT
group is scheduled for 10 consecutive weeks, consisting of weekly 120 min sessions. Group sizes
were planned to be of maximum 10 participants. An important part of the intervention consists of
sharing experiences, discussing individual coping strategies, and demonstrating exercises. To facilitate
understanding and practice, participants are encouraged to complete homework assignments. The
sessions are conducted by experimented clinicians at the Geneva University Hospital (HUG).
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3.1 Study design

contents of the day (see Table 3.1) are discussed in details, after which new homework is

assigned. The session is concluded by another few minutes of exercises depending on the

remaining time. During the first session (“Psychoeducation”), the trainer presents him/herself,

followed by the participants, that outline their history of tinnitus and its current impact on

their everyday life, before sharing their expectations from the group therapy. The trainer

also briefly explains the Jastreboff neurophysiological model of tinnitus (Jastreboff, 1990;

Jastreboff et al., 2009), in order to emphasize how a subconscious conditioned response may

arise following tinnitus onset. This model differs from psychological models by assigning

more importance to subconscious processing of auditory information rather than conscious

evaluation of the symptom (Baguley et al., 2013b). In following sessions, all relevant aspects of

tinnitus are covered (causes, relaxation, thoughts and emotions, beliefs, defocalization, sleep,

hyperacusis, mood and tinnitus, and prevention of relapse). The emphasis is given on methods

for increasing acceptance of distressing thoughts, bodily sensations, and emotions related to

the distress. Currently, several subgroups have finished CBT training, totaling 15 participants

at late post-assessment. Their data was retained for clinical outcomes later compared in this

manuscript. A final CBT group is scheduled for early 2022.

EEG neurofeedback group

Participants of the EEG NF group were invited for 15 sessions of EEG NF. During the first

session, extended information was provided about the goal of the training. Namely, par-

ticipants were instructed to learn to up-regulate a bidirectional horizontal moving bar, on

which the α/δ waves ratio weighted from the auditory cortex was mapped. The horizontal

bar was centered in the middle of the screen, extending bidirectionally and symmetrically to

the left and right. Participants were not informed of feedback computation details, but were

suggested to use defocalization strategies from the past or to attempt new ones. The overall

NF setup needed to resemble as much as possible to its fMRI NF counterpart, to minimize

NF-unrelated variability effects between groups. This was only possible to a certain extent,

as the modalities greatly differ in the underlying dynamics. For example, the feedback bar

direction (horizontal, bidirectional in EEG NF and vertical, unidirectional in fMRI NF) was

adapted to minimize artifacts in respective modalities (highly artifactual vertical compared to

horizontal eyes motion in EEG and more sensitive yaw than pitch head motion in fMRI).

A short technical summary of the setup is provided here. The EEG NF group data collection

is currently still ongoing and therefore, EEG clinical and NF outcomes are unfortunately not

discussed in this manuscript. The EEG NF setup consists of an eego™ mylab system from

ANT Neuro4 with 64 EEG and 2 auxiliary channels (one capturing the electrooculogram (EOG)

blink or vertical eye movements, and one recording electrocardiogram (ECG)). The auxiliary

recordings are used for denoising during offline post hoc analysis. An amplifier is used for

data transfer, connected via USB to an acquisition laptop. These devices all run on battery, to

exclude background electrical grid artifacts on the EEG signals, and were extensively tested

4https://www.ant-neuro.com/products/eego-mylab.
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Figure 3.2: Illustration of a calibration result prior to an EEG NF session of a given participant.
Averaged responses from all 64 EEG channels (none was flagged as bad) are shown for 74 epochs of
auditory stimulation (one was dropped). The global field power (GFP) analysis permits to precisely
time the N1-P2 complex peak response. Note that the exact timing of the peaks is not relevant in this
calibration process, since the method allows to map them with enough accuracy. Sensor topographies
are illustrated for all channels (for further inspection during the real-time session), as well as their
projections as topographic maps (at N1 and P2 timings, and the overall final weighting for subsequent
NF).

α Power # Rejected Channels

δ Power

α/δ Ratio

µV
2

0.0

0

10

6
10

20

30

40

50

60

2

4

6

8

0.1

0.2

0.3

0.05

0.15

0.2

0.0
16 s 8 s

µV
2

Rest 

Regulation 

M1: 1699
F4: 35
FT8: 24
FT7: 14

M2: 1692
FC6: 34
F3: 21
F1: 10

P7: 97
F2: 28

TP7: 20
CP5: 9

AF4: 45
FCz: 28
T8: 14
F7: 7

F8: 44
P4: 24
O2: 14
AF3: 7

16 s 8 s

Figure 3.3: Example of an online EEG NF run. The interface shows α and δ power as well as their ratio,
which is then mapped to the horizontal feedback bar. A dynamic range (black dots) is continuously
estimated in the ratio plot for mapping the maximum of the feedback. After an initial rest, NF periods
of 16 s alternate with 8 s rest. An additional filtering at the channel level (rejection criteria) permits
to see the number of rejected channels during the NF run. Topology of the most rejected ones is also
displayed, which allows to monitor the quality of acquisition in real-time. In this example, the number
of rejected channels remains low during the whole run (except for the 2 mastoid electrodes M1 and
M2), and the participant manages to up-regulate the α/δ ratio during NF epochs (visible blue spikes in
the ratio plot).
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in pilot experiments. Data is further streamed from the laptop to a Windows desktop PC

via a lab streaming layer (LSL, using brain streaming layer tools5, an open-source Python

package for streaming brain signals in real-time). The desktop PC analyzes the data, computes

the visual feedback, and tags the EEG signal with events delivered through the line print

terminal (LPT) trigger port of the amplifier using an Arduino USB/LPT converter. The system

was optimized during piloting for a latency below 20 ms for accurate feedback presentation.

Each session starts with a short minimum masking level (MML) auditory test, followed by

a calibration recording, necessary to further define electrode weights for online NF. During

sessions 2, 5, 10, and 15, the calibration recording is followed by a 2 min resting-state EEG,

eyes open. Following that, the NF session starts with 6 runs during visit 2 to 15, and 5 runs

for the first visit, during which some time is dedicated to familiarization for the participant

and explanations. Transfer runs, during which there is no horizontal regulation bar, appear

progressively after visit 9. During visit 10 and 11, 2 of the NF runs are replaced by transfer runs,

whereas during visits 12 to 15, 4 NF runs become transfer ones, leaving more opportunities

for participants to attempt to reproduce their learned strategies without feedback. Each run

lasts about ∼4 min, with 10 blocks of ∼16 s of regulation each. In between those, resting

blocks of ∼8 s are incorporated. After each regulation block, a summary score quantifying the

difference between regulation and preceding rest is shown to the participant, analogous to

a reward presentation. The score remains shown during transfer runs, still providing a form

of intermittent feedback. Regarding the calibration, it is split in 2 parts. First, a blink task

requires the participant to continuously blink during 60 s while focusing his/her gaze on a

fixation cross at the center of the screen. The goal is to properly characterize blink artifacts

by creating epochs around them and computing projectors for online correction. Second, an

auditory stimulation passive task (0.8 s stimulation, 1 s rest) is performed, with 3×25 blocks

for a total of 75 epochs used to detect the N1-P2 evoked auditory response, in order to weight

channels receiving more signal from the auditory cortex (Figure 3.2). The N1-P2 complex is

usually measured within 100-200 ms of latency and represents an interesting auditory-evoked

potential (AEP), since it reflects conscious detection of any detectable subjective change in

any dimension of the auditory environment (Hyde, 1997). Therefore, it is used here as a proxy

for evaluating the most interesting channels for subsequent weighting in the computation of

the α/δ ratio during NF. An example of online NF run is shown in Figure 3.3.

fMRI neurofeedback group

During the first visit for the fMRI NF group, a long briefing and discussion on all possible

remaining doubts about MRI in general took place for all participants. They were extensively

informed about the non-invasive modality, and were then required to sign the security form of

the MRI facility at each visit. Before entering the scanner for their NF training session, partici-

pants had to fill a behavioral experimental questionnaire (for details, refer to “Instructions to

participants” under subsection 3.1.4). The questionnaire spans different quality of life aspects

with respect to tinnitus, but mainly concerns NF subjective performance evaluation, and splits

5https://bsl-tools.github.io.
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Transfer run

Auditory loc. (5.5')

Field map (2')

Resting-state (8')

Anatomical (~5')

Visit 1

DWI (3.5')

Tinnitus loc. (5.5')

NF (6 or 7 x 6.5')

Field map (2')

Resting-state (8')

Anatomical (~5')

Visits 2-15

Visits 2-4, 6, 9

NF (6 or 7 x 6.5') NF (6 or 7 x 6.5')

Visits 5, 7, 8, 10-13

Auditory loc. (5.5')

NF (6 or 7 x 6.5')

Visits 5, 10

Visits 14, 15

Auditory loc. (5.5')

DWI (3.5')

Tinnitus loc. (5.5')

Visit 15

Figure 3.4: Structure of experimental MRI visits for the fMRI NF group. Participants could choose
to attempt 7 NF runs instead of 6 during the first visit. Then, they would stick to their choice for
the remaining visits. An auditory localizer was acquired at first visit, and then at every 5 visits. An
anatomical T1, resting-state (∼8 min) fMRI, and a B0 deformation field map were acquired at each
visit before the NF runs. Transfer and no-feedback runs are highlighted in orange. Diffusion-weighted
imaging (DWI) was also acquired towards the end of first and last visits. Approximate sequences timing
is indicated in parentheses.

into pre- and post-session parts. It was adapted for the study needs, with permission from

Jaumard-Hakoun et al., 2018. Participants then performed their training according to the

experimental visit structure, as illustrated in Figure 3.4, which was adapted during piloting and

with the idea of maximizing NF training time, in between other MRI sequences. A progressive

scheme was chosen for the inclusion of transfer runs. It is further detailed in “Transfer and no-

feedback runs” under subsection 3.1.4. Sequences and acquired data for the fMRI group are

detailed in section 3.4. The first visit started with a familiarization with the MRI environment,

during which the goal was to get participants comfortable with NF, mainly as a preparation for

the 14 additional MRI sessions. The participants could then choose between 6 or 7 runs per

session according to their perceived fatigue, with the only condition of sticking to their choice

throughout the whole NF training. They received visual feedback in the form of a thermometer

bar, whose characteristics are detailed in “Feedback implementation” under subsection 3.1.4.

A scoring mechanism was also implemented in the form of a reward (“Scoring and reward”,

under subsection 3.1.4). In between runs, participants could communicate through the MRI

microphone system about their previous performance and employed strategies. After training,

participants were once more asked to fill the post-session part of the behavioral questionnaire.

After that, a debriefing time of ∼15 min was allocated to privately discuss the main visit out-

comes and obtained performance results (NF scores). Finally, participants were sent home

after agreeing on a schedule for up to 3 subsequent MRI visits.
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3.1.3 Targeted clinical population and sample size

In this clinical trial, we target chronic, severe, persistent and non-pulsatile tinnitus sufferers

for at least 6 months. Patients aged between 18 and 80 years old, with a THI score ≥ 48,

functional hearing with normal inner ear structure as assessed with an ear microscope, and

normal tympanic membrane mobility are eligible to participate in the research. However,

patients fulfilling at least one of the following criteria are excluded from participation: con-

traindications to MRI (e.g. non-compatible cochlear implant, pacemaker, implanted deep

brain stimulation device), conductive hearing loss exceeding 20 dB at two or more frequencies,

known systemic disease (e.g. vestibular schwannoma, endolymphatic hydrops), lesion in CNS

or history of severe craniocerebral trauma, acute ear canal or middle ear inflammation or

effusion, significant neurological or psychiatric disease, substance abuse or acute allergic

disease, ongoing medication that is known to treat, influence, or cause tinnitus (e.g. high-dose

aspirin, quinidine, aminoglycosides), ongoing or recent (≤ 4 weeks) alternative tinnitus ther-

apy (e.g. tinnitus maskers, acupuncture), participation in another pharmacological study, or

pregnancy. Although not a rejection criterion per se, patients were also naive to NF. Eligible

participants are asked to be willing, able, and available to participate in the entire research,

including completion of questionnaires and traveling to research sites (HUG and Campus

Biotech, in Geneva) for the whole duration of the clinical trial.

Enrolled participants are randomized according to a minimization method (Taves, 1974)

adapted for age, gender, THI score at baseline, tinnitus duration in months, and hearing loss

(whose percentage was calculated using the Council on Physical Therapy, American Medical

Association (CPT-AMA) definition, which weights the hearing thresholds at 0.5, 1, 2, and 4

kHz according to their importance for speech understanding) variables, to ensure the best

possible matching between the 3 groups as recruitment goes on. Due to the difficulties in

recruiting a large amount of eligible participants at once, the method had to be incremental,

which of course does not guarantee the best final possible distribution of all participants into

the 3 groups, but is an optimized way to proceed. Enrollment is done at HUG by our certified

clinicians, while the randomization procedure is blind to the investigators of all groups and is

carried out by an external collaborator at the Wyss Center for Bio and Neuroengineering. Par-

ticipants are able to withdraw from the study at any given time, without necessarily providing

a valid reason. However, given the high associated costs of training (especially MRI scanning),

a particular attention is dedicated to end-of-visit debriefings, in order to minimize drop-outs.

Regarding sample size, experience from previous pilot studies in the laboratory involving

rt-fMRI NF (Emmert et al., 2016, 2017b; Van De Ville et al., 2012) suggested that at least

20 participants should be recruited by group for significant results in a non-pilot study. By

including drop-outs and considering that the fMRI NF group extends the training beyond

an usual number of visits in the field, a higher drop-out rate of 30% was envisioned among

the matched groups. Therefore, a total sample size of 90 chronic tinnitus participants was

fixed as the recruitment goal. While experimental visits for NF groups could start any time

after participant baseline visit – the only constraint being the availability of facilities – the
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3.1 Study design

CBT group added an additional challenge of having enough participants assigned to it before

group therapy could start. At the current stage of writing this manuscript, an additional CBT

group and 60% of the EEG NF group are still awaiting completion. For this reason, details

of participants enrolled into the CBT and EEG NF groups are not extensively detailed in

this manuscript, but rather presented only when appropriate (e.g. comparison of clinical

outcomes).

Twenty-eight chronic tinnitus participants were randomized into the fMRI NF group, and 21

of them fully completed the study. Seven dropped out due to concerns with respect to the

MRI in general (1), its noise and their tinnitus (2), lack of interest after one visit (1), back pain

on the MRI table (1), lack of time due to increased medical work during the pandemic (1),

and personal reasons (1). The minimum goal of 20 participants was thus reached for this

group, with a slightly lower than expected drop-out rate of 25% (see Figure 3.17 for a timeline;

note that there participant 042GNV is not considered as a drop-out (since not a single visit

was attended after randomization) but rather as a withdrawal from the study). Participants

received anonymous study codes (XXXGNV) but were reassigned to the [1, . . . ,21] range in

this manuscript for simplicity. Detailed demographic and tinnitus-related information for

participants of the fMRI NF group are presented in Table 3.2.

3.1.4 Real-time fMRI neurofeedback setup

The piloting phase of the rt-fMRI NF setup is described in further details in section 3.2. The

NF loop is illustrated in Figure 3.5. Participants-related information has been described in

the previous subsection, and specifics of MRI sequences are detailed in section 3.4. Here, we

describe the auditory functional localizer, the instructions given to participants before NF,

the implementation of the feedback loop and its scoring and reward mechanisms, as well as

the transfer and no-feedback runs, and the clinical assessments and behavioral self-reports

collected during this study.

The NF training paradigm was implemented in Open NeuroFeedback Training (OpenNFT) 1.0,

an open-source NF training software previously developed in the lab (Koush et al., 2017b),

based on a python and MATLAB source code. The software also allows for integration with

Statistical Parametric Mapping (SPM12)6, a widely used software in fMRI data analysis, with

a customized adaptation of several functions for online preprocessing. Figure 3.6 depicts a

complete data flow for an fMRI NF run with OpenNFT. An example of a successful fMRI NF

run is shown in Figure 3.8. Minimal online preprocessing is described in the aforementioned

manuscript and was not significantly modified. It included motion correction, extraction of

the time-courses from ROIs, and removal of signal drift, spikes, and high frequency noise.

Customized scripts were written in MATLAB R2016a (The MathWorks Inc., Natick, USA), also

using batch functionalities of SPM12, to automatically perform daily anatomical volume

reconstruction, daily EPI function template creation, remapping of previous visit’s ROIs to the

6Statistical Parameter Mapping (SPM12).
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Tinnitus participant

Visual feedback Online preprocessing MR acquisition

Figure 3.5: Schematic of the closed-loop rt-fMRI NF setup. Participant’s functional brain activity is
acquired and exported in real-time by the MRI scanner using a multi-band sequence. The data is
preprocessed on the fly using custom written code in OpenNFT 1.0 (Koush et al., 2017b). Average
activity in bilateral primary auditory cortex is converted into a thermometer feedback bar displayed
visually to the participant on a MRI-compatible screen, thereby closing the NF loop.

new EPI template, and automated OpenNFT parameters initialization before NF training. The

functional EPI template was created from the resting-state acquisition prior to NF training (see

Figure 3.4), from its first 15 volumes. This way, the preprocessing and template creation did

not consume additional scanner time between sequences. These were realigned, coregistered

to the anatomical template of the day, and the mean functional volume was then used as

the new EPI template in OpenNFT. Previously delineated ROIs (see “Auditory functional

localizer” below) were then realigned through the remapping of the (previous to new) EPI

template for visits 2 to 15. FSL7 (flirt) was used to perform linear registration between

functional templates. Once all the parameters were set, NF training could begin, according to

the experimental visit plan (Figure 3.4). The rt-fMRI NF setup ran on the real-time computer

of the MRI facility, a Dell Precision Tower 5810, Intel Xeon E5-1650 v3 (3.5 GHz), with 32 Gb of

RAM, an NVIDIA Quadro K5200 (8 Gb RAM), on Windows 7.

Auditory functional localization

In the fMRI NF group, the rationale is to down-regulate BOLD activity in the primary auditory

cortex. To achieve this goal, individual participant-specific delineation of auditory bilateral

NF target regions is necessary during the first MRI visit. Following the previous work by our

colleagues as described towards the end of section 2.4.5, we decided to adapt a functional lo-

calization approach for NeuroTin. Details about this choice are further discussed in section 3.2.

Based on previous work (Emmert et al., 2017b; Haller et al., 2010, 2013; Van De Ville et al.,

7FMRIB Software Library v6.0.
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3.1 Study design

Figure 3.6: Diagram showing the fMRI data flow around OpenNFT, during a typical NF run. Data is
acquired and exported in real-time from the MRI scanner, together with physiological recordings if any,
and transferred through a local TCP/IP protocol to the real-time computer, on which it is preprocessed.
The latter includes realignment, reslicing, and smoothing of raw volumes. The processing related to
the NF computation can then take place. An incremental GLM computes the whole-brain activity
estimate from several exported volumes, and ROIs time-series can then be extracted. Feedback can
then be computed using the processed time-series (either activity-based, connectivity, or multivariate
pattern analysis (MVPA)), converted to a particular scale (e.g. thermometer bar), and presented back
to the participant as a visual feedback in this case. PSC: percent signal change; SVM: support vector
machine; AR(1): autoregressive model of the first order; i/cGLM: incremental/cumulative general linear
model; ROI: region of interest. Figure reprinted from Koush et al. (2017b), under the Creative Commons
Attribution License 4.0.

2012), an auditory stimulation paradigm was retained to precisely localize primary (and belt,

to some extent) auditory regions in our chronic tinnitus population sample. During functional

localizers, participants were instructed to remain still and focus on a black cross presented

on a gray background on the MRI-compatible screen (a BOLDscreen 23 LCD for fMRI from

Cambridge Research Systems, with a resolution of 1920×1080, and a refresh rate of 60 Hz8).

A 1 kHz tone amplitude-modulated at 6 Hz was delivered bilaterally in the scanner using

pneumatic earphones in a 5-blocks auditory stimulation paradigm lasting 30 s each, starting

and ending with a rest period (Figure 3.7; the auditory system used was a MR Confon Starter

f MKII+, from Cambridge Research Systems, UK9). This stimulation paradigm is known to

elicit a strong and lasting activation of the auditory cortex (Seifritz et al., 2002), which encom-

passes our auditory target regions of interest (AudROIs) for subsequent NF down-regulation.

AudROIs were then created manually in SPM12 in MATLAB R2016b. Since the preprocessing

8Screen specifics can be consulted here.
9Auditory system specifics can be consulted here.
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0 30 60 90 120 150 180 210 240 270 300 330

Time (s)

1 kHz tone modulated at 6 Hz

No stimulation during rest

Rest 
Auditory stimulation

+

Figure 3.7: Illustration of the auditory localizer paradigm used for delineation of bilateral auditory
NF target ROIs. Patients are asked to fixate the center of the screen (on the white cross) with a gray
background during the whole acquisition. Then, every 30 s starting with rest, an auditory stimulation is
carried out in a 5-blocks design. A pulsating tone at 1 kHz amplitude-modulated at 6 Hz is used (similar
to previous studies, Emmert et al., 2017b; Haller et al., 2010).

and AudROIs delineation procedure had to be incorporated in a real-time setting with the

participant awaiting for his NF session within the scanner, it was crucial to minimize the

computation time for automated preprocessing of the auditory fMRI sequence, especially that

the last step involving statistical threshold selection on the GLM contrast remained manual,

in order to make sure that AudROIs could be properly delineated. For this reason, a minimally

preprocessed pipeline — akin to the concepts of optimization of real-time NF algorithms as

discussed in Ramot et al. (2019) — was preferred. The automated pipeline involved the import

of raw DICOM data into NIfTI, realignment and reslicing onto the mean fMRI echo planar

imaging (EPI) template (with a realignment quality of 0.9, a separation of 4 mm (as in SPM12),

a Gaussian FWHM smoothing kernel of 4 mm , 2 passes (“Register to mean”), and 4th degree

B-spline interpolation for both realignment and reslicing), coregistering to the previously

reconstructed anatomical T1 reference image (with normalized mutual information as the

objective function), smoothing (also with FWHM = 4 mm, isotropic), fMRI model specification

(with a TR of 1.5 s, and a default SPM12 microtime resolution of 16 time-bins per scan (no

slice-timing correction)) with the 5-blocks auditory stimulation condition (default high-pass

filter cutoff at 128 s, AR(1) serial correlations modeling, but no interactions), fMRI model and

T-contrast (auditory stimulation vs rest) estimation. Finally, a “Results Report” (as in SPM12)

was generated with a statistical threshold on the activation contrast at p ≤ 0.05 FWE corrected.

However, even if this automated pipeline ran sufficiently fast on our real-time computer, some

time had to be dedicated to cautious manual creation of AudROIs, before NF training could

begin. This step often included a balance between a slightly less conservative approach on the

statistical threshold (than p ≤ 0.05 FWE) and an adjustment of the minimal AudROI size of ≥
200 voxels, whenever possible. The reason, as already reported in Emmert et al. (2017b), is that

— despite proper volume adjustments of the auditory stimulation — brain activation maps
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produced with this functional localizer are highly variable across individuals. Although this

is not a problem, and inter-subject variability in auditory cortex has been documented (Ren

et al., 2021), it justifies the use of a final manual thresholding step to increase the reliability

of target regions. Resulting AudROIs for all participants are further reported in Table 3.4. To

maximize consistency, the same individual AudROIs were kept throughout the NF training (the

auditory localizers at visits 5, 10, and 15 were only complementary and for later comparison).

These were simply realigned to the new functional EPI template in the following visits.

Instructions to participants

At the beginning of the first MRI visit, we instructed our participants to attempt to foresee and

develop one (or several) long-term cognitive strategy for defocusing from tinnitus (and more

generally noise), and if possible, based on their existing coping habits. We informed them

that no suggestions would be provided from the beginning because every person develops

different and personalized coping mechanisms. Indeed, the rationale behind this slightly

ambiguous task is that most of severely impacted chronic tinnitus sufferers — in contrast

with healthy volunteers — have already developed some forms of coping and habituation

strategies in the past. Therefore, by keeping a balance between an implicit NF paradigm

and individualized strategy guidance throughout the study, our hypothesis was that such an

approach could outperform a more classical and directed NF training paradigm (MacDuffie

et al., 2018; Watanabe et al., 2017), by enabling our participants to test — in terms of down-

regulation efficacy — existing coping cognitive strategies, as long as these could still be

performed within the MRI scanner environment. We provided individual guidance (∼10 min

discussion) after each visit by including a debriefing of the best used strategies. We discussed

to which extent did these feel relevant for down-regulation success, and we occasionally

reminded individual past strategies (from previous visits) that were evaluated as successful

by the participant. In practice, only specific general keywords (e.g. “emotion”, “memories”,

“current felt state”, . . . ) were suggested if participants were really coming short in exploring

new strategies after a few visits. Regarding the feedback, we instructed the participants to

bring and maintain the green bar as high and as long as possible, respectively (see “Feedback

implementation” below for details about the visual feedback). The retained approach was

therefore closer to an implicit NF paradigm. However, participants were briefed on the purpose

of regulation, and on the intrinsic BOLD delay of 4–5 s on the feedback display. More precisely,

they were told that the NF training aims at decreasing some hyperactivity in specific regions

of the brain that is likely to be related to their loud perception of tinnitus. However, they did

not receive details about targeted ROIs nor the exact mechanism of feedback, and were also

told to avoid any body (especially hands, fingers, and limbs) and head movements during

the acquisitions. They were also unaware of the scoring mechanism, although its cumulative

aspect was understood by all participants (see “Scoring and reward” below). Slight stretching

was allowed and encouraged in between sequences. We also asked our participants not to

consume caffeinated or alcoholic drinks, and refrain from using recreational drugs prior to

each experimental MRI visit.
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Figure 3.8: Illustration of a typical fMRI NF run, as processed in OpenNFT. A decrease in auditory
bilateral activity can be observed during almost all (except penultimate) down-regulation blocks. The
control region’s activity remains within the dynamic range estimated during rest (solid horizontal lines
starting at ∼−4 and ∼+4), indicating that no specific regulation occurs in this area during that particular
run. Note that the control region is only displayed to the experimenter for monitoring purposes.

Feedback implementation

The feedback loop was implemented using Psychophysics Toolbox Version 3 (Psychtoolbox

3)10, a free set of MATLAB/Octave functions for accurate audiovisual stimulus presentation,

in MATLAB R2016a. The toolbox is already integrated in OpenNFT’s framework and thus

allows for easier code incorporation. The feedback signal was presented visually on the MRI-

compatible screen in the form of a simple thermometer-like bar (as illustrated in Figure 3.5),

inspired from previous studies (Caria et al., 2007; Ninaus et al., 2013; Ruiz et al., 2013). Indeed,

this type of feedback, seemingly quite simple, quickly became popular in the field, since

studies exploring the effects of different feedback mechanisms (e.g. Shabani et al., 2021),

even within the same visual modality (Sepulveda et al., 2016), remain scarce. The minimalist

display included a red target bar at the top, a white focus dot at the center, and a moving

green regulation bar in between, all on a gray background. It was presented continuously

during all 6 regulation blocks and was updated at each TR (1.5 s). A differential feedback was

implemented in order to penalize breathing-driven and global BOLD regulation effects on the

signal, as assessed during pilot recordings (see subsection 3.2), and similar to the approach of

Sepulveda et al. (2016):

F = mean

((
ROIsNfmedian((t−2):t ) −ROIsBsmedian(3:(end−2))

)
Aud

)
−(

ROINfmedian((t−2):t ) −ROIBsmedian(3:(end−2))

)
Ctrl

(3.1)

where F is the scaled feedback output signal, Aud denotes auditory NF target ROIs (AudROIs),

and Ctrl denotes the control region (ctrlROI). Subscripts Nf and Bs denote neurofeedback and

rest (baseline) periods, respectively. While Nf is evaluated as the median of the averaged signal

between the current regulation volume at time t and the 2 previous volumes (t −2), Bs refers

10Psychophysics Toolbox Version 3.
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to the median of the averaged signal in the given ROI over the preceding baseline block (30

s), which is truncated by 2 TRs (3 s) at the beginning and at the end (3 : (end−2)) to account

for habituation and anticipation effects due to constant timing of blocks over the whole NF

training. The mean signal was taken between bilateral AudROIs before ctrlROI penalization

could be subtracted. Note that the introduction of a median filter in time for both Nf and Bs

estimates increased the smoothness of the feedback signal between TRs, as an additional way

(to motion correction) of avoiding too abrupt signal changes. Finally, the displayed feedback

was computed as

Fdisp =


1 if (−F ) < 1

100 if (−F ) > 100

round(10000∗−F )/100 otherwise

(3.2)

where rounding was exclusively used to simplify the discretization of the visual space between

the white fixation dot and the red target bar at the top of the screen. To inversely map down-

regulation success to an increased displayed feedback value, a negative sign was introduced

in Eq. 3.2.

The control region was chosen as a larger area involving part of the left motor cortex, from a

pilot finger-tapping NF imagery experiment (see subsection 3.2). No clear consensus exists for

an appropriate choice of such a region, with earlier studies also attempting an entire brain

slice as control region (Sitaram et al., 2014). Here, the rationale was to pick a region not known

to be involved in tinnitus, and of larger volume than targeted ROIs, to have a smoother global

signal estimate, and to minimize breathing effects on BOLD variability. Additionally, video

monitoring at the MRI scanner and precise instructions to participants permitted to avoid any

motor strategy that would involve hand movement. Participants were also holding the MRI

emergency ball in the right hand, such that its movement was already restricted.

Scoring and reward

Additional to the feedback, intermediate and final regulation scores were also computed and

displayed to the participant for ∼3 s after each regulation block. We directly computed the

score as a cumulative sum over the feedback bar’s value over time (excluding rest blocks),

which was mapped between 1 (at minimum, the green regulation bar almost overlaps the

centered white dot) and 100 (at maximum, it entirely ovelaps the red target bar). In other

terms:

scoreblock =
20∑

j=1
Fdisp j

and scorerun =
6∑

block=1
scoreblock (3.3)

where Fdisp j
is the feedback score such as displayed at volume j (and computed at every
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Figure 3.9: Illustration of the visual feedback during a typical fMRI NF run. Participants can see
the dynamic green regulation bar, the static white fixation dot, and the static red target bar, during
all 6 down-regulations blocks. Their down-regulation ability is reflected by the height of the green
bar (inversely mapped to bilateral auditory down-regulation, compared to the activity of the control
region) at different moments in time (refresh rate is TR, 1.5 s). At the end of each trial, an indicative
and cumulative score is displayed for ∼2 TRs, summarizing the overall performance during the given
run. The final score (here 2431) is retained at the end of each run, and kept for the debriefing session
occurring afterwards.

volume from Eq. 3.2). With this approach, the minimal score during a given block is fixed

to 20, and the minimal score for any run is 120. The mathematical upper limit of this im-

plementation is 12000, although it is important to note that this is a completely unrealistic

goal, since the difficulty for down-regulation increases with blocks. Indeed, the dynamic

range, as depicted with solid horizontal lines starting at ∼-4 and ∼4 in Figure 3.9, pushes back

the individual ROIs’ boundaries upon up- or successful down-regulation after each block.

Moreover, the above theoretical limit assumes a rectangular signal shape, which is not how

brain dynamics operate – the hemodynamic response being a smooth function. For these

reasons, no absolute objective in terms of scores was given to the participants, but instead, we

encouraged them to always try to perform better than their own scores from previous visits.

We also explained to participants curious about others’ performance that the score was an

indicative and individualized achievement, such that it was not relevant to rank themselves

among other participants. While this claim is not entirely true, since we can and will indeed

rank participants post hoc according to their performance, we believed that it would best

benefit individualized training if comparisons could be avoided beforehand. At the end of the

15th visit, a summary of all scores was presented to each participant at debriefing.

The scoring system was implemented with the idea of providing a numeric form of reward

to our participants, since there was no financial incentive in our study. We also thought that

providing such a reward would pave some of the monotony stemming from the design of our

extended and repetitive NF training. Its individualization has limitations with respect to the

need of performing group analyses after the completion of the fMRI NF arm, which forces us

to keep the same design for everyone along the course of the training. It is also worthwhile to
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Figure 3.10: Illustration of a typical transfer fMRI NF run. Here, the green regulation bar is replaced by
a stationary green fixation dot. However, the participants can still see the cumulative score at the end
of the 30 s regulation blocks (as a form of intermittent feedback, or reward), for the same period of time
(∼2 TRs, ∼3 s).

note that the minimum score of 20 during any block implied that the participants received this

minimal reward even when no regulation (or up-regulation) of auditory regions would occur.

This choice complemented the one not to provide negative feedback during regulation, which

is still a matter of debate in the field. Ramot et al. (2016) have shown that brain networks can

be modulated even in the absence of intention and awareness of the learning situation. In this

direction, negative feedback might not be necessary to tap into learning mechanisms, since

the absence of feedback (e.g. when the green regulation bar remains low) is an indicator of

poor performance by itself. We further justify our choice by the lengthy protocol of 15 MRI

visits, in an attempt to keep our participants as motivated as possible throughout the long NF

training.

Transfer and no-feedback runs

In order to assess learning and skill transfer effects in our fMRI NF paradigm, we decided

to progressively incorporate a series of transfer runs along the course of NF training. This

approach is well-known in the field and stems from initial studies. It was demonstrated already

in 1997 by Kotchoubey et al. (1997), that the learned ability of human epileptic subjects to

regulate slow cortical potentials (SCP) shifts remained consolidated after 6 months, when

these demonstrated an unchanged regulation ability in trials without feedback during a

supplementary SCP NF session. In the context of rt-fMRI NF, deCharms et al. (2004) have also

shown that trained subjects were able to reproduce similar levels of localized brain activation

in the somatomotor cortex when real-time feedback was no longer provided. While a variety

of alternatives present themselves for the implementation of transfer runs, we sought to

minimally and progressively modify the current feedback both in terms of visual change

and along the NF training. For the former, we decided to remove both the red target and
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Figure 3.11: Illustration of a typical no-feedback fMRI NF run. Only a stationary green fixation dot (of
the same color as the green regulation bar during runs with feedback) is displayed during regulation
blocks, and the score is also invisible to the participant. Performance during no-feedback runs was
discussed only at the end of the NF session, during debriefing.

the green regulation bars and recolor the white fixation dot to a green one. The idea was to

remove any regulation-related information (bars) while still providing a centered reference

point (Figure 3.10). Since cognitive strategies may sometimes interfere with visual processing

associated to the moving regulation bar, we hypothesized that some participants would use

the white fixation dot as a visual focus point during feedback runs to better concentrate on

their defocalization strategy, leaving the moving feedback bar in their covert spatial attention.

This hypothesis was later confirmed during several debriefings. For the inclusion of transfer

runs in the NF training timeline, we decided to progressively incorporate from visit 5 on.

Visits 6 and 9 were kept for reinforcing learned strategies with feedback (Figure 3.4). The

last two visits (14-15) also included 2 (to 3, for participants carrying out 7 runs per session)

no-feedback runs at the end. During these, we decided to completely hide the intermediate

and final NF scores from the visual display (Figure 3.11). Since we expected some participants

to easily understand the cumulative aspect of scoring, it was clear that its reward role could

also be used as an intermittent feedback clue. However, we believe that continuous feedback

constitutes the most relevant aspect of our training, as shown in a previous pilot experiment

(Emmert et al., 2017b), even if we cannot exclude any association between intermittent scores

and learning. Another argument in this favor is the fact that several underlying regulation

patterns (e.g. a stable average down-regulation vs a strong but timely peak during a regulation

block) can produce an identical score in a given trial.

Clinical assessments and behavioral self-reports

During each visit, we asked our participants to fill a participant visit evaluation questionnaire,

which consists of a pre- and a post-NF training part. Part of it was adapted with permission

from the metacognitive interview semi-structured questionnaire (Gaume et al., 2016; Jaumard-
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Hakoun et al., 2018). A detailed example of a full participant evaluation questionnaire is

included in multi-page Figure A.1 in the appendix. The pre-training part focuses on general

state-of-mind questions and feelings before NF, and 4 questions were added about sleep

quality and current mood regarding depressive feelings (together under “Pre-training”). After

completing the NF session, participants were once more asked to fill the post-training part,

which consists of two subparts adapted from the metacognitive explication interview (under

“Post-training”) and two subparts focusing on more psychology-oriented questions about

participant’s confidence in the intervention, his/her view of the experimenter (labeled under

“General”), and NF-oriented questions about self-reported performance, perceived regulation

effort, and utilized cognitive strategies (labeled under “About the experiment”). The purpose

of these is to evaluate partial motivational and nocebo effects on NF training. The first subpart

of the post-training questionnaire (“A. Learning through NF. . . ”) was discussed at the post-

training debriefing with the participant. Questionnaires were also translated to French with

validation from an external collaborator (native speaker), in order to minimize responses

variability from non-bilingual participants. All questions included above ar referred to as

behavioral self-reports in this manuscript.

Participants also filled clinical questionnaires up to 2 weeks before the first visit, and up to

4 weeks after finishing the NF training (as in Figure 3.1). These were the Tinnitus Handicap

Inventory (THI; Newman et al., 1996, 1998), Beck’s Depression Inventory (second edition, BDI;

Beck et al., 1996), State-Trait Anxiety Inventory (STAI; Spielberger, 2010), Pittsburgh Sleep

Quality Index (PSQI; Buysse et al., 1989) and the WHO Disability Assessment Schedule 2.0

(WHODAS; Üstün, 2010). Each of these relate to different aspects of tinnitus burden, and are

therefore referred to as secondary clinical assessments next to the primary THI outcome. The

latter is a standardized 25-item questionnaire ranging from 0 to 100. Ranges are defined as no

or slight handicap (0 to 16), mild (18 to 36), moderate (38-56), severe (58-76), or catastrophic

(78-100) handicap (McCombe et al., 2001). Since our study targets (moderate to) severe chronic

tinnitus sufferers with a baseline THI above 48 points, it is likely that additional psychological

comorbidities are present among our population sample. Indeed, Salviati et al. (2013) have

previously identified that a THI score of 36 points represents an appropriate cut-off at which

an audiological evaluation should be supplemented by a psychiatric one, in a sample of 156

chronic tinnitus patients. The clinical questionnaires were chosen according to a consensus

on treatment outcome measurements following a tinnitus meeting in 2006, as reported by

Langguth et al. (2007a).

3.2 Pilots

Before the official beginning of NeuroTin (ethical approval received in late July 2017), the

initial months starting from April 2017 were devoted to writing the protocol and testing the

rt-fMRI NF setup. In particular, we sought to optimize the MRI sequences, completely renew

the rt-fMRI NF setup at the MRI facility, and carry out the necessary experimental NF sessions

with healthy and tinnitus pilots. A draft rt-fMRI NF setup was already available at the MRI
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facility before NeuroTin, from a previous study (Emmert et al., 2017b). However, after an

MRI software update from SIEMENS in between, real-time export of neuroimaging data had

to be restored — which could be efficiently completed with the support of MRI operators

(R. Martuzzi and L. Mattera) from the facility. We then decided to stick with the real-time NF

software previously developed in the lab, namely OpenNFT (Koush et al., 2017b), which was

chosen for NeuroTin thanks to its open-source code and high extensibility11. From there on, a

complete re-installation of all dependencies (MATLAB R2016a with Psychtoolbox 3, SPM12,

and a python 3.5 virtual environment with all of its packages. . . ) took place, and piloting work

could begin.

2.2 x 2.2 x 2.5 mm
100 x 100 x 36
gap 25%
TR: 2020 ms
TE: 28 ms
FA: 74°
PAT: 3
Accel. factor PE: 3

2.0 x 2.0 x 2.0 mm
112 x 112 x 66
gap 0%
TR: 1000 ms
TE: 32 ms
FA: 50°
PAT: 6
Accel. factor slice: 6

2.0 x 2.0 x 2.0 mm
108 x 108 x 64
gap 0%
TR: 1280 ms
TE: 31 ms
FA: 64°
PAT: 4
Accel. factor slice: 4

ep2fd s4 s6

Figure 3.12: Illustration of raw EPI sagittal, coronal, and axial planes for the three retained pilot rt-fMRI
NF sequences. The sequence on the left was not previously used for real-time applications, whereas
the two others are multi-slice accelerated sequences suitable for faster TRs (below 2 s). Due to limited
available computational power as reflected by the average online preprocessing time, the s4 sequence
was chosen as the best candidate, by slightly increasing the TR to 1.5 s, in order to avoid accumulation
of lags during feedback presentation.

An anatomical T1 sequence was required prior to any functional data in order to obtain

a structural template for OpenNFT. It was chosen according to the available sequences at

the facility and to the previous experience of MRI operators (sequences are further detailed

in section 3.4). On the other hand, optimization of the functional echo planar imaging

(EPI) sequence was among the most important points, as it constituted the main part of

11OpenNFT: an open-source python/MATLAB framework for real-time fMRI NF training.
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Figure 3.13: Example of a motor imagery fMRI NF pilot run. The healthy volunteer was instructed
with an explicit NF strategy consisting of repeated motor imagery (10 s trials) of right hand index
finger-tapping. Four runs were performed. The processed time-course (from OpenNFT, Koush et al.,
2017b) of the last run is shown. While initial regulation remains relatively low in amplitude, the subject
was then easily able to learn to up-regulate this ROI.

the acquired data (see also section 3.4). We optimized it according to several trade-offs,

notably between online preprocessing time, field of view (FOV) and spatial resolution. Three

different sequences were retained as promising candidates (Figure 3.12). The first one was a

standard sequence that had not yet been used in the real-time acquisition setting with good

in-plane resolution (100×100 voxels) but low number of z-slices (36) and bigger voxels size

(2.2×2.2× 2.5 mm), a 25% gap, with a lower acceleration factor, also leading to a too low

TR (2020 ms) for NF. The second was an interleaved multi-slice EPI sequence with a slice

acceleration factor of 4 (s4), lower voxel size (2.0 mm3 isotropic), with no gap, and a higher

resolution (108×108×64). This sequence had a better coverage of larger brains and could

be acquired with the lowest TR of 1280 ms. However, after extensive testing with diverse

online preprocessing options in OpenNFT, it was clear that lags could accumulate in feedback

presentation despite preprocessing options ensuring a minimal computational strain. The

third candidate was a similar sequence but with a slice acceleration factor of 6 (s6), and

a slightly higher resolution (112× 112× 66). This sequence would have been better for a

smoother continuous feedback estimation (lowest TR at 1000 ms), but unfortunately, the

online preprocessing could not follow computationally. Therefore, after recording 2 healthy

volunteers from the lab without NF training but with real-time export and online preprocessing

with the 3 sequences, we decided to choose the s4 sequence, by slightly increasing the TR to

1500 ms to ensure that no lag would accumulate in feedback computation and display (peak

processing times were around 1.2 s in OpenNFT when several volumes in a row would be

exported due to unresolved network instability or when the iGLM needed to estimate many

accumulating volumes with time).

After having defined the appropriate functional sequence for rs-fMRI and NF acquisitions, and

having finalized the fMRI NF visits protocol (Figure 3.4), healthy pilots were invited to assess

the actual NF implementation and the stability of average BOLD signals from delineated ROIs.

Prior to NF, piloting of the auditory functional localizer had confirmed the sufficiency of a

5-blocks design of 30 s of auditory stimulation over a 6-blocks alternative. The observed brain

activations were highly similar in the auditory cortex from contrasts of both designs. This
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Figure 3.14: Control ROI intersect (red) and union (blue) masks illustrated in MNI space (center of
mass at [-38 -22 58]) after non-linear registration through anatomical volumes for all 21 participants of
the fMRI NF group. Averaged signal from this ROI was used throughout the NF training as a control
signal, as detailed in “Feedback implementation” (see page 80) under subsection 3.1.4. Total region
size (intersect): 17536 mm3 (around 2000 voxels for each participant). L: left, R: right, P: posterior, A:
anterior.

differed from the previous study (Emmert et al., 2017b), in which 6×20 s blocks of auditory

stimulation were used.

Two healthy pilot subjects were asked to try out a basic NF motor imagery task. They were

instructed to perform a finger-tapping imagery task in a 10×10 s block design (Figure 3.13), in

order to learn to up-regulate the thermometer bar (same visual feedback as in Figure 3.9). Four

runs were performed, and the pilot subjects were asked to qualitatively assess the difficulty

of the task, the smoothness of the visual feedback, and report any general encountered

inconveniences during the task. Note that the target ROI used for training was delineated from

a previous real finger-tapping pilot experiment (not imagery), inspired from a meta-analysis

study by Witt et al. (2008). The rationale was to implement a functional localizer finger-tapping

task to delineate an individualized ROI. A pilot subject was asked to tap their right index in a

slow (≈1 s) rhythmic way, in alternating blocks (5×30 s design, akin to the auditory functional

localizer, as detailed in subsection 3.1.4) and the corresponding activations contrast in the left

premotor cortex was thresholded to yield the target ROI. Following the successful regulation

attempts of the same ROI with explicit motor imagery instructions (as assessed by MRI video

monitoring within the scanner), and based on collected comments, we optimized the final

version of the NF paradigm, and chose the resulting finger-tapping motor ROI (overlapping

32.4% with left premotor cortex (BA6), with left primary somatosensory cortex (15.1% BA1,

6.8% BA2), among other smaller %, as per the Jülich atlas (Amunts et al., 2020)) as the control

ROI for subsequent down-regulation of auditory cortex in our fMRI NF group. This control

ROI is illustrated in Figure 3.14. This choice was motivated by the video monitoring ability (to

ensure that no hand movement is made during NF training), as well as the fact that this region

is not known to be implicated in any tinnitus maladaptive brain mechanisms.
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3.3 Software developments

Because of the lengthy fMRI NF training protocol and longitudinal data acquisition process,

proper fMRI data group analysis could only begin at the end of acquisitions (see Figure 3.17).

Despite the dense experimental planning, opportunities to enhance some of OpenNFT’s basic

functionalities became apparent with its repetitive usage. In this regard, after having provided

the fMRI community at Campus Biotech with a clean version of a rt-fMRI NF setup during

the initial months involving piloting work (section 3.2), we decided to bring additional code

developments to OpenNFT.

Our contribution included the development of a motion-tracking add-on for OpenNFT. The

idea of real-time quality control for acquired data rapidly surfaced when the acquisition vol-

ume (close to 800 h of MRI) was first evaluated. The rationale was that the native first version

of OpenNFT that was used at the beginning of NeuroTin in 2017 only provided raw motion

tracking estimates as derived from SPM12 estimations at each volume (visible in Figure C.1 A

in the appendix, slightly hidden by the new real-time quality assessment (rtQA) module. . . ).

While motion can be visually inspected and roughly evaluated with only rotational and trans-

lational parameters, we thought that an additional more user-friendly interface could benefit

real-time interpretation and decisions to stop overscanning. Moreover, motion amplitudes

were initially implemented as absolute movement deviations (from the first acquired volume)

instead of frame-to-frame variations, which may increase interpretation difficulty.

Following these observations, our first development was inspired from a new (in 2017) real-

time motion tracking framework developed by Dosenbach et al. (2017). In their work, authors

proposed a motion tracking tool (termed FIRMM) similar to our conceptualization for Open-

NFT, in which a frame-wise displacement (FD) metric is computed in real-time and different

statistical measures (such as number of frames exceeding a certain FD threshold, or good

scanning time) about motion are summarized for the user. FD is a better predictor of motion-

related artifacts and represents the sum of the absolute head movements in all six rigid body

directions from frame to frame (Power et al., 2012). However, this software was not readily

compatible with the computers at the MRI facility, and our idea was to implement a mixed

OpenNFT add-on, that could also be used as a standalone version in other fMRI studies not

making use of NF.

Therefore, we developed a self-installing lightweight add-on for OpenNFT v1.0, called fdm

(FD monitoring; Figure 3.15 a. shows the standalone version). The add-on is written in

python (using PyQt and PyQtGraph) and connects to a MATLAB shared engine running SPM12

for real-time motion estimates (akin to OpenNFT architecture, see also Figure C.1 B). Once

connected to the MATLAB shared engine, fdm uses the watchdog module12 to detect newly

exported DICOM (or other file format) files from the ongoing fMRI acquisition. The module

then computes the FD in real-time thanks to existing modified SPM12 functions for online

purposes (Koush et al., 2017b). A parameters window (Figure 3.15 b.) allows to select relevant

12The watchdog module is an utility to monitor file system events.
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a.

b.

Figure 3.15: Standalone version of the developed real-time motion tracking tool (fdm). a. Main
interface window, with plots of translational (top), rotational (middle), and FD (bottom) parameters
in real-time. A status bar describes the current status of the add-on (here “Processing next element
in queue”). Two commonly used FD thresholds are displayed by default, allowing quick decision
making about scanning interruption, if needed. b. Additional parameters window allowing to enter
customized filenames (to watch for), FD computation parameters, and smoothing kernel size for
additional regression of FD from motion-corrected volumes if needed after the acquisition.

filename filters and define customized numeric ranges if needed. Furthermore, it is possible

to add customized SPM12 batches to automatically run on the monitored files at the end of

the acquisition (e.g. for summary motion metrics to compute at the end). Motion data and

parameters can also be saved into a .csv file at the end. Moreover, the standalone interface

also enables to re-run FD computations on offline data, if necessary later on.

Aside from standalone use, the OpenNFT-integrated version is shown in Figure 3.16. The

module self-installs into an existing OpenNFT installation and replaces the legacy motion

plot above the raw ROI time-series. Furthermore, when double-clicking on the FD plot, an

additional window pops out with detailed motion tracking parameters, including the original

motion estimates from SPM12 (third row, amplitude in arbitrary units (a.u.)). Any window

of interest can then replace the FD plot in the OpenNFT interface with a double-click. The

add-on reads from and writes to the OpenNFT experimental settings file (.ini) by adding its

specific settings there (thresholds, radius used for FD computation, . . . ).

After successful deployment of this add-on, and fruitful discussion with OpenNFT developers

(Koush et al., 2017b), we agreed to integrate this work into their OpenNFT update projects. This

way, the code was shared between collaborators, and the implementation could benefit from

the experience of OpenNFT creators (see Figure C.1). Next, the improved motion monitoring

capability was merged with additional real-time quality assessment tools, such as DVARS

(Power et al., 2012), micro-displacement (MD), and others. This collaborative work resulted in

90



3.4 Data acquisition

Figure 3.16: The developed OpenNFT real-time motion monitoring add-on (fdm), illustrated during a
pilot NF acquisition (finger-tapping motor imagery). No excessive head movement can be seen for this
subject, according to the FD metric (no values above the defined threshold of 0.4). The FD monitoring
add-on integrates seamlessly into OpenNFT’s native interface (v1.0).

major improvements for signal reliability in OpenNFT, while the additional computational

impact was kept as low as possible (see our detailed manuscript attached in the appendix

(page 175) for technical implementation details).

Code availability

The initial code of fdm for standalone usage (requires MATLAB, SPM12, as well as the installa-

tion of the MATLAB shared engine for python interfacing and virtual python environment —

see the online README file) is freely available on my personal GitHub13 space. However, note

that we recommend to use the newly developed OpenNFT rtQA add-on instead for rt-fMRI NF

applications.

3.4 Data acquisition

In this section, we present the detailed acquisition schedule and a summary of acquired

data for the fMRI NF group, in an effort to best describe its characteristics for a facilitated

future usage. We collected full MRI datasets from 21 fMRI NF participants, for 15 visits each.

Along the way, we encountered 8 drop-outs and have therefore excluded them from the

13https://github.com/ngs5/fdm.
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Participants
2017 2018 2019 2020 2021

S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F M A M J J A S O N D J F

Pilots

1 23 19

2 12 4

3 16 31

4 10 12

5 10 17

009GNV 10 13

6 12 8

7 25 18

8 2 9

017GNV 17

018GNV 19 28

9 1 27

10 22 10

11 6 27

12 6 19

13 19 1

033GNV 17 9

14 27 4

15 5 14

16 3 20

042GNV

17 6 12

044GNV 24-28

045GNV 22 27

18 20 21

19 25 30

050GNV 15-22

20 5 23

21 10 23

Figure 3.17: Experimental timeline for acquisitions of the fMRI NF group, from September 2017
to February 2021. Pilots were acquired in between November 2017 to January 2018. Strike-through
participants dropped out, and data was not further analyzed. Consecutive days marked in each row
represent the first and last visits, respectively. The MRI facility experienced partial closure during the
onset of the pandemic (months highlighted in pink), which severely limited and delayed acquisitions
during that time.

analysis, although some MRI data remains available for 7 of them. The recording schedule

is summarized in Figure 3.17. The acquired sequences are also depicted in Figure 3.4. They

include high-resolution anatomical MRI, functional localizers, resting-state fMRI (rs-fMRI),

deformation field maps, NF fMRI, and diffusion-weighted imaging (DWI) data.

Acquisitions were made on a 3 Tesla Siemens PRISMA scanner14 with a 64-channel head and

neck coil at Campus Biotech in Geneva, Switzerland. Anatomical imaging was performed

using a T1 magnetization prepared rapid gradient echo (MPRAGE) sequence with a generalized

autocalibrating partially parallel acquisition (GRAPPA, acceleration factor PE = 2, 24 ref. lines)

scheme, with the following parameters: sagittal orientation, repetition time (TR) = 2300 ms,

anterior to posterior (A À P) phase encoding direction, echo time (TE) = 2.25 ms, inversion

time (TI) = 900 ms, resolution (x×y×z) = 208×256×256, flip angle (FA) = 8◦, gap of 50%, and

voxel size = 1.0 mm3 (208 volumes, ∼5 min). Although it was later confirmed that there is no

necessity to weekly acquire anatomical data for NF purposes, we continued with this session

design in order to collect longitudinal structural data from chronic tinnitus participants.

14Official Siemens scanner reference page.
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3.4 Data acquisition

Deformation field (B0) maps were acquired with TR = 627 ms, A À P encoding direction,

TE1 = 5.19 ms, TE2 = 7.65 ms, 106×106×64 without gap, FA = 60◦, voxel size = 2.0 mm3 (192

volumes, ∼3 min). These maps were used to correct functional volumes deformation in post

hoc analysis, but were not used in an online correction setting. The remaining functional

data, namely auditory and tinnitus localizers (230 volumes (5 dummy in the beginning and at

the end), ∼5.75 min), rs-fMRI (320 volumes, 8 min), and NF (270 volumes (5 dummy in the

beginning and at the end), 6.75 min) sequences, were acquired using an interleaved multi-slice

echo planar imaging (EPI) sequence (slice acceleration factor = 4), with TR = 1500 ms, A À P

encoding direction, TE = 31 ms, 108×108×64 without gap, FA = 64◦, voxel size = 2.0 mm3.

During rs-fMRI, we asked our participants to remain still, with closed eyes, for the whole

duration of the recording. Their eyes were monitored with an EyeLink 1000+ eye tracker15 (SR

Research, Canada). Functional acquisition parameters (mainly in-plane resolution, number of

z-slices, TR) were optimized during previously described pilot experiments (see section 3.2) ac-

cording to the data export speed and online processing capabilities of the real-time computer

at the MRI facility, in order to ensure that no lag would accumulate for feedback presentation,

balanced with an acceptable coverage of the brain. As a result, we sometimes had to discard

some slices in the very lower cerebellum in favor of a full coverage of the control region area.

Diffusion-weighted imaging was acquired using a standard interleaved multi-slice sequence

(acceleration factors slice = 2, PE = 3) with 30 directions, b = 1000 s/mm2, TR = 4500 ms, A À
P encoding direction, TE = 60 ms, 150×150×96 without gap, and voxel size = 1.5 mm3 (420

volumes, ∼3.5 min). The DWI sequence was however not optimized to current state-of-the-art

standards, as it was introduced towards the end of the protocol’s design in an effort to acquire

additional data for evaluating potential structural alterations in the brain after NF training.

Physiological data (respiration and photoplethysmography (PPG)) were additionally acquired

during all functional acquisitions using a Biopac MP15016 (RSP100C amplifier, BIOPAC Sys-

tems, Inc., Goleta, USA) module and its AcqKnowledge 4.4.1 software for further offline

preprocessing and data export. Recordings were saved in native format (.acq) and exported

to MATLAB R2019b (.mat) for post hoc analysis.

Functional localizers included auditory and tinnitus localizers. The auditory localizer is

described in detail in “Auditory functional localization” under subsection 3.1.4 (page 76). The

tinnitus localizer, on the other hand, was a more experimental paradigm that was kept for

exploration purposes at the end of first and last NF visits (Figure 3.4). The task, similar in

length to the auditory localizer, consisted in alternating concentration between one’s tinnitus

percept and a math backwards counting task. The latter alternated with 30 s periods (starting

from counting) with the tinnitus focalization task in between (5×30 s). During the math task,

instructions were displayed on the screen inside the MRI, with random subtractions from 100

(e.g. “Count backwards from 100 by 7. . . ”). This task did not interfere with NF training and

15Specifics of the EyeLink 1000+ eye tracker.
16Biopac MP150 product sheet.
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Chapter 3. NeuroTin: a clinical trial on neurofeedback vs CBT for chronic tinnitus

the collected data will be used to assess any functional markers of tinnitus focalization, as

opposed to NF training. However, the analysis of this data is not included in this dissertation.

Data summary and availability

A summary of all neuroimaging data recorded in the fMRI NF group of NeuroTin is included in

Table 3.3. Currently, because of the ongoing nature of the clinical trial, data availability and

publication are being discussed with the partner institution. Further information regarding

data availability can be found online on the official project’s page of the Wyss Center for

Bio and Neuroengineering, as well as on the Medical Image Processing Laboratory website.

Additional information about the data is also available on a dedicated GitHub17 page.

A summary of the most used cognitive strategies by our participants is also included in

Table 3.4, together with auditory target ROI sizes, training duration, and number of total NF

runs. Full strategy data per session is also available upon reasonable request.

Finally, all the code pertaining to the rt-fMRI NF setup, such as the code used for functional lo-

calizers, preparation and real-time NF, feedback implementation and other OpenNFT-related

modifications, as well as analysis pipelines (see chapter 4), is available on the same dedicated

GitHub page.

17https://github.com/ngs5/neurotin.
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Chapter 3. NeuroTin: a clinical trial on neurofeedback vs CBT for chronic tinnitus

Training duration Runs Auditory target ROIs Main strategies

Total Transfer Left Right
(days) (voxels) (voxels)

1 147 103 19 525 514 Picturing favorite sports
Best personal achievements

Game/play strategies
2 112 90 17 333 460 Auto-hypnosis, relaxation

Empty one’s mind
3 168 92 18 343 327 Picturing different colors

Empty one’s mind
Positive memories

4 93 91 18 296 315 Focus on different body parts
Inner talk, relaxation

Interplay tinnitus/feedback bar
5 98 105 19 312 277 Counting, words spelling

Positive thoughts
Theater recitals, texts

6 149 106 23 275 304 Family, music
Alternate focus on tinnitus

7 85 91 19 291 335 Prayers, thoughts of love
8 96 105 19 316 255 Calculus, visual imagery

Empty one’s mind
Picturing favourite sports

9 146 88 17 367 361 Picturing favorite activities
Meditation

Recollection of memories
10 138 100 19 223 213 Mind wandering

Check-lists, positive thoughts
Travel memories

11 82 90 18 253 245 Focus on the present
Alternate focus on tinnitus

Positive thoughts
12 105 105 19 224 283 Calculus, words spelling

Auditory imagery
13 135 90 20 276 298 Prayers, inner bubble
14 129 90 18 358 361
15 191 90 18 298 299
16 260 104 19 298 293 Spatial memories, visual imagery
17 159 90 18 291 291 Calculus, visual attention
18 123 90 18 325 322 Calculus

Auditory and visual memories
19 97 90 18 303 298 Sophrology

Focus on different body parts
20 49 90 18 309 310 Visual imagery, feelings

Focus on different body parts
21 43 90 19 392 391 Auditory imagery, calculus

1990 391
124.1±48.6 94.8±6.8 18.6±1.2 314.7±63.9 321.5±68.5

Table 3.4: Neurofeedback training details for the 21 participants of the fMRI NF group. Training
duration refers to the elapsed time between the first and last MRI visit. Total runs include transfer
and no-feedback runs. Auditory individual target ROIs’ sizes (at first visit) are listed, together with the
main tinnitus defocalization strategies most used by the participants. Last two lines: sum, and mean ±
standard deviation. (‘blank’: data not yet retrieved.)
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4 Analysis and research outcomes

4.1 Behavioral and clinical outcomes

In this first section, we want to highlight the behavioral and clinical outcomes independently

of neuroimaging data. First, we assess the primary clinical outcome of NeuroTin, namely

if (fMRI) NF is able to outperform CBT in terms of clinical benefit as assessed by the THI

questionnaire. Unfortunately, we are unable to discuss EEG NF results since not enough

data has been collected at this stage. For this purpose, we present a group analysis of THI

data from both groups (Figure 4.1), that includes 21 fMRI NF and 15 group CBT participants.

Individual THI scores are also available in Tables B.1 and B.3. Secondary clinical outcomes

are then assessed for both groups. Then, in subsection 4.1.1, we compare audiological and

tinnitometry outcomes across both groups at early (Figure 4.4) and late (Figure 4.5) post-

assessments.

We obtained encouraging results at the group (Figure 4.1) and individual levels (see also Fig-

ure B.1) regarding the reduction of tinnitus associated distress. Indeed, THI scores decreased

for almost all participants of the fMRI NF group directly after training, at early post-assessment.

Only two participants (10 and 19) obtained the same THI score as at baseline. However, for

both of them, the score decreased 6 months later at the late post-assessment. Only one partic-

ipant (009) that had dropped out from the fMRI NF group after visit 8 reported an increase

in THI at the late post-assessment visit. Overall, this indicates that the fMRI NF intervention

was successful for this population sample, with only beneficial effects reported with respect

to tinnitus distress. Of course, we cannot attribute these beneficial effects solely to NF itself.

Some additional uncontrolled experimental cofactors, such as the mere fact of being enrolled

in a relatively long-term clinical trial, may have contributed to ease psychological burden

caused by the percept. Indeed, participants were generally positive about their randomization

into a “novel” intervention group (fMRI NF), as compared to long-established CBT care, which

may have provided a certain “novelty advantage” over it. Another cofactor may be the highly

individualized and more technical approach of fMRI NF over CBT: participants were personally

welcomed at our research facility, were surrounded by several people (the MRI operator, the
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Baseline Pre-assess. PostEarly

(+ 3 wks)
PostLate 1

(+ 6 mo.)
PostLate 2

(+ 11 mo.)

120

100

80

60

40

20

0

p < 0.005

THI (fMRI NF)

Baseline Pre-assess. PostEarly

(+ 3 wks)
PostLate 1

(+ 6 mo.)
PostLate 2

(+ 11 mo.)

n.s.

120

100

80

60

40

20

0

p = 0.094

THI (CBT)

Figure 4.1: Primary clinical outcomes compared for fMRI NF and CBT groups. Tinnitus Handicap
Inventory (THI) individual scores and their group distributions are depicted at each clinical time
point (see Figure 3.1 for details about the timeline). Second late post-assessments (11 months after
completion of the training in respective groups) are shown in pink due to lower data availability at
this time of the follow-ups. Only the fMRI NF group resulted in a reduction of THI in almost all
participants, and a significant group effect is observed directly after training (pre-assessment to early
post-assessment, p = 1.45×10−5). The beneficial effect persists over time, as shown by the first late
post-assessment 6 months after completion of the NF training (pre-assessment to late post-assessment
1, p = 1.07×10−5). Interestingly, it also seems to extend at 11 months (not shown, pre- to late post-
assessment 2, p = 0.0046), although limited data is available. In CBT, this effect is not significant at the
early post-assessment (pre- to early post-assessment, p = 0.094) nor at longer term (pre- to late 1 and
2 post-assessments, p = 0.7 and p = 0.58, respectively). However, fewer data points are available for
this group. There was no significant difference in THI between both groups at baseline (p = 0.51) or
pre-assessment (p = 0.27).

NF experimenter (myself), and the clinical specialist for accompaniment and questionnaires),

and were performing the task with personalized guidance and by themselves. In contrast,

group CBT is carried out in a more busy and stressful hospital environment, with a single

experimenter as main trainer, and in a group setting with other participants, which dilutes

training individualization and personalized debriefings. We were however surprised to find

that there was no significant difference at the group level at the early post-assessment after

CBT training. Although a trend is present, some participants ended up more distressed after

CBT training (Table B.3), which raises additional questions about the efficacy and learning of

coping mechanisms in this subgroup.

Indeed, despite focused sessions on particular facets of tinnitus distress (Table 3.1, e.g. sleep

hygiene, mood and tinnitus, stress, and management of negative beliefs or thoughts) in CBT,

no secondary clinical outcomes were significantly different after training (Figures 4.2 and
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Baseline PostEarly

(+ 3 wks)
PostLate

(+ 6 mo.)

Baseline PostEarly
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(+ 3 wks)
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Figure 4.2: Secondary clinical outcomes (STAI and PSQI) compared for fMRI NF and CBT groups.
Significant beneficial effects for both anxiety (p = 0.04) and sleep (p = 0.006) are observed for the fMRI
NF group directly after training (PostEarly). The effects further seem to persist over time, in concordance
with the decrease in THI (Figure 4.1), although they are not significant any more for anxiety (baseline
to late post-assessment, p = 0.26) nor sleep (same, p = 0.09), likely due to lower data availability at
PostLate (see individual scores in Table B.2). For CBT, no significant differences were observed at neither
time points after training. There were also no differences in STAI (p = 0.56) nor PSQI (p = 0.47) between
fMRI NF and CBT at baseline. PostEarly: early post-assessment, PostLate: late post-assessment.
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Baseline PostEarly

(+ 3 wks)
PostLate

(+ 6 mo.)
Baseline PostEarly
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Figure 4.3: Secondary clinical outcomes (WHODAS and BDI) compared for fMRI NF and CBT groups.
Significant beneficial effects are observed for the fMRI NF group for difficulties related to tinnitus
encountered in everyday functioning (as assessed by the WHODAS 2.0) at early (p = 0.03) and late
(p = 0.01) post-assessments, as well as for depression (as assessed by the BDI), also at early (p = 0.03)
and late (p = 0.01) clinical time points. Interestingly, everyday aspects of personal functioning also
improved between the early and late post-assessments (p = 0.03) in the fMRI NF group. For CBT,
no differences were observed at neither time points after training. However, WHODAS scores were
significantly lower (p = 0.04, one-tailed) in the CBT group as compared to fMRI NF at baseline, but
no differences in BDI (p = 0.34) were initially present between both groups. PostEarly: early post-
assessment, PostLate: late post-assessment.
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4.3). There was even a worsening of general daily functioning at late post-assessment (6

months after the completion of group CBT training), as assessed by the WHODAS 2.0 (Üstün,

2010) questionnaire (the scores were significantly higher than at baseline (p = 0.03, one-tailed

t-test), even if we did not explicitly test for these effects nor include them in both figures

since the direction of differences was not stipulated beforehand). Opposite trends for fMRI

NF and CBT groups can indeed be observed with respect to this assessment (Figure 4.2). On

average, all other scores (STAI, PSQI, and BDI) of the CBT group remained stable after training

(see individual scores in Table B.4), with a slightly increasing (but not significant) average

trends for anxiety and depression. The latter possibly reflect failure of group CBT to meet

some participants’ expectations, or deception from the missed opportunity to try the novel

interventions (NF groups). For the fMRI NF group, on the other hand, all secondary clinical

outcomes resulted in significant improvements at early post-assessments, also concordant

with the decrease in THI. Moreover, significant reductions persisted 6 months after ending the

NF training for depression (BDI) and everyday functioning (WHODAS) scores, which have even

significantly improved from early to late post-assessment (Figure 4.3). These results further

raise our confidence in the quality of our fMRI NF intervention, since the clinical outcomes

clearly indicate substantial benefits in many aspects related to quality of life with respect to

tinnitus burden. There is certainly a need to further investigate different data (neuroimaging,

session-to-session behavioral questionnaires, physiological data) to try to delineate these

clinical improvements in our fMRI NF group, which is discussed in next sections. To conclude

on the clinical questionnaires, we would like to highlight that the CBT arm has not finished

yet, with one to two subgroups remaining, which may alter the CBT trends presented here.

Indeed, since CBT is considered as a standard care group for tinnitus in this clinical trial, it is

unfortunate to observe that the outcomes were not so beneficial on the group level so far. In

the next subsection, we present audiological data and tinnitometry results for both groups.

4.1.1 Audiograms and tinnitometry

After completion of fMRI NF training, audiological data was once more collected at the Geneva

University Hospital (HUG) by our clinicians at the early and late post-assessment visit (see

Figure 3.1 for timeline details), respectively ∼1 and ∼6 months later. Here, we reproduce

collected audiograms and present an overview of the observed benefits after NF training. We

further descriptively compare the results with available data from the CBT group (not enough

data was supplemented from the EEG NF group at the time this manuscript was written).

Audiograms of the fMRI NF group are included in the multi-page Figure 4.6. For most par-

ticipants, only small effects on (absolute) tinnitus loudness can be observed. The changes

were most of the time surprising to our participants, probably because of the difficulty to

self-assess tinnitus loudness following habituation to the chronic percept, and the extended

time between the beginning and end of NF training. The highest change after the training was

obtained for participant 5, with an absolute diminished loudness of 40 dB (hearing level).
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Figure 4.4: Summary of early audiological post-assessments for 21 (+2 drop-outs) and 15 participants
of the fMRI NF and CBT groups, respectively, compared to baseline (at inclusion). The 2 participants
highlighted in orange (009GNV and 018GNV) were included because they completed more than half of
the NF training and were therefore eligible for early and late post-assessments despite dropping-out
from remaining NF sessions (see Figure 3.17). Tinnitus (absolute) loudness slightly increased for 5 out
of 21 participants of the fMRI NF group, but remained stable or decreased for the 15 others. For one
participant (19), it unfortunately increased significantly by > 30 dB on the right side. Outcomes are
more contrasted for the CBT group. Absence of bars indicate no change in absolute loudness.

However, it appears that the tinnitus percept has also lowered in frequency for them, which

can also be linked to the increased hearing loss observed on their left side post training (going

from mild to moderate-to-severe hearing loss at 3 kHz). Indeed, steeper decaying audiogram

slopes can promote tinnitus (König et al., 2006). Therefore, we cannot delineate the effects

on our intervention from those related to the evolution of hearing in this case. At late post-

assessment, participant 5 came back with a slightly improved hearing at the tinnitus frequency,

but its percept remained unchanged on an absolute scale. However, we are happy that no

significant adverse effects on tinnitus loudness were observed directly after fMRI NF training

(Figure 4.4), although the percept increased of > 30 dB on the right side for one participant

(19), but slightly decreased again 6 months later (Figure 4.5). Overall, the absolute loudness

of the percept slightly decreased for most participants of the fMRI NF group directly after

training (at early post-assessment, with an average decrease of −3.7 db HL on the left side, and

−4.2 db HL on the right side (including the 2 drop-outs, 009 and 018)). At late post-assessment,

the average changes were less apparent (+0.4 db HL on the left side and −3.3 db HL on the

right side), which casts more doubt on whether NF training has contributed to longer-term
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Figure 4.5: Summary of late audiological post-assessments for 21 (+2 drop-outs, highlighted in orange)
and 15 participants of the fMRI NF and CBT groups, respectively, compared to baseline (at inclusion).
Missing data (no audiological late post-assessment) is shaded in gray. Note that as in Figure 4.4,
the absolute loudness is represented, thus not taking into account any hearing loss alterations in
between clinical time points. This time, unfortunately, several participants among the last ones having
completed the NF training (18, 19, 20), as well as 6 and 8, experienced a higher tinnitus loudness during
their audiology visit ∼6 months after the NF training than during the one at baseline. However, a similar
increase for a few participants (e.g. 001, 007, 029) can be observed in the CBT group.

reduction of tinnitus loudness. In the CBT group, the average changes were or −2.7 dB HL

(left side) and +2.6 dB HL (right side) at early post-assessment, and −3.9 dB HL (left side) and

+3.4 db HL (right side) at late post-assessment. However, we remind the reader that further

CBT data will be collected and the interpretation given here may evolve. So far, we therefore

cannot pretend to any superiority of fMRI NF training over group CBT with respect to tinnitus

loudness reduction. In particular, the computed average changes remain within day-to-day

tinnitus loudness variability.

4.2 Neurofeedback down-regulation performance

In this section, the focus is brought into the fMRI NF group. We present an analysis of “raw”

scores – as perceived by the participants during NF training – and of their evolution throughout

the MRI sessions. These are labeled as such because of the minimally processed online data

used for their computation in the rt-fMRI NF closed-loop setup. We refer the reader to “Scoring
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Figure 4.6: Results of post-training audiometry and tinnitometry for participants of the fMRI NF group
(incl. previous 4 pages). Audiograms are presented in chronological order from left to right for each
participant (at baseline, early (+ ∼3 weeks), and late (+ ∼6 months) post-assessments, respectively), in
decibels at hearing level (dB HL). Sometimes, several frequencies during the hearing test may have
been skipped by audiologists, hence some blanks were kept without interpolation. Left ear is labeled in
blue, right ear in red. The result of tinnitometry is indicated in the respective color when the tinnitus
can be located on either side. Bilateral perception (e.g. participant 21) is marked in black. Gray-shaded
markers (e.g. participant 12) indicate a poor localization or uncertain frequency/loudness matching
(as subjectively reported by the participant during audiometry). Markers centered at the rightest edges
(e.g. participant 4) indicate a tinnitus frequency > 8 kHz.

and reward” under subsection 3.1.4 for further details on their computation. We then use

scoring outcomes to categorize our 21 participants into 3 subgroups in order to highlight

differences in brain regulation abilities. Then, we detail the full preprocessing pipeline for NF

functional data, and discuss participant-specific brain regulation maps. Finally, the evolution

of several regions of interest (ROIs) during NF training is discussed.

4.2.1 Raw neurofeedback scores

Neurofeedback scores, as visually presented to participants during fMRI NF training, were

saved together with online minimally processed data. We refer to these as raw scores, because

they correspond to the perceived reward, but need to be corrected for the appropriate chance

level (i.e. what would be a random score obtained from the same ROIs, but without any attempt

of down-regulation?) in order to provide useful statistical information. Indeed, coming back

to the initial scores computation method (see Eq. 3.1 and 3.2 in “Feedback implementation”

under subsection 3.1.4), an analogous approach to median filtering in time is implemented

in order to avoid nonlinear signal spikes in visual feedback presentation that would not be

sufficiently smoothed by the low-pass Kalman filter (Koush et al., 2012) in OpenNFT. In short,

we preferred to introduce a nonlinear filtering at the feedback presentation level to maximize

congruence between participants’ efforts and visual feedback smoothness, in spite of losing

linearity in scores. For this reason, raw NF scores have to be interpreted with caution, since

the differences in performance between participants are relevant but need further analysis to

gain statistical significance. However, for completeness, average raw NF scores per session

are illustrated in Figure 4.9, and raw full data are attached in appendix in Table B.6. Note that
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Figure 4.7: Example of surrogates scores generation (using the AAFT method) for 103 runs of the
first participant of the fMRI NF group. The distributions of surrogate scores are shown (with the
original score computation method as in “Scoring and reward” under subsection 3.1.4). 999 surrogates
were generated per run per participant, so that true scores have to rank among the first 50 in every
distribution in order to reach a significance of p < 0.05 (in the bottom plot, red bars indicate runs in
which overall down-regulation of auditory regions as compared to the control region can be considered
as significant according to the null hypothesis; some blue bars extend beyond the first 100 best surrogate
scores, indicating a poor ranking). For each run, a boxplot with a 95% confidence interval is depicted,
with outliers marked as red crosses, and the true score as a black x-mark. For this participant, we can
notice an increased amount of x-marks (above a score of 1500 and past run ∼80) toward the end of the
NF training, indicating a better down-regulation ability.

participants are nonetheless sorted in Figure 4.9 according to the analysis explained below.

In order to supplement raw NF scores with statistical significance, we aimed at a proper

way of assessing the chance level of auditory down-regulation in any given run. A simple

approach would have been to use rs-fMRI data (as recorded in every session prior to NF

training, see Figure 3.4) to evaluate signal dynamics in the 3 target ROIs (bilateral auditory ROIs

and control region) and compute resting-state reference scores for each session. However,

this approach would have hampered run-to-run variability and would have not provided

a way to compare different runs within a single session, since baseline signal also carries

its own variability throughout the session, especially if assuming an underlying learning

process. With this in mind, we decided to opt for a surrogate data testing method on available

ROIs’ time-courses directly from NF data. Surrogate data testing has been popularized by

the work of Theiler et al. (1992), in which authors introduce diverse null hypotheses and
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discriminating statistics to identify nonlinearity in time-series. In Prichard et al. (1994),

authors further describe an extension to multivariate time-series of the phase-randomized

Fourier transform algorithm for the generation of surrogate data. From there on, the idea is

to use our available NF data to generate surrogate data for the 3 ROIs for every NF run, while

preserving as much as possible first and second order statistics of the original time-series.

Indeed, as has previously been applied to rs-fMRI data (Damaraju et al., 2014; Handwerker

et al., 2012; Hindriks et al., 2016), we aim at using a phase randomization procedure on our

ROIs time-courses, by Fourier transforming them, adding a uniformly distributed random

phase or replacing it at each frequency, before inverse Fourier transforming the signals back

to the time-domain. More specifically, several approaches were considered: simple phase

addition or phase replacement, and a more sophisticated version of the second, the Amplitude

Adjusted Fourier Transform (AAFT), which tries to preserve both the linear structure and

the amplitude distribution of the reference data (Theiler et al., 1996, 1992). With respect to

simple phase replacement, the AAFT algorithm adds an extra Gaussianization step to the data

before shuffling the phases, with the drawback of somewhat changing the linear structure

upon de-Gaussianization afterwards. However, after testing, we considered this method to

be more appropriate because of the better preservation of amplitudes’ fluctuations in our

3 ROIs, which is an important feature for the nonlinear score computation that followed.

Another issue, well described in Abrol et al. (2017), is the consistency in phase randomization

for the 3 ROIs. Indeed, if randomizing phases inconsistently (that is, replacing phases for

the 3 ROIs independently during phase randomization), the null hypothesis that our real

time-series can be explained by a linear, stationary Gaussian process does not hold any more

(Borgnat et al., 2010; Liégeois et al., 2017; Richard et al., 2010; Schreiber et al., 2000). When

attempting inconsistent phase randomization across the 3 ROIs (or only between auditory

ROIs and the control region), we indeed observed that the resulting distributions per run were

too wide to allow for any significant down-regulation, even within the best NF runs, although

we knew that the null hypothesis generated from this type of surrogates did not allow to make

inferences about the stationarity of our observed ROIs time-series. For these reasons, we opted

for the AAFT algorithm with consistent phase shuffling for the 3 ROIs. We re-implemented

it for our needs following an initial contribution on the MathWorks File Exchange1. It is also

worth to mention that more accurate methods and extensions to AAFT have been developed

(e.g. iterative AAFT (Schreiber et al., 1996) or corrected AAFT (Kugiumtzis, 2000)), with more

conservative tests regarding the null hypothesis.

Starting from our processed and scaled NF times-courses for the 3 ROIs saved by OpenNFT, we

extracted the original run data, ran a 1000 surrogates per run with consistent phase shuffling,

and recomputed a score for each surrogate triplet. These surrogate scores were then summa-

rized into a distribution for each participant. An example of such a process is illustrated in

Figure 4.7. The real score of every run was then ranked within its respective surrogate distribu-

tion (and had to fall ≤ 50 in order to be considered as significant, with p < 0.05). Finally, after

running the algorithm for all participants, percentages of significant runs were computed (and

1Initial code for the AAFT implementation for surrogate generation, see Kugiumtzis (2000) for more details.
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Normalized significant down-regulation runs and ΔTHI (%) for the fMRI NF group
%

 o
f s

ig
ni
fic

an
t d

ow
n-

re
gu

la
tio

n 
ru

ns
 (p

 <
 0

.0
5)

%
 o

f Δ
TH

I (
po

st
E
-p

re
)/p

re

Participants

80

60

40

20

-20

-40

-60

0

100

-80
13 17 18 9 1 5 20 2 11 16 4 15 6 10 19 21 3 8 12 14 7

* * * * * * * * * * * * * * * * * * * * *

% of significant down-regulation runs

% of ΔTHI (postE-pre)/pre

Figure 4.8: Neurofeedback down-regulation performance of 21 participants from the fMRI NF group.
The percentage of runs identified with significant down-regulation is shown in blue (%), and the
corresponding THI decrease (also in %, from pre-assessment to early post-assessment) in green.
Participants are sorted from best to worst performance, and can be categorized into 3 (arbitrary)
subgroups: good (13 to 20), average (2 to 10), and poor responders (19 to 7) to fMRI NF training.
p-values for matched binomial PDFs were not included in the figure (highest p = 9.38×10−8). The
participant-wise process of surrogates generation behind each blue bar is explained in Figure 4.7.

additionally matched to a binomial PDF to evaluate the probability of observing the obtained

amount of successful down-regulation runs). Participants were ranked by NF down-regulation

performance according to this analysis and additionally compared with their THI decrease

in % (Figure 4.8). We are not surprised with the resulting ranking nor with the amount of

significant regulation, as on the contrary, it corresponds rather well to previous reports of a

30/30/30% scheme (i.e. responders, average, and non-responders scheme) previously reported

in the fMRI NF literature. For example, in a meta-analysis by Haugg et al. (2020), a subset

of 8 studies were analyzed for successful modulation of brain activity. The results suggested

that 38% of all participants had failed to modulate their own brain activity and did not reach

predefined training goals. We therefore compare to previous fMRI NF studies in terms of

success rate, although we want to stress that the subgroups are chosen for convenience only

(3×7 participants in each), and that it is well possible to refrain to 2 categories (responders

and non-responders, e.g. by defining a threshold at 50%). Also, metrics used for NF success

often differ and do not allow for proper comparison between all studies, making it difficult to

position our results in the field.

4.2.2 Participant-wise brain regulations maps

In this section, we highlight individual neuroimaging results regarding brain regulation with

fMRI NF in our participants, before presenting group analyses in the next sections. Due to the

large amount of available data per participant, it is interesting to first assess individual regula-

tion maps and intra-participant run-by-run variability, as well as to discuss inter-participant
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Figure 4.9: Average raw fMRI NF scores (0–4000 range, arbitrary units) per participant per visit.
Participants are sorted into 3 columns according to their NF regulation performance (good, average, or
poor, see Figure 4.8). The average score of each session (out of 6–7 runs per session, see Table 3.4 for
total numbers per participant) is depicted by black markers, and the standard deviation within each
session is shaded in red.

112



4.2 Neurofeedback down-regulation performance

differences in brain regulation outcomes. We detail the full preprocessing pipeline for NF data

and present regulation outcomes in the targeted NF ROIs.

Preprocessing

Functional NF data was preprocessed using SPM12, and with customized code written in

MATLAB R2019b. The first and last 5 volumes of each run were discarded (and skipped by

OpenNFT), leaving 260 volumes per run. All the NF runs underwent standard preprocessing

steps: slice timing correction (with the following parameters: TR = 1.5 s, TA = (1.5-1.5/64) s, 64

slices, interleaved slice ordering according to EPI sequence ([2:2:64 1:2:63]), with ref. slice

= 2 by default), realignment, coregistration to the anatomical subject-space of the first MRI

visit, multiple regression of physiological and other nuisance parameters (detailed below), re-

alignment of ROIs to the newly preprocessed subject-space, additional normalization into the

Montreal Neurological Institute space (MNI, 91×109×91, 2.0 mm3 isotropic) for group analysis,

and spatial smoothing with a 6 mm FWHM Gaussian kernel (in both subject- and MNI space).

For realignment (and reslicing), only two subjects benefited from the additional unwarping

(using the B0 field map acquired at each session). Indeed, because of the longitudinal nature

of the data (15 visits per subject), the unwarping often yielded worse coregistration patterns

(as measured with the help of an intersect mask per subject created after the realignment and

coregistration step). For this reason, unwarping was not preferred for most subjects when

a decent EPI realignment template (i.e. not necessarily from visit 1, see Table B.5) was avail-

able. Realignment parameters included a single pass procedure (we also applied a two-pass

procedure by registering to the mean but it showed less accurate overlaps as assessed by the

intersect mask) using the best EPI template per participant (Table B.5), as well as standard

SPM12 parameters (quality: 0.9, sampling separation: 2 mm, 5 mm FWHM Gaussian kernel

for smoothing before estimation, 4th order B-spline interpolation at estimation and reslicing,

no wrapping, and no masking). Coregistration was always performed onto the anatomical

T1 volume from the first visit, also with standard SPM12 parameters (normalized mutual

information, sampling separations: 4 mm, then 2 mm, default tolerances, and 7 mm FWHM

Gaussian smoothing for the joint histogram). The interest masks were then created by loading

all NF volumes per subject — this step allowed to evaluate brain coverage throughout all visits

and restrict subsequent analyses to the intersecting voxels. The average EPI volume was then

run through bet (FSL tool2), together with the anatomical T1. This permitted to further ensure

the correctness of the intersect masks.

Before performing nuisance regression on our coregistered volumes, we created physiological

and motion regressors using the PhysIO TAPAS Toolbox (Kasper et al., 2017). A quality check

was performed visually on each of the quality control plots generated by the toolbox, in order

to exclude as much artifacts as possible from the recorded physiological input data (breathing

belt and pulse photoplethysmography). The physiological input data was also preprocessed

with customized code in MATLAB R2019b, to ensure that all MRI triggers were present and

2Brain extraction tool from FSL.
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synchronized with the neuroimaging data. Nuisance regression included constant, linear,

and quadratic trends, 12 motion (3 translational, 3 rotational, and their first order temporal

derivatives), 4 white matter and cerebrospinal fluid (average WM and CSF; and their first order

temporal derivatives) and 18 physiological noise regressors created using the RETROICOR

model (Glover et al., 2000). All volumes with frame-wise displacement (FD) ≥ 0.5 mm were also

tagged for further processing but not regressed out from the data at this stage. Regressed-out

volumes were written on disk and used as reference for further preprocessing.

General linear modeling and subject-level brain regulation maps

First-level GLM modeling (run-level) was done with SPM12, and comprised an active NF

regressor of interest (NF task), a constant column, and a variable number of columns loaded

from respective FD ≥ 0.5 mm frames (spike regressors of no interest). Standard SPM12

parameters were used for the model. After evaluation, positive and negative NF contrasts and

their associated statistical t-maps were available per run for all subjects.

In the second-level GLM per subject (session-level), we looked at the average trend of acti-

vations and deactivations during NF throughout the whole training (see Table 3.4 for total

number of runs per subject). Results are illustrated in Figure 4.10 for the 7 best regulators

(and in appendix, in Figure B.2, for the average and poor regulation groups; note that for

visualization purposes, the thresholds are stricter than p < 0.05 FWE).

In many participants, similar regulation patterns can be observed (e.g. participants 1, 9, and

17 in Figure 4.10, 4, 6, and 16 in Figure B.2 (top), and 7, 8, 12, and 14 in Figure B.2 (bottom)).

Notably, we observe a pronounced deactivation of the default mode network (DMN) in several

participants among good and average regulators. Often, it is accompanied by activations in

the vicinity of the premotor cortex BA6 (Brodmann area 6), a region anterior to the primary

motor cortex (BA4). However, we note that the activations observed here do not overlap with

the control region used during NF training (see section 3.2 for details on the finger-tapping

experiment and section 4.3 for group neuroimaging results). We also note that, on average,

auditory NF target ROIs do not appear in the negative contributions, which can be partly

explained by the fact that only about a third of participants could consistently down-regulate

bilateral auditory activity (for > 60% of runs) compared to that of the control region (Figure 4.8).

Indeed, we do not expect auditory NF target regions to strongly appear on an average contrast

across all runs. In order to further inspect these regions, we attach a complementary analysis

in the next subsection 4.2.3. In the poor responders group, almost no extended deactivations

of the DMN can be observed, and similar patterns of deactivations seem to only elicit in the

visual cortex (Figure B.2, bottom).

We further compared these average brain regulation maps between our 3 defined subgroups

using an analysis of variance (ANOVA) in SPM12 (standard parameters, assuming independent

samples with unequal variance). No significant differences were found in average regulation

maps between the three subgroups (or when comparing individual pair-wise F-contrasts).
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Good responders
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Figure 4.10: Second-level (GLM) whole-brain average regulation maps during NF across all runs
for 7 participants (good responders subgroup). These performed the best according to our previous
analysis based on NF scores (Figure 4.8). Note that for visualization and comparison purposes, brain
statistical maps were normalized to the −1:1 range (for activations and deactivations, independently)
with a threshold at |t | ≥ 0.75. The red bars in the colorbar represent the lowest equivalent normalized
2nd-level p < 0.05 FWE threshold among the 7 participants (tth− = −0.24, tth+ = 0.22), such that all
average (de)activations shown are well above the defined significance level.
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However, on a descriptive level (p < 0.001 uncorrected), the contrast good > poor regulators

showed a small cluster in the vicinity of the left parietal operculum 3 (peak at [-32 -10 22] in

MNI, 30.4% OP3 according to Jülich atlas (Amunts et al., 2020; Eickhoff et al., 2005)), and the

opposite contrast (poor > good) showed a few voxels in the auditory cortex (peak at [-48 -14 6]

in MNI). The lack of significance can be due to our lower sample of subjects for subgroups

comparison, and highly averaged (i.e. large number of runs) second-level regulation maps,

suggesting that inter-individual differences in NF regulation are not captured in mere average

brain regulation patterns. A proper group analysis is presented in section 4.3.

4.2.3 Activity in target neurofeedback ROIs

In order to better characterize individual regulation, we analyzed the appropriate 1st-level

contrast (NF > baseline) in all runs of all subjects. Individualized training ROIs were used in

subject-space to compute the average t-statistic in each run, across bilateral auditory cortex

(Figure B.3). For comparison, the same approach is illustrated in Figure B.4 for the control

region. Note that these measures differ from the minimally processed data used in the previous

scores’ computation approach (Figure 4.9 and “Scoring and reward” under subsection 3.1.4),

although some qualitative interpretations can be drawn regarding the influence of the control

region in the obtained scores.

For most good regulators (except participants 9 and 20), the estimated transfer learning slope

is negative, indicating an improving NF down-regulation capability over time (Figure B.3, left

column). For participants 9 and 20, the last transfer runs were not that successful, leading to

an inverted slope. For participant 9, however, we observe that most runs after visit 7 reflect

a good down-regulation ability, but only when feedback is present (this effect is even more

striking for participants 2 and 6). For participant 20, the initially good progression (visits

1–6) did not last, unfortunately, with an inversion of the trend from visit 9 on. Participant

18 shows a peculiar ability to easily down-regulate bilateral auditory cortex, but this ability

was not further improved with training. For some participants (such as 13, 9, 17), a stronger

up-regulation of the control region compared to auditory down-regulation can be observed

(Figure B.4). This interplay can also be related to NF scores in Figure 4.9, since a differential

feedback has been used. These results suggest that despite proper instructions provided to

participants regarding the sole use of non-motion-related strategies (i.e. no movement of head

or limbs allowed during NF training), and careful monitoring of the control region’s activity in

real-time, “contamination” effects of cognitive strategies involving movement imagery (e.g. see

strategies of participants 1, 8, and 19, 20, Table 3.4) could not be excluded. These may in

turn have influenced the specificity of delivered feedback, especially when auditory activity

was less regulated. However, we do not consider these results as a failure in down-regulating

bilateral auditory cortex, since our initial hypothesis did not exclude the use of mental imagery

involving movement to achieve the given goal (noise/tinnitus defocalization). Further insights

about regulation outside these primary sensory and feedback-related regions are discussed in

the next section.
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4.3 Whole-brain group analysis & psychophysiological interactions

After assessing individual NF regulation performance and BOLD evolution in our 21 partici-

pants of the fMRI NF group, we sought to explore global changes in brain activity during NF

that would be captured at the group level, despite our relatively small sample size. In order

to do so, average regulation second-level GLM contrast maps (as well as contrasts of linear

trends, i.e. increasing and decreasing activities throughout the NF training) were normalized

into MNI space. Then, a third-level GLM was run to assess average group regulation effects

in 1990 NF runs (one-sample t-test, standard SPM12 parameters, with different additional

covariates: age, gender, ∆THI scores from pre-assessment to early post-assessment). The anal-

ysis was performed in MATLAB R2019b, using SPM12 and custom-written code. Whole-brain

regulation patterns across all participants are depicted in Figure 4.11.

We found a clear increased activity (p < 0.05 FWE) in bilateral (anterior) insula, clusters in

bilateral precentral gyrus, right superior parietal lobule, and smaller regions in left putamen

and interestingly, in right planum temporale (PTR), among others (see Table 4.1). Significant

deactivations were observed in nodes of the DMN (precuneus, PCC, medial PFC), as well as

regions localized as bilateral ventral diencephalon (possibly involving the auditory pathway in

the MGB), bilateral middle temporal gyrus, and right inferior parietal lobule, among others

(Table 4.1). When relaxing the cluster extent to include smaller regions (k < 20), we further

uncovered significant deactivations in left parietal operculum 3 (OP3L), as well as small clusters

in the bilateral superior frontal gyrus. In an effort to further assess the spatial extent of involved

regions, we reported these with a slightly adjusted significance level (|t | > 5.5) instead of the

reduced extent in Table 4.1 (corresponding t ≥ 7.78 for p ≤ 0.05 FWE). By doing so, we also

unveil a small deactivations cluster in the right parietal operculum 3 (OP3R).

A highly active insula during NF has been reported in several previous NF studies (see “Neu-

roimaging correlates of NF” under subsection 2.4.3, page 53), and notably in the pilot study

by Haller et al. (2010) preceding NeuroTin (see Table 2 in their publication), in which it was

revealed in an increasing contrast over 4 rt-fMRI NF sessions, together with regions in the

right middle and frontal temporal gyrus. In the current study, we did not find any significant

(p < 0.05 FWE) increased or decreased linear trends at the group level. This is not surprising,

given that we are fitting a linear trend to an average of 95 runs (see Table 3.4) per participant

over the course of 3–4 months, compared to 4 sessions in the pilot study. By inspecting our

linear trends more closely (p < 0.001 unc.), we highlight the same NF control network as found

by Haller et al. (2010), but with trends in opposite directions (see Figure B.5 in the appendix).

However, we stress that these trends are not significant when a proper statistical correction

is applied, and these only suggest that in longer NF training paradigms like in NeuroTin, the

dynamics of regulated regions and involved NF networks may be dissimilar to shorter NF

studies. Interestingly, we also highlight the presence of OP3R but not OP3L in the increasing

linear trend (Figure B.5; OP3-related findings are further discussed below).

A region in the right planum temporale (PTR) was also found to be consistently activated in
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Figure 4.11: Whole-brain group NF regulation results (|t | > 5.5, cluster extent k = 20) from 1990
fMRI NF runs of 21 participants. Auditory NF target ROIs are depicted in brown (intersect across
participants). Consistent up-regulation of bilateral (anterior) insula, right planum temporale (PTR)
were found, among other clusters (see Table 4.1). Strong deactivations of several nodes of the DMN
(PCC, precuneus, mPFC), as well as less expected regions comprising of the bilateral parietal operculum
3 (OP3) and hippocampal clusters (possibly pertaining to decreased activity in the MGB) were also
found. Figure generated with the help of FSLeyes, part of the FSL suite (Jenkinson et al., 2012).

all participants during NF down-regulation (see Figure B.6 in the appendix, also for bilateral

insula). PT is a highly asymmetric region of the brain, and is located posterior to Heschl’s gyrus

within the Sylvian fissure. Aside from playing a role in language processing, this region has

been proposed to contribute to an auditory attentional network, although its computational

role does not depend on attention (Griffiths et al., 2002). More fundamentally, its role has been

linked to the processing of spectrally and temporally complex sounds. One previous study

utilizing PET has linked the perception of gaze-evoked tinnitus with hyperactivity in bilateral

regions in the vicinity of the junction between PT and planum parietale, although reported

activations were higher in the left hemisphere (Giraud et al., 1999). A possible interpretation

of the consistent activation of this region in our study is the use of cognitive defocalization
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strategies requiring a constant (conscious or subconscious) reappraisal of the tinnitus percept

during the NF task. Whenever participants are instructed to shift their focus away from

their tinnitus (or from the scanner noise), the involved strategies require a continuous re-

evaluation of the percept, regardless of whether conscious mechanisms are involved. However,

it cannot be excluded that complex patterns of attenuated but varying scanner noise are also

contributing to this activity during prolonged scanning.

x y z Avg t Peak t Volume Main regions (cluster)

(mm) (mm3)

↑
34 26 6 7.62 9.18 2808 Right insula (62%a)
6 6 58 7.81 10.24 2552 Right juxtapositional lobule cortex (53%)
-28 18 8 7.86 10.23 2520 Left insula (56%a)
46 2 54 7.62 8.91 1000 Right precentral gyrus (70%)
36 -42 54 7.92 9.58 600 Right superior parietal lobule (100%)
42 -58 8 7.56 8.43 560 Right middle temporal gyrus (temporooccipital part, 47%)
-56 -34 30 7.55 8.87 512 Left supramarginal gyrus (anterior division, 98%)
58 -34 18 7.98 9.66 504 Right planum temporale (57%)
-24 -4 16 7.15 7.50 448 Left putamen (46%)
-28 -6 60 7.43 8.10 168 Left precentral gyrus (52%)

↓

6 -42 34 -6.81 -11.14 17504 Cingulate gyrus (posterior division, 52%), Precuneous cortex (46%)
8 48 -22 -6.20 -9.49 14424 Right frontal pole (18%), Right frontal medial cortex (17%)
-64 -16 -10 -6.52 -9.50 5168 Left middle temporal gyrus (posterior division, 79%)
66 -14 -16 -6.60 -9.54 5024 Right middle temporal gyrus (posterior division, 68%)
44 -62 42 -6.61 -8.96 4360 Right inferior parietal lobule (Pga, 72%j)
-40 -72 44 -6.45 -8.65 2936 Left lateral occipital cortex (superior division, 84%)
22 32 50 -6.25 -7.99 1936 Right superior frontal gyrus (57%)
-28 -26 -8 -6.53 -9.62 1448 Left hippocampus (71%), Left thalamus (23%)
42 -70 -34 -6.13 -8.17 1424 Right cerebellum crus 1 (100%a)
28 -26 -6 -6.06 -7.75 1264 Right hippocampus (79%), Right thalamus (18%)
-40 -16 20 -6.31 -8.05 1056 Left parietal operculum OP3 (73%j), OP2 (17%j)
-24 30 48 -6.34 -8.05 1016 Left superior frontal gyrus (96%)
30 22 52 -6.10 -7.19 1000 Right middle frontal gyrus (81%)
18 -90 8 -5.89 -6.90 944 Right occipital pole (68%)
36 -10 12 -5.86 -6.53 752 Right parietal operculum OP3 (72%j), OP2 (22%j)
-14 -94 6 -5.87 -6.82 520 Left occipital pole (98%)
-6 -90 32 -6.15 -7.52 352 Left cuneus (98%a)
-18 -44 -2 -5.82 -6.29 328 Left lingual gyrus (61%), Left cingulate gyrus (posterior div., 32%)
-38 -72 -34 -6.06 -7.00 304 Left cerebellum crus 1 (95%a)
-58 6 -26 -6.08 -6.83 240 Left temporal pole (87%)
-20 66 16 -5.89 -6.63 232 Left frontal pole (100%)
-36 -40 -20 -5.99 -6.71 208 Left temporal fusiform cortex (posterior division, 92%)
-22 -86 -36 -6.09 -7.01 184 Left cerebellum crus 2 (100%a)
42 22 -34 -5.88 -6.73 176 Right temporal pole (100%)

Table 4.1: Whole-brain group NF regulation correlates from 1990 fMRI NF runs of 21 participants,
supplementing Figure 4.11 (|t | > 5.5, cluster extent k = 20). MNI-coordinates (x, y, z in mm), average
t-value in clusters, peak t-value, volume (in mm3), and most probable anatomical locations (at cluster
level) according to the Harvard-Oxford atlas (or a: AAL atlas, or j: Jülich atlas, when mentioned
otherwise) are reported. ↑: activations, ↓: deactivations.

Regarding down-regulation, we were not surprised to find the DMN, a hub generally inacti-

vated during intensive cognitive tasks (Raichle et al., 2001). We explain this observation by

the increased motivation of our participants to find efficient defocalization strategies in what

seemed to most as an unique opportunity (i.e. the NF training) to trigger beneficial outcomes

119



Chapter 4. Analysis and research outcomes

with respect to their percept. Moreover, many participants reported that the regulation task

was uneasy, and we believe that DMN deactivation is reflected in these subjective reports.

Bilateral deactivation of large clusters in the posterior division of middle temporal gyrus (Ta-

ble 4.1) were however less expected. These could be linked to deactivation of the DMN within

a large-scale network when executively-demanding goal-oriented cognition is involved (Davey

et al., 2016). For example, when nontrivial or weak word associations need to be recovered

in a given context, semantic retrieval is thought to be controlled by these regions. Since the

cognitive strategies used by our participants (see Table 3.4) are highly individualized and

mostly shaped by prior coping with their tinnitus, it is possible that more familiar associations

(i.e. well-practiced similar strategies throughout the training) may have led to a reduced need

for exploring weaker associations in the context of auditory defocalization. A further analysis

with detailed strategy usage by our participants could evaluate this hypothesis.

Among the set of down-regulated regions, an unexpected yet interesting finding was the pres-

ence of highly deactivated clusters in bilateral parietal operculum 3 (OP3, 73% and 72% of

overlap with left and right atlas regions as in the Jülich atlas, respectively; see Table 4.1). The

seminal work of Eickhoff et al. (2006b,c) characterized 4 different subregions of the human

parietal operculum based on quantitative cytoarchitectonic analysis, and permitted to high-

light the anatomical correlates behind the heterogeneity of the functionally defined human

secondary somatosensory cortex (SII). It was proposed that the areas OP1, OP4, and OP3,

constitute the human homologues of primate areas SII, parietal ventral area, and ventral

somatosensory area, respectively (Eickhoff et al., 2007). OP1 is more closely connected to

parietal networks, and linked to higher order somatosensory processing, while OP4 is more

closely integrated with areas responsible for action control and basic sensorimotor processing

(Eickhoff et al., 2010). OP2, on the other hand, was characterized as the human equivalent

of the parieto-insular vestibular cortex (PIVC) in the macaque (Eickhoff et al., 2006a), with

cytoarchitectonic features similar to other primary sensory areas. Its function as main candi-

date for the human vestibular cortex was further highlighted (Lopez et al., 2012; zu Eulenburg

et al., 2012), although its role as solely vestibular has been disputed, with earlier reports of

sensitivity to various types of tactile stimulation in humans (Bao et al., 2012). The idea of a

multisensory convergence area for vestibular-tactile integration has also been proposed as

possibly occurring in OP2 (Beauchamp et al., 2007).

Among these regions, the function of OP3 remained less characterized. Since then, it has

been shown to respond to several suprathreshold nociceptive inputs in the context of heat

and sound stimulation with, in particular, a differential activation during pain compared

to heat and sound (Horing et al., 2019). Authors used psychometry ratings to adjust for

both modalities, as noxious heat differs from sound unpleasantness in the context of pain

perception. Since tinnitus is very often experienced after acute suprathreshold noise trauma,

it can be argued that the unpleasantness threshold is simply lower on the corresponding

scale, which might not have been sufficient to trigger significant differential activation in

OP3 (e.g. perhaps a transient tinnitus percept after prolonged noise exposure may more

accurately reflect the crossing an unpleasantness threshold). In this direction, a set of previous
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Figure 4.12: Comparison of achieved down-regulation’s effect size (Cohen’s d) in bilateral auditory
NF target ROIs vs bilateral parietal operculum 3 (OP3) in 21 participants from the fMRI NF group.
Participants are sorted according to the ranking previously estimated in Figure 4.8. Effect sizes are
further separated between runs with and without (transfer runs) feedback. Small effect sizes are seen
for bilateral auditory ROIs (AudROIL&R) for good regulators (light green shading), with a good transfer
outcome for only 2 participants (1, 18). An interesting effect can be seen for average group (light yellow
shading), in which participants were much better at down-regulating OP3 than auditory NF target ROIs.
In poor performers (light red shading), the same effect can be observed on a smaller scale, but with
greatly impaired down-regulation ability of bilateral OP3 during transfer runs.

studies have shown disturbances in somatosensory regions in the vicinity of OP3 in acute

acoustic trauma (AAT) subjects (Job et al., 2011, 2012, 2016). In Job et al., 2011, authors

suggested that cortical representations of tympanic membrane pressure-related movements
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were represented bilaterally in foci in the inferior margin of the postcentral gyrus (BA43). Later

on, they reported bilateral hyperactivations in nearby areas BA43/40 in a group of 19 AAT

subjects with high-pitch tinnitus, compared to healthy controls, while performing an auditory

oddball task (Job et al., 2012). Lastly, in Job et al., 2016, activity in the right OP3 was reported

during a transient perception of tinnitus, which was only induced with a specific stimulation

type (vibrations at 30 Hz, against 8 Hz, for which no transient tinnitus percept was evoked).

Moreover, invasive recordings with direct electrical stimulation (DES) in the operculum in 31

implanted epileptic patients have also produced the set of most heterogeneous responses in

the temporal and parietal operculum (Mălîia et al., 2018). Interestingly, stimulation effects in

the parietal part were highly asymmetric, with motor, oropharyngeal, language, and vegetative

effects only reported on the left side, while auditory and pain responses were recorded in

the right hemisphere. These findings go along with numerous previous reports of altered

activity and functional connectivity extending way beyond auditory regions in chronic tinnitus

sufferers (see section 2.3.3).

Together, these observations reinforce the hypothesis of a possible multisensory integration

role for auditory information in OP3, akin to the integration of vestibular information in OP2.

More specifically, an hyperactive OP3 may play a role in the conscious integration of phantom

auditory percepts generated downstream. This hypothesis could also explain the significant

long-term decrease in THI scores in the fMRI NF group (Figure 4.1), despite minimal effects

on tinnitus loudness as assessed after the training (Figure 4.4). In Figure 4.12, we compare

the achieved down-regulation of auditory NF target ROIs against bilateral OP3. Since Job et al.

(2016) kindly accepted to share their OP3R mask with us, we could reliably assess an overlap of

75.2% with our result in the right hemisphere. A consistent down-regulation of bilateral OP3

during NF training may therefore have impacted the way participants integrate their tinnitus

percept, but not their percept per se, which may be linked to other abnormal functional

activity. Overall, we also observe a difficulty to robustly down-regulate bilateral auditory cortex

in our participants. Many factors could explain this result, starting from tinnitus heterogeneity.

Indeed, not all participants have suffered from noise trauma (see etiologies in Table 3.2) nor

present HL in our fMRI NF group, which casts doubt on whether parts of the auditory cortex

are indeed damaged or hyperactive in our subjects sample, despite strong exclusion criteria.

However, it is plausible that different maladaptive activity as found in tinnitus patients (see

Figure 2.8) could lead to a similar auditory integration process in a region such as OP3, possibly

missed in previous literature due to its small size. An example of such a misattribution has

been reported by Job et al. (2016). Authors analyzed hyperactivations reported in a previous

tinnitus study (Table 3 in Maudoux et al., 2012b), in which some activations were reported as

part of the auditory cortex instead of the right parietal opercular cortex (superior & transverse

temporal gyrus (41/42/22) was reported despite a local maximum (t = 13.97) at MNI [62 -18

23]). In studies preceding NeuroTin (Emmert et al., 2017b; Haller et al., 2010), deactivations

were also mainly reported as auditory, but an involvement of regions in the parietal opercular

cortex (see for example Figure B.5 a.) may have been missed. In Figure 2 of Emmert et al.

(2017b), the main effect of regulation is shown for both groups (receiving intermittent and

122



4.3 Whole-brain group analysis & psychophysiological interactions

continuous feedback). In the thresholded analysis (upper row), deactivations can clearly

be seen as bilaterally extending to parietal operculum, with a low overlap with auditory NF

target ROIs used in this study. A similar effect can also be observed in Figure 3 of Emmert

et al. (2017b), in which continuous feedback shows to be highly superior to its intermittent

alternative to elicit stronger deactivation in regions closer to parietal operculum, farther away

from the targeted auditory NF ROIs.

Aside from OP3, we highlighted group-level significant deactivations in bilateral regions

overlapping the hippocampus (71% left, 79% right) and the thalamus (23% left, 18% right), at

peak MNI coordinates [-28 -26 -8] and [28 -26 -6], respectively (Table 4.1). Although a large

percentage is attributed to the hippocampus according to the Jülich atlas (Amunts et al., 2020),

we wanted to draw attention to the relevance of possibly capturing MGB structures in this

case. A study by Devlin et al. (2006) showed the difficulties associated with proper delineation

of such small structures (see inter-subject variability for 10 subjects in Figure 4 in authors’

publication). Our peak deactivations are however farther away from the hemispheric central

line, compared to this study.

Additionally, we compared the three NF subgroups (good, average, and poor regulators) in an

additional GLM analysis (one-way ANOVA, standard SPM12 parameters, and same covariates

as for the average third-level GLM described earlier) to inspect any other differences in average

regulation throughout the NF training (2nd-level average regulation input contrasts). Although

no differences were found at the p < 0.05 FWE significance level, both trends (p < 0.001 unc.)

for the contrasts “good > average” and “good > poor” regulators revealed bilateral overlapping

activations in parts of the cerebellum (MNI coordinates [-26 -34 30] and [26 -38 -32]) and

in the right MTG ([62 -50 10] (“good > avg”) and [64 -52 4] (“good > poor”)). For the “good

> avg” contrast only, clusters in the left PT ([-56 -40 18]) and in left putamen ([-28 6 -8])

were also found. Although these trends do not survive proper statistical correction, we could

hypothesize that increased activity in the latter (DS) may be linked to better learning outcomes

in the “good” regulators group. However, these observations are in poor accordance with

reported improvements on the clinical side (see individual ∆THI scores in Figure 4.8).

Finally, to test our above-mentioned hypothesis of an etiological difference driving the in-

volvement of OP3R in tinnitus heterogeneity, we selected two other subgroups among our

participants to compare average whole-brain regulation trends in this new setting. Partic-

ipants were selected (from Table 3.2) based on tinnitus etiology: the first subgroup, which

we termed “AAT”, comprised participants with an acute acoustic trauma (AAT) likely being at

the origin of their tinnitus (participants 4, 5, 7, 9–12, 14–15, 19 and 21), against “other causes”

(participants 1, 3, 6, 8, 13, 16–18, and 20), the second subgroup. One participant (2) was left out

due to uncertainty, and “unknown” etiologies were considered as non-traumatic to increase

sample size. When comparing the “AAT > other causes” contrast in a two-sample t-test (using

standard SPM12 parameters), we found a cluster of increased activity at peak coordinates

[38 -30 24] (68.4% OP1R, and extending to right inferior parietal lobule (PFcm) and OP2R,

p < 0.001 unc., according to Jülich atlas). Although this result also does not survive proper
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statistical correction (at p < 0.05 FWE), this suggests that tinnitus causes are likely to influence

differences in maladaptive functional activity in tinnitus populations at larger scales, and

should be an essential consideration in screening questionnaires in clinical trials.

4.3.1 Psychophysiological interactions

In order to further explore effective functional connectivity (FC) links between previously

reported activated and deactivated regions involved in NF, we performed a psychophysiologi-

cal interaction (PPI) analysis with different seed ROIs. PPI analysis has been first introduced

by Friston et al. (1997) in 1997, and enables to disambiguate spurious correlations between

different brain regions arising from a particular task from those mediated by direct or indirect

neuronal interactions. This approach differs from classical FC approaches because it allows to

infer relationships between certain brain regions that take into account the task context. More

precisely, any correlational interaction between a given task (in this case our NF paradigm)

and a given ROI’s (seed’s) influence over other brain regions can be captured with PPI analysis.

By considering prior information on the context of the task (e.g. attempted down-regulation of

auditory NF target ROIs), effective connectivity relationships can be postulated. However, the

direction (causal inference) of those relationships cannot always be drawn from this approach

(i.e. which region is influencing its functionally related other region in a given functional

relationship). Often, prior neuroscientific knowledge about involved regions is necessary to

hypothesize a causal relationship. PPI can therefore be used to explore changes in task-related

FC (Rowe, 2010).

Here, we were interested in uncovering any functional links between auditory NF target ROIs

and the regions revealed by the previous whole-brain group analysis. To do so, we applied

a standard PPI computation approach including the deconvolution of the seed’s average

signal before multiplication with the task paradigm. The latter is illustrated in Figure 3.8 and

consists of an indicator function (0 during rest, 1 during NF) for each run. When computing

the interaction term for each run, 1st-level NF contrasts were used, and different models

were set up for each seed of interest. Interactions were computed in MNI space to minimize

small ROI deformation effects and inaccurate individual OP3 inverse mapping from MNI

to subject-space. Akin to the whole-brain analysis, PPI bidirectional contrasts were then

generated at the threefold level (see 1st-level example in Figure 4.13) in an additional GLM

analysis, using SPM12 in MATLAB R2019b. Effective connectivity clusters at the group level

were then inspected at p < 0.05 FWE corrected.

Auditory target ROIs

Because we performed all analyses in MNI space, a common intersect mask was used to

compute average activity in both left and right auditory cortex. While this is a more strict

approach, it limits inter-individual variability from auditory functional localizers and ensures

that all captured signal is part of targeted NF regulation areas for all participants.
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Figure 4.13: Example of PPI contrasts in SPM12 for a single NF run. Left: positive interaction effect of
OP3R with the NF task (note that p < 0.001 is uncorrected only for illustration purposes), middle: seed
effect (activity correlated to average OP3R time-course during this run), right: NF task contrast (regions
active during NF during this run).

Both for left and right auditory cortex (AudROIL/R) seeds, no significant positive interactions

were found. However, when seeding from AudROIL, we found significant negative interactions

with two larger clusters in the vicinity of parietal operculum, but with low average overlap for

different subregions such as OP1, OP3, and OP4 (see Table 4.3). Additionally, 4 smaller clusters

were found (Figure 4.14), with a larger overlap in right OP3 (84%), and right inferior parietal

lobule (area PFcm, as per initial nomenclature (see Figure 1 of Caspers et al. (2006) for more

details), 80%).

When seeding from AudROIR, 2 significant clusters were found in parietal operculum OP1

and OP3 (75%, Table 4.3, Figure 4.15). Other 5 (single-voxel) negative interactions were also

reported in Table 4.3 for completeness, but not illustrated in Figure 4.15 due to their small size.

We also attempted to combine bilateral average activity from both auditory ROIs in a single

PPI seed, but obtained similar results, with no significant positive interaction and a single

significant negative interaction cluster located in right primary auditory cortex. Since bilateral

activity differs in both ROIs (see differences in bilateral regulation in Figure 4.12), we are not

surprised that an averaging procedure does not capture any significant interactions with other

brain regions.

However, we revealed significant negative functional interactions of both auditory bilateral

seeds with regions highly overlapping OP3R. This reinforces our previous whole-brain findings

about the involvement of this small region in a down-regulated network driven by feedback

from auditory cortex. Moreover, its negative interaction with auditory NF target regions

suggests a functional uncoupling (↓ FC) between OP3R and bilateral auditory cortex in a
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#1

#3

#2

#4

#5 #6

Figure 4.14: Negative PPI of left auditory NF target (intersect) ROI for 21 participants of the fMRI NF
group (p < 0.05 FWE, with equivalent plotted t ≤−7, cluster extent k = 10). The 6 clusters are indicated
with # and are reported in Table 4.3.

#1 #2

Figure 4.15: Negative PPI of right auditory NF target (intersect) ROI for 21 participants of the fMRI
NF group (p < 0.05 FWE, with equivalent plotted t ≤ −6.9, cluster extent k = 10). The 2 clusters are
indicated with # and are reported in Table 4.3.

tinnitus defocalization context. Furthermore, it is relevant to note that the high inter-subject

variability in auditory cortex and in trained ROIs influences the obtained clusters in this PPI

analysis. To further explore the connectivity of bilateral OP3 in the context of this NF training,

we also included PPI analyses from these seeds below.

Operculum 3 (OP3)

The unexpected finding of strong bilateral down-regulation in OP3, supported by previous

literature as detailed earlier towards the end of section 4.3, led to a willingness to explore

this region’s connectivity in relation to our NF paradigm. Since we obtained a relatively high

overlap of our deactivations in OP3R with the ones found by Job et al. (2016), we decided to use

their higher resolution OP3R mask (200 voxels when resliced to our resolution in MNI space)
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Figure 4.16: Negative PPI interactions of OP3R for 21 participants of the fMRI NF group (p < 0.05 FWE,
cluster extent k = 20). The seed region is depicted in pink (resliced mask from Job et al., 2016), together
with auditory NF target regions in brown. Deactivation clusters are further reported in Table 4.3,
except the only positive interaction that was found to be associated to the right superior occipito-
frontal fascicle in WM (54%, as per Jülich atlas) at MNI coordinates [22 -16 30], and has been kept
for completeness. Thal: thalamus. Figure generated with the help of FSLeyes, part of the FSL suite
(Jenkinson et al., 2012).

to carry out this PPI analysis.

Thus, when seeding from OP3R, we uncovered a distributed deactivated network consisting

of a big cluster slightly overlapping right parietal operculum OP1 and OP4, a second one

overlapping left parietal operculum OP3 and OP4, and another set of smaller but highly

significant clusters (14) in many other brain regions (Table 4.3 and Figure 4.16). We observed

bilateral deactivations located in the thalamus, left cerebellum, right middle temporal gyrus

(in particular, in the temporooccipital part, overlapping with the inferior division of the right

lateral occipital cortex, comprising the right visual cortex region V5), right premotor cortex

(BA6, or juxtapositional lobule cortex in Table 4.3), bilateral regions in putamen, and left

pallidum (basal ganglia).

Following the significant down-regulation of (bilateral) OP3 in almost all of our participants

(Figure 4.12) during NF training, strong interactions effects could be further uncovered en-

compassing these regions, as compared to less functionally involved auditory NF target ROIs.

The negative interaction map revealed in Figure 4.16 resembles a distributed functional net-

work tightly coupled to OP3R activity. As previously for auditory interactions, this network
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uncouples functionally (↓ FC) with OP3R during attempted down-regulation of auditory NF

target ROIs. We also recovered localized interactions with the latter (only for the left primary

auditory cortex, however) when seeding from OP3R. This may be explained by the variability

in seeds selection and in auditory down-regulated ROIs (when lowering the p-value, clusters

extended bilaterally to planum polare and nearby auditory regions).

The putamen has been involved in altered connectivity in chronic tinnitus (L. B. Hinkley et al.,

2015; Leaver et al., 2011; see also “Insights from neuroimaging” under subsection 2.3.3), and

has also been proposed to play a sensory gating role in noise elimination in rats (Wang et al.,

2021). However, given the extent of our clusters, smaller nearby regions (such as NAcc, see for

example Figure 1A of Leaver et al., 2011) could also be involved (but we are unable to precisely

delineate these). The putamen is involved in complex pathways with efferent inhibitory

GABAergic projections to the thalamus, and with afferent excitatory thalamic projections back

to the putamen. Furthermore, it is involved in implicit learning (Packard et al., 2002) and is

part of the DS (see also Figure 2.14). Since we also uncovered bilateral negative interactions

with regions within the thalamus, we could hypothesize that the decreasing FC between OP3R

and these regions during NF reflects a concurring mechanism of reduced tinnitus percept

integration and increased sensory gating, respectively. Previous studies have also highlighted

the role of the thalamus (or more specifically of the MGB) in relaying auditory information from

lower subcortical structures (IC in the brainstem) to cortical centers such as primary auditory

cortex (see also Figure 2.5), but with diminished FC between these cortical and subcortical

structures in tinnitus patients (Boyen et al., 2014; Lanting et al., 2014). Since we also found

negative interactions with OP3R when seeding from our bilateral auditory NF target ROIs

(Table 4.3), a possible hypothesis is that NF targeted down-regulation of auditory cortex may

indirectly enhance the corticothalamic connectivity with auditory cortex through functional

decoupling with OP3R. However, tinnitus is a complex symptom requiring further delineation

of related issues (such as HL and hyperacusis) to be able to unveil more tinnitus-specific FC

changes. In the model proposed by Job et al. (2016) (see Figure 4 of author’s publication), OP3R

is involved in a somatosensory pathway mediating hyperactivation following noise trauma

through the trigeminal system. Their rationale is to describe an hyperactive OP3R as separated

from the classical auditory pathway.

When further inspecting related connectivity studies on Neurosynth3, we found one interesting

study reporting very similar interaction patterns, yet in a different effective connectivity PPI

analysis. In this work by Hoefer et al. (2013), authors investigated MSI in the context of auditory-

tactile integration. They found that when presented with tactile stimuli on the left side,

auditory detection in subjects can be enhanced. Furthermore, they performed connectivity

analyses using PPI, seeding from right primary auditory cortex (A1) and PTR. They found

that functional asymmetries interact with audio-tactile interplay, and that the latter recruits

a functional network, whose connections’ strength is directly related to subjects’ perceptual

sensitivity. Although unrelated to tinnitus, this study showed an interaction network recruiting

3Neurosynth is an online platform for large-scale automated synthesis of fMRI data from neuroimaging studies.
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Figure 4.17: Comparison of PPI interactions found in a audio-tactile integration study by Hoefer et al.
(2013), seeded from right primary auditory cortex (A1) and right planum temporale (PT; a.), with our
negative interactions found when seeding from OP3R (b.; see also Figure 4.16). Authors found the
involvement of similar regions in the context of audio-tactile integration. In the left column of a., the
covariation of effective connectivity with subject-specific perceptual sensitivity is depicted, seeding
from right A1. In the right column of a., the used seed is right PT. “ATs” and “ATas” indicate synchronous
and asynchronous audio-tactile stimulation (on the left side, not indicated), respectively, compared to
uni-sensory left audiological stimulation only (“AL”; see authors’ publication for more details). Figure
(part a.) adapted from Hoefer et al. (2013), with permission from Elsevier.

very similar structures as ours, seeded from OP3R (Figure 4.17).

In their study, this network was recruited for both seeds located in the right A1 and PTR, and is

responsible for enhanced auditory perception (in an auditory detection task) when multisen-

sory (tactile) stimulation is additionally provided. In our study, the same network is interacting

with OP3R and functionally decouples with our seed when an auditory defocalization task

(i.e. tinnitus defocalization) is attempted. These results, together with previous whole-brain

down-regulation patterns during NF (Figure 4.11) and findings by Job et al. (2016), suggest

that OP3R is very likely to be involved in an auditory MSI network that could mediate tinnitus

perceptual integration — akin to the same network mediating enhanced auditory perception

in audio-tactile integration in healthy individuals.

Note that for completeness, we also performed PPI analysis when seeding from (symmet-

ric) OP3L, in order to assess laterality effects. Because of highly similar results in terms of

interaction maps, we included the full table of negative interactions in the appendix (Ta-

ble B.7), together with a comparison with OP3R (Figure B.7). Although we did not find direct

interactions with primary auditory cortex (as compared to OP3R), we found a cluster partly

overlapping left WM acoustic radiation. OP3L might share common functional characteristics

with its right hemisphere equivalent, although this region was not reported in previous work
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by Job et al. (2016).

Planum temporale (PT)

The intriguing consistent activation of PTR in all participants during NF (Figure 4.11) led us

to explore whether it was functionally connected to any other down-regulated region in the

context of NF training. We thus performed another PPI analysis by selecting the exact same

seed as reported in Table 4.1 (cluster #8 peaking at MNI coordinates [58 -34 18]).

#1 #3

Figure 4.18: Negative PPI interactions of right planum temporale (PTR) for 21 participants of the fMRI
NF group (p < 0.05 FWE, with equivalent plotted t ≤ −7.14, cluster extent k = 10). Only 2 out of 10
clusters (#1 and #3, from Table 4.2) are illustrated, showing negative interactions with regions partly
overlapping left and right OP3, respectively.

Interestingly, we found negative interactions with bilateral auditory cortex, but also clus-

ters in OP3, OP1, and OP4, as well as smaller regions in left Broca’s area and left primary

somatosensory cortex (BA1 and 3b; Table 4.2 and Figure 4.18). This finding suggests that PTR

also functionally dissociates (↓ FC) with these regions during NF, when down-regulation of

auditory cortex is attempted.

Seed x y z Avg t Peak t Volume Main regions (cluster)

(mm) (mm3)

PTR
-38 -14 12 -8.61 -13.54 3696 Left insula (Ig2, 26%j)

Left parietal operculum OP3 (24%j), OP2 (15%j), OP4 (11%j)
48 -26 16 -7.72 -9.85 1744 Right parietal operculum OP1 (43%j)

Right primary auditory cortex (TE1.1, 21%j)
38 -16 10 -7.61 -8.62 824 Right parietal operculum OP3 (57%j), OP2 (22%j)

Right insula (Ig2, 12%j)
-50 -26 8 -7.44 -8.10 184 Left primary auditory cortex (TE1.0, 52%j, TE1.1, 48%j)
32 2 10 -7.45 -8.31 176 Right parietal operculum OP3 (9%j)
52 -2 4 -7.35 -7.60 176 Right parietal operculum OP4 (55%j)

Right primary auditory cortex (TE1.2, 23%j)
-38 2 12 -7.71 -8.72 128 Left Broca’s area (BA44, 75%j)
-24 -34 72 -7.42 -7.65 96 Left primary sms. cortex (BA1, 58%j, BA3b, 25%j, BA2, 8%j)
-56 -6 24 -7.37 -7.69 88 Left primary sms. cortex (BA3b, 73%j, BA3a, 18%j, BA1, 9%j)
-24 -30 56 -7.66 -8.28 88 Left precentral gyrus (55%), Left postcentral gyrus (45%)

Table 4.2: Negative PPI for right planum temporale (PTR) as seed (selected from activation cluster #8
in Table 4.1, 21 participants of the fMRI NF group, 1990 NF runs, p < 0.05 FWE, cluster extent k = 10).
MNI-coordinates (x, y, z in mm), average t-value in clusters, peak t-value, volume (in mm3), and most
probable anatomical locations (at cluster level) according to the Harvard-Oxford atlas (or a: AAL atlas,
or j: Jülich atlas, when mentioned otherwise) are reported. BA: Brodmann area.
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Seed x y z Avg t Peak t Volume Main regions (cluster)

(mm) (mm3)

AudROIL
58 -16 14 -7.63 -9.11 1160 Right parietal operculum OP1 (43%j), OP4 (21%j)

-44 -12 4 -7.78 -10.58 744 Left parietal operculum OP4 (34%j), OP3 (25%j),
-50 -32 20 -7.46 -8.66 256 Left inferior parietal lobule (PFop, 47%j, PFcm, 35%j),

Left parietal operculum OP1 (16%j)
40 -8 6 -7.24 -7.66 152 Right parietal operculum OP3 (84%j), OP2 (16%j)
54 -4 4 -7.50 -8.41 152 Right primary auditory cortex (TE1.2, 53%j, TE1.0, 16%j),

Right parietal operculum OP4 (21%j)
52 -30 26 -7.22 -7.61 80 Right inferior parietal lobule (PFcm, 80%j),

Right parietal operculum OP1 (20%j)

AudROIR
42 0 12 -7.13 -7.43 32 Right parietal operculum OP3 (75%j), OP4 (25%j)
60 -16 14 -7.00 -7.06 24 Right parietal operculum OP1 (100%j)

[-40 -54 12 -6.93 -6.93 8 Left middle temporal gyrus (temporooccip. part, 10%)]
[-26 -22 24 -7.06 -7.06 8 Left corticospinal tract (WM, 76%j)]
[-20 -26 54 -7.27 -7.27 8 Left corticospinal tract (WM, 50%j)]
[20 -36 60 -7.02 -7.02 8 Right postcentral gyrus (43%)]
[66 -14 8 -7.06 -7.06 8 Right planum temporale (32%)]

OP3R
58 -28 24 -7.73 -11.00 9328 Right parietal operculum OP4 (16%j), OP1 (13%j)

-38 -10 16 -7.62 -9.83 1784 Left parietal operculum OP3 (45%j), OP4 (11%j)
-62 2 26 -7.85 -11.12 792 Left precentral gyrus (100.00%)
54 -56 2 -7.74 -9.70 792 Right middle temporal gyrus (temporooccip. part, 68%)

-22 -54 -22 -7.72 -9.36 720 Left cerebellum (6, 56%a)
-54 -2 6 -7.81 -9.09 568 Left parietal operculum OP4 (66%j),

Left primary auditory cortex (TE1.2, 27%j)
-42 -32 20 -7.43 -8.41 496 Left inferior parietal lobule (PFcm, 45%j),

Left parietal operculum OP1 (39%j)
54 4 32 -7.61 -9.02 488 Right premotor cortex (BA6, 51%j),

Right Broca’s area (BA44, 41%j)
-24 -44 62 -7.54 -8.86 464 Left superior parietal lobule (67%),

Left postcentral gyrus (33%)
-26 -6 0 -7.62 -9.10 408 Left putamen (67%), Left pallidum (33%)

8 -2 60 -7.61 -9.05 320 Right juxtapositional lobule cortex (100%)
-12 -20 2 -7.50 -8.33 304 Left thalamus (100%)

6 -2 50 -7.29 -7.84 296 Right juxtapositional lobule cortex (51%),
Right cingulate gyrus (anterior division, 49%)

30 8 6 -7.37 -8.21 272 Right putamen (65%), Right insular cortex (35%)
12 -16 4 -7.46 -8.58 248 Right thalamus (100%)
56 2 14 -7.21 -7.69 216 Right Broca’s area (BA44, 67%j),

Right parietal operculum OP4 (30%j)

Table 4.3: Negative PPI for bilateral auditory NF target regions (AudROIs) and right parietal operculum
OP3 as seeds (21 participants of the fMRI NF group, 1990 NF runs, p < 0.05 FWE, cluster extend k = 10
for AudROIs, 20 for OP3R). MNI-coordinates (x, y, z in mm), average t-value in clusters, peak t-value,
volume (in mm3), and most probable anatomical locations (at cluster level) according to the Harvard-
Oxford atlas (or a: AAL atlas, or j: Jülich atlas, when mentioned otherwise) are reported. temporooccip.:
temporooccipital, BA: Brodmann area.

4.4 Brain co-activation patterns during NF training

Our whole-brain average NF regulation results at the group level (Figure 4.11) have highlighted

bilateral OP3 as an important down-regulated hub in this study (Figure 4.12). We decided to

further explore the involvement of this small region with other (regulated) brain areas, beyond
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Chapter 4. Analysis and research outcomes

psychophysiological interactions during NF. Following the initial findings of Job et al. (2016),

our analysis here also focused on OP3R.

Brain co-activation patterns (CAPs) have initially been proposed in 2013 by Liu et al. (2013b).

Authors primarily focused on rs-fMRI data, and hypothesized that only at specific moments in

time, a selected region of the brain (seed) would exhibit distinct relevant interactions with the

rest of the brain. This hypothesis was strongly driven by previous findings in resting-state brain

networks (RSNs, Damoiseaux et al., 2006) and point process analysis (Tagliazucchi et al., 2012)

applied to fMRI data. To focus on these specific moments in time, a thresholding approach on

the average seed time-course permits to significantly reduce the amount of time points from

the whole data during which interesting functional interactions could be captured with other

brain areas. Next, by appending a k-means clustering step to the selected frames (volumes

corresponding to the thresholded highly (de)active seed, on average), a partitioning of these

into several distinct CAPs was made possible. CAP analysis is thus a relatively simple approach

to explore different functional interactions occurring sporadically in brief periods of time. Of

note, more advanced variations of CAPs have also been developed, such as innovation-driven

CAPs (iCAPs, Karahanoğlu et al., 2015), in which an additional deconvolution step applied

upstream on the fMRI data enables to select frames based on an innovation signal rather

than on the average BOLD signal in a given seed, further allowing to separate temporally

overlapping CAPs. These approaches (including classical CAPs), however, require extensive

computing capabilities when applied to bigger datasets. In what follows, we briefly explain

the mathematical underpinnings of CAPs, before detailing our methodology. The interested

reader is referred to the review by Liu et al. (2018) for more details about CAPs and their link

with other dynamic functional connectivity (dFC) methods.

CAPs analysis is a relatively simple mathematical approach allowing to disentangle different

patterns of activity in a given set of time-series. It is a voxel-based approach (although it

can be adapted to brain parcellations) that requires preprocessed fMRI time-courses to be

concatenated together for subsequent clustering. Initially, a data matrix Xs ∈RV ×T containing

S subjects [1 . . . s] with V included voxels and T time points is built. The time-courses are then

temporally z-scored for each voxel i , yielding a zero mean µi and a standard deviation σi

equal to 1. The selected seed region is then probed, and corresponding voxels are averaged

together. At this stage, a threshold seedTH needs to be defined in order to select specific

time points of interest from the average seed signal. The choice for this value is usually not

of paramount importance, as it may be justified by data quantity, available computational

power, and objectives of the analysis. Some studies used seedTH = 1 (Amico et al., 2014; Di

Perri et al., 2018; Liu et al., 2013b), but a higher threshold may be selected to capture only

stringent interactions, or on the contrary, slightly lower thresholds may be picked (e.g. 0.8) to

include more time points. Additionally, an excessive motion criterion (e.g. based on FD) can

be imposed to exclude likely artifacted time points (Bolton et al., 2020). This step thus yields

the frames (time points) necessary for subsequent clustering. A popular approach in the fMRI

community is to use a k-means clustering algorithm, whose aim is to partition the selected

frames into a predefined set of K clusters, such as to optimize
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4.4 Brain co-activation patterns during NF training

argmin
C

K∑
k=1

S∑
s=1

dist
(
Xs (·, t ) ,ck

)
(4.1)

where K is a fixed number of clusters to partition into, S the number of subjects, Xs the data

matrix defined above, ck the spatial map of CAP k, and C the hard assignment of frames to

each CAPk ∈ [1 . . .K ]. One can further choose which distance (dist) to optimize between points.

The algorithm is run multiple times in an iterative process, since the convergence to a global

minimum is not guaranteed.

Here, we used our smoothed whole-brain preprocessed time-series (as described under

“Preprocessing” in subsection 4.2.2) in MNI space for each of the 21 participants as data inputs

for the analysis. Individual intersect masks in MNI space (across all runs per participant)

were used to select consistent voxels across all time points (yielding around 2×105 voxels

per participant). Input time-series were further high-pass filtered at 0.01 Hz, and z-scored

as described above. An additional GM mask was finally not included, as it did not alter

performance as later assessed during clustering attempts. FD parameters were also used to

exclude excessive motion (FD > 0.5 mm) frames, when these were selected. We used the OP3R

seed with 200 voxels, as described earlier (Figure 4.19 a.). For thresholding, we assessed two

pipelines at seedTH = −0.8 and seedTH = −1. Retained frames thus varied between ∼ 10%

and ∼ 20% between thresholds and participants. Later on, a threshold at −0.8 was kept for

simplicity, as well as to include a higher percentage of data (Figure 4.19 b.). Note that all voxels

were used for clustering, as opposed to reducing approaches proposed by Liu et al. (2013a,b).

To decide on the best number of clusters K for the k-means algorithm, we used a consensus

clustering (Strehl et al., 2002) approach to evaluate multiple iterations with different k ∈
[2 . . .10] (see an example in Figure 4.19 c.). In order to do so, we modified the code from Bolton

et al. (2020) to include parallelization for multiple folds (Nfolds = 20 in our case, with 80% of

frames per fold retained for clustering) to accommodate for our data size. Each fold (out of 20)

consisted of a k-means clustering with correlation as optimized distance (dist), 10 replicates,

an uniform start (random initial selection of K points, in MATLAB), and with 200 maximum

iterations. A leaf ordering procedure, as implemented in MATLAB (optimalleaforder) and

Bolton et al. (2020), was used at the end to visualize clusters’ stability. The entire pipeline is

illustrated in Figure 4.19.

We retained a final Kfixed = 4 number of CAPs to cluster into, as assessed from a stability metric

(proportion of ambiguously clustered pairs (PAC, S, enbabaoğlu et al., 2014)) associated to

consensus clustering across all participants. Then, k-means clustering was performed for all

participants independently (only one participant’s outcome is shown in Figure 4.19), because

of computational limitations for group clustering. For some participants, we found a high

imbalance in some CAPs recruited during NF as opposed to rest (e.g. Figure 4.19 e.). We also

assessed other metrics such as CAPs occurrences in significant vs not significant NF runs (as

shown in Figure 4.8) throughout the 15 NF sessions, or between runs with and without visual
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Figure 4.19: Illustration of a CAPs analysis for a single participant. a. The OP3R (in red; resliced mask
kindly provided by Job et al. (2016)) is used as seed. b. Top: frames are then selected in each NF run
according to a deactivation (z-score) threshold set at −0.8. Bottom: k-means clustering was then
performed, and CAPs’ distributions per NF run are shown. c. A consensus clustering approach is used
to estimate the most stable number of clusters. Clustering quality can then be evaluated using a 1-PAC
metric (S, enbabaoğlu et al., 2014). d. Clustered frames can be visualized in a CAPs expression map
(volumes×NF runs) for visual assessment of selected frames. e. Several metrics can then be computed
among the obtained clusters. For this participant, CAP 3 is highly expressed during NF (as also visible
in d.).
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4.4 Brain co-activation patterns during NF training

feedback. However, a group CAPs matching approach was necessary to unify these findings

(which are not detailed here for all individual participants).

4.4.1 Group analysis and CAPs matching

To overcome computational limitations associated with the inability to perform k-means

clustering at the group level (i.e. the matrix Xs could not fit in memory), we performed a group

matching procedure between different individual CAPs obtained for all participants (with

Kfixed = 4). The rationale of such an approach is to assess if any common FC patterns occur

across all participants with respect to OP3R. Moreover, as compared to PPI, we are able to

delineate timely contributions of such different patterns over the course of NF training, and

therefore highlight how the connectivity of OP3R changes during NF training.

We used the Hungarian matching algorithm4 (Kuhn, 1955) to minimize a distance metric

between the CAPs from all the participants (84 in total, Figure 4.20). To do so, we built a

similarity matrix (Figure 4.20 a.) between all 84 CAPs, representing the Euclidian distance

(norm2) between all pairs of CAPs. We also kept the classical Pearson correlation for illustration

purposes in the pipeline, since the Hungarian algorithm is a minimization method that aims at

reducing the assignment cost between two categories of variables, but the cost matrix can not

contain negative elements. In our case, this is translated to finding the optimal permutations

of CAPs clusters across all participants (i.e. matching similar spatial patterns k ∈ [1 . . .K ] ∀
participants). In its matrix formulation, the problem can be summarized as

min
L,R

Tr(LC R) (4.2)

where Tr is the trace, C is the cost matrix (similarity matrix with Euclidian distance in our case),

and L,R are permutation matrices. Furthermore, in Figure 4.20 a. (left), this procedure can be

applied iteratively by permuting only 4-blocks for specific reference participants. When doing

so, all CAPs are matched in clusters according to the 4 reference CAPs of a given participant

(Figure 4.20 b.).

In principle, one could stop at this stage and use the matched CAPs according to a random

reference participant. However, as illustrated, different reference participants sometimes

yield poor clustering (i.e. sorting) at the group level, because the used reference CAPs might

not represent the best group spatial patterns (e.g. reference participant 3 in Figure 4.20 b.).

Therefore, we implemented a mode matching procedure to inspect the probability of any

given pair of CAPs to be sorted into the same cluster k (see Figure B.8 in the appendix for

details). Briefly, we revealed unstable CAPs through unstable grouping inspection, which is

reflected by different cluster assignments when different reference participants are used. After

that, we were able to reliably sort clusters (i.e. similar spatial patterns of voxels) across all

4We adapted an implementation of the Hungarian matching algorithm from the MathWorks file exchange.

135

https://www.mathworks.com/matlabcentral/mlc-downloads/downloads/fb9a2536-6577-4149-9974-8d840c2d6f42/0a808f0b-5ba0-401b-993e-06eea419ca77/previews/Distance-scaling%202.0/Evaluations/hungarian.m/index.html


Chapter 4. Analysis and research outcomes

a.
Similiary matrix (d: Euclidian norm2) for all CAPs (Kfixed = 4) Similiary matrix (d: Pearson correlation) for all CAPs (Kfixed = 4)

CAPs (21 participants) CAPs (21 participants)

C
A

P
s 

(2
1 

pa
rt

ic
ip

an
ts

)

C
A

P
s 

(2
1 

pa
rt

ic
ip

an
ts

)

b.

d.

c.

Ref. participant 1

Sorted CAPs according to Hungarian matching, per reference
participant (Kfixed = 4, seed: OP3R, deactivations, seedTH = 0.8)

S
or

te
d 

C
A

P
s

S
or

te
d 

C
A

P
s

Ref. participant 2 Ref. participant 3 Ref. participant 4 Ref. participant 5

Ref. participant 19 Ref. participant 20 Ref. participant 21

Ref. participant 6 Ref. participant 7

Ref. participant 8 Ref. participant 9
Correlation.... ....

Sorted clusters after the mode matching procedure, per reference
participant (Kfixed = 4, seed: OP3R, deactivations, seedTH = 0.8)

S
or

te
d 

cl
us

te
rs

 o
f C

A
P

s
S

or
te

d 
cl

us
te

rs
 o

f C
A

P
s Correlation.... ....

Ref. participant 1 Ref. participant 2 Ref. participant 3 Ref. participant 4 Ref. participant 5

Ref. participant 19 Ref. participant 20 Ref. participant 21

Ref. participant 6 Ref. participant 7

Ref. participant 8 Ref. participant 9

Figure 4.20: Illustration of the participant-specific CAP Hungarian reference matching process. a.
Similarity matrices between all 84 CAPs (Kfixed = 4 per participant) obtained from individual k-means
clustering. Left: Euclidian distance (norm2), right: Pearson correlation. b. Sorted CAPs according to
the individual Hungarian matching procedure, illustrated for several reference participants. c. The
procedure to match the obtained clusters of CAPs between different reference participants is explained
separately in Figure B.8 in the appendix. d. Revisited sorted clusters of CAPs (i.e. maximized spatial
similarity according to Pearson correlation) for Kfixed = 4 after the mode matching procedure has been
applied.
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Figure 4.21: Relative matched group CAPs (gCAPs) occurrences per fMRI NF participant during NF vs
rest, computed from an equal set of 6 NF and rest blocks of 30 s each (discarding the last rest block),
with OP3R as seed. The same ordering as in Figure 4.22 is used. Note that occurrences are relative to
each participant (i.e.

∑4
k=1 occurrencesk = 1 per participant).

reference participants (Figure 4.20 d.).

The outcome of this procedure enables to average selected CAPs into meaningful clusters

of OP3R FC expressed in most participants (Figure 4.21). Moreover, we found distinct and

minimally overlapping functional CAPs among the four averaged brain activity patterns (Fig-

ure 4.22 a.). We slightly lowered the z threshold for visualization purposes (−0.6), because of

the averaging procedure from 20, 19, 20, and 16 different participants, respectively (Figure 4.22

b.). Note that we excluded the 9 unstable CAPs (the 8 CAPs in Figure B.8 b–c., as well as

one additional CAP that was later found to be differently clustered depending on k-means

clustering instances. . . ) from the averaging procedure.

Interestingly, we found a first group CAP (gCAP 1) with broad extended bilateral deactivations

in the visual cortex, secondary somatosensory cortex including overlaps with OP1 and OP4,

and further extending to the primary auditory cortex (as per the Jülich atlas, Amunts et al.,

2020) and to the bilateral precentral gyrus. Moreover, smaller isolated clusters of deactivation

were found bilaterally in the thalamus and in the right MGB (with 35% overlap, as illustrated

at MNI coordinates [14 -26 -4] in Figure 4.22 a.), likely corresponding to an auditory-visual

interplay CAP. This CAP was also more expressed during NF as compared to rest blocks in half

of the participants (Figure 4.21).

Group CAP 2 showed distinct deactivation patterns in bilateral premotor cortex (BA6), the
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Figure 4.22: Group-matched CAPs across 21 participants of the fMRI NF group, with OP3R as seed. a.
The averaged group CAPs as obtained from the Hungarian mode matching approach (see Figure 4.20
and B.8 in the appendix). Only negative co-deactivations were found. Slices encompassing relevant
brain areas are shown, with a common z threshold at −0.6 (lowered for visualization due to averaging
over multiple spatial patterns). b. Correlation matrices between clustered CAPs as previously depicted
in Figure 4.20.
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4.4 Brain co-activation patterns during NF training

inferior division of bilateral LOC overlapping with the bilateral temporooccipital part of the

MTG, the left precentral gyrus, and a cluster in left cerebellum (as per AAL/Harvard-Oxford

atlas). This CAP was found to be more active during rest blocks as compared to NF in 16 out

of 19 participants (Figure 4.21) and may partly reflect the disengagement of the NF control

network over OP3R (and possibly OP3L) after down-regulation during NF trials.

Group CAP 3 clearly encompasses nodes of the DMN, as well as small clusters in OP3L (48%

overlap, as per Jülich atlas), the posterior left, and anterior right divisions of MTG, respectively.

Unsurprisingly, this gCAP is highly expressed during NF as compared to rest blocks in 18 out of

20 participants (Figure 4.21). However, more interestingly, for the two remaining participants

(7 and 10), this gCAP is either as expressed as during rest (7) or less expressed than during rest

(10), which highly correlates with an absence of OP3 (and auditory) down-regulation ability

(Figure 4.12). A possible explanation is that these two participants were likely less cognitively

involved in the task (e.g. one of the most used strategies reported by participant 10 was “mind

wandering”, Table 3.4), and failed to exert cognitive control over OP3 (or over auditory cortex,

but we are here referring to a NF mechanism of learned modulation, as supported by the

previous PPI analysis).

Finally, gCAP 4 was less robust (Figure 4.22 b.), with several unstable CAPs excluded from 5

participants (Figure 4.21). It mainly shows deactivations in right OP4 and OP1, extending to

primary somatosensory cortex (BA3b), in left OP1, OP4, and primary somatosensory cortex

(BA1), as well as in bilateral premotor cortex (BA6, all as per Jülich atlas). This gCAP may reflect

a connectivity of OP3R with other parietal opercular regions, and was mostly expressed during

rest (Figure 4.21), but is more difficult to interpret in this context.

To further assess dynamic properties of gCAPs expressed over time, we first averaged expres-

sion maps of every CAP for all participants, yielding 4 time-courses of individual CAPs per

participant. Then, we used our matched group CAP affiliations to average across participants

(Figure 4.23). We unveiled an interesting dynamic between gCAPs 3 and 1 during NF blocks.

On an overall descriptive level, participants first processed the visual feedback by prompting

the activity of the NF control network (as reflected by the consistent decrease of gCAPs 1 and

2 prior to the sharp increase of gCAP 3 in each NF block), before engaging into one of their

favorite NF cognitive strategies (increase of gCAP 3, strong decrease of DMN activity during

NF). gCAP 1 is then deactivated just after the end of every NF regulation period, indicating

an increased visual processing of the feedback score (displayed for ∼2 TRs, see Figure 3.9),

followed by a decrease of gCAP 3 (disengagement from the cognitive strategy). Moreover, the

expression of gCAP 2 progressively increases during rest blocks, closely followed by delayed

gCAP 1, which may reflect the weakening control over OP3R during rest. However, the dynamic

link between these two gCAPs is more difficult to explain. We remind that this interpretation is

somewhat isolated to OP3R, since interactions shown here are derived from this seed, and that

other brain processes not captured by these interactions (i.e. we captured only deactivation

gCAPs) may also play an important role in NF training. For instance, we did not find any

specific interactions with bilateral insula or PTR, whereas these regions were highly activated
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Figure 4.23: Average group CAPs time-courses across all individual matched expression maps (as
in Figure 4.19 d.). Dynamics between these 4 patterns are uncovered at the group level, with gCAP 3
highly expressed during all NF down-regulation attempts, closely followed in time by the consistent
expression of gCAP 1. During rest periods, gCAP 2 is slowly increasingly expressed, before being sharply
decreased at the beginning of each NF block, possibly suggesting the involvement of the NF control
network at the beginning of each NF block (note that the hemodynamic delay is not adjusted for in this
paradigm). Interestingly, gCAP 1 also occasionally peaks at the end of rest periods, possibly capturing a
NF anticipation effect. No particular interaction of gCAP 4 is visible.

during NF (see Figure B.6 in the appendix). Possibly increasing the total number of clusters K

could have resolved this. Additionally, the gCAPs presented here were derived from a small

subset of fMRI NF data (i.e. only when OP3R was sufficiently inactive), and OP3R being a

small brain region, its dynamics as assessed by a CAP analysis do not necessarily capture

interactions between other brain regions.

In summary, CAPs analysis is a useful approach that helps to reveal dynamics between dif-

ferent connectivity patterns pertaining to our seed of interest, here OP3R. It is a data-driven

technique that captures relevant functional interactions and attempts to delineate these using

a clustering approach. In our case, we leveraged the sufficiently large amount of NF data to

present robust average gCAPs time-courses over a typical NF run, without the use of more

computationally demanding group analysis approaches. In the next chapter, we summarize

our findings, and discuss next promising applications possible with this new NF dataset.
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5 Discussion

In this chapter, we summarize relevant clinical and neuroimaging findings from the NeuroTin

clinical trial, with a focus on the fMRI NF arm. We first put into perspective the extent of the

trial, present neuroimaging and data contributions, and discuss how these impact the research

field of NF for chronic tinnitus. We then detail several limitations of our study, in particular the

lack of (and impossibility to include) proper within-arm controls. Next, we discuss relevant

future research directions for this new NF data set, and present several preliminary ideas of

additional explored analyses.

5.1 Summary of findings

NeuroTin is an ambitious clinical initiative supported by the Wyss Center for Bio and Neuro-

engineering, that enables to evaluate the effects of prolonged fMRI NF and EEG NF training on

chronic tinnitus sufferers, compared to standard care group CBT. In this dissertation, we only

briefly described the methodologies (subsection 3.1.2) of both groups for completeness, and

presented preliminary clinical results from the CBT group (section 4.1) for comparison. The

primary focus of our work was the prolonged acquisition of fMRI NF data (Figure 3.17), its first

analyses, and contributions to rt-fMRI NF software developments (section 3.3 and chapter C).

As of February 2022, the clinical trial is still ongoing.

We explored the effects of extended fMRI NF down-regulation training targeting the bilateral

auditory cortex in chronic, severe tinnitus sufferers, using a closed-loop visual feedback rt-

fMRI NF setup (Figure 3.5). This work builds upon previous encouraging pilot results (Emmert

et al., 2017b; Haller et al., 2010) supporting short-term NF training benefits and exploring

the best NF methodologies at hand for such patients. We thus collected longitudinal NF data

for 21 chronic tinnitus participants over the course of 3–4 months of NF training for each,

totaling 1990 NF runs. To our best knowledge, this is the longest fMRI study with regular NF

down-regulation training for chronic tinnitus participants. We observed significant clinical

benefits for participants of the fMRI NF group compared to the CBT group, as assessed by

the THI questionnaire (Figure 4.1). Moreover, THI scores remained significantly lower at one
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year follow-up. Secondary clinical assessments, encompassing general quality of life, anxiety

and depression associated to tinnitus, and sleep quality, also significantly improved after NF

training (Figure 4.2, Figure 4.3).

Then, we assessed NF down-regulation performance over the course of the whole training

for all participants. We ranked the 21 participants by NF down-regulation performance

(Figure 4.8), and split responders into three groups to better illustrate learning trends among

“good”, “average”, and “poor” regulators (Figure 4.9). Although we found a similar qualitative

NF responders rate as previously reported in the fMRI NF literature (Emmert et al., 2016;

Thibault et al., 2018b), we could not replicate the encouraging pilot findings of Haller et al.

(2010) regarding control over deactivations in the auditory cortex. We believe that this may be

due to the inherent difficulty of controlling a primary sensory region in a relatively noisy MRI

environment.

Instead, we unexpectedly unveiled a small bilateral region belonging to the parietal operculum

(OP3) — a region previously reported as responding to transient tinnitus percepts (Job et al.,

2016). We found that participants robustly down-regulated this region as compared to bilateral

auditory cortex (Figure 4.12), and that the down-regulation ability was conserved during

transfer runs for good and average NF responders. We further hypothesize on the implication

of this small region in a MSI network in chronic tinnitus, akin to the multisensory convergence

of tactile and vestibular information presumably occurring in OP2 (Beauchamp et al., 2007).

Using PPI analysis, we showed that OP3 is connected to a functional network encompassing

nodes in the bilateral thalamus, putamen, left cerebellum, and left pallidum (basal ganglia)

(Figure 4.16). Moreover, significant interactions with OP3R were also found when seeding from

bilateral auditory NF target ROIS (Table 4.3), as well as from PTR (Figure 4.18). Finally, we

also compared our OP3 effective connectivity findings with a previous study by Hoefer et al.

(2013), in which the same functional network is unveiled when PPI analysis is carried out from

primary (A1R) and secondary (PTR) auditory cortices (Figure 4.17). This further reinforces our

hypothesis of a LM NF model for OP3, in which the NF control network mediates the down-

regulation of this region through perceived feedback from auditory cortex during attempts

of tinnitus defocalization, further reducing FC of OP3 with the unveiled MSI network (also

recruited during audio-tactile integration).

To further evaluate the functional patterns interacting with OP3R, we carried out an additional

CAPs analysis in all participants (Figure 4.19), before matching the individual results at the

group level using an Hungarian matching procedure (Figure 4.20). By averaging the matched

CAPs into group CAPs (gCAPs), we found distinct functional interactions accompanying OP3R

deactivation over time (Figure 4.22). Notably, the four gCAPs involved a characteristic auditory-

visual interplay gCAP (1), a gCAP resembling a part of the NF control network (2), a gCAP

mainly capturing the DMN (3), and a last gCAP likely encompassing residual OP3R connectivity

with somatosensory regions not actively involved during tinnitus defocalization (Figure 4.23).

This dynamic analysis permitted to characterize timely functional interactions of OP3R during

NF, highlighting the contribution of their functional networks in NF training.
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In summary, we explored effective connectivity and dFC patterns of the newly uncovered

small region of the human brain (OP3) highly involved in tinnitus defocalization during NF

training. We showed that this region is functionally connected to primary auditory cortex,

and to the same functional network mediating multisensory integration of auditory(-tactile)

information. Furthermore, we characterized the dynamic functional networks co-occurring

with the down-regulation of OP3, and provided insights for the involvement of a NF control

network in the process. With this work, we contributed to the accumulating evidence that

OP3 is involved and possibly hyperactive in chronic tinnitus, and unveiled its functional

interactions with nodes pertaining to the auditory pathway.

5.2 Limitations

Due to the nature of NeuroTin, several limitations can be mentioned in the design of the

clinical trial. NeuroTin was envisioned as a clinical NF intervention, with the aim to assess

NF approaches (EEG NF and fMRI NF) over the standard care CBT usually prescribed to

chronic tinnitus sufferers. Therefore, the objective of the study remains mostly clinical, with

primary outcomes measured only at the level of tinnitus distress (using the THI, as well as

secondary BDI, PSQI, STAI, and WHODAS questionnaires for assessments), in agreement with

CBT (Cima et al., 2014). Therefore, as a clinical efficacy study, NeuroTin was not designed to

include within-arm control groups. While this is usually acceptable for CBT, as the treatment

is already recognized as standard care, it raises more concern for the EEG NF and fMRI NF

arms. In fMRI NF in particular, we can not attribute the entirety of the observed significant

clinical benefits (Figure 4.1, Figure 4.2, and Figure 4.3) solely to NF training. Placebo and

experimenter effects (Thibault et al., 2017, 2018b) could also have partly contributed to

final clinical outcomes. However, to minimize these, we have included a control region to

better capture deactivations specific to the auditory cortex during NF training. This control

region was derived from a previous finger-tapping experiment (see section 3.2) and used in

a differential feedback implementation to penalize the feedback value if activations in this

region highly differed in between NF and rest periods. While this is not a perfect control

condition, it accounts for global (spatially non-specific) regulation effects. Moreover, we could

not ethically justify a bidirectional regulation control (i.e. up-regulation of auditory cortex is

presumably not a good idea in chronic tinnitus patients within the MRI). Therefore, we chose

a region not known to be involved in tinnitus distress. We also did not incorporate a sham

feedback group due to the already expensive and lengthy NF intervention, and scanning 15

visits with sham feedback would have further required additional personnel resources. Due to

the implicit nature of our feedback paradigm, we also could not control for mental rehearsal

effects between sessions (Sorger et al., 2019). However, we encouraged our participants to

practice at home the strategies that were evaluated as successful after each MRI visit. Despite

these limitations, we demonstrated that only a specific subset of brain regions was regulated

during NF training (Figure 4.11), and provided additional evidence for the involvement of

these regions in chronic tinnitus sufferers during attempted tinnitus defocalization.
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Other limitations include the impossibility to run a double-blind clinical trial, due to the nature

of the intervention, and additional consent required from participants enrolled into NF groups

(i.e. for human research specific to EEG and MRI facilities). At the early stage of the rt-fMRI NF

setup, we also considered alternative quiet MRI EPI sequences to enhance the NF experience

for tinnitus patients (Peelle et al., 2010), but these could not be made available at the MRI

facility in time. MRI noise can be a drawback for tinnitus patients presenting additional

hyperacusis, and was of general concern to many participants (2 participants dropped-out

because of it, see end of subsection 3.1.3). These concerns are perfectly understandable, since

traumatic noise exposure experiences can be associated to tinnitus, and the MRI environment

may still be perceived as loud, even with adequate noise protection (in our study, participants

received earplugs in addition to protective foam pads).

In addition, one limitation concerns the delineation of primary auditory cortex with a func-

tional localizer in tinnitus. The approach has been demonstrated to elicit strong BOLD

responses in the auditory cortex (Seifritz et al., 2002). However, some studies have highlighted

functional changes occurring in A1 in HL and tinnitus (Ghazaleh et al., 2017; Mühlnickel et al.,

1998), supporting the maladaptive plasticity hypothesis, while others have not found any plas-

tic reorganization of A1 in tinnitus (D. Langers et al., 2012; D. R. Langers, 2014). Overall, our

participants have also demonstrated a substantial variability in auditory activations elicited

with this approach. Therefore, different parcels of A1 and surrounding regions sensible to

the functional localization approach have been included across participants. This additional

variability may also have influenced the mixed down-regulation performance.

5.3 Future directions

During the last couple of years, we completed over 660 hours of fMRI NF acquisitions with

our enrolled chronic tinnitus participants, consolidating a valuable data set of around 2 Tb of

neuroimaging data (Table 3.3). This unprecedented fMRI data acquisition initiative involving

chronic tinnitus sufferers opens new perspectives in both NF and tinnitus research. Notably,

the longitudinal NF training and anatomical acquisitions offer exciting possibilities to explore

structural-functional coupling and structural alterations in tinnitus over prolonged periods of

time (several months). Resting-state fMRI and DWI data analyses were also not discussed in

this work, but functional and structural neuroimaging markers relating to changes in tinnitus

distress could be further investigated. In the field of fMRI NF research, this data set also

represents an opportunity to better characterize the dynamics of different functional networks

implicated in NF learning (Figure 2.14), although we could only delineate a part of them in the

analyses presented in chapter 4.

Of note, we explored several other preliminary research directions that were not detailed in

this dissertation. We summarize them visually in Figure 5.1. In the first analysis (Figure 5.1 a.),

we aimed at exploring if any structural changes could have occurred in the auditory cortex

(more specifically in the Heschl’s gyrus) throughout NF training, by using an automated seg-
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mentation toolbox developed by Dalboni da Rocha et al. (2020). This analysis was performed

in collaboration with authors of the aforementioned publication, yet no significant effects

were found across the first different segmentations of bilateral auditory cortex in several par-

ticipants. However, further inspection of the many generated metrics (volume, area, mean

curvature, thickness, . . . ) per hemisphere is required. This work could also be coupled with

an analysis of functional differences within the auditory cortex, for example by studying the

inter-subject variability in NF regulation within the NF target ROIs (Figure 5.1 b.). Answering

this question can contribute to elucidate which parts of the auditory cortex are more subject

to NF-mediated plasticity. For instance, Emmert et al. (2017b) have previously suggested that

the secondary auditory cortex may be more susceptible to voluntary modulation through

fMRI NF in comparison to a primary sensory region. This analysis could also be extended to

other regions modulated during NF (Figure 4.11).

Another interesting analysis direction involves the physiological data collected during all

functional acquisitions of the fMRI NF group of NeuroTin (Table 3.3). Several studies have

investigated autonomic imbalance in chronic tinnitus (Betz et al., 2017; Choi et al., 2013;

Q.-Q. Li et al., 2013), with a reported increased sympathetic activity linked to tinnitus distress

(Savov, 1999; Vanneste et al., 2013a). Here, we used the Kubios software (Tarvainen et al., 2014)

to obtain preliminary insight into sympathetic balance in our chronic tinnitus participants.

We illustrate an example of increased sympathetic tone during the first NF run of the first

participant (Figure 5.1 b.). Further analysis could reveal if fMRI NF can also indirectly modulate

this imbalance, and whether such modulation (if any) is related to the significant clinical

improvements in tinnitus distress of the fMRI NF group.

Last but not least, we illustrate another promising approach to explore whole-brain connec-

tivity changes throughout the entire NF training (Figure 5.1 c.). Termed brain connectomics,

this relatively recent approach in fMRI data analysis has proven to reveal meaningful plasticity

patterns, when coupled to network neuroscience tools (Bassett et al., 2017, 2015). Here, we

applied a brain parcellation technique (Schaefer et al., 2018) to construct functional connec-

tomes (Finn et al., 2015) for 419 brain regions for each NF run. An example of such ordered

connectome is first shown for the last NF run of the first participant. Then, we computed the

correlation between all pairs of connectomes to produce an inter-run correlation matrix (or

identifiability matrix (ID), as initially introduced in the literature, Amico et al., 2018). This ID

matrix not only reflects all whole-brain functional changes throughout the NF training, but

also enables to assess the evolution of brain plasticity (if any) in time for any given participant.

An example of a derived metric is finally illustrated, which represents the decay of FC in func-

tion of inter-run elapsed time difference between any pair of NF runs. This decay (also visible

in the ID matrix as one distances perpendicular to the main diagonal) eventually indicates

changes in whole-brain FC over time. By leveraging similar network neuroscience metrics, it

is possible to further characterize the functional dynamics of any couple of brain regions or

functional networks (Yeo et al., 2011) at any time during NF training (not shown).

We provided an overview of research questions that could be addressed using the data pre-
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Figure 5.1: Future directions for the analysis of fMRI NF neuroimaging data of NeuroTin. a. Top:
example of output from TASH (toolbox for automated segmentation of Helsch’s gyrus, Dalboni da Rocha
et al., 2020). One anatomically segmented left primary auditory cortex cluster is shown in blue on
an inflated hemispheric brain template (participant 1, visit 1). The procedure can be repeated on
different sessions to evaluate any changes in structural metrics throughout NF training. Bottom: the
left auditory NF target ROI is projected on a surface hemispheric brain template, but this time, derived
from the first auditory functional localizer. The spatial BOLD variability from all NF regulation runs
of participant 1 (103 runs, 618 trials) is shown. b. A second analysis is proposed for the acquired
physiological data during fMRI NF. Here, using HRV analysis from Kubios (Tarvainen et al., 2014), we
illustrate an increased sympathetic tone in participant 1 during the fist NF run. c. Finally, a last analysis
is proposed in brain connectomics. Top: a functional connectome representing correlations between
419 parcels of the brain (parcellated using the Schaefer atlas, Schaefer et al., 2018) is shown (some
regions are masked with a value of 0 because of excessive motion or lack of brain coverage) for the
last NF run of participant 1. Middle: An inter-run identifiability matrix (Amico et al., 2018) can be in
turn computed for all functional connectomes of this participant. It represents the evolution of global
brain connectivity (from 419 regions) throughout NF training (with time elapsing in diagonal). Such an
object can show interesting properties, such as the decreasing whole-brain correlation with increasing
inter-run time throughout the NF training (bottom), capturing, among others, the functional plasticity
due to NF training.

sented in this dissertation. In addition to these, new questions arise regarding the exact

function of OP3 in chronic tinnitus. Replication studies including precise atlasing and re-

porting methodologies are required to solidify (or invalidate. . . ) the findings presented in

this work. In particular, the involvement of this region has been directly shown in transient

tinnitus (Job et al., 2016) perception, but not so much in its chronic counterpart. While it

is likely that underlying brain mechanisms involved in the generation of the percept share
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a certain overlap in both cases, the chronification of tinnitus triggers important functional

alterations in other aspects of brain function, such as attention. For this reason, future studies

employing fMRI NF need to carefully evaluate tinnitus etiologies and NF target mechanisms to

bring additional evidence to the field. For instance, a shorter, controlled pilot NF study directly

targeting down-regulation of OP3 could produce sufficient evidence to pursue OP3-related

tinnitus research. Or, a connectivity NF study targeting abnormal FC patterns involved in tin-

nitus distress (Figure 2.8) could perhaps be more beneficial to highly affected individuals than

current ROI-based approaches, since accumulating evidence favors the involvement of many

other disruptions in chronic tinnitus, extending beyond the auditory cortex. Furthermore,

it is unlikely that the percept itself is generated solely at the level of this sensory area, since

tinnitus can also occur in normal-hearing individuals. Additionally, the development of silent

fMRI acquisition sequences and the use of higher field (7 T) scanners for increased rt-fMRI NF

precision could substantially benefit the future of this research field.
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6 Conclusion

In this fMRI NF part of our prolonged NF clinical trial on chronic tinnitus, we explored the

long-term effects on tinnitus loudness and distress after NF training. While a reduction of

loudness has only been observed as a group trend, with more pronounced decreases for a few

participants, it did not consistently remain lowered at 6 months after the end of NF training.

However, significant improvements were found in tinnitus-associated distress for partici-

pants enrolled in our group, as compared to those in the CBT group. These improvements

included secondary quality of life facets (such as sleep, anxiety, depression, and general daily

functioning) and remained significant one year after completion of NF training.

These results suggest that fMRI NF training outperforms CBT in terms of tinnitus distress

alleviation. However, only a subset of participants could consistently down-regulate bilateral

auditory cortex as compared to the unveiled OP3. We showed for the first time the involvement

of this region in tinnitus defocalization, and its previous highlight by other studies also support

our hypothesis for its role in an altered multisensory integration mechanism occurring in

tinnitus. Furthermore, we highlighted its functional connectivity with regions of the auditory

pathway, and characterized its interaction with other functional brain networks, namely

the DMN, an auditory-visual interplay network, a part of the NF control network, and a

somatosensory network.

Together, these findings highlight one more time the importance of considering chronic tin-

nitus as a distributed brain disorder rather than a solely auditory condition, even if most

of the time, dysfunctions in the auditory pathway are involved. Future work needs to take

into account the fine-grained functional alterations related to OP3 and to other small regions

pertaining to auditory structures, and will undoubtedly benefit from higher fields (7 T) scan-

ning protocols and quieter fMRI acquisition sequences. With this work, we contribute to

the slow-paced understanding of fundamental brain mechanisms involved in the persistent

perception of tinnitus, and bring the field one little step closer to the urgent need of tackling

this debilitating condition with innovative therapeutic approaches.
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A Appendix to Chapter 3

In this appendix, we list all the supplementary information related to the clinical trial’s docu-

mentation and protocol, as detailed in Chapter 3.

Multi-page Figure A.1 shows the detailed participant evaluation questionnaire used in our

study, and adapted with permission from Gaume et al. (2016) and Jaumard-Hakoun et al.

(2018). From “Clinical assessments and behavioral self-reports” under subsection 3.1.4.

Multi-page Table A.1 reports the CRED-nf checklist (Ros et al., 2020) for this clinical trial

(NeuroTin).
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 NeuroTin - Participant Visit Evaluation (Experimental)
Center: Patient ID: 

Experimental visit
 Experimental visit date  (dd/mm/yyyy)

 
Group  Group I (fMRI neurofeedback)

 Group II (EEG neurofeedback)
 Group III (Cognitive Behavioral Therapy)

→ Pre-training

 

1. How did you sleep last night?  Very well
 .
 .
 .
 Very bad

 

2. About how many hours of sleep did you get last night?  <3
 3-4
 5-6
 7-8
 >8

 

3. How often did you wake up last night?  0
 1
 2
 3
 >3

 

4. Are you feeling depressed right now?  Not at all
 .
 .
 .
 Very

For the following questions (© Aurore Hakoun, Samy Chicki, François-Benoît Vialatte), indicate which choice between the two proposed options corresponds best to your experience right now.
There is no good or wrong answer.
Right now:

 

5. I feel  Calm
 .
 .
 .
 Nervous

 

6. I feel  Sleepy
 .
 .
 .
 Awake

 

7. My mind spontaneously tends to  Wander
 .
 .
 .
 Stay in the present moment

 

8. Thinking about doing this task, I feel  Motivated
 .
 .
 .
 Bored

 

9. I feel  Happy
 .
 .
 .
 Sad

 

10. I feel  Tensed
 .
 .
 .
 Relaxed

 

11. When my mind wanders, I am able to refocus  Easily
 .
 .
 .
 With difficulty

 

12. I feel  Satisfed
 .
 .
 .
 Annoyed

→ Post-training
A. Learning through neurofeedback: metacognitive explicitation interview

 
1. Have you used one or some strategies during this session?  Yes

 No

 
2. Did you change from one strategy to one another during the session?  Yes

 No

 3. Did your choice of strategies seem useful?  Ineffective
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 .
 .
 .
 Effective

 
4. What were your strategies? (non-directive interview)

 
5. Will you use one (or some) strategy(ies) during the next session?  Yes

 No

 
→ 6. If yes, which ones ?

 
7. Was this interview useful for you?  Yes

 No

 
Why?

B. For each of the following propositions (© Aurore Hakoun, Samy Chicki, François-Benoît Vialatte), indicate which choice between the two proposed
options corresponds best to what you experienced during this session. There is no good or wrong answer.

During this session:

 

8. Time seemed to flow  Quikly
 .
 .
 .
 .
 Slowly

 

9. I felt  Calm
 .
 .
 .
 .
 Nervous

 

10. My mind spontaneously tended to  Wander
 .
 .
 .
 .
 Stay focused

 

11. My involvement in the task was  Slight
 .
 .
 .
 .
 Unwavering

 

12. The feedback signal seemed  Puzzling
 .
 .
 .
 .
 Foreseeable

 

13. My level of comfort during the task was  High
 .
 .
 .
 .
 Low

 

14. I felt  Sleepy
 .
 .
 .
 .
 Awake

 

15. This task seemed  Boring
 .
 .
 .
 .
 Motivating

 

16. The mental effort I had to make seemed  High
 .
 .
 .
 .
 Low

 

17. From my point of view the feedback was a signal  I was observing
 .
 .
 .
 .
 Coming from me

 18. I felt  Happy
 .
 .
 .
 .

 

 

 

153



Appendix A. Appendix to Chapter 3

 Sad

 

19. When my mind wandered, I was able to refocus  Easily
 .
 .
 .
 .
 With difficulty

 

20. I felt  Tense
 .
 .
 .
 .
 Relaxed

 

21. I was voluntarily involved in the task  Assiduously
 .
 .
 .
 .
 Negligently

 

22. During the task, I felt  Accompanied
 .
 .
 .
 .
 Alone

 

23. The feedback signal seemed  Relevant
 .
 .
 .
 .
 Misfit

 

24. During the task, conditions (temperature, noise, etc.) were  Adverse
 .
 .
 .
 .
 Favorables

 

25. I felt  Satisfied
 .
 .
 .
 .
 Annoyed

 

26. The mental demand for this task seemed  Low
 .
 .
 .
 .
 High

 

27. The feedback signal seemed  Incontrollable
 .
 .
 .
 .
 Controllable

 

28. My experiences and my actions felt  Self-generated
 .
 .
 .
 .
 Coerced

→ Participant visit evaluation
A. General

Numbers have the following meaning: 1 = strongly disagree / 5 = strongly agree

 

1. I believe today's training is a way to cope with my tinnitus.  1
 2
 3
 4
 5

 

2. I am confident that I will feel better after the training.  1
 2
 3
 4
 5

 

3. I am confident that the training will soon result in positive effects.  1
 2
 3
 4
 5

 

4. The trainer/experimenter's appearance was professional.  1
 2
 3
 4
 5

 5. I have the impression the trainer/experimenter has a lot of expertise.  1

154



 2
 3
 4
 5

 

6. The trainer/experimenter clearly explained the purpose of the visit to me.  1
 2
 3
 4
 5

 

7. I believe that the trainer/experimenter understood my problems.  1
 2
 3
 4
 5

 

8. I believe that the trainer/experimenter has a lot of experience.  1
 2
 3
 4
 5

 

9. I had the impression that the trainer/experimenter was able to identify with
my problems/ could put themselves in my place.

 1
 2
 3
 4
 5

 
10. Other comments or feedback

B. About the experiment

 

11. Compared to your previous visit, how is your tinnitus today? (from 0 much
worse, 5 no change, to 10 significant improvement)

 0
 1
 2
 3
 4
 5
 6
 7
 8
 9
 10

 

12. I felt the tinnitus severely interfered with my ability to perform today.  1
 2
 3
 4
 5

 

13. It took a lot of effort to perform the task today.  1
 2
 3
 4
 5

 

14. I felt the task was too hard.  1
 2
 3
 4
 5

 

15. I felt my performance did not reflect my effort today.  1
 2
 3
 4
 5

 

16. I found a strategy for the task that is working well.  1
 2
 3
 4
 5

 
17. Briefly describe the strategy you were using to achieve your target.

 
18. Have you tried other treatments between your last visit and today?  Yes

 No

 
→ If yes, please describe them below.

 

 

 

Figure A.1: Full participant evaluation questionnaire for NeuroTin (incl. previous 3 pages).
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CRED-nf best practices checklist 2020 (Ros et al., 2020)

Domain Item # Checklist item

Pre-experiment

1a Pre-register experimental protocol and planned analyses
→ The clinical trial was registered on the SwissEthics online registry (and previously on the
German Clinical Trials Register (DRKS), but information contained there could not be updated);
see also subsection 3.1.1

1b Justify sample size
→ Sample size estimation is described in subsection 3.1.3 (goal: 20 participants per group,
without drop-outs)

Control groups

2a Employ control group(s) or control condition(s)
→ A comparison group (CBT) was used for clinical outcomes, and a control region was
implemented for feedback computation; due to the length of the study and available resources, it
was not feasible to include a control group within the fMRI NF arm (see also section 3.1)

2b When leveraging experimental designs where a double-blind is possible, use a double-blind
→ Due to the nature of this clinical trial (initially multicentric, and with a standard-of-care
intervention group), it was not possible to use a double-blind design (see also section 3.1)

2c Blind those who rate the outcomes, and when possible, the statisticians involved
→ Only within-arm data pseudonymization was possible (see also section 3.4)

2d Examine to what extent participants and experimenters remain blinded
→ Due to the nature of the intervention (explicit assignment into one of the 3 clinical groups,
with consent forms), no blinding was maintained

2e In clinical efficacy studies, employ a standard-of-care intervention group as a benchmark for
improvement
→ In NeuroTin, a standard-of-care treatment group (CBT) is used as a benchmark for fMRI NF
and EEG NF efficacy (see also subsection 3.1.1)

Control measures

3a Collect data on psycho-social factors
→ Participant evaluation questionnaires, including motivational, experimental (feedback), and
tinnitus-related self-reports (Figure A.1) were collected at each MRI visit (see also “Clinical
assessments and behavioral self-reports” under subsection 3.1.4)

3b Report whether participants were provided with a strategy
→ Participants were only instructed to defocus from their tinnitus, and encouraged to try their
own previous coping strategies, as long as these could be reproduced within the MRI scanner
environment; they were also instructed not to move any body parts to achieve regulation (see
also “Instructions to participants” under subsection 3.1.4)

3c Report the strategies participants used
→ Most used strategies (fMRI NF group) are reported in Table 3.4

3d Report methods used for online data processing and artifact correction
→ Online data preprocessing and denoising is described in subsection 3.1.4 (further technical
details are also available in Koush et al. (2017b))

3e Report condition and group effects for artifacts
→ A qualitative description is available in section 3.4, but no additional statistical analysis was
performed

Feedback specifications

4a Report how the online feature extraction was defined
→ Online feedback computation is detailed in “Feedback implementation” and “Scoring and
reward” under subsection 3.1.4

4b Report and justify the reinforcement schedule
→ NF training structure is illustrated in Figure 3.4 (see also subsection 3.1.4)

4c Report the feedback modality and content
→ Visual feedback computation and delivery is detailed in “Feedback implementation” under
subsection 3.1.4

4d Collect and report all brain activity variables and/or contrasts used for feedback, as displayed to
experimental participants
→ See 4c above as well as “Scoring and reward”, and “Transfer and no-feedback runs” under
subsection 3.1.4

4e Report the hardware and software used
→ Both hardware characteristics and used software (OpenNFT, Koush et al. (2017b))
are described in subsection 3.1.4
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CRED-nf best practices checklist 2020 (Ros et al., 2020) (cont’d)

Outcome measures

Brain 5a Report NF regulation success based on the feedback signal
→ NF down-regulation performance (fMRI NF group) is reported in subsections 4.2.1 and 4.2.3

5b Plot within-session and between-session regulation blocks of feedback variable(s), as well as
pre-to-post resting baselines and contrasts
→ Between-session average raw regulation scores (fMRI NF group) are illustrated in Figure 4.9 and
overall significant down-regulation per participant is depicted in Figure 4.8; rs-fMRI data (pre-to-post)
was not analyzed in this part; see also discussion in subsection 4.2.1 and Table B.6 for complete
within-session raw feedback scores

5c Statistically compare the experimental condition/group to the control condition(s)/group(s) (not
only each group to baseline measures)
→ Our clinical trial does not include a control group within the fMRI NF arm; however, regulation in the
control region (also see section 3.2) is discussed in subsection 4.2.3

Behavior 6a Include measures of clinical or behavioral significance, defined a priori, and describe whether they
were reached
→ Clinical outcomes (defined a priori) are discussed in detail in section 4.1

6b Run correlational analysis between regulation success and behavioral outcomes
→ Not reported here

Data storage

7a Upload all materials, analysis scripts, code, and raw data used for analyses, as well as final values, to an
open access data repository, when feasible
→ The feasibility of this item is under discussion for fMRI data at the time of writing this manuscript,
since EEG and CBT groups are not completed yet

Table A.1: CRED-nf checklist (Ros et al., 2020) for the NeuroTin study (incl. previous page). Note that
the original checklist reports pages for each item. Here, we directly summarize each point for simplicity
and provide a short reference for related (sub)sections, when possible. Items in bold (e.g. 1b) are
classified by authors as essential for reporting in any rt-fMRI NF study, while others are recommended.

157





B Appendix to Chapter 4

We list all the supplementary information related to the analysis of clinical and neuroimaging

data of NeuroTin, as presented in Chapter 4.
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THI Baseline Pre-ass. PE PL1 PL2 PL3 PL4 PL5 PL6 PL7

1 76 88 34 22 6
2 86 88 78 86
3 60 76 60 24 58 52 28 28 62 52
4 58 58 36 30 42
5 66 52 44 32 42 - - 44
6 64 52 20 22 22 32 31 20 28
7 98 90 32 36 26 48 40 40
8 66 66 40 22
9 64 54 48 48 42 48 38 32

10 48 42 42 36 8 6 8 4
11 56 56 50 52 50 48 50
12 78 60 46 -
13 64 72 58 70 74 - 80
14 90 82 52 58 44
15 66 68 22 8
16 72 66 44 34
17 52 70 40 32
18 56 48 30 40
19 72 60 60 42
20 72 - 60 58
21 60 84 78 58

Table B.1: Tinnitus Handicap Inventory (THI) scores for 21 participants of the fMRI NF group. Refer
to the clinical timeline (Figure 3.1) for details about the different time points. A colored version is
intended for simplifying the interpretation, and is divided into five severity grades according to the
early guidelines proposed by McCombe et al. (2001): a score of 0–16 indicates slight or no handicap
(black), 18–36 mild (green), 38–56 moderate (yellow), 58–76 severe (red), and 78–100 catastrophic
handicap (purple). Pre-ass.: pre-assessment, PE: early post-assessment (+ ∼3 weeks), PL1−6: late
post-assessments 1 (+ ∼6 months) to 6 (2 to 6 correspond to long-term follow-ups in Figure 3.1, every +
∼4.5 months after PL1). (-): no response.
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STAI PSQI WHODAS BDI
Base PE PL1 Base PE PL1 Base PE PL1 Base PE PL1

1 137 81 66 9 8 4 42.45 21.7 4.72 26 7 4
2 135 124 127 7 10 7 60.87 55.66 52.17 41 35 43
3 84 79 59 10 8 5 40.57 16.04 12.26 18 9 5
4 73 58 66 10 6 6 20.75 9.43 8.49 12 11 6
5 69 66 68 8 8 8 17.92 14.15 16.98 3 6 5
6 76 55 50 6 3 2 23.58 4.35 0 6 3 0
7 97 58 59 9 4 10 58.49 24.53 21.7 27 9 3
8 67 65 74 17 15 11 43.4 44.34 30.19 17 9 10
9 71 74 71 12 12 10 26.42 26.42 27.36 14 13 13

10 64 74 67 2 4 3 0 0.94 0 1 2 0
11 69 64 76 4 3 10 7.55 2.83 5.66 11 2 6
12 106 84 - 12 9 - 26.42 8.49 - 18 9 -
13 71 75 100 2 N/A 8 14.15 27.36 29.25 8 20 19
14 92 85 N/A (14) (10) (7) 21.7 22.64 3.77 11 4 3
15 88 53 47 (10) 7 3 39.62 14.15 8.49 15 1 0
16 104 118 116 4 3 5 23.58 19.81 11.32 14 17 14
17 56 74 74 8 4 6 8.49 14.15 15.09 7 10 8
18 53 50 62 3 2 4 10.38 8.49 13.21 5 8 1
19 N/A 92 75 18 12 11 16.04 14.15 5.66 18 14 9
20 70 65 81 12 10 13 19.81 21.7 29.25 10 7 9
21 72 72 70 4 7 4 0.94 14.96 4.72 6 11 9

Table B.2: Secondary clinical assessments for 21 participants of the fMRI NF group. Refer to the clinical
timeline (Figure 3.1) for details about the different time points. STAI: State-Trait Anxiety Inventory
(Spielberger, 2010), PSQI: Pittsburgh Sleep Quality Index (Buysse et al., 1989), WHODAS: World Health
Organization Disability Assessment Schedule 2.0 (Üstün, 2010), BDI: Beck’s Depression Inventory
(second edition, Beck et al., 1996). Base: baseline, PE: early post-assessment (+ ∼3 weeks) PL1: late post-
assessment (+ ∼6 months). For these secondary outcomes, data collection ended at PL1 (no long-term
follow-ups). (): score might be inaccurate but can still be computed from incomplete questionnaire.
(N/A): score cannot be assessed due to missing questionnaire entries. (-): no response.
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THI Baseline Pre-ass. PE PL1 PL2 PL3 PL4 PL5 PL6 PL7 PL8

001 66 60 58 72 60 66 74 67 - 62 76
006 60 68 76 78 86 90 92 - 86 98 94
007 78 78 96 90 74 - - 78
010 76 74 40 74 60 20 52 66
015 44 48 32 42 - - 58
022 74 82 66 54 54 34 66 74
024 60 52 50 60
027 58 58 18 12
029 50 40 30 34 24
030 82 64 62 60
035 54 54 26 36 48
039 56 54 56 74 76
040 86 78 76 74
047 76 70 72 70
052 54 46 54 68

Table B.3: Tinnitus Handicap Inventory (THI) scores for 15 participants of the CBT group. Refer to
caption of Table B.1 for interpretation details. Pre-ass.: pre-assessment, PE: early post-assessment (+ ∼3
weeks), PL1−6: late post-assessments 1 (+ ∼6 months) to 8 (2 to 8 correspond to long-term follow-ups in
Figure 3.1, every + ∼4.5 months after PL1). (-): no response.
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Figure B.1: Comparison of THI decrease after training at early (left) and late (right) post-assessments,
compared to pre-assessment, for CBT (bottom) and fMRI NF (top) groups. Participants 009 and 018
were included in the assessments because they dropped-out after the half of fMRI NF sessions, and
could thus attend post-assessment evaluations at the hospital.
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STAI PSQI WHODAS BDI
Base PE PL1 Base PE PL1 Base PE PL1 Base PE PL1

001 106 102 124 7 7 6 33.96 32.08 37.87 15 14 16
006 86 95 97 10 7 10 2.96 N/A 27.36 6 19 18
007 63 N/A 113 3 5 7 0 3.77 28.3 5 18 19
010 88 73 125 11 9 9 12.26 3.77 24.66 14 10 14
015 67 48 63 11 14 15 6.6 2.83 7.55 4 5 4
022 54 75 67 3 2 3 8.49 26.42 12.26 4 12 10
024 65 66 60 5 2 2 18.87 13.21 15.09 8 5 1
027 105 87 92 11 11 10 31.13 17.92 27.36 28 16 19
029 60 59 52 1 1 1 13.04 9.43 4.35 2 0 0
030 95 80 78 7 10 10 15.09 15.09 20.75 16 13 11
035 98 68 67 10 6 11 7.55 0 5.66 5 1 5
039 81 73 109 10 10 11 17.92 11.7 18.87 9 1 7
040 72 66 62 N/A 2 2 19.81 26.42 13.21 7 7 5
047 72 119 131 8 16 11 29.25 49.06 40.57 22 32 33
052 66 97 78 9 12 7 19.81 51.89 57.55 18 28 23

Table B.4: Secondary clinical assessments for 15 participants of the CBT group. Refer to the clinical
timeline (Figure 3.1) for details about the different time points. STAI: State-Trait Anxiety Inventory
(Spielberger, 2010), PSQI: Pittsburgh Sleep Quality Index (Buysse et al., 1989), WHODAS: World Health
Organization Disability Assessment Schedule 2.0 (Üstün, 2010), BDI: Beck’s Depression Inventory
(second edition, Beck et al., 1996). Base: baseline, PE: early post-assessment (+ ∼3 weeks) PL1: late
post-assessment (+ ∼6 months). For these secondary outcomes, data collection ended at PL1 (no
long-term follow-ups). (N/A): score cannot be assessed due to missing questionnaire entries.

Participant 1 2 3 4 5 6 7 8 9 10
EPI ref. visit 1 1 1 3 9 7 1 3 1 4

Participant 11 12 13 14 15 16 17 18 19 20 21
EPI ref. visit 1 1 2 1 5 1 9 10 1 1 4

Table B.5: Selection of best EPI reference visit for realignment. All NF data from the given participant
was realigned to the indicated visit’s EPI template, in a two-steps (realign to mean) procedure (in
SPM12).
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P. Visits
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 685 731 1627 1975 1979 1873 1719 1436 1253 1021 878 945 799 1287 1075
665 1402 834 910 1705 1697 1071 1225 1729 708 554 1341 1721 2129 824
547 1997 1116 2034 1111 880 1031 1115 2518 767 1670 1626 2290 1313 823

1045 1758 3096 1440 1506 635 1387 1675 1236 1132 2141 1876 1667 2095 1573
876 1362 2214 1282 2310 1604 1368 1400 1356 1263 1135 2815 1243 2276 1614
508 2068 752 745 760 1521 817 1451 750 1119 2031 2213 1326 2224 1714
996 1461 615 1815 1868 2192 1334 855 583 1438 - 2063 - 2435 1137

2 1927 1372 979 2908 739 2391 1753 2448 374 577 1160 958 835 1338 894
1372 1283 1254 1934 784 1077 2128 1178 1869 1503 1857 938 1902 1991 1195
1916 2620 1760 1400 671 2836 1321 1476 732 1736 2251 630 1107 1283 1425
1415 1034 1220 888 744 891 745 363 719 1346 - 1787 698 917 1662
1262 999 1452 1178 989 981 876 528 1645 1197 316 2100 530 427 656
585 1686 1813 1173 2273 1616 1473 1560 1300 1757 1278 1218 1062 1542 1085

1080 - - - - - - - - - - - - - -

3 1381 808 917 551 350 1563 992 1057 2381 656 983 1245 930 1260 1244
1709 1639 959 960 958 1476 772 1030 611 1437 853 857 2511 772 1119
1193 723 1712 1003 1062 519 523 1010 1187 1119 1290 1221 537 1603 490
1305 1690 1058 985 567 892 2356 700 525 825 709 1055 871 1244 1486
2335 1025 417 1603 763 669 1386 694 1014 766 1096 379 512 723 598
434 577 1287 893 1028 1246 1345 828 2134 616 662 920 1053 1136 493

- - - - - - 1345 - - - - - 2233 - -

4 567 1145 4095 1327 1188 1272 639 845 1064 648 915 606 788 1195 1141
1407 3410 574 1895 1005 1232 2117 3388 557 857 944 1006 1196 1136 645
1868 4013 1794 1422 652 1463 2875 2222 604 1388 1390 437 877 1152 457
946 1391 3141 1348 1190 1510 3207 464 700 1404 942 661 1354 1432 1208

1809 1512 2401 2078 590 1479 2120 1938 559 1400 1210 1138 1002 2037 1400
2144 1883 2627 - 1228 1117 1570 528 1041 867 1077 614 1637 716 1029

- - - - 867 - - - - - - - - 1936 -

5 775 612 2273 1279 1245 808 1132 1120 3162 3638 3094 809 1549 956 1839
1396 720 966 1569 1505 736 1492 1342 1791 2510 1426 915 890 1411 841
1103 587 648 1084 837 1732 1646 2728 1054 2586 743 949 2810 1685 991
1200 699 2407 1088 1218 2326 2432 1509 372 1916 1505 289 418 1953 2020
2207 782 864 1653 1098 713 919 2121 2554 1734 521 1898 1237 1090 1265
1958 709 2436 829 1809 403 1408 2400 1087 2332 713 2165 2252 1700 1117
2312 898 2256 721 775 1051 2524 3737 1126 2874 731 907 966 967 1296

6 498 882 797 313 708 1341 1364 1381 1257 726 996 1331 682 1605 560
383 1281 319 729 947 1444 322 1033 1193 1435 716 849 579 1835 385
639 690 884 656 566 555 492 616 608 481 416 665 410 998 720

1315 449 926 1006 980 751 865 531 393 303 324 1392 620 1295 748
550 388 745 1248 1048 917 514 804 1155 635 846 1295 564 449 971
588 705 909 634 595 1157 590 924 675 738 449 1242 547 947 209

1464 433 539 973 685 594 963 870 485 497 341 510 1029 764 592
- - 1429 - - - - - - - - - - - -

7 854 1106 262 1246 2234 1069 1322 893 814 764 423 1623 1166 542 933
709 550 515 708 1127 990 1468 1265 478 1252 1077 1616 1412 941 741
410 313 629 2057 785 755 619 1456 1154 1131 1171 1185 1122 1046 813
743 681 346 690 1126 1207 972 1512 649 1629 950 1154 543 694 996
249 1241 508 1778 528 1231 1068 568 341 538 1615 1103 1529 1413 812
762 157 579 1486 450 2510 740 958 1301 985 224 1035 1552 754 1045

- - - - - - - - - - - 879 - - -
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P. Visits
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

8 920 435 493 518 1736 804 639 1240 593 667 1430 4134 1725 1305 1820
807 1684 1856 815 1150 603 971 551 1558 799 3065 3163 749 963 1377

2301 1220 397 918 897 774 1349 1082 909 433 1555 1965 1207 741 679
1151 734 1458 976 790 884 1868 1230 655 862 1842 1012 921 554 1419
544 732 1233 1397 1044 573 1840 1697 1220 658 2085 1131 1272 2573 1142
430 608 1802 1438 1021 1042 1189 430 1245 329 1605 852 1415 1320 590

1041 1328 564 931 907 651 924 1249 1308 678 2038 748 1963 929 766

9 993 1602 2018 1390 2288 1287 861 664 1649 906 830 1875 1638 835 1459
1697 1456 1152 1536 1691 1521 1494 1846 1476 1784 1587 1330 1774 2297 1024
778 1649 1264 1554 1621 1319 2308 1640 990 2055 2603 1154 1790 1254 753

1908 1778 1730 1500 803 971 1170 1178 1599 3071 975 983 2274 1726 1667
2390 1260 1606 846 1376 2056 - 1899 1732 681 901 840 1349 1956 1131
2100 840 2361 1576 - 1654 - 1625 1702 2738 2061 1006 2085 1357 1087

- - - - - - - 1502 - - - - - - -

10 1230 665 1816 1090 177 1371 1022 1123 1196 1077 713 952 1602 1029 855
979 1109 1198 993 559 850 827 672 960 1138 907 963 629 1654 1177

1030 1415 1013 1061 1409 928 607 2040 1042 897 649 1342 2155 1937 1129
1121 1867 630 738 605 899 640 1329 1065 1461 677 385 1057 851 619
838 1072 1155 785 780 795 334 554 328 2198 859 991 1178 2483 1055
706 2145 1232 1172 3003 1047 407 899 - 952 1710 972 1114 1060 1352

1958 435 763 - - - 1070 1138 - 629 1123 2173 1891 1363 1229

11 1566 748 808 981 1092 1022 628 1276 1095 1477 1393 737 1702 909 1216
284 601 1082 1485 1314 791 981 1195 1523 1571 1292 567 641 683 1082
872 999 1020 1241 1604 1823 1323 913 892 1258 1145 727 474 243 1286

1052 1745 983 1310 957 409 1337 1052 1699 484 553 300 482 980 709
580 677 787 1163 760 626 382 795 1515 1054 458 575 907 1324 803

1205 843 613 1000 1097 638 588 1243 999 1933 714 735 615 289 828

12 1198 1098 456 764 1099 1356 1198 890 1020 771 573 717 1250 1044 1151
700 790 839 885 632 475 647 607 1040 448 869 843 866 907 1550
843 686 392 962 1862 956 400 480 822 1374 927 1319 703 561 1447
700 766 880 883 716 725 436 915 740 973 928 606 305 1218 1167

1404 760 952 1761 1450 884 1474 1368 1991 2174 833 728 931 905 1329
1395 674 593 600 993 1197 1530 1143 1232 758 760 816 996 663 1639
1156 1574 949 1004 1178 2356 1244 1017 1049 1084 273 829 878 631 1233

13 2009 1830 1453 1458 2287 2261 2072 1982 2225 669 1666 2369 2848 2045 2829
1645 2298 1189 1923 2387 2379 2358 944 1890 1381 1463 2444 1285 2061 2098
2348 985 1041 788 932 1321 2227 1008 2297 1547 2367 2690 1498 2349 2429
2063 2142 1017 374 1194 2527 1450 2298 1722 1723 1459 1532 3032 2154 833
1645 843 1482 1245 1671 2610 2529 1434 2357 1030 1681 964 1675 2028 1510
2271 1368 2977 851 1858 2622 936 1850 909 2496 2350 1685 1338 890 1721

14 576 540 564 438 858 467 918 791 617 929 818 1238 712 1115 1523
462 688 393 783 1133 1190 1033 1215 366 1306 1115 354 711 586 2626
870 912 672 534 660 342 794 1865 895 730 663 663 783 720 452
289 511 460 413 147 401 1949 474 876 452 1209 1401 975 1178 1674

1211 587 414 462 1683 1198 1228 953 1149 1234 1293 1298 1170 753 1568
196 607 1199 1147 286 396 982 648 706 1425 1479 894 267 1008 867

15 664 1508 556 1553 2090 1265 776 543 1052 555 646 1364 1296 643 349
862 782 988 392 963 1717 1205 1060 317 1360 1158 1027 279 1174 623

1728 2999 1246 1152 1072 1379 924 1047 579 866 562 596 958 1575 1711
797 766 1121 880 1086 1204 641 464 1572 700 1100 1299 631 1092 1159

1080 612 972 1193 1223 770 1168 741 756 886 1215 976 2097 1924 1135
658 1220 1375 623 1185 1146 1688 1367 1125 1240 954 431 1337 522 819
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P. Visits
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

16 1789 686 1409 1622 673 1052 1535 864 855 364 1354 1645 1003 2133 1735
2672 1667 1537 974 674 1156 1056 1046 1139 1698 1393 2061 753 764 887
1507 1460 1013 761 1854 521 1464 1312 2223 1037 850 1787 954 1795 661
1438 1724 1830 942 1144 2154 1992 2085 413 1366 2085 2969 1489 1783 802
1015 606 807 1653 1622 1504 499 1797 1155 657 1361 1986 492 733 1382
417 2417 1157 1942 2129 2571 713 529 1294 633 1248 2064 1341 1311 1531

1303 1575 1232 1837 730 1076 1531 911 791 1431 - 1211 1102 2181 1512

17 1772 1481 1174 1056 1537 2038 2281 3244 2718 1441 800 1557 1182 747 1179
1545 1011 1483 1617 1809 1368 1606 1617 2141 2310 1212 1460 1116 1150 2119
956 1107 1334 882 1266 1044 769 1382 1459 1929 1264 622 1265 621 819
619 1032 1448 1598 928 2027 1350 2980 1828 2333 1251 676 471 1932 621

2107 1215 1407 1938 1555 1414 1915 1977 2178 955 753 856 571 965 1079
1237 566 605 1201 1767 1591 2143 2667 1318 1597 1853 1366 666 843 1290

18 2222 2038 1762 2707 1929 1806 1893 3334 2527 2829 2793 924 2989 2667 2131
1610 1942 1515 884 2448 2163 1743 3355 1938 2647 2265 2372 2848 3016 2510
2378 2297 2810 2262 2603 2030 2333 1949 2284 2445 2585 1180 3495 2551 2191
1303 1192 2713 1671 1766 2254 1770 1661 2807 1980 2500 1199 1786 1592 1576
2756 1760 2542 2103 2367 1201 2935 1523 1840 2183 2924 1880 1222 2786 1358
3488 1309 2737 3074 1028 2546 1507 2348 1694 3100 3380 1039 2177 2330 1250

19 811 1800 531 1542 234 573 1675 885 687 512 781 1864 1125 1130 1347
856 1267 628 473 840 1548 843 826 1044 1023 2176 1018 1436 730 1054

1611 1492 1186 1625 732 910 1350 828 822 1646 1151 1086 1241 1061 833
835 396 425 1205 545 502 596 1355 882 1398 1195 900 1920 1232 883
610 1097 610 384 875 677 1209 820 953 1137 1689 824 656 1058 1293
849 682 1070 824 647 878 893 837 613 1703 1386 789 1792 956 1257

20 1564 458 584 1521 1625 1455 1610 569 1257 1091 702 922 1562 787 1798
857 401 692 1439 1384 891 2206 748 570 1167 1353 472 1079 1732 667
737 1009 702 981 1111 2262 1964 581 527 974 820 921 1331 983 1417

1004 632 311 1043 2497 1193 1975 2160 694 1597 1360 1939 1625 1890 1449
1176 1394 839 1738 2331 1986 2306 2267 709 1657 1137 2180 1304 1158 545
633 701 2335 1122 2787 1018 1344 1562 1426 923 1029 802 1241 851 997

21 1635 784 3224 1366 2682 1103 1684 1831 1318 1007 1160 1182 1806 1606 558
1399 1188 1241 613 689 1305 853 1053 1252 931 1020 741 1737 961 1011
578 1118 1921 711 1419 382 385 956 926 708 1326 1493 1684 1167 1000
769 1210 1201 992 758 895 - 1831 1004 1046 799 844 1035 1044 661
922 1183 1130 202 957 400 1361 1267 2079 1074 1182 1276 1085 1157 1081
781 767 960 674 634 1430 1009 786 741 1260 730 506 1316 1681 2259

- - - - - - - - - - - - - 655 -

Table B.6: Raw neurofeedback scores for 21 participants of the fMRI NF group (incl. previous 2 pages).
Rows are runs per participant and columns represent the 15 MRI visits. (-): missing data, often when
participants preferred to stick to 6 rather than 7 runs per visit. (P.): participant number.
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Figure B.2: Second-level (GLM) whole-brain average regulation maps during NF across all runs for
average and poor responders subgroups. Same visualization as in Figure 4.10 (colorbar thresholds:
tth− =−0.43, tth+ = 0.25 for average, and tth− =−0.36, tth+ = 0.31 for poor regulators). Customized code
for subplots adapted from Notter et al. (2019).
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Average (1st-level) t-value in auditory bilateral NF target ROIs

Visits

Feedback Transfer Transfer trend

Figure B.3: Average t-values of 1st-level fMRI analysis for NF > baseline contrasts in bilateral auditory
NF target ROIs, for all participants, sorted according to regulation performance as assessed in Figure 4.9
(left column: good regulators, middle: average, right: poor; according to NF scores). A linear transfer
trend curve (red) has been computed only from transfer runs (yellow) to illustrate learning trends
without feedback presentation. Some participants (e.g. 2, 6) were unable to transfer their down-
regulation success to runs without feedback, suggesting a poor learning outcome. Negative values
indicate down-regulation.
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Average (1st-level) t-value in control ROI

Visits

Feedback Transfer Transfer trend

Figure B.4: Average t-values of 1st-level fMRI analysis for NF > baseline contrasts in the control ROI,
for all participants, with same sorting as in Figure B.3. Same linear trends as for auditory NF target ROIs
are also computed. Identically, positive values indicate up-regulation. Note that for some participants
(e.g. 17, 9), global unspecific brain (up-)regulation as captured by this larger ROI may have influenced
auditory down-regulation performance.
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c

h i j

d

Figure B.5: Comparison between increasing and decreasing activation trends from all NF runs found
in a previous pilot study by Haller et al. (2010) and those found in NeuroTin. a–b Decreasing activations
found in Haller et al. (2010), from 4 NF session of auditory down-regulation. The black arrow in a
is superposed to indicate a possible misinterpretation of auditory deactivation with an opercular
region. c–d Increasing activation trend (p < 0.001 uncorrected) found for NeuroTin, comprising OP3R.
e–g Increasing activations reported in Haller et al. (2010), involving bilateral insula, extending to the
bilateral vlPFC and right dlPFC, and right occipito-temporal junction. h–j The same network was
highlighted in NeuroTin, but in an opposite decreasing activation trend (p < 0.001 unc.). This result
is included for qualitative discussion and no voxels survive in either of c,d,h–j at p < 0.05 FWE. The
a,b,e–g captions were reproduced with permission from Haller et al. (2010).
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Figure B.6: Up-regulation effect size (Cohen’s d) in right planum temporale (PTR) and bilateral in-
sula (InsL/R) in 21 participants from the fMRI NF group (see main whole-brain regulation effects in
Figure 4.11). Participants are sorted according to the ranking previously estimated in Figure 4.8. Effect
sizes are further separated between runs with and without (transfer runs) feedback.
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b.

L LR

R

a.

Figure B.7: Comparison between OP3L (upper rows) and OP3R (lower rows) negative PPI networks
during NF (21 participants of the fMRI NF group, 1990 NF runs). a. Whole-brain correlates. b. Correlates
at MNI coordinates [-12 -20 2] centered in a cluster in the left thalamus. All captions are from SPM12,
with p < 0.05 FWE (extent k = 10).

172



a.

b.

c.

Hungarian matching CAPs stability
matrix Matching mode
matrix

Average mode per CAP from matching mode matrix across 21 reference participants

Mode occurrences for the subset of unstable CAPs

Most common cluster assignment (mode) of each pair of CAPs
across 21 reference participants

Probability of each pair of CAPs to fall in the same cluster, across
21 reference participants, seed: OP3R, deactivations, Kfixed = 4, seedTH = 0.8

CAPs (21 participants)

Participants

Unstable CAPs

CAPs (21 participants)

C
A

P
s 

(2
1 

pa
rt

ic
ip

an
ts

)

C
A

P
s 

(2
1 

pa
rt

ic
ip

an
ts

)

P
ro

ba
bi

lit
y

M
od

e

M
od

e
N

um
be

r 
of

 o
cc

ur
re

nc
es

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Unstable grouping

Figure B.8: Illustration of the mode Hungarian matching approach for identifying stable CAPs clusters
from different reference participants, thus replacing a group CAPs analysis. a. Left: a stability matrix
can be computed for each pair of CAPs, which reflects their probability (i.e. the percentage of time) of
being clustered together across 21 reference participants used for Hungarian matching between CAPs.
This matrix contains a 4-block zero diagonal, since the 4 CAPs from the same participant can not be
clustered together. Right: when defining the CAPs clusters as k =[1 4] (Kfixed = 4) using, in this case,
participant 1’s k-means clustering output (the choice of participant is arbitrary, it is only to assign a
voxels spatial pattern to a fixed value k), a mode matrix can be computed from the stability matrix. This
mode matrix contains, for each CAP (line or column), the most common cluster assignment (as defined
from participant 1’s CAPs before) for each pair of CAPs across all reference participants clustering
iterations. This matrix is sparse and also contains a 4-block zero diagonal. Sparsity originates from low
probabilities of any pairs of CAPs to be clustered together across all iterations. b. Lower probabilities
lead to unstable grouping, which can be assessed by looking at the average (line- or column-wise) of the
matching mode matrix. c. Clustering occurrences can then be inspected for unstable CAPs, ultimately
providing a final decision for manual classification. In this case, CAPs 15–16 of participant 4 have equal
cluster assignment across all iterations, requiring further visual inspection. However, it is likely that
CAP 11 of participant 3 is closer to the spatial pattern defined by cluster k = 2.
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Seed x y z Avg t Peak t Volume Main regions (cluster)

(mm) (mm3)

OP3L
56 -16 16 -7.83 -11.16 13176 Right parietal operculum OP4 (24%j), OP3 (18%j)

-62 0 26 -7.79 -11.04 6168 Left primary somatosensory cortex (BA3b, 24%j)
Left parietal operculum OP4 (17%j)

-42 -32 20 -7.89 -9.92 1440 Left parietal operculum OP1 (38%j)
Left inferior parietal lobule (PFcm, 36%j)

50 -30 26 -7.93 -10.57 1416 Right inferior parietal lobule (PFcm, 54%j)
Right parietal operculum OP1 (23%j)

-4 8 38 -7.56 -8.64 688 Cingulate gyrus (left anterior division, 38%j, right, 27%j)
-38 -4 0 -7.49 -9.09 488 Left Broca’s area (BA44, 21%j)

8 -2 60 -7.79 -9.95 424 Right juxtapositional lobule cortex (96%)
54 -56 2 -7.56 -8.33 408 Right middle temporal gyrus (temporooccipital part, 75%)

-24 -48 68 -7.38 -8.06 392 Left superior parietal lobule (5L, 47%j, 7A, 16%j)
22 -34 60 -7.63 -8.68 296 Right postcentral gyrus (84%), Right precentral gyrus (16%)

-12 -20 2 -8.07 -9.62 248 Left thalamus (100%)
-40 -22 -2 -7.36 -7.99 216 Left insula (Id1, 74%j), Left WM acoustic radiation (26%j)
-22 -54 -22 -7.34 -8.00 184 Left cerebellum (6, 57%a, 4 and 5, 43%a)
14 -28 46 -7.38 -8.00 176 Right superior parietal lobule (5Ci, 95%j)
28 -4 -6 -7.25 -7.61 160 Right amygdala (centromedial g., 40%j, superficial g., 30%j)

Table B.7: Negative PPI for OP3L as seed (21 participants of the fMRI NF group, 1990 NF runs). MNI-
coordinates (x, y, z in mm), average t-value in clusters, peak t-value, volume (in mm3), and most
probable anatomical locations (at cluster level) according to the Harvard-Oxford atlas (or a: AAL atlas,
or j: Jülich atlas, when mentioned otherwise) are reported. BA: Brodmann area, g.: group.
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C Real-time and recursive estimators
for functional MRI quality assessment

This appendix contains the full revised version of the recently (re)submitted real-time qual-

ity assessment (rtQA) manuscript that encapsulates the initial work described in details in

section 3.3.

Author contributions are listed in the preamble of the manuscript, and my personal contribu-

tion is also detailed in section 1.2.

Note that the attached manuscript underwent minimal formatting changes (as it was not

written in LATEX), as well as minor English style adaptations (e.g. “Acknowledgements” →
“Acknowledgments”), to fit into this dissertation’s style. Approval from the corresponding

author was obtained before reproducing this manuscript. Figures have been attached without

any modification, as they appear in the original manuscript. Tables and Equations have been

reformatted.

Also note that abbreviations of this manuscript are only defined in the text, and have not

been reported into this dissertation’s List of Abbreviations (page xv). This also applies to

references, which are left in their original citation style in the attached manuscript, apart from

the dissertation’s bibliography.
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Abstract

Real-time quality assessment (rtQA) of functional magnetic resonance imaging (fMRI) based

on blood-oxygen-level-dependent (BOLD) signal changes is critical for neuroimaging research

and clinical applications. The losses of BOLD sensitivity because of different types of technical

and physiological noise remain major sources of fMRI artifacts. Due to difficulty of subjective

visual perception of image distortions during data acquisitions, a comprehensive automatic

rtQA is needed. To facilitate rapid rtQA of fMRI data, we applied real-time and recursive quality

assessment methods to whole-brain fMRI volumes, as well as time-series of target brain areas

and resting-state networks. We estimated recursive temporal signal-to-noise ratio (rtSNR) and

contrast-to-noise ratio (rtCNR), and real-time head motion parameters by a frame-wise rigid-

body transformation (translations and rotations) using the conventional current to template

volume registration. In addition, we derived real-time frame-wise (FD) and micro (MD)

displacements based on head motion parameters and evaluated the temporal derivative of

root mean squared variance over voxels (DVARS). For monitoring time-series of target regions

and networks, we estimated the number of spikes and amount of filtered noise by means of a

modified Kalman filter. Finally, we applied the incremental general linear modeling (GLM)

to evaluate real-time contributions of nuisance regressors (linear trend and head motion).

Proposed rtQA was demonstrated in real-time fMRI neurofeedback runs without and with

excessive head motion and real-time simulations of neurofeedback and resting-state fMRI

data. The rtQA was implemented as an extension of the open-source OpenNFT software

written in Python and MATLAB for neurofeedback, task-based, and resting-state paradigms.

Flexible estimation and visualization of rtQA facilitates efficient rtQA of fMRI data and helps

the robustness of fMRI acquisitions by means of substantiating decisions about the necessity

of the interruption and re-start of the experiment and increasing the confidence in neural

estimates.
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Introduction

Real-time quality assessment (rtQA) of functional magnetic resonance imaging (fMRI) is essen-

tial to improve research in cognitive and clinical neurosciences, including the developments

of therapeutic approaches based on neuroimaging. There are different types of noise affecting

fMRI data quality, including the system noise originating from the inhomogeneity and insta-

bility of the magnetic field, background noise and, typically the strongest, physiological noise

(Diedrichsen and Shadmehr, 2005; Friedman and Glover, 2006; Goto et al., 2016; Greve et al.,

2011; Kasper et al., 2017; Triantafyllou et al., 2011). The fMRI quality assurance was suggested

to facilitate the consistency of fMRI experiments across different sites, explore stability of MR

scanners, classify data quality and detect artifacts (Friedman and Glover, 2006; Lu et al., 2019;

Stöcker et al., 2005). While quality assurance typically suggests an improvement of consistency

of data acquisitions and identification of noise sources, quality control suggests a post-hoc

evaluation of the fMRI data acquisition and processing workflows and exclusion of corrupted

acquisitions (Alfaro-Almagro et al., 2018; Esteban et al., 2017). Most recent developments on

quality assurance and control employ data-driven and machine learning methods to separate

noise sources and evaluate the quality of (f)MRI data and data processing based on trained

classifiers (Alfaro-Almagro et al., 2018; Astrakas et al., 2016; Esteban et al., 2017).

Several estimates have been proposed for MRI quality assurance and control, including signal-

to-noise ratio (SNR), contrast-to-noise ratio (CNR), percent signal change (PSC), correlation

and quantification of specific artifacts depending on the applied MRI contrast mechanisms

(Alfaro-Almagro et al., 2018; Esteban et al., 2017; Friedman and Glover, 2006; Lu et al., 2019;

Stöcker et al., 2005). SNR remains the fundamental and most widely used parameter for

assessment of the fMRI data quality, various noise affecting data quality, and data processing

approaches (Friedman and Glover, 2006; Koush et al., 2012; Maziero et al., 2020; Triantafyllou et

al., 2011; van der Zwaag et al., 2012; Zilverstand et al., 2017). CNR is preferred if noise is inflated

by fMRI activation during the physiological stimulation (Geissler et al., 2007; Koush et al.,

2012) and in case of referential phantom-based quality evaluations when the contrast between

the signal of interest and the noise is defined (Lu et al., 2019; Simmons et al., 1999; Stöcker et

al., 2005). Alternatively, SNR could be also used in task-related studies when paradigm-related

activation is removed after regression (Murphy et al., 2007; Zilverstand et al., 2017). When

applied to fMRI time-series, temporal SNR (tSNR) is often implied (Murphy et al., 2007). For

consistency, the term temporal CNR (tCNR) is also used here.

Head motion remains one of the major sources of artifacts in fMRI data, which is hard to elim-

inate completely (Bolton et al., 2020; Parkes et al., 2018; Satterthwaite et al., 2013; Scheinost

et al., 2014). The sensitivity and specificity of fMRI acquisitions can be diminished due to

susceptibility-induced T2* signal dropouts, head motion, and motion-by-susceptibility in-

teraction during head motion (Fair et al., 2020; Koush et al., 2012; Wu et al., 1997). Head

motion can be associated with heterogeneity of fMRI data smoothness leading to inter-subject

head motion confounds (Scheinost et al., 2014) and with reduction of statistical sensitivity

leading to false negative results (Kasper et al., 2017). Besides, retained head motion in the
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preprocessed fMRI data can predict anthropomorphic, behavioral and clinical factors (Bolton

et al., 2020). Larger head motion is also associated with reduced SNR in resting-state fMRI

runs (Van Dijk et al., 2012). Most commonly, the direct and indirect effects of head motion are

suppressed along with those of other noise sources using data preprocessing pipelines based

on multiple linear regression and/or principal/independent component analysis (Glover et

al., 2000; Parkes et al., 2018). In particular, frame-wise (FD) and micro (MD) displacements

estimates based on combination of head motion parameters, as well as volume censoring

based on scrubbing and spike motion identification are used to improve the robustness of

fMRI activity and connectivity estimates (Parkes et al., 2018; Power et al., 2012; Power et al.,

2014; Van Dijk et al., 2012).

Real-time fMRI data processing is used to reliably correct fMRI data contaminations in neuro-

feedback studies (Heunis et al., 2020; Koush et al., 2017a). Recursive multiple linear regression,

i.e., incremental general linear model (iGLM), is proposed to perform fMRI data regression in

real-time to evaluate whole-brain activation maps and to reduce physiological noise (Bagari-

nao et al., 2003; Nakai et al., 2006). Incremental GLM for processing whole-brain data and

its less methodologically demanding cumulative GLM for processing time-series are imple-

mented in OpenNFT (Koush et al., 2017a). Of note, iGLM also outperforms exponential

moving average and sliding-window algorithms for linear detrending (Kopel et al., 2019),

which highlights the potential of iGLM solutions for rtQA.

The fMRI data quality is typically evaluated after all experimental data is acquired and data-

processing is performed, which imposes the risk of losing data for entire participants if it is

of insufficient quality or substantially reduced after artifact removal (Dosenbach et al., 2017).

Manual identification of artifacts (e.g. image distortions and spatial inconsistencies) is tedious

and often not consistent; therefore, automatic comprehensive rtQA methods are necessary

to efficiently maintain an awareness of acquired fMRI (Alfaro-Almagro et al., 2018; Astrakas

et al., 2016) and real-time fMRI (Dosenbach et al., 2017; Heunis et al., 2020; Ros et al., 2020;

Weiskopf et al., 2007) data quality. For real-time fMRI, currently available quality assurance

and quality control tools include, e.g. the Framewise Integrated Real-time MRI Monitoring

(FIRMM) (Dosenbach et al., 2017; Fair et al., 2020), the real-time head motion assessment

in Turbo-Brain Voyager (TBV) and in Analysis of Functional NeuroImages (AFNI) (Cox and

Jesmanowicz, 1999), the Visual Quality Control (VisualQC) (Raamana, 2018), and the quality

assessment tools of Function Biomedical Informatics Research Network (FBIRN) (Glover et al.,

2012); for reviews, see Heunis et al., 2020; Lu et al., 2019; Parkes et al., 2018.

To facilitate rapid analyses of key fMRI quality parameters, we applied real-time and recur-

sive methods of rtQA. The real-time aspect refers to handling all processing steps before

the next acquisition (i.e. fMRI volume) becomes available. Recursive methods update an

estimate of interest using the current acquisition only, without revisiting the previous measure-

ments. Therefore, the computational load is fixed per acquisition and does not increase during

the scanning session. Specifically, we implemented recursive mean and variance estimates

(Welford, 1962) to derive recursive tSNR and tCNR for time-series of whole-brain volumes and
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averaged within single regions of interest (ROIs) and resting-state networks (RSNs). We also

derived FD (Power et al., 2012) and MD (Van Dijk et al., 2012) real-time estimates using the

conventional current to template volume registration (Koush et al., 2017a). We estimated the

amount of filtered high-frequency noise and the number of spikes in time-series of interest

using a recursive method based on modified Kalman filter (Koush et al., 2012). In addition, we

provided the real-time estimate of the rate of intensity change across the entire brain using

temporal derivative of root mean squared variance over voxels (DVARS) (Power et al., 2012).

Finally, for modeled whole-brain and time-series regressors of interest and confounds, we

extended a conventional application of iGLM by calculating GLM estimates as quality parame-

ters in real-time. The estimation and visualization of all rtQA parameters were implemented

as an extension of OpenNFT — an open-source Python/MATLAB framework developed for

real-time fMRI data processing and neurofeedback training (Koush et al., 2017a; Koush et

al., 2017b). The proposed rtQA was demonstrated in real-time fMRI neurofeedback runs of

a single participant without and with excessive head motion and in a group of participants

using real-time data export simulations of neurofeedback and resting-state fMRI data (Koush

et al., 2017c; Krylova et al., 2021).

Methods

For neurofeedback and resting-state fMRI runs, we evaluated the similar sets of rtQA param-

eters: (i) whole-brain and time-series recursive tSNR and tCNR, (ii) real-time head motion

translations, rotations, frame-wise and micro displacements, (iii) DVARS, (iv) whole-brain and

time-series parameters based on iGLM estimates for nuisance regressors, and (v) time-series

number of spikes and the amount of filtered high-frequency noise. Task-related variance was

regressed out from tSNR using iGLM (Murphy et al., 2007), and tCNR was not evaluated for

resting-state runs due to the lack of pre-specified conditions. Because the purpose of the

present work was to demonstrate the feasibility of recursive rtQA estimation, we refrained from

linking between quality estimates and experimental findings reported elsewhere (Koush et

al., 2017c; Krylova et al., 2021), as well as between evaluated neurofeedback and resting-state

rtQA estimates. Aggregated estimates are expressed as mean±std.

Recursive mean, variance, tSNR and tCNR

The recursive estimation implies exploiting temporal recursion that only requires the current

acquisition for updating the estimator. In contrast, the cumulative estimation implies that

all data acquired up to the current time point is used for estimation based on conventional

equations. For recursive estimations of mean and variance, we used the Welford online

algorithm (Welford, 1962). Recursive and cumulative estimations were applied to time-series
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and whole-brain data for both neurofeedback and resting-state runs,
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where x1...t – cumulative mean, xt – signal value, v1...t – cumulative variance, σ1...t – cumula-

tive standard deviation, x t – recursive mean, M2,t – recursive sum of squares, v t – recursive

variance, σt – recursive standard deviation. Recursive estimations were compared to cumu-

lative estimators (Koush et al., 2012), using mean squared error (MSE). For neurofeedback

runs, we also computed separate recursive mean and variance for the baseline and regulation

blocks.

As rtQA estimates, we computed recursive tSNR (rtSNR) for neurofeedback and resting-state

runs, as well as recursive tCNR (rtCNR) for neurofeedback runs using recursive temporal mean

and variance estimates given condition (cond) and baseline (bas) indices (Koush et al., 2012):

ctSNRt = x1...t√
v1...t

,

ctCNRt = x1...t (cond)−x1...t (bas)√
v1...t (cond)+ v1...t (bas)

rtSNRt = x t√
v t

rtCNRt = x t (cond)−x t (bas)√
v t (cond)+ v t (bas)

Notably, rtCNR was estimated when baseline and regulation variances existed and/or were

not equal to zero. For neurofeedback runs, rtSNR was estimated for raw time-series corrected

for serial correlations using autoregressive model of the first order in real-time (Koush et al.,

2017a), and the task-related activity was regressed out using iGLM.

Head motion parameters

The three translation (X, Y, Z) and rotation (pitch, roll, yaw) head motion parameters were

provided using the realignment routines of SPM12 adapted for real-time applications (Koush
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et al., 2017a). The FD was estimated based on the six head motion parameters (Power et al.,

2012), and the MD estimation was based on 3 translations (Van Dijk et al., 2012):

FDt =
3∑

i=1

∣∣Tt ,i −Tt−1,i
∣∣+ rπ

180

3∑
i=1

∣∣Rt ,i −Rt−1,i
∣∣

MDt =
∣∣∣∣∣∣
√√√√ 3∑

i=1
T 2

t ,i −
√√√√ 3∑

i=1
T 2

t−1,i

∣∣∣∣∣∣
where Tt ,i – X, Y, Z translations, Rt ,i – pitch, roll, yaw rotations, r – radius of the sphere.

Rotations for FD estimation were converted from radians to millimeters given the approximate

50 mm radius of the sphere defined as the distance from the cerebral cortex to the center of

the head for a healthy adult participant (Power et al., 2012). As rtQA parameters, head motion

parameters, FD and MD were calculated in real-time. In addition, we estimated recursive

temporal average of FDt and MDt using recursive mean equations. As rtQA parameters, we

also estimated thresholded FD (at 0.2 mm and 0.5 mm) and MD (at 0.1 mm) and counted the

number of volumes exceeding corresponding thresholds.

DVARS

In addition, distortions in real-time fMRI data due to other sources of movements, e.g. chest

movements, can be controlled using temporal DVARS (Fair et al., 2020; Power et al., 2012),

which represents the change of the whole-brain signal intensity between current and previous

time points:

DVARSt =
√
〈(It (~x)− It−1(~x))2〉

where It (~x) – volume intensity at locus x, 〈 〉 – spatial average over whole-brain mask. Real-

time DVARS implementation in OpenNFT is based on the whole-brain mask defined at the

fixed template brain volume used for real-time realignment and reslicing of the acquired

real-time fMRI volumes (Koush et al., 2017a). This ensures real-time DVARS estimation across

completely sampled voxels. The whole-brain mask is defined automatically based on the least-

squares histogram fitting of the non-scaled voxel intensities (thresholded at < 30 to exclude

zeros and very small intensity values). For fitting, we modeled exponential (low intensity

values primarily outside the head) and Gaussian (primarily head intensity values) functions,

as implemented in MATLAB. Voxels above the half of the fitted Gaussian peak center intensity

fall well within the whole-brain mask. The intensity of the real-time realigned, resliced and

smoothed volumes was scaled to the median of the voxel intensities within the mask, and

resultant DVARS estimates were multiplied by 100. We counted the number of volumes

exceeding the 5 a.u. DVARS threshold (Power et al., 2012). Note that real-time implementation

of DVARS could deviate from offline estimates due to the scaling to median intensity based

on the single template volume and relatively coarse automatic definition of the whole-brain

mask as compared to masking based on the segmentation of structural volumes.
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Kalman filter denoising parameters

In fMRI time-series, spike-like artifacts are not always related to physiological noise. Thereby,

alternative non-linear recursive approaches, e.g. modified Kalman filter, can be efficiently

applied in real-time to simultaneously remove high-frequency noise and identify/correct

spike-like artifacts after iGLM denoising (Koush et al., 2017a; Koush et al., 2017c; Koush et al.,

2012). The linear Kalman filter is an adaptive estimation algorithm that allows extraction of

the desired signal from the input through a filtering operation. It was extended for detection

of the spike-like fluctuations by thresholding a discrepancy between an a priori predicted and

an a posteriori estimate (Koush et al., 2012):∣∣Kt
(
yt −H · xt

)∣∣< 0.9 ·σ1...t

ycor r
t = yt−1

R

Q
= 4

H = 1

where yt – observation value, xt – state value, K – Kalman gain factor, R
Q – update rate, R,Q

– noise covariance matrices, ycor r
t – corrected value. The Kalman filter update rate controls

for the reduction of the high-frequency noise and implicitly defines the cutoff frequency. For

time-series, we used the update rate R
Q = 4 and threshold 0.9 ·σ1...t as the difference between

predicted and posterior estimates.

In addition, we evaluated the amount of high-frequency noise filtered by the Kalman filter

using recursive MSE (rMSE) between unfiltered and filtered time-series:

cMSEt = 1

t

t∑
i=1

(
yi − y i

)2

rMSEt = t −1

t
· rMSEt−1 +

(
yt − y t

)2

t

where yi – input value, y i – filtered value. Cumulative cMSE estimation implies that all data

acquired up to the current time point were used for the MSE estimation. Lower rMSE indicates

lower high-frequency contamination of the signal given low-pass cutoff.

Incremental and cumulative GLM

Linear regression remains one of the most common approaches used to estimate the weights

of regressors in fMRI processing pipelines (Parkes et al., 2018). The recursive linear regression,

i.e. iGLM, has been proposed to perform fMRI data regression in real-time (Bagarinao et

al., 2003; Bagarinao et al., 2006; Nakai et al., 2006). It is based on the orthogonalization

procedure to recursively estimate the coefficients of the regressors. For whole-brain data,

we extended the iGLM application by means of using weights of modeled regressors as rtQA
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parameters. To evaluate the magnitude of target brain (de)activation and artifacts in specific

brain areas, we visualized the whole-brain activation and deactivation maps associated with

the experimental design as well as activation maps associated with the nuisance head motion

and linear trend regressors. We also visualized beta coefficients estimated for time-series

as plots. We performed similar real-time estimations for time-series using cumulative GLM,

i.e. when data acquired up to the current time point was used for the GLM estimation.

Regions of interest and resting-state networks

Automatic rtQA can be applied to time-series extracted from regions of interest (ROIs). For

task-related and neurofeedback paradigms, ROIs are typically known and could be used for

rtQA. For resting-state paradigms, users can check time-series quality from specific resting-

state networks and/or combinations of ROIs. Since real-time fMRI volumes are realigned to

the fixed template volume, all supported paradigms in OpenNFT are complemented with

time-series rtQA of the automatically defined whole-brain ROI (see DVARS).

During neurofeedback training runs, iGLM was used to dynamically re-define ROIs for neuro-

feedback estimation as the most active voxels within preselected anatomical MNI templates

for bilateral amygdala and dmPFC (Koush et al., 2017c). The bilateral amygdala template was

based on the Talairach Daemon atlas (Lancaster et al., 2000), and the dmPFC template was

defined based on pilot data as a 14 mm radius sphere around the activation peak in dmPFC

excluding voxels outside the brain (Koush et al., 2017c). For resting-state runs, we used ten

resting-state network (RSN) masks created from the atlas of 90 functional ROIs (Shirer et al.,

2012): dorsal anterior salience, auditory, basal ganglia, dorsal default mode (dorsal DMN),

higher visual, precuneus, primary visual, sensorimotor, ventral default mode (ventral DMN),

and visuospatial RSNs. Regions of interest and RSN masks were transformed from the MNI

space to the native space using individual structural volumes and DARTEL tools (Ashburner,

2007) and resliced to the first volume of the corresponding fMRI run as implemented in

SPM12.

Real-time fMRI data processing using OpenNFT

OpenNFT is a GUI-based multi-processing open-source software package originally designed

for real-time fMRI neurofeedback training (Koush et al., 2017a). This package is based on prac-

tices of the platform-independent interpreted programming languages Python and MATLAB

to facilitate concurrent functionality, high modularity, and extensibility. OpenNFT includes,

but is not limited to, the functionality of SPM, PsychoPy, and Psychtoolbox software suites.

The package’s GUI, synchronization module and multi-processing core are implemented

in Python, whilst modules for real-time data processing including the computation of the

neural signal are implemented in MATLAB. OpenNFT supports a broad functionality asset for

real-time fMRI studies including real-time fMRI data watchdog, conventional whole-brain and

time-series data processing (e.g. realignment, reslicing, smoothing, incremental GLM, filtering,
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despiking), computation and presentation of neural signal. OpenNFT can provide the neural

signal either as activity, functional connectivity (correlation) based on single or multiple areas,

effective connectivity based on dynamic causal modeling (DCM), or classification based on

pre-trained support vector machine (SVM) classifier. For non-neurofeedback task-related

experiments, OpenNFT functionality can be branched off and simplified by means of disabling

the feedback estimation and visualization routines.

Implementation of rtQA extension in OpenNFT

The rtQA extension supports neurofeedback, task-related, and resting-state fMRI paradigms,

significantly extending OpenNFT functionality (Fig. C.1). Implemented modes of rtQA allow

flexible access to time-series and whole-brain fMRI data at different stages of (pre)processing

using core Python and MATLAB processes. For instance, rtSNR and rtCNR could be estimated

for raw, realigned, and smoothed volumes, as well as for raw, iGLM-filtered and despiked

time-series. The rtQA extension can be used in a fully automated mode or configured for a

particular paradigm. Fully automated rtQA mode implies no parameter Settings to facilitate

rapid setup (for parameter Settings, see (Koush et al., 2017a)). This mode is limited to the

selection of the export data folder, run number and series number to define the file names, and

number of expected volumes, which is suitable for resting-state paradigms and could be used

for task-related studies with certain limitations (e.g. no filtering of the regulation/task-related

activity in rtSNR and no rtCNR). A semi-automatic rtQA mode is also available to support

more detailed parameter Settings, e.g. using OpenNFT configuration files and modeling of

regressors of interest in time-series and volume processing for neurofeedback and task-based

paradigms (Koush et al., 2017a). Assessed rtQA parameters are saved at the end of the fMRI

run. The rtQA extension is implemented independently from the (pre)processing, neural

signal estimation and visualization and could be disabled when computational speed is at

the edge of the repetition time of fMRI acquisitions (see Performance of rtQA extension).

This independent implementation enables further extensions of rtQA modes and visualiza-

tions and implementations of rtQA estimators at different levels of volume and time-series

(pre)processing.

Participants and experimental design

We demonstrated the rtQA performance in a single female participant (age 31 years) using

neurofeedback runs without and with excessive head motion, and in a group of 15 participants

(7 male, 8 female, age 26±1 years) using real-time fMRI data export simulations for neuro-

feedback and resting-state runs. All participants were without prior history of neurological

or psychiatric diseases and with normal or corrected-to-normal vision. All participants gave

written informed consent to participate in the experiment, and all methods used in this study

were performed in accordance with the relevant guidelines and regulations of the University

Hospital of Geneva approved by the Ethics Committee of the University Hospital of Geneva.
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To demonstrate the rtQA performance during excessive head motion, a single participant

performed a 2-run neurofeedback experiment. Specifically, we tested the ability of the par-

ticipant to control the feedback signal by covertly shifting the visual-spatial attention. Each

neurofeedback run consisted of nine regulation blocks interleaved with nine baseline blocks

(20 s block duration). During regulation blocks, the participant was asked to covertly attend to

the right side of the screen while fixating the eyes at the center of the screen. During baseline

blocks, the participant was instructed to fixate at the central fixation cross and count backward

from a random number that was briefly displayed at the onset of the block. The intermittent

feedback signal was provided at the end of each regulation block as a difference between left

and right primary visual cortex activations (4 s neurofeedback block duration). The visual

cortex ROIs were localized using retinotopic flashing-checkerboard functional localizer (Koush

et al., 2013). During the first neurofeedback run, the participant was asked to remain as still

as possible. During the second neurofeedback run, however, the participant was asked to

specifically move three times when prompted (via headphones). During the first instruction,

the participant was asked to moderately slide out of the coil. During the second instruction,

the participant was asked to slide back into the coil and strongly tilt the head at least in two

directions. During the last instruction, the participant was asked to move to the opposite

directions as compared to the previous instruction, i.e. to try to return to the initial head

location.

To demonstrate rtQA in a group of participants that performed a regular neurofeedback exper-

iment complemented with the resting-state acquisition, we simulated real-time data export

using previously acquired real-time fMRI data. Specifically, we selected the first neurofeedback

training run (17.5 min run duration) and a pre-training eyes-closed resting-state run (6.1 min

run duration) from our previous neurofeedback study targeting positive-social emotion regula-

tion (Koush et al., 2017c; Krylova et al., 2021). The neurofeedback run consisted of seven trials.

Each trial was composed of four regulation blocks interleaved with five baseline blocks of 12

s duration (2.5 min trial duration). During baseline blocks, participants were instructed to

passively observe images of neutral objects. During regulation blocks, images with moderately

positive-social content were presented, and participants were asked to control their positive

emotions to maximize the feedback signal. At the end of each neurofeedback trial participants

rested with their eyes open for 38 s, followed by a 4 s display of a feedback value and a monetary

reward. The feedback signal was based on a comparison of how well two alternative effective

connectivity models fitted the data acquired during the trial. The two models were modeled as

top-down and bottom-up interactions between dorsomedial prefrontal cortex (dmpFC) and

bilateral amygdala, estimated using dynamic causal modeling (DCM) (Friston et al., 2003) and

compared using Bayesian model comparison (Koush et al., 2017c; Koush et al., 2013; Penny

et al., 2004). During the resting-state run, participants were instructed to remain as still as

possible, breathe steadily, avoid specific thinking and falling asleep, which was verified during

debriefing. Comprehensive experimental details and findings are reported in the original

publications (Koush et al., 2017c; Krylova et al., 2021).
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Real fMRI data and real-time data (pre)processing

For neurofeedback experiment also testing the effect of excessive head motion, real-time fMRI

data were acquired on a 3 T whole-body MRI system equipped with a 16-channel head receive

coil (Trio Tim, Siemens Medical Solutions, Erlangen, Germany). For both neurofeedback runs,

290 whole-brain fMRI volumes were acquired using a single-shot gradient-echo T2*-weighted

EPI sequence (TR = 1.76 s, TE = 30 ms, 32 slices with 25% distance factor, 64×64 matrix, 3 mm3

isotropic voxels, flip angle α = 90◦, bandwidth = 2.004 kHz/pixel, GRAPPA, iPAT = 2).

For the simulations, the data has been previously acquired on the same scanner equipped

with a 32-channel head receive coil. For neurofeedback training runs, 1050 fMRI volumes

with partial brain coverage were acquired using a single-shot gradient-echo T2*-weighted EPI

sequence (TR = 1.1 s, TE = 30 ms, 18 slices with 25% distance factor, 120×120 matrix, 1.8 mm3

isotropic voxels, flip angle α = 70◦, bandwidth = 1.54 kHz/pixel, TE = 30 ms, GRAPPA, iPAT

= 3). Resting-state runs were acquired using a multi-band gradient-echo T2*-weighted EPI

sequence (333 volumes, TR = 1.1 s, TE = 30 ms, 45 slices with 25% distance factor, 120×120

matrix, 1.8 mm3 voxels, flip angle α = 70◦, bandwidth = 1.49 kHz/pixel, TE = 30 ms, multi-band

acceleration factor = 3, GRAPPA with iPAT = 3). EPI protocols were designed to ensure a precise

subdivision of the target prefrontal and limbic brain areas, and a short TR. For each scanning

session, a T1-weighted structural volume was acquired (3D MPRAGE, voxel size = 1 mm3

isotropic, flip angle α = 9◦, TR = 1.9 s, TI = 900 ms, TE = 2.27 ms).

The real-time fMRI data export was simulated using triggered data copy at a rate of a single

volume per 1.1 s. Real-time data (pre)processing included registration and spatial filtering

using a 5 mm full width at half maximum (FWHM) smoothing as implemented in OpenNFT.

Various data enter rtQA estimations during real-time fMRI (pre)processing (Fig. C.1). Head

motion parameters and derived head motion estimates (FD, MD) were calculated from the

raw fMRI volumes. Volume rtSNR and rtCNR were estimated based on smoothed volumes

that were realigned to the fixed template volume and resliced. DVARS, whole-brain iGLM,

and time-series rtQA estimates were generated based on the smoothed volumes. Time-series

GLM and Kalman filter were applied during temporal processing. The same GLM was used

for real-time fMRI data filtering, rtQA, and neurofeedback signal estimation (Koush et al.,

2017a). For neurofeedback data per trial, GLM included regressors for the experimental design

(i.e. neurofeedback regulation blocks convolved with hemodynamic response function), six

head motion, linear trend, high-pass filter, and constant. For resting-state data, the model

included the same set of regressors except the experimental conditions. We used the same

set of regressors for analyzing the whole-brain and time-series data extracted from ROIs and

RSNs.

Availability of materials and licensing

The most recent software version is freely available under the GNU GPL license at GitHub

(github.com/OpenNFT). Supporting materials include the opennft.org website linking to the
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up-to-date software package, thorough installation instructions for each supported platform,

test routines, educational courses, video tutorials, real-time fMRI demo data (Koush et al.,

2017b), and recently added task-based and resting-state demo data. GitHub repository pro-

vides the communication channel on potential problems and feature requests, as well as

contributions from developers.

Results

Recursive and cumulative estimates

Although, the proposed recursive estimators have been validated in original publications,

we demonstrate the numerical similarity between recursive and cumulative estimates for

neurofeedback runs without and with excessive head motion using time-series from the

retinotopically localized right visual cortex. We found negligible difference MSEs < 1e-10

between cumulative and recursive estimates for mean, variance, tSNR and tCNR (Fig. C.2).

During the second neurofeedback run with excessive head motion, we observed increases of

mean and variance and decreases of tSNR and absolute tCNR. Note that visual cortex in our

neurofeedback runs was suppressed by the attention task, which resulted in a more negative

tCNR for the run with low head motion, and a less negative tCNR in the run with excessive

head motion.

For neurofeedback runs with different resolutions, we found gradual increase of cumulative

tSNR estimation time as compared to recursive tSNR (Fig. C.3). Since FD, MD and DVARS

are based on the current and the previous fMRI volumes preprocessed in real-time, their

estimations require fixed estimation time. In addition to detecting fMRI volumes with FD, MD

and DVARS above the pre-selected thresholds, we also estimated non-thresholded recursive

temporal average of FD, MD and DVARS as rtQA parameters. The amount of high-frequency

noise filtered using Kalman filter was also estimated recursively in terms of the MSE between

unfiltered and filtered time-series. For average FD, MD, DVARS, and MSE of the filtered noise,

we found negligible differences (MSEs < 1e-10) between recursive and cumulative estimates

(Fig. C.4).

Real-time head motion estimates and DVARS

We also report head motion parameters, FD and DVARS for neurofeedback runs without and

with excessive head motion (Fig. C.5). The three distinct large head movements were evident in

all head motion parameters, FD and DVARS. For neurofeedback runs, we evaluated translation-

s/rotations both individually and at the group level (Fig. C.6 A, C; group average; translations:

X = 0.02±0.1 mm, Y = 0.18±0.32 mm, Z = 0.26±0.45 mm; rotations: pitch = 0.01±0.00 mm, roll =

-0.04±0.19 mm, yaw = -0.06±0.18 mm). Frame-wise (FD) and micro (MD) displacements were

also calculated in real-time. Based on these values, we calculated group average FD (0.10±0.18

mm) and MD (0.04±0.09 mm). We also calculated the individual and group average number
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of displacements above selected thresholds expressed in percentage from the total number of

volumes (Fig. C.7 A, C; group average; FD, threshold 0.2 mm: 7.8±9.2%; FD, threshold 0.5 mm:

1.2±1.9%; MD, threshold 0.1 mm: 5.1±6.5%).

For resting-state runs, we evaluated translations/rotations both individually and at the group

level (Fig. C.6 B, D; group average; translations: X: 0.00±0.11 mm, Y: 0.06±0.10 mm, Z: -

0.04±0.18 mm; rotations: pitch: 0.02±0.12 mm, roll: -0.03±0.10 mm, yaw: -0.06±0.11 mm).

We estimated group average FD (0.12±0.08 mm) and MD (0.03±0.03 mm), as well as the

number of these displacements above selected thresholds (Fig. C.7 B, D; group average; FD,

threshold 0.2 mm: 9.2±11.4%; FD, threshold 0.5 mm: 0.6±0.5%; MD, threshold 0.1 mm:

1.4±2.2%).

We evaluated DVARS both individually and at the group level for time-series of the whole-brain

ROI in neurofeedback runs (Fig. C.7 E; group average 1.6±0.6) and resting-state runs (Fig. C.7

F; group average 1.2±0.4). We also calculated individual and group average of number of

volumes with DVARS values above selected threshold (5 a.u.) expressed in percentage of the

total number of volumes (<3% in all runs).

Recursive tSNR and tCNR

For time-series of the target ROIs, we evaluated group average rtSNR in neurofeedback runs

(Fig. C.8 A; left amygdala: 92.2±36.4, right amygdala: 108.2±45.7, dmPFC: 186.5±118.7) and in

resting-state runs (Fig. C.8 B; Table C.1, RSNs). For an exemplary real-time fMRI resting-state

run, we also illustrated voxel-wise rtSNR (Fig. C.1 A). We evaluated group average rtCNR for

time-series of three target ROIs (Fig. C.8 C; left amygdala: 0.10±0.32, right amygdala: 0.16±0.35,

dmPFC: 0.25±0.54). Of note, activity associated with regulation condition was regressed out

from rtSNR for neurofeedback runs (Fig. C.2 C).

Kalman filter denoising and iGLM confounds

We used Kalman filter to identify and count positive and negative spikes in time-series of

ROIs and RSNs. For neurofeedback runs, the group average number of positive and negative

spikes was 10.4±4.3 and 11.3±4.2 for left amygdala, 9.1±2.2 and 10.7±3.0 for right amygdala,

7.1±4.1 and 5.4±3.0 for dmPFC, respectively (Fig. C.9 A, B). For resting-state runs, the group

average number of identified spikes is also shortlisted (Fig. C.9 C, D; Table C.1). Note that

the sensitivity to spike identification was controlled by the discrepancy threshold of the

Kalman filter, which could be set so that less spikes are identified (Koush et al., 2012). For

neurofeedback time-series, we evaluated the amount of high-frequency noise filtered by the

Kalman filter using rMSE (Fig. C.10 A; group average, left amygdala: 11.0±7.4, right amygdala:

8.7±5.7, and dmPFC: 4.0±8.4). For resting-state time-series of RSNs, group average rMSE is

also shortlisted (Fig. C.10 C; Table C.1).

For time-series and whole-brain iGLM analysis, head motion parameters and linear trend
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beta coefficients were estimated and visualized using contrasts for nuisance regressors. For

neurofeedback and resting-state time-series, we evaluated group average linear trend beta

coefficients (Fig. C.10 B, D; linear trend beta per neurofeedback trial, left amygdala: -0.2±1.6,

right amygdala: -0.4±1.6, dmPFC: 0.1±2.3; for linear trend betas of RSNs, see Table C.1).

Performance of rtQA extension

The performance of rtQA extension was assessed using real-time data export simulations

on a desktop PC with Intel Core i7-8700 (3.2 GHz, 6 cores, 16 GB RAM with 2666 MHz), SSD

disk (writing speed 550 Mb/s, reading speed 525 Mb/s), Windows 10, MATLAB R2021b and

Python 3.9.7. The rtQA extension moderately increased group average data processing time

by 88.2±20.9 ms for neurofeedback runs (120×120×18 volumes) and by 209.2±24.4 ms for

resting-state runs (120×120×45 volumes) (Table C.2). Data processing time represents the

time in core Python process for processing a single fMRI volume, updating the OpenNFT GUI,

and transferring data between the concurrent processes.

Discussion

To facilitate an efficient fMRI data collection and decide about the quality of fMRI volumes

in real-time, we applied recursive and real-time methods of rtQA and developed the rtQA

extension of the OpenNFT software. Specifically, we implemented recursive mean, variance,

tSNR, tCNR, quality parameters based on GLM estimates and denoising of time-series, as well

as real-time DVARS, head motion parameters and derived estimates. The feasibility of applied

rtQA was demonstrated in real-time fMRI neurofeedback and resting-state runs.

Recursive tSNR and tCNR

We found only negligible difference between recursive and cumulative mean, variance, tSNR

and tCNR estimates. These differences are also negligible in the presence of excessive head

movements because these methods are independent of it. The low errors between recursive

and cumulative estimates confirm the feasibility of recursive methods for rtQA and confirm

that they can preserve the precision and informativeness of the original cumulative methods

with a much lower computational cost. Specifically, the estimation time of cumulative tSNR

progressively increased as compared to recursive tSNR, because cumulative estimations are

applied to all data up to each time point. In contrast, recursive estimations facilitate fixed

memory and computation time because the contribution of new data is directly incorporated

into the estimated values at each time point (Bagarinao et al., 2003; Welford, 1962). Thereby,

recursion allows computationally heavy estimations for real-time fMRI applications, such as

whole-brain tSNR, tCNR, and GLM (see Incremental GLM). Of note, rtSNR and rtCNR could

fluctuate during the initial volumes and stabilize towards the end. These intrinsic instabilities

could be due to the shortcoming of the recursive estimation in small data samples.
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It has been shown that tSNR could be applied to assess the quality of task-related fMRI

runs when considering the residual of the GLM fit (Murphy et al., 2007), which was used to

investigate quality differences between control and neurofeedback groups (Zilverstand et al.,

2017). Specifically, tSNR in dorsal ACC was substantially higher in the neurofeedback group

(145) as compared to the control group (98) due to more extensive head motion in the control

group. Consistently, activity associated with regulation condition was regressed out from tSNR

for neurofeedback time-series, and the resulted rtSNR varied from 92.2±36.4 in left amygdala

to 186.5±118.7 in dmPFC.

Average rtCNR in bilateral amygdala (0.10±0.32, 0.16±0.35) and dmPFC (0.25±0.54) during

emotion regulation were also consistent with previously reported rtCNR in medial frontal and

middle temporal gyrus during auditory/visual imagery, and anterior cingulate cortex (ACC)

during emotion regulation (0.1–0.5) (Koush et al., 2012). Of note, tCNR is strongly individual

and highly sensitive to task complexity (Welvaert and Rosseel, 2013), e.g. it varied from -0.1 to

1.8 in a few participants during motor imagery in the supplementary motor area (Koush et al.,

2012). Whole-brain rtCNR maps provide very similar information as whole-brain activation

maps, which is not surprising considering that its estimation is also based on GLM but with

a simple model. The whole-brain rtCNR maps, however, are confounded by noise typically

explained away by means of nuisance regressors; therefore, these maps can inform about the

magnitude of signal relative to the noise. For this comparison, whole-brain rtCNR estimation

is provided in our rtQA extension.

The rtSNR in the resting-state time-series varied from 170.8±88.7 in the primary visual network

to 303.2±124.7 in the visuospatial network. This is overly consistent with previously reported

resting-state tSNR values averaged across all voxels (ca. 100–280, TR = 3 s) (Van Dijk et al.,

2012), as well as in the default mode network, the subcortical areas, and the global gray

matter (ca. 130–200, TR = 2 s; ca. 60–160, TR = 1.1 s) (DeDora et al., 2016), and with tSNR

across non-activated voxels in frontal cortex (ca. 132–203, TR = 2 s) (Posse et al., 2012), while

considering different acquisition parameters and head coils (Triantafyllou et al., 2011; Welvaert

and Rosseel, 2013).

Head motion parameters

Head motion parameters are commonly estimated post-hoc when fMRI data is completely

acquired, imposing the risk of losing data of entire participants. Real-time head motion

analysis monitors fMRI data quality and reduces experimental risks and costs by means of

reducing the amount of overscanning required to collect sufficient data under low-movement

criterion, e.g. 20 min resting-state runs given FD<0.2 mm (Dosenbach et al., 2017). Along with

preventing MRI data distortions by head motion (e.g. by optimizing head and body fixations

and experimental instructions to the participants), real-time head motion analysis allows

substantiated interruptions and timely re-scans of experimental runs instead of complete

exclusion of individual data with large head displacements.
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The post-hoc FD estimate was proposed to detect the motion-related effects in fMRI data

(Power et al., 2012; Power et al., 2014). Its real-time characterization is based on real-time

calculation of head motion parameters during fMRI data acquisition (Dosenbach et al., 2017).

In our real-time fMRI data, low-movement criterion (FD<0.2 mm) was exceeded in 7.8% of

the neurofeedback runs with a duration of 17.5 min and in 9.2% of the resting-state runs with

a duration of 6.1 min, which is consistent with above 90% data surveillance under the same

criterion (Dosenbach et al., 2017). As compared to FD, MD estimation is based only on the

three translation parameters (Van Dijk et al., 2012), however, its real-time estimation could

facilitate disentangling artifacts from head translations and rotations.

OpenNFT implements accurate real-time realignment based on the recommended rigid body

spatial transformation and interpolation using B-splines of the 4th order, and the quality of the

real-time implementation comes close to that of the conventional offline realignment in SPM

(Koush et al., 2017a; Koush et al., 2012). Although optimized for real-time, these estimations

are not recursive and may require 300–600 ms depending on the algorithm complexity and

data size (Koush et al., 2017a). Due to the high precision level, rigid body preprocessing of fMRI

volumes takes most of the processing time in OpenNFT. To minimize the number of iterations

and reduce the computation time, the template volume should have the same dimensions as

the real-time fMRI volumes. This is typically accomplished by acquiring the template volume

with the same fMRI sequence and acquisition parameters. Computationally less extensive

(e.g. cubic) interpolations may be substantially faster, however, at the potential expense of

accuracy.

DVARS

DVARS is a frame-wise data quality index that reflects the rate of volume intensity change

across whole-brain. DVARS is similar to FD and can be used for data scrubbing, although it

has no explicit relation to the head motion parameters (Power et al., 2012). It can capture

distortions in fMRI data also due to other sources of motion, e.g. chest motion (Fair et al., 2020).

We applied DVARS as rtQA parameter using (i) intensity average within the whole-brain mask

defined based on the fixed template volume used for the realignment, (ii) realignment and

reslicing procedures to ensure that voxels within the fixed mask are identically sampled, and

(iii) whole-brain data scaling based on the median of voxel intensities within the mask. The

threshold definition for DVARS-based fMRI volume scrubbing is usually arbitrary as changes

in signal intensity could vary across scanners and sequences. Given that DVARS estimates were

multiplied by 100 after scaling, we applied coarse 5 a.u. threshold for an exemplary volume

censoring. This threshold could be set based on local site settings for offline data processing

or box-plot right-outliers (1.5 inter-quartile range above the 75% percentile; as implemented

in FSL, the FMRIB Software Library) (Jenkinson et al., 2012). Recently, a more formal approach

for DVARS has been proposed that showed it to be a part of the sum of squares decomposition

of the 4D fMRI data along with the thresholding based on DVARS inference testing (Afyouni

and Nichols, 2018). These methods may require additional adaptation for real-time data
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processing.

Incremental GLM

We extended iGLM (Bagarinao et al., 2003) for rtQA using weights of modeled regressors

as quality estimators. For time-series and whole-brain data, results of iGLM are shown to

the experimenter in real-time as plots and whole-brain maps to evaluate the strength of the

specific contamination and to identify brain regions with significant contamination from

specific sources. Multiple nuisance GLM regressors typically include at least six head motion

parameters, white matter and cerebrospinal fluid regressors, high-pass filter and linear trend

regressors, regressors based on volume censoring, physiological noise, as well as their derived

estimates, principal components, and various combinations (Parkes et al., 2018). Although

iGLM is a flexible tool for real-time fMRI data processing, the necessity to process data during

its acquisition, as compared to post-hoc processing, substantially limits the number of regres-

sors, because iGLM precision takes a substantial time to stabilize if the number of regressors

is large (Misaki et al., 2015). Nevertheless, six head motion, high-pass filter and linear trend

regressors are often used as nuisance regressors for processing time-series and whole-brain

volumes in real-time as implemented in OpenNFT (Koush et al., 2017a). A certain extension of

the nuisance regressors based on recommendations can be feasible given the lower number

of regressors of interest, however, it requires a more systematic evaluation (Misaki et al., 2015;

Parkes et al., 2018).

Kalman filter denoising

A non-linear modified Kalman filter is feasible to filter high-frequency noise and to correct

spike-like artifacts in real-time fMRI time-series (Koush et al., 2017c; Koush et al., 2012; Lorenz

et al., 2016). Here, we demonstrated that recursive MSE between raw and Kalman-filtered

time-series could be used as the real-time estimate of the amount of filtered high-frequency

noise. In addition, identified spikes could be counted and highlighted in real-time. Notably, for

real-time fMRI analysis, modified Kalman filter provides more effective spikes detection and

correction in comparison to conventional filtering methods, such as EMA and Butterworth

filter (Koush et al., 2012). The modified Kalman filter is feasible for different event- and block-

related designs and is efficient if applied before signal averaging, however, its parameters

need to be justified based on simulations. This includes the approximate cutoff frequency

and threshold between predicted and posterior estimates to control for the identification of

outliers given the repetition time (Koush et al., 2012). Stability of the Kalman filter depends

on the steady state of model parameters and may require about 5–10 iterations to provide

the reliable filtered output or rtQA estimate (Koush et al., 2012). Data scrubbing approaches

also inspired further real-time spike detection and correction techniques, such as that using

various statistical scores (Heunis et al., 2020) and that modeling identified spikes as regressors

of no interest in iGLM. More advanced methods, such as despiking based on wavelets (Patel et

al., 2014) and Schrödinger filtering (Benigno et al., 2021) are also promising but may require
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additional adaptation for real-time data processing either based on recursion or sliding-

window.

Practical considerations

Recursive and real-time methods could be jointly applied for fMRI data processing to increase

informativeness and optimize scanning time. For instance, iGLM could be used for brain

activity estimation and visualization, for data filtering, and for rtQA (e.g. to assess contributions

of nuisance regressors). Versatile rtQA tools are particularly important to assess consequences

of image distortions during data acquisitions due to technical and physiological noise. It

provides a quick evaluation of the quality of fMRI data and allows informed decision to

interrupt and/or restart data acquisitions if needed. In our excessive head motion example,

an operator could have interrupted the scanning session already after the first large motion of

the participant.

Some QA parameters are related directly or indirectly. For instance, head motion is directly

captured in the six head motion parameters, the derived FD and MD parameters, and changes

in the whole-brain intensity values in terms of DVARS. Rather indirectly, excessive head motion

may result in decreases of tSNR, tCNR, and (de)activation statistics, as well as in increases of the

amount of noise to be filtered and weights of the corresponding nuisance regressors. Therefore,

the effect of head motion on fMRI data quality could be also assessed using whole-brain tSNR

(Van Dijk et al., 2012) and iGLM. Specifically, whole-brain (de)activation maps associated with

the experimental design as well as activation maps associated with the nuisance head motion

and linear trend regressors should be cross-checked in addition to head motion parameters to

evaluate the magnitude of target brain (de)activation and artifactual activity in target brain

areas.

The instantiation of the proposed recursive and real-time methods does not require additional

adjustments in OpenNFT. However, these methods could be further optimized through a

pilot fMRI run to reach the best trade-off between the imaging parameters including the

repetition time, data complexity, accuracy, and computational needs. The rtQA parameters

could also be used to evaluate different preprocessing methods and fMRI volumes after

different preprocessing stages (Heunis et al., 2020; Koush et al., 2012).

Although temporal dynamics of model parameters and intermediate estimates is largely

neglected in neurofeedback studies, it often leads to underestimation of the feedback signal

in the beginning of neurofeedback runs (Koush et al., 2017a; Misaki et al., 2015). Time-series

of mean, variance, rtSNR, rtCNR, and iGLM estimates provide insights into the temporal

dynamic of the data and the derived estimates (e.g. percent signal change feedback signal

based on cumulative average) and filtered feedback signal (e.g. based on cumulative/recursive

GLM) and inform about the reliability of the feedback signal and the filtering method. While

systematic research is needed to improve the initial period of instability of recursive estimates,

longer initial baseline blocks could partially compensate for some instability. Since iGLM and

194



corresponding algorithms are implemented in the OpenNFT pipeline, it allows the exploration

of the model space to define, extend, and justify models based on pilot data.

Conclusion

We developed an automatic rtQA extension of the OpenNFT software to facilitate real-time

analyses of key fMRI quality parameters. Specifically, we implemented the recursive tSNR and

tCNR for the whole brain and time-series extracted from regions of interest, iGLM nuisance re-

gressors for whole-brain and time-series data, number of spikes and amount of high-frequency

noise in time-series, as well as real-time head motion translations, rotations, frame-wise and

micro displacements, and DVARS. The rtQA extension was implemented in the open-source

OpenNFT software written in Python and MATLAB. We demonstrated our rtQA developments

using real-time fMRI neurofeedback and resting-state runs. Our GUI-based multi-thread

software implementation allows for parallel estimation and real-time monitoring of both time-

series and volumetric quality parameters at negligible time costs. User-friendly automatized

rtQA of fMRI is of particular importance for an efficient data acquisition in brain research and

clinical applications.
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Tables

network rtSNR + spikes - spikes rMSE trend

auditory 268.0±99.6 4.2±3.3 4.4±2.8 0.7±0.6 0.6±7.0
anterior salience 217.3±92.2 4.0±3.6 3.3±2.5 1.0±0.6 0.8±7.9
basal ganglia 229.6±72.6 4.8±2.4 5.3±3.6 1.2±0.6 0.4±8.1
dorsal DMN 250.5±90.4 3.3±3.9 3.0±1.8 0.7±0.5 0.2±8.2
higher visual 239.6±149.5 3.0±3.4 3.5±2.9 1.0±1.2 0.2±8.5
precuneus 191.6±70.1 3.7±3.7 3.1±2.4 1.2±0.8 0.4±10.0
primary visual 170.8±88.7 3.4±4.1 3.8±2.2 1.8±1.9 1.7±11.4
sensorimotor 289.6±123.9 4.5±3.8 4.1±3.0 0.6±0.5 0.0±5.9
ventral DMN 259.6±113.3 4.3±4.0 2.5±1.8 0.6±0.4 0.0±6.7
visuospatial 303.2±124.7 4.1±4.4 3.5±3.1 0.5±0.3 1.0±6.1

Table C.1: Group average rtQA parameters for time-series of the RSNs in resting-state runs (mean±std).

OpenNFT mode neurofeedback resting-state

(120×120×18) (120×120×45)
rtQA ON 446.3±55.5 1091.3±51.3
rtQA OFF 357.7±41.4 842.6±21.2
difference 88.2±20.9 209.2±24.4

Table C.2: Group average data processing time per acquired volume (ms, mean±std).
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Figures

Figure C.1: The rtQA extension as part of the OpenNFT architecture. (A) The rtQA extension contain-
ing navigable quality assessment features is illustrated using an exemplary resting-state run, spike
detection menu and whole-brain rtSNR with the overlaid dorsal DMN and whole-brain ROI. (B) The
OpenNFT architecture and workflow. The rtQA extension is implemented using Python and MATLAB
subprocesses and can be completely disabled. It operates with fMRI volumes and time-series of target
ROIs/RSNs. Details about general OpenNFT functionality and architecture are described elsewhere
(Koush et al., 2017a).
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Figure C.2: Recursive and cumulative (A) tMean, (B) tVariance, (C) tSNR and (D) tCNR for neuro-
feedback runs without (“low motion”) and with (“high motion”) excessive head motion of the same
participant. Recursive and cumulative temporal mean and variance were computationally the same
with a negligible MSEs < 1e-10. tCNR has not been estimated during the first rest phase (i.e. zero on
the plots) due to the lack of variance in the real-time design. Black dashed lines represent the regressor
of the experimental condition (gray blocks) modeled as a boxcar function and convolved with the
canonical hemodynamic response function as implemented in SPM12 (thin dashed lines). r – recursive
(solid lines), c – cumulative (thick dashed lines), “no reg” denotes time-series were activity associated
with regulation conditions was regressed out to compute unbiased rtSNR (pink and yellow solid lines,
respectively).
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Figure C.3: Recursive and cumulative tSNR estimation times for neurofeedback runs with different
volume dimensions (64×64×32 and 100×100×35 voxels, 210 volumes). Average time of recursive
tSNR estimations was 0.58±0.04 ms and 1.92±0.09 ms, respectively. However, for cumulative tSNR,
estimation time were substantially higher and gradually increased from 24 ms to 271 ms and from 64
ms to 561 ms, respectively.

Figure C.4: Recursive and cumulative temporal average (A) FD, (B) MD, (C) DVARS and (D) the
amount of high-frequency noise by means of MSE for neurofeedback runs without (“low motion”) and
with (“high motion”) excessive head motion of the same participant. Conventional six head motion
parameters were provided by SPM12 realignment routines adapted for real-time application (Koush et
al., 2017a; Koush et al., 2017b). MSEs between all cumulative and recursive estimates were negligible
(< 1e-10).
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Figure C.5: Real-time fMRI neurofeedback runs without (“low motion”) and with (“high motion”)
excessive head motion. (A, B) Head motion parameters as they appear in OpenNFT. (C, D) FD and
DVARS. (B, D) Three head movements are seen as consistent step-like displacements in translations
and rotations, as well as spike-like displacements in FD and DVARS.
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Figure C.6: Individual head motion parameters. Translations and rotations averaged per (A, C)
neurofeedback and (B, D) resting-state runs. Head motion parameters were estimated using the
realignment routine of SPM12 as implemented in OpenNFT. Error bars denote standard deviation.
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Figure C.7: Individual head motion parameters. For (A, C, E) neurofeedback and (B, D, F) resting-state
runs, we illustrated thresholded FD and MD evaluated per run, as well as DVARS averaged per run,
respectively. Error bars denote standard deviation.
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Figure C.8: Time-series rtCNR and rtSNR. Group average rtSNR for (A) neurofeedback runs in bilateral
amygdala and dmPFC, and (B) for resting-state runs in target networks. For neurofeedback runs,
activity associated with regulation condition was regressed out from rtSNR using real-time GLM. (C)
rtCNR in bilateral amygdala and dmPFC. Error bars denote standard deviation.

Figure C.9: Detection of spikes using Kalman filter. For neurofeedback runs, we (A) estimated the
group average number of positive and negative spikes for three ROIs and (B) illustrated an exemplary
spike detection for the dmPFC time-series. Similarly, for resting-state runs, we (C) estimated the group
average number of spikes for the target RSNs and (D) illustrated an exemplary spike detection for
the dorsal DMN time-series. (B, D) Red circles and blue rhombs mark positive and negative spikes,
respectively. (B) Green lines demark separations between three exemplary trials, the blue dashed line
illustrates the regulation regressor, and gray bars indicate condition blocks. Error bars denote standard
deviation.
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Figure C.10: Kalman filter recursive MSE and linear trend beta values. For neurofeedback runs, we
illustrated group average (A) rMSE between raw and filtered time-series and (B) linear trend iGLM
beta values for three ROIs. For resting-state runs, we illustrated group average (C) rMSE between raw
and filtered time-series and (D) linear trend beta values for target RSNs. Error bars denote standard
deviation.
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