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Abstract

Tinnitus is defined as the conscious perception of a tonal or composite noise for which
there is no identifiable corresponding external sound source. In its severe form, also
referred to as tinnitus disorder, it is accompanied by emotional distress, cognitive
dysfunction, and autonomic arousal. While the percept itself affects approximately
14.4% of adults, severe tinnitus is present in about 2.3% of adults and is associated
with reduced quality of life, fear, constant awareness, annoyance, concentration
difficulties, and mental diseases. Yet, the substantial heterogeneity in tinnitus
phenotypes and aetiologies hinders the development of effective treatments.
Promising treatment outcomes often lack replication, and in many clinical trials, only a
subset of patients respond.

Current clinical tinnitus research largely relies on aggregated data collected
before and after treatment providing little insight into the temporal dynamics of
symptom change. The ubiquitous use of smartphones makes them well suited for
regular symptom monitoring during treatment, which might shed light on unseen
symptomatic patterns or dynamics during treatment, which could help to explain
treatment heterogeneity. To date, the potential of methods such as Ecological
Momentary Assessment (EMA) remains underexplored in clinical tinnitus research.

In this thesis, | explore the potential of daily symptom monitoring across different
tinnitus treatments to investigate symptom changes and dynamics. The introduction
first provides a clinical overview of tinnitus, followed by an introduction to EMA, its
methodological foundations, and its current applications in health research and tinnitus
studies. The first study examines different analytical methods for quantifying treatment
effects using EMA data and compares them with established patient-reported outcome
measures. The second study investigates in greater detail how clinical improvement
manifests in EMA-derived symptoms and whether patterns of symptom fluctuation can
predict treatment effects. The third study addresses heterogeneity in symptom
trajectories using latent class analysis. In the final section the results are discussed
across shared conceptual and methodological themes such as symptom dynamics,
methodological innovations in EMA analysis, and the balance between idiographic and

nomothetic approaches.



Zusammenfassung

Tinnitus wird definiert als bewusste Wahrnehmung eines tonalen oder
zusammengesetzten Gerduschs ohne identifizierbare aufl’ere Schallquelle. Wahrend
etwa 14,4% der Erwachsenen einen Tinnitus wahrnehmen, leiden rund 2,3% an einer
schweren Form, die mit einer verminderten Lebensqualitdt, Angsten,
Konzentrationsschwierigkeiten und psychischen Erkrankungen einhergehen kann. Die
Heterogenitat der Tinnitus-Phanotypen und Ursachen erschwert die Entwicklung
wirksamer Behandlungen; in vielen klinischen Studien spricht nur ein Teil der
Patientinnen auf die Behandlung an.

Die aktuelle klinische Tinnitusforschung stitzt sich weitgehend auf aggregierte
Daten, die vor und nach einer Behandlung erhoben werden, und liefert daher nur
begrenzt Einblicke in die zeitliche Dynamik von Symptomveranderungen. Die weit
verbreitete Nutzung von Smartphones ermdglicht die regelmalige Erfassung von
Symptomen mittels Ecological Momentary Assessment (EMA), dessen Potenzial in der
klinischen Tinnnitusforschung bislang weitgehend ungenutzt bleibt.

Die vorliegende Dissertation untersucht das Potenzial taglicher
Datenerhebungen zur Erfassung von Veranderungen und Dynamiken von
Tinnitussymptomen wahrend einer Behandlung. Die erste Studie pilotiert verschiedene
analytische Methoden zur Quantifizierung von Behandlungseffekten anhand von EMA-
Daten und vergleicht diese mit den Ergebnissen etablierter Messinstrumente. Die
zweite Studie entwickelt einen methodischen Ansatz zur Vorhersage von
Behandlungserfolg auf Basis von EMA-Daten. Mithilfe einer Feature-basierten
Zeitreihenanalyse und regularisierter Regressionsmodelle werden Merkmale
identifiziert, die klinische Verbesserung vorhersagen. Die dritte Studie befasst sich mit
der Heterogenitat von Symptomverlaufen mithilfe einer latenten Klassenanalyse
langsschnittlicher Daten. Abschliel3iend werden die Ergebnisse entlang gemeinsamer
konzeptueller und methodischer Themen wie Symptomdynamiken, methodische
Innovationen, personalisierter Tinnitusbehandlung und dem Spannungsfeld zwischen

idiographischen und nomothetischen Forschungsansatzen diskutiert.
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Introduction

Introduction

“I know | should be more idiographic in my research, but | just don’t know how to be,”
psychologist Edward Tolman once remarked to his colleague Gordon Allport (2). This
statement remains strikingly relevant today, as psychological science continues to rely
predominantly on aggregated data from groups of individuals (3). The proportion of
studies employing repeated-measures designs even decreased in recent years (4), a
trend that may reflect the strong emphasis on group-comparison designs in the training
of empirical researchers.

While nomothetic approaches aim to derive generalisable principles from group-
level analyses, idiographic approaches focus on understanding individual trajectories
and within-subject variability (3). Although nomothetic methods are valuable for
identifying general patterns, they often overlook the dynamic fluctuations and
interdependencies that occur within individuals. It has been shown that variance
estimates derived from interindividual designs tend to underestimate intraindividual
variability (5).

Tinnitus, a condition characterised by substantial heterogeneity, is particularly
well suited for longitudinal investigation; yet such designs remain scarce. This thesis
analyses intensive longitudinal data to explore the balance between idiographic and
nomothetic perspectives: acknowledging intraindividual variability while still enabling
inferences at the (sub)group level. In doing so, this work aims to broaden the
methodological perspective in tinnitus research and to encourage researchers to move
beyond traditional cross-sectional designs towards innovative approaches for

capturing and analysing intensive longitudinal data.
Tinnitus

Definition

The term tinnitus is derived from the Latin word tinnire which means to ring. Current
definitions vary from simplistic (“ringing of the ears”) to complex descriptions (“the
conscious perception of an auditory sensation in the absence of a corresponding
external stimulus”), that are either omitting important aspects such as perception in the
head or include distinct phenomena, e.g. auditory hallucinations (6). De Ridder et al.

distinguish between the tinnitus percept defined as “conscious awareness of a tonal or
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composite noise for which there is no identifiable corresponding external sound
source” and tinnitus disorder' defined as tinnitus “associated with emotional and/or
cognitive dysfunction, and/or autonomic arousal, leading to behavioural changes and

functional disability” (7).

Phenotypes

The challenge in defining tinnitus stems at least partly from its heterogeneity. It can
manifest as ringing, buzzing, or hissing, which can be tonal or noise-like of varying
frequencies and intensities. Tinnitus can be perceived in one ear, both ears, or inside
the head. Temporal patterns also vary; tinnitus can be constant, intermittent,
occasional, rhythmical, or pulsatile, as well as fluctuating or changing over time. The
degree to which individuals are affected by their tinnitus ranges from not at all to severe
(8). Patients report reduced quality of life, fear, constant awareness, annoyance, and
concentration difficulties as the most common reasons for their suffering (9). Severe
tinnitus is often accompanied by psychiatric disorders such as anxiety, depression, and
insomnia (10). Objective tinnitus can be delineated from subjective tinnitus by the
existence of an internal sound source of muscular or vascular origin (11). Acute and
chronic tinnitus are typically separated by a 3 or 6 month threshold, though empirical
support for a cut-off is limited (6).

Prevalence

Tinnitus is a common condition affecting 14.4% (95% CI: 12.6% — 16.5%) of adults and
13.6% (95% CI: 8.5% — 21.0%) of children and adolescents according to a recent meta-
analysis (12). Severe tinnitus occurs in about 2.3% (95% CI: 1.7% — 3.1%) of adults
and 2.7% (95% CI: 0.8% — 8.4%) of children and adolescents. Within the adult

population, prevalence of tinnitus and tinnitus disorder increases with age (12).

Pathophysiology

There are many pathophysiological models of tinnitus, none of which fully account for
all cases, reflecting its heterogeneity (13). Yet, tinnitus is often linked to sensorineural
hearing loss, which can be triggered by aging processes or noise trauma (14). It is
hypothesized that sensory deprivation associated with damage to the auditory
periphery leads to maladaptive plasticity, characterised by increased spontaneous

firing rates and enhanced neural synchrony, which might generate the tinnitus percept.

" In this thesis, tinnitus disorder and severe tinnitus are used synonymously.

9
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Abnormal neuronal activity has been observed throughout the auditory pathway
including the cochlear nucleus, inferior colliculus, auditory thalamus, and primary
auditory cortex (15,16), as well as in non-auditory regions like anterior cingulate cortex,
anterior insula, amygdala, hippocampus, parahippocampus, posterior cingulate cortex,
precuneus, parietal cortex, and prefrontal cortex forming networks responsible for
salience, emotional distress, memory, and attention (17,18). More recently, an
imbalance between excitatory and inhibitory pathways has been postulated (19). In
patients with tinnitus but normal audiograms, reduced cochlear activity has been
observed, providing evidence for hidden hearing loss, a condition in which
conventional audiometry fails to detect underlying auditory dysfunction (20). Next to
otologial factors, temporo-mandibular joint disorder is considered a risk factor for

developing tinnitus via somatosensory-auditory integration (14,16).

Diagnostics and Measurement

Tinnitus diagnostic is mainly based on patient self-report. Although neurophysiological
research has identified candidate biomarkers, none have been established for clinical
use (21,22). In most clinical cases, the tinnitus is considered idiopathic with unknown
aetiology (23). However, due to some comorbidities requiring urgent treatment, such
as severe neurological and psychiatric conditions, comprehensive individual
assessment is essential (24). Standard diagnostic procedures include a detailed
examination of tinnitus history, tinnitus severity and potential psychiatric comorbidities,
otological examinations, audiometric assessments and psychoacoustic measurements
of tinnitus’ perceptual characteristics (23—-25). Further diagnostic steps should be taken
depending on clinical indications such as brain imaging in case of asymmetric hearing
loss, unilateral or pulsatile tinnitus (23).

Tinnitus severity, the impact of tinnitus on the individual, is typically quantified
using Patient-Reported Outcome Measures (PROM). These tools are employed both
in clinical settings to determine treatment necessity and in research to assess
intervention efficacy (26). There is a variety of psychometrically validated PROMs (27),
with the most commonly used being the Tinnitus Handicap Inventory (THI), the Tinnitus
Questionnaire (TQ) and the Tinnitus Functional Index (TFI) (26,28-31). Minimal

Clinically Important Difference (MCID) scores have been defined for these instruments

10
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to determine whether score changes are clinically meaningful?> (1,32). They are
considered the gold standard for proof of efficacy in clinical trials due to their wide use,
strong psychometric properties, and availability in validated translations (26,31).
However, limitations include limited comparability across instruments3, potential bias
due to retrospective assessments, and insufficient sensitivity to longitudinal symptom

fluctuations during treatment (33,34).

Treatment

From the patients’ perspective, current treatment options are often unsatisfactory as
no treatment consistently removes the tinnitus percept or reduces its loudness (35).
Consequently, treatment generally targets associated distress or comorbid conditions.
For tinnitus disorder, Cognitive Behavioural Therapy (CBT), which aims to modify
maladaptive thoughts and behaviours related to tinnitus, has demonstrated the
strongest evidence in reducing tinnitus-associated distress (23,36,37). Other
therapies, including hearing aids (HA), sound therapy (ST), neuromodulation, or drug
treatment, have produced mixed results (36,38). A multicentre trial comparing various
single and combined treatment modalities in 461 tinnitus patients found that CBT
(Cohens d = 0.93, 95%-CI: 0.70 - 1.21), structured counseling (SC; Cohens d = 0.83,
95%-Cl: 0.51 - 1.27) and HA (Cohens d = 1.00, 95%-CI: 0.78 - 1.28) were similarly
effective in reducing tinnitus distress, while ST (Cohens d =0.24, 95%-ClI: -0.02 — 0.53)
had a smaller effect* (39). The variability in outcomes may reflect differential treatment
needs among patients, yet predictive factors remain largely unknown (40). Importantly,

all current tinnitus treatments are considered off-label (41).

Ecological Momentary Assessment

Given the heterogeneity of tinnitus and the variability in treatment outcomes,
understanding how symptoms and distress evolve during daily life and treatment

becomes crucial. Capturing these dynamics requires assessment methods that go

2 Engelke M, Basso L, Langguth B, Zeman F, Schlee W, Schoisswohl S, et al. Estimation of minimal
clinically important difference for Tinnitus Handicap Inventory and Tinnitus Functional Index. Otfolaryngol
Head Neck Surg. 2025;173(1):69-79.

3 Engelke M, Simdes JP, Langguth B, Schlee W, Basso L. The 83 symptoms of tinnitus: content overlap
of commonly used scales for tinnitus burden. Under review.

4 Schoisswohl S, Basso L, Simées J, Engelke M, Langguth B, Mazurek B, et al. Single versus
combination treatment in tinnitus: an international, multicentre, parallel-arm, superiority, randomised
controlled trial. Nat Commun. In press.

11
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beyond retrospective questionnaires, which can be offered by Ecological Momentary
Assessment (EMA).

Development and Definition

The momentary assessment of human behaviour and emotion outside the laboratories
has a long history. One of the first pioneers was J.C. Fligel, who studied the ratio of
positive and negative experience in human life in the 1920s (42). In his study,
participants kept frequent records of their mental state in daily life, resulting in more
pleasant than unpleasant experiences. In 1977, Csikszentmihalyi et al. were interested
in the interaction of adolescents’ daily behaviour and feelings (43). Adolescents
reported their activities and emotions in response to random prompts of an electronic
paging device. Talking to peers was associated with happiness, whereas watching TV
was a result of a lack of alternatives.

This early study helped establish the Experience Sampling Method (ESM), later
refined by Csikszentmihalyi (44). It captures individuals’ thoughts, feelings, and
behaviour in real-time through random prompts and laid the groundwork for
Csikszentmihalyi’'s well-known research on the flow concept. ESM data of daily
activities showed that engaging in intrinsically motivated activities, well-balanced
between being challenging but not overwhelming, increased the probability of
experiencing flow, a state of deep engagement (45).

In the 1990s, Stone and Shiffman established the concept of EMA, which they
defined as “monitoring or sampling strategies to assess phenomena at the moment
they occur in natural settings” (46). The ESM methodology was extended by allowing
for different sampling schedules in addition to random prompts. Also, while ESM was
hitherto used in psychological research to study the dynamics of daily life experiences
and subjective well-being in the general population, Stone and Shiffman adapted it to
the clinical setting to study health-related behaviour and symptoms (47). Today, ESM
and EMA are mostly used synonymously.

EMA aims to minimise recall bias by capturing experiences in the moment and
involves repeated assessment of individuals in their natural environment, increasing
ecological validity (46,47). Over time, EMA has developed into a flexible method,
varying in timing, technology, subjects, and topics, yet always grounded in repeated,
near real-time data collection in subjects’ daily life circumstances (34). With the
widespread integration of smartphones into everyday life, EMA research has

significantly expanded in reach, usability, and feasibility (48). Today, EMA is widely
12
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applied in eHealth research to study symptom fluctuations and can be combined with
passive forms of ambulatory assessment, such as the continuous monitoring of

objective data via device sensors (49).

Current Foci in EMA health research

Even if current EMA health research foci are widespread, the following section aims to
provide insights into the potentials and challenges, yet without being an exhaustive
compilation.

EMA data enables fine-grained evaluation of fluctuations by frequent and/or
long-term repeated sampling which allows to study both short-term as well as long-
term patterns of symptoms. The “Blue Sunday Effect”, suggesting that people feel
worse on Sundays, was specified in that positive mood increased until noon, just like
on the other days, yet in the afternoon, mood stagnated on Sundays and increased
further on the other days (50). A meta-analysis investigated the association of emotion
dynamics on different timescales with well-being and found that high well-being was
linked to lower emotional reactivity and more intact emotional regulation
operationalized by variability, instability, and inertia (51).

EMA research intents to catch people in their immediate environment ranging
from office hours to hiking trips. Supported by GPS data, a large-scale study found that
feeling better was related to being in natural surroundings after controlling for
confounders such as weather, daylight, activity and demographics (52). This effect was
found to be long-lasting, as ‘seeing trees and the sky’ predicted well-being 2.5 hours
later and ‘feeling of being in contact with nature’ predicted well-being 5 hours later (53).

Emotional vulnerability to extreme life events is well-known for some mental
diseases. But what about emotional reactivity to daily life stress? EMA research found
that depressed and psychotic patients were more reactive to daily social stress in
negative affect compared to bipolar patients and healthy controls. Psychotic and
bipolar patients showed higher daily social stress reactivity in positive affect than
depressed patients and healthy controls (54). Another study investigated whether
anhedonia in schizophrenic patients is related to the lack of hedonic capacities or
positive experiences. Patients reported higher intensity in negative affect, lower
intensity in positive affect, and fewer positive events compared to healthy controls.
However, when experiencing a positive event, hedonic experience was equally strong
for patients and controls (x*(3) = 1.69, p = .64). The same was found for social hedonic

capacity; patients were less often in company of others, but expressed the same level

13
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of positive affect when in company compared to controls (B = 0.01, p = .76). Thus,
patients lacked positive and social experiences, not hedonic capacities (55).

Hen or egg — does poor sleep lead to bad mood or vice versa? Even if repeated
EMA sampling doesn’t allow for causal conclusions, the effect of sleep on mood (B =
.344; p < .001) was much larger than vice versa (B = .132; p < .001) after
standardization accounted for individual differences and potential confounders were
controlled. If sleep quality had an impact on next-day mood clinical implications
emerged (56).

Some psychiatric disorders are faced with temporary events such as paranoid
episodes. EMA research sharpened our knowledge of the episode’s onset which is
preceded by increased anxiety and decreased self-esteem, the episode’s character
which is marked by high levels of anxiety, depression, and anger and low self-esteem,
as well as the episode’s length which correlates with initial paranoia intensity,
depression and anger (57).

EMA can facilitate to understand the effect of treatment response on daily life
outcomes. Antidepressant treatment responders spent more time on household chores
and less time in passive leisure activities, experienced more positive and less negative
affect and reported better sleep quality (58). Further, change in EMA of positive affect
during the first week predicts score change, response and remission rates at the end
of treatment (OR = -0.6/4.3/9.3, p < 0.001) (59). Reporting side effects via EMA might
be more feasible than retrospective assessment, as it was correlated with lower

momentary quality of life and higher dropout risk (60).

Limitations

In its current form, EMA requires vision, literacy, self-awareness, smartphone skills and
internet access (at least from time to time), and the ability to respond regularly. This
excludes certain populations such as infants, persons with severe forms of dementia
or disabilities. Even for healthy individuals, EMA can be demanding and fatigue may
lower compliance and data quality.

Despite measuring in real-world contexts which is claimed to achieve high
ecological validity, EMA still relies on subjective reporting, which can be biased by
individual interpretation of items or careless responding. Frequent assessments may
also influence participants' behaviour, reducing ecological validity (61). Comparisons
with retrospective ratings show that depressed patients often recall symptoms more

negatively, while nonclinical individuals show mixed recall patterns (62). Momentary

14
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assessments reduce recall bias but may still reflect cognitive distortions, especially in
patients with comorbid conditions like depression or hyperacusis (63).

Though EMA supports temporal analysis, it remains observational. Even when
confounders are controlled, causal conclusions cannot be firmly drawn. EMA is
promising for understanding treatment effects, but missing data can be non-random if
patients drop out due to poor response (63). Also, frequent monitoring may increase
self-awareness and reduce symptoms, potentially inflating perceived treatment effects
(61).

Ecological Momentary Assessment in Tinnitus

Despite some pioneering work in earlier days (64,65), the EMA method entered tinnitus
research 10 years ago. An overview of EMA studies published over the years is

depicted in Figure 1°. Findings from those studies are highlighted in the following.

Figure 1. Scientific Articles on EMA in Tinnitus
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Res Otolaryngol. 2025;26:369—-88.
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Feasibility

Feasibility research was driven be the question if EMA might worsen or improve tinnitus
through increased awareness (65). To date, there is no empirical evidence for that.
EMA does not affect tinnitus distress (33,65—69) nor loudness (33,66), while the former
was evaluated more often. Importantly, several EMA schedules of different lengths and
intensities have been tested. It should be noted that EMA might increase tinnitus
awareness (65,66). Nevertheless, EMA is suggested to be a safe and non-reactive

measurement tool.

Retrospective Comparison

EMA research revealed insights into considerable differences between prospective
and retrospective assessment of tinnitus variation and influence of stress on tinnitus,
indicating that some data might be hardly accessible from retrospective assessment
(70). A study compared one week of EMA measured tinnitus distress with the Mini-TQ,
showing that correlations between both declined over the study period (15t day corr:
0.52) (71). However, both assessments do not capture the same period, as the Mini-
TQ was assessed prior to the EMA timeframe. An individual-level comparison between
retrospective and prospective measures of tinnitus severity showed that more patients
had more severe values in the retrospective than in the prospective assessments

(65,72). Itis likely that both methods cover different aspects of the same phenomenon.

Symptom Fluctuations and Interactions

EMA research empirically confirmed the suspected high within- and between-subject
variability in tinnitus distress among participants, including high fluctuations within a
single day (33,65,72). Wilson et al. suggested a high moment-to-moment variability
with unpredictable and strong changes in tinnitus symptoms as a potential cause of
tinnitus bother.

A direct relationship between tinnitus loudness and tinnitus distress, with a
mediating role of stress and its components, emotional arousal, and valence was found
(73). A follow-up investigation showed that variability of emotional arousal and valence
was positively correlated with the Mini-TQ score and moderated the effect between
tinnitus loudness and tinnitus distress. Variability in emotional valence showed an
effect on the time course of tinnitus loudness; the higher the variability, the more

tinnitus loudness increased over time (74). Goldberg et al. showed that tinnitus bother,
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loudness, and general stress correlated within individuals over time. Thus, if stress
increased, tinnitus bother and loudness increased as well (66). Circadian rhythm
analysis revealed an increase in tinnitus loudness and distress during the night and
early in the morning compared to other times of the day and controlling for general
stress (75). Autocorrelation is a well-known phenomenon in EMA research, which
means that the value of one assessment has an effect on the following. Yet, an EMA
study could not find cross- (same day) or auto-correlations (following day) between
tinnitus symptoms, behavioural and emotional processes on a group level. In individual
models, tinnitus loudness and distress were cross-correlated in 65% of participants,
while auto-correlated only in 4%. Cross-correlation was generally more frequent than
auto-correlation, thus, the condition of one day is independent of the condition on the
next day for many tinnitus patients (76).

A very recent study investigated the relationship of within-subject momentary
tinnitus loudness with sensor-based ambient sound level and identified three groups
with differing effects of sound on tinnitus; 18% showed a reduction in tinnitus loudness
with increasing environmental sound level, 77% did not change, and 5% showed an

increase in tinnitus loudness (77).

Machine Learning

Machine learning algorithms are able to detect patterns beyond observation and basic
statistics, yet they require a huge amount of data, which EMA is able to provide.
Muniandi et al. predicted EMA tinnitus symptoms from cross-sectional baseline data,
though they note the preliminary nature of their results (78). Pryss et al. identified
systematic differences in EMA responses between iOS and Android answers with a
classification accuracy of 79% (79). A study on user adherence found a steady decline
in app usage over time, predicted readmission of regular reporting by stress and
tinnitus perception during the first days of usage, and showed that female participants
had higher adherence levels (80). Further, it was found that non-personalised tips
introduced later in the study increased long-term adherence to the protocol (81).
Prakash et al. examined if neighbour-hood based models were able to predict future
time courses of EMA data with the result that reliability decreases if time distance
increases (82). Another study found that prediction of symptom time courses by
individual instead of group-level data is only superior if a certain amount of individual

data is available (83). Incorporating neighbourhood data into idiographic models
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improved their accuracy® (84). Allgaier et al. found varying patterns of tinnitus
perception depending on country and season (85). Breitmayer et al. predicted the
presence of tinnitus based on tinnitus-unspecific dimensions such as mood, stress,

arousal, and concentration with accuracies up to 78% (86).

Software

Comparability of ambulatory assessment studies is hampered by different usage of
soft- and hardware, Kraft et al. identified that those differences could be identified and
corrected for by the help of EMA data (87). Winter et al. suggested an interdisciplinary
modelling approach of EMA data based on process mining, a technique which uses

information technology data logs to predict and improve business processes (88).

Outcome Research

Scott et al. compared the pooled momentary and end-of-day data of a treatment group
against a waiting-list control group to incorporate variations over time and different
situations (64). Unnikrishnan et al. examined distributions of EMA data before and after
treatment to detect changes, however, the findings were not supported by changes in
the THI (81). Another study analysed longitudinal trends in tinnitus symptoms during
treatment and found that the most pronounced improvements occurred in tinnitus
loudness and general stress (89).

Despite such examples, the potential of EMA in clinical tinnitus research
remains underexplored. In most clinical studies, information on a patient’s condition is
obtained solely via PROMs administered before and after treatment. This leaves a
substantial gap in our understanding of the intervening period, which informs us about
how patients improve or deteriorate, the extent to which symptoms fluctuate, as well
as potential interactive mechanisms with daily life behaviour. Through repeated,
ecologically valid assessments, EMA can provide rich insights into individual
improvement trajectories, setbacks, and potential needs for treatment duration in real-

world contexts.

6 Kleinau A, Fliigel S, Pryss R, Vogel C, Engelke M, Schlee W, et al. Predicting patient-based time-
dependent mobile health data. In: 2023 IEEE 36th International Symposium on Computer-Based
Medical Systems (CBMS). 2023; p. 79-84. IEEE.
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Scope of this Thesis

The overarching aim of this thesis was to investigate the clinical utility of intensive
longitudinal assessments conducted during tinnitus treatment. The scope was twofold:
(i) to characterise and understand the fluctuations in tinnitus symptoms during
treatment, and (ii) to explore analytical approaches suitable for longitudinal, real-world
data.

Therefore, the first study explored several methods for quantifying treatment
effects using EMA data and compared those with established PROMs. The second
study examined in greater detail how clinical improvement manifests in EMA-derived
symptoms and focused on whether patterns of symptom fluctuation can predict
treatment effects. The third study explored heterogeneity in symptom trajectories using
latent class analysis. All studies also examined coherence between EMA measures
and PROMs.

This thesis’ research was conducted within the UNITI-RCT (Unification of
Treatments and Interventions for Tinnitus Patients — Randomised Clinical Trial), which
compared the effect of several single and combined tinnitus treatments with the
ultimate goal of developing a decision-support system supporting clinicians and
patients in selecting the most optimal treatment in a data-driven way. A dedicated
smartphone application delivered two treatments and hosted a tinnitus diary for EMA
data collection. The first study drew on a pilot trial evaluating the app-based treatments
in a small cohort. The second and third study were based on data from the full clinical
trial comparing all treatment arms. All three studies employed the same EMA items
(Table S1).
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Abstract

Tinnitus affects a considerable part of the population and develops into a severe
disorder in some sufferers. App-based interventions are able to provide low-threshold,
cost-effective, and location-independent care for tinnitus patients. Therefore, we
developed a smartphone app combining structured counseling with sound therapy and
conducted a pilot study to evaluate treatment compliance and symptom improvement
(trial registration: DRKS00030007). Outcome variables were Ecological Momentary
Assessment (EMA) measured tinnitus distress and loudness and Tinnitus Handicap
Inventory (THI) at baseline and final visit. A multiple-baseline design with a baseline
phase (only EMA) followed by an intervention phase (EMA and intervention) was
applied. 21 patients with chronic tinnitus (= 6 months) were included. Overall
compliance differed between modules (EMA usage: 79% of days, structured
counseling: 72%, sound therapy: 32%). The THI score improved from baseline to final
visit indicating a large effect (Cohens d = 1.1). Tinnitus distress and loudness did not
improve significantly from baseline phase to the end of intervention phase. However,
5 of 14 (36%) improved clinically meaningful in tinnitus distress (ADistress = 10) and
13 of 18 (72%) in THI score (ATHI = 7). The positive relationship between tinnitus
distress and loudness weakened over the course of the study. A trend but no level
effect for tinnitus distress could be demonstrated by a mixed effect model. The
improvement in THI was strongly associated with the improvement scores in EMA of
tinnitus distress (r = -0.75; 0.86). These results indicate that app-based structured
counseling combined with sound therapy is feasible, has an impact on tinnitus
symptoms and reduces distress for several patients. In addition, our data suggest that
EMA could be used as a measurement tool to detect changes in tinnitus symptoms in

clinical trials as has already been shown in other areas of mental health research.

Introduction

Experiencing subjective tinnitus implies an involuntary perception of a phantom sound
that is generated by abnormal neural activity in the auditory system (7,90). Around 14-
15% of the population in European countries are affected by tinnitus, while 1-2% are
severely impaired by tinnitus (91,92). Tinnitus is a heterogeneous condition, not only
in terms of level of impairment, but also regarding its perceptual characteristics,
etiological factors, pathological markers, clinical comorbidities, and its treatment

response (7,93,94). Psychological, auditory, and neurological treatment approaches

21



Study |

exist that aim towards reduction of tinnitus symptoms and improvement of life quality,
but up to now, there is no universal cure for tinnitus available for the clinical routine
(90,95).

Patients who seek health care usually suffer from severe tinnitus which is
accompanied by emotional distress, cognitive dysfunction and increased arousal
ultimately leading to functional disability and reduced life quality (7,91). Among others,
patients complain sleep disturbances, problems in concentration, attention,
communication, and memory and some are severely affected by mental disorders
(96,97). Tinnitus severity is mainly influenced by psychological factors. High life stress,
poor coping resources, co-morbid mental diseases and personality dimensions shape
negative emotional reactions, selective attention, and cognitive appraisal towards the
tinnitus. Involving numerous feedback loops, tinnitus distress is likely to persist which
in turn prevents habituation to the new stimulus (98-100). Tinnitus management
strategies aim towards stimulation of the habituation process by reducing stress,
anxiety, negative emotional responses, and dysfunctional cognitions on one hand, and
by enhancing coping resources on the other hand (36,101).

Despite scientific efforts, the health care situation for tinnitus patients is
deficient, since the access to available treatment options for tinnitus is limited (102). In
addition to the lack of trained therapists, environmental factors such as the COVID-19
outbreak in 2020 can further reduce access to face-to-face treatments (103—-105).
Moreover, tinnitus has a substantial economic burden in terms of health care and
indirect costs with increasing trend (91,106,107).

In response to the deficient health care situation, smartphone-based therapies
are capable to provide low-threshold (easily accessible), cost-effective and location-
independent healthcare and can potentially increase patients treatment compliance
(102,108,109). They are particularly beneficial for the management of chronic diseases
as they strengthen patient empowerment and are able to induce behaviour
modification and lifestyle changes (108,109). Furthermore, smartphone-based
therapies can be used to provide information about tinnitus to a large number of
affected people, as well as to track the course of tinnitus symptoms in a longitudinal,
ecologically valid, and momentary fashion (33,72,102). Currently, there are many
available smartphone applications for tinnitus, but evidence for their efficacy is limited
(102,110). Preliminary findings indicate that app-based treatments have the potential

to improve tinnitus symptoms (110-115). Most evaluated apps use CBT approaches
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and auditory treatments; to the best of our knowledge, there is currently no evaluation
of an app-based SC combined with ST.

Therefore, we developed a tinnitus management app that provides SC
supported by ST. SC has been shown to improve tinnitus distress and quality of life in
face-to-face settings or through written manuals (116,117) and may have better effects
when combined with ST (117-119). Additionally, the app contains an EMA module that
tracks changes in tinnitus symptoms on a daily basis. The feasibility of EMA to measure
the course of tinnitus has already been investigated in several studies (33,67,72) and
has also been used to evaluate tinnitus treatments (89).

Hence, we conducted a pilot-study to evaluate the app-based treatment. The
objective was to investigate treatment adherence and improvement of tinnitus
symptoms individually and on a group level. A trend effect (improvement over time) for
daily measured tinnitus distress was hypothesized. Furthermore, we analysed the
association of the two measurement methods, namely EMA and clinical
questionnaires. To account for tinnitus heterogeneity and individual treatment effects,
a multiple-baseline across groups design was chosen. Multiple-baseline designs
belong to the group of single-case experimental designs (SCED) where the outcome
variable is measured longitudinally before (baseline phase) and during the intervention
(intervention phase) in single cases. Hence, with the baseline phase, each case has
its own control and is considered as replication (120). As SCEDs can be performed
with small sample sizes, they are especially recommended for piloting novel
interventions (121). In multiple-baseline designs, the introduction of the intervention
phase is staggered in time to separate treatment effects from random time effects and

therefore enhance internal validity (120).

Methods
Study design

A randomised multiple-baseline design across groups was used. Participants first
underwent a baseline phase where tinnitus symptoms were measured daily using app-
based EMA, followed by an intervention phase where the intervention (SC and ST)
was additionally introduced. Participants were allocated to 4 groups with different
baseline lengths to realize staggered introduction of the intervention and to fulfil the
recommendations of at least 3 replications (121). The baseline phase had a minimum

duration of 7 days (i.e. 7 EMA data points) to exceed the recommended standard of 5
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data points per phase (122). Furthermore, the groups entered the intervention phase
with a distance of 3-5 days to each other to keep baseline phase as short as possible.
As randomization is recommended for SCEDs to minimize threats to internal validity,
the Koehler-Levin randomization procedure was used to randomize the intervention
start (123,124). Therefore, 2 potential starting points for each group were defined
considering the 3 — 5 days distance to the other groups. First, the participants were
randomly assigned to the 4 groups. Then, the order of the groups was randomly
assigned and finally, one out of two potential starting points was randomly selected for
each group. The intervention phase had the same duration of 12 weeks for all
participants. At the beginning of the baseline phase and at final visit (after intervention
phase), participants completed online versions of clinical questionnaires about tinnitus
and other health-related aspects using an electronic database. The study was
designed in line with SCED recommendations (122).

The study is approved under the ethic vote 20-1936_2-101 ,UNification of
treatments and Interventions for TInnitus patients — Randomised Clinical Trial (UNITI-
RCT)* (Amendment No. 2) by the ethics committee of the University of Regensburg,
Germany (125). All persons were informed about the objectives and methodologies of
the present study, and gave written informed consent prior to study start. Participants
received neither compensation nor incentives for adherence to the study protocol. The
study was conducted according to the guidelines in the Declaration of Helsinki. It was
retrospectively registered in the German Clinical Trials Register (DRKS-ID:

DRKS00030007) because of lack of awareness that pilot trials need to be registered.

Participants

Inclusion criteria were: 1) adult (age = 18 years), 2) chronic tinnitus (duration = 6
months), and 3) THI-score = 18 (indicating at least a mild tinnitus handicap) (28). We
included patients with any tinnitus type (e.g., subjective, objective, somatosensory)
regardless of comorbidities (e.g., hearing loss, hyperacusis). Exclusion criteria were:
1) tinnitus-related therapy within the last 3 months and 2) similar therapy with long term
effects e.g., noiser. Further, potential participants had to own a smartphone with the
operating systems iOS 12.0 (or newer) or Android 5.0 (or newer) in order to use the

mobile application as part of the study.
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Procedures

The whole study was conducted online during the COVID-19 pandemic (May 2021 —
October 2021). Patient communication was realized by mail. By giving their consent,
participants were included into the study and randomised to one of the four groups.
Also, they were provided online via a database with the clinical questionnaires before
the baseline phase. With the start of the baseline phase on the same day for all
participants, information about app installation and login data were provided. During
baseline phase, participants were instructed to answer the diary (EMA module) every
evening. With the start of the intervention phase, participants received instructions and
new login data that enabled access to the treatment modules. All participants
immediately started the intervention phase on the defined day. Apart from answering
the diary, participants were instructed to complete daily sessions of SC and ST during
a 12-week intervention phase. At halftime (after 6 weeks of intervention), a reminder
to fulfil the study protocol (daily usage of intervention and diary) was sent out. The

intervention phase ended after 12 weeks with the final visit assessment.

App-based intervention

Both EMA recordings and the intervention modules (SC and ST) were provided via the
smartphone-based application UNITI running on the operating systems iOS 12.0 or
newer and Android 5.0 or newer. It is available in the Apple App Store and the Google

Play Store. App architecture is described elsewhere (126).

Structured counseling

The SC module TinEdu consists of 12 chapters, each chapter includes 7 sections and
a quiz at the end. The sections contain informative texts, related links, illustrations, and
audio files imparting knowledge about tinnitus ranging from basics about hearing and
tinnitus to more advanced topics such as therapeutic options and current tinnitus
research. In addition, practical tips are provided on how to deal with tinnitus on a daily
basis. The last section of each chapter gives a short summary of the provided content.
After that, participants can test themselves in a subsequent quiz. The quiz consists of
single- and multiple-choice questions related to the respective chapter. Participants
were provided with feedback on their test performance and were advised to repeat the
relevant sections in case of a wrong answer. The Feedback section is a separate
module of the UNITI app that functionally belongs to TinEdu and saves the feedback

of the quizzes. As the intervention is scheduled for 12 weeks, one section should be
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completed each day so that a chapter is completed every week. To ensure the
processing order of TinEdu, each section is unlocked only when the previous one has

been completed.

Sound therapy

The ST Shades of Noise (SoN) forms the second treatment module of the UNITI
application. It provides a sound library of 64 sounds from which 29 are naturalistic and
35 are digitally produced sounds. In the first category, sounds as beach waves or
waterfall noise are presented. The second category consists of pure tones and broad
band noises of different frequencies with optional filters and modulation rates
representing the different sound therapeutic approaches (e.g., masking, residual
inhibition). At the first use, subjects could optionally set their tinnitus frequency, if
known, so that some sounds could be adjusted to the pitch. To increase the benefit of
the therapy, it was recommended to listen to the sounds with headphones to achieve
a more even distribution to both ears. When participants started a session, they had to
indicate their current tinnitus loudness and distress on a visual analogue scale (VAS).
After that, they could select any sound from the library to listen to. Different play times
could be set, between 1 minute and infinite play time. Also, sounds could be marked
as favourites, making them appear at the top of the sound list for the upcoming
sessions. Furthermore, each sound could optionally be rated on how much the tinnitus
loudness changed after listening to it. Participants were encouraged to use SoN in a

self-guided manner with a recommendation of at least 15 minutes per day.

Measures

Outcomes were measured with clinical questionnaires at the beginning of the baseline
phase and at the final visit assessment after the end of the intervention provided via
an electronic database, as well as with active EMA data using the diary via the
smartphone-application. Data protection and data transfer was handled according to
the highest security standards and has been approved by the Data Protection Officer
(DPO) of the University of Regensburg, Germany.

Clinical questionnaires included the THI (28), the German Hyperacusis
Questionnaire (GUEF) (127), the Patient Health Questionnaire for Depression (PHQ-
9) (128), and the European School of Interdisciplinary Tinnitus Research Screening
Questionnaire (ESIT-SQ) (129). The THI consists of 25 items with 3 answer options
addressing the impact of tinnitus on daily life. Higher THI score indicates higher tinnitus

handicap (28). The remaining questionnaires provide information on demographics,
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tinnitus characteristics, co-morbid hyperacusis and mental health. The questionnaire
data were stored anonymized in an electronic database (EU Tinnitus Database). The
database is hosted by database experts from the University of Regensburg at the
Bezirksklinikum Regensburg, where the server is located.

The EMA module (tinnitus diary) consisted of a collection of 10 VAS questions
regarding current tinnitus perception and thoughts, neck and jaw tension, as well as
psychological wellbeing. In an additional empty field, subjects were allowed to make
notes on special occurrences. The EMA module was designed as an end-of-day diary
(EDD) to track changes in tinnitus symptoms evoked by the intervention, therefore,
participants received daily notifications at 19:30. The authors are aware that the
notifications might influence the time of app usage. For this study, results of two
questions about tinnitus perception have been included in the analysis (see Table S1).
These questions assess the current tinnitus distress (How burdensome do you find
your tinnitus at the moment?) and the current tinnitus loudness (How loud is your
tinnitus at the moment?) on a continuous rating scale (0 - 100; not
burdensome/inaudible — very burdensome/very loud). The app data are stored in a
relational database using Maria DB 11, which runs in a Linux environment (Debian

Buster) and on a LAMP technology stack. No personal information is stored there.

Statistical analysis

All participants who filled in the ‘begin of baseline’ and ‘final visit’ questionnaires and
used the app at least once during baseline and intervention phase were included in the
data analysis. Descriptive statistics for demographics, tinnitus characteristics (retrieved
from the clinical questionnaires) and app use were calculated to characterize the
sample. A paired t-test was used to determine the sample difference in THI score from
begin of baseline to final visit. The main analysis focus was on the EMA data provided
by the app diary. Therefore, data were additionally prepared and missing values were
imputed using the areglmpute function of the Hmisc R package with its default settings
(130). To support visualization of tinnitus symptom courses, individual means and
standard deviation were calculated for baseline phase and end of intervention phase
and statistically contrasted on a group level using a paired t-test. The change in relation
between tinnitus distress and loudness was described with Pearson's product-moment
correlation for each week. A mixed effect model was computed to predict tinnitus
distress including demographics (age, gender), psychological burden (THI, PHQ-9)

and intervention variables (trend, level) as fixed effects and participants as random
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intercepts. To compare the different measurement methods, Pearson's product-
moment correlation between improvement in THI and improvement in tinnitus distress

was calculated. Data preparation and analysis was conducted in R (version 4.1.2).

Results

Participants

A minimum of 20 participants were defined for inclusion to allocate at least 5
participants to each group. 40 potentially eligible patients were preselected from a
patient pool based on inclusion criteria and contacted per mail (see Figure 2 for patient
flow). 21 declared their consent, were included into the study and randomised to one
of the 4 groups. The Koehler-Levin method was applied (123,124). Group 1 was
assigned to a baseline length of 11 days, group 2 of 19 days, group 3 of 16 days and
group 4 of 8 days. Double-checking of the eligibility at begin of the baseline phase
confirmed that all 21 participants fulfilled the inclusion criteria. For data analysis, 3
cases (3/21, 14%) had to be excluded, because of missing final visit questionnaires
(case 02, case 09) and missing app data from the intervention phase (case 01). Hence,

18 patients are considered for data analysis.
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Figure 2. CONSORT Flow Diagram
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4
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Note. Flow diagram of patient recruitment and dropouts. Study design: Multiple-baseline design across
groups. The four groups introduced the treatment staggered in time to separate treatment effects from
potential time effects and therefore enhance internal validity. Baseline length for each group was
randomly selected following the Koehler-Levin procedure and patients were randomly allocated to
groups. Intervention phase was the same length for all groups. Before baseline and after intervention
phase, clinical questionnaires were applied.

Demographics, Tinnitus Characteristics and App Use

Table 1 summarizes demographics, tinnitus characteristics and app use. The sample
was balanced in terms of gender, age and education level. PHQ-9 score at baseline
indicated mild depressive symptoms on average (131). The sample was moderately
handicapped (THI) by their tinnitus, slightly to moderately impaired by hyperacusis
(GUEF) and has had tinnitus for an average of 183 months (127,132). 11 patients had
seen a physician in the past year due to their tinnitus complaints. Patients had good
overall compliance using the app. On average, the diary was used on 75.9 days (about
79% of days), SC was used on 60.7 days (72% of days), and ST on 26.6 days (32%
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of days). A daily usage was recommended (the intervention phase lasted for 84 days

and the baseline phase for 8 — 19 days, depending on group affiliation).

Table 1. Participant Demographics, Tinnitus Characteristics and App Use

Participant demographics

Participants N=18

Female, n (%) 8 (44.4%)

Age in years, mean (range) 49.8 (24 - 68)

Education, n 2 (elementary school), 5 (secondary school), 3 (A-
levels), 8 (university)

PHQ-9, mean (SD) 5.7 (3.3)

Tinnitus characteristics

THI, mean (SD) 38.4 (15.4)

Tinnitus duration in months, 183 (20 — 350)

mean (range)

GUEF Hyperacusis, mean (SD) 10.3 (6.7)

Vertigo, n 4 (never), 6 (less than once a year), 8 (more than
once a year)

Number of perceived sounds, n 12 (1 sound), 6 (more than 1 sounds)

Tinnitus onset, n 6 (slowly increasing), 8 (sudden), 4 (don’'t know)

Loudness changes, n 5 (never), 11 (sometimes), 2 (always)

Tinnitus quality, n 10 (tone), 5 (noise), 3 (other)

Tinnitus pitch, n 12 (high), 5 (medium), 1 (deep)

Tinnitus lateralization, n 6 (right), 3 (left), 8 (same for both ears), 1 (inside
the head)

Tinnitus healthcare visits during 7 (0 visits), 7 (1 visit), 4 (2-4 visits)
the past year, n

App use (in sessions)

Diary, mean (SD) 75.9 (25.6)

TinEdu, mean (SD) 60.7 (29.5)

Shades of Noise, mean (SD) 26.6 (33.3)

Note. Description of the sample at baseline. Tinnitus characteristics were assessed with the European
School of Interdisciplinary Tinnitus Research Screening Questionnaire (ESIT-SQ). PHQ-9: Patient
Health Questionnaire for Depression; THI: Tinnitus Handicap Inventory; GUEF: German Hyperacusis
Questionnaire. App use: Mean and standard deviation of the number of sessions.

Change in THI

Change of THI score from the begin of baseline phase to final visit is depicted in Table
2 and visualized in Figure 3. The mean THI was improved by 11.8 points from begin of
baseline to final visit indicating a large effect (Cohens d = 1.1). 13 of 18 cases (72%)
improved clinically meaningful on the THI score (ATHI = 7). A THI improvement of 7

points has been empirically determined as the MCID (133).
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Table 2. Improvement of THI from Begin of Baseline Phase to Final Visit

Begin of baseline Final visit Paired t-test
Mean SD Mean SD t(17) p Cohen’s d [95% CI]
38.4 15.4 26.6 18.4 455 <.001 1.1[0.49, 1.69]

Note. Mean and standard deviation of the Tinnitus Handicap Inventory (THI) score at begin of baseline
phase and final visit. Paired t-test reveals a statistically significant improvement from baseline to final
visit with a strong effect size. N = 18.

Figure 3. Improvement of THI from Begin of Baseline Phase to Final Visit
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Note. a) Significant improvement of Tinnitus Handicap Inventory (THI) score from the begin of baseline
phase to final visit of the sample. Higher scores indicate higher handicap. Dots represent means, error
bars are standard errors; ** p < .001; N = 18. b) Individual THI values at baseline and final visit. The
same shape represents the same individual.

Change in EMA of Tinnitus Symptoms

EMA data from the tinnitus diary were prepared for visualization and analysis creating
a structure of one data point per case per day. In case of multiple entries per day, the
first one was kept (n = 79 duplicates removed). Cases were visually inspected
regarding randomness of missing values, 4 cases had to be excluded because of data
missing not at random (MNAR) (cases 03, 06, 08, 21). For the remaining 14 cases,
missing data points were imputed with multiple imputation using bootstrapping to
simulate the process of drawing predicted values from a full Bayesian predictive
distribution (n = 1.510 imputed data points). The EMA subset (N = 14) is comparable
with the full sample (N = 18) regarding participant demographics and tinnitus

characteristics (see Table S2).
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Visualization of Tinnitus Symptom Courses

Figure 4 displays the course of daily measured tinnitus distress and loudness for each
case over the study duration. The grey area represents the baseline phase (only EMA),
the white area represents the intervention phase (EMA, SC, ST). The heterogeneity
between cases and the fluctuation of symptom courses hamper identification of
symptom improvement from visualization, therefore, descriptive summaries and

statistical analysis are performed in the next step.

Figure 4. Course of Tinnitus Distress and Loudness for each Case (EMA)
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Note. Individual courses of tinnitus symptoms that were assessed daily with EMA over the study period.
The grey area represents the baseline phase (EMA), the white area represents the intervention phase
(EMA, SC, ST). Distress: How burdensome do you find your tinnitus at the moment? (0 not burdensome
— 100 very burdensome); Loudness: How loud is your tinnitus at the moment? (0 inaudible — 100 very
loud). N =14,

Improvement from Baseline Phase to the End of Intervention Phase

Next, we were interested if tinnitus symptoms improved from baseline phase to the end

of the intervention phase. The end of the intervention phase is defined by the last days
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of the intervention phase using the same time window than the baseline phase (Group
1: 11 days, group 2: 19 days, group 3: 16 days, group 4: 8 days). Mean and standard
deviation were calculated for the baseline phase and the end of the intervention phase.
Individual values are depicted in Table 3 for tinnitus distress and Table 4 for tinnitus
loudness. On a group level, no significant differences between baseline phase and end
of intervention phase have been found neither for tinnitus distress (mean of the
difference = 4.5; {(13) = 1.08, p = 0.30, 95% CI [-4.5;13.6]), nor for tinnitus loudness
(mean of the difference = -2.2; {(13) = -0.79, p = 0.45, 95% CI [(-8,1;3.8]). On an
individual level, 5 of 14 cases (36%) improved clinically meaningful on distress
(ADistress = 10). Those patients improved clinically meaningful on the THI score as
well (ATHI = 7, see Table 3). Regarding tinnitus loudness, only 2 of 14 cases (14%)
improved clinically meaningful from baseline phase to the end of intervention phase
(ALoudness = 10, see Table 4). An improvement of 10 points has been empirically
determined as the MCID for tinnitus distress and loudness measured on a 100 point
VAS (134).

Table 3. Improvement in Tinnitus Distress from Baseline to End of Intervention
Phase

Cases Baseline phase End of intervention phase ADistress ATHI
Mean SD Mean SD (EMA)

04 52.0 15.5 53.8 16.0 -1.8 8
05 35.0 17.5 48.1 22.0 -13.1 -8
07 50.6 15.4 38.5 13.3 12.1 10
10 63.3 16.9 74.1 10.8 -10.8 -6
11 31.1 14.6 42.9 9.4 -11.8 4
12 32.3 21.0 30.6 6.5 1.7 2
13 26.8 6.5 2.2 2.2 24.6 30
14 36.1 21.5 254 18.1 10.7 12
15 21.3 11.2 31.7 15.4 -10.4 8
16 44 1 17.5 14.3 4.3 29.8 20
17 28.4 20.8 211 25.3 7.3 14
18 25.4 8.8 18.2 10.1 7.2 20
19 91.2 9.4 60.7 27.9 30.5 28
20 12.7 8.5 253 10.3 -12.6 6

Note. Individual distribution of tinnitus distress (EMA) during baseline phase and end of intervention
phase (last days according to baseline length). Higher values indicate higher distress. ADistress:
Baseline phase — End of intervention phase; ATHI: THI begin baseline — THI final visit.
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Table 4. Improvement in Tinnitus Loudness from Baseline to End of Intervention
Phase

Cases Baseline phase Intervention phase ALoudness
Mean SD Mean SD (EMA)

04 52.3 12.1 62.6 10.8 -10.3
05 53.2 15.5 56.5 7.9 -3.3
07 50.8 15.3 42.3 8.4 8.5

10 68.9 14.5 69.8 3.9 -0.9
11 41.6 9.3 51.0 8.0 94
12 70.2 13.7 715 3.6 -1.3
13 71.2 12.1 58.6 19.9 12.6
14 39.5 15.2 35.7 19.5 3.8
15 25.8 8.0 315 12.7 -5.7
16 80.9 7.8 85.6 14.1 -4.7
17 37.9 23.0 41.9 20.5 -4.0
18 61.9 9.7 68.4 71 -6.5
19 97.9 3.8 81.9 221 16.0
20 25.9 12.1 51.0 14.3 -25.1

Note. Individual distribution of tinnitus loudness (EMA) during baseline phase and end of
intervention phase (last days according to baseline length). Higher values indicate higher
loudness. ALoudness: Baseline phase — End of intervention phase.

Change in Relationship between Tinnitus Distress and Loudness

Visualization of the individual symptom courses have led to the observation that the
courses of tinnitus distress and loudness seem to diverge for some individuals (Case
13 & 16, see Figure 4). To quantify that observation, we calculated means for tinnitus
distress and loudness for the baseline phase and for each of the 12 weeks of the
intervention phase and correlated the weekly distress and loudness means with each
other (see Figure 5). All correlations are positive and reach statistical significance (p <
.001). The strongest correlation was measured in week 2 of the intervention phase (r
= 0.72) and the weakest in week 11 (r = 0.35). On a descriptive level, the correlation
coefficients between tinnitus distress and loudness tended to decline over the course

of the study.
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Figure 5. Change of Correlation between Distress and Loudness over the Study
Period (EMA)
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Note. Pearson's product-moment correlations between tinnitus distress and loudness during baseline
phase (week 0) and intervention phase (week 1-12). All correlations are statistically significant (p <.001).
N=14.

Trend and Level Effect of Tinnitus Distress

A mixed effect model was only conducted for tinnitus distress, as prior findings indicate
no effect for tinnitus loudness. In Table 5, the results are summarized. To evaluate the
treatment effect for tinnitus distress, a trend and level effect was modelled (135). The
trend effect models the change in tinnitus distress over time (in days), while the level
effect models the change in distress between the phases (from baseline to intervention
phase). Hence, trend and level were included as fixed effects. Besides from the
intervention variables, demographics (age, gender) and psychological burden
variables (THI, PHQ-9) were additionally included as fixed effects to enhance tinnitus
distress prediction. Participants were included as random intercepts. The outcome

variable was daily measured tinnitus distress.
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The model explained 62% of the variance of daily tinnitus distress, mainly
explained by the fixed effects (562% explained variance). On average, tinnitus distress
was significantly reduced by 0.06 points per day (within the whole study period; trend
effect) and descriptively reduced by 2.38 points from baseline to intervention phase
(level effect). Moreover, cases with higher daily distress tended to be male with higher
baseline THI and PHQ-9 scores.

To test the model for overfitting, the train/test split method was applied. The
mixed effect model was fitted to the training data (80% of the data set) and tested on

the test data. The explained variance of the test data was R? = 0.67 (conditional).

Table 5. Mixed Effect Model

Fixed effects Coefficient Se 95% CI p
Intercept -24.64 16.48 -53.43 - 4.20 0.17
Trend -0.06 0.02 -0.10 —-0.02 <0.01
Level (int.) -2.38 1.70 -5.78 - 0.90 0.16
Age 0.38 0.27 -0.09-0.85 0.18
Gender (m) 17.25 513 8.29 — 26.24 <0.01
THI 0.72 0.19 0.38 -1.06 <0.01
PHQ-9 1.52 0.56 0.45-2.53 <0.01
Model fit R2 con R2 marg
0.623 0.515

Note. Prediction of tinnitus distress using intervention variables (trend as time in days, level as difference
from intervention to baseline phase), demographics (gender, age) and psychological burden (baseline
THI, PHQ-9) as fixed effects and subjects as random effects. Model equation: Tinnitus distress ~ trend
+level + age + gender + THI + PHQ-9 + (1|case). Dummy coding: Level (0 baseline phase, 1 intervention
phase), Gender (0 female, 1 male). N = 14.

Comparison of Improvement in THI and Tinnitus Distress

As the THI score is a well-accepted clinical validation tool for tinnitus treatments, we
were furthermore interested if improvement in EMA of tinnitus distress was associated
with THI improvement and which EMA improvement score represents THI
improvement best. Therefore, we defined two EMA improvement scores. The first
score is the Distress trend (slope of tinnitus distress during intervention phase) and the
second score is the ADistress used before (see Table 3, baseline phase — end of
intervention phase). We compared the association of both EMA improvement scores
with ATHI (THI begin baseline — THI final visit), the results are depicted in Figure 6.
ATHI is strongly associated with both EMA improvement scores (Distress trend and
ADistress), with a descriptively stronger association with ADistress (see Fig 5b; r =
0.86, p < 0.001).
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Figure 6. Correlation of ATHI with Improvement in EMA Tinnitus Distress
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Note. Pearson's product-moment correlation of ATHI with two EMA improvement scores: Distress trend
(a) and ADistress (b). ATHI = THI begin baseline — THI final visit; Distress trend = slope of tinnitus
distress during intervention phase; ADistress = Baseline phase — end of intervention phase. N = 14,

Discussion

We conducted a pilot study to investigate the feasibility and efficacy of an app-based
tinnitus intervention combining SC with acoustic therapy using a multiple-baseline
across groups design with an initial sample of 21 participants. Outcome variables were
EMA of tinnitus distress and loudness and retrospectively measured THI at the begin
of baseline phase and final visit after intervention phase.

A good compliance using the app was observed, particularly regarding the diary
(about 79% daily usage) and SC (72% daily usage). 14% (3/21) dropped out. This high
adherence was unexpected since app-based interventions in chronic diseases are
normally characterized by high attrition and dropout rates (136). This is especially true
for the EMA module, because in a study with its predecessor (TrackYourTinnitus), only
about 68% had more than one diary entry (80). The authors assumed that incentives
could improve adherence rates noticeably. In fact, this could have been supported
empirically in other trials (67,81). Therefore, in this study, although not intended as
incentives, the intervention modules may have contributed to good user engagement,
because of potential symptom improvement occurring through the usage. The finding
of a more favourable compliance could have also been driven by the chosen study
design with a small sample size that enabled a frequent mail contact (regarding study

procedure, concerns and questions) and possibly increased the involvement of the
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participants. Moreover, the significance of the EMA data for research was re-
emphasized before and during the study.

The THI changed statistically and clinically significant from baseline to final visit
with a large effect size (Cohens d = 1.1). Meta-analysis of CBT applied to tinnitus report
effect sizes between 0.54 and 0.91 (36,37). However, caution should be taken in the
interpretation of this effect. First the THI change occurred during the baseline and the
intervention phase and can thus not be solely attributed to the intervention. Second,
data come from a pilot study with a small sample size and no control group. Larger,
controlled samples are needed to validate the effect on THI. Regarding the individual
level, 13 of 18 (72%) improved clinically meaningful (ATHI = 7) (133). This reflects the
well-known heterogeneity of treatment response in tinnitus patients, i.e. tinnitus
distress decreases only for some individuals, but not for the whole sample. This could
also be observed in visualization of individual symptom courses and in comparisons of
baseline phase with end of intervention phase. Future research should aim to identify
predictors of response to treatment, especially for app-based interventions (137).
Previous evidence showed that the positive correlation between working alliance and
treatment outcome known from face-to-face psychological therapy remains stable for
internet-based treatments (138). Moreover, the acceptability of internet-based
interventions is a considerable predictor of treatment outcomes (139,140). Hence,
these factors should be considered in subsequent studies testing app-based tinnitus
treatments.

The main analysis focus was on the EMA data (tinnitus distress and loudness).
The heterogeneity between the cases and the fluctuation of symptom courses
hampered identification of symptom improvement from visualization. High fluctuation
has already been observed in prior EMA studies measuring tinnitus symptoms using
mobile devices and reflects their usual time course (33,65,72). Fluctuations in tinnitus
symptoms are probably influenced by a combination of many factors, including
neurobiological markers, circadian rhythm, behavioural and emotional processes, and
stress (66,73,75,76,141).

To overcome the obstacle of heterogeneity and symptom fluctuation, individual
means and standard deviations were calculated for the baseline phase and the end of
the intervention phase (same time window than baseline phase). On a group level,
neither tinnitus distress nor loudness showed a significant change from baseline to the

end of intervention phase. On an individual level, however, 5 of 14 cases improved
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clinically meaningful in tinnitus distress (ADistress = 10) as well as in the THI score
(ATHI = 7). Thus, 36% of the sample experienced a reduction in tinnitus burden during
the intervention. Interestingly, more patients improved clinically meaningful in the THI
than in EMA of tinnitus distress (72% vs. 36%). This might indicate that the THI is more
sensitive to change than EMA of tinnitus distress. Regarding tinnitus loudness, only 2
of 14 cases (14%) improved clinically meaningful from baseline to the end of
intervention phase (ALoudness = 10).

As visual inspection of the EMA data suggested a dissociation of tinnitus
distress and loudness scores over the course of the study (see Figure 4), correlations
scores between distress and loudness were calculated for the baseline phase and for
each week of the intervention phase. Figure 5 depicts a descriptive decline in the
correlation between tinnitus distress and loudness over the study period. This could
reflect a psychological process that was triggered by the information about tinnitus
received from SC and the provided tips that helped the patients to better cope with
their tinnitus. In other words, the patients have learned to evaluate their tinnitus in a
more differentiated way, i.e. more independent of acoustic features and as a result,
tinnitus distress became more independent of tinnitus loudness. Prior studies identified
tinnitus acceptance and emotional valence as partial mediators of the relationship
between tinnitus distress and loudness (73,142). If the app-based intervention induces
a change in those mediators could be of interest for subsequent studies.

To predict daily measured tinnitus distress, a mixed effect model was set up
including demographics (age, gender), psychological burden (baseline THI and PHQ-
9), intervention effects (trend, level) as fixed effects and participants as random
intercepts. The model could explain 62% of the variance of the daily tinnitus distress
and was checked for overfitting. Cases with higher daily distress tended to be male
with higher baseline THI and PHQ-9 scores. Whereas the influence of THI and PHQ-
9 on predicting the tinnitus distress score is not surprising, the gender effect was
somehow unexpected, as female patients tend to report higher levels of distress than
male in other studies (143,144). This discrepancy could be due to our small sample
size which may not be representative for the tinnitus population. Regarding the
treatment effect, tinnitus distress is significantly reduced by 0.06 points per day (trend
effect). Thus, considering a study length of about 100 days (84 days intervention
phase, 8-19 days baseline phase), tinnitus distress is reduced by 6 units in total (scale:
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0-100). This effect is rather weak when compared with the THI which was reduced by
almost 12 units (scale: 0-100). The level effect did not reach statistical significance.

Importantly, both the trend effect in tinnitus distress and the THI effect consider
the whole study period, i.e. baseline and intervention phase. Thus, presumably in some
patients, tinnitus distress improved already to some extent during the baseline phase.
This may indeed explain why no group effect was found for tinnitus distress (EMA), as
the whole baseline phase was summarized as a contrast to the end of the intervention
phase. An improvement during baseline phase could describe an anticipation effect,
that is participants experience symptom improvement before the intervention has
started because they expect relief from the upcoming intervention (145). Another
possibility is that the daily reflection of one’s own emotional state through EMA
somehow contributed to the improvement in tinnitus distress, although prior findings
didn’t assume any influence (33,67,72).

Finally, we compared the improvement in THI (pre-post clinical questionnaire)
with improvement in tinnitus distress (EMA). ATHI was strongly associated with the
Distress trend (r = -0.75, p < 0.01) and ADistress (r = 0.86, p < 0.001). Despite high
correlations, previous findings suggested that the THI could be more sensitive to
change than EMA of tinnitus distress. Different thresholds for retrospective
questionnaires and EMA might be appropriate. Even though, further validation
research is needed to examine whether EMA is feasible to detect relevant changes in
tinnitus symptoms and to validate clinical trials. In depression research, EMA has
already been compared to standard assessment instruments (146,147). In those
studies, it was shown that EMA did not perform worse than paper-pencil questionnaires
using the same items with respect to sensitivity to change. The authors even argued
that assessing symptoms with EMA methodology may be more accurate than pre-post
questionnaires that reflect just a random time point overlooking the complex clinical
picture. The high symptom fluctuation observed here underlines this point. Note that
for the Distress trend only the intervention phase was considered, because we did not
expect any relevant symptom changes during baseline phase. Thus, an improvement
during baseline phase could explain the slightly weaker correlation of the Distress trend
with ATHI than ADistress revealed.

The results in this study should be interpreted alongside considerations of its
limitations. First of all, it is a pilot study with a small sample size testing the app-based

intervention for the first time, thus, further studies with larger samples sizes are
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required to confirm its efficacy. Furthermore, due to the online and app-based study
environment, data assessment and app usage could not be controlled with respect to
correct app usage, user identity, and circumstances of EMA recordings. The latter
should be paid special attention, because the given situation might influence the
perception of tinnitus, at least its loudness. Considering future research, an
implemented sensor detecting the ambient sound level might reduce this bias.
Although the natural study setting leads to reduced internal validity, it increases
ecological validity on the other hand. Moreover, there was no THI assessment after
the baseline phase before the intervention phase started to distinguish effects between
the phases. Furthermore, we have no data on long-term outcomes nor from severely
affected patients. Nonetheless, based on available evidence one could speculate, that
long-term outcomes and the inclusion of more severely affected patients would have
increased the observed effect: counseling takes some time to evolve its whole effect
and higher baseline scores in tinnitus questionnaires predict better treatment outcomes
(112,114,118). Regarding the EMA subset, we had to exclude 4 more patients because
of data MNAR. This should be considered when interpreting and comparing group
effects on THI and tinnitus distress, although the data sets are comparable regarding
participant demographics and tinnitus characteristics.

In conclusion, we found good treatment compliance, a meaningful improvement
in tinnitus distress and tinnitus handicap for part of the sample and a weakening of the
relationship between tinnitus distress and loudness over the course of the intervention.
Also, there is a strong correlation between improvement in THI and improvement in
EMA of tinnitus distress, however, sensitivity to change could differ and separate
thresholds might be appropriate. Importantly, these results should be interpreted
alongside the fact that the treatment is unguided, resource-efficient, location-
independent and immediately available. On a large scale, it could provide relief for a

considerable number of tinnitus patients without any additional cost or effort.
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Abstract

Intensive longitudinal sampling enhances subjective data collection by capturing real-
time, dynamic inputs in natural settings, complementing traditional methods. This study
evaluates the feasibility of using daily self-reported app data to assess clinical
improvement among tinnitus patients undergoing treatment. App data from a multi-
center randomised clinical trial were analysed using time-series feature extraction and
nested cross-validated ordinal regression with elastic net regulation to predict clinical
improvement based on the Clinical Global Impression — Improvement scale (CGl-I).
With 50% app compliance (N = 129, 8480 entries), the model demonstrated good fit to
the test data (McFadden R2 = 0.82) suggesting its generalizability. Clinical
improvement was associated with linear declines in tinnitus-related thoughts, jaw
tension, tinnitus loudness, increases in happiness, and variability changes in tinnitus
loudness and distress. These findings suggest that daily self-reported data on tinnitus
symptoms is sensitive to treatment response and provides insights into specific

symptom changes that occur during treatment.

Introduction

Tinnitus, characterized by the perception of an unspecified sound, is a complex and
common condition affecting over 740 million adults globally according to recent
estimates (12). In its severe form it can be accompanied by sleep disturbances,
concentration difficulties, memory problems, anxiety and depression, leading to a
considerable impairment in quality of life (7,90). Severe tinnitus is estimated to afflict
more than 120 million individuals globally (12). In European countries, severe tinnitus
imposes profound individual burden with around 1500€ in annual out-of-pocket
expenses, as well as socioeconomic burden with approximately 4800€ in annual
socioeconomic costs per patient (148). Efforts have been made to alleviate both health-
related and economic burden by the design and implementation of various treatment
strategies such as psychological, auditory and pharmacological treatments (18). Yet,
the efficacy of many treatment options remains unclear, which is often attributed to the
diverse etiological and clinical manifestation of tinnitus, often referred to as tinnitus
heterogeneity (18,90,93).

However, methodological aspects are often overlooked. In psychosomatic and
psychiatric research, treatment outcomes are usually assessed with clinical interviews

or self-report measures at selected points in time (149). Such assessments may fail to
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capture the dynamic nature of symptoms as they fluctuate over time and across
different contexts. Further, patients may struggle to accurately recall the intensity,
frequency, and impact of symptomatic episodes, leading to potential underreporting or
overreporting of symptoms (46,150).

Intensive longitudinal sampling of symptoms has thus emerged as a
complement to traditional measurement methods (141,151,152). A wide range of
methods have been framed under the term Experience Sampling or EMA (34). EMA
involves (close to) real-time, repeated collection of data in a patient’'s natural
environment, providing a more granular and immediate perspective on
symptomatology (34,46). Daily diaries or EDDs involve a single assessment per day
at fixed intervals, typically in the evening (34). Although not capturing momentary
experiences, EDDs are considered part of the EMA framework due to their repeated
administration, which enables a dynamic investigation of the variables of interest (34).
A key advantage of EDDs is their reduced participant burden, however, their
retrospective component potentially causes the patient’'s end-of-day condition to
influence their evaluation of the entire day. Empirical research comparing momentary
EMAs throughout the day with EDD data indicated that EDD depicted a more negative
picture of certain tinnitus symptoms (69). However, these effects were small and of
uncertain clinical relevance. The authors argue that the slight differences favor the use
of EDD over EMA, considering the additional burden imposed by EMA (69). While EMA
is better suited for capturing within-day fluctuations, EDD may be a valid alternative for
long-term monitoring. In this manuscript, we adopt the term EMA to encompass a
range of designs, including EDD approaches, as outlined in work (34).

Already 15 years ago, EMA has been discussed as a powerful tool to investigate
symptom dynamics and their environmental interactions to enhance understanding of
psychopathological mechanisms and treatment response (153). During the last years,
research efforts have strongly increased (49). With respect to the evaluation of
treatment effects, EMA was found to be sensitive to change (147), to enable a detailed
picture of symptom progression (154), to detect treatment and side effects at an early
stage (155,156), to provide predictive baseline information (157,158), to reveal
interactive effects between symptoms (159), and to match clinical criterion measures
(146,160-162).

Despite growing research interest, EMA data should nevertheless be used with

caution. Even if momentary or daily self-reports reduce memory biases, EMA answers
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are likely to be influenced by other cognitive heuristics driven by the current context,
assumptions, judgements, comparison standards and interpretation of items (63,163).
Stone and colleagues proposed that EMA and retrospective measurements should not
be inherently opposed, but rather, EMA should be viewed as complementary. The
choice between these methods should be guided by the theoretical framework
underlying the research construct (63).

Compared to the widespread use of EMA in other health disciplines, the
audiological research field is lagging behind (164,165). Among tinnitus experts, there
have been concerns that symptoms could potentially worsen with repeated
questioning. Conversely, regular recording of symptom severity might empower
patients, giving them more control over their symptoms by better understanding
influencing factors (49,166). Empirical findings have not shown any influence of long-
term EMA on tinnitus distress or loudness but revealed the fluctuating nature of tinnitus
symptoms and its influence by emotional and environmental factors
(33,65,66,72,73,75,76). Further, it has been used to predict the fluctuations of tinnitus
by tinnitus-unspecific dimensions such as mood or concentration and the progression
of symptoms using neighborhood data (84,86). Preliminary results regarding clinical
utility showed that EMA data unveiled a descriptive decrease in the correlation between
tinnitus distress and loudness throughout the duration of an app-based treatment
(Study 1). Further, changes in questionnaire-measured tinnitus distress were
associated with trends in EMA-measured tinnitus distress (Study ).

Thus, while EMA excels in capturing the ups and downs of daily experiences
and has shown initial indications of clinical utility, it remains unclear how clinical
improvement manifests within EMA data. To address this question, clinical
improvement is operationalized using the patient-reported CGl-I (167). The CGl-l is a
commonly used 7-point ordinal scale for assessing the subjective degree of change
after treatment. It ranges from 1 (very much improved) via 4 (no change) to 7 (very
much worse) (168). In this study, we define clinical improvement as achieving CGl-I
scores from 1 to 3, reflecting “very much improved” (1), “much improved” (2) or
“‘minimally improved” (3). Further, feature-based time-series analysis is applied to daily
self-reported app data (EMA and EDD questions) which involves extracting meaningful
features or characteristics from time-series data (169). Feature-based time-series
analysis has been applied in various domains, including finance, healthcare,

environmental monitoring, and manufacturing. In clinical research, features have been
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extracted from passively generated time-series data such as movement patterns and

vital parameters to predict diagnostic status, change in symptom severity and

treatment demands.

The primary objective of this study is to identify indicators of daily self-reported

tinnitus (Table 1) that characterize clinical improvement. More specifically, we aim to

analyze which symptoms change and how these changes manifest through time-series

features (Table 6) in patients who respond to treatment. Additionally, we seek to

assess the impact of missing app data on the model fit.

Table 6. Description of Time-Series Features

Time-series
feature

Description

crossing-points

curvature

entropy
flat-spots

hurst

linearity

lumpiness
nonlinearity
stability

trend

The number of times a time series crosses its median (high values indicate
frequent median crossing).

The curvature of the trend component (STL decomposition). It is based on
the coefficient from an orthogonal quadratic regression applied to the trend
component (negative values indicate a concave curve, 0 indicates no
curvature; positive values indicate a convex curve).

Forecastability of a time series (Shannon entropy; high values indicate
difficulty to forecast).

Number of sections of the data where the series is relatively unchanging
(high values indicate constancy).

Measure of long-term memory of a time series (long-term memory =
significant autocorrelations for many lags; high values indicate many
autocorrelations).

Linearity of the trend component (STL decomposition). It is based on the
coefficient of a linear regression applied to the trend component (negative
values indicate a negative linear trend; O indicates no trend; positive values
indicate a positive linear trend).

Variance of the variances of non-overlapping windows (length of windows:
10 data points; high values indicate changes in variance).

Modification of the statistic used in Terasvirta’s nonlinearity test (large
values = nonlinear, values around 0 = linear).

Variance of the means of non-overlapping windows (length of windows: 10
data points; high values indicate changes in mean).

Strength of the trend component (STL decomposition):
Var(remainder)

) & e (high values indicate strength trends).

Note. Feature extraction was performed with the theft R package based on the tsfeatures R package.
STL decomposition (Seasonal and Trend decomposition using Loess): decomposes a time series in a
smoothed trend component, a seasonal component and a remainder component based on a Loess
function. Further description of the features: https://cran.r-
project.org/web/packages/tsfeatures/vignettes/tsfeatures.html (retrieved on the 29.04.2024)
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Methods

Data were drawn from a multi-centre parallel-arm RCT that sought to examine the
effect of single and combination treatments in patients with chronic subjective tinnitus
(39,173). The study was registered at https://clinicaltrials.gov/study/NCT04663828. All
participants gave written informed consent and ethics approval was obtained from the
ethical committees of all five trial sites (University of Regensburg, Regensburg,
Germany [combined ethical approval for clinical sites Berlin and Regensburg];
Katholieke Universiteit Leuven, Leuven, Belgium; Ethniko Kai Kapodistriako
Panepistimo Athinon, Athens, Greece; Hospital Universitario Virgen de las Nieves/

Hospital Clinico Universitario San Cecilio, Granada, Spain).

Participants

Patients were included if they reported having chronic tinnitus (= 6 months) as their
primary complaint, had at least mild tinnitus handicap (THI = 18), were aged between
18 and 80 years, and had not started any other tinnitus-related treatments in the last 3
months before study start. Patients with objective tinnitus, otosclerosis, acoustic
neuroma, acute ear infections, Meniere’'s disease, severe hearing loss, as well as

serious internal, neurological, or psychiatric conditions were excluded.

Study Design and Procedure

The data were collected between April 2021 and December 2022 at five clinical sites
across Europe. Participants were randomised to one out of ten treatment arms, which
were either single treatments (CBT, HA, SC, ST) or combinations thereof (CBT + HA,
CBT + SC, CBT + ST, HA + SC, HA + ST, SC + ST) lasting for 12 weeks. Demographic
and clinical characteristics were assessed at baseline (before treatment), interim visit
(during treatment after 6 weeks), final visit (after 12 weeks of treatment) and follow-up
(after 36 weeks). During the 12-week treatment phase, self-reported tinnitus symptoms
were further gathered daily using an electronic EDD via the UNITI smartphone

application (126). Additional information about the trial is described elsewhere (173).

Measures

The CGI-l (167) assessed at final visit served as the criterion measure of clinical
improvement. In a single query, patients are prompted to assess the overall
amelioration of their tinnitus symptoms in relation to the period preceding treatment
(“Please rate the total improvement of your tinnitus complaints compared to before

beginning of treatment.”) using a 7-point Likert scale (1 — very much better, 2 — much
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better, 3 — minimally better, 4 — no change, 5 — minimally worse, 6 — much worse, 7 —
very much worse). The validity of the CGI-I as an outcome measure has been
examined and it was shown to be sensitive to change (174).

Daily self-reported data on tinnitus symptoms was assessed via an EDD in the
UNITI smartphone application, which prompted the patient every evening at 19:30 to
rate several EMA and EDD questions on a continuous visual analogue scale (VAS;
questions listed in Table 1). EMA questions aimed to assess the condition of the
respective moment, while EDD questions were intended to reflect on the whole day.
Patients were asked to answer the questions (EMA and EDD) once every day over the
12-week treatment phase, so ideally 84 answered app entries were expected per
patient. The assessment could only be submitted once all questions had been

answered.

Statistical analysis

Before extracting time-series features from app data, the range of diary answers per
patient was calculated. A requirement for meaningful feature extraction and analysis
was minimal variability in all app questions; thus, N = 263 patients’ time series were
eligible for feature extraction (RCT sample size N = 461). We selected 10 features out
of a pool of six open-source time-series feature sets (included in the R package theft)
(175). On one hand, feature selection was based on capturing the dynamics of change
as it was expected that symptoms would change as a result of the clinical intervention.
On the other hand, the selection was based on citations in the clinical feature-based
time-series literature to identify the features that have already been shown to be
relevant (see Table 6 for an overview and description of the selected features)
(170,171). Each patient generated 10 time-series (10 app questions), thus, extraction
of 10 time-series features led to 100 features describing each patient (10 app questions
[Table 1] x 10 features [Table 6]). There was no imputation of missing data before

feature extraction.

In the second step, we performed a sensitivity analysis to identify the optimal
amount of completed diary entries to maximize the model fit of predicting treatment
response in our dataset. Due to real-world data usage, the higher the compliance rate,
the smaller the sample size available for analysis. We fitted ordinal logistic regression
models with a nested cross-validated elastic net penalty for minimal compliance rates
between 50% and 90% in 5% steps (i.e., 9 regression models; results are reported in

the Figures S1-8). Due to the high number of potentially correlated predictors, elastic
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net was chosen to perform variable selection and shrinkage. CGl-I at final visit was
used as outcome variable. Predictors included the 100 scaled times-series features
which have been described above. To minimize overfitting, 5-fold nested cross-
validation was performed to tune the elastic net across 20 different lambda values (A)
based on the best Akaike Information Criterion (AIC) fit (R package ordinalNet, function
ordinalNetCV, method is based on example 5 in work (176)). The nested cross-
validation procedure enables a performance evaluation of the tuned model on data that
has not been used to train the model. First, the data is split into five folds, each time
leaving out the test dataset. Ordinal elastic net regression (a = 0.5) is performed on
each of the five training datasets on a sequence of 20 A values (default settings; Amax
equals the smallest value that sets every coefficient to zero). The best AIC fit is
selected on each fold and the out-of-sample prediction is then assessed on the hold-
out test set. The A value with the best out-of-sample log-likelihood of the five folds is
used in the final model to obtain the coefficient estimates. The performance measures
on the test set are taken to obtain model fit. This was determined by McFadden pseudo
R2? that compares the log-likelihood of the full model with the log-likelihood of the null

model (intercept-only model) (177).

In the third step, the sample with the compliance rate demonstrating the best
prediction was subject to further investigation. Spearman correlation coefficients were
computed between CGI-I and time-series app features. This served as a first
description of the association without reporting any p-values, therefore correction for
multiple testing was not applied. The cumulative model was fitted reversed to ensure
consistent sign between correlation and regression results (cumulative probabilities
P(Y 2 2), ..., P(Y =2 K+ 1); with K + 1 response categories). The coefficients of the
ordinal logistic regression are displayed as log odds, which is the logarithm of the odds
ratio (probability of success/probability of failure). A positive coefficient means that as
the predictor variable increases by one unit, the log odds of being in a higher category
(less clinical improvement) increase. In order to deconstruct the results obtained from
the regression analysis and identify the relevance of both time-series features and app
questions in measuring clinical improvement, absolute values of the log odds were
summed for the respective app questions across the time series features and vice

versa. All analyses were performed in R (version 4.2.2).
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Results

Sample description

The sensitivity analysis revealed that the 50% compliance subsample (corresponding
to a minimum of 42 diary entries per patient) yielded the best model fit together with
the high compliance subsamples (McFadden pseudo R?=.82). In this sample, N = 129
patients generated 8480 diary entries. Patients were 47% female, on average 55 years
old with a mean tinnitus duration of 132 months and a moderate tinnitus handicap (see
Table 7). At final visit, 39% (N = 50) indicated no change in their tinnitus complaints
compared to before treatment, 26% (N = 33) improved minimally, 17% (N = 22)
indicated good and 3% (N = 4) very good treatment response. The remaining patients
indicated minimal (14%, N = 18) and more severe (2%, N = 2) worsening in their tinnitus
complaints, while no patient indicated greater deterioration (see Figure 7; because of
rounding the sum does not precisely equal 100%). A comparison of the 50%
compliance subsample with the entire RCT sample (N = 461) is reported in the
Supplementary Material (Table S3); patients in the subsample were older (RCT
sample: Age [years] = 51.1 £ 12.4 [mean = SD]).

Table 7. Patient Characteristics at Baseline (N = 129)

Participant characteristics
Sex — no. (%)

Female 61 (47.3)

Male 68 (562.7)
Age (years) 548 £12.1
Tinnitus duration (months) 132 £ 117
THI score 48.6 + 19.6
PHQ-9 score 7.7+5.0
Filled-in diary entries (in %) 78.31+14.0

Note. Plus—minus values are means = SD. THI = Tinnitus Handicap Inventory; PHQ-9 = Patient Health
Questionnaire for Depression.
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Figure 7. Distribution of CGl-I
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Clinical Global Impression Scale — Improvement (CGl-I)

Note. Distribution of clinical improvement operationalized by the CGl-l.
N =129. CGl-l is answered on a 7-point Likert scale (1 — very much better, 2 — much better, 3 — minimally
better, 4 — no change, 5 — minimally worse, 6 — much worse, 7 — very much worse).

Correlation of clinical improvement with app features

After the sample had been identified based on the sensitivity analysis, the association
of the app features (time-series features of the app questions) with clinical
improvement was explored. Figure 8a illustrates the Spearman correlation between
the CGl-l and the 100 app features (rows and columns are ordered by mean correlation
coefficients of time-series features and app questions respectively). The top three
highest correlation coefficients pertain to linearity of tinnitus-related thoughts (o =
0.36), linearity of jaw tension (p = 0.31), and lumpiness of momentary tinnitus loudness
(0 = -0.31). Thus, patients indicating clinical improvement had linearly decreasing
thoughts about their tinnitus and jaw tension as well as changing fluctuations in tinnitus
loudness. The highest mean correlation with the CGI-I was found for momentary
tinnitus loudness, tinnitus-related thoughts and daily tinnitus distress among the app

questions and for linearity, lumpiness, and curvature among the time-series features.
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Figure 8. Clinical Improvement measured by Time-Series Features of the App
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Note. Clinical improvement measured by time-series features of the app questions.
a) Spearman correlation coefficients between CGI-I and app features (rows and columns are ordered
by mean correlation coefficients). b) Log odds of the ordinal logistic regression with elastic net
regularization and 5-fold nested cross-validation. Outcome: CGlI-Il, Predictors: App features. McFadden
R? = 0.82. c¢)/d) Log odds were derived from an ordinal logistic regression predicting CGI-I by app time-
series features. €) Model fit of predicting CGI-I by app features according to the proportion of completed
diary entries. The higher the minimal proportion of completed questionnaires, the smaller the N.
Minimum 50% diary entries (N = 129), 55% (N = 125), 60% (N = 113), 65% (N = 102), 70% (N = 91),
75% (N = 75), 80% (N = 64), 85% (N = 53), 90% (N = 37).

Prediction of clinical improvement by app time-series features

Ordinal logistic regression with elastic net penalty was fitted to identify which app
questions and time-series features predicted clinical improvement (outcome: CGl-I,
predictors: app features). Nested cross validation resulted in an optimal A of 0.18. This
was used to fit the final model which selected 7 out of 100 possible app features (see
Figure 8b, Table S4 for the exact coefficients; the remaining features were shrunk to
zero). Positive log odds indicate that clinical improvement (i.e. CGI-I values 1-3) is
associated with negative values in app time-series features. Negative log odds indicate
that clinical improvement is associated with positive values in the respective app time-
series feature. Thus, clinical improvement is associated with linearly decreasing

tinnitus-related thoughts, jaw tension, maximum tinnitus loudness, and momentary
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tinnitus loudness. Similarly, clinical improvement is associated with linear increases in
happiness. Further, clinical improvement is associated with more flat spots in daily
tinnitus distress (i.e. higher constancy) and greater lumpiness in momentary tinnitus
loudness (i.e. changing fluctuations) according to the model results (see Table 6 for a
description of the features). The model achieved a good fit on the test dataset from

nested cross-validation (McFadden R? = 0.82).

Relevance of app questions and time-series features

To enhance comprehension of the significance of both the app questions and the time-
series features in predicting the CGlI-I, the sum of the absolute log odds was computed
for each app question across the time-series features (see Figure 8c) and for each
time-series feature across the app questions (see Figure 8d). Among the app
questions, the highest predictive relevance for clinical improvement was observed in
tinnitus-related thoughts followed by jaw tension, momentary tinnitus loudness, daily
tinnitus distress, maximum tinnitus loudness, and happiness. Among the time-series
features, linearity was most important for predicting clinical improvement followed by
flat-spots and lumpiness. Lineatrity is the fluctuation-corrected linearity of the trend, with
negative values indicating negative linear trends and positive values indicating positive
linear trends. Flat spots is an indicator of constancy, higher values indicate more
constancy. Lumpiness is an indicator of the change in variance, high values indicate

more changes in variance (could be both more or less variance).

Sensitivity analysis

Figure 8e illustrates the model fit, as assessed by McFadden R?, for models with
varying compliance rates. McFadden R? remained approximately constant around 0.8
for compliance rates ranging from 50% to 90% of app entries with a drop at 65% and
70%. The coefficients of the remaining models are reported in the Figures S1-8. Higher
lambda values shrink the coefficients stronger which leads to smaller odds ratios and
smaller selection of features. Those models are less prone to overfitting and
demonstrate better fit to the data, as indicated by higher McFadden R? on the test sets.
Certain features remain stable across the models with different compliance rates (e.g.,
t-thoughts_linearity and jawbone_linearity). Notably, due to the small sample size,

subsamples with higher compliance rates could not be tested.
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Discussion

Our findings underline the feasibility of using daily self-reported symptoms to measure
clinical improvement in tinnitus patients undergoing treatment which is in line with
findings from other health research fields (49,152,162).

We were able to show how treatment response is reflected longitudinally in
tinnitus symptoms. Based on our regression model, patients were more likely to
improve if they had a linear decline in tinnitus-related thoughts, jaw tension, maximum
tinnitus loudness, and momentary tinnitus loudness, a linear increase in happiness as
well as constancy in daily tinnitus distress and a change in fluctuation in momentary
tinnitus loudness. The model showed a good fit to the test data, suggesting its
generalisability. The results are mostly, but not completely consistent with the
correlation analysis which is probably caused by collinearity issues that have been
addressed by the elastic net algorithm. Notably, the correlation coefficient of flat spots
in daily tinnitus distress with the CGI-Il is the smallest among the selected features (p
=-0.2).

The most predictive time-series feature for clinical improvement was linearity
which is the linearity of the smoothed trend component corrected from high-frequent
fluctuations such as noise and seasonality. Thus, not the magnitude of symptom
reduction, but the linearity of the trend was relevant. This suggests that patients may
prefer steady progress, with high fluctuations disrupting their sense of improvement.
Additionally, though less influential, features such as flat spots and lumpiness were
also linked to improvement. Flat spots in tinnitus distress, which indicates constancy,
was positively associated with improvement, suggesting that constancy in tinnitus
distress is experienced as more beneficial than fluctuations in tinnitus distress. In
contrast, lumpiness in tinnitus loudness, which reflects variability in fluctuations, was
positively associated with improvement, suggesting that more variability in loudness
fluctuation predicts a beneficial outcome. The joint consideration of the other features
suggests that a strong fluctuation of symptoms during treatment is unfavourable for
treatment response. Thus, we hypothesize that variability in loudness fluctuation
unfolds as a reduction in loudness fluctuation. However, it is not specified by the
feature and requires further investigation. These findings align with an earlier study
investigating the feasibility of using EMA to detect treatment effects in fibromyalgia
patients. They found that next to a decline in average pain, a reduction in pain

variability contributed incrementally to clinical improvement (162).

95



Study Il

Looking at which symptoms change, most predictive for clinical improvement
were changes in tinnitus-related thoughts, jaw tension, momentary tinnitus loudness,
daily tinnitus distress, maximum tinnitus loudness, and happiness (relevance in
descending order). Those symptoms that are usually applied as outcome measures
(31), i.e. tinnitus distress and loudness, are accompanied by psychological and
somatic symptoms. This finding adds an interesting dimension to the understanding of
clinical improvement in tinnitus, as it underscores the importance of considering
general health symptoms alongside tinnitus-specific indicators. While the main
mechanism of established tinnitus therapies typically involves reducing tinnitus-related
distress, it is noteworthy that patients may prioritize loudness reduction or complete
relief from tinnitus (178). Thus, the implementation of patient-centered, personalized
EMA, wherein clinically relevant symptoms are identified by the patient and
assessments are tailored accordingly, holds promise for enhancing clinical diagnostics
and care (166).

The sensitivity analysis demonstrated the stability of key predictors (e.g. t-
thoughts_linearity and jawbone_linearity) as well as consistent model fit across varying
compliance rates. McFadden R? remained stable around 0.8 for compliance rates of
50%-60% and 75%-90%, suggesting robust modeling of clinical improvement using
EMA data even in less compliant samples, which often reflect real-world scenarios.
However, models with compliance rates of 65% and 70% appeared overfitted, as
evidenced by smaller penalization factors (lambda), larger coefficients, and lower fit on
the test set. It is important to note that the overall compliance in our study was lower
than the typical 79% seen in pure EMA studies (179), likely because the daily diary
was a secondary aspect of the clinical trial. A comparison of the 50%-compliance
subsample with the entire RCT sample revealed variation only in age, while other
baseline characteristics and CGlI-lI distributions were comparable. Although our
findings highlight the feasibility of obtaining robust models from less compliant
samples, efforts to increase compliance rates in EMA remain essential. Higher
compliance not only improves data quality and statistical power but also enhances
representativeness of the sample. EMA experts recommend strategies like improving
instructions, encouraging questions, practice, and providing feedback to enhance both
compliance and data quality (63).

The following aspects should be taken into account when evaluating the results.

The CGI-l was used to assess clinical improvement which asks patients to evaluate
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the overall impact of the intervention on their tinnitus. This method has both benefits
and limitations. It values patients' self-assessment, treating them as experts on their
own condition. However, its retrospective nature relies on patients recalling their pre-
therapy state, which can introduce biases. Incorporating clinician-rated assessments
alongside patient self-reports could provide a more balanced evaluation, capturing
both subjective experiences and clinical evaluations (180). Nevertheless, the "true"
measure of treatment efficacy remains elusive in subjective assessments, highlighting
the need for a biomarker to gauge the severity of the condition. Further, the features
were pre-selected based on an emphasis on capturing the dynamics of change and
based on the relevant literature (170,171); a different feature selection could have led
to different results. We acknowledge that the use of a linear predictive model, such as
logistic regression, may influence feature selection, favoring features with clear linear
relationships to the outcome. However, the selected features align with clinically
meaningful patterns of improvement. Also, EMA questionnaires need to be carefully
evaluated in terms of their clinimetric properties (psychometric criteria transferred to
clinical outcome measures). This includes sensitivity (e.g., ability to detect treatment
effects, ability to differentiate active treatment from placebo), clinical validity (ability to
discriminate between subjects with and without a condition e.g. using cutoff scores),
predictive validity (ability to predict treatment response and clinical outcomes), and
incremental validity (each item provides distinctive clinical information) (181).
Additionally, there is a need for discussion whether clinimetric criteria should be
updated to accommodate EMA measures, given that these criteria were originally
introduced for traditional questionnaires.

In summary, we provided evidence that EMA is sensitive for change across a
range of tinnitus treatments. By longitudinally drawing on the symptom level, EMA was
able to show which symptoms change and how they are changing if patients respond
to treatment. The latter was realised by the application of time-series features, a
computational method that characterizes dynamics of time-series which are not visible
to the eye. This allows for an easily applicable, understandable and effective utilization
of longitudinal data to understand time dynamics without compromising valuable
information or imputing missing data (169). In comparison to questionnaires that often
rely on total scores (151), the use of EMA data not only allows treatment effects to be
described at the symptom level, but could facilitate an exploratory investigation into

which specific symptoms are impacted by a particular treatment and are thus paving
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the path towards personalized treatments. Finally, questionnaires depict only few
snapshots in time which limits their ability to measure the longitudinal progress of
symptoms (146). This study demonstrated the complexity of symptom courses during
treatment and the importance of longitudinal data, as linearity and fluctuations were
identified to be predictive for treatment success.

Our findings might stimulate both future research and clinical practice in tinnitus.
We encourage researchers to replicate our findings and expand them, e.g. by
investigating individual differences, early treatment response or different feature sets.
Importantly, we need to explore mechanisms to substantially improve compliance
towards EMA protocols within clinical studies. Further, while passive sensing has been
explored concerning the prediction of clinical status and change (170,171), efforts
could be made to investigate whether combining EMA with passive sensing enhances
the prediction and understanding of treatment response (152,182). In clinics, EMA
could offer a dynamic approach to monitoring patient progress in real-time and reduce
costs by the reduction of in-person visits. Clinicians can incorporate EMA techniques
into routine clinical assessments, allowing for ongoing tracking of key variables like
general stress levels, tinnitus distress, and emotional states. This enables timely
adjustments to treatment plans based on individual patient needs and fluctuations in

symptoms.

Acknowledgements

This project has received funding from the European Union's Horizon 2020 Research
and Innovation Programme, Grant Agreement Number 848261. The funders had no
role in study design, data collection and analysis, decision to publish, or preparation of

the manuscript.

Conflict of Interest

RP is affiliated with npj Digital Medicine as an editor. All other authors declare no

financial or non-financial competing interests.

58



Study Il

Study lll: Uncovering Latent Trajectories of Daily
Tinnitus Symptoms through App-based Monitoring

During Treatment

Milena Engelke’, Berthold Langguth’, Thomas Probst?, Riidiger Pryss3, Stefan
Schoisswohl', Jorge Piano Simbes*, Peter Ten Klooster*, Beat Toedtli®, Carsten
Vogel®, & Winfried Schlee'®

" Department of Psychiatry and Psychotherapy, University of Regensburg, Regensburg, Germany

2 Division of Psychotherapy, Department of Psychology, Paris Lodron University Salzburg, Salzburg,
Austria

3 Institute of Clinical Epidemiology and Biometry, University of Wirzburg, Wiirzburg, Germany

4 Department of Psychology, Health and Technology, University of Twente, Enschede, The Netherlands
5 Institute for Information and Process Management, Eastern Switzerland University of Applied

Sciences, St. Gallen, Switzerland

The following text, tables and figures were submitted to the journal Internet

Interventions on the 26th of September 2025 and are currently under review.

© Authors retain copyright.

59



Study Il

Abstract

Tinnitus heterogeneity is well-documented across phenotypes, etiologies, risk factors,
comorbidities and associated burden. However, variability in treatment response
remains insufficiently explored and often masked by the group-level comparisons of
clinical studies. Moreover, little is known about the temporal trajectories of symptoms
during treatment. Longitudinal monitoring via smartphones using Ecological
Momentary Assessment provides rich inter- and intraindividual data on fluctuations and
trajectories of symptoms. In this study, we investigated whether individual 12-week
trajectories of daily self-reported tinnitus symptoms during treatment could be
meaningfully sub-grouped. 147 patients provided 9634 observations while undergoing
single or combined applications of hearing aids, cognitive-behavioural therapy,
structured counseling, and sound therapy. A four-class growth mixture model best fit
the data. One class was characterized by an increase in tinnitus symptoms over time
(18%), another showed stable symptom trajectories (40%), while the remaining two
classes described symptom reductions with different onsets during treatment (early
improvement: 20%; late improvement: 21%). The identified classes did not differ in
baseline characteristics, indicating that this information could not be used to predict
symptom trajectories. Additionally, all four classes were represented in nearly each
treatment arm. Notably, retrospective patient-reported outcome measures (PROMs)
did not consistently align with latent symptom trajectories. These results underscore
the heterogeneity and non-linearity of symptomatic change both within and across
treatment modalities. We propose that app-based trajectories reveal details about

symptom improvement that cannot be seen in standard PROMs.

Introduction

Tinnitus is an auditory phantom condition which is perceived as a tonal or composite
noise in the absence of an external sound source (90). With a prevalence of 14%
among adults and increasing rates with age, itis a common condition especially among
the elderly (12). Otological and non-otological factors could have been established as
risk factors (14). Tinnitus is characterized by its high heterogeneity in the percept itself,
associated etiologies and comorbidites, in tinnitus-triggered distress as well as in
response to treatment (8).

While tinnitus heterogeneity has been well documented across perceptual

characteristics, risk factors, comorbidities and severity (8), variability in treatment
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response remains less understood. There is consensus that no single treatment is
universally effective in reducing distress or loudness of the tinnitus percept (23,173).
Despite that, clinical studies typically rely on group-level comparisons (183). Although
these studies are indispensable for proof of efficacy, this approach can obscure
differential effects on individuals or subgroups and may contribute to inconsistent
evidence observed across studies (184,185). At the same time, there is a subgroup of
patients that benefit from treatment in most clincial tinnitus studies. Recent research
aims to predict treatment response from extensive patient-level data assuming that
outcomes vary with individual tinnitus characteristics and treatment fit (186). In this
context, prescriptive predictors inform clinical practice about optimal treatment
allocation for specific patients, while prognostic predictors indicate the likelihood of
benefit regardless of treatment type. Yet there are no robust, generalizable results yet
in tinnitus research due to diverse interventions and methodologies (143,187).

Simoes et al. crowdsourced data from 5017 tinnitus patients and found that
individual characteristics had limited predictive value, but combined explained 16% of
treatment outcome variance (188). Niemann et al. identified and replicated four
baseline phenotypes, ranging from low to high tinnitus distress with specific
psychological or somatic burden (N = 1228 (189), N = 989 (190)). They further
described five treatment response subgroups, from deterioration to high improvement,
whose distribution varied by baseline phenotype. Yet, predictive utility remained
limited, highlighting the complexity of treatment trajectories (190).

Most clinical studies rely on pre- and post-treatment assessments by PROMs,
however, tinnitus fluctuates over time depending on internal regulatory processes such
as emotion, stress and circadian rhythm (33,70). Further, continuously measuring
treatment effects in daily life is rare, yet preliminary evidence describes diverse, non-
linear tinnitus trajectories (191-193). Longitudinal research in neighbouring
mental-health fields has shown that patients can follow diverse therapeutic paths (194—
196). Capturing tinnitus symptom evolution throughout treatment at finer time scales
might reveal diverse symptom trajectories as yet another layer of tinnitus
heterogeneity.

In this study, we use intensive longitudinal data gathered in daily life by EMA
and Growth Mixture Modeling (GMM) to determine whether individual trajectories
cluster into unobserved classes. This statistical technique identifies latent classes

based on individual developmental trajectories and has been used to uncover

61



Study Il

heterogeneity in treatment courses in other mental health fields (194—196). We then
describe these classes by their course, size, and patient characteristics to advance

understanding of heterogeneity in treatment response.

Methods
Study Design

This exploratory analysis used data from a multicentre RCT on chronic tinnitus
conducted between April 2021 and December 2022 in Germany, Greece, Spain, and
Belgium (173). The study was approved by the local ethics committee at each site.
Patients were randomised to one out of ten treatment arms which were group-based
CBT focusing on tinnitus exposure, HA (for patients with a HA indication only), App-
based SC, App-based ST and the following combinations CBT + HA, CBT + SC, CBT
+ ST, HA + SC, HA + ST, and SC + ST. Detailed information on the study design can
be obtained from the study protocol (173), the clinical effect of each treatment arm has
been published (39).

Subjects

Patients primary complaint was chronic tinnitus (= 6 months), they were aged between
18 and 80 years, minimally distressed by their tinnitus (THI = 18) (28), not cognitively
impaired (Montreal Cognitive Assessment [MoCa] > 22) (197), and reported stable
psychoactive medication for at least 30 days. We excluded patients with objective
tinnitus, otosclerosis, acute ear infections, Meniere’s disease, serious internal,
neurological or psychiatric conditions, drug, medication or alcohol abuse within the last
12 weeks, severe hearing loss or one deaf ear, and if they had started another tinnitus

treatment within the previous 12 weeks.

Study Procedure

Patients underwent a baseline visit before they were randomised to a treatment arm.
During the 12-week treatment phase, patients were prompted every evening at 7:30
pm by a dedicated smartphone app (126) to fill out a daily EMA questionnaire. The
remaining study visits took place after 6, 12, 36 and 48 weeks (in this study, we only
use data from baseline and 12-week visit). During those visits, detailed clinical
information regarding tinnitus, general health, comorbid diseases as well as

audiological data were gathered on-site and online.
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Data

We focused on the daily 10 EMA items assessing health-related and tinnitus symptoms
(Table 1). Some questions refered to the momentary situation, others to the average
over the day. A prior investigation identified changes in tinnitus-related thoughts to be
best predictive for clinical improvement which was thus chosen as the main outcome
(Study Il). The distribution of the outcome over all patients and measurement points is
shown in Figure S9. The remaining variables predicting clinical improvement were
selected to be compared with the predicted trajectories of tinnitus-related thoughts.
These are jaw tension, momentary tinnitus loudness, daily tinnitus distress, maximum
tinnitus loudness, and emotion. Coding of emotion was reversed to negative emotion
to standardize interpretation that higher scores indicate higher burden.

To describe baseline differences between patients of latent classes we analysed
data of tinnitus case history (ESIT-SQ (129), personality (Big Five Inventory-2 [BFI-2])
(198), THI (THI), depression (PHQ-9) (131), and hearing loss (average hearing
threshold at the frequencies 500 Hz, 1 kHz, 2 kHz and 4 kHz [PTA-4]).

Data Analysis

Growth Mixture Models

In terms of data preparation, moving averages were calculated with a seven-day time
window to smooth out fluctuations and weekly patterns thereby focusing on long-term
trends. After visual inspection of the pre-processed outcome, one outlier was removed
from the data.

To identify latent trajectories in tinnitus-related thougths, we estimated GMMs
(199,200) using the hime function from the Icmm package in R. Fixed effects (overall
and class-specific) included an intercept and a natural cubic spline function of time in
days with three degrees of freedom to allow for non-linear trends over time. A random
intercept accounted for subject-level variability within each class with variance
constrained to be equal across classes. Models with progressively increasing number
of latent classes (1 — 10) were estimated. For models with number of classes = 2, an
automatic grid search with 30 repetitions and 30 iterations was performed to prevent
convergence at local maxima. Initialization values were provided from the 1-class
model to improve stability and convergence. If the model did not converge, we
increased the repetitions to 50. To test whether a linear trend was more appropriate,
we repeated the process with a linear function of time in days. We adhered to the
Guidelines for Reporting on Latent Trajectory Studies Checklist (Table S5) (201).
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The selection of the final model was based on a triangulation of the relative fit by AIC
and Bayesian Information Criteria (BIC), the classification accuracy by the Posterior
Probability of Membership (PPM) and Entropy (indicator of the conditional probabilities
of individuals’ group membership) as well as by the size of the estimated classes and
the substantive interpretability and clinical importance of the identified classes. There
is no standardized way to identify the optimal result, but model selection should be
informed by a variety of several criteria including theory, statistics and past findings
(200). Better model fit is indicated by lower AIC and BIC as well as higher PPM and

entropy.

Missing Data Handling

The analysis was performed on subjects with at least 50% compliance (42
observations). In the raw format, 22.5% of data was missing. The moving-average
procedure reduced missingness to 3%. Missing data was not imputed. Whether
missing data is missing at random (MAR) or MNAR cannot be tested, however, we
could not detect a systematic pattern of missingness (Table S6, only age was weakly
correlated with missingness).

As conservative compliance thresholds may result in selection, we accounted
for that with a sensitivity analysis shifting the criterion to a minimum of 10% compliance
(8 observations). This reduces potential selection bias by including more participants
but allows more missing data per subject at the same time. After pre-processing, this
data set contained 20% missing data. Visual inspection revealed two outliers that were
removed before analysis. We further compared the full RCT sample with both
subsamples (50% and 10% compliance) to examine potential selection bias based on

baseline characteristics.

Latent Class Contrasts

Chi-square tests and analysis of variance examined differences in baseline
distributions across latent classes (stats and rstatix packages). Clinical effects
according to changes in THI, TFl and PHQ-9 from baseline to 12-week final visit were
calculated for each class and compared to MCID estimates (THI = 11, TFI =9, PHQ-9
= 6) (1,202). The distribution of classes within treatment arms is plotted only, as cell
sizes do not allow for statistical testing. P values were Holm-Bonferroni adjusted for
multiple comparisons, with the critical significance level set to p < .05. All analyses

were performed in R (Version 4.4.1).
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Trajectories of Remaining Symptoms

The trajectories of the remaining symptoms predicting clinical improvement were
plotted as mean trajectories of pre-processed individual time-series (seven-day moving
average) and 95% confidence intervals (Cl). Based on that, we exploratively assessed
the development of the association between daily tinnitus distress and maximum
tinnitus loudness for each class with two additional analyses. The underlying
assumption is that a reduction of the association can be considered as a desired
treatment effect as tinnitus distress evolves to be evaluated more independent of
tinnitus loudness (Study IlI). We computed the weekly correlations between both
symptoms for each class and the standardized difference between both symptoms ([d
— mean{d}]}/sd{d}; d = maximum tinnitus loudness - daily tinnitus distress) for each
class. This quotient was standardized intra-individually. A value of 0 in the standardized
quotient indicates the individual average difference between daily tinnitus distress and
maximum tinnitus loudness. An increase in this quotient over time indicates that the
difference between both becomes greater (desired treatment effect), while a decrease

over time indicates that the difference becomes smaller (undesired treatment effect).

Results

Sample Description

The sample consisted of 147 chronic tinnitus patients with 9634 observations (see
Table 8). 45% were female, patients were on average 55 years old and 44% had
graduated from university. The participants provided 65 observations on average
(range: 42 — 84).
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Table 8. Demographic and Clinical Characteristics of Participants at Baseline (N
= 147)

. _r Mean (SD)
Baseline Characteristics N (%)

Gender

female 66 (44.9%)

male 81 (55.1%)
Age 54.72 (11.86)
Education

elementary school 16 (10.9%)

high school 23 (15.6%)

middle school 44 (29.9%)

university or higher 64 (43.5%)
THI score 49.17 (20.29)
PHQ9 score 7.58 (4.93)
Hearing loss (PTA4) 20.61 (16.6)
Tinnitus duration (in months) 136.18 (120.98)
Number of comorbidities 2.28 (2.14)
Number of tinnitus treatments 0.32 (0.64)
Extraversion (BFI-2) 39.29 (6.84)
Agreeableness (BFI-2) 47.18 (6.17)
Conscientiousness (BFI-2) 46.94 (8.08)
Neuroticism (BFI-2) 34.19 (8.27)
Openness (BFI-2) 43.72 (7.48)

Notes. THI (Tinnitus Handicap Inventory) score range: 0-100. PHQ-9 (Patient Health Questionnaire-9)
score range: 0-27. PTA4: Average hearing threshold at the frequencies 500 Hz, 1 kHz, 2 kHz and 4 kHz.
Top five comorbidities: sleep difficulties (N = 37), high blood pressure (N = 26), high cholesterol (N =
26), acid reflux (N = 24), thyroid disorder (N = 21). Number of tinnitus treatments received prior to study
participation. BFI-2 dimensions score range: 12-60.

Model Selection

All spline models had a better relative fit than their linear equivalents (Figure S10). The
relative fit of the spline models corresponded to an asymptotic reduction of AIC and
BIC with increasing number of classes without a reasonable minimum indicating a
clearly favourable class solution (Figure S10b). Thus, more weight was put on the other
metrics. As comparable literature identified three-, four- and five-class solutions (194—
196), these solutions were more closely inspected (Figure S11). PPM and entropy
values were high for all three models with a slight tendency towards the four-class
solution (Table S7). Inspecting the trajectories, class 4 in the four-class model adds an
interesting and potentially relevant group describing a later-onset response. In the five-
class model, the new trajectory is captured by class 2, however, the relevance of its

distinction from class 3 is ambiguous as neither one describes an improvement (Figure
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S11c). Further, class 2 is small (10.9%, N = 16) and Cls overlap strongly in the five-
class solution. Thus, to remain conservative and avoid overfitting, we decided that the

four-class latent trajectories describe the data best.

Description of Latent Trajectories

The final result consisted of four classes with distinct trajectories (Figure 9). Class 1
depicted increasing tinnitus-related thoughts and was labelled Deterioration. (18.4%,
N = 27). The estimated trajectory started at 38 (95% CI: 31-45) and showed an
increase to 56 (95% CI: 49-63). Class 2 patients showed no change in the outcome
and was labelled Stable Course (40.1%, N = 59). The trajectory decreased slightly
from 41 (95% CI: 37-46) on the first day until 34 (95% CI: 29-38) on day 34 before it
increased back to 39 (95% CI: 34-43). Class 3 showed an early response in tinnitus-
related thoughts and was labelled Early Improvement (20.4%, N = 30). The trajectory
depicted the highest baseline of 60 (95% CI: 54-67) and a strong decrease during the
first half of the treatment period until 36 (95% CI: 29-42) on day 42 followed by a short
counter climb before it decreased again to 32 (95% CI: 25-38). Finally, group 4 (21.1%,
N = 31) showed a late-onset response and was labelled Late Improvement. The
estimation started at 36 (95% CI: 30-43), showed a small increase until 40 (95% CI:
34-46) on day 26 before it decreased to 25 (95% CI: 18-31). The individual observed

trajectories are plotted in Figure S12.
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Figure 9. Latent Trajectories of the Final Model

a) Deterioration (Class 1) b) Stable Course (Class 2)
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Notes. The four-class model was chosen due to its highest entropy and PPM values as well as because
class 2 in the five-class model was considered irrelevant from a size and clinical point of view (Figure
S11). Trajectories depict estimated values, transparent bars are 95% Cls.

Sensitivity Analysis

The latent trajectories of the four-class result based on the 10% compliance data set
are depicted in Figure S13b. Deterioration featured 22%, Stable Course 36%, Early
Improvement 15%, and Late Improvement 27% of participants. PPM was high (0.94 —
0.99) and entropy was acceptable (0.88). Trajectories differed minimally from the four-
class result based on the 50% compliance sample (see Figure S13a). Both subsets
(10% and 50% compliance) were compared with the full RCT sample based on
baseline characteristics, only age showed significant differences between samples
(see Table S8).

Latent Class Contrasts

Demographic or clinical variables at baseline were not predictive of latent trajectory

membership (see Table 9).
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Table 9. Latent Class Contrasts on Baseline Characteristics

Class 1: Class 2: Stable  Class 3: Early Class 4: Late adj. p

Baseline Characteristics p value

Deterioration

Course

Improvement

Improvement

value

Gender
female
male

Education

Elementary school

high school
middle school

university or higher

Age
THI score
PHQ9 score

Hearing loss (PTA4)
Tinnitus duration (in months)

Extraversion
Agreeableness

Conscientiousness

Neuroticism
Openness

Number of comorbidities
Number of tinnitus treatments

12 (44.4%)
15 (55.6%)

4 (14.8%)

3 (11.1%)

7 (25.9%)

13 (48.1%)
58.78 (9.82)
49.56 (21.25)
7.26 (5.35)
19.07 (14.57)
141.4 (123.25)
40.08 (7.94)
48.04 (5.82)
45.38 (7.54)
34.58 (8.24)
42.65 (7.95)
2.89 (2.82)
0.41 (0.8)

26 (44.1%)
33 (55.9%)

4 (6.8%)

9 (15.3%)
18 (30.5%)
28 (47.5%)

54.36 (12.31)
46.71 (20.51)

7.69 (4.99)
20.53 (15.5)

121.61 (123)

37.95 (6.55)
46.52 (6.85)
47.21 (8.3)
35.26 (7.94)
42.91 (8.58)
2.15 (2.12)
0.37 (0.67)

16 (53.3%)
14 (46.7%)

3 (10%)

3 (10%)

9 (30%)

15 (50%)
55.63 (10.5)
51.4 (19.19)
8.13 (5.24)
21.72 (16.07)
162.86 (136)
40.4 (7.08)
48.13 (6.02)
48.47 (8.31)
33.33 (9.45)
45.07 (6.34)
1.97 (1.71)
0.13 (0.51)

12 (38.7%)
19 (61.3%)

5 (16.1%)

8 (25.8%)

10 (32.3%)

8 (25.8%)

51 (13.07)
51.35 (20.54)
7.13 (4.28)
21.02 (20.92)
134.07 (99.39)
40.06 (6.01)
46.77 (5.28)
46.29 (7.98)
32.71 (7.76)
44.84 (5.62)
2.29 (1.88)
0.32 (0.54)

.740
.740

520
520
520
520
.090
.660
.860
.940
530
290
570
520
510
420
.390
330

1.00
1.00

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Notes. Values depict Mean (SD) or N (%). P values were adjusted according to Holm-Bonferroni. THI score range: 0-100. PHQ-9 score range: 0-27. PTA4: Average

hearing threshold at the frequencies 500 Hz, 1 kHz, 2 kHz and 4 kHz. BFI-2 dimensions score range: 12-60.
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Figure 10a-c depicts relevant PROM changes across classes. THI score improved
significantly for each class from baseline to final visit with clinically relevant
improvements for Deterioration, Early and Late Improvement. TFl score improved
significantly and clinically relevant for Stable Course, Early and Late Improvement. The
PHQ-9 improved significantly for Stable Course, Early and Late Improvement, none
reached clinically significance. The distribution of class size for each treatment arm is

depicted in Figure 10d.

Figure 10. PROM Changes and Treatments across Classes

a) THI Score Changes for each Class b) TFI Score Changes for each Class
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Notes. Figures a-c depict PROM changes across classes. THI (Tinnitus Handicap Inventory) score
range: 0-100. TFI (Tinnitus Functional Index) score range: 0-100. PHQ-9 (Patient Health Questionnaire-
9) score range: 0-27. Figure d depicts the distribution of class size for each treatment arm. Treatments
were provided single or in combination: Cognitive Behavoural Therapy, Hearing Aids, Structured
Counseling, and Sound Therapy.

Trajectories of Remaining Symptoms
The trajectories of the remaining symptoms relevant for clinical improvement (jaw
tension, momentary tinnitus loudness, daily tinnitus distress, maximum tinnitus

loudness, and negative emotion) are depicted for each class in Figure S14. Daily
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tinnitus distress varied very closely with tinnitus-related thoughts in each class.
Maximum and daily tinnitus loudness was rated the highest across time and classes,
jaw tension is rated the weakest. Trends in the tinnitus-related thoughts, if available,
are reflected less pronounced in some symptoms and classes.

Figure 11 shows the mean trajectories of daily tinnitus distress and maximum
tinnitus loudness. The weekly average correlation between both remained descriptively
stable for the classes Deterioration and Stable Course and decreased for the classes
Early and Late Improvement (Figure S15). When looking at the standardized difference
between daily tinnitus distress and maximum tinnitus loudness, the difference
decreased in the Deterioration Class, remained stable in the Stable Course Class, and

increased in both the Early and Late Improvement Classes (Figure 12).

Figure 11. Trajectories of Tinnitus Loudness and Distress across Classes

a) Symptom Trajectories for Class 'Deterioration’ b) Symptom Trajectories for Class 'Stable Course'
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Notes. Trajectories are mean values of pre-processed individual time-series (seven-day moving
average), transparent bars are 95% Cls. All symptoms were rated on a visual analogue scale from 0 —
100.
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Figure 12. Distribution of the Intra-Individual Standardized Difference (maximum
tinnitus loudness - daily tinnitus distress) by Class

Deterioration Stable Course
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Note. Distribution of the intra-individual standardized difference between maximum tinnitus loudness
and daily tinnitus distress ([d — mean{d}])/sd{d}; d = maximum tinnitus loudness — daily tinnitus distress).
Dots represent mean values by class and day. Trend lines depict the smoothed trend and 95% CI
(geom_smooth in ggplot). Intra-individual standardization means that positive values indicate a greater
difference between maximum tinnitus loudness and daily tinnitus distress compared to the individual's
average difference, while negative values indicate a smaller difference compared to their individual
average. An increase in this quotient over time indicates that the difference between both becomes
greater (desired treatment effect), while a decrease over time indicates that the difference becomes
smaller (undesired treatment effect).

Discussion

The present study demonstrated that EMA-measured trajectories in tinnitus-related
thoughts while patients received established interventions can be well described by
four distinct trajectories. Roughly one-fifth of participants showed a progressive
increase (Deterioration, 18%), two-fifths experienced no discernible change (Stable
Course, 40%), while the remaining patients split almost evenly between an early
response (Early Improvement, 20%) and a late-onset response pattern in tinnitus-
related thoughts (Late Improvement, 21%). Despite different metrics and treatment

formats used, this is in line with Nieman and colleagues (190). Both studies converge
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on the existence of multiple distinct symptom-change subgroups, prospectively
demonstrating heterogeneity in treatment response.

Similar research in mental health has mostly identified three- to four-class
solutions, suggesting that the responder/non-responder dichotomy masks clinically
relevant heterogeneity (194—-196). Our finding of early and late responders aligns with
prior evidence that improvement can follow different pacing, sometimes with temporary
deterioration before benefits emerge (195,196). Such initial worsening may reflect
psychological activation processes (203) and, in tinnitus, increased symptom vigilance
during treatment. Communicating this to patients may help manage expectations and
reduce dropout, as seen in the “Late Improvement” group (Table S9).

Applying a 50% EMA completion threshold excluded many participants, but
replication with a 10% threshold produced nearly identical class trajectories and
proportions. Both subsets closely matched the full RCT sample (except for minor age
differences), suggesting minimal selection bias. While results appear robust,
replication in further samples and treatment settings is needed.

Baseline demographics and clinical data showed no significant class
differences, suggesting that generic prediction of treatment response is difficult and
highlighting heterogeneity in treatment needs. Random allocation likely resulted in
some patients receiving optimal and others sub-optimal interventions, consistent with
the presence of all trajectories across treatment arms. Nonetheless, predicting
response to specific treatments based on baseline characteristics remains possible.
Precision matching approaches, such as the Personalized Advantage Index, may help
optimize treatment allocation using prescriptive predictors (204).

GMM revealed subgroups with stable or worsening tinnitus-related thoughts, yet
PROMSs suggested a more favourable picture. Changes in the TFI mirrored the EMA
based latent classes most closely, even though the “Stable Course” class also
registered an average improvement in TFl score. In the “Late Improvement” Class,
patient reported low TFI scores on average during final visit which could have been
influenced by the late-onset decline in EMA measured tinnitus-related thoughts.
Further research is needed to clarify the differences between PROMs and EMA data.
Average trajectories showed that tinnitus distress closely paralleled tinnitus-related
thoughts, suggesting one construct may suffice to reduce burden without loss of
information. In contrast, loudness remained high across classes, supporting its partial

independence from distress (205,206). Correlation analyses and trajectories of
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standardized difference indicated stable loudness—distress associations in
“Deterioration” and “Stable Course,” but divergence in “Early” and “Late Improvement,”
potentially reflecting treatment success (Study Il). This pattern also suggests current
treatments mainly reduce burden rather than loudness, with early improvers plateauing
around day 50, while late improvers continued to diverge, possibly with further gains
under longer treatment.

The following limitations should be considered. First, we hypothesize that
improvements of 28 and 11 points in both response groups are clinically relevant, yet,
the available estimation of clinically relevant differences is based on tinnitus distress
and loudness (134). Second, daily-measured tinnitus-related thoughts is no
established outcome measure even if it revealed some predictive power in an earlier
investigation (Study Il). Third, our analysis relied on a subsample, posing potential
selection bias despite sensitivity analyses and comparisons with the full sample.
Smartphone-based data collection and limited sample size add to this risk. Although
moving averages reduced missingness, future studies should prioritize maximizing
compliance to minimize data loss. Fourth, GMMs require a lot of choices that could
influence the number and shape of trajectories. By adhering to the reporting guidelines,
we followed the currently existing standard procedure. Fifth, the relative fit indices AIC
and BIC failed to pick a clear number of classes, thus, we relied on the other priorly
defined criteria to identify the optimal solution. Sixth, due to the large number of
treatment arms, our sample lacked power to search for class-by-treatment interactions.

Despite limitations, our findings reveal substantial heterogeneity in symptom
trajectories, opening avenues for research and practice. Intensive monitoring can yield
valuable insights, ideally complemented by passive data to reduce burden. Precision
medicine, the data-driven attempt to individualise treatment, strongly benefits from
continuous monitoring of symptom trajectories to regularly check if patients are “on
track” and adapt treatment plans to individual needs based on real-time data (207).
Together with parallel efforts in prescriptive research initial allocation of patients to
treatments could be improved, while continued monitoring beyond treatment may
clarify whether improvements consolidate, fade, or require maintenance strategies.

In summary, high-intensive longitudinal monitoring reveals rich, non-linear
patterns of change that remain invisible to traditional assessment schedules.

Embracing this complexity will be essential to tailor interventions to inter- and
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intraindividual needs to ultimately alleviate the burden of tinnitus for the diverse

population of sufferers.
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Discussion

This thesis aimed to explore the clinical utility of intensive longitudinal assessments
conducted during tinnitus treatment, focusing on the understanding and
characterisation of symptom dynamics and changes, as well as on the development of
analytical approaches for longitudinal data. The first study evaluated the feasibility of
EMA to capture symptomatic change with high ecological validity using different
individual- and group-based analytical approaches. The second study systematically
examined whether and how EMA data can depict treatment response by identifying
which EMA variables and patterns of change best characterise clinical improvement.
The third study investigated whether individual symptom trajectories could be clustered
into latent groups, thereby identifying subgroups of patients with similar treatment
responses. In the final chapter, the results are discussed across shared conceptual

and methodological themes.

Decoupling between Tinnitus Distress and Loudness: Indicator
of Treatment Response?

One of the central questions of this thesis was whether and how EMA can evaluate
therapy outcome. In the first study, group-level correlations between weekly tinnitus
distress and loudness yielded an intriguing finding: Descriptively, their association
weakened over time. This decoupling was hypothesised to reflect treatment response
to psychological interventions which is supported by neurophysiological evidence of
two separate networks underlying tinnitus distress and loudness, which are
interconnected only in distressed tinnitus patients (208).

The second study further advanced this question by extracting time-series
features from EMA data and selecting those most predictive of clinical improvement,
as assessed by the CGI-I. Responders were characterised by fluctuation-corrected
linear decreases in tinnitus-related thoughts, jaw tension, maximum and momentary
tinnitus loudness, linear increases in happiness, greater stability in daily tinnitus
distress, as well as change in variability in momentary tinnitus loudness. Feature
importance analysis identified linearity as the most influential feature, and tinnitus-
related thoughts as the most sensitive EMA variable. It should be noted that the

preference for linearity may have been influenced by the linear nature of the model.
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Yet, these findings emphasised two points: First, clinical improvement is primarily
perceived as a reduction in tinnitus symptoms, accompanied by decreased symptom
variability. This is consistent with the hypothesis that high fluctuations may contribute
to patient distress (72). Second, even if tinnitus-related thoughts appear most sensitive
in depicting treatment response, change processes in a variety of symptoms contribute
to the clinical improvement of patients. The importance of quality-of-life outcome
measures, in addition to mere symptom reduction, in contributing to suffering has been
repeatedly emphasised in psychiatric research (209,210).

In the third study, GMM identified four latent trajectory classes based on tinnitus-
related thoughts: Early Improvement (20.4%), Late Improvement (21.1%),
Deterioration (18.4%), and Stable Course (40.1%). Consistent with Study I, both
improvement groups displayed a decoupling of daily tinnitus distress and maximum
tinnitus loudness over time. While causal factors remain uncertain, tinnitus-related
thoughts may mediate the relationship between tinnitus distress and loudness.
However, it is possible that this decoupling effect is mainly driven by reductions in
distress without substantial changes in loudness (see Figure 11). Future research
should disentangle these relationships and examine whether decoupling of distress
and loudness may serve as an early indicator of treatment response, informing
decisions on treatment continuation or adaptation.

Notably, the existence of the Late Improvement group carries clinical
significance: patients who show no early improvement may still respond at later stages.
This underscores the importance of persistence with treatment, while also complicating

early prediction of treatment response.

Tinnitus Symptom Network

Even though tinnitus-related thoughts and their association with distress and loudness
emerged as key indicators, the role of other symptoms should not be underestimated.
Building on the observations in the third study that certain symptoms fluctuate together
and motivated by the intention of reducing participant burden through shorter EMA
questionnaire (211), a network analysis was conducted to visualise their interrelations.
It was estimated using partial correlations via the EBICglasso algorithm from the R
package qgraph computing a Gaussian graphical model regularised via Lasso to shrink
weak associations to zero, thereby producing a sparse network. 44296 EMA data from

1216 patients using the UNITI app were person-mean centred to remove between-
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subject differences before network estimation. Cls were obtained using non-parametric
cluster bootstrapping, resampling participants as clusters to account for the nested
EMA data structure. It should be noted that changes over time are not depicted here.

Visually, three sub-networks emerged (see Figure 13); a tinnitus-related
network, a somatic network, and a general health network. Within the tinnitus-related
network, strong associations were found between momentary distress and loudness
(0.53, 95% CI: 0.50-0.56), and between tinnitus-related thoughts and daily distress
(0.52, 95% CI. 0.51-0.54). Weaker correlations appeared between daily and
momentary distress (0.25, 95% CI: 0.23-0.27), as well as between momentary and
maximum loudness (0.4, 95% CI: 0.37-0.42), suggesting that momentary and daily
items capture distinct aspects of the tinnitus experience. Intriguingly, distress and
loudness were more strongly correlated at the momentary level (0.53, 95% CI: 0.50-
0.56) than at the daily level (0.19, 95% CI: 0.17-0.21). Daily distress appeared to be
more strongly linked to tinnitus-related thoughts (0.52, 95% CI: 0.51-0.54), than to
maximum loudness (0.19, 95% CI: 0.17-0.21). Although weak, daily distress is further
correlated with stress (0.08, 95% CI: 0.07-0.09) and positive emotions (-0.06, 95% CI:
-0.08 — -0.05). Thus, distress in the moment may be more directly linked to the
perceptual intensity, while daily distress may be more influenced by cognitive factors
such as tinnitus-related thoughts.

Within the somatic sub-network, jaw and neck tension correlated positively
(0.39, 95% CI: 0.36-0.43). Stress, positive emotions, and movement formed a third
sub-network. Positive emotions were negatively associated with stress (-0.33, 95% ClI:
-0.34 — -0.31) and positively with movement (0.22, 95% CI: 0.21-0.24).

Between-sub-network associations were weak (0.10), suggesting that these
sub-networks capture largely distinct but clinically relevant aspects of tinnitus,
consistent with findings from Study Il. Christensen (2020) applied a heuristic threshold
of 0.20 in partial correlations as an indicator of questionnaire item redundancy, albeit
in cross-sectional psychometrics (212). Applying this rationale, the present findings
suggest that selecting at least one variable from each sub-network could substantially
reduce the EMA questionnaire while retaining essential information. Moreover, the
weaker day-level coupling between distress and loudness, compared to the
momentary level, supports the inclusion of both temporal perspectives in future EMA

protocols.
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Furthermore, the network analysis provided valuable insights into the
interrelations among tinnitus-related variables, warranting further investigation.
Tinnitus-related thoughts, which are assumed to play a central role in treatment effects,
appeared only weakly associated with tinnitus loudness. Although the weak
association between loudness and distress has been well documented in the tinnitus
literature (84), tinnitus-related thoughts, despite its correlation with daily distress, might
represent a distinct construct. An important question arising from these results is what
factors influence the occurrence and variability of tinnitus-related thoughts in daily life.
EMA data offer a promising avenue to address this question by enabling the analysis
of time-contingent associations between cognitive, emotional, and perceptual

processes.

Figure 13. Network Analysis of EMA Items
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Notes. Gaussian graphical model regularised via Lasso. Nodes represent variables and edges
represent partial correlations between variables.
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EMA vs. PROMs: Interchangeable or Complementary?

Closely linked to the question of whether EMA can capture treatment outcomes is its
relationship with established PROMs. In Study |, pooled baseline and end-of-
intervention EMA data did not show group-level treatment effects contrasting with

statistically and clinically significant THI improvements. This discrepancy likely arises
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from differences in assessment timing: the THI was completed before the baseline
EMA phase, with the latter possibly reflecting anticipation effects. Despite this
difference, correlations between individual THI improvements and EMA-derived
change scores revealed strong associations.

In the second study, correlation coefficients between CGI-I scores and EMA
time-series features ranged from small to moderate (r = 0.01-0.36), with a combined
model providing a good fit (McFadden R? = 0.82). In the third study, the TFI
corresponded best with EMA-based trajectory groups, although PROMs generally
indicated more favourable outcomes than EMA, similar to findings in Study .

The observed discrepancies are not surprising, given differences in assessment
schedules, contexts, and psychometric properties. It is thought that EMA and
retrospective measures capture different aspects of the same construct (63). On a
small scale, the different associations of momentary and daily distress in the network
analysis might demonstrate this. Thus, the method should be carefully selected
depending on the theoretical framework of the research question and its respective

limitations in mind.

Does compliance limit feasibility?

Compliance remains a key methodological concern, as EMA participation can be
demanding for patients and may reduce adherence. In this thesis, response rates
varied considerably. While participants in the first study responded on 79% of days on
average, only about 30% of participants reached the 50% compliance threshold in the
RCT dataset used in the second and third study. This difference may be attributable to
study design; The first study involved a small, closely supported pilot sample, whereas
the RCT included nearly 500 participants across multiple centres. A meta-analysis
identified compliance rates as low as 10% in EMA studies, although 57% of studies
reported a compliance of 80% or higher which is likely influenced by publication bias
(179).

Sensitivity analyses in the second and third study indicated that results
remained stable even when participants with lower compliance were included, with
predictive model fits (Study Il) and latent class structures (Study Ill) remaining robust
across compliance levels of 10-50%.

Nevertheless, adequate adherence remains essential for generalisability, as

high-compliance subsamples may result from selection bias. Missing data are probably
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rarely random, as participants in EMA settings may not respond due to deterioration in
their symptoms or general health. Future EMA research should implement strategies
known to enhance compliance, such as reducing questionnaire length, and integrating

financial or psychoeducational incentives (81,179,211).

Addressing within- and between-tinnitus heterogeneity through
methodological approaches

A central aim of this thesis was to evaluate methods for analysing EMA data during
treatment. Because EMA is still relatively new in health research and its analytical
toolbox is evolving, implementation and analysis remain more demanding than with
conventional PROMs (213). As shown in Study I, tinnitus symptoms exhibit
pronounced within-person fluctuations and substantial between-person heterogeneity.
This pattern is often obscured by retrospective assessments but potentially clinically
relevant, given that high tinnitus variability has been hypothesised to contribute to
greater tinnitus severity (72). Raw time-series plots therefore reveal important features
such as non-linearity of symptomatic change or the degree of variability, but are ill-
suited, in their unprocessed form, to quantify treatment success.

The second study developed a methodological pipeline to predict treatment
response from EMA data. To address the high within-person variability, individual
trajectories were summarised into time-series features that capture dynamic
properties. Thus, feature-based time-series analysis, originating in signal processing
and later adopted in medical research (169,170), was applied. Features were pre-
selected based on their potential to capture change which was expected given the
assigned treatments. Next, an ordinal elastic-net regression was implemented to select
and weight time-series features. This approach demonstrates how complex, high-
frequency EMA data can be reduced to interpretable features and linked to clinically
meaningful outcomes. Future studies could build on this by using non-linear and more
advanced machine learning algorithms on larger data sets.

In the third study, the pronounced between-subject heterogeneity observed in
the first study was addressed using a modelling approach that assumes the existence
of latent classes rather than applying a one-size-fits-all algorithm to the entire sample.
Moving-averaged trajectories of tinnitus-related thoughts were used to smooth daily

fluctuations prior to class estimation. This approach identified distinct response and
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non-response patterns, demonstrating how heterogeneity in idiographic dynamics can

be meaningfully aggregated into clinically interpretable subgroups.

Finding the Sweet Spot between ldiographic and Nomothetic
Approaches

Altogether, this thesis positions the integration of idiographic and nomothetic
perspectives as a central methodological challenge and opportunity for future EMA
research. The nomothetic perspective seeks to infer generalisable rules from a
population, typically operationalised through group-level analyses. In contrast, the
idiographic perspective regards each individual as unique, employing individualised
methods to study within-subject variability (3). EMA enables to occupy a conceptual
middle ground between these traditions: it provides intensive within-person data while
also allowing for aggregation across individuals or subgroups. The challenge lies in
identifying the methodological “sweet spot” that preserves individual-specific
information while enabling generalisable clinical insights. Where this balance lies is
likely condition-specific and depends on the degree of heterogeneity within the
disorder.

The empirical studies of this thesis illustrate different ways of navigating this
tension. The first study explored several approaches ranging from visual inspection of
raw individual trajectories to aggregated group-level analyses thereby identifying
weaknesses and advantages of both. The applied study design, a SCED, combines
the idiographic principle of within-person experimental manipulation with the possibility
of generalisation through between-subject replication. The second study applied
feature-based time-series analysis, summarising individual dynamics into
mathematically defined indices that could be analysed at the group level. This method
retains individual information while yielding interpretable, generalisable predictors of
treatment response. The third study clustered individual trajectories into latent
subgroups, thereby identifying groups of patients with similar response patterns. For
the tinnitus network analysis, raw data were person-mean centred to remove between-
subject differences before network estimation. Together, these approaches
demonstrate how idiographic information can be aggregated in a way that still respects
the individual nature of tinnitus experience.

From a broader perspective, EMA-based tinnitus research should strive for such

methodological integration by linking individual symptom trajectories, subgroup
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identification, and group-level inferences. This multilevel approach aligns with
contemporary trends towards personalised and precision medicine while maintaining
the empirical rigour necessary for clinical application (214). Ultimately, identifying this
“sweet spot” offers a pathway to models of tinnitus that are both personally meaningful

and clinically generalisable.

Limitations

This thesis should be interpreted in light of several limitations. It represents one of the
first attempts in tinnitus research to capture treatment effects longitudinally using EMA,
and the first to methodologically examine EMA as a tool for evaluating treatment
outcomes. Consequently, all findings are preliminary and require external validation.

A further limitation concerns the psychometric properties of the UNITI app items,
which have not been systematically validated. Psychometric validation ensures that
items accurately capture the intended psychological or behavioural constructs, thereby
reducing measurement error, improving data quality, and minimising bias (215). That
said, the lack of standardised validation procedures is a broader challenge in EMA
research. EMA measures differ from conventional questionnaires in several respects,
including their repeated administration in real-world contexts, the use of single-item
assessments, and their focus on temporal stability and sensitivity to change. These
are characteristics that extend beyond traditional psychometric frameworks (215). In
tinnitus research, validated single-item VAS may offer a pragmatic alternative for future
studies (216).

In the context of treatment evaluation, EMA should also be scrutinised for
reactivity, meaning that frequent self-monitoring might alter the behaviour or
experience being measured. Although tinnitus distress generally appears stable, some
participants reported increased awareness of their tinnitus during frequent monitoring,
suggesting potential reactivity effects (65,66).

Finally, the general methodological and analytical limitations of EMA discussed

in the introduction also apply to this work.

Future Directions

Recent advances in psychotherapy research apply EMA within an idiographic

framework. One prominent approach is the estimation of idiographic networks from

high-frequency multivariate longitudinal data, typically using vector autoregressive

modelling (217). These person-specific networks capture dynamic interactions
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between symptoms and are thought to reveal the individual pathology underlying a
disorder. The central idea is that identifying highly connected symptoms provide
primary treatment targets, as effectively addressing these symptoms may initiate a
chain reaction that alleviates other symptoms in the network. Network-informed
personalised treatments are currently being piloted, particularly in the context of eating
disorders (218-220), despite already being criticised for their instability (217). At first
glance, this concept appears promising for tinnitus research, given the established
effectiveness of CBT for a subset of patients (37). However, access to therapy remains
rare, highlighting the need for more scalable eHealth solutions (102). For example,
sets of symptom interactions that recur across individuals could inform the design of
modular CBT interventions. These modules could then be delivered in a semi-
personalised manner, guided by EMA-informed idiographic networks.

While idiographic networks are typically estimated from longitudinal data
collected prior to treatment, EMA can also capture symptom dynamics during
treatment, thereby enabling flexible adaptation of treatment plans. This principle is
operationalised in Ecological Momentary Interventions or Just-in-Time Adaptive
Interventions (JITAI), where ambulatory data informs the timely delivery of short
interventions. For example, Garland and colleagues used heart rate variability (HRV)
to trigger mindfulness exercises in chronic pain patients when HRV exceeded one
standard deviation. Although symptoms improved after prompts, adherence was low,
indicating that the nomothetic trigger rule was suboptimal. The authors proposed more
individualised, closed-loop systems that adapt interventions based on biomarker
feedback. Given the pronounced within-subject variability in tinnitus, JITAls represent
a promising approach to alleviating periods of heightened tinnitus distress. Realising
this potential, however, requires progress in identifying individualised treatment
strategies and tailoring intervention triggers to the dynamics of each patient.

Recent shifts towards precision medicine have also reached tinnitus research
(221). Precision medicine, broadly defined, represents a move towards data-informed
tailoring of interventions to the individual patient. Within the UNITI project, an RCT
compared different treatment strategies with the overarching aim of developing a
clinical decision-support system (CDSS) that can empirically guide clinicians and
patients in selecting the most appropriate treatment based on an individual’s clinical
profile (186,222). However, preliminary results remain limited and especially lack

external validation. EMA data offer a promising avenue not only to support such
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validation efforts but also to fine-tune CDSS by continuously monitoring whether
patients remain on track during treatment. A key example comes from psychotherapy
research where Lutz and colleagues developed the Trier Treatment Navigator (TTN),
a decision-support tool that informs clinicians both prior to and during treatment
regarding treatment choices in psychotherapy (223). The TTN employs a nearest-
neighbour algorithm to generate predictions based on baseline information, and
dynamically updates these predictions through regular patient progress assessments.
When a patient deviates from the expected trajectory, the system alerts the therapist
and recommends alternative treatment strategies. Translating this vision to tinnitus
care could involve a CDSS that recommends, for example, HA based on a patient’s
individual profile, while regular EMA or passive sensing data provide continuous
feedback on treatment response. If the patient fails to respond as predicted, the
attending physician could be informed and treatment adaptations initiated. The
identification of latent subgroups in the third study can be regarded as a step towards
precision medicine, as it provides a framework for tailoring treatment strategies to
different patient profiles. Rather than treating tinnitus patients as a homogeneous
group, subgroup modelling allows for more nuanced inferences that can inform
personalised treatment pathways. Importantly, these longitudinal data could also be
fed back into the prediction model, iteratively improving its accuracy and clinical utility

over time.

Conclusion

In summary, this thesis demonstrates that daily symptom monitoring through EMA can
substantially enrich tinnitus research by capturing the temporal complexity of
symptoms and revealing how patients change over the course of treatment. By uniting
idiographic precision with nomothetic generalisability through novel analytical
approaches, EMA opens the door to a more dynamic, personalised, and clinically

relevant understanding of tinnitus.
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Supplementary Material

Table S1. EMA Items and Naming Conventions of Study | - lli

Question (EMA/EDD) | VAS scale Naming | Naming Study Il | Naming

[lowest anchor | Study|l | (Abbreviation) Study I

- highest

anchor]
How burdensome do not burdensome | Tinnitus | Momentary Momentary
you find your tinnitus at | — very distress | tinnitus distress tinnitus
the moment? (EMA) burdensome (t-distress) distress
To what extent did you | notatall — Daily tinnitus Daily tinnitus
feel affected by the the whole day distress distress
tinnitus today? (EDD) (t-distress-day)
How loud is your inaudible — Tinnitus | Momentary Momentary
tinnitus at the moment? | very loud loudness | tinnitus loudness | tinnitus
(EMA) (t-loudness) loudness
What was the inaudible — Maximum tinnitus | Maximum
maximum tinnitus very loud loudness tinnitus
volume today? (EDD) (t-loudness-max) | loudness
How often have you not at all — Tinnitus-related Tinnitus-
thought about tinnitus the whole day thoughts related
today? (EDD) (t-thoughts) thoughts
What emotion would [sad emoji] — Happiness Negative
you use to describe [happy emaiji] Emotion*
today? (EDD)
How tense does your not at all tense — Jaw tension Jaw tension
jaw feel right now? very tense (jawbone)
(EMA)
How much did you not at all — Movement Movement
move today? (EDD) very much
How tense does your not at all tense — Neck tension Neck tension
neck feel right now? very tense (neck)
(EMA)
How stressed did you not at all Stress Stress
feel today? (EDD) stressed —

very stressed

Note. EMA: Ecological Momentary Assessment question; EDD: End-of-day diary question.
Questions were answered on a continuous visual analogue scale ranging from 0-100 (numbers were
invisible to the patient). *Coding was reversed to standardise interpretation that higher scores indicate

higher burden

Table S2. EMA subset Demographics (Study )

Participant demographics

Participants N=14
Female, n (%) 6 (42.9%)
Age in years, mean (range) 52.7 (33 — 68)
PHQ-9, mean (SD) 5.6 (3.7)
Tinnitus characteristics

THI, mean (SD) 38.1 (15.8)
Tinnitus duration in months, mean (range) 184 (20 — 350)
GUEF Hyperakusis, mean (SD) 10.8 (6.7)
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Table S3. Comparison of 50% App Compliance Subsample with entire RCT

Sample (Study Il)

50% compliance RCT
(N = 129) (N = 461) p value
Sex
female 61 (47.3%) 190 (41.2%) 0.258
male 68 (52.7%) 271 (58.8%)
Age (years)
Mean (SD) 54.8 (12.1) 51.1 (12.4) 0.002
Median [Min, Max] 56.0 [23.0, 77.0] 53.0[19.0, 77.0]
Tinnitus duration (months)
Mean (SD) 132 (117) 119 (113) 0.31
Median [Min, Max] 105 [6.00, 480] 84.0 [6.00, 480]
THI score baseline
Mean (SD) 48.6 (19.6) 48.0 (19.7) 0.738
Median [Min, Max] 46.0 [18.0, 94.0] 46.0 [8.00, 96.0]
TFI score baseline
Mean (SD) 51.5(21.2) 48.6 (20.3) 0.159
Median [Min, Max] 54.0 [4.00, 94.0] 49.0 [2.00, 95.0]
PHQ-9 score baseline
Mean (SD) 7.73 (5.02) 7.32 (4.87) 0.42
Median [Min, Max] 7.00 [0, 23.0] 7.00 [0, 27.0]
CGl-I score final visit
very much better 4 (3.1%) 16 (3.5%) 0.854

much better

22 (17.1%)

56 (12.1%)

minimally better

33 (25.6%)

112 (24.3%)

no change 50 (38.8%) 132 (28.6%)
minimally worse 18 (14.0%) 43 (9.3%)
much worse 2 (1.6%) 5(1.1%)

Note. Plus—minus values are means £ SD. THI = Tinnitus Handicap Inventory; TFI = Tinnitus Functional
Index; PHQ-9 = Patient Health Questionnaire for Depression; CGI-I = Clinical Global Impression Scale

— Improvement. Final visit: 12 weeks after baseline (treatment end).
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Table S4. Coefficients of the Main Model (Study II)

Feature Log odds Odds ratio
t-thoughts linearity 0.18 1.20
jawbone _linearity 0.16 1.17
t-distress-day_flatspots -0.07 0.93
t-loudness _lumpiness -0.06 0.95
t-loudness-max_linearity 0.06 1.06
t-loudness_linearity 0.03 1.04
happiness_linearity -0.03 0.97

Note. Log odds of the ordinal logistic regression with elastic net regularization and 5-fold cross-validation. Outcome:

CGl-Il, Predictors: EMA times-series features.

Figure S1. Model results with minimal 55% completion rate (N = 125) (Study II)
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Note. N = 125, Lambda = 0.19, Loglik = -36.4. Log odds of the ordinal logistic regression with elastic net
regularization and 5-fold cross-validation. Outcome: CGI-l, Predictors: EMA times-series features.

Figure S2. Model results with minimal 60% completion rate (N = 113) (Study II)
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Note. N = 113, Lambda = 0.15, Loglik = -30.8. Log odds of the ordinal logistic regression with elastic net
regularization and 5-fold cross-validation. Outcome: CGI-l, Predictors: EMA times-series features.
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Figure S3. Model results with minimal 65% completion rate (N = 102) (Study II)
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Note. N = 102, Lambda = 0.004, Loglik = -74.8. Log odds of the ordinal logistic regression with elastic net
regularization and 5-fold cross-validation. Outcome: CGI-l, Predictors: EMA times-series features.
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Figure S4. Model results with minimal 70% completion rate (N = 91) (Study II)
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Note. N =91, Lambda = 0.04, Loglik =-41.3. Log odds of the ordinal logistic regression with elastic net regularization
and 5-fold cross-validation. Outcome: CGI-I, Predictors: EMA times-series features.
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Figure S5. Model results with minimal 75% completion rate (N = 75) (Study II)
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Note. N =75, Lambda = 0.19, Loglik =-21.2. Log odds of the ordinal logistic regression with elastic net regularization
and 5-fold cross-validation. Outcome: CGl-I, Predictors: EMA times-series features.

Figure S6. Model results with minimal 80% completion rate (N = 64) (Study II)
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Note. N =64, Lambda = 0.19, Loglik =-16.0. Log odds of the ordinal logistic regression with elastic net regularization
and 5-fold cross-validation. Outcome: CGl-I, Predictors: EMA times-series features.

Figure S7. Model results with minimal 85% completion rate (N = 53) (Study II)
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Note. N =53, Lambda = 0.37, Loglik =-12.9. Log odds of the ordinal logistic regression with elastic net regularization
and 5-fold cross-validation. Outcome: CGI-l, Predictors: EMA times-series features.
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Figure S8. Model results with minimal 90% completion rate (N = 37) (Study II)
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Note. N = 37, Lambda = 0.51, Loglik = -9.0. Log odds of the ordinal logistic regression with elastic net regularization
and 5-fold cross-validation. Outcome: CGI-I, Predictors: EMA times-series features.

Figure S9. Distribution of tinnitus-related thoughts (Study lll)
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Table S5. Guidelines for Reporting on Latent Trajectory Studies (GRoLTS)
Checklist (Study lil)

Checklist item reported
1. Is the metric of time used in the statistical model reported? yes
2. Is information presented about the mean and variance of time within a wave? | yes
3a. Is the missing data mechanism reported? yes

3b. Is a description provided of what variables are related to attrition/missing | yes
data?
3c. Is a Description Provided for How Missing Data Were Handled in the | yes
Analyses?
4. Is information about the distribution of the observed variables included? yes
5. Is the software mentioned? yes
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6a. Are alternative specifications of within-class heterogeneity considered (e.g., | yes
LGCA vs. LGMM) and clearly documented? If not, was sufficient justification
provided as to eliminate certain specifications from consideration?

6b. Are Alternative Specifications of the BetweenClass Differences in Variance— | yes
Covariance Matrix Structure Considered and Clearly Documented?
7. Are Alternative Shape and Functional Forms of the Trajectories Described? | yes
8. If Covariates Have Been Used, Can Analyses Still Be Replicated? yes
9. Is Information Reported About the Number of Random Start Values and Final | yes
Iterations Included?
10. Are the model comparison (and selection) tools described from a statistical | yes
perspective?
11. Are the total number of fitted models reported, including a one-class | yes
solution?
12. Are the number of cases per class reported for each model (absolute sample | yes
size, or proportion)?
13. If classification of cases in a trajectory is the goal, is entropy reported? yes
14a. Is a plot included with the estimated mean trajectories of the final solution? | yes
14b. Are plots included with the estimated mean trajectories for each model? yes
14c. Is a plot included of the combination of estimated means of the final model | yes
and the observed individual trajectories split out for each latent class?
15. Are characteristics of the final class solution numerically described (i.e., | yes
means, SD/SE, n, ClI, etc.)?
16. Are the syntax files available (either in the appendix, supplementary | yes
materials, or from the authors)?

Table S6. Correlation with missingness (Study lll)

variable correlation p value adjusted p value
CGl-l 0.06 0.46 1.00
THI score baseline 0.10 0.25 1.00
THI score final visit 0.02 0.85 1.00
TF1 score baseline 0.03 0.74 1.00
TF1 score final visit -0.06 0.50 1.00
PHQ9 score baseline 0.05 0.52 1.00
PHQ9 score final visit 0.09 0.30 1.00
Age -0.26 0.00 0.02
Extraversion 0.02 0.78 1.00
Agreeableness -0.06 0.47 1.00
Conscientiousness -0.02 0.85 1.00
Neuroticism 0.06 0.46 1.00
Openness -0.01 0.86 1.00
Hearing loss (PTA4) -0.03 0.70 1.00

Note. Correlation of patient characteristics with amount of missingness in EMA data to check for a systematic
pattern of missingness. P values were corrected according to Holm.
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Figure S10. Relative Fit of Growth Mixture Models (Study lll)

a) Relative fit (linear model) b) Relative fit (spline model)
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Notes. Better relative fit of spline models than linear models. Due to asymptotic reduction of AIC and BIC among
spline models, more weight was put on clinical interpretability in the selection of the final model. The linear eight-
class model did not converge.

Figure S11. Model Selection Based on Clinical Interpretability (Study Ill)

a) Latent Trajectories of the Three-Class Model b)  Latent Trajectories of the Four-Class Model
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c) Latent Trajectories of the Five-Class Model
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Notes. Trajectories depict estimated values, transparent bars are 95% Cls. Results were derived from growth
mixture analysis estimating trajectories of tinnitus-related thoughts during treatment with varying number of latent
classes.
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Table S7. Model Selection Based on Entropy, Class Size, and PPM (Study lll)

Model Entropy Class Size Posterior Probability of
Membership
Three-class 0.91 Class 1 25.9% Class 1 0.98
Class 2 27.2% Class 2 0.98
Class 3 46.9% Class 3 0.98
Four-class 0.97 Class 1 18.4% Class 1 >0.99
Class 2 40.1% Class 2 0.99
Class 3 20.4% Class 3 >0.99
Class 4 21.1% Class 4 0.99
Five-class 0.96 Class 1 15.0% Class 1 >0.99
Class 2 10.9% Class 2 0.99
Class 3 35.4% Class 3 0.98
Class 4 19.7% Class 4 0.99
Class 5 19.1% Class 5 0.99

Notes. Models were derived from growth mixture analysis estimating trajectories of tinnitus-related thoughts
during treatment with varying number of latent classes.

Figure S12. Observed Trajectories for Each Class (Study lll)
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Note. The bold trajectories depict estimated values, transparent bars are 95% Cls. The transparent lines depict the

observed trajectories.
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Figure S13. Latent Trajectories of the Sensitivity Analysis (Study Ill)

a)  Min. 50% Compliance (N = 147)

b)  Min. 10% Compliance (N = 249)
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Notes. Comparison of results of the growth mixture analysis with two different cut-off values regarding compliance.
The analysis in a) included participants with at least 50% compliance to the EMA protocol, the analysis in b) included
participants with at least 10% compliance to the EMA protocol. Trajectories depict estimated values, transparent
bars are 95% Cls.

Table S8. Comparison of Subsamples to the RCT Sample on Baseline

Characteristics (Study lll)

Baseline . 50% adjusted

Characteristics 10% compliance compliance RCT sample va7ue pjvalue
Gender

female 110 (44.2%) 66 (44.9%) 195 (40.8%) | .540 |1.00

male 139 (55.8%) 81 (55.1%) 283 (59.2%) |.540 |1.00
Age 51.92 (12.66) 54.72 (11.86) | 50.95 (12.42) | .010* | 0.07
THI score 49.05 (20.06) 49.17 (20.29) |48.02 (19.73) | .730 |1.00
PHQ9 score 7.62 (5.19) 7.58 (4.93) 7.35 (4.87) .750 |1.00
Hearingloss
(PTA4) 19.28 (15.98) 20.61 (16.6) 19.21 (15.38) | .630 | 1.00
Tinnitus duration 136.18 119.48
(in months) 124.33 (113.61) (120.98) (113.37) 330 | 1.00
Extraversion 40.37 (7.25) 39.29 (6.84) 40.6 (7.53) 170 11.00
Agreeableness 47.51 (6.18) 47.18 (6.17) 47.1 (5.97) .700 |1.00
Conscientiousness | 47.06 (8.16) 46.94 (8.08) 47.19(7.94) |.940 |1.00
Neuroticism 34.4 (8.16) 34.19 (8.27) 34.85(8.07) |.630 | 1.00
Openness 44.35 (7.6) 43.72 (7.48) 4449 (7.63) |.580 | 1.00

Note. THI score range: 0-100. PHQ-9 score range: 0-27. PTA4: Average hearing threshold at the frequencies 500
Hz, 1 kHz, 2 kHz and 4 kHz. BFI-2 dimensions score range: 12-60.
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Figure S14. Trajectories of Remaining Symptoms Across Classes (Study lll)

a) Symptom Trajectories for Class 'Deterioration’ b) Symptom Trajectories for Class 'Stable Course'
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Notes. Trajectories are mean values of pre-processed individual time-series (seven-day moving average),
transparent bars are 95% Cls. All symptoms were rated on a visual analogue scale from 0 — 100.

Figure S15. Trajectories of Remaining Symptoms Across Classes (Study lll)
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Note. Dots depict weekly average correlations between maximum tinnitus loudness and daily tinnitus distress (raw
values) for each class.
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Table S9. Dropouts and discontinuation during treatment by class (Study lll)

Class N %
Deterioration 4 14.8
Stable Course 5 8.5
Early Improvement 1 3.3
Late Improvement 5 16.1
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