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1. Introduction

Movement disorders include a wide and heterogeneous variety of signs and syn-
dromes, which are classified as hyperkinetic [1] and hypokinetic disorders [2]. Diagnoses
of both hyperkinetic and hypokinetic movement disorders are still based on clinical eval-
uation [1,3]. Indeed, hyperkinetic movement disorders should be classified according to
their time features (rthythmicity, speed, and duration of the muscular contraction), space
characteristics (body distribution, muscular pattern, and amplitude of the movement),
and body state (action/rest, eventual suppressibility, and wakefulness) [4]. Conversely,
bradykinesia, rest tremors, and rigidity represent the cardinal motor symptoms for the
diagnosis of the parkinsonian syndrome [3]. However, especially for Parkinson’s disease
(PD), diagnostic accuracy is notably influenced by a significant error rate [5], which is
related to the lack of objective biomarkers for the in vivo diagnosis of PD. A quantitative
and objective analysis of motor performances appears to be a necessary approach [6-8].
For this purpose, the integration of Artificial Intelligence (AI) to smart devices has shown
potential for improving diagnostic accuracy, facilitating both in-clinic and at-home as-
sessments of motor performances of movement disorders [9,10]. Pertaining to diagnoses,
smart devices have demonstrated the possibility of identifying a whole variety of motor
symptoms, such as bradykinesia [11,12], rigidity [13,14], tremors [15-18], gait, balance and
posture [12,19-21], and motor complications [22], even at home [23,24]. Nevertheless, the
therapeutic side can also be frustrating due to a lack of information related to the whole-day
motor state fluctuation, since the clinical visit can last from 30 min to 1 h and therefore
can only evaluate a small piece of the day. However, a significant effort is still required to
produce solid normative data for a clinical validation on a large scale.

In this Special Issue, we embark on a journey through the multifaceted world of
movement disorders, capturing the various contributions of studies that focus on improving
both the diagnostic and the therapeutic aspects of movement disorders. This Special Issue
contains seven articles and four reviews, which are briefly discussed in the next paragraph.

2. Overview of Published Articles

Clinical neurophysiology and genetics could help in the diagnostic process of one of
the most studied hyperkinetic disorders, namely dystonia (Contributor 1). On this topic,
Rogi¢ Vidakovi¢ et al. (Contributor 2) propose a narrative review and case reports on
focal laryngeal dystonia, highlighting innovative treatment approaches such as transcra-
nial magnetic stimulation (TMS). Pinero-Pinto et al. (Contributor 3) present a narrative
review, and discuss the interplay between motor skills and visual deficits in develop-
mental coordination disorder, broadening our understanding of this complex condition.
Regarding hypokinetic movement disorders, Heimrich et al. (Contributor 4) propose an
innovative network analysis, which delves into the often-overlooked non-motor symptoms
in Parkinson’s disease (PD) and their profound impact on patients” quality of life. Adding a
technological dimension to the diagnosis of Parkinson’s disease, di Biase et al. (Contributor
5) utilize a high-density EEG to explore brain connectivity in these patients, offering a
novel diagnostic perspective. In light of objective symptom evaluations, Vilas-Boas et al.
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(Contributor 6) provide a fascinating case series on gait analysis using an optical system and
force platforms in hereditary amyloidosis patients, a study that underscores the importance
of comprehensive and quantitative symptom assessment. During recent decades, different
advanced therapeutic techniques have been developed in order to also face motor problems,
not only in terms of hyperkinetic movement disorders, but also of hypokinetic disorders
like PD [25-31]. A well-established and innovative treatment for movement disorders is
Deep Brain Stimulation (DBS), which has been found to be a successful application for the
treatment of both various hyperkinetic movement disorders [32] and PD [33]. In terms of
the treatment aspect of movement disorders, Hefter et al. (Contributor 7), shed light on the
differential recovery timelines of brain and liver dysfunctions in Wilson’s Disease, a well-
known cause of secondary dystonia, highlighting the complexities of treatment responses.
On the same topic, Woimant et al. (Contributor 8) examine Trientine salts in the treatment of
Wilson’s Disease, offering hope for management strategies. In a similar vein to addressing
treatment challenges, Gonzdlez-Herrero et al. (Contributor 9) retrospectively study and
critically evaluate the treatment options for dystonic tremors of the upper limbs, a condition
that often puzzles clinicians. In a shift towards treatment innovations, Szczakowska et al.
(Contributor 10) review the role of Deep Brain Stimulation (DBS) in managing tardive
dyskinesia, a challenging and often distressing condition. Finally, Kim et al. (Contributor
11) provide valuable insights into the treatment changes and prognoses of drug-induced
parkinsonism, a pressing concern in clinical practice, especially in South Korea.

3. Future Directions

Together, these papers not only advance our understanding of movement disorders,
but also open new avenues for research and clinical practice. Different strategies have been
proposed by the authors, ranging from neurophysiological to machine learning approaches.
However, new therapeutic insights for movement disorders will probably arise from the
evidence of sensibility of the neurons to not only pharmacological stimulation, but also
to electrical [34], magnetic [35], or ultrasound stimulations [36]. Beyond the objective
analyses, the possibility of real-time monitoring of a patient affected by a movement
disorder (especially PD) throughout the course of the whole day could also increase the
reliability of clinical assistance. Knowledge of the motor state variability of such a complex
patient during the day could lead to tailored therapy, avoiding motor complications such
as levodopa-induced dyskinesias or underdosed levodopa regimens [37,38]. Biochemical,
neurophysiological, and wearable sensor data could be part of a multiparametric modular
sensing system that regulates therapy according to the motor state [39,40].
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Abstract: Dystonia diagnosis is based on clinical examination performed by a neurologist with
expertise in movement disorders. Clues that indicate the diagnosis of a movement disorder such as
dystonia are dystonic movements, dystonic postures, and three additional physical signs (mirror
dystonia, overflow dystonia, and geste antagonists/sensory tricks). Despite advances in research,
there is no diagnostic test with a high level of accuracy for the dystonia diagnosis. Clinical neuro-
physiology and genetics might support the clinician in the diagnostic process. Neurophysiology
played a role in untangling dystonia pathophysiology, demonstrating characteristic reduction in inhi-
bition of central motor circuits and alterations in the somatosensory system. The neurophysiologic
measure with the greatest evidence in identifying patients affected by dystonia is the somatosensory
temporal discrimination threshold (STDT). Other parameters need further confirmations and more
solid evidence to be considered as support for the dystonia diagnosis. Genetic testing should be
guided by characteristics such as age at onset, body distribution, associated features, and coexistence
of other movement disorders (parkinsonism, myoclonus, and other hyperkinesia). The aim of the
present review is to summarize the state of the art regarding dystonia diagnosis focusing on the role
of neurophysiology and genetic testing.

Keywords: dystonia; clinical diagnosis; neurophysiology; genetics

1. Introduction

Dystonia is a term used to identify hyperkinetic movement disorders in which dystonia
is the prominent feature. However, dystonia can also be present in other conditions.
According to the etiology, dystonia can be distinguished as acquired, inherited, or idiopathic.
The diagnosis of dystonia is based on clinical examination conducted by physicians with
expertise in movement disorders through a careful examination of the phenomenology
of the condition that allows for a classification of dystonia. For the diagnosis of dystonia
syndrome, the examiner should follow the definition of dystonia approved in the last
expert consensus [1], articulated in three subdefinitions:

1.  Dystonia is a movement disorder characterized by sustained or intermittent muscle
contractions causing abnormal, often repetitive, movements, postures, or both.

2. Dystonic movements are typically patterned, twisting, and may be tremulous.

3. Dystonia is often initiated or worsened by voluntary action and associated with
overflow muscle activation.

The examiner should focus on the classic five physical signs of dystonia syndromes:
two main physical signs (dystonic movements and dystonic posture) and three additional
physical signs (mirror dystonia, overflow dystonia and geste antagonists/sensory tricks) [2,3].
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The role of laboratory analysis, neuroimaging studies, neurophysiology, and genetic
tests is to support the etiology definition of the disease, according to the Axis II of Dystonia
classification [1,4].

The aim of the present review is to summarize the state of the art regarding dystonia
diagnosis focusing on the role of neurophysiology and genetic testing.

2. Clinical Neurophysiology

Clinical neurophysiology techniques such as EMG mapping [2,5] allow clinicians
to support the diagnosis of dystonia and to explore the activity of individual muscles
which is not always easy to achieve with a clinical inspection alone. In addition, clinical
neurophysiology with different techniques, such as transcranial magnetic stimulation
(TMS) [6,7], transcranial direct current stimulation (tDCS) [8,9], or the newest transcranial
focused ultrasound stimulation (tFUS) [10-12], allow clinicians to explore in a non-invasive
way the brain functions In recent years, these techniques have been widely used as tools to
characterize distinctive features and improve diagnostic accuracy for different movement
disorders [13], particularly parkinsonian syndromes [14-16], tremor syndromes [17-19],
myoclonus [20], and dystonia [21]. The literature includes several studies that use different
neurophysiological tests to assess dystonia [22] (Table 1). Despite the amount of evidence,
most of the studies on dystonia neurophysiology have a small sample size and focus on
specific forms of dystonia (e.g., DYT-TOR1A); therefore, results are not always generalizable
to all forms of dystonia. Neurophysiology assessment is not formally included in the
diagnostic process [1]; however, neurophysiological tests can support the diagnosis.

Since the early 1980s, neurophysiology has been used to characterize dystonia patho-
physiology. Most studies were performed in focal hand dystonia (FHD) [22]. At first,
dystonia was classified as a basal ganglia (BG) disorder; however, in recent years, evidence
points to a disorder arising from a complex network system involving the cerebral cortex
(motor and sensory area), the basal ganglia, the brainstem, and the cerebellum [43,44],
suggesting that is it possible that several structures could be simultaneously involved in
the pathogenesis of dystonia subtypes [43,44].

The electromyographic (EMG) pattern observed in dystonia patients records simulta-
neous activation of agonist and antagonist muscles (co-contraction), prolonged duration of
EMG bursts, and involuntary overflow activation of muscles not directly involved in the
movement [3,23].

The most relevant neurophysiological feature shared by all dystonia subtypes is the
reduced inhibition of central motor circuits [22]. This is demonstrated by characteristics
in several structures: (1) at the subcortical level, a reduction of presynaptic inhibition in
the spinal cord has been reported in patients with FHD [24]; (2) at the brainstem level, - a
reduced inhibition in the blink reflex recovery cycle in blepharospasm patients [25] and
an impairment of the trigeminocervical reflex produced by infraorbital nerve stimulation
in torticollis patients was noted [26]; and (3) at the motor cortex level, a loss of inhibition
was demonstrated with several transcranial magnetic stimulation (TMS) protocols. Sev-
eral studies reported abnormalities in dystonic patients of paired pulse protocol as short
intracortical inhibitions (SICI), that is, an inhibition of motor cortex response produced
by a subthreshold conditioning stimulus followed by a supra-threshold stimulus. SICI is
reduced in different subtypes of dystonia [27-29]. Reduced transcallosal inhibition was
also demonstrated in FHD patients with mirror dystonia. In these patients, stimulation of
one hemisphere does not suppress motor responses evoked by a stimulus delivered about
10 ms later over the contralateral hemisphere, as observed in normal subjects [30]. Finally,
the duration of the cortical silent period (SP), the inhibition of ongoing muscular activity
produced by a TMS pulse during muscle contraction, is reduced in dystonic patients [31],
and the lack of suppression could be related to some specific tasks [32].

In recent years, the relevance of the cerebellum in dystonia’s pathophysiology has been
investigated [45]. The eye blink classic conditioning (EBCC) protocols consist of electric
stimulation of the supraorbital nerve. This protocol that involves cerebellar circuits shows
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impairment in focal dystonia patients [33], while it is normal in inherited dystonia caused
by the DYT-TOR1A and DYT-THAP1 gene mutation [34]. A further test evaluates the motor
cortex inhibition produced by cerebellar stimulation. In control subjects, stimulation of one
cerebellar hemisphere produces a suppression of the contralateral motor cortex at intervals
between 5 and 10 ms [46]. Cerebellar inhibition is impaired in dystonic patients [35].

Table 1. Main neurophysiological findings in dystonia.

Neurophysiological Test Results Accuracy Ref.
Prolonged bursts
EMG Co-contraction agonist and antagonist muscles NA [23]
Overflow to other muscles
o Spinal cord reciprocal inhibition Reduced reciprocal inhibition NA [24]
)
= Blink reflex recovery cycle Reduced inhibition of R2 component NA [25]
)
3:; Short latency
- trigemino-sternocleidomastoid Impairment of the trigemino-cervical reflex NA [26]
2 response
o]
SICI Reduced in most studies NA [27-29]
THI Loss of suppression NA [30]
SpP Reduced NA [31,32]
g Impaired in primary focal dystonia
% EBCC Normal in DYT-TOR1A and DYT-THAP1 NA [33,34]
2 dystonia
J CBI Absent NA [35]
Increased SD threshold in blepharospasm, CD,
R GOT FHD NA [36]
& Normal in DYT-TOR1A
E CD compared to ET:
s e  <67ms:
g . . .
& Abnormally 1r'1crease<‘:l STDT (higher in CD 100% Sens
< STDT patients with tremor). 100% NPV [37]
[ No statistical differences between CD and PD °
§ ° >120 ms
& 100% Spec, 100% PPV
TVR Abnormally increased NA [38]
o
2 Abnormally increased in dystonic patients
& o PAS Normal in functional dystonia and NA [39]
=] DYT-TORIA carrier
R
==
HE-RSS Reduced inhibition NA [40]
8
Ei
S LEP recordings (GPi) Synchronized activities in 4-10 Hz band NA [41,42]
|
=
-]

Legend: CBI: cerebellar brain inhibition; CD: cervical dystonia; EBCC: eyeblink classic conditioning; EMG:
electromyography; ET: essential tremor; GOT: grating orientation task; HF-RSS: high-frequency repetitive so-
matosensory stimulation; THI: inter-hemispheric inhibition; NA: not available. NPV: negative predictive value;
PAS: paired associative stimulation; PD: Parkinson’s disease; PPV: positive predictive value; Sens: sensitivity; SD:
spatial discrimination; SICI: short intra-cortical inhibition; SP: silent period; Spec: specificity; STDT: somatosensory
temporal discrimination threshold; TVR: tonic vibration reflex.

Traditionally, dystonia was referred to as a motor disorder; however, several recent
studies have provided evidence on the role of the somatosensory system in dystonia
pathogenesis. Several studies suggested that abnormalities in the somatosensory system
are present in almost all dystonic patients, and several neurophysiology tests investigated
these findings. The most relevant discovery is the abnormality in the somatosensory
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temporal discrimination threshold (STDT) [37]. STDT represents the shorter interval at
which two different stimuli are perceived as separate. Cervical dystonia (CD) patients have
abnormally increased STDT, and the effect seems higher in CD patients with tremor. In a
validation study, 51 CD were compared to essential tremor (ET) patients and Parkinson’s
disease (PD) patients. The authors found that compared to ET patients, if STDT is <67 ms,
it has 100% sensitivity and 100% negative predictive value, while if STDT is >120 ms,
it has 100% specificity and 100% positive predictive value to differentiate ET from CD.
However, no statistically significant differences were found between the PD and CD groups
even though evidence suggests that STDT is normal in the early PD phase and becomes
abnormal in later stages, while STDT is abnormally increased from the first stages of
dystonia disease. Another important feature in dystonic patients is the somatosensory
discrimination threshold tested with a grating orientation task (GOT) that is a measure of
spatial tactile discrimination. These parameters results increased in all idiopathic forms
of dystonia, while they are normal in inherited disease cases [36]. Proprioception is also
altered in dystonic patients as demonstrated by an abnormally increased tonic vibration
reflex (TVR) [38]. Moreover, a study demonstrated that dystonic patients have kinanesthesia
impairment seen as abnormal perception of the Aristotle’s illusion, suggesting cortical
impairment of somatosensory processes [47]. One possible cause of all these abnormalities
could be a deficit in the lateral (or surround) inhibition process, as demonstrated by a
somatosensory-evoked potential (SEPs) study [48].

Finally, another possible contribution to dystonic pathophysiology is represented
by maladaptive plasticity. Abnormal sensory-motor plasticity was demonstrated using
a paradigm termed paired associative stimulation (PAS) In this TMS protocol, cortical
stimulation is paired with peripheral nerve stimulation at an interstimulus interval of
25 ms resulting in long-term potentiation-like phenomenon (LTP). This form of LTP is
pathologically enhanced in FHD [39]. Maladaptive plasticity could be a key factor in the
development of dystonic symptoms and a peculiar feature of dystonic patients as suggested
by other studies that did not find the same increased plasticity in DYT-TOR1A carrier sub-
jects [49] and in psychogenic dystonia patients [50]. A pronounced increase of PAS-related
plasticity was also reported in Costello syndrome, a genetic syndrome characterized by
pronounced dystonia [51,52]. Furthermore, evidence of abnormal plasticity in dystonic
patients was highlighted with the use of high-frequency repetitive somatosensory stimu-
lation (HE-RSS) [40]. HF-RSS is a repetitive electric stimulation delivered though surface
electrodes on the skin that enhances inhibitory sensorimotor processes. In HS, it usually
increases inhibition, while in CD patients inhibition is reduced.

Although all this evidence suggests that dystonia is a complex network disorder in-
volving the brainstem, the basal ganglia, the thalamus, the cortex, and the cerebellum [44],
originally dystonia was referred to as basal ganglia disease. Several trials point out that elec-
trical modulation of the basal ganglia network through continuous deep brain stimulation
(DBS) in internal globus pallidus (GPi) could improve generalized dystonia symptoms [53].
DBS electrodes were also used to invasively record synchronized neuronal activities, point-
ing out that in line with other movement disorders, pathological basal ganglia oscillatory
activities [54] can be found in dystonic patients [41,42]. This invasive recording of local field
potentials (LFP) of basal ganglia revealed that GPi and external globus palidus (GPe) have
a decreased discharge rate and irregular firing in dystonic patients [55,56]. In addition, LFP
studies demonstrated that pallidus nuclei of dystonic patients show excessive synchronized
activities in the 4-10 Hz frequency band [42].

The study of oscillatory activities in neurological disorders [54] revealed new patholog-
ical biomarkers in recent years. Several authors suggested that these abnormalities could
be used as biomarkers to deliver electrical DBS only in response to pathological neuronal
oscillation (adaptative DBS-aDBS). This technique was mainly evaluated in Parkinson’s
disease patients [57-59] in which LFP monitoring could be supported by multiparamet-
ric [60] motor symptoms monitoring [61-63] with the assistance of artificial intelligence
algorithms [64]. It has been suggested that this protocol could be translated to dystonic
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patients with specific biomarkers, such as GPi LFPs theta-alpha band activity [41,42,53],
in combination with dystonic muscle activity monitoring through subcutaneous EMG or
wearable accelerometer devices [53].

3. Dystonia Genetics

Dystonia genetics is a wide field with continuous updates. After the first description
of DYT-TOR1A, several other genes have been proposed as linked with the dystonia
phenotype [65]. As in other fields of genetics, after the first years focused on the genetic
marker, the focus is moving on to proteomics, searching the causal link between the protein
produced by these genes and the phenotype of dystonia. Camargos and Cardoso [66]
proposed a model of the “dystonia cell” linking the dystonic genes to the proteins function
(Figure 1), based mainly on the classic DYT nomenclature.

The classic DYT nomenclature is based on locus symbols (e.g., DYT 1) and has been
used for several years. It is still used in literature and clinical practice [67]. However, the
system of locus symbols has been challenged by advances in techniques of genetics research
that allow us to define the causative gene, as explained by Marras et al. [68], and the need
to renovate the nomenclature system has arisen. The MDS Task Force for the Nomenclature
of Genetic Movement Disorders proposed new recommendations, whose use in research
and clinical practice is strongly encouraged [69]. This new nomenclature strictly connects
the prefix to the predominant phenotype and considers the causative gene rather than the
locus symbols (e.g., DYT 1 is now named DYT-TOR1A) [4]. The prefix DYT is used only if
dystonia is the prominent disease feature due to a pathogenetic mutation [69]. Otherwise,
if another movement disorder is a prominent feature along with dystonia, a double prefix
would be assigned (e.g., DYT/PARK-ATP1A3). Indeed, genetic dystonia can be isolated
or combined with other movement disorders such as parkinsonism, myoclonus, or other
hyperkinesia (Figure 2).
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Figure 1. The “dystonia cell” describe the cellular pathway involved in genetic dystonias (modified
under the terms and conditions of the Creative Commons Attribution (CC BY) license from [66]).
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Figure 2. Isolated and combined genetic forms of dystonia [69].

Moreover, in the proposed nomenclature and in the last consensus update on dystonia,
the term complex dystonia is used, referring to conditions in which dystonia predominates
the clinical phenotype but occurs in the context of a complex disease including symptoms
other than movement disorders [1,69]. For example, Wilson disease is named according to
the proposed nomenclature with a DYT prefix (DYT-ATP7B), and the same happens for
Lesch-Nyhan syndrome and other infantile and childhood onset disease [69]. Given that
most of isolated hereditary dystonia is recognized as an autosomal dominant inheritance,
the mode of transmission cannot be used as the only criterion to make a differential
diagnosis. To guide the clinician towards a genetic diagnosis of dystonia, at least clinical
phenotype and age of onset should be considered (Table 2). If dystonia dominates the
clinical picture, one of the isolated dystonias may be considered, and the gene mutations
involved may be DYT-TOR1A, DYT-THAP1, DYT-GNAL, DYT-ANO3, DYT-KMT2B, DYT-
TUBB4A, DYT-HPCA, and DYT-PRKRA [70]. The last-mentioned dystonia is a controversial
classification, as it is considered as combined dystonia by some authors [71] and as isolated
dystonia by others [70]. Indeed, despite parkinsonism being described in about half the
patients, it seemed to be caused not by true parkinsonian features, but by slow movements
of dystonic body parts [70]. The isolated form of dystonia could be distinguished according
to the age of onset, body distribution, temporal pattern, associated features, responses to
drugs, response to DBS, and brain imaging. Regarding age of onset, in infancy, childhood,
and adolescence DYT-TOR1A, DYT-THAP1, DYT-KMT2B, DYT-TUBB4A, DYT-PRKRA,
and DYT-HPCA are more probable, while DYT-ANO3 and DYT-GNAL begin in early
adulthood. In particular, DYT-ANQO3 recognizes two peaks of the age of onset: one in
infancy/childhood and one in early-late adulthood [70]. Age at onset may by modified
by several aspects, e.g., penetrance as is the case of DYT-TOR1A [72]. Hence, age of
onset alone cannot be used as the only criteria to orient the diagnosis. According to
body distribution, generalized forms of isolated dystonia are mainly due to DYT-TOR1A,
DYT-THAP1, DYT-KMT2B, DYT-HPCA, and DYT-PRKRA. Among these, DYT-TORI1A,
DYT-HPCA, and DYT-KMT2B usually begin in the lower limbs asymmetrically with
secondary generalization. In contrast, DYT-THAP1 may initiate in the upper part of the
body, involving cranio—cervical districts, speech difficulties, and the upper limbs, with
successive generalizations [73]. If DYT-TOR1A begins in the upper limbs, it tends to be focal.
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Focal and segmental isolated dystonia are more likely caused by DYT-GNAL and DYT-
ANO3. These two forms of dystonia typically begin at the cervical level and may cause head
tremor [70]. DYT-GNAL may be suspected if age at onset is in early-late adulthood. In case
of early involvement of craniofacial muscles with laryngeal dystonia and speech difficulties,
with secondary generalization involving the arms at younger ages, DYT-ANO3 becomes
more probable [70]. Another peculiar form of isolated dystonia with focal distribution
involving the cervical district and causing spasmodic dysphonia is caused by DYT-TUBB4A.
This focal form may successively evolve into a generalized dystonia [74]. Regarding the
temporal pattern, except for the last-mentioned dystonia, all the other isolated dystonia
follows a persistent temporal pattern. Associated features may guide the clinician in
the differential diagnosis. The presence of additional phenotypic characteristic, such as
microcephaly, short stature, intellectual disability, abnormal eye movements, myoclonus,
dysmorphisms, and psychiatric symptoms, may be suggestive of DYT-KMT2B [70]. Thin
face, body habitus, and hobby horse gait are described in the DYT-TUBB4A [75]. None
of the isolated forms of dystonia respond to L-Dopa; DYT-TOR1A, DYT-THAP1, DYT-
ANO3, DYT-KMT2B, and DYT-HPCA may respond to anticholinergics [70]. Response to
alcohol is described in DYT-GNAL and DYT-TUBB4A. It is important to define the genetic
etiology of the dystonia because response to DBS varies according to the genetic conditions,
and this is an important prognostic factor to be considered when selecting patients for
advanced therapy. Indeed, is well known that DYT-TOR1A, DYT-THAP1, DYT-ANO3,
DYT-GNAL, and DYT-KMT2B show a good response to DBS with a target in the GPi,
unlike the other forms of isolated dystonia [76-79]. Brain imaging is not conclusive in
distinguishing between the several forms of isolated dystonia, as the sole characteristic
described is pallidal hypointensity in DYT-KMT2B [70].

Combined dystonia is characterized by the coexistence of another movement disorder
in addition to dystonia. The association of dystonia with parkinsonism defines dystonia—
parkinsonism. The monogenic forms of dystonia—parkinsonism are DYT/PARK-GCH]1,
DYT/PARK-TH, DYT/PARK-TAF1, and DYT/PARK-ATP1A3 [71]. Contrary to what has
been observed for isolated dystonia, combined dystonia recognizes a different mode of
inheritance: autosomal dominant inheritance is characteristic of DYT/PARK-GCH1 and
DYT/PARK-ATP1A3, while autosomal recessive inheritance is typical of DYT/PARK-TH.
X-linked transmission characterizes DYT/PARK-TAF1 (also known as Lubag syndrome).
Among this, it is of paramount importance to diagnose the dopa-responsive dystonia,
DYT/PARK-GCHI. Indeed, patients have excellent and sustained response to L-Dopa [80].
Another form of combined dystonia with response to L-Dopa is DYT/PARK-TH. These
two forms of dystonia—parkinsonism may be differentiated according to age of onset,
as DYT/PARK-GCHI1 begins in infancy/childhood, while DYT/PARK-TH may initiate
in infancy. Moreover, diurnal fluctuations of parkinsonian symptoms due to circadian
variations in dopamine concentration are more pronounced in DYT/PARK-GCH1 than in
DYT/PARK-TH [80]. An adjunctive feature may help in differential diagnosis among the
two forms: the presence of hypotonia is suggestive of DYT/PARK-TH, while in DYT/PARK-
GCHLI hyperreflexia has been described [81]. The coexistence of non-motor features orients
towards the diagnosis of DYT/PARK-GCH1, while a more complex clinical picture, with
autonomic disturbances, ptosis, and oculogyric crisis is suggestive of DYT/PARK-TH. In
both forms, dystonia begins as focal with subsequent generalization [82-85].
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DYT/PARK TAF1 differs from the previous mentioned strains for the age of onset,
body distribution of dystonia, and neuroimaging. This form of combined dystonia be-
gins in early to late adulthood and, contrary to DYT/PARK-GCHI1 that begins with foot
dystonia and then progress cranially, DYT/PARK TAF1 involves mainly the upper body,
with characteristic jaw opening dystonia and bulbar involvement. Another difference with
respect to the dopa-responsive dystonia is the absence of diurnal fluctuation. Brain imaging
shows striatal atrophy and pallidum volume loss, considered an expression of the neurode-
generative nature of the disease. This form recognizes an X-linked transmission, hence is
more frequent in males [86-89]. Abrupt onset, fluctuating course, psychiatric features, and
postural instability may raise suspicion of DYT/PARK-ATP1A3. This disease begins with
dystonic spasms, usually following a provoking event (fever, infection, childbirth, alcohol
binging, fall, excessive exercise, heat exposure, and psychological stress), with a plateau
within 30-60 days of disease onset, with no significant improvement [90]. Dystonia begins
in limbs and develops with a characteristic rostrocaudal gradient, cranial symptoms being
more severe than upper limbs and lower limbs [91].

Combined dystonia also encompasses dystonia associated with myoclonus and other
hyperkinetic disorders. To date, two forms of dystonia—myoclonus have received confir-
mations: DYT-SGCE and DYT-KCTD17. These diseases have several features in common:
age of onset is in the first or second decade of life, myoclonic jerks involve the upper body,
and in DYT-SGCE also the neck may be involved. In both diseases, dystonia affects the
upper part of the body, with involvement of upper limbs and the cranio-cervical region.
If in DYT-SGCE myoclonic jerks dominates the clinical picture, in DYT-KCTD17 dystonia
seems to be the prominent feature. Interestingly, DYT-SGCE myoclonic symptoms respond
to alcohol, while in DYT-KCTD17 this response is absent [71,92].

Dystonia may coexist with other hyperkinetic disorders, such as chorea, as observed
in several forms of complex dystonia. Marras et al. [69] also classify CHOR/DYT-ADCY5
as combined dystonia. This disease is characterized by a plethora of hyperkinetic disorders,
such as chorea, dystonia, and myoclonus, beginning in early childhood and with a charac-
teristic fluctuating or paroxysmal course. Interestingly, symptoms do not disappear during
sleep, resulting in significant disturbances, and may respond to caffeine [93,94]. Response
to DBS is lower than in other form of monogenic dystonia [76].

Genetic Testing and Genetic Counseling

According to the EFNS dystonia guidelines, genetic testing is not sufficient to make
a diagnosis of dystonia in the absence of clinical features suggestive of dystonia [95].
Therefore, the clinical picture should orient the decision to carry out genetic testing [96-98].

The previously mentioned guidelines recommend, with a level B of evidence, the DYT-
TORIA testing for patients with limb-onset, primary dystonia with onset before age 30 [98],
and in those with onset after age 30 if they have an affected relative with early-onset dysto-
nia [98]. Guidelines do not recommend DYT-TOR1A testing in asymptomatic individuals
in dystonia families as a good practice point. After exclusion of DYT-TOR1A, in early-onset
dystonia or familial dystonia with cranio-cervical predominance, DYT-THAP1 testing is
recommended [73]. It is considered a good practice point to conduct a diagnostic levodopa
trial in every patient with early-onset dystonia without an alternative diagnosis [99]. In-
dividuals with early-onset myoclonus affecting the arms or neck, particularly if positive
for autosomal-dominant inheritance and if triggered by action, should be tested for the
DYT-SGCE gene [100].

In clinical practice, genetic testing consists of of using predefined panels for dystonia.
The whole-exome sequencing (WES) is also a resource to consider; however, it is expensive
and requires a long time. Zech et al. [101] proposed an algorithm to predict diagnostic
success rate of WES in individuals with dystonia. This algorithm assigns a score to three
clinical characteristics:

- Ageat onset (0-20 years: score 2; >21 years: score 0),
- Body distribution (generalized or segmental: score 1; focal: score 0),
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- Dystonia category (complex dystonia: score 2; combined dystonia: score 1; isolated
dystonia: score 0).

Summary scores range from 0 to 5 and predict the diagnostic success rate of WES in
individuals with dystonia. If the score is three, the sensitivity is 96% and the specificity is
62%; if the score is five, the sensitivity is 62% and the specificity is 86%. Hence, if the score
is equal to or higher than three, whole-exome sequencing is recommended [101].

An extensive discussion about genetic counseling goes beyond the scope of this
review. The main concept to underscore is that genetic counseling depends largely on
the determination of the mode of inheritance of a specific cause of an inherited dystonia
in an individual (i.e., autosomal dominant, autosomal recessive, mitochondrial, X-linked
inheritance). According to the inheritance, Table 3 describes all the possible diseases [4].

Moreover, penetrance must be considered because of the influence of the pheno-
typic expression of dystonia [102]. For example, for two hereditary forms of dystonia,
mechanisms affecting penetrance have been identified:

- DYT-SGCE dystonia has maternal imprinting of the gene, meaning that the dystonia-
myoclonus only manifests when SGCE pathogenic variants are paternally inher-
ited [103].

- DYT-TOR1A has a reduced penetrance of the GAG deletion in TOR1A, from about 35%
to 3% in individuals who also have a heterozygous NM_000113.2:646G>C (p.Asp216His)
variant in TOR1A on the other allele [72].

Genetic counseling should be offered to the patients and the family by qualified
personnel and, according to the EFNS dystonia guideline, is recommended [95].

Table 3. Inherited causes of dystonia.

Autosomal Dominant

Disease OMIM Code
- Oppenheim dystonia (DYT-TOR1A) #128100
- Childhood and adult onset-familial cranial limb dystonia

(DYT-THAP1) #602629
- Dopa-responsive dystonia (DYT/PARK-GCH1) #128230
- Rapid-onset dystonia-parkinsonism (DYT/PARK-ATP1A3) #128235
- Myoclonus—dystonia (DYT-SGCE) #159900
- Neuroferritinopathy (NBIA/CHOREA-FTL) #606159
- Dentatorubral-pallidoluysian atrophy #125370
- Huntington’s disease #143100
- Machado—Joseph disease (SCA-ATXN3) #109150
- Creutzfeldt-Jakob disease #123400
- Primary Familial Brain Calcification #213600
- Myclonic-dystonia 26 (DYT-26) #616398
- Dystonia-28 (DYT-KMT2B) #617284
- Dystonia-30 (DYT-30) #619291
- Dystonia-33 (DYT-33) #619687
- Dystonia-25 (DYT-GNAL) #615073
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Table 3. Cont.

Autosomal Dominant

Disease OMIM Code
- Dystonia-24 (DYT-ANO3) #615034
- Dystonia-4 (DYT-TUBB4A) #129101
- Dystonia-26 (DYT-KCTD17) #616398
- Dyskinesia with orofacial involvement (CHOR/DYT-ADCY?5) #606703

Autosomal recessive:

- Wilson disease #277900
- Neurodegeneration with brain iron accumulation type 1

(NBIA/DYT-PANK?) #234200
- Neurodegeneration with brain iron accumulation type 2, infantile

neuroaxonal dystrophy (NBIA/DYT/PARK-PLA2G6) #610217
- Aceruloplasminemia (NBIA/DYT/PARK-C) #604290
- Fatty acid hydroxylase-associated neurodegeneration (FAHN)

(HSP/NBIA-FA2H) #612319
- Early-onset parkinsonism (PARK-Parkin) (PARK-PINK1) #608309
- Aromatic-L-amino acid decarboxylase (DYT-DDC) #608643
- Early-onset dystonia with parkinsonism (DYT-PRKRA) #612067
- Niemann-Pick type C #257220
- Juvenile neuronal ceroid-lipofuscinosis (Batten disease) #204200
- GM1 gangliosidosis (DYT/PARK-GLB1) type III, chronic/adult form #230500
- GM2 gangliosidosis #272750
- Metachromatic leukodystrophy #250100
- Homocystinuria #277400
- Glutaric acidemia (DYT/CHOR-GCDH) #231670
- Methylmalonic aciduria (DYT/CHOR-MUT) #251000
- Hartnup disease #234500
- Ataxia telangiectasia #208900
- Friedreich ataxia #229300
- Neuroacanthocytosis #200150
- Dopa-responsive dystonia (DYT/PARK-TH) #605407
- Neuronal intranuclear hyaline inclusion disease #603472
- Hereditary spastic paraplegia (HSP-SPG7) #607259

- Sjogren—Larsson syndrome (ichthyosis, spasticity,
intellectual disability) #270200
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Table 3. Cont.

Autosomal recessive:

- Biotin-responsive basal ganglia disease (DYT-SLC19A3) #607483
- Dystonia musculorum deformans 2 (DYT-HPCA) #224500
- Zech-boesch syndrom (DYT-31) #619565

X-linked recessive:

- Dystonia-parkinsonism or Lubag syndrome (DYT/PARK-TAF1) #314250
- Lesch—Nyhan Syndrome (DYT/ CHOR-HPRT) #300322

- Mohr-Tranebjaerg syndrome (Deafness—-dystonia syndrome)
(DYT-TIMMSA) #304700

X-linked dominant

- Rett syndrome #312750
Mitochondrial

- Leigh syndrome #256000

- Leber’s hereditary ocular neuropathy plus dystonia (DYT-mt-ND6) #500001

Legend: OMIM code = Online Mendelian Inheritance in Man code (reproduced under the terms and conditions of
the Creative Commons Attribution (CC BY) license from [4]).
4. Discussion

The present review summarized the possible contribution of clinical neurophysiology
and genetic testing to clinical examination for dystonia diagnosis (Figure 3).

DYSTONIA DYSTONIA DYSTONIA
CLINICAL DIAGNOSIS GENETIC NEUROPHYSIOLOGY
Dystonic Dystonic Klochonial
postares movements Autosomal Autosomal bSensol;_};_

dominant recessive abnormatties

Basalganglia

~

~ Cerebellum

C
~
D

Gestes X-linked X-linked N
antagonistes dominant recessive
(tricks)
Maladapti

ve

Mirror
dystonia

plasticity
Isolated Combined
Overflow Parkinsonism Lossinhibition
dystonia Myoclonus
Hyperkinesia

Figure 3. Dystonia clinical diagnosis and genetic and clinical neurophysiology features.

However, dystonia diagnosis is still based on clinical examination conducted by
physicians with expertise in movement disorders. The clinical diagnosis should be based
on the observations of two core characteristics and of adjunctive features [1]. According
to the EFNS dystonia guidelines, a neurophysiological test may help diagnosis despite
low evidence (class IV), hence further and proper studies are needed [95]. However, the
role of neurophysiology is not marginal, being an important resource to enlighten the
pathophysiology of dystonia (Table 1). Among neurophysiological alterations observed in
dystonia, sensitivity, specificity, and positive predictive value have been evaluated only for
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STDT. That is pathologically increased in patients affected by cervical dystonia compared
to patients affected by essential tremor [37]. Neurophysiology also represents an excellent
support for the therapy of dystonia in the case of EMG-guided botulinum toxin injection.
In future applications, neurophysiology could guide adaptive DBS. Indeed, LFP recorded
in GPi could be used as input signals to modulate stimulation parameters as currently used
for Parkinson’s disease [104].

Once dystonia has been clinically diagnosed, the definition of the etiology is needed [1].
The etiological diagnosis of dystonia cannot ignore the role of genetics testing. Several
genes have been described as causes of isolated, combined, or complex forms of dystonia
(see Table 2). Regarding isolated dystonia, age at onset, body distribution (focal, segmental
or generalized), and associated features may orient the clinicians towards a specific form
of monogenic dystonia. In combined dystonia, the second most represented movement
disorder, the clinical picture guides the clinician in the direction of dystonia associated with
parkinsonism, myoclonus, or other hyperkinesia. The choice to request WES to reach a
diagnosis should be carefully considered when panels for dystonia fail to detect causative
mutations. Zech et al. proposed an interesting and feasible algorithm to predict diagnostic
success rate of WES, according to dystonia characteristics [101]. The algorithm considers
tree items (age at onset, body distribution, dystonia category) and assigns a score to each
one. If the summary score is equal or higher than three, WES is recommended because of a
high probability to identify causative mutations.

Considering the inheritance mode and the risk of transmission of the disease in the
context of the same family, genetic counseling should be offered to the patients and a
multidisciplinary approach involving geneticists, psychologist is desirable.
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Abstract: Focal laryngeal dystonia (LD) is a rare, idiopathic disease affecting the laryngeal muscula-
ture with an unknown cause and clinically presented as adductor LD or rarely as abductor LD. The
most effective treatment options include the injection of botulinum toxin (BoNT) into the affected
laryngeal muscle. The aim of this narrative review is to summarize the patho-neuro-physiological
and genetic background of LD, as well as the standard recommended therapy (BoNT) and pharmaco-
logical treatment options, and to discuss possible treatment perspectives using neuro-modulation
techniques such as repetitive transcranial magnetic stimulation (rTMS) and vibrotactile stimulation.
The review will present two LD cases, patients with adductor and abductor LD, standard diagnostic
procedure, treatments and achievement, and the results of cortical excitability mapping the primary
motor cortex for the representation of the laryngeal muscles in the assessment of corticospinal and
corticobulbar excitability.

Keywords: spasmodic dysphonia; laryngeal dystonia; dystonia; focal dystonia; focal laryngeal
dystonia

1. Introduction

The laryngeal motor cortex (LMC) plays a vital role in human voice and speech pro-
duction. The functional organization of LMC and its interactions with other cortical (such
as Broca’s area) and subcortical brain regions warrants further investigation due to still as of
yet unsuccessful treatments of neurological voice disorders such as laryngeal dystonia (LD).
To date, methodologies for mapping LMC with TMS [1-6] and intraoperatively by electrical
stimulation (ES) techniques [5-7] have been previously developed to record corticobulbar
motor evoked potentials (MEPs) from laryngeal muscles. Except for estimating the am-
plitude and latency of MEPs recorded from laryngeal muscles, the cortical silent period
(cSP) was investigated from the thyroarytenoid muscle as a measure of LMC excitability in
the TMS study [8]. Currently, it is thought that the c¢SP reflects an intracortical inhibitory
process mediated by GABA 5, and GABAg receptors [9,10]. Previous work using TMS has
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indicated reduced inhibition to be characteristic of focal laryngeal dystonia (LD), hand
dystonia, cervical dystonia, and spasmodic dysphonia (focal laryngeal dystonia) [11].

Focal LD is a rare, idiopathic disease affecting the intrinsic muscles of the larynx with
a prevalence of 14-35 per 100,000 people, predominantly affecting women (4:1 ratio) [12,13],
with average onset at around 40 years of age [14,15]. Vocal symptoms range from sporadic
difficulty to sustained inability to phonate, with vocal tremors (voice breaks) or strained or
choked speech. LD presents with two phenotypes, the more common adductor LD (adLD)
and the relatively rare abductor LD (abLD). Although symptoms of these two types of LD
differ, both are characterized by the loss of voluntary control of voice/speech production.
Currently, there is no cure for LD, and the disease is often treated with botulinum toxin
(BoNT), speech, and supportive voice therapy, and not frequently by using medication
due to side effects [16-19]. Reliably good responses can be expected for the adductor LD
with BoNT, with a reduction in voice breaks, reduction in speaking effort, and increased
quality of life. However, BONT therapy requires regular injections every three or several
months to ensure the continuity of benefits. Patients often experience bothersome side
effects, including pain from injections, breathiness, dysphagia, and hypophonia. A less
common side effect of BONT is dysphagia which can be severe [17].

This narrative review aims to summarize the knowledge on the patho-neurophysiological
and genetic background of LD, standard recommended therapies, pharmacological treatment
options, and the knowledge and promises of using neuro-modulation techniques such as
repetitive transcranial magnetic stimulation (rTMS) and vibrotactile stimulation in the treat-
ment of focal LD. The review will present two LD cases, patients with adL.D and abLD,
diagnostic procedure, and treatment achievement.

2. LD Terminology, Speech Task Specificity, and Clinical Assessment

The group of multidisciplinary experts of the NIH/NIDCD Workshop on Research
Priorities in Spasmodic Dysphonia/Laryngeal Dystonia (August 2019) adopted the term
laryngeal dystonia (LD) instead of “spasmodic dysphonia”, and LD was recognized as a
multifactorial, phenotypical heterogeneous form of isolated dystonia [13]. The isolated,
focal LD is a rare neurological disorder of the laryngeal muscles affecting speech production
while leaving whispering and innate and/or upper respiratory vocal behaviors such as
crying, coughing, yawing, or laughing unaffected. The clinical assessment is challenging
due to the lack of diagnostic biomarkers, and very often, the establishment of the diagnosis
is delayed by approximately 4-5 years [13]. LD is frequently diagnosed by standard
procedures, including: (a) endo-video-stroboscopic examination to evaluate vocal fold
anatomy and movements during speech and other vocal activities of the larynx; (b) speech-
language pathological examination assessing voice symptoms (including acoustic analysis);
and (c) neurological evaluation for signs of regional dystonia, other movement disorders
or any other neurological deficit (lesion). LD symptomatology is differentiated from
dystonic vocal tremor, essential tremor, and muscle tension dysphonia based on LD task
specificity [13]. Multidisciplinary experts from neurology, otolaryngology, speech-language
pathology, neurosurgery, genetics, and neuroscience might be involved in establishing LD
diagnosis or conducting research.

3. LD Risk Factors
3.1. Genetic Risk Factors

The LD etiology remains unknown and is considered characteristically multifacto-
rial. According to reported findings, up to 25.3% of LD patients have a family history of
dystonia [13]. Hereditary dystonias are genetically and clinically heterogeneous. To date,
genetic variants that have been studied among LD patients include mutations in the TOR1A,
TUBB4A, THAP1, ANO3, GNAL, SGCE, PRKRA, COL6A3, and KMT2B genes [13,20,21]
(Supplementary Table S1, [22—44]). The known genetic forms of LD include the mostly
autosomal dominant mode of inheritance.
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3.2. Extrinsic Risk Factors

Although there is no established link between focal LD to occur due to the causative
influence of extrinsic factors, some health conditions and environmental agents might have
a role as a trigger for LD [13]. Family history of dystonia and a history of psychological
disturbances such as depression, anxiety, and stress might lead to a potential risk factor
in developing LD [13]. Further, white females, as well as professionals using their voice
more pronouncedly as teachers, speech and language pathologists, and singers, have been
identified as having a higher risk of developing LD [13]. Underlying LD risk factors also
include infections of the respiratory system, gastrointestinal diseases, and neck injuries [45].

4. Patho- Neurophysiology of LD
4.1. Neural Structures and Function

Although the pathophysiology of LD is not fully known, it has been suggested that
LD is a functional and structural disorder involving a complex neuronal network compris-
ing basal ganglia structures, the thalamus, and their connections with cortical areas, the
cerebellum, and sensorimotor cortex [46-52]. Alterations in activity of speech-related areas
mediating motor preparation and execution were reported in the primary motor cortex for
oro-laryngeal muscle representation, the middle frontal gyrus, the inferior frontal gyrus
(i.e., Broca’s area) [48,50,53-57], and the temporal [48] and parietal brain areas [58]. Further,
the adductor and abductor laryngeal muscle movements are under the voluntary control of
the corticobulbar tract projecting to the nucleus ambiguous of the brainstem. Alterations in
the microstructural and functional integrity of the corticobulbar tract descending pathway
from the primary motor cortex for representation of laryngeal musculature to the brain
stem nuclei involved in voice/speech production might also be implicated in the patho-
physiology of LD [51]. Processing of auditory and visual information during speech might
also have a role in the pathophysiology of LD [55,56].

4.2. Knowledge of the Neurophysiological Basis of LD

Neurophysiological studies indicate altered inhibitory mechanisms in LD, as with
cervical dystonia and focal dystonia of the hand. More precisely, cSP has been reported
to be shortened in laryngeal thyroarytenoid muscle patients with adLD [8,11]. The cSP is
measured as the duration of the electrical silence in the laryngeal muscle during vocalization
and the simultaneous application of a single magnetic pulse with TMS at an intensity greater
than the resting motor threshold (RMT) for the upper extremity hand muscle [8]. The cSP
duration is a measure of GABAg-mediated inhibition of the motor cells of the primary motor
cortex through the activity of inhibitory interneurons located within the superficial cortical
layers of the primary motor cortex [8]. Decreased inhibition in the primary motor cortex
may be due to dysfunction that may also occur in other cortical or subcortical areas that
send projections to the primary motor GABAp inhibitory interneurons [8]. Thus, decreased
inhibition of GABAg within the primary motor cortex may result from the dysregulation
of neural circuits that consequently affect the balance of excitation and inhibition in the
primary motor cortex [8]. There is no convincing and reliable evidence of changes in
other neurophysiological measures such as the RMT or the active motor threshold in
LD [8,11]. There are insufficient studies using TMS in patients with LD that could provide
information on neurophysiological measures other than cSP, such as inhibitory measures of
long-interval intracortical inhibition (LICI), short-interval intracortical inhibition (SICI), and
short and long afferent latency inhibition (SAL LAI). LICI is a paired-pulse technique with
a conditioned magnetic pulse on intensity above the threshold and test stimuli (intensity
below the threshold) applied in intervals between 50-200 ms leading to the suppression
of cortical activity (suppression of motor evoked potential amplitude). SICI is a paired-
pulse technique with a conditioned pulse below the threshold and test stimuli (above the
threshold) applied in intervals between 1.5-2.1 ms leading to the suppression of cortical
activity (suppression of motor evoked potential amplitude) [59,60]. There are no data
for LICT and SICI in LD. SAT and LAI are techniques that can induce the suppression of
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motor evoked potential amplitude by applying an electrical pulse to the periphery (median
nerve) followed by a magnetic pulse over the primary motor cortex (usually induced at
an interstimulus interval of N20 ms + 2 for SAI and LAI is induced at an interstimulus
interval of about 200 ms). SAI and LAI measures relate to GABA 5 transmission [59-61]. So
far, there is evidence of reduced afferent inhibition in focal dystonia of the arm or cervical
dystonia [62-65].

Decreased afferent-induced inhibition indicates abnormal sensorimotor integration
within the primary motor cortices, which is not surprising as it is known that the processing
of sensory (sensorimotor) information in dystonia is altered. The presence of a sensory ges-
ture (in cervical dystonia) also suggests abnormal reliance on sensorimotor networks and a
potential mechanism for alleviating dystonic contraction. Understanding the mechanisms
leading to reduced afferent-induced inhibition in isolated dystonia may provide new thera-
peutic goals that could be explored in future research to alleviate sensorimotor symptoms.
Future neurophysiological studies with transcranial magnetic stimulation (TMS) should
use more homogenous cohorts of adLd and abLD subjects and publish raw data values of
corticobulbar motor evoked potentials from affected and non-affected laryngeal muscles,
cSP, SICI, and SAI measures.

5. Focal LD Treatment Options
5.1. Standard Treatment with Botulinum Toxin (BoNT)

Botulinum toxin is a natural neurotoxin produced by the bacteria Clostridium bo-
tulinum that causes muscular paralysis. The primary mechanism of action of the toxin
is via the inhibition of calcium-dependent exocytosis and the release of acetylcholine at
the neuromuscular junction [66]. The effect of botulinum toxin is reversible because the
nerve terminals recover the ability to release acetylcholine into the neuromuscular junc-
tion. Two types have been developed for clinical use in humans: type A has the longest
duration of effect and diffuses less from the injection point compared with type B. The
dosing differs significantly between type A and type B preparations. The most common
type of botulinum toxin used in LD therapy is type A (Botox, Allergan, Irvine, CA, USA;
Dysport, Ipsen, Ltd., Slough, UK). Adverse effects of botulinum toxin treatment may result
from over-weakening of the intended target muscle and unintended weakening of the
surrounding muscles. Therefore, both appropriate dosing and the tissue distribution of the
toxin are crucial. In general, the dose is proportional to the targeted muscle mass, although
the range of therapeutic dosing is typically highly variable [67]. Some patients get the best
results from a unilateral dose and others from bilateral treatment. For example, in bilateral
injections for adLD, therapeutic doses range from 0.3-15 U per thyroarytenoid muscle,
although most adLLD is well controlled with doses of 0.625-2.5 U [44]. The American
Academy of Otolaryngology-Head and Neck Surgery (“AAO-HNS”) considers botulinum
toxin a safe and effective modality for the treatment of LD, and it may be offered as primary
therapy for this disorder. The goal of treatment is to give an injection that will provide just
enough weakness to relieve spasm in the target muscles for as long as possible without
causing unnecessary weakness in neighboring muscles resulting in dysphagia, and pro-
longed breathiness (adductor), or airway compromise (abductor) [68]. There are a variety
of injection approaches to deliver botulinum toxin to the larynx: percutaneous injection
with EMG guidance (most traditional), percutaneous with laryngoscopic guidance, and
supraglottic botulinum toxin injection with laryngoscopic guidance. For adLD, the intrinsic
laryngeal injection muscles are the thyroarytenoid, lateral cricoarytenoid, and interary-
tenoid muscles. These muscles can all be accessed through the cricothyroid membrane.
For the thyroarytenoid muscle, it is helpful to bend the needle upward to 30-45°. The
needle is inserted through the skin either at or just off the midline. The needle tip is
then directed superiorly and laterally, advancing towards the ipsilateral thyroarytenoid
muscle. The cricothyroid membrane is palpated to inject into the lateral cricoarytenoid
muscle, and the needle is placed through the cricothyroid membrane in this location and
is angled superiorly. Further, the lateral cricoarytenoid muscle is more lateral than the
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thyroarytenoid muscle and is encountered more superficially. For abLD, the posterior
cricoarytenoid muscle can be accessed anteriorly by piercing through the cricoid rostrum or
laterally by rotating the larynx. The lateral approach to the cricoarytenoid muscle requires
a relaxed patient, preferably with a relatively thin neck. The patient must tolerate the
clinician applying moderate pressure/force on their larynx to rotate the posterior aspect of
the cricoid into a position to allow access. The needle is inserted traversing the pyriform
sinus and inferior constrictor, then it is further advanced until it stops abruptly against the
cricoid cartilage’s rostrum [69,70].

5.2. The Long Term Effects of BONT

Although botulinum toxin is generally considered safe, its widespread use and the
constantly expanded indications raise safety issues. In February 2008 and April 2009,
the Food and Drug Administration (FDA) published an early communication regarding
botulinum toxin type A and botulinum toxin type B, informing physicians that these drugs
have been associated with systemic adverse reactions, including respiratory compromise
and death resembling those seen with botulism, in which botulinum toxin spreads to
the body beyond the injection site [71]. In 2005, the FDA raised safety issues regarding
botulinum toxin in a published analysis of adverse events covering the period from 1989
to 2003. According to that publication, there were 407 adverse event reports related to the
therapeutic use of botulinum toxin (median dose of 100 units), 217 of which met the FDA’s
definition of serious adverse events. Few data on the long-term adverse events of botulinum
toxin were identified. Most of them concern the therapeutic use of botulinum toxin. Long-
term safety data indicate that toxic effects of botulinum toxin can appear at the 10th or 11th
injection after prior uncomplicated injections. The longest follow-up study of 45 patients
continuously treated with botulinum toxin for 12 years identified 20 adverse events in
16 patients, including dysphagia, ptosis, neck weakness, nausea/vomiting, blurred vision,
marked weakness, chewing difficulties, hoarseness, edema, dysarthria, palpitations, and
general weakness [72]. Diffusion of botulinum toxin to contralateral muscles has also
been reported. Animal studies have shown that botulinum toxin can spread to a distance
of 30-45 mm from the injection site [72]. However, generalized diffusion of botulinum
toxin is possible, especially after long-term therapeutic or cosmetic use. The effects of
generalized diffusion are not well studied. The mechanism responsible for the generalized
diffusion of botulinum toxin is not known. Proposed hypotheses concern either a systemic
spread or a retrograde axonal spread of the toxin. Systemic toxin spread can lead to adverse
events suggesting botulism, including muscle weakness or paralysis, dysarthria, dysphonia,
dysphagia, and respiratory arrest.

Additionally, experimental studies in rodents have shown that botulinum toxin recep-
tors exist in the central nervous system, and a small amount of botulinum toxin crosses
the blood-brain barrier [73]. This raises the possibility that botulinum toxin is transported
in a retrograde manner, similar to tetanus toxin, and may cause centrally mediated side
effects [74]. Davidson and Ludlow [75] studied whether physiological changes can be
found in laryngeal muscles following repeated treatment with botulinum toxin injections
in spasmodic dysphonia. Seven patients whose treatment consisted of multiple unilateral
thyroarytenoid injections were examined more than six months following their most recent
botulinum toxin injection by fiberoptic laryngoscopy and electromyography. Comparisons
were made between injected and contralateral noninjected muscles” motor unit character-
istics, muscle activation patterns, and vocal fold movement characteristics. The results
demonstrated that motor unit characteristics differed between injected and noninjected
muscles and that these differences were more significant in patients less than 12 months
since the last injection. Motor unit duration differences were reduced, and motor unit
amplitude and numbers of turns were increased in muscles sampled over one year after
injection. These results suggest that while the physiologic effects of botulinum toxin are
reversible, the re-innervation process continues past 12 months following injection [75]. Re-
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peated injections may eventually enhance the pathological innervation, leading to tolerance
and even exacerbation of local symptoms.

Moreover, they cause muscle fibrosis after several years, though such an effect has
not been shown in shorter follow-ups so far [76] Resistance to botulinum toxin due to the
development of antibodies to the toxin has also been reported as a long-term adverse event
of the therapeutic use of botulinum toxin [76]. Immunoresistance develops within the first
years of therapy. It is unlikely to develop if immunoresistance to botulinum toxin is not
noted within the first four years.

5.3. Review of the Literature on BoNT and Deep Brain Stimulation (DBS) Treatment

Table 1 presents findings of BONT treatments of LD and an overview of the literature
on invasive brain modulation with deep brain stimulation (DBS) [77-81]. The efficacy and
safety of BONT were established for the treatment of LD, and this approach is considered
by most to be the treatment of choice for spasmodic dysphonia/LD, particularly adLD [16].
Most studies report about 75-95% improvement in voice symptoms after BoNT [81,82].
Invasive brain stimulation with the DBS of unilateral or bilateral globus pallidus internus
(GPi) or subthalamic nucleus (STN) has been approved by the FDA for the treatment of
drug-refractory generalized, segmental, and cervical dystonias and hemidystonia [13,83,84],
as well as for the treatment of essential tremor in adult patients whose tremor is not
adequately controlled with medication. Table 1 presents patients with essential tremor and
LD treated with DBS [78-80]. Generally, it is agreed that LD may show a poorer response
to DBS [85,86].

Table 1. Literature overview on standard BoNT therapy and invasive brain modulation treatment effects.

Laryngeal
. No Dystonia .. . . Medical Treatment
Literature Subjects Age Sex (M/F) (Adduc- Clinical Presentation Medical Treatment Outcome
tor/Abductor)
Tense voice, vocal 5U of type A
tiredness, breathy Botulin Toxin Increased respiratory
Santos et al. [77] 1 61 F Adductor voice, laryngeal pain, loss (Botox) in the left capacity and maximum
of voice extension, lack thyroary- speech time
of frequency control tenoid muscle
Could easily phonate with
no vocal tremor,
74 F . Bilateral ventralis improvement of USDRS
. Essential hand tremor . . scores post-DBS compared
Evidente et al. [78] 3 71 F Adductor with laryngeal dystonia intermedius to pre-DBS, and with
65 M yngeal dy: (VIM) DBS pre-tbs,
stimulator
on compared to
stimulator off
Unanticipated
Bilateral improvement of their SD
- 85 Essential limb tremor with ventrointermediate symptom; powerful
Krtger etal. [79] 2 73 F Adductor laryngeal dystonia (VIM) nucleus DBS unilateral benefit in both
of the thalamus patients; hand dominant
related probably
Significantly improved SD
Left ventral vocal dysfunction
Poologaindran et al. 1 79 F Adductor Right upper limb tremor intermediate (VIM) compared with no
with laryngeal dystonia nucleus of the stimulation (DBS off), as
thalamus measured by the USDRS
and VRQOL
Subjects reported benefit
from BoNT injections, and
Roughness, had self-selected to return
Stewart etal. [81] 60 6078 a2® Adductor strain-strangled voice BoNT for continuing BONT
18M quality, and increased management of their voice

expiratory effort symptoms when the
benefits of the BONT

injections had diminished

Abbreviations: Unified Spasmodic Dysphonia Rating Scale (USDRS); voice-related quality of life (VRQOL).
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5.4. Pharmacological Treatment Possibilities and Effectiveness in Dystonia Treatment

The most commonly used dystonia treatment, BONT, has some limitations, e.g., it is
painful for patients and can cause swallowing difficulties. Therefore, there is still an unmet
need for effective dystonia pharmacological treatment [62]. The currently available phar-
macological treatment involves medicines that act on gamma-aminobutyric acid (GABA),
dopamine, or acetylcholine neurotransmitter pathways. Furthermore, novel treatments are
also mainly focused on the same neurotransmitter pathways central in dystonia pathophys-
iology. However, most of the widely used drugs among dystonia patients still have low
levels of efficacy evidence [87,88].

Trihexyphenidyl, one of the most commonly used anticholinergic drugs, is the treat-
ment of choice for childhood-onset dystonia, as it has been usually well tolerated in this
patient group. It could also be used in adults. The daily dose should be determined empiri-
cally but it most commonly ranges between 5-15 mg, though, if tolerated, dosages could be
much higher (100 mg is the maximal daily dose recommended). The initial dosage is usually
1 mg, and then it should be increased by 2 mg every 3-7 days divided into three daily
doses. The major concern regarding its use is the possibility of trihexyphenidyl to increase
intraocular pressure which leads to vision blurring and possibly narrow-angle glaucoma.
Other not so uncommon adverse reactions are sedation, memory impairment, psychosis,
chorea, blurred vision, urinary retention, constipation, and dry mouth. Levodopa, in com-
bination with carbidopa, an inhibitor of aromatic amino acid decarboxylation, is a widely
used dopaminergic drug in dystonia patients. The dose and titration are similar to their
use in mild Parkinson’s disease (slow titration till daily doses of 300-400 mg of levodopa
divided in three doses, starting with 50 mg of levodopa). The most common side effects
are low blood pressure, nausea, confusion, and dyskinesia. Lastly, as adjunctive therapy,
GABA agonists are used to relaxing muscles in dystonia patients. The most commonly used
benzodiazepines in LD patients are clonazepam, diazepam and lorazepam [87]. A maximal
recommended daily dose of clonazepam is 4 mg divided into 2-3 doses. The start is usually
with 0.25-0.5 mg 2-3 times a day, and then the dosage is slowly increased every 3-5 days
to 0.5 mg. The most common side effects are sedation, depression, nocturnal drooling,
and behavioral disinhibition. Caution must be taken because abrupt discontinuation can
trigger seizures. There are several other potential dystonia treatment alternatives described
in the literature. The first one would be a medication that acts as vesicular monoamine
transporter 2 inhibitors (VMAT2). The well-known representative of this medication group
is tetrabenazine. Furthermore, the other medication groups are as follows: sodium oxybate;
antihypertensive medication clonidine; antiepileptic’s gabapentin; zonisamide; antide-
pressant escitalopram, a selective serotonin reuptake inhibitor; and hypnotic medication
zolpidem. Future therapies of dystonia should involve gene therapy aimed at the specific
genes of dystonia patients [88,89].

Sodium oxybate is a sodium salt of g-hydroxybutyric acid used to treat narcolepsy,
excessive sleepiness, and disturbed nighttime sleep. A study by Simonyan et al. [90]
suggests that this medication has direct modulatory effects on abnormal neural activity of
the dystonic network. This medication can raise blood pressure values due to the sodium
content. However, research has shown a low frequency of cardiovascular adverse drug
reactions and no association with cardiovascular risk [91]. Other than the cardiovascular
risk in general, due to the symptoms of the disease, dystonia patients are prone to anxiety
and depressive comorbidities, and the use of escitalopram could seem reasonable in patients
with existing symptoms [92].

5.5. Future Neuromodulation Treatment Options and Vibrotactile Stimulation

The effectiveness of repetitive transcranial magnetic stimulation (rTMS), a non-invasive
neuromodulation technique, in assessing cortical excitability and inhibition of laryngeal
musculature might be one of the potential treatment options for LD. Previous neuro-
physiological findings demonstrated decreased intracortical inhibition in patients with
adLD compared to healthy controls [8,11]. Application of low frequency (inhibitory)
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rTMS to the LMC might decrease the over-activation of the laryngeal muscles [93]. Given
that adductor LD has been found to be associated with decreased cortical inhibition and
that 1 Hz is known to increase intracortical inhibition, the purpose of the pilot study by
Prudente et al. [93] was to examine the effects of 1200 pulses of 1 Hz rTMS delivered to
LMC in people with adductor LD and healthy individuals. This is the first feasibility
study testing effects of 1 Hz rTMS in LD. The authors tested only a single session of 1 Hz
rTMS and observed acoustical measures changes pointing to beneficial effects on voice
symptoms. Future studies would need to test the long-treatment duration of 1 Hz rTMS
in LD. To test this hypothesis of the beneficial effects of five days of treatment of 1 Hz
rTMS, a proof-of-concept, randomized study was recently registered on 27 October 2021
(ClinicalTrials.gov Identifier: NCT05095740, accessed day: 20 May 2022), and the estimated
study completion date is 31 May 2025/2026.

Another non-invasive brain stimulation technique, transcranial direct current stim-
ulation (tDCS), has not been reported in the assessment of LD according to the current
state-of-the-art.

Further, a feasibility study was performed using vibrotactile stimulation (VTS) to treat
LD [57]. The authors reported that 29 min of VTS in a one-day session improved the voice
quality parameter (smoot cepstral peak prominence). Although a stimulation protocol by using
VTS has been published, the optimal stimulation protocol for the treatment of LD is not
yet known. After publishing a paper on a feasibility study of VTS, the authors started a
clinical study, which is still ongoing, testing the effect of VTS for four weeks in patients
with LD (ClinicalTrials.gov Identifier: NCT03746509, accessed day: 20 March 2022). The
results have not yet been published, nor is their VTS stimulator commercially available. The
same research group applied for a patent (the United States Patent Application Publication,
Konczak et al., Pub. No. US 2019/0159953 A1, Pub. Date: 30 May 2019) where they
protected the VTS solution of placing the vibrators on the laryngeal muscles over the skin
in the form of a necklace placed around the neck.

6. Case Reports of LD Patients
6.1. Patient with adLD
6.1.1. Clinical Findings

A 55-year-old right-handed woman, a psychologist, started to present hoarseness in
March 2015 (Video S1A,B, Supplementary Materials). The first endoscopic examination
(Karl Storz) (April 2015) confirmed laryngitis, spindle-shaped thickening of the vocal cords,
decreased stroboscopic amplitudes, and prolonged adduction of the vocal cords. Voice
saving therapy, speech therapy, a light diet, and taking Iberogast® (Bayer AG, Kaiser-
Wilhelm-Allee 1, 51373 Leverkusen, Germany) to improve digestion were recommended.
The second examination (April 2016) confirmed dysphonia with thinner vocal cords, re-
duced Bernoulli effect, spasms during vocalization, extended closing phase, and reduced
glottal wave. The vocal spasm was also detected during counting, muttering, and minor
spasms in buzzing. Brain magnetic resonance imaging (MRI) was performed in October
2016 with normal finding. At the subsequent examination (January 2017), the dysphonia
spastica was diagnosed. Spectral and multidimensional acoustic voice analysis showed
that the spasm was partially reduced with prolonged phonation of vowel /i/ with high-
frequency Fo (346 Hz). The vocal spasm was present in all verbal and vocal tasks except in
whisper counting. Acoustic parameters of diadochokinesis (pa-pa) indicated a markedly
long syllable duration and accelerated pronunciation change, as well as increased syllable
variation. There were marked variations in frequency and amplitude in the analysis of
vowel /a/ related to the quality of the voice and the frequency of tremors. Focal LD was
diagnosed in February 2017. The first BONT treatment with Dysport®, Galderma Labora-
tories, L.P, El Segundo, CA, USA (abobotulinumtoxinA) (15 units) was injected into the
right vocal cord under electromyography (EMG) guidance. The second BoNT treatment
was performed with Dysport® (abobotulinumtoxinA) (15 units) injected in both vocal
cords under EMG. Therefore, the patient was treated with BoNT in 2017 with a short-term
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improvement of up to ten days with swallowing difficulties and refused further treatment.
The brain MRI was again performed in March 2021 with a normal finding.

6.1.2. Evaluation of Corticobulbar and Corticospinal Excitability with Transcranial
Magnetic Stimulation (TMS)

The corticospinal excitability measures (RMT, amplitude, and latency of motor evoked
potentials for upper extremity muscles) and corticobulbar excitability measure (motor
evoked potential latency from cricothyroid muscle) performed with single pulse transcra-
nial magnetic stimulation (TMS) over the primary motor cortex (Nexstim NBS System 4
of the manufacturer Nexstim Plc., Helsinki, Finland) [4,94,95]. The MRI of the subject’s
head was performed with Siemens Magnetom Area having Tim (76 x 18) of strength 1.5 T.
MRI images were used for the 3D reconstruction of individual brain anatomy. With the
subject comfortably seated, the MRI is co-registered to the subject’s head using the tracking
system with Nexstim’s unique forehead tracker. The eight-shaped magnetic coil was used,
generating a biphasic pulse with a length of 289 ps. The coil with an inner winding diameter
of 50 mm and an outer winding diameter of 70 mm was placed tangentially to the subject’s
skull over the primary motor cortex. The maximum electric field strength measured 25 mm
below the coil in a spherical conductor model representing the human head was 172 V/m.
The cSP was tested as an inhibitory cortical measure [94].

For recording the responses from the cricothyroid muscle, two hook wire electrodes
(type 003-400160-6) (SGM d.o.0., Split, Croatia) were inserted into the cricothyroid muscle
according to published methodology [4,96]. Surface electromyography electrodes (Ambu
Blue Sensor BR, BR-50-K/12) were attached in a belly tendon fashion over the right APB
muscle with the ground electrode over the dorsal surface of the APB muscle. Before
insertion of the electrodes individually, the subject needs to slightly extend the neck and
produce a high-pitch sound (i.e., /iiii ... /). During this slight facilitation, it is helpful to
palpate the contracted cricothyroid muscle belly between the thyroid and cricoid cartilages
by marking this spot with the marker. Each hook wire electrode consists of Teflon-coated
stainless steel wire 76 pm in diameter, passing through 27-gauge needles (0.4 mm), 13 mm
in length. The recording wires have a stripped Teflon isolation of 2 mm at their tip and are
curved to form the hook for anchoring them. The sampling rate was 3 kHz per channel,
resolution 0.3 uV, scale —7.5-7.5 mV, CMRR > 90 dB, noise < 5 pV peak-to-peak, and
frequency band 10-500 Hz. The RMT intensity for the upper extremity muscles (abductor
pollicis brevis) was 49% of maximal stimulator output. Figure 1 (A)(B) presents positive
cortical spots for primary motor cortical representation for upper extremity APB muscle
and cricothyroid muscle with the recording of MEPs from APB and cricothyroid muscle.
The single magnetic pulse intensity over the LMC was gradually increased from 51% to
80 % of maximal stimulator output that the subject could tolerate (reporting pain and
discomfort due to activation of temporal musculature). Figure 2 shows application of a
single magnetic pulse during vocalization, inducing motor evoked potential from the left
cricothyroid muscle (latency of 11.3 ms) with no cSP induced in the cricothyroid muscle at
80 % of maximal stimulator output.

6.1.3. Electroneuronographic (ENG) Assessment of Motor and Sensory Nerves of Upper
and Lower Extremity Muscles

There were no deviations in electroneurographic (ENG) measures for upper and lower
extremity muscles. ENG assessment of lower and upper extremities included the following
measures for motor nerves (n. peroneus and n. tibialis: distal motor latency, compound
muscle action potential amplitude, compound muscle action potential duration, conduction
velocity, and F-wave latency); and for sensory nerves (n. medianus and n. ulnaris: sensory
nerve action potential amplitude, sensory nerve action potential latency, and conduction
velocity). The electrophysiological examination was performed using the Medelec-Synergy
EMG instrument (Oxford Instrument Co., Surrey, UK).
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Figure 1. Primary motor cortical representation for the upper extremity left APB muscle and left
cricothyroid muscle (A) with the recording of MEPs from APB and the cricothyroid muscle (B). Note:
The orange spot on(A) depicts the cortical spot for APB muscle and MEP recording from APB muscle
(B, upper channel, green color), and the orange spot with the position of the magnetic coil over the
primary motor cortex (LMC) denotes the positive spot for inducing MEP in the cricothyroid muscle
(lower channel on B, pink color). The latency of MEP in the cricothyroid muscle is 13.3 ms, and the
amplitude of 863 uV, while the MEP latency of APB is 23.7 ms, and an amplitude of 228 nV. The
stimulation intensity was 80% of maximal stimulator output with the subject engaged in phonation
task (the left traces on B depict laryngeal muscle contractions in free-running electromyography).
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Figure 2. Mapping of the LMC (right hemisphere) and recording corticobulbar motor evoked (MEPs)
from the cricothyroid muscle at intensities of 60-80% of the maximal stimulator output and with
MEP latency of 11.3 ms. On the upper part of the figure are overlapped MEPs, and on the lower part
are the mean and median of these responses. cSP could not be recorded.

6.1.4. Blood—DNA Analysis

Routine blood analysis, including white blood count, erythrocyte sedimentation rate,
and C-reactive protein, were within the normal range. There were no abnormal find-
ings in iron, manganese, parathyroid hormone, and serum homocysteine level. A blood
sample was collected, and the DNA was extracted from dried blood spots on filter cards
(CentoCard®) using standard, spin column-based methods, following the manufacturer’s
instructions. Targeted sequencing of the patient’s DNA was performed using a next-
generation sequencing (NGS) panel, including 88 dystonia-associated genes (Centogene,
Rostock, Germany). Genomic DNA was enzymatically fragmented, and Illumina adapters
were ligated to generate fragments for subsequent sequencing on the NovaSeq 6000 plat-
form (Illumina), with the average coverage targeted to at least 100 or at least 99.5% of the
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target DNA covered 20x. All coding regions of the panel genes, 10 bp of flanking intronic
sequences, and known pathogenic/likely pathogenic variants within these genes (coding
and non-coding) were targeted for the analysis. Data analysis, including alignment to the
hg19 human reference genome (Genome Reference Consortium GRCh37), variant calling,
and annotation, were performed using validated in-house software. No clinically relevant
variants, including copy number variations (CNVs), were identified in the panel genes.

6.1.5. Pharmacological Treatment Attempts

Medication treatment with trihexyphenidyl (Artane, anticholinergic drug) was in-
troduced on 20 March 2021, with a dosage of 2 mg daily per six days and increasing by
2 mg every six days. The patient reached 8 mg and ended the treatment after two weeks
due to severe side effects (red eyes, anxiety, distractibility, lethargy) and with no signs of
voice symptoms improvement. Medication treatment with benzodiazepine (clonazepam)
(Rivotril, Roche) was introduced on 24 June 2021, with a dosage of 0.5 mg daily per six days
and increasing by 0.5 mg every six days. In four weeks of treatment, the patient reached
2 mg with side effects (drowsiness, fatigue, sadness, crying). The patient monocyte subsets
(anti-inflammatory, inflammatory markers) were no different before and after treatment
with a benzodiazepine. In the acoustic analysis of vowel /a/ there were still distinctive
variations in the frequency of tremors after benzodiazepine medication.

6.1.6. Patient with adLD Conclusion

The patient had severe dysphagia, which necessitated discontinuation of BoNT treat-
ment and beginning treatment with drugs recommended to treat dystonia [16,18,97]. The
medication treatment with an anticholinergic drug (trihexyphenidyl) was classified as the
first-line agent for symptomatic therapy in dystonia, however, no findings were reported for
treatment of the LD. The adLD patient in our study could not reach the recommended daily
therapeutic level of 15 mg of trihexyphenidyl due to severe side effects. Benzodiazepine
(clonazepam) was introduced as the second-line agent, but still, no effect was noticed on
acoustic voice measures (Figure 3A,B). The patient case also showed that there is no genetic
basis for LD disease, and ¢SP could not be recorded in laryngeal muscle due to lack of
inhibition or insufficient intensity (80% of maximal stimulator output was rather high over
the lateral part of LMC providing discomfort to the subject). Previous studies reported
inducing ¢SP ranging from 48% to 72% of the maximal stimulator output in adLD subjects
and in healthy subjects from 50% to 67% of maximal stimulator output [11]. The case report
also shows the problem in the length of time to make a final diagnosis. In this particular
case, it took two years to make a valid diagnosis. The patient is under consideration for an
experimental trial with rTMS and tDCS.

6.2. Patient with abLD
6.2.1. Clinical Findings

A 57-year-old male, by profession lawyer (judge) and singer of traditional Croatian
a cappella singing, has had LD of the left vocal cord for three years. The patient noticed
changes in his voice in January 2019 while singing in lower tones, and in June 2019, a
breathless voice developed. LD was confirmed by endo-video-stroboscopy, acoustic voice
analysis, and neurological evaluation for signs of regional dystonia, other movement
disorders, or any other neurological deficit (lesion). Magnetic resonance imaging (MRI),
and electroneuronography of upper and lower extremities revealed a normal finding, and
electromyography confirmed possible spasms in the left cricothyroideus muscle. Although
the treatment of choice for the patient’s conditions was botulinum toxin treatment, the
patient underwent a vocal cord augmentation procedure as a second opinion from a
private practice otolaryngologist. Autologous fat vocal fold augmentation is a general
surgical procedure used to repair glottal incompetence in patients with unilateral vocal fold
paralysis. Autologous fat is harvested from the lower abdomen, and the small fat grafts are
purified from other tissues. Under microscope control, the autologous fat is injected into
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the thyroarytenoid muscle using an applicator with a special gear mechanism. Spectral and
multidimensional acoustic voice analysis showed voice breaks predominant in speech tasks
(i.e., vocalization of sound /i/—number of voice breaks 5, Jitter (local) (%)—5.45, Shimmer
(local, dB)—1.64), and partially reduced when coughing (number of voice breaks 2, Jitter
(local) (%)—2.14, Shimmer (local, dB)—1.34) and singing (i.e., vocalization of high pitch
sound /i/—number of voice breaks 3, Jitter (local) (%)—1.90, Shimmer (local, dB)—1.39).
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Figure 3. (A) The duration of the selection: 1.623120 s, Pitch: Median pitch: 199.863 Hz, Mean pitch:
200.121 Hz, Standard deviation: 17.163 Hz, Minimum pitch: 167.703 Hz, Maximum pitch: 247.906 Hz;
Pulses: Number of pulses: 243, Number of periods: 237; Voicing: Fraction of locally unvoiced frames:
23.699% (41/173), Number of voice breaks (interrupted blue line): 5, Degree of voice breaks: 24.702%
(0.426674 s/1.727257 s); Jitter: Jitter (local): 2.035%; Shimmer: Shimmer (local, dB): 0.714 dB; Mean
harmonics-to-noise ratio: 8.846 dB. (B): The duration of the selection: 1.623120 s, Pitch: Median pitch:
179.098 Hz, Mean pitch: 169.509 Hz, Standard deviation: 35.773 Hz, Minimum pitch: 92.742 Hz,
Maximum pitch: 218.821 Hz; Pulses: Number of pulses: 139, Number of periods: 129; Voicing:
Fraction of locally unvoiced frames: 42.138% (67/159), Number of voice breaks (interrupted blue
line): 8, Degree of voice breaks: 46.935% (0.756215 s/1.611207 s); Jitter: Jitter (local): 2.269%; Shimmer:
Shimmer (local, dB): 0.915 dB; Mean harmonics-to-noise ratio: 4.313 dB.
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Pneumo-phonic voice, calcification in the left cricoarytenoid joint, and lagging of the
left vocal cord in adductor movements were indicators for conducting the phono-surgical
intervention (November 2019). However, the autologous fat injection for medialization of
the left vocal fold did not improve the voice symptoms. The recommended medication
therapy included propranolol, coenzyme Q10, vitamin B1 disulfide, vitamin B6, vitamin
B12, and magnesium. The patient refused medication treatment recommended for dystonia
treatment [16,18,97].

6.2.2. Evaluation of Corticobulbar and Corticospinal Excitability with Transcranial
Magnetic Stimulation (TMS)

The TMS technique was used for mapping the primary motor cortex for upper ex-
tremity hand and laryngeal muscle representation with a recording of RMT for upper
extremity hand muscle (APB), motor evoked potentials from hand muscle (APB) at RMT,
corticobulbar motor evoked potentials from laryngeal (cricothyroid muscle), and cSP from
the cricothyroid muscle [4,8,11]. To facilitate the corticobulbar motor evoked potentials
from the cricothyroid muscle to induce cSP, the subject vocalizes high pitch sound /i/ while
slightly increasing the stimulation intensity starting from the referent RMT. RMT for the left
hemisphere was 35% of maximal stimulator output, while the RMT intensity was 36% for
the right hemisphere. Prolongations in ¢SP were detected in the right cricothyroid muscle
(89.54 £ 21.9 ms) compared to cSP in the left cricothyroid muscle (44.78 £ 6.9 ms) [8]
(Figure 4). The intensity of the left hemisphere primary motor cortex for cricothyroid
muscle representation for cSP eliciting was of 63% of maximal stimulator output, while for
the right hemisphere, it was 65% of maximal stimulator output.

6.2.3. Patient with adLD Conclusion

This case illustrates a rare case of abLD who did not benefit from the autologous
fat injection. We have provided the first results of TMS application in evaluating the
neurophysiological measure of cortical inhibition such as ¢SP in abLD. The patient is under
consideration for BONT treatment and an experimental trial with rTMS and tDCS.
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Figure 4. Transcranial magnetic stimulation (TMS) of the primary motor cortex for the upper
extremity and laryngeal muscles. (Upper) TMS mapping of the left primary motor cortex for hand
muscle representation (APB) and cricothyroid muscle representation with recording motor evoked
potentials from the right-hand muscle (A), and corticobulbar motor evoked potentials from the right
cricothyroid muscle (B). The latency of motor evoked potentials from the hand muscle is 23.61 ms with
a peak-to-peak amplitude of 603.07 uV. The mean latency of corticobulbar motor evoked potentials
is 11.67 £ 1.7 ms, and the cortical silent period (CST) duration of 89.54 + 21.9 ms. (Lower) TMS
mapping of the right primary motor cortex for hand muscle representation (APB) and cricothyroid
muscle representation with recording motor evoked potentials from the left-hand muscle (A), and
corticobulbar motor evoked potentials from the left cricothyroid muscle (B). The latency of motor
evoked potentials from the hand muscle is 22.79 ms with a peak-to-peak amplitude of 106.07 uV. The
mean latency of corticobulbar motor evoked potentials is 11.67 & 1.7 ms, and the cortical silent period
(CST) duration of 44.78 + 6.9 ms.

7. Discussion

Diagnosis and treatment of LD remain challenging as underlying patho- and neu-
rophysiology are unclear and require further studies. Currently, there is no cure for LD,
and the disease is often treated with BoNT, speech and voice supportive therapy, and
rarely by using medication due to side effects [16,17,19,97]. BoNTs are widely used for
the treatment of LD [16,17,19]. Reliably good responses can be expected for the adLD
with BoNT, reducing voice breaks and speaking effort and increasing quality of life [19].
However, BoNT therapy requires regular injections every three or several months to ensure
continuity of benefits. Additionally, patients often experience bothersome side effects,
including pain from injections, breathiness, dysphagia, and hypophonia. A less common
side effect of BoNT is dysphagia which can be severe [17], as we reported in our case report
of a patient with adLD. Through extensive research of the literature, it was found that
LD is mostly treated with BoNT (56.6%), but rarely with other medications [97]. Pirio
Richardson et al. [97] reported that benzodiazepines were used to treat 16 patients with
LD, while muscle relaxants were used in 3 patients, dopaminergic drugs in 3 patients, and
non-benzohypnotic drugs in 4 patients. According to a study by Pirio Richardson et al. [97]
baclofen and anticholinergic drugs were not reported to be used in the treatment of LD.
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Even though the medication treatment with an anticholinergic drug (trihexyphenidyl) was
classified as the first-line agent for symptomatic therapy in dystonia [18], no findings were
reported so far regarding the medication attempts for LD [18]. The adLD patient in our
study could not reach the recommended daily therapeutic level of 15 mg of trihexyphenidyl
due to severe side effects. Benzodiazepine (clonazepam) was introduced as the second-line
agent [18], but no effect was noticed on acoustic voice measures. Both adLD and abLD
patients in this report are currently with unchanged voice status, and further experimental
trials are considered, such as rTMS or tDCS using inhibitory protocols such as 1 Hz [70].

Finally, the assessment of cSP with TMS in our two case reports of adLD and abLD
patients points to altered intracortical inhibition mechanisms in LD, which is similar to
the findings of Chen et al. [8,11]. The presented case of a male subject with abLD is an
extremely rare type of LD, and according to our knowledge, it is the first case with a
neurophysiological evaluation of ¢SP. Future studies with TMS are critical, involving a
higher number of LD patients (both adLD and abLD types) investigating cSP from laryngeal
muscle, as well as other neurophysiological measures such as SICI, LICI, and SAI [36-38,94].
A wider understanding of the neurophysiological basis of LD might lead to more efficient
treatments, potentially involving noninvasive neuromodulation techniques such as rTMS
or tDCS or vibrotactile stimulation of the laryngeal muscles.

The limitation of the present study relates to the neurophysiological assessment of
the corticobulbar excitability by recording MEPs and assessment of cSP from non-targeted
laryngeal muscles affected by LD disease. Future studies can adopt the procedures for the
percutaneous introduction of recording electrodes into the target laryngeal muscles (i.e.,
thyroarytenoid muscle) affected by the LD [8,11].

8. Conclusions

Although LD diagnosis has improved, it remains unacceptably delayed [98,99], which
is evident in our presented case of a female with adLD. Developed methodologies for
mapping the corticobulbar pathway [4-8,11] provide a tool for assessing neurophysiological
measures such as MEP responses from laryngeal muscles and cSP in LD patients. The
recent neurophysiological studies with TMS point to the impaired intracortical inhibition
measured with a non-invasive ¢SP measure. The current lack of full understanding of LD
etiology and patho-neurophysiology contributes to limited therapeutic interventions, but
hopefully, promising neuromodulatory techniques such as rTMS might bring new light to
the treatment of LD disorder.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11123453/s1. Video S1: Patient speech before the diagnosis
of focal adduction dystonia (year 2013) (A) and speech of the patient with focal adduction dystonia
(year 2021) (B). (A) Original video caption in Croatian language: Ja sam Maja Kandija$ Pleji¢, psiholog.
Radim na poliklinici za djecu s teSkoéama u razvoju Spektrum. Po svojoj bazi¢noj edukaciji opremljena sam
za dijagnostiku i pomaganje djeci koja su u problemu. Radeci ovaj posao osjecala sam da mi nesto nedostaje.
Video caption translation in the English language: My name is Maja Kandijas Pleji¢, I am a psychologist.
T work at the Spektrum polyclinic for children with disabilities. According to my basic education, I provide
diagnostic procedures and help children who are in trouble. Doing this job I felt like I was missing something.
(B) Original video caption in Croatian language: Psiholog sam i radim na Poliklinici Meje za djecu s
teskocama u razvoju. Radim dijagnostiku i psihoterapiju. Dolaze djeca od vrlo male dobi, predskolska djeca,
adolescent i dolaze obitelji koje su u problemima, rastave braka. Video caption translation in the English
language: I am a psychologist and I work at the Meje Polyclinic for children with disabilities. I provide
diagnostics and psychotherapy for children of young age, preschool children, adolescents, and families who are
in trouble like divorces. Table S1: Laryngeal Dystonia-Associated Genes.
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Abstract: Background: Developmental coordination disorder (DCD) is a developmental disorder
in which numerous comorbidities seem to coexist, such as motor and visual impairment and some
executive functions; Methods: A narrative review on motor and visual deficits in children with DCD
was carried out; Results and Discussion: Fine and gross motor skills are affected in children with DCD.
In addition, they seem to be related to visual deficits, such as difficulty in visual perception, sensory
processing and visual memory. Limitations have also been found in accommodation. Interventions
in children with DCD should be aimed at improving both aspects, since vision affects motor skills
and vice versa; Conclusions: In children with DCD, who present a marked deficit in global shape
processing, it causes an association between deficiencies in visual perception and motor skills.

Keywords: developmental coordination disorder; visual deficits; motor skills; review; motor skills

deficits; vision impairments; motor performance

1. Introduction

Developmental coordination disorder (DCD) is a heterogeneous condition occurring
in nearly 6% of the general population [1]. It appears that performance deficits may be
related to functional and structural problems in a distributed neural network that supports
motor control and learning [2].

The onset of symptoms is determined at an early age [3]. The main motor deficits
described in the DSM-V are voluntary gaze control during movement, dependent motor
training/learning, cognitive/motor integration and atypical motor network functioning [3].
Motor control deficits in DCD depend on the nature of the task to be performed. Deficits
are evident for dual tasks and tasks that require greater temporal or spatial precision, or a
more complex planning that requires some adaptation/adjustment at the perceptual-motor
level to maintain stability [2]. In addition to motor impairments, which may affect all motor
skills or only some motor skills [4-6], the literature reports other frequent impairments,
such as visual [1,7,8], cognitive [9-11] and reduced executive functions [1,12].

In order to acquire proper motor skills, adequate visual feedback is necessary [13].
Children with DCD present some difficulties in sensory processing and integration [14,15],
especially in visual perception [16,17]. These deficits in visual perception, as well as other
visual disturbances present in children with DCD, appear to affect motor skills [15,16,18].

Children with visual deficits and a condition that affects their neurodevelopment may
require extensive and specialized help, although there is no evidence on the most effective
strategies for visual improvement in children with DCD [19]. The objective of this narrative

J. Clin. Med. 2022, 11, 7447. https:/ /doi.org/10.3390/jcm11247447

https:/ /www.mdpi.com/journal /jcm
45



J. Clin. Med. 2022, 11, 7447

review is to characterize the state of the art on visual deficiencies in individuals with DCD
and their influence on motor deficits.

2. Materials and Methods

This narrative review presents an overview of the currently available literature regard-
ing the epidemiology of visual and motor deficits in DCD and the intervention on these
deficits. The study was based on reviews, original articles, meta-analyses and intervention
guides published in English.

2.1. Information Sources

A literature search was performed from 1 August 2022 to 30 September 2022 using
Web of Science, PubMed, Scopus, and Cinahl. The search was performed by two reviewers
separately. The searches were carried out in the time period from 2002 to 2022. Any
disagreements between the two reviewers were resolved by a third unblinded reviewer.
Articles were screened by title and abstract, and subsequently, the full texts of the selected
articles were examined.

2.2. Search Strategy

The literature search used various combinations of the keywords “developmental co-
ordination disorder” AND “motor skills” OR “motor disorder” OR “motor skills disorders”
OR “Motor Performance” in combination with one or more of the following: “vision”,

i

“visual”, “vergence”, “strabismus”, “eye movements”, “phoria”, “stereovision”, “stereoacu-
ity”, “refractive errors”, “vision impairments” and “visual acuity”. Those studies relevant
to visual disturbances, motor disturbances and both deficits in combination with each other
were selected, with the aim of identifying the relationship between them. Articles that were
irrelevant to the scope of this review were excluded. Additional literature was identified

from the reference lists cited in the initially identified articles.

2.3. Eligibility Criteria

The selection criteria included publications that described the visual characteristics of
children with DCD, as well as those that described motor deficits in the same population,
and those that included visual and motor variables in their intervention in these children.
They had to be available in full text and written in English. Articles were excluded if: (1)
they did not report data on motor and/or visual deficits in DCD; (2) the patients included
were adults; (3) the article was a letter, conference abstract or study protocol. After applying
electronic filters, duplicates and unintelligible articles were removed by including them in
Mendeley (Mendeley Software, London, UK), which is a bibliographic software used to
acquire and organize all references. Manual selection of titles and abstracts was performed
immediately by two different reviewers. The selected eligible articles underwent a full-text
review by two independent investigators.

2.4. Data Collection Process

Data were extracted using a standardized form, which included the following infor-
mation: (1) names of the authors and year of publication, (2) type of study, (3) variable
analyzed (visual/motor/both/intervention), and (4) relevant data.

2.5. Quality Assessment of Narrative Review Articles

To carry out the evaluation of this narrative review, we used the SANRA tool, which
is a brief scale for the quality assessment of narrative review articles. SANRA'’s internal
consistency and item-total correlation are sufficient, with satisfactory inter-rater reliability.
This tool consists of 6 items: explanation of the review’s importance (item 1) and statement
of the aims (item 2) of the review, description of the literature search (item 3), referencing
(item 4), scientific reasoning (item 5), and presentation of relevant and appropriate endpoint
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data (item 6). Two reviewers external to this study administered the SANRA tool to
determine the quality of the study.

3. Results
3.1. Selection of Sources of Evidence

The search in the database, using the keywords mentioned above without any filter,
resulted in 830 documents. After removing duplicates and articles that could not be read
by Mendeley, a total of 394 articles remained in the sample. The manual selection of titles
and abstracts resulted in the exclusion of 350 studies, leading to 44 eligible studies. A total
of 4 papers were excluded from the study, since the data they provided were not relevant
in relation to visual and motor skills in children with DCD. The selected studies are shown
in Figure 1. Most of the selected studies were descriptive and experimental studies.

—
g | | Records identified from: ::r‘:;’n";;m"e" bsfors
= Databases (f = 830) Duplicate records removed
3 Pubmed (n =157) P
£ Web of Science (n = 248) (n=421)
€ Scopus (1 = 235) Records marked as ineligible
§ Cinahl (n = 190) by automation tools (n =15)
—J
— l Records excluded
(n = 350)
Records screened »| ~NonDCD
(n=394) - Duplicates
- Language
- Adults
l - Cognitive/executive function
- Abstracts
o Reports sought for retrieval .
£ (n=44) " )
r Reports not retrieved
8 (=0
S
2]
»| Reports excluded:
Reports assessed for eligibility Research project without
(n=44) results (n = 1)
Not related to vision and/or
motor skills (n= 3)
—
a v
§ Studies included in review
3 (n=40)
o
&
—J

Figure 1. Schematic representation of the strategy for the selection of final articles.

3.2. Study Characteristics

A total of 7 articles addressed the motor skills of children with DCD with some
involvement of the visual system [9,10,20-24]. Another 8 articles addressed the visual char-
acteristics of children with DCD [25-32]. Of the 40 articles, 17 addressed the relationship
between motor skills and vision in children with DCD, of which 10 investigated fine motor
skills [4,8,33—40] and another 7 investigated gross motor skills [5,7,41-45]. The remaining
8 articles deal with visual intervention that influences the motor development of children
with DCD [46-53]. Table 1 shows the specific characteristics of the selected studies, such as
the type of study, the variable studied, and other relevant data.
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Table 1. Characteristics of the selected studies.

Outcome
. n Relationship of
Author (Date) Design (M;::rgge, Motor Skills Visual Visual Deficit with Visual/Motor
Deficit Fine Motor  Gross Motor ~ Intervention
Skills Skills
Van Dyck et al. (2022) [9] D 50 (9) °
Adams et al. (2014) [20] SR - .
Opitz et al. (2020) [10] D 24 (8.5) .
Tsai et al. (2008) [21] D 64 (9.5) .
Geuze (2003) [22] RCT 24 (9) .
Reynolds et al. (2017) [23] D 29 (9.5) °
Grohs et al. (2021) [24] CH 26 (10.6) .
Creavin et al. (2014) [25] CS 7154 (7.5) .
Bilbao and Pifiero (2021) [26] ES 7 (9.5) .
Sumner et al. (2018) [27] D 23 (8.9) .
Robert et al. (2014) [28] D 27 (9) .
Gomez et al. (2017) [30] D 20 (8.5) .
Gonzélez et al. (2016) [29] D 10 (10) .
Kagerer et al. (2004) [31] ES 7(8) .
Crawford and Dewey (2008) [32] D 27 (8.8) .
Rafique and Northway (2015) [33] D 9(10.3) .
Rafique and Northway (2021) [34] D 24 (10.4) ° °
Licari et al. (2018) [35] D 11 (9.4) .
Braddick and Atkinson (2013) [36] NR - .
Arthur et al. (2021) [37] D 19 (10)
Wilmut et al. (2006) [38] D 7 (7.5) .
Zoia et al. (2005) [4] D 19 (9) °
Prunty et al. (2016) [8] D 28 (11) °
Nobusako et al. (2018) [39] ES 29 (9.8) .
Nobusako et al. (2021) [40] ES 19 (9.3) °
Bair et al. (2012) [41] ES 20 (9.1) °
Cherng et al. (2007) [5] ES 20 (5) .
Fong et al. (2012) [42] ES 22 (7.6) .
Bair et al. (2011) [43] ES 11(7.2) .
Deconinck et al. (2006) [44] D 12(7.8) .
Deconinck et al. (2008) [45] ES 10(7) °
Tsai et al. (2008) [21] D 60 (10) °
Norouzi et al. (2021) [46] ES 20 (8.5) .
Miles et al. (2015) [47] RCT 30(9) .
Wood et al. (2017) [48] RCT 21 (8.6) o
Coetzee and Pienaar (2013) [49] CcO 32(7.9) .
Fong et al. (2016) [50] RCT 88 (7.7) o
Wilson et al. (2016) [51] RCT 54 (8) .
Deconinck et al. (2009) [52] ES 13 (9) .
Slowinski et al. (2019) [53] RTC * 21 (8.5) o

n: sample size of children with DCD; D: Descriptive (not specified); SR: Systematic Review; RCT: Randomized
Clinical Trial; CH: Cohort Study; CS: Cross sectional Study; ES: Experimental Study; NR: Narrative Review;
CO: Cross-Over study; *: Pseudo-Randomized.

A total of 17 selected articles were descriptive studies, although some did not spec-
ify it [4,7-10,21,23,27-30,32-35,37,38,44]. Another 18 were experimental, including the
RTCs [5,22,26,31,39-43,45-53]. The rest were other types of studies [20,24,25,36].

3.3. Quality Assessment of This Narrative Review Article

Two reviewers external to the research (MPS and JMSG) administered the SANRA
tool to this narrative review to determine its quality level. The minimum score in each item
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is 0 and the maximum is 2, from lowest to highest quality in each item. The sum score of
both reviewers is 11, with some difference that can be observed in Table 2.

Table 2. Scores obtained by the two reviewers in the SANRA narrative review quality tool.

Reviewer Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Sum Score
1 2 1 2 2 2 2 11
2 2 2 2 2 2 1 11

4. Discussion
4.1. DCD Motor Skills

Seven studies examine the motor characteristics of children with DCD [9,10,20-24].
Children with DCD have fine and/or gross motor skills below the level expected for their
age and learning opportunities [9]. According to the diagnostic criteria of the DSM-V [3],
people with DCD acquire motor coordination below expectations for their chronological
age and present clumsiness, inaccuracy in the performance of motor skills or slowness. The
motor deficit described seems to interfere with activities of daily living, academic activities,
or age-related leisure activities, although it has not been related to a medical condition
or disease.

Research shows that children with DCD exhibit slower, more variable reaction times
compared to typically developing children as a result of either slower processing speed,
inefficient preparation of movement or both [15]. Motor planning appears to be impaired
in DCD on most but not all tasks. Tests of visuomotor adaptation have shown that children
with DCD present a lower capacity to adapt their movement to different task constraints.
This has been shown by a higher movement variability, lower movement accuracy and/or
longer movement durations [15]. Movement times or durations are frequently reported to
be longer in children with DCD than in typically developing children, probably as a result
of a stronger reliance on visual information for movement control [20].

Children with DCD also show delayed postural adjustment time [20]. Acquiring
postural control requires the ability to integrate inputs from the somatosensory, visual,
and vestibular systems and to use the integrated sensory signals to generate coordinated
motor actions [42]. Opitz et al. [10] reported that children with DCD improved their
reaction times when they were learning motor sequences, but showed less accuracy in
distinguishing between different sequences. This impaired explicit discrimination was
observed in different domains, including the visuospatial and temporal domain.

Motor control strategies to regulate muscle activity are less uniform and consistent
than in typically developing children [42]. Different studies analyze postural patterns
in children with DCD [5,21,22,42,50]. Alterations are found in the timing and pattern of
activation of the postural muscles used to maintain posture during goal-directed reaching.
The normal sequence of muscle activation from distal to proximal in disturbed standing
was replaced by a pattern of activation from proximal to distal. Balance problems have also
been found, with greater coactivation of leg muscles when standing on their non-preferred
leg [21]. All of these neuromuscular deficits can affect the motor strategies used by these
children for postural control.

Imitation and visual learning are essential for motor development; therefore, it is
possible that imitation difficulties have an impact on the acquisition of movement in
children with DCD [23]. To achieve a correct imitation, the integration of multiple sensory
systems is required. That is why deficits in imitation could also be a consequence of
dysfunction of processes that have also been associated with DCD, such as visual attention
or processing, memory and executive function, sensory-perception function, or motor
learning and adaptation. Furthermore, they are unlikely to be limited to a single area.

The difficulty in acquiring movement skills in children with DCD may be due, among
other things, to a deficit in imitation and observational learning. Motor control is the ability

49



J. Clin. Med. 2022, 11, 7447

to initiate and produce intentional, coordinated and precise movements [24], which are
aspects that can be affected by coordination deficits and imitation deficits.

There are few studies looking at limb function in children with DCD [36-38]. Deficits
found in manual skills in children with DCD include slower reaction time, reduced accuracy,
and more variable speed of movement when reaching [4,24,36]. In relation to bimanual
coordination in children with DCD, the scientific literature suggests that the deficits may
be more evident in the non-dominant limb, in addition to the fact that children with DCD
may also show difficulty with coupling between limbs [24]. In the most difficult bimanual
tasks, bilateral deficits in spatiotemporal metrics are observed in children with DCD [46].

4.2. DCD Visual Deficits

A total of 8 studies have analyzed the visual disturbances that occur in children with
DCD [25-32]. Children with severe DCD have abnormalities in binocular vision, refractive
errors, and ocular alignment [25]. Accommodation abnormalities, which contribute to
impaired motor skills in children with DCD, have also been found [33,34]. The study
developed by Bilbao and Pifiero [26], resolves that children with DCD have a significantly
lower amplitude of accommodation and a trend of greater exophoria compared to those
with other developmental disorders.

Sumner et al. [27] found deficits in maintaining participation in fixation and following
tasks with more antisaccade errors in a group of children with DCD compared to a control
group. Some studies [25,28] that analyzed eye-tracking records showed abnormal eye
movements in children with DCD (on screen, the number of fixations was higher and
the duration of each fixation was shorter in children with DCD than in control children).
These children also made more saccadic eye movements. However, other authors [30]
found no relationship between the imprecision of eye movements and the imprecision of
numerical estimation in children with DCD. Gonzalez et al. [29] explain how cognitive
control influences saccadic eye movements in children with DCD. It appears that these
children are competent in executing saccades during reflexive conditions (without cues), but
show deficiencies in more complex control processes involving prediction and inhibition.

In typically developing children, soft horizontal seeking is mature by the age of
7 years, whereas soft vertical seeking is not mature until late adolescence. Robert et al. [28]
hypothesize that children with DCD have a late maturation of both search systems. In
their study, horizontal pursuit gain was similar in both populations, but vertical pursuit
gain was significantly impaired, that is, it was more saccadic in children with DCD than
in typically developing children. Some atypical ocular motility has been identified in
patients with DCD [27], especially with regard to poor sustained engagement in fixation in
DCD subjects. There also appear to be differences in gaze behavior compared to control
groups [37]. Gaze training was investigated to verify whether it retrospectively generated
benefits in movement organization [53].

Children with DCD often have deficits in sensory processing and visual percep-
tion [9,14,18,31,50,54]. Children with DCD perform significantly worse on the visual
perception test compared to typically developing children, although the deficits are not
common to all children with DCD. This means that there is great variability in the visuo-
perceptive clinic of children with DCD [17]. Nevertheless, Crawford and Dewey [32]
suggest that DCD alone is not associated with visual perception problems. According to
these authors, the presence of concurrent disorders could be the key to visual perception
deficits in children with DCD. However, the number of concurrent deficits present in DCD
is associated with the severity of visual perception dysfunction. For example, deficits in
visual memory skills appear to be a specific area of difficulty for children with DCD and
concurrent reading disability and/or attention deficit hyperactivity disorder.

4.3. Relationship between Vision and Motor Skills

Of the selected studies, we found 17 that relate vision and motor skills, 10 of them
in relation to fine motor skills [4,8,33—-40] and the other 7 on gross motor skills [5,7,41-45].
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In order to acquire proper motor skills, adequate visual feedback is necessary [13]. It is
quite possible that impaired visuomotor integration could be a phenomenon that affects the
results in all tasks. The most frequently observed deficit in DCD involves the processing of
visual information, which is an aspect that determines motor behavior [20]. Children with
DCD use somatosensory information for postural control as effectively as children with nor-
mal development. Somatosensory function normally matures at the age of 3-4 years and is
not affected by DCD, as the results of Fong et al. [42] demonstrate. Thus, children with DCD
partially compensate their balance problem by relying on somatosensory input. Visual-
spatial processing and visual-kinesthetic integration are prerequisites for the successful
maintenance of stability, and they are usually impaired in children with DCD [5,42,45].

In this line, the study carried out by Cheng et al. [6] examined the extent to which the
motor deficits of children with DCD, evaluated with the Movement Assessment Battery
for Children-2 (MABC-2), are linked to their visual perception abilities. Results indicated
that poor performance within DCD on tasks such as static visual discrimination, visual
sequential memory and eye-hand sequential coupling will negatively affect performance in
MABC-2 or in tasks of daily living. For typically developing children, visual perceptual
skills did not correlate with their motor skills. Based on these results, children with DCD
may have trouble coordinating visual cues to perform motor tasks. A similar study was
carried out by Van Waelvelde et al. [16]. In this case, children with DCD also performed
significantly worse than the control group on all measures. The visual discrimination task
was not significantly correlated with any of the motor tasks. In this case, the association
between visual perceptual deficits and motor tasks was shown to be task-specific.

On the other hand, the relationship between accommodation and motor tasks in
children with DCD has also been studied [33,34]. These children had significantly poorer
accommodation facility and amplitude dynamics compared to the control group. Therefore,
the results indicate a relationship between the alteration of accommodation and motor
skills; more specifically, accommodation abnormalities were correlated with the perfor-
mance of visuomotor, upper extremity and fine dexterity tasks [33]. Children with DCD
exhibit reliance on accommodative feedback only on visuomotor and upper extremity
tasks. Thus, children with DCD may be less dependent on visual feedback obtained from
accommodation, as they have adaptive mechanisms to overcome faulty information when
there are oculomotor abnormalities [34].

Micheletti et al. [54] suggest that two distinct visually related components, associated
with global shape and global motion sensitivity, contribute to DCD differently across the
range of severity of the disorder. In their study, the results within the DCD group indicate
that the relationship between motor skill deficits and global visual perception is more
complex than the comparison with typically developing controls indicates. When a marked
deficit in global shape processing is present, as occurs in children with DCD, this dominates
the association between deficits in visual perception and motor skills.

4.3.1. Vision Deficits and Fine Motor Skills

A total of 10 articles were selected based on the theme of fine motor skills and vi-
sion [4,8,33-40]. The scientific literature shows that manual functions are more affected by
vision and its effects in children with DCD [34]. Manual motor tasks, with visual support,
which requires predictive control, are affected in children with DCD [18]. Catching perfor-
mance in children with DCD probably reflects a combination of errors in paying attention
to visual information and organization of movement [35]. Children with DCD are less able
to use a predictive strategy during visuo-manual follow-up with intermittent occlusion.
They are also less proficient at tracking a moving target than typically developing children.
Ferguson et al. [18] showed that children in the DCD group made more changes to their
trajectory and more recovery movements. Moreover, tracking performance deteriorates
when visual feedback is reduced. Other authors [36] also defend that certain deficits,
such as DCD, present abnormal visuomanual actions, which are observed in bimanual
coordination and in the visual guidance of the action in the task and failures in motor
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planning. Initially, the study of Arthur et al. [37] does not agree with this fact, since they
did not find evidence to support the proposition that children with DCD coordinate their
hands and eyes in a non-predictive way. However, in a later exploratory follow-up analysis,
they did find differences in fundamental eye movement patterns between groups, and
children in the DCD group showed some evidence of atypical visual sampling strategies
and gaze-anchoring behaviors during the task.

Regarding eye-hand coordination in children with DCD, the study by Wilmut et al. [38]
concludes that there is no evidence of a problem in the speed or precision of simple
movements, although they observed difficulty in linking sequential changes of gaze and
hand required to complete everyday tasks or typical assessment items. Along the same
lines, Grohs et al. [24] reported that children with DCD presented greater variability in the
speed of the dominant limb, as well as greater deviations from the ideal trajectory of the
non-dominant limb. Similarly, when reaching for a target, the trajectories followed by the
DCD group were longer and more curved than those of the control group in the study of
Zoia et al. [4]. Moreover, deceleration times were longer for the DCD group. This study
concludes that the use of visual feedback by children with DCD may be different from
that of typically developing children. However, it seems that there is no consensus on the
relationship between the deficit in visual perception and handwriting skills. Prunty et al. [8]
examined the role of visual perception and visuomotor integration in the identification and
explanation of writing difficulties (speed, legibility, and excessive pauses) in children with
DCD; these authors found that, although the DCD group scored poorly on measures of
visual perception, these were not predictive of their handwriting performance.

Overall, increased visual bias has been found to correlate with poor manual dexterity
in children with DCD [40]. The study of Nobusako et al. [39] demonstrated that DCD chil-
dren with clumsy manual dexterity have deficits in visuomotor temporal integration and
automatic imitation function. In addition, they revealed a significant correlation between
manual dexterity and visuomotor temporal integration measures. The results indicated
that visuomotor temporal integration is the strongest predictor of poor manual dexterity.

4.3.2. Vision Deficits and Gross Motor Skills

Seven articles were found that related gross motor skills and vision [5,7,41-45]. Ac-
cording to Bair et al. [41], the postural body schema and the development of the dorsal
stream are useful in explaining the reweighting of low vision. The lack of multisensory
fusion supports the notion that optimal multisensory integration is a slow developmental
process and is vulnerable in children with DCD.

Among the gross motor skills, balance or stability in standing posture stands out.
Several studies have explored the influence of vision on standing balance in children with
DCD [5,21,22,41-43]. For example, Cherng et al. [5] showed that the standing stability
of children with DCD was significantly poorer than that of control children subjected to
different sensory conditions (visual and somatosensory inputs). The results suggest that
children with DCD experience more difficulty in coping with altered sensory input, which
has also been reported by Deconinck et al. [45]. In all conditions that the children were
subjected to, the mean postural sway velocity was greater for children with DCD. It also
revealed a greater reliance on vision in children with DCD when standing on a firm surface.
These results suggest that postural control problems may still be associated with difficulties
reappraising sensory information in response to environmental demands. Tsai et al. [21]
were more precise in their study, since they discriminated between the dominant and
non-dominant leg and between sexes. DCD children showed more difficulty standing on
the non-dominant leg with their eyes open and closed. In addition, while the boys showed
results similar to those of the total group, the girls with DCD only obtained significant
differences in three conditions with eyes closed, but not with eyes open. Geuze [22]
corroborates these results. In their study, DCD children had more difficulty standing on
one leg with their eyes closed. While standing on the non-preferred leg, the DCD children’s
electromyograms showed slightly greater coactivation of lower and upper leg muscles. If

52



J. Clin. Med. 2022, 11, 7447

standing was disturbed, children with DCD took longer to regain their posture. However,
children with DCD learned to compensate for the disturbance in a few attempts. In difficult
or novel situations, children with DCD appear to suffer from increased postural sway as a
result of suboptimal balance control. To facilitate standing postural control, Bair et al. [43]
suggest that children with DCD benefit from the use of vision in combination with tactile
information, possibly due to their less developed internal models of body orientation and
self-motion. Internal model deficits, among other postural deficits, may increase balance
impairment in children with DCD.

According to Tsai [7], DCD children performed significantly worse than the control
group, although only visual perception and motor skills with timed responses were signifi-
cantly correlated. Therefore, visual perception related to motor performance has a speed
component in these children. This is also related to the results of Deconinck et al. [44]
regarding the relationship of vision and gait in children with DCD. These authors suggest
that children with DCD are more dependent on global visual flow information than typi-
cally developing children for maintenance of balance and speed control during gait. This
increased reliance on visual control could be associated with an underdeveloped internal
sensorimotor model.

4.4. Interventions for Vision and Motor Deficits in DCD

Of the selected studies, 8 refer to visual intervention as a therapy that directly influ-
ences the motor skills of children with DCD [46-48,50-53]. Children with DCD who meet
diagnostic criteria generally need treatment. The indications for intervention essentially
depend on the influence of the diagnosis on activities of daily living. However, in some
cases, the diagnosis does not indicate treatment [2].

If DCD requirements are met but there are motor problems in performing tasks of
daily living and in educational and social support, then strategies for participation in all
environmental contexts should be implemented. This is common in children under 5 years
of age who have significant motor problems but do not meet all the diagnostic criteria
for DCD. Recommendation 17 of the International clinical practice recommendations on
intervention in children with DCD is that evidence of effectiveness, including regimen
and dose, should be considered when planning intervention. In the case of co-occurring
disorders, they recommend that intervention priorities be established according to the type
and severity of each disorder, and in consultation with the child and family [2].

There are different studies that analyze the effect of visual training to improve motor
skills in children with DCD [46-48]. Quiet-Eye Training (QET) has been shown to be more
effective than traditional training methods in teaching a throw and catch task. In the study
of Miles et al. [47], QET improved DCD children’s ability to focus on a target on the wall
before throwing, as well as better anticipation and tracking of the ball, which translates
into better catching technique. QET could be an effective adjunct for therapists teaching
visual-motor skills to children with DCD. Along the same lines, Norouzi Seyed Hosseini
et al. [46] analyzed the effect of TQT on the bimanual coordination of children with DCD.
The results indicated that the coordination mode performance was strongly influenced by
the QET. Therefore, they conclude that the successful performance of a bimanual linear
task depends mainly on the availability of visual feedback. Similarly, Wood et al. [48] have
been shown to improve the ability to throw and catch a ball in children with DCD through
TCE, which in turn also alleviates the negative psychosocial impact of these motor skill
deficits. All parents of children with DCD in this study reported improvements in their
children’s confidence, social skills, and predilection for physical activity after testing.

Coetzee and Pienaar [49] carried out a vision therapy program in children with DCD
to verify whether visual motor problems improved. The vision therapy program lasted
18 weeks and was carried out once a week, with 40 min per session. A 75-100% im-
provement in visual tracking, fixation, ocular alignment, and convergence was reported in
children with DCD, who underwent an 18-week vision therapy program [49].
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The study of Nobusako et al. [39] suggested that improving visuomotor ability tempo-
ral integration can be an effective rehabilitation strategy for DCD. Therefore, it is necessary
to develop new neurorehabilitation techniques that favor visuomotor temporal integration.
In the same line, Fong et al. [50] showed that task-specific balance training marginally im-
proves somatosensory function and somewhat improves balance performance in children
with DCD. It appears that, by improving motor function, it is also possible to improve
deficits in visual function.

In another sense, results suggest that motor imagery is accessible to children with
DCD, but less refined/developed compared with healthy controls [20,51]. Different studies
found that children with DCD were able to perform motor imagery, although with a
slower and less accurate rate of mental transformation than controls [20,52,55,56]. The
motor imaging deficit observed in children with DCD is associated with motor imaging
accuracy, rather than vividness [56]. Generally, it seems that children with DCD may
incorporate motor imagery adequately for simple tasks, but may use it less consistently
than typically developing children. In motor planning tasks, it is important to systematically
vary the complexity of motor imagery tasks to identify the specific capacities of the child
with DCD [20]. As such, motor imagery can be voluntarily incorporated to reinforce the
relationship between the (simulated) motor output signal and the resulting behavior of
the physical system. The results of motor imagery training in improved skill and function
are pervasive in motor learning. In a motor imagery training study, Wilson et al. [51]
showed training effects comparable to conventional physical therapy. The mechanism
of change could be related to the training of predictive models of action with repeated
mental simulation.

4.5. Limitations and Strengths

Despite its narrative nature, the present study provides a comprehensive and system-
atic overview on visual disturbances in children with DCD and their possible influence on
motor deficits.

However, we are aware that some documents may have been lost. A lack of consistent
data in the reports, which are not always supported by numbers and statistics, suggests the
need for more transparent and objective studies based on standardized reports. However,
to our knowledge, this is the first study to describe related visual and motor impairments
in children with DCD.

5. Conclusions and Clinical Implications

In children with DCD, the literature seems to indicate that there is a clear association
between visual deficits and motor skills, both fine and gross. Future research should delve
into this last relationship at the functional level to enable effective interventions. Due to
the lack of homogeneity in the current studies on the relationship between vision and
motor skills in children with DCD, more randomized clinical trials, as well as descrip-
tive studies that analyze this relationship in depth, are necessary to establish a correct
intervention for these children. It would be interesting for future research to use a fuller
overview of methods, intervention and findings so that comparisons can be made between
different studies.
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Abstract: Nonmotor symptoms negatively affect health-related quality of life (HRQoL) in patients
with Parkinson’s disease (PD). However, it is unknown which nonmotor symptoms are most com-
monly associated with HRQoL. Considering the complex interacting network of various nonmotor
symptoms and HRQoL, this study aimed to reveal the network structure, explained HRQoL variance,
and identify the nonmotor symptoms that primarily affect HRQoL. We included 689 patients with
PD from the Cohort of Patients with Parkinson’s Disease in Spain (COPPADIS) study who were
rated on the Nonmotor Symptoms Scale in Parkinson’s disease (NMSS) and the Parkinson s Disease
Questionnaire 39 (PDQ-39) at baseline. Network analyses were performed for the 30 items of the
NMSS and both the PDQ-39 summary index and eight subscales. The nodewise predictability, edge
weights, strength centrality, and bridge strength were determined. In PD, nonmotor symptoms are
closely associated with the mobility, emotional well-being, cognition, and bodily discomfort subscales
of the PDQ-39. The most influential nonmotor symptoms were found to be fatigue, feeling sad,
hyperhidrosis, impaired concentration, and daytime sleepiness. Further research is needed to confirm
whether influencing these non-motor symptoms can improve HRQoL.

Keywords: Parkinson disease; nonmotor symptoms; quality of life; cognition; depression; fatigue;
hyperhidrosis; disorders of excessive somnolence; network analysis; NMSS; PDQ-39

1. Introduction

Parkinson’s disease (PD) is a progressive, multisystem neurodegenerative disorder
characterized by motor and nonmotor symptoms [1]. Owing to the progressive nature of
the disease, health-related quality of life (HRQoL) is an essential focus when treating PD.
Numerous studies have shown the contribution of nonmotor symptoms to the deterio-
ration of patients’ quality of life [2-11]. However, nonmotor symptoms are often poorly
recognized [2].

HRQoL is a multidimensional concept that is commonly used to examine the impact of
health status on the quality of life. It usually includes physical, mental, and social domains
of health [12]. The Parkinson 's Disease Questionnaire 39 (PDQ-39) is the most thoroughly
tested and frequently applied questionnaire [13]. It is a disease-specific and self-rated
questionnaire that detects minor changes in HRQoL [14,15]. The 39 items included in the
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PDQ-39 are grouped into eight domains and their respective subscales, the mean value
of which determines the summary index. However, as mentioned above, HRQoL is a
multidimensional concept, and using the summary index of the PDQ-39 instead of the eight
subscales does not adequately account for its complexity [16]. Moreover, patients with
limitations in the physical domain of HRQoL are expected to require different therapies
than those with limitations in the emotional or social domains. Therefore, consideration of
the PDQ-39 subscales provides more specific information.

The Nonmotor Symptoms Scale in Parkinson’s Disease (NMSS) is frequently used
to comprehensively assess a range of nonmotor symptoms in patients with PD [17-19].
The NMSS consists of 30 items. Each item describes a different nonmotor symptom and
considers its severity and frequency. Therefore, the NMSS is a suitable tool for detecting and
quantifying nonmotor symptoms in patients with PD. Accordingly, many original studies
have used the scale as a clinical outcome measure of nonmotor symptoms [19]. However,
owing to the variety of nonmotor symptoms, the total score or domain structure of the
NMSS is usually used for statistical analysis. Taking into account the known shortcomings
of the NMSS and the limited internal consistency of the domain structure [17,18,20], the
consideration of nonmotor symptoms on a single-item level seems advantageous. However,
this generally requires more patients, which limits its applicability.

Although previous studies have examined the association between the NMSS and
PDQ-39 [7,9,11], the particular symptoms that are most commonly associated with de-
creased HRQoL have not been clarified, considering the complex interacting network of all
nonmotor symptoms. However, due to the variety of nonmotor symptomes, it is important
to uncover how these symptoms are linked to HRQoL and to reveal which nonmotor
symptoms impact HRQoL. Therefore, we considered both the PDQ-39 summary index and
the eight PDQ-39 subscales. Identifying the most important factors that determine HRQoL
would allow the prioritization of interventions [21], providing the basis for the improved
holistic treatment of patients with PD.

Network analysis is an appropriate tool for gaining these insights, considering all
relevant associations between different variables. Accordingly, the present study aimed to
reveal (1) the structure of the complex interacting networks of various nonmotor symptoms
and HRQoL in PD, (2) the proportion of the HRQoL variance that can be explained by
nonmotor symptoms, and (3) which nonmotor symptoms primarily affect HRQoL. This
knowledge is crucial as it represents a promising way to improve HRQoL in patients
with PD.

2. Materials and Methods
2.1. Study Design

Data were extracted from the Cohort of Patients with Parkinson’s Disease in Spain
(COPPADIS) study, a national, multicenter, longitudinal study [22]. PD patients aged
between 30 and 75 years without dementia were initially recruited from 35 centers in Spain

from January 2016 to November 2017. Detailed information on the study design is provided
in the COPPADIS study protocol [22].

2.2. Participants

In this study, we included patients with PD whose NMSS and PDQ-39 scores were
obtained at the baseline evaluation, resulting in a sample of 689 patients.

2.3. Variables

The NMSS was used to assess nonmotor symptoms. The scale comprises 30 items that
describe different nonmotor symptoms experienced during the previous month. The score
for each item is calculated by multiplying the severity (0 = none, 1 = mild, 2 = moderate,
3 = severe) and frequency (1 = rarely, 2 = often, 3 = frequent, 4 = very frequent), ranging
from 0 to 12 points. The total NMSS score ranges from 0 to 360 points. Theoretically,
items are assigned to nine different domains: cardiovascular (domain 1; items 1 and 2),
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sleep/fatigue (domain 2; items 3, 4, 5, and 6), mood/cognition (domain 3; items 7, 8, 9,
10, 11, and 12), perceptual problems (domain 4; items 13, 14, and 15), attention/memory
(domain 5; items 16, 17, and 18), the gastrointestinal tract (domain 6; items 19, 20, and 21),
urinary (domain 7; items 22, 23, and 24), sexual function (domain 8; items 25 and 26), and
miscellaneous (domain 9; items 27, 28, 29, and 30) [17]. However, for the network analyses,
we considered all 30 items.

To assess HRQOL, the subscales and summary indices of the PDQ-39 were considered.
The PDQ-39 is a self-rated questionnaire consisting of 39 items divided into eight subscales:
mobility (MOB, 10 items), activities of daily living (ADL, 6 items), emotional well-being
(EMO, 6 items), stigma (STI, 4 items), social support (SOC, 3 items), cognition (COG,
4 items), communication (COM, 3 items), and bodily discomfort (BOD, 3 items). There
are five possible answers for each item: never, occasionally, sometimes, often, and always.
Each subscale is converted into a score ranging from 0 to 100 (higher values indicate worse
HRQoL). The PDQ-39 summary index is calculated as the mean of the eight subscales and
may represent a single value for assessing patients” overall HRQoL. Details of the scoring
system for the PDQ-39 can be found in the PDQ user manual [23].

In addition, the following variables were extracted: patient age, sex, Hoehn and Yahr
stage [24], and Unified Parkinson’s Disease Rating Scale (UPDRS) part III [25].

2.4. Statistical Analysis

For descriptive statistics, normality was tested using the Shapiro-Wilk test. The results
are reported as numbers and percentages for categorical variables and the median and
interquartile range (IQR) for non-normally distributed continuous variables. The statistical
significance for all tests was set at p < 0.05 (two-tailed).

Network analyses based on partial correlations were conducted to explore the associa-
tions between the 30 NMSS items and HRQoL. In this network approach, the individual
nonmotor symptoms and HRQoL measures are seen as complex interacting systems. There-
fore, partial correlations refer to associations between two random variables, taking into
account other confounding variables related to both variables of interest. Accordingly, the
overall pattern of connections is considered to understand interactions, rather than looking
at individual correlations that do not take into account whether there is another variable
causing that relationship. To precisely assess the influence of nonmotor symptoms on
HRQoL, the latter was considered first as the PDQ-39 summary index; second, each of the
eight PDQ-39 subscales were considered separately; and third, all subscales were included.
This approach was used to identify individual nonmotor symptoms and HRQoL measures.

In general, networks contain two fundamental components: nodes, representing the
variables entered into the model, and edges, displaying the correlations between the nodes.
Edge thickness reflects the intensity of the connection. Moreover, every node is positioned
using the Fruchterman—Reingold algorithm based on the strength of the connections be-
tween nodes using pseudorandom numbers [26]. However, instead of relying on simple
correlations, a regularization technique, which takes the model complexity into account,
is frequently used to prevent overfitting of the partial correlation network structure by
reducing the number of spurious correlations between variables [27]. In this study, we
used the extended Bayesian information criterion (EBIC) [28,29] with the least absolute
shrinkage and selection operator (LASSO) [30]. For more sensitive and specific network
analysis, the EBICglasso tuning parameter was set to 0.5, resulting in a sparse network.
Nonparanormal transformation (npn) was conducted to generate a normal distribution of
non-normally distributed data.

In addition to the layout of the nodes and their edges, centrality measures can be
used to assess the variables” influences and their connections statistically. The strength
centrality measure was determined for each node using standardized values. Therefore,
the strength of a node corresponds to the sum of the absolute edge weights associated with
that node [31] and, accordingly, describes the direct connections to other nodes [31-33].
In clinical practice, a node with a high-strength centrality measure can be a potential
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therapeutic target, because a change in the value of this node can rapidly influence other
nodes within the network. In addition, the nodewise predictability was determined to
quantify how well a given node (i.e., PDQ) can be predicted by all other nodes connected in
the network (i.e., associated nonmotor symptoms) [34]. The determined explained variance
R2 can range from 0 to 1, and values > 0.13 are considered moderate and values > 0.26 are
considered high [35].

To identify nonmotor symptoms with the greatest impacts on the eight PDQ-39 sub-
scales, the bridge strength was calculated. The bridge strength is defined as the sum of the
absolute values of all edges that exist between a node of a community (i.e., a nonmotor
symptom) and all nodes from another community (i.e., PDQ-39 subscales) [36]. Accord-
ingly, a nonmotor symptom with a high bridge strength substantially impacts all PDQ-39
subscales compared with other nonmotor symptoms within the network.

To demonstrate the network’s stability, the correlation stability (CS) coefficient was
estimated using a case-dropping bootstrap procedure (number of bootstraps = 1000). The
CS coefficient quantifies the proportion of cases that can be dropped to retain a correlation
with an original strength of at least 0.7 in at least 95% of the samples [33]. To confirm that
the network structure was stable, the CS coefficient should preferably exceed 0.5 [33].

Statistical analyses were performed using SPSS (IBM SPSS Statistics 27, IBM, Armonk,
NY, USA), R (version 4.2.1, R Foundation for Statistical Computing, Vienna, Austria), and
JASP (version 0.15, JASP Team, Amsterdam, The Netherlands) software.

3. Results
3.1. Descriptive Analysis

Of the 689 patients with PD, 414 (60.1%) were male, and 275 (39.9%) were female.
The median patient age was 64 years (IQR = 57-70 years). Most patients presented with a
disease stage of bilateral involvement (Hoehn and Yahr stage > 2) and moderate motor
impairment (median UPDRS III: 21 points, IQR = 14-30). According to the PDQ-39, the
patients rated their HRQoL with a median summary index of 12.8 points (IQR = 7.7-24.4).
Patients assessed their HRQoL as particularly poor in terms of the bodily discomfort
(median value: 25.0, IQR = 8.3-41.6), cognition (median value: 18.7, IQR = 6.3-31.2), and
emotional well-being subscales (median value: 16.6, IQR = 4.2-33.3). Patients reported
nonmotor symptoms with a median NMSS total score of 35 points (IQR = 19-61). The
descriptive statistics of the study population are presented in Table 1.

Table 1. Descriptive statistics.

Study Population
N 689
Sex
Male 414 (60.1)
Female 275 (39.9)
Age 64 (57-70)
HY off 2 (2-2)
UPDRS III off 21 (14-30)
PDQ-39 summary index 12.8 (7.7-24.4)
Mobility, MOB 10.0 (2.5-25.0)
Activities of daily living, ADL 12.5 (4.2-25.0)
Emotional well-being, EMO 16.6 (4.2-33.3)
Stigma, STI 0.0 (0.0-25.0)
Social support, SOC 0.0 (0.0-8.3)
Cognition, COG 18.7 (6.3-31.2)
Communication, COM 0.0 (0.0-16.6)
Bodily discomfort, BOD 25.0 (8.3-41.6)
NMSS, total score 35 (19-61)
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Table 1. Cont.

Study Population

Cardiovascular (domain 1) 0(0-2)
1. Light headedness 0(0-2)
2. Fainting 0 (0-0)
Sleep/fatigue (domain 2) 6 (2-12)
3. Daytime sleepiness 1(0-3)
4. Fatigue 1(0-4)
5. Sleep initiation 0(0-2)
6. Restless legs 0(0-2)
Mood/apathy (domain 3) 3 (0-11)
7. Loss of interest 0 (0-1)
8. Lack of motivation 0(0-1)
9. Feeling nervous 0(0-2)
10. Feeling sad 0(0-2)
11. Flat mood 0(0-1)
12. Anhedonia 0(0-2)
Perceptual (domain 4) 0 (0-1)
13. Hallucinations 0 (0-0)
14. Delusions 0 (0-0)
15. Diplopia 0 (0-0)
Attention/memory (domain 5) 2 (0-5)
16. Concentration 0(0-2)
17. Forgetfulness 0(0-2)
18. Forget to do things 0(0-1)
Gastrointestinal (domain 6) 2 (0-5)
19. Sialorrhea 0 (0-1)
20. Dysphagia 0(0-0)
21. Constipation 0(0-2)
Urinary (domain 7) 6 (1.5-12)
22. Urgency 1 (0-6)
23. Frequency 1(04)
24. Nocturia 1(0-4)
Sexual dysfunction (domain 8) 1(0-8)
25. Interest 0(0-4)
26. Problems having sex 0 (0-4)
Miscellaneous (domain 9) 5(1-12)
27. Pain 0(0-1)
28. Taste/smell 2 (0-6)
29. Weight change 0(0-0)
30. Hyperhidrosis 0 (0-1)

The number of participants is given in absolute values; categorical parameters are given as absolute values
and percentages; other values are given as medians and interquartile ranges. HY, Hoehn and Yahr stage; N,
number of participants; NMSS, Nonmotor Symptoms Scale in Parkinson’s disease; PDQ-39, Parkinson ‘s Disease
Questionnaire 39; UPDRS, Unified Parkinson’s Disease Rating Scale.

3.2. Network Structure
3.2.1. PDQ-39 Summary Index

The network structure between nonmotor symptoms and the PDQ-39 summary index
is shown in Figure 1. The white node displays the PDQ-39 summary index (PDQ), and
the colored nodes display the NMSS items (i1-i30). Therefore, the color assignment of the
nodes corresponds to the distribution of items in the domain structure of the NMSS.
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Cardiovascular
Sleep/fatigue
Mood/cognition
Perceptual problems
Attention/memory
Gastrointestinal tract
Urinary

Sexual function
Miscellaneous

Figure 1. Network structure of the Nonmotor Symptoms Scale in Parkinson’s disease (NMSS) and
Parkinson’s Disease Questionnaire 39 (PDQ-39) summary index. The node PDQ displays the PDQ-39
summary index, and nodes i1-i30 display the items included in the NMSS. The thickness of the
edges indicates the strength of the correlations between these nodes. Color coding represents the
assignment of the items to the nine domains of the NMSS: cardiovascular (domain 1; items 1 and
2); sleep/fatigue (domain 2; items 3, 4, 5, and 6); mood/cognition (domain 3; items 7, 8, 9, 10, 11,
and 12); perceptual problems (domain 4; items 13, 14, and 15); attention/memory (domain 5; items
16, 17, and 18); gastrointestinal tract (domain 6; items 19, 20, and 21); urinary (domain 7; items 22,
23, and 24); sexual function (domain 8; items 25 and 26); and miscellaneous (domain 9; items 27, 28,
29, and 30). Item 1: light headedness; item 2: fainting; item 3: daytime sleepiness; item 4: fatigue;
item 5: sleep initiation; item 6: restless legs; item 7: loss of interest; item 8: lack of motivation; item 9:
feeling nervous; item 10: feeling sad; item 11: flat mood; item 12: anhedonia; item 13: hallucinations;
item 14: delusions; item 15: diplopia; item 16: concentration; item 17: forgetfulness; item 18: forget to
do things; item 19: sialorrhea; item 20: dysphagia; item 21: constipation; item 22: urgency; item 23:
frequency; item 24: nocturia; item 25: interest; item 26: problems having sex; item 27: pain; item 28:
taste/smell; item 29: weight change; and item 30: hyperhidrosis.

On a global level, the network analysis revealed a well-connected network (229 of
465 nonzero edges). None of the 31 nodes were separated entirely. The pre-existing
structure of the NMSS based on the nine domains cannot be visually delimited owing to
the numerous associations of items from different domains. While items of all the NMSS
domains were associated with PDQ, the edge between item 4 (fatigue) and PDQ had the
highest weight (edge weight 0.184, as shown in Table S1).

In addition, the strength centrality measure of each node was determined. These
values are shown in Figure 2 (and tabulated in Table S1). PDQ was determined to have the
greatest strength. Accordingly, this node had the highest input weights from being directly
connected other items. Respectively, the PDQ-39 summary index is of central importance
to the complex interacting network of nonmotor symptoms of the NMSS. The nodewise
predictability results revealed that 52.8% of the variance in the PDQ-39 summary index
could be explained by the connected NMSS items (see Table S1).
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Figure 2. Node strength of the NMSS and PDQ-39 summary index. The strength centrality measures
of PDQ-39 summary index (PDQ) and the items of the NMSS (i1-i30) are given in standardized
values. Item 1: light headedness; item 2: fainting; item 3: daytime sleepiness; item 4: fatigue; item 5:
sleep initiation; item 6: restless legs; item 7: loss of interest; item 8: lack of motivation; item 9: feeling
nervous; item 10: feeling sad; item 11: flat mood; item 12: anhedonia; item 13: hallucinations; item
14: delusions; item 15: diplopia; item 16: concentration; item 17: forgetfulness; item 18: forget to
do things; item 19: sialorrhea; item 20: dysphagia; item 21: constipation; item 22: urgency; item 23:
frequency; item 24: nocturia; item 25: interest; item 26: problems having sex; item 27: pain; item 28:
taste/smell; item 29: weight change; and item 30: hyperhidrosis. NMSS: Nonmotor Symptoms Scale
in Parkinson ’s disease. PDQ-39: Parkinson ‘s Disease Questionnaire 39.

The case-dropping bootstrapped procedure revealed that the centrality measure
strength remained high (CS (cor = 0.7) = 0.67; Figure S1), and accordingly, the network can
be considered stable.

3.2.2. PDQ-39 Subscales

In addition to the aforementioned analysis of the PDQ-39 summary index, we con-
ducted separate network analyses of the eight PDQ-39 subscales (MOB, ADL, EMO, STI,
SOC, COG, COM, and BOD). The network structures between the nonmotor symptoms and
each of the eight PDQ-39 subscales are shown in Figures S2-S9. The white node displays
the PDQ-39 subscale (MOB, ADL, EMO, STI, SOC, COG, COM, or BOD), and the orange
nodes display the items of the NMSS (i1-i30).

In general, all eight networks were found to be well-connected without isolated nodes.
As revealed by the nodewise predictability analyses, the explained variances of the MOB,
EMO, COG, and BOD subscales were high (R2: 38.5-52.7%) (see Table S2).

Moreover, strength centrality measures for each node within the eight networks were
determined (Table S3). The COG subscale had the highest strength within its network and
a high impact from directly connected nonmotor symptoms. We also examined the edge
weights of each network (Table S3). It became apparent that different items of the NMSS
are most highly associated with individual subscale measures. Within the “mobility” and
“activities of daily living” network, the highest associations of the nodes MOB and ADL
are with item 4 (fatigue) (edge weights 0.251 and 0.121). Feeling sad (item 10) is most highly
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associated with the node EMO (edge weights 0.276) in the “emotional well-being” network.
Within the “stigma” network, the edge weight between STI and item 13 (hallucinations)
is the highest (0.067), but it is still relatively low in comparison with the other subscales.
Loss of interest (item 7) is highly connected to SOC (“social support” network) with an
edge weight of 0.157. Regarding the “cognition” network, edge weight analyses two
highly connected items were revealed: the edge weights between COG and both impaired
concentration (item 16) and daytime sleepiness (item 3) were very high (edge weights 0.336
and 0.293, respectively). Daytime sleepiness (item 3) was also the item with the highest edge
weight to COM in the “communication” network (edge weight 0.091). Finally, hyperhidrosis
(item 30) seems to have the most significant influence on BOD in the “bodily discomfort”
network with an edge weight of 0.220.

Case-dropping bootstrapped procedures revealed that the centrality measure strength
remained high for every subscale network (CS (cor = 0.7) > 0.5), and accordingly, the
networks can be considered stable (see Table S2).

3.2.3. Bridge Strength

We identified nonmotor symptoms associated with the PDQ-39 summary index and
particular subscales of the PDQ-39. However, it is particularly interesting to identify the
nonmotor symptoms most associated with all eight PDQ-39 subscales. In this regard, the
bridge strength of the NMSS items was determined.

Therefore, we conducted a network analysis including the 30 NMSS items and eight
PDQ-39 subscales (MOB, ADL, EMO, STI, SOC, COG, COM, BOD). The network structure
is shown in Figure 3. The blue nodes display the PDQ-39 subscales (MOB, ADL, EMO, STI,
SOC, COG, COM, or BOD), and the orange nodes display the NMSS items (i1-i30).

© NMSS items
© PDQ-39 subscales

Figure 3. Network structure of the NMSS and PDQ-39 subscales. The blue nodes display the PDQ-39
subscales (MOB, ADL, EMO, ST1, SOC, COG, COM, and BOD), and the orange nodes display the items
included in the NMSS (i1-i30). The thickness of the edges indicates the strength of the correlations
between these nodes. Item 1: light headedness; item 2: fainting; item 3: daytime sleepiness; item 4:
fatigue; item 5: sleep initiation; item 6: restless legs; item 7: loss of interest; item 8: lack of motivation;
item 9: feeling nervous; item 10: feeling sad; item 11: flat mood; item 12: anhedonia; item 13:
hallucinations; item 14: delusions; item 15: diplopia; item 16: concentration; item 17: forgetfulness;
item 18: forget to do things; item 19: sialorrhea; item 20: dysphagia; item 21: constipation; item 22:
urgency; item 23: frequency; item 24: nocturia; item 25: interest; item 26: problems having sex;
item 27: pain; item 28: taste/smell; item 29: weight change; and item 30: hyperhidrosis. PDQ-39
subscale coding: MOB, mobility; ADL, activities of daily living; EMO, emotional well-being; STI,
stigma; SOC, social support; COG, cognition; COM, communication; BOD, bodily discomfort. NMSS:
Nonmotor Symptoms Scale in Parkinson ‘s disease. PDQ-39: Parkinson ‘s Disease Questionnaire 39.
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The network analysis revealed a well-connected network (290 of 703 nonzero edges)
without isolated nodes. The bridge strength centrality measures are shown in Figure 4.
Accordingly, consideration of the community of NMSS items revealed that items 30 (hy-
perhidrosis), 16 (concentration), and 3 (daytime sleepiness) had the highest bridge strengths.
These items are, in turn, associated with the subscales “bodily discomfort” (hyperhidrosis)
and “cognition” (concentration and daytime sleepiness).

Bridge Strength

STI- e S——
SOC-

BOD L ' ' ' '

0.0 02 0.4 06 0.8

Figure 4. Bridge strengths of the NMSS and PDQ-39 subscales. The bridge strength indicates the
sum of the values of all edges that exist between a node of one community and all nodes from
another community. Bridge strength values are given for the nodes of the NMSS (i1-i30) and PDQ-39
subscales (MOB, ADL, EMO, STI, SOC, COG, COM, and BOD). Item 1: light headedness; item 2:
fainting; item 3: daytime sleepiness; item 4: fatigue; item 5: sleep initiation; item 6: restless legs;
item 7: loss of interest; item 8: lack of motivation; item 9: feeling nervous; item 10: feeling sad;
item 11: flat mood; item 12: anhedonia; item 13: hallucinations; item 14: delusions; item 15: diplopia;
item 16: concentration; item 17: forgetfulness; item 18: forget to do things; item 19: sialorrhea;
item 20: dysphagia; item 21: constipation; item 22: urgency; item 23: frequency; item 24: nocturia;
item 25: interest; item 26: problems having sex; item 27: pain; item 28: taste/smell; item 29: weight
change; and item 30: hyperhidrosis. PDQ-39 subscale coding: MOB, mobility; ADL, activities of
daily living; EMO, emotional well-being; STI, stigma; SOC, social support; COG, cognition; COM,
communication; BOD, bodily discomfort. NMSS: Nonmotor Symptoms Scale in Parkinson “s disease.
PDQ-39: Parkinson “s Disease Questionnaire 39.

The case-dropping bootstrapped procedure confirms that the network can be considered
stable because the CS coefficient of the bridge strength remains high (CS (cor = 0.7) = 0.67)
(see Figure S10).

4. Discussion

Our study used network analyses to reveal the overall pattern of connections and,
accordingly, the complex interactions between nonmotor symptoms and HRQoL in PD
patients. We were able to demonstrate that the 30 items of the NMSS mainly influence the
MOB, EMO, COG, and BOD subscales of the PDQ-39 due to the high predictability of these
subscales. Moreover, considering the variety of other confounding nonmotor symptoms
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and HRQoL measures, we identified symptoms that were positively associated with overall
HRQoL and symptoms that affect specific domains of HRQoL.

In summary, network analyses indicated that fatigue, feeling sad, hyperhidrosis, impaired
concentration, and daytime sleepiness are the most influential nonmotor symptoms related to
HRQOoL. Loss of interest and hallucinations are also relevant, although their impacts are less
pronounced because of the lower predictability of the STI and SOC subscales by the NMSS.

The effect of fatigue on HRQoL can be interpreted in line with previous research. It is
already known that fatigue is an early symptom of PD [37,38] that has a negative impact
on quality of life [39—41]. Our study confirmed that fatigue is of central importance to the
PDQ-39 summary index, and particularly for the MOB subscale. Accordingly, fatigue can
be considered an influential nonmotor symptom. Therefore, identifying and subsequently
treating fatigue in PD patients may be a promising way to improve HRQoL. However,
evidence-based treatment strategies for fatigue remain limited [39]. As fatigue is correlated
with depression in PD patients [41], treating any associated depressive symptoms may
have a positive effect.

Previous studies have revealed that depression is a strong determinant of a low
HRQoL [42,43]. In addition, it was recently shown that depressive symptoms, particularly
feelings of sadness, are of major importance within the complex network of nonmotor
symptoms in PD [20]. However, until now, it has not been clarified whether depressive
symptoms, even in the absence of depression, are also important for HRQoL, considering
their complex interactions. In this study, we found that feeling sad had the greatest impact
on the EMO subscale of the PDQ-39 and may represent a potential therapeutic target for
improving HRQoL. Accordingly, close attention should be paid to depressive symptoms
when treating patients with PD, especially because they are often heterogeneous and
under-recognized [44,45].

Sweating disturbances are common in PD [46]. Axial hyperhidrosis may compensate
for reduced sympathetic function in the extremities [47]. Our study demonstrates that
hyperhidrosis primarily affects the BOD subscale of the PDQ-39 and has the highest bridge
strength. Accordingly, hyperhidrosis was shown to have a meaningful impact on all eight
subscales of the PDQ-39, which was not directly visible when looking at the network struc-
ture of the NMSS items and the PDQ-39 subscales (Figure 3). Nevertheless, this complex
effect can be explained by the known relationship between hyperhidrosis and various
other autonomic symptoms [48,49]. In general, our data suggest that the consideration of
hyperhidrosis is beneficial, as it is a simple clinical screening tool to identify PD patients
with autonomic symptoms [48] and could be used to uncover a possible therapeutic target
to improve HRQoL.

Excessive daytime sleepiness is a frequent problem in patients with PD [50]. Its
pathophysiology is multifactorial and is caused by the degeneration of neurons controlling
wakefulness, medications and their side effects, and even poor nocturnal sleep [51]. A
previous study showed that PD patients with excessive daytime sleepiness had more
severe nonmotor symptoms and a lower PDQ-39 summary index than those without
excessive daytime sleepiness [52]. Moreover, excessive daytime sleepiness has been shown
to be associated with cognitive impairment [51]. Our study strengthened this finding and
showed that daytime sleepiness is strongly related to the COG subscale of the PDQ-39 and is
a bridge symptom of HRQoL.

Furthermore, our study demonstrated that impaired concentration is strongly related
to the COG subscale of the PDQ-39 and represents a bridge symptom of HRQoL. Although
the high impact of concentration on the cognition domain of HRQoL is not surprising, our
study revealed a broader influence of concentration on all eight subscales of the PDQ-39
and, thus, a multidimensional impact on HRQoL.

Our study provides new insights into the complex interacting network of nonmotor
symptoms on HRQoL in PD patients. Nevertheless, our study has several limitations.
First, the generated data are not fully representative of the PD population due to the
inclusion and exclusion criteria used (i.e., age limit, no dementia, no severe comorbidities,
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and no second-line therapies) [22]. Accordingly, the results apply to the studied cohort
only. However, the estimation of a stable network usually requires a larger sample size,
which limits its applicability to smaller local cohorts. Second, nonmotor symptoms were
recorded on a scale, and perceptions of nonmotor symptoms may have depended on
the participants’” mood and motivation. In this regard, nonmotor fluctuations were not
considered. Finally, network analysis remains an exploratory approach that cannot be used
to determine causality. Thus, further research is needed to confirm whether influencing
nonmotor symptoms with the highest impacts positively improve HRQoL.

5. Conclusions

The network analysis revealed complex interactions between nonmotor symptoms and
HRQoL in PD patients. Fatigue, feeling sad, hyperhidrosis, impaired concentration, and daytime
sleepiness were shown to be the most influential nonmotor symptoms. Further research is
needed to confirm whether influencing these nonmotor symptoms could improve HRQoL.
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Abstract: Introduction: The present study explores brain connectivity in Parkinson’s disease (PD)
and in age matched healthy controls (HC), using quantitative EEG analysis, at rest and during a
motor tasks. We also evaluated the diagnostic performance of the phase locking value (PLV), a
measure of functional connectivity, in differentiating PD patients from HCs. Methods: High-density,
64-channels, EEG data from 26 PD patients and 13 HC were analyzed. EEG signals were recorded
at rest and during a motor task. Phase locking value (PLV), as a measure of functional connectivity,
was evaluated for each group in a resting state and during a motor task for the following frequency
bands: (i) delta: 2-4 Hz; (ii) theta: 5-7 Hz; (iii) alpha: 8-12 Hz; beta: 13-29 Hz; and gamma: 30-60 Hz.
The diagnostic performance in PD vs. HC discrimination was evaluated. Results: Results showed no
significant differences in PLV connectivity between the two groups during the resting state, but a
higher PLV connectivity in the delta band during the motor task, in HC compared to PD. Comparing
the resting state versus the motor task for each group, only HCs showed a higher PLV connectivity in
the delta band during motor task. A ROC curve analysis for HC vs. PD discrimination, showed an
area under the ROC curve (AUC) of 0.75, a sensitivity of 100%, and a negative predictive value (NPV)
of 100%. Conclusions: The present study evaluated the brain connectivity through quantitative EEG
analysis in Parkinson’s disease versus healthy controls, showing a higher PLV connectivity in the
delta band during the motor task, in HC compared to PD. This neurophysiology biomarkers showed
the potentiality to be explored in future studies as a potential screening biomarker for PD patients.

Keywords: quantitative EEG analysis; high density EEG; brain connectivity; phase locking value
(PLV); Parkinson’s disease; biomarkers

1. Introduction

The diagnosis of Parkinson’s disease (PD) is currently based on the clinical evaluation
Poewe, et al. [1] of the cardinal motor symptoms, bradykinesia, rest tremor, and rigidity,
which represent the hallmarks for the in vivo diagnosis [2] according to the current diagnos-
tic criteria for PD [3]. Different strategies have been explored to characterize PD features in
a non-invasive way. One first approach is to follow the clinical diagnostic pathway trying
to make clinical evaluations of motor symptoms more objective and quantitative, through a
motion analysis technique able to characterize PD motor symptoms [4-6], such as bradyki-
nesia [7-9], tremors [10-13], rigidity [9,14-16], and axial symptoms, such as gait, balance,
and postural issues [17-22], also with the support of machine learning algorithms [23-27].
Another possible approach is to explore the brain activities that underly and determine the
PD symptoms, which are characterized by pathological oscillatory activities [28,29] and
have been widely used to manage therapy, such as deep brain stimulation [30,31], but can
be used also as a proxy for PD neurophysiology biomarkers identification.
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In this context, neurophysiological tests may help to better understand the patho-
physiology of PD, and their low cost, brief execution times, and the wide diffusion among
hospitals represent a competitive advantage in respect to other techniques to support PD
biomarkers identification in clinical practice.

Brain connectivity is a method to explore the way how different brain regions interact
and communicate with each other. The degeneration of nigrostriatal dopaminergic neurons,
which is the hallmark of the pathophysiology of PD, leads to the dysfunction of the basal
ganglia-thalamo-cortical pathway, which underlies the PD motor symptoms [32].

Resting state functional MRI (RS-fMRI) can be used to study the connectivity among
different brain areas in PD patients. A meta-analysis of RS-fMRI connectivity studies in PD
patients [33], showed a decreased functional connectivity within the posterior putamen.
The functional network involving this area and its cortical projections can be modulated by
levodopa administration [32-34].

Among the neurophysiological techniques, electroencephalogram (EEG) is one of the
most versatile and widely available techniques, it offers good balance between the temporal
and spatial resolution, meaning that this technology is most frequently used in studies on
PD biomarkers.

In de novo PD patients, compared to controls, a reduced coherence in x-3 EEG
frequency bands and a hyperconnectivity in y band were observed [35].

Exploring dynamic networks between neuronal populations in a quantitative way,
by noninvasive electrophysiological mapping with EEG, could unveil crucial information
about brain connectivity in PD and subsequently, improve the diagnostic process.

Nonlinear and nonstationary systems may be analyzed with the phase locking method-
ology [36]. Indeed, the brain can be compared to a nonlinear dynamic system and, as such,
the phase locking approach can be used for the scope [36-38]. Phase locking value (PLV)
is a non-linear measure of pairwise functional connectivity (Lee, Liu et al., 2019), used to
quantify the phase coupling between two biological nonlinear signals in a time-series, such
as electroencephalographic signals [39]. A high PLV between two brain regions indicates a
high synchrony [40].

The present study aims at investigating brain connectivity, through quantitative EEG
analysis in Parkinson’s disease versus healthy controls, at rest and during a motor task,
exploring the performance of the phase locking value (PLV) in discriminating the two
study groups.

2. Methods
2.1. Patients and Data Collection

The database and EEG data utilized in this study were obtained from the University of
Iowa Hospitals & Clinics (UIHC) Movement Disorders Clinics [41]. The database contains
high-density EEG (HD-EEG) [42] data from 26 patients with PD and 13 demographically
matched healthy controls (HCs). All patients in the experiment met the UK Parkinson’s
Disease Brain Bank criteria for the diagnosis of idiopathic PD [43]. All patients underwent
neuropsychological evaluation using the Montreal cognitive assessment (MOCA), EEG
signals were recorded at rest and during a specific lower-limb pedaling motor task [41]
using a customized 64-channels cap (EASYCAP GmbHAmM Anger, 582237 Woerthsee-
Etterschlag, Germany) with a high-pass filter of 0.1 Hz and a sampling rate of 500 Hz
(Brain Products). Online reference and ground channels were Pz and FPz, respectively.
Patients and HCs were both instructed to perform a lower-limb motor task during the EEG
recording. Therefore, for each subject we analyzed the EEG recorded in both conditions
(i.e., Resting State and Motor Task).

2.2. Quantitative EEG Analysis

Quantitative EEG analysis was performed using the Brainstorm Toolbox for MATLAB
(Tadel et al., 2011) (The Math Works Inc., Natick, MA, USA), and in home MATLAB code.
Offline data pre-processing was performed using Brainstorm and included: (i) DC removal;
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(ii) 60-Hz notch filter; (iii) bandpass filter between 1 and 70 Hz (linear phase finite impulse
response filter); (iv) EEG re-reference to average; (v) and correction for pulse and eye-blink
artifacts using independent component analysis [44,45].

2.3. EEG Connectivity Analysis

To assess the differences in brain networks among PD and HCs we performed a
measure of EEG functional connectivity. We selected a total of 180 s continuous epoch from
the EEG recordings free from relevant artifacts for further analysis [46,47]. As a measure of
connectivity, we computed the phase locking value (PLV). PLV is an important measure
of synchronization when studying bio-signals and especially electrical brain activities. It
is a measure of non-directional frequency-specific synchronization reflecting long-range
integrations and it assesses the extent to which the phase difference between two signals
changes over time [36,37,48].

Taking into account the lack of consensus in the classification of frequency bands for
quantitative EEG analysis [47], starting from the most recent International Pharmaco-EEG
Society (IPEG; [49]) recommendations, also endorsed by the International Federation of
Clinical Neurophysiology recommendations on frequency and a topographic analysis of
resting state EEG rhythms [47], the final frequency band selected for the phase locking
value connectivity analysis was based on the frequency band employed in several previous
studies [45,46,48] in which, with respect to the IPEG recommendation, was selected the fastest
delta band 2-4 Hz and a restricted theta band 5-7 Hz. We measured the PLV for all possible
channel combinations and averaged to obtain a measure of global connectivity [46,48] for the
following frequency bands: delta: 2-4 Hz; theta: 5-7 Hz; alpha: 8-12 Hz; beta: 13-29 Hz;
and gamma: 30-60 Hz. Connectivity analysis was performed separately for the resting
state EEG and for the EEG recorded during the lower limb pedaling motor task.

2.4. Statistical Analysis

Statistical analysis was performed using the R statistical package [50] and MATLAB
(Mathworks). Data distribution was checked by means of a Kolmogorov—Smirnov test. The
differences in Global Connectivity among PD and HCs was tested using a three-way aligned
rank transformed (ART) ANOVA for non-parametric factorial three-way designs [51] with
Frequency (five levels: delta, theta, alpha, beta, gamma), Group (two levels: PD and HCs)
and Condition (two levels: resting state and motor task) as within the subject factor. A
Bonferroni correction was used for post-hoc tests of multiple comparisons when needed.

To estimate the clinical value of EEG connectivity for differentiating between PD and
HCs, we built receiver operating characteristic (ROC) curves on the PLV connectivity values
for each frequency band and for each condition (i.e., resting state and motor task).

The following performance metrics were estimated in terms of outcome prediction:
(i) sensitivity (ii) specificity, (iii) positive predictive value, (iv) negative predictive value;
and (v) accuracy. The ROC curve point showing the highest combination of predictive
values was selected as the optimum cut-off value to differentiate PD vs. HCs. Finally, we
built non-parametric ROC curves to estimate 95% confidence intervals (Cls) for the area
under the curve (AUC), sensitivity, specificity, positive predictive value (PPV), negative
predictive value (NPV), and accuracy. Cls were validated using 10,000 stratified bootstrap
replicates [52]. Moreover, a Spearman correlation test was used to assess the correlation
between MOCA scores and the PLV in each frequency band. Significance level was set at
p < 0.05. Results are reported as the mean =+ standard deviation unless differently stated.

3. Results
3.1. Patient Cohort and Control Group

PD patients (nine females and 17 males) had a mean disease duration of 6.2 years
(SD: £3.7), a mean age of 67.3 years (SD: £9.2), a UPDRS III score of 14.8 (SD: +7.1), and a
MOCA score of 23.3 (SD: £3.9). The healthy controls (five females and eight males) had a
mean age of 68.9 years (SD: £8.2) [41].
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Delta

3.2. Comparison between PD and Control Groups
3.2.1. EEG Connectivity

The comparison between PD and HCs revealed no significant differences between
groups (factor group: Fy 370) = 0.76, p = 0.38), but a significant group by frequency interaction
(Fa,370) = 3.62, p < 0.005; Figure 1), related to a higher connectivity in the delta frequency
band for HCs compared to PD (Bonferroni corrected p = 0.04; Figure 2). We also found
lower connectivity values in the gamma frequency band for HCs compared to PD, although
with a borderline level of significance (Bonferroni corrected p = 0.05; Figure 2).

04

00
No unils

Theta

N
os

04
02

00
No units

Theta Alpha Beta Gamma

Figure 1. Phase locking value (PLV) connectivity topoplot and comparison between Parkinson
Disease (PD) and Healthy Control (HC). PLV is expressed as the average across channels to obtain a
measure of global connectivity. Notice how PLV in the delta range is higher in HC compared to PD.
*.

1 p <0.05.

The ART ANOVA considering condition and frequency, as within the subject factor,
showed a significant condition effect (F( 370 = 10.77, p = 0.001), related to higher global
connectivity values during the motor task compared to the resting state. A significant group
by condition interaction was also found (F(; 370) = 5.33, p = 0.02). Post-hoc tests revealed a
significant difference in connectivity values during the motor task compared to the resting
state in HCs (Bonferroni corrected p = 0.004; Figure 3), as opposed to PD patients who
did not reach the statistical significance (p = 0.18). We also found a significant condition by
frequency interaction (F4370) = 3.48, p = 0.008; Figure 3), related to higher delta connectivity
values during the motor task, as opposed to the resting state (Bonferroni corrected p = 0.03;
see Figure 3). Finally, we found no correlation between the PLV connectivity values and
MOCA scores in each frequency band (p > 0.05).

3.2.2. ROC Curve Analysis

The ROC curve analysis showed that the PLV connectivity analysis in the delta fre-
quency band during the motor task band was able to differentiate HC from PD (Figure 4)
with an area under the curve (AUC) of 0.75 (95% CI, 0.58-0.89), a sensitivity of 100%
(95% CI, 100-100%), a specificity of 50% (95% CI, 31-69%), a PPV of 50% (95% CI, 42-62%),
an NPV of 100% (95% CI, 100-100%), and an accuracy of 66.7% (95% CI, 54-79%).
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Figure 2. Boxplot distribution of the phase locking value (PLV) connectivity values between Parkinson
disease (PD, red) and healthy control (HC, blue) across different frequency bands during the motor
task. Black lines represent median values. Dots denote values that are farther than 1.5 interquartile
ranges. Notice how PD subjects present a lower delta connectivity (p = 0.04) and a higher gamma
connectivity, although with a borderline level of significance (p = 0.05). *: p < 0.05.
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Figure 3. Boxplot distributions of the phase locking value (PLV) mean connectivity values. Boxplot
distributions of the mean PLV values for different frequency bands across Groups: Parkinson disease
(PD) vs. healthy control (HC) and conditions: motor task (red) vs. resting state (blue). Black
lines represent median values. Dots denote values that are farther than 1.5 interquartile ranges.
Connectivity values were significantly higher during the motor task compared to the resting state in
HC (p = 0.004), as opposed to PD (p = 0.18). *: p < 0.05.
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Figure 4. Receiver operating characteristic (ROC) curve (black line) (left image) and confusion matrix
(right image) of the phase locking value (PLV) in the delta frequency band during the motor task
for the classification of healthy controls (HCs) and Parkinson disease (PD) patients in our cohort.
Non-parametric ROC curve (blue line), binormal ROC curve (red line) and 95% confidence interval
(C.I.; dotted lines) are shown. AUC = area under the curve. CI = confidence interval. TPR = true
positive ratio; FPR = false positive ratio.

4. Discussion

In the present study, we evaluated brain connectivity through a quantitative EEG
analysis in Parkinson’s disease versus healthy controls, at rest and during a pedaling
motor task, exploring the diagnostic performance of the phase locking value (PLV) in
discriminating the two study groups.

In the literature, few studies explored the PLV analysis in the PD population. Bertrand,
McIntosh, Postuma, Kovacevic, Latreille, Panisset, Chouinard and Gagnon [40] compared
the baseline resting state EEG of healthy subjects and PD patients, and after a follow-up
classified the PD patients who developed dementia and patients who did not developed
dementia. The results were assessed in terms of both signal synchrony and variability at
different timescales, respectively, and statistically expressed by the PLV and multiscale
entropy (MSE). In the delta frequencies, the PLV was lower in the PD who developed
dementia compared to the PD without dementia and controls, while, for the beta and
gamma frequencies, the PD-dementia patients showed a higher PLV when compared with
the PD-non dementia patients, and both groups showed a higher PLV when compared to
the controls. Conversely, the signal variability was lower at the higher frequencies and
higher at the lower ones.

The main hypothesis in Gerardo Sanchez-Dinorin et al.’s [53] research was that func-
tional connectivity abnormalities could predict cognitive decline in Parkinson’s disease.
The study showed that the increased synchrony of frontal slow waves predicts cognitive
decline in PD patients after less than a decade with the illness [53].

In Soojin Lee et al.’s [54] study, the PLV was employed to evaluate the effect of
dopaminergic medication and electrical vestibular stimulation (EVS) in Parkinson’s disease.
While levodopa medication was effective in normalizing the mean PLV only, all EVS stimuli
normalized the mean, variability, and entropy of the PLV in the PD subject, demonstrat-
ing both low- and high-frequency EVS exert widespread influences on cortico-cortical
connectivity [54].

In the present study, the results showed no significant differences in the PLV connec-
tivity between the two groups (PD vs. HCs) during the resting state, but a higher PLV
connectivity in the delta band during the motor task in the HCs compared to PD. In addi-
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tion, comparing the resting state versus motor task for each group, only in the HC results
showed a higher PLV connectivity in the delta band during the motor task. These results
showed a deficit for the PD subjects in modulating the delta band PLV brain synchrony
during movement, in contrast with the healthy controls. In addition, in our study the PLV
connectivity was not correlated with cognitive performance.

These preliminary results also show that the higher value of the PLV during the motor
task could be a potential useful tool as a neurophysiological connectivity biomarker for PD.
Considering the ROC AUC of 0.75, which indicates a good discrimination performance, the
sensitivity of 100%, indicating the ability to identify a high number of patients potentially
affected by PD, and a NPV of 100% indicating the ability to exclude only truly HCs,
combined with its lower specificity and PPV, leads this predictor to be the candidate as a
screening biomarker.

The main limitations of the study are the small number of the sample, the type of
motor task which was not compared to different motor tasks of lower limbs or tasks of
upper limbs, and in line with the lack of consensus in the classification of frequency bands
for the quantitative EEG analysis [47], the specific band selected for the present study
can be a limitation, therefore further studies are needed to confirm the results and the
proposed applications.

5. Conclusions

The present study evaluated the brain connectivity through a quantitative EEG analysis
in Parkinson’s disease versus healthy controls, showing a higher PLV connectivity in the
delta band during the motor task in the HCs compared to PD. This neurophysiology
biomarker showed the potentiality to be explored in future studies as a potential screening
biomarker for PD patients.
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Abstract: Hereditary amyloidosis associated with transthyretin (ATTRv), is a rare autosomal domi-
nant disease characterized by length-dependent symmetric polyneuropathy that has gait impairment
as one of its consequences. The gait pattern of V30M ATTRv amyloidosis patients has been described
as similar to that of diabetic neuropathy, associated with steppage, but has never been quantitatively
characterized. In this study we aim to characterize the gait pattern of patients with V30M ATTRv
amyloidosis, thus providing information for a better understanding and potential for supporting
diagnosis and disease progression evaluation. We present a case series in which we conducted two
gait analyses, 18 months apart, of five V30M ATTRv amyloidosis patients using a 12-camera, marker
based, optical system as well as six force platforms. Linear kinematics, ground reaction forces, and
angular kinematics results are analyzed for all patients. All patients, except one, showed a delayed
toe-off in the second assessment, as well as excessive pelvic rotation, hip extension and external
transverse rotation and knee flexion (in stance and swing phases), along with reduced vertical and
mediolateral ground reaction forces. The described gait anomalies are not clinically quantified;
thus, gait analysis may contribute to the assessment of possible disease progression along with the
clinical evaluation.

Keywords: ATTRv amyloidosis; clinical neurology; peripheral neuropathy; gait analysis; movement
quantification; Familial Amyloid Polyneuropathy

1. Introduction

Hereditary amyloidosis associated with transthyretin (ATTRv amyloidosis), once
known as Familial Amyloid Polyneuropathy, is a rare autosomal dominant disease charac-
terized by polyneuropathy due to amyloid deposition in the peripheral nerves and major
organs [1]. More than 120-point mutations related to ATTRv amyloidosis and nerve degen-
eration have been identified, with the most common cases linked to the replacement of
valine by methionine at position 30 of the TTR protein (V30M). This has led to the current
designation of this condition as V30M ATTRv amyloidosis.

V30M ATTRv amyloidosis is a highly disabling multisystemic disorder with variable
onset and penetration worldwide [2]. The global prevalence has been recently estimated
by Schmidt et al. [2] to be around 10,000 persons, although considerable uncertainty
exists (range 5526-38,468). In Northern Portugal, where this pathology is endemic, the
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latest epidemiologic study reported a prevalence of 163.1 per 100,000 adult inhabitants [2].
A prevalence increase of 16% was reported for the Portuguese cities with the highest
prevalence (Vila do Conde and Pévoa de Varzim) in the last 21 years [3]. In other countries,
the reported prevalence was 104 per 100,000 inhabitants in the northern region of Sweden
in 2018 [2]; 1.1-1.55 per 100,000 inhabitants in Nagano (Japan), in 2005 [4]; and 3.72 per
100,000 in Cyprus, in 2003 [5].

The disease presents itself as a nerve length-dependent symmetric polyneuropathy
that typically starts at the feet with loss of temperature and pain sensations. It is associated
with life-threatening autonomic dysfunction, leading to cachexia and death within 7.3 to
11 years from onset, if left untreated [6]. The natural course of this condition is classified into
three stages: I—patients are ambulatory, have mostly mild sensory, motor, and autonomic
neuropathy in the lower limbs; II—patients are still ambulatory but require assistance and
have mostly moderate impairment progression in the lower limbs, upper limbs, and trunk;
and III—patients are bedridden or wheelchair bound and present severe sensory, motor,
and autonomic involvement of all limbs [7].

Regarding treatment, liver transplantation has often been the only option for these
patients. In recent decades, however, other therapeutic strategies have been developed, such
as TTR stabilizers (e.g., tafamidis, indicated for stage I patients, especially for women with
slow disease progression [8]), small interfering RNAs (e.g., Patisiran, indicated for stage II,
which is intravenous and not indicated for patients with prevalent cardiac involvement [9])
and antisense oligonucleotides (e.g., Inotersen, also indicated for stage II, which affects the
kidney and platelets volume [10]). However, liver transplantation is still the most effective
and affordable option for V30M ATTRv amyloidosis patients, as management strategies
lack cohesion and patients experience years of misdiagnosis and negligible treatment [11].

Motor function of V30M ATTRv amyloidosis patients is currently evaluated with a
comprehensive neurological examination, which may include nerve conduction studies
with sympathetic skin response (SSR), quantitative sensory testing [12] and self-report ques-
tionnaires, such as the Norfolk Quality of Life—Diabetic Neuropathy (QoL-DN) question-
naire [13]. Direct observation followed by a qualitative assessment of movement-associated
symptoms based on rating scales is also an approach frequently used [14,15]. The gait
pattern of V30M ATTRv amyloidosis patients has been described as similar to that of
diabetic neuropathy, associated with steppage gait, loss of dorsiflexion and consequent
foot drop and high lifting of the leg [1,16]. On visual inspection, patients spread the legs to
improve balance, exaggerating knee and hip flexion and “throwing” the feet forward, as a
compensatory strategy in order to improve ground clearance.

There are several different ways of performing gait analysis, with the optic camera-
based systems being described as highly accurate [17]. These systems determine a point-
position of specific anatomical landmarks on the subject’s body, with a high time and spatial
resolution. Multiple infrared cameras can be used to compute a 3D trajectory [18], but other
than some markers placed directly to the skin, there are no more constraints to the patient’s
movement [18]. Despite the advantages of the quantification of gait characteristics with the
use of motion capture technology, this is still relatively rare in neurological conditions [14],
and an exploratory subject with patients with V30M ATTRv amyloidosis [19].

The objective of this study is to quantitatively characterize the gait pattern of patients
with V30M ATTRv amyloidosis, thus providing information for a better understanding of
the loss of function and with potential for supporting diagnosis and progression evaluation.
To the best of our knowledge this analysis has not yet been reported with patients suffering
of V30M ATTRv amyloidosis, with only one study reporting a selection of spatiotemporal
and angular parameters obtained with a RGB-D camera [20] and another using a machine
learning model to distinguish between healthy and V30M ATTRv amyloidosis mutation
carriers (with or without symptoms), also using gait information recorded with a RGB-D
system [21].
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Due to the lack of information in the scientific literature [20], this study’s objective is
to present an ATTRv V30M amyloidosis patients’” gait quantitative characterization over
a period of 18 months. Since this is a rare disease, this study is structured as a case series
reporting the gait pattern of five V30M ATTRv amyloidosis patients.

2. Materials and Methods
2.1. Participants

A group of five patients from the V30M ATTRv amyloidosis unit of the Hospital
Santo Anténio—Centro Hospitalar Universitario do Porto (Porto, Portugal) were invited to
participate in this study. All the participants had the V30M mutation, although presenting
different impairments, such as gait abnormalities, muscular weakness, pain, thermal or
tactile anesthesia, or reduced proprioception.

The exclusion criteria were defined and assessed by a neurologist as the presence
of orthopaedic, musculoskeletal, rheumatically or cardiovascular constraints that might
impair locomotion, and other neurological conditions not associated to the pathology under
study. Gait analysis of this group was performed twice: at an initial assessment (T0) and at
a second assessment 18 months later (T1). The participants” demographic and clinical data
can be consulted in Table 1.

Table 1. Demographics and clinical data for each patient that participated in the experiment. All
data reports to the time of the first gait analysis, while BMI variation represents the change between
analysis periods.

Patient Gender ! Height Weight Age BMI BMI Variation  Years of Disease  Years since
(m) (kg) (Years) (kg/m?) (kg/m?) Progression Diagnosis
P1 M 1.72 72.0 34 24.34 0.0 9 8
P2 M 1.73 58.5 33 19.55 1.5 8 8
P3 F 1.68 63.8 48 22.60 0.6 5 2
P4 F 1.48 61.5 54 28.08 —14 18 17
P5 M 1.71 53.0 52 18.13 0.9 13 13

! Gender is expressed as male (M) and female (F). BMI stands for body mass index.

This study was authorized by the Centro Hospitalar Universitario do Porto Ethics
Committee with the protocol number 2014/167(119-DEFI/149-CES), in accordance with
the Declaration of Helsinki. All participants read and signed an informed consent form
prior to any data collection.

2.2. Clinical Assessment

The Medical Research Council Scale (MRC) was applied to the patients by a neurologist
in order to assess the state of each analyzed movement: (0) no contraction, (1) flicker or trace
of contraction, (2) active movement with gravity eliminated, (3) active movement against
gravity, (4) active movement against gravity and resistance, and (5) normal strength [22]. A
minus (—) or plus (+) sign was introduced to characterize the movement against a smaller
or stronger resistance exerted by a physician, respectively.

Additionally, the Polyneuropathy Disability score (PND) was applied as: (0) no impair-
ment, (I) sensory disturbances in extremities but preserved walking capacity, (I) difficulties
in walking but without the need for a walking stick, (Illa) one stick or one crutch required
for walking, (ITIb) two sticks or two crutches required for walking and (IV) patient confined
to a wheelchair or bed [23].

The Transthyretin Familial Amyloid Polyneuropathy (TTR-FAP) score was applied
as: (Stage 0) asymptomatic; (Stage I) mild, ambulatory, symptoms at lower limbs limited;
(Stage IT) moderate, further neuropathic deterioration, ambulatory but requires assistance;
(Stage III) severe, bedridden/wheelchair bound with generalized weakness.
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2.3. Experimental Setup

Kinematic data was recorded using a 11-camera Oqus system (Qualisys AB, Gotenburg,
Sweden) operating at a sampling frequency of 200 Hz. Prior to each session the camera
system was calibrated with a maximum acceptable error of 0.7 mm. Ground reaction
forces were collected with five resistive (Bertec, Columbus, OH, USA) and one piezoelectric
(Kistler, Winterthur, Switzerland) force platforms, operating at a sampling frequency of
2000 Hz, and in synchrony with the motion capture system. The force platforms occupied
an area of 2.4 m by 0.9 m.

The gait analysis area was defined as a region of 7.0 m length and 1.0 m width, with
the first pair of force platforms placed at its midpoint, and delimited by a pair of signaling
cones, as depicted in Figure 1. This region coincided with the motion capture system
calibrated volume.

*

Force Platforms

)

e
END

7.0m

¢ % IR Camera

Figure 1. Representation of the gait analysis path with its dimension and limits. The setup of the
motion capture cameras is represented by their viewing cones, and the purple squares represent the
force platforms.

2.4. Marker Setup and Biomechanical Model

A lower-limb marker setup was used, comprising thirty-two passive retro-reflective
markers placed over relevant anatomical landmarks. Markers were placed on the right and
left anterior and posterior iliac spines, at the right and left trochanter, on the right and left
lateral and medial femur epicondyles, on the right and left tibial tuberosity, on the right
and left head of the fibula, on the right and left lateral prominence of the lateral and medial
malleolus, on the right and left distal end of the posterior aspect of the calcaneus, on the
right and left lateral aspect of the first and fifth metatarsal head, and on the dorsal aspect of
the second metatarsal head. Additionally, four-marker clusters were positioned on right
and left thighs and shanks, according to the CAST marker set [24,25].
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2.5. Experimental Procedures

Participants were instructed to walk naturally and barefoot at a comfortable self-
selected pace, back and forth, along the analysis path. Atleast 10 valid trials were performed
by each participant.

Patients who normally used walking aids or splints did not use them for this experi-
ment. Additionally, a research assistant accompanied the participant along the path and
was prepared to help in case of difficulties during the task.

2.6. Data Processing

After data collection, the Qualisys Track Manager (Qualisys AB, Gotenburg, Sweden)
software was used to review and identify each marker trajectory, and trajectory gaps
were interpolated using the built-in polynomial calculations. The resulting processed data
was then exported to the Visual3D software (C-Motion, Inc., Germantown, MD, USA) for
further processing and analysis, including trajectory filtration with a 6 Hz bidirectional
low-pass Butterworth filter and the creation of a six degrees of freedom anatomical model.
A global and local coordinate system (for each segment) has been defined in which the
X axis corresponds to the lateral (+) and medial (—) directions, the Y axis corresponds to
the anterior (+) and posterior (—) directions, and the Z axis corresponds to the cephalic
(+) and caudal (—) directions [26]. Gait events were calculated automatically with the
appropriate Visual3D built-in routine, and included heel strike (HS), midstance (MS) and
toe off (TO). Joint angles were calculated using the rotation order of the distal segment with
respect to the proximal segment, applying each segment’s local coordinate system [26].
Lower-limb angles were assigned with three rotational degrees of freedom and calculated
using an XYZ Cardan sequence of rotations, which are equivalent to flexion/extension,
abduction/adduction and axial rotation, respectively. Hip flexion, knee flexion, and ankle
dorsiflexion were displayed as positive angular displacement.

Linear and angular kinematics, as well as the corresponding ground reaction forces
were retrieved. Linear kinematics included gait speed, stride length and width, step length,
cadence (steps/minute), as well as gait cycle, stance, swing and double limb support
duration. Angular metrics were extracted at the instant of left and right heel strike (HS),
midstance (MD) and toe-off (TO).

Angular kinematics were time-normalized to the gait cycle (heel strike to heel strike),
while ground reaction forces were normalized to the stance duration (heel strike to toe off).
Ground reaction forces were also amplitude-normalized and expressed as a percentage of
the participant’s body weight (BW). Events were calculated for the characterizing points
in the anterior-posterior (FAP), medial-lateral (FML) and vertical (FV) force vectors, and
numbered consecutively, according to [25].

The reference gait data for non-pathological individuals used as comparison in this
study were retrieved from the Qualisys Clinical Gait Plug-In analysis module.

2.7. Statistical Analysis

Data normality was assessed using the Kolmogorov-Smirnov test for variables over
50 data points, or the Shapiro-Wilk test when less than 50 data points were available.
For parametric data, a paired sample t-test and effect size calculation was performed
between TO and T1. Effect size was evaluated according to the 17Q2 value [27]. Results
were interpreted as small (0.01), moderate (0.06) or large (0.14) [27]. For non-parametric
data, the Wilcoxon signed rank test was performed and effect size calculated as Cohen’s
d, and interpreted as small (0.1), moderate (0.3) or large (0.5) [27]. Descriptive statistics
were computed for each subject and are presented as mean (standard deviation) or median
[interquartile range] for parametric and non-parametric variables, respectively.

All statistical procedures were performed using SPSS 26 (IBM, New York, NY, USA)
and a significance level of & = 0.05 was used.
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3. Results
3.1. Clinical Assessment

The results from the clinical assessment of each participant revealed different scores,
indicating distinct progression and manifestation of the pathology. These results are
presented in Table 2.

Table 2. Clinical evolution of the ATTRv V30M patients based on the Medical Research Council
(MRC) Scale. The Polyneuropathy disability (PND) and TTR-FAP scores are also indicated.

PND TTR-FAP Treatment

Patient MRC ! Scores at TO MRC ! Scores at T1 Score 2% Score 2% at TO
P1 Dorsiflexion deficit (4), minor Dorsiflexion deficit (4—), minor I I Transplant
vibration anesthesia on the hallux vibration anesthesia on the hallux 6 years ago
Dorsiflexion (0), plantar-flexion (1), Dorsiflexion (0), plantar-flexion (0), Tafamidis for
P2 knee flexion and extension (4), knee flexion and extension (4), 1T I 3.5 vears
sensory ataxia and high steppage sensory ataxia and high steppage >y
Only vibration anesthesia on the Only vibration anesthesia on the Tafamidis for
P3 hallux, minor difficulties on heels or hallux, minor difficulties on heels or I I 1 vear
tip toes gait tip toes gait y
P4 Dorsiflexion (4), plantar-flexion (4), Dorsiflexion (3), plantar-flexion (4), I I Transplant
sensory ataxia, low steppage sensory ataxia, steppage 12 years ago
P5 Dorsiflexion and plantar-flexion (2), Dorsiflexion (0), plantar-flexion (1), I I Transplant
sensory ataxia and high steppage sensory ataxia and high steppage 18 years ago

1 MRC scores range from 0 (worst result) to 5 (best result). 2 PND and TTR-FAP range from I (sensory disturbances
in extremities but preserved walking capacity and mild, ambulatory, symptoms at lower limbs limited) to IV (patient confined
to a wheelchair or bed) or 111 (severe, bedridden/wheelchair bound with generalized weakness), respectively. * PND and
TTR-FAP scores were the same in both evaluation periods.

They also presented some degree of motor deficit at the lower limbs: one patient had no
strength deficit but had slight difficulty in walking on heels (P3), while the others had ankle
dorsiflexion strength from 4/5 to 0/5, in the MRC scale [22], and ankle plantar-flexion from
4/5 to 1/5. All patients had normal knee segmental force (5/5), except P2 which had knee
flexion and extension 4/5. All patients had flexion/extension of the toes between 0 and 3,
and absent Achilles reflexes in both T0 and T1. Overall, patients presented sensory ataxia
and steppage gait with different instability and movement coordination degrees during
stride. They presented heterogeneous gait, although the clinical perception is that all
alterations resulted from the sensory-motor polyneuropathy caused by the disease.

3.2. Summary of Results

Complete results are shown in Appendix A: Linear Kinematics, Appendix B: Ground
Reaction Forces, and Appendix C: Angular Kinematics.

3.2.1. Linear Kinematics

A significant decrease in gait speed (P1: —13.51%, P2: —16.53%, P5: —5.62%) was
observed at T1, associated with a shortening of the step length (but not stride width or
length) and a lower cadence. These alterations also affected the gait cycle duration, which
increased, along with the stance phase duration. In general, V30M ATTRv amyloidosis
patients show longer gait cycles, associated with longer double limb support and shorter
steps. There is no significant increase in step width, as one would expect, at least for P4
which went from “very low steppage”, at TO to formal “steppage” at T1. The patient P3
shows the least changes between sessions.
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3.2.2. Ground Reaction Forces

The ground reaction forces recorded at TO and T1 for the left (LLL) and right (RLL)
lower limbs were recorded and compared. Figure 2 shows a representation of the
(a) anterior-posterior, (b) medial-lateral and (c) vertical ground reaction forces produced
by each subject at T1 as a function of the values recorded at TO. A full description of the
ground reaction values can be consulted in Appendix B.
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Figure 2. Scatterplot of the ground reaction force (% body weight) produced by each subject and
limb at T1 in respect to TO in the (a) anterior-posterior, (b) medial-lateral and (c) vertical directions, at
the respective force characterizing events. FA1l: maximum posterior loading force; FA3: maximum
anterior thrusting force; FM1: first maximum lateral force; FM3: second maximum medial force;
FV1: first maximum vertical loading force; FV2: dip trough force; FV3: second maximum vertical
thrusting force.

Between evaluation sessions, significant alterations occurred in the ground reaction
forces generated during gait, which were more expressive in the RLL (P1 and P4). Signifi-
cant differences with moderate to large effect size were found for both limbs at maximum
anterior thrusting force (FA3) for both patients, at the first maximum lateral force (FM1) for
P1, and at the dip trough and second maximum vertical forces, FV2 and FV3, respectively,
for P4. P5 showed significant alterations (with large effect size) in the FA3 and FM1 ground
reaction forces generated during gait. From Figure 2 it is possible to see that FM1, FM3
and also FV3 are the force peaks that, in general, show the most prominent changes from
T0 to T1.

P2 and P3 did not show significant alterations in the ground reaction forces generated
during gait between T0 and T1. For P2, effect size was generally higher for RLL and at FV1
and FM1 for both limbs, and the patient shows lower FA1/FV2 and higher FA3/FV1. For
P3, only the FV2 of the left limbs showed high effect size.

Regarding the healthy values described in the literature [28], P1, along with P3 and
P4, show a lower maximum posterior loading force (FA1) than the mean reference value
(20% body weight). P3 and P4 have a lower first maximum medial force (FM1, between
5 and 10% body weight). With regards to the first maximum vertical force (FV1) P1 shows
a lowering in RLL cycles at TO, P2 shows a higher peak and all other patients show a lower
value than normal (around 120% body weight). Minimum vertical force (FV2) is higher
than normal (around 70% body weight) for P1, at T1, and for both lower limbs cycles for
P3, P4 and P5. The maximum vertical force (FV3) is lower than usual (around 120% body
weight) for all patients.

3.2.3. Angular Kinematics

A detailed description of each participant’s joint angles at the analyzed gait events,
as well as a representation of the joint angles during the gait cycle can be consulted in
Appendix C.
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In the three analyzed planes (sagittal, frontal and transverse), P1 showed a statistically
significant difference with a large effect size in heel strike (HS) from TO to T1 (27 of the
42 registered instances, 15 in the left and 12 in the right lower limb). Midstance (MD) and
toe-off (TO) showed statistically significant differences in 20 and 22 moments, respectively
(12 left and 8 and 10 right, each phase). P2 showed a statistically significant difference with
a large effect size from TO to T1 for 30 of the 42 HS analyzed (18 left and 12 right), 28 MD
(14 left and 14 right) and 30 TO (16 left and 14 right). For P3, 22 HS (10 left and 12 right),
19 MD (11 left and 8 right) and 17 TO (8 left and 9 right) presented statistically significant
differences from TO to T1, along with a large effect size. P4 showed the following differences
between assessments with 25 HS (12 left and 13 right), 22 MD (10 left and 12 right), and
21 TO (12 left and 9 right). P5 has the higher amount of differences between assessments
35 HS (16 left and 19 right), 35 MD (17 left and 18 right), and 37 TO (18 left and 19 right).

With regards to angular kinematics, graphical representation of the pelvis, hip, knees
and ankles is presented in Appendix C. Statistical difference was explored for the different
moments (TO and T1), limbs (right and left) and between patients and reference gait data
mean values for the three planes sagittal, frontal and transverse.

In summary, the results show that there is a general tendency to delay the toe-off at T1
(P1, P2, P3 and P5). All patients show a more retroverted pelvis than the reference data.
P1, P2, and P4 show more prominent left and right pelvic rotation at T1 than T0. P1, P2,
P3 and P5 show higher hip extension than the reference gait data. Excessive transverse
rotation is also observed for the same participants. For all patients the knee flexion of the
stance and swing phases (before and after the toe-off mark) is higher at T1 than T0 and
also than the reference data. For P1, P2, P3 and P4, the transverse plane shows a tendency
for the right lower limb cycles to show a more external rotation of the knee and the left
lower limb cycles a more internal rotation. The ankle angle shows a higher dorsiflexion
than the reference gait data before the toe-off for all participants, as well as higher ankle
plantar-flexion immediately after the initial contact. In the transverse plane, P1, P2 and
P3 show a generally more prominent internal rotation of the ankle than in the reference
gait data.

4. Discussion

The goal of this study was to quantitatively characterize the gait pattern of patients
with V30M ATTRv amyloidosis, thus providing information for a better understanding
and potential for supporting disease progression. Laboratory gait analysis is an important
part of the clinical evaluation of patients with complex locomotor disability and is claimed
to improve the clinical outcomes [17].

We assessed five V30M ATTRv amyloidosis patients twice (18 months apart), using a
12-camera, marker-based, optical system as well as six force platforms. Linear kinematics,
ground reaction forces, and angular kinematics results are analyzed for all patients. All
patients, except one, showed a delayed toe-off in the second assessment, as well as excessive
pelvic rotation, hip extension and external transverse rotation and knee flexion (in stance
and swing phases), along with reduced vertical and medial-lateral ground reaction forces.

Our findings reveal that in general, V30M ATTRv amyloidosis patients show longer
gait cycles, associated to longer double limb support time and shorter steps. In diabetic
neuropathy, these alterations have been associated with decreased muscle strength of the
ankle dorsiflexors and plantar-flexors [29]. All except one patient showed a delayed toe-off
between assessments, increasing the stance phase and overall cycle time. All patients show
a more retroverted pelvis than the reference data. Pelvic rotation was higher than for the
reference healthy population for the majority of the patients, some even with a higher
angular variation which denotes pelvic instability. On the contrary, P3 who is the patient
with the minimal clinical abnormalities, shows a minimal pelvic rotation (around 1 degree,
in the transverse plane) at T1. The normal rotation of about 4 degrees on either side of the
central axis has the effect of smoothing the vertical dislocation of the center of mass and
reducing the impact at foot strike [28], which may be difficult for the referred patient.
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Our results show that the hip flexion-extension active range of motion, in the sagittal
plane, is more prominent in ATTRv V30M amyloidosis patients (50 to 60 degrees) than in
the reference population (around 45 degrees). Adduction and transverse external rotation
are also more present in the pathological group, in different gait cycle phases, than in
the reference data. Abnormal hip rotation may result from a compensatory movement.
External rotation, in particular, may be used to facilitate hip flexion, using adductors as
flexors [17].

Regarding the stance phase knee flexion, it is shown to be higher for patients than
for the reference gait data and increases from one assessment (T0) to the other (T1). The
same happens to the swing phase knee flexion. Excessive knee flexion usually follows
abnormal initial contact, occurring to compensate for excessive plantar-flexion, without
which the foot would drag. For a diabetic neuropathy group described in the literature,
compared with reference group values, the maximum knee joint angle was smaller, in the
sagittal plane [30]. A significantly reduced level of peak torques at the ankle and knee in a
diabetic polyneuropathy group was also reported [31]. Steppage, which is present in P2,
P3, P4 and P5, is a swing phase alteration consisting of exaggerated knee and hip flexion,
to lift the foot higher than usual, for increased ground clearance. Usually patients present
steppage to compensate for an excessive plantar-flexion—“foot drop”—due to inadequate
dorsiflexion control.

All patients in this study show higher ankle plantar-flexion than the reference data
immediately after the initial contact. This excessive ankle plantar-flexion during stance has
a primary functional penalty which is loss of progression and leads to the shortening of
the stride length and reduced gait speed. It also affects stability through the difficulty in
maintaining the upright posture. It may be caused by weakness of the pretibial muscles
(e.g., the tibialis anterior) which fail to produce an adequate dorsiflexion, allowing the foot
to fall in an uncontrolled manner and therefore possibly hampering shock absorption [32].
In this study, patients also presented a higher dorsiflexion during midstance. This may be
caused by prolonged heel contact and weakness or impaired control of the soleus which
fails to stabilize the tibia, causing a sustained knee flexion. Without a stable foot base, the
quadriceps are not able to extend the knee. A higher dorsiflexion may be caused by lack
of feet stabilization. Concomitantly, knee flexion may besustained to lower the center of
gravity and increase stabilization, or due to the lack of subclinical strength in knee extension
(except in the case of P2 that has MRC 4 for knee strength). P3, although exhibiting a close
to normal neurological examination, shows an interesting almost permanent dorsiflexion,
which has been described as being associated with an inefficient push-off [28]. Excessive
dorsiflexion at the time the heel contacts the floor is rare, and translates a position of
instability [32]. The correct foot placement in stance and the adequate clearance of the
ground in the swing phase are important requisites for safe walking.

With the GRF analysis, we find that FM1, FM3 and also FV3 are the force peaks that, in
general, show the most prominent changes from T0 to T1. With regard to the FMs, these are
the most variable of the three components of force and can be easily affected. The second
vertical force peak (FV3), in which all patients had a performance lower than the values in
the literature [28], relates to the amount of vertical propulsive force, which drives the person
upwards. A low peak is associated with a poor ability to push off. Causes for insufficient
push off may be associated, among other factors, with the triceps surae weakness, that
in these series was observed in P2, P4 and P5, or pain under the forefoot. Patients with
V30M ATTRv amyloidosis may experience foot pain throughout the natural history of the
disease [23]. The first peak of vertical force relates to the amount of loading the person is
putting onto the front foot. In patients with diabetic neuropathy, the maximum values of
the vertical component of GRF were found to be lower than in two control groups [30].

Reduced FA3 (P1, P3, P4 and P5) also shows that the person is not propelling the body
forward efficiently. The maximum value of the anteroposterior forces was also found to
be higher in a control group than in a diabetic neuropathy group [30]. A reduced loading,
as was the observed with most of the ATTRv V30M amyloidosis patients, could relate

91



J. Clin. Med. 2022, 11, 3967

to the presence of pain, discomfort, poor functional movement of lower limb joints or
slow walking speed. Karmakar et al. [33], reported, regarding neuropathic pain, that it
influenced gait stability and its potential relief using pharmacotherapy did not improve
gait dysfunction.

With regard to disease modifying treatments, P1, P4 and P5 underwent orthotopic
liver transplantation (LT), 6, 12 and 18 years before, and they presented 9, 18 and 13 years of
disease progression. LT removes the main source of the circulating mutated TTR (over 90%),
reduces the rate of axonal degeneration, and was the first available treatment of V30M
ATTRv amyloidosis. It is an invasive surgical procedure, with long-term risks and morbidity.
Nevertheless, early LT is reported to improve the course of the neuropathy [34,35] and to
slow disease progression relative to the natural history of this disease [36]. After the first few
years following LT, patients they are considered to be in a phase of almost no progression
of the neuropathy due to a reduction of nerve loss in transplanted patients [34]. Clinically,
the observed patients have a similar profile at TO and T1 with only a small worsening
(see Table 2), which may be attributed to slight clinical subjective impressions between
the two clinical consultations. Furthermore, patients may complain of limb weakness,
extreme fatigue, postural hypotension and cardiac involvement that are not generally
protected/treated by LT [34]. These too can contribute to some gait changes, which may
justify several statistically significant differences between both gait assessments, in the
patients of this series. More studies are needed to understand the impact of these variables
on gait abnormalities.

P2 and P3 have been taking tafamidis, a TTR stabilizer, for 3.5 years and 1 year, with
8 and 5 years of disease progression, respectively. Tafamidis has been reported as having
a protective effect of a few years on those who take the medication from the beginning
of the disease onset in contrast to those who started it later [37]. P3 started treatment at
year 4 of disease progression and P2 at year 4.5 years. There was practically no clinical
evolution between TO0 and T1 for either P2 or P3: P2 is in a more advanced moment of
disease progression with clear steppage, and P3 showed only a mild sensitive neuropathy,
with vibration anesthesia on the hallux and minor difficulties on heels or tip toes gait, in
both clinical observations. Nevertheless, they exhibited some of the same gait alterations as
the other patients between gait assessments, such as the delayed toe-off, hip extension and
knee flexion, which may suggest a slight worsening of the clinical condition, not detected
on the clinical evaluation, despite the treatment with tafamidis. Non-responders to this
medication have been described in the literature [38].

This study shows gait abnormalities that vary in time and that, nowadays, are not
clinically quantified. Gait analysis is an important complement to the clinical assessment to
the extent that it shows the overall effects that disease progression is having in daily life.
Therefore, this assessment may contribute to and complement the current clinical analysis.

Since this is a rare disease, and our sample includes only a small number of patients,
we structured this study as a case series, which seemed to be more useful. Although a case
series is frequently incomplete and biased, it may enlighten future study strategies [39],
and avoid the effects of data heterogeneity. Group analysis has been described as possibly
having a negative impact on understanding the pathophysiology and management of rare
diseases, since it may not reflect exactly what happens in individual patients [39]. Neverthe-
less, individual measurements may not always correspond to average reference values not
only because of the disease but also because of the normal variability between individuals.

Adding to the small number of participants, this study has some other limitations
including a longer, and single time between assessments, and the heterogenicity of the
participants’ clinical condition/disease progression/treatment. Nevertheless, a valuable
insight into the problems related to V30M ATTRv amyloidosis characteristic gait pattern
has been obtained.
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Although V30M ATTRv amyloidosis is a degenerative disease, and patients suffer
from muscle weakness, neuralgic pain and sensory loss, all of which contribute to settling
into a pathological gait pattern, clinical importance should be given to rehabilitation and
maintenance of the functionality of the ankle complex, in order to maintain greater mobility
and muscle strength of the ankle for a better gait performance, as suggested for diabetic neu-
ropathy [29]. Further studies are needed, for a more comprehensive assessment of motor
control impairment during gait, such as electromyography studies, orthopedic assessment,
especially articular, which may also be affected in these patients (e.g., Charcot joint neu-
roarthropathy). It would also be interesting to specifically design a comparison study with
ATTRv amyloidosis and other neuropathies, including the diabetic neuropathy, in order to
understand if the different diseases present distinct pathological gait characteristics.
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Appendix A. Spatiotemporal Analysis
Appendix A.1. Participant 1

Table A1. Spatiotemporal gait parameters results for TO and T1, left (LLL) and right (RLL) lower limbs.

TO T1
Parameter LLL RLL LLL RLL
Speed (m/s) 0.955 0.826
Stride width (m) 0.156 + 0.021 0.156 + 0.025
Stride length (m) 1.088 + 0.034 0.995 -+ 0.038
Step length (m) 0.529 + 0.023 0.559 + 0.019 0.487 + 0.029 0.503 + 0.020
Double Limb Support (s) 0.158 + 0.026 0.157 + 0.013 0.160 + 0.016 0172 + 0.027
Cycle Time (s) 1.137 + 0.053 1.143 + 0.084 1.183 + 0.04 1.225 + 0.071
Stance Time (%) 63.6 64.3 66.3 69.3
Swing Time (%) 36.3 36.2 377 384

Cadence (steps/min)

104.163 & 5.926

106.346 + 6.943

97.782 £ 7.512 100.591 + 5.446
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Appendix A.2. Participant 2

Table A2. Spatiotemporal gait parameters results for T0 and T1, left (LLL) and right (RLL) lower limbs.

To T1
Parameter LLL RLL LLL RLL
Speed (m/s) 0.944 0.788
Stride width (m) 0.093 -+ 0.046 0.108 =+ 0.045
Stride length (m) 1.166 + 0.047 1.01 + 0.046
Step length (m) 0.523 + 0.022 0.634 + 0.038 0.476 + 0.033 0.524 + 0.031
Double Limb Support (s) 0.129 + 0.014 0122 + 0.016 0.166 + 0.021 0.161 + 0.025
Cycle Time (s) 1.239 + 0.047 1.228 + 0.047 1.28 + 0.044 1.281 + 0.057
Stance Time (%) 614 59.5 61.9 627
Swing Time (%) 386 406 38.1 374

Cadence (steps/min)

99.813 £ 4.258 93.951 £ 5.085

93.245 £ 5.459 93.089 =+ 4.858

Appendix A.3. Participant 3

Table A3. Spatiotemporal gait parameters results for TO and T1, left (LLL) and right (RLL) lower limbs.

ToO T1
Parameter LLL RLL LLL RLL
Speed (m/s) 0.854 0.860
Stride width (m) 0.104 =+ 0.019 0.121 + 0.022
Stride length (m) 0.959 =+ 0.038 0.926 =+ 0.100
Step length (m) 0.463 + 0.024 0.493 + 0.024 0.431 + 0.108 0.482 + 0.043
Double Limb Support (s) 0.151 + 0.025 0.154 + 0.030 0.169 + 0.044 0.149 + 0.025
Cycle Time (s) 1.128 + 0.072 1.119 + 0.053 1.079 + 0.167 1.074 + 0.050
Stance Time (%) 67.5 65.2 734 74.8
Swing Time (%) 424 446 452 446

Cadence (steps/min)

105.897 + 6.684 107.852 + 7.452

116.099 + 28.739 107.825 + 11.058

Appendix A.4. Participant 4

Table A4. Spatiotemporal gait parameters results for T0 and T1, left (LLL) and right (RLL) lower limbs.

To T1
Parameter LLL RLL LLL RLL
Speed (m/s) 0.669 0.757
Stride width (m) 0.177 + 0.026 0.165 -+ 0.030
Stride length (m) 0.769 + 0.046 0.845 + 0.112
Step length (m) 0.371 + 0.033 0.396 + 0.030 0.416 + 0.036 0.434 + 0.019
Double Limb Support (s) 0.158 + 0.025 0.167 + 0.041 0.161 + 0.025 0.159 + 0.036
Cycle Time () 1.148 + 0.078 1.151 + 0.070 1.134 + 0.054 1.103 + 0.197
Stance Time (%) 65.5 64.0 63.6 65.8
Swing Time (%) 36.9 36.0 36.4 37.0

Cadence (steps/min)

102.715 4+ 8.615 105.822 + 8.256

106.139 + 8.520 105.713 + 7.669

Appendix A.5. Participant 5

Table A5. Spatiotemporal gait parameters results for T0 and T1, left (LLL) and right (RLL) lower limbs.

ToO T1
Parameter LLL RLL LLL RLL
Speed (m/s) 0.995 0.939
Stride width (m) 0.093 + 0.022 0.117 + 0.026
Stride length (m) 1.160 + 0.032 1.167 + 0.064
Step length (m) 0.593 + 0.016 0.561 + 0.027 0.574 + 0.059 0.585 -+ 0.027
Double Limb Support (s) 0.089 + 0.024 0.117 + 0.013 0.123 + 0.030 0.157 £ 0.026
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Table A5. Cont.

TO T1
Parameter LLL RLL LLL RLL
Cycle Time (s) 1.157 + 0.033 1.170 + 0.025 1.222 + 0.053 1.254 + 0.061
Stance Time (%) 58.1 592 6138 612
Swing Time (%) 419 408 382 3838
Cadence (steps/min) 98.711 + 3.223 106.280 + 4.570 93.612 + 7.640 98.656 + 4.491

Appendix B. Ground Reaction Forces

Appendix B.1. Participant 1

Table A6. Mean and standard deviation of ground reaction forces in different gait cycle events at TO
and T1 for the left (LLL) and right (RLL) lower limbs, presented as % of body weight. * indicates a
statistically significant difference (p < 0.05) between TO and T1.

Parameter TO T1 Effect Size
(% Body Weight) LLL RLL LLL RLL LLL RLL
FA1 —14.67 £2.26 —16.76 £+ 1.96 —13.32 £1.35 -1042 £1.73 0.27 0.83*
FA3 14.96 + 2.06 15.67 +£1.82 9.58 +1.58 13.04 + 1.66 0.83* 0.69 *
FM1 —541+1.77 —7.06 +1.84 -325+1.27 —2.84 +1.06 0.50 * 0.76 *
FM2 6.38 +1.43 7.22 +0.66 6.49 +1.38 5.43 +1.46 0.08 0.54 *
FM3 9.13 = 1.62 11.09 £ 0.87 9.66 +1.31 9.94 +3.22 0.01 0.20
Fvi 11549 +6.12 120.25 + 4.67 113.45 + 5.64 108.17 £ 5.54 0.08 0.72*
Fv2 7415 £ 6.63 72.83 + 4.98 78.86 £ 4.15 83.6 £2.77 0.24 0.77 *
FV3 102.34 + 7.55 113.24 + 3.69 105.43 +3.18 113.74 4+ 3.92 0.60 * 0.00
Appendix B.2. Participant 2
Table A7. Mean and standard deviation of ground reaction forces in different gait cycle events at TO
and T1 for the left (LLL) and right (RLL) lower limbs, presented as % of body weight. * indicates a
statistically significant difference (p < 0.05) between TO and T1.
Parameter TO T1 Effect Size
(% Body Weight) LLL RLL LLL RLL LLL RLL
FA1 —25.64 £6.3 —27.48 £5.38 —25.01 £3.27 —21.52 £ 4.06 0.10 0.60 *
FA3 21.12 + 1.64 20.75 £ 1.74 18.25 +1.15 19.57 £0.8 0.03 * 0.10
FM1 —5.29 +1.97 —6.4+£2.61 —3.94+2.02 -333+173 0.34 0.50 *
FM2 6.66 + 3.53 5.78 +2.48 6.1£322 5.88 +2.85 0.10 0.00
FM3 5.28 +1.56 599 +1.77 5.78 +2.58 4.98 £1.65 0.00 0.13
Fvl 131.65 +4.32 127.51 £ 8.19 136.91 +4.76 138.01 & 6.49 0.34 0.40 *
Fv2 68.47 £ 5.82 68.56 £ 6.82 73.63 £5.93 71.6 £7.95 0.33 0.06
FV3 111.74 £ 7.44 107.22 £ 6.04 107.93 £ 2.59 112.05 £ 3.16 0.04 0.06
Appendix B.3. Participant 3
Table A8. Mean and standard deviation of ground reaction forces in different gait cycle events at TO
and T1 for the left (LLL) and right (RLL) lower limbs, presented as % of body weight. * indicates a
statistically significant difference (p < 0.05) between TO and T1.
Parameter TO T1 Effect Size
(% Body Weight) LLL RLL LLL RLL LLL RLL
FA1 —129+19 —11.8+ 1.6 -139+23 —158 £29 0.1 0.1
FA3 121+21 14.6 £ 2.6 155+ 1.6 158 £1.2 0.0 0.0
FM1 -36+13 —42+17 -34+15 -54+11 0.3 0.2
FM2 62+13 6.0£1.1 72+£15 77+£17 0.1 0.1
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Table A8. Cont.

Parameter TO T1 Effect Size
(% Body Weight) LLL RLL LLL RLL LLL RLL
FM3 6.8+ 1.0 6.8 £09 74+12 70+14 0.3* 0.1
FV1 111.6 +£4.9 107.8 + 4.5 1174 £5.7 1169 £ 5.1 0.3* 0.1
Fv2 76.5+ 4.3 78.6 £2.7 75.0+£27 75.6 = 3.7 05* 0.3
FV3 1082 £3.2 110.6 + 4.1 113.7 £5.1 1133 £ 55 0.8* 0.3
Appendix B.4. Participant 4
Table A9. Mean and standard deviation of ground reaction forces in different gait cycle events at TO
and T1 for the left (LLL) and right (RLL) lower limbs, presented as % of body weight. * indicates a
statistically significant difference (p < 0.05) between T0 and T1.
Parameter TO T1 Effect Size
(% body weight) LLL RLL LLL RLL LLL RLL
FA1 —-175+ 44 —-172+£32 —145+3.2 —-171+£2.0 0.16 0.00
FA3 126 +24 14.6 = 1.9 140+13 119+ 1.6 0.29 0.56 *
FM1 —23+37 -35+13 —14+14 —333+17 0.00 0.00
FM2 107 £ 1.4 114 +14 10.6 + 1.3 10.7 £2.9 0.04 0.05
FM3 99+1.6 97+13 94 +15 99+17 0.06 0.03
FV1 107.0 +10.1 116.0 + 3.9 105.0 £5.0 109.7 + 4.4 0.00 0.54 *
FV2 95.6 6.2 927 +4.1 852426 853+ 37 0.69 * 0.66 *
FV3 103.7 £5.9 103.3 £ 3.5 108.1 £ 4.6 98.8 £ 6.6 —0.40 —0.50 *
Appendix B.5. Participant 5
Table A10. Mean and standard deviation of ground reaction forces in different gait cycle events at TO
and T1 for the left (LLL) and right (RLL) lower limbs, presented as % of body weight. * indicates a
statistically significant difference (p < 0.05) between TO and T1.
Parameter TO T1 Effect Size
(% Body Weight) LLL RLL LLL RLL LLL RLL
FA1 —17.8+438 —16.9 + 3.3 —17.6 £2.0 —17.9+ 3.6 0.02 0.03
FA3 173+ 1.8 173 £2.7 150+ 1.5 17.0 £ 0.9 0.61* 0.00
FM1 -75+23 -76+28 —47+£12 —-80+22 —0.58 * 0.03
FM2 48+14 54+15 62+1.0 50+1.1 0.29 * 0.03
FM3 75+19 76+19 65+09 88+11 0.21 0.25
Fvl 1139+ 4.2 1142+ 4.8 1140 £ 4.1 1162 £ 3.7 0.00 0.17
Fv2 79.6 +4.1 782 +43 80.1 £4.1 791+£29 0.03 0.03
FV3 1124 £8.2 113.6 £ 6.3 1102 +£5.1 104.5 +35.9 —0.24 -0.16
Appendix C. Angular Kinematics
Appendix C.1. Participant 1
Table A11. Sagittal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
TO 4.07 £ 0.86 —0.55 +0.83 6.57 + 0.64 —2.08 £ 1.02 1.31 4+ 1.06 —4.85+0.76
Pelvis T1 3.62+1.15 0.57 £ 0.49 6.83 £ 0.78 0.26 &+ 1.55 1.16 £ 0.84 —3.78 £ 0.80
p-value 0.016 2 0.0112 0.213b 0.000 2 0.305 © 0.003 2
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Table A11. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 20.31 £1.98 1.26 £1.87 —5.11+244 —1156 +1.21 21.09 £ 7.36 19.98 £ 2.08
Left Hip T1 21.36 £ 2.10 0.23 £1.58 —2.98 £2.95 —10.38 +2.20 24.98 £+ 1.65 17.91 £ 3.05
p-value 0.083 @ 0.083 2 0.0227 0.134° 0.000# 0.0117
TO —9.83 +1.36 21.55 +1.97 21.47 £2.33 25.93 +1.28 3.98 +5.54 —428+19
Right Hip T1 —11.09 =145 20.76 = 2.90 17.81 £ 3.39 24.43 £3.20 —0.46 £1.76 —5.17 4223
p-value 0.025° 0.334°¢ 0.0012 0.016° 0.0002 0.691 ¢
T0 7.31 £1.47 124+£19 43.56 & 3.83 10.15+ 048 59.47 +11.38 22.08 +£3.77
Left Knee T1 7.60 & 1.50 8.05 4 2.32 40.56 + 4.44 7.114+1.33 60.85 4 2.03 17.84 £ 3.31
p-value 0.697 © 0.000* 0.008 ® 0.0002 0.741 ¢ 0.0012
T0 15.09 £ 1.58 53.61 4 1.42 25.47 +2.99 12.52 £1.38 16.85 £ 3.05 40.46 £+ 5.38
Right Knee T1 9.01 +0.84 51.67 + 4.96 184 £4.26 10.58 + 3.32 8.81 +1.93 35.48 +5.14
p-value 0.000 @ 0.460 © 0.000* 0.030° 0.000# 0.639 ©
T0 —3.86 + 0.97 8.56 £ 091 7.08 +3.31 20.2 +0.74 —2.45 +5.37 1.69 £1.76
Left Ankle T1 —-331+153 9.57 £1.10 8.74 £ 2.53 21.58 £ 1.05 —1.89 £ 1.50 2424170
p-value 0.247 € 0.0002 0.068 0.017° 0.073° 0.017"
TO 22.7 +£1.87 7.19 +0.59 3.34 + 1.55 3.37 £ 0.79 10.21 £ 2.05 12.01 +2.84
Right Ankle T1 20.45 + 1.68 6.54 +1.30 2.78 £2.29 0.26 £ 1.68 85+1.72 12.63 £2.10
p-value 0.000# 0.0532 0.768 © 0.0002 0.006 © 0.427 ¢
Table A12. Frontal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
TO —2.07 £1.17 —248 +1.73 —2.96 +1.34 023 +1.02 —4.57 +1.98 —1.62 +1.51
Pelvis T1 —0.01 +£1.31 —048 £1.21 0.19 +£2.78 259 +£1.75 —2.24 +1.87 0.24 +£1.82
p-value 0.000 2 0.0012 0.000° 0.000° 0.002° 0.047°
TO —8.80 £1.30 1.37 £0.98 —11.91 +1.02 —028+1 —7.28 £2.07 1.71 £ 1.62
Left Hip T1 —7.61 +1.49 0.73 £ 0.98 —12.27 +1.49 —1.34 +1.59 —741+1.13 2.20 £ 1.36
p-value 0.000 2 0.234 2 0.1472 0.009 ® 0.244° 0.338°
TO 6.57 = 1.05 —0.70 +1.04 7.99 £1.54 —4.97 +1.90 6.06 = 3.15 —2.99 +1.06
Right Hip T1 5.51 £ 1.53 —225+1.16 6.96 + 1.35 —4.66 +2.01 4.36 + 1.62 —4.39 +£1.32
p-value 0.007 2 0.003 ¢ 0.042° 0.715¢ 0.006 © 0.046 2
TO 0.60 & 0.47 —0.27 +0.48 —8.66 +1.03 —1.01 +0.69 —5.76 +1.76 1.95+243
Left Knee T1 1.13 £ 0.60 0.77 £ 0.55 —3.08 +1.18 0.46 £ 0.40 213 +1.74 1.50 £+ 1.10
p-value 0.001? 0.000 2 0.254 2 0.000 2 0.254 2 0.733 ¢
TO 298 +1.41 4.07 £2.26 2.36 +2.05 —1.67 +0.89 —0.56 +1.06 —240+218
Right Knee T1 —1.22 £ 0.67 0.38 £+ 1.54 —0.89 + 1.06 —0.79 £1.82 —0.71 £ 0.63 —3.48 +£1.03
p-value 0.254° 0.001? 0.000 2 0.217¢ 0.099 © 0.069 ®
TO 7.71 £1.04 1.62 +£1.04 9.07 £1.21 7.85 £ 0.95 740 £0.72 —1.74 £ 0.51
Left Ankle T1 6.65 + 1.05 —0.54 + 1.67 542 + 1.93 341+ 122 6.74 + 1.04 —3.29 +1.31
p-value 0.002? 0.001? 0.000 2 0.000 @ 0.027° 0.000 2
TO 3.01 £1.23 719 £0.76 —1.77 £ 0.99 6.36 = 1.05 —0.26 +2.13 827 £1.70
Right Ankle T1 1.07 £ 1.31 1.43 +0.89 —2.66 + 1.37 518 +1.37 —1.17 £1.32 3.00 +1.18
p-value 0.002? 0.000 ? 0.130° 0.004 2 0.455 ¢ 0.000 2
Table A13. Transverse plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(@), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 80.93 £ 2.86 89.49 £1.12 98.11 4+ 2.35 100.6 +2.45 90.25 £ 3.55 82.35 + 2.64
Pelvis T1 83.66 £ 2.87 89.69 £ 2.64 96.84 £ 3.09 98.55 £ 3.08 91.15 £ 2.88 83.64 £+ 2.83
p-value 0.000 0.691 ¢ 0.050® 0.019° 0.322°¢ 0.360°
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Table A13. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 —2328+289 —-1929+127 -1600+£273 —-19.69+142 1507191 1577517
Left Hip T1 —19.3 £2.52 —1491+£265 —11.034+296 —15.01+252 —6.70 £2.25 —14.15 £ 2.61
p-value 0.001 2 0.000 2 0.000 2 0.000 2 0.000# 0.434
T0 —1.85+3.12 —1.30 +3.03 —1.29 +3.38 —10.04 +2.16 —0.45 +4.58 —0.58 +4.13
Right Hip T1 —11.79 £ 246  —10.74 +£3.39 —1444+284 —2256+3.21 —13.85+£276 —8.82 + 2.55
p-value 0.001° 0.0012 0.000 2 0.000 2 0.000 2 0.003 2
T0 —7.00 £ 3.02 224 £1.69 —4.02 +4.30 10.41 + 3.19 —6.85 +4.43 —7.45 + 3.09
Left Knee T1 —3.00 4+ 2.52 434 +3.04 529 +£293 9.51 +£2.32 2.54 +1.30 —0.74 +2.70
p-value 0.000 @ 0.009 b 0.000? 0.114°¢ 0.000® 0.0012
T0 15.09 £+ 1.58 —25.87 £223 —22.64+4.00 —-1674+£199 —1243+275 —1855+£7.88
Right Knee T1 742 +214 —0.95 +3.71 0.48 + 3.87 0.21 £3.52 4.18 £2.18 1.46 +2.24
p-value 0.000 @ 0.0522 0.000 2 0.000 2 0.001 2 0.001°
T0 10.81 £2.34 7.44 +£1.98 15.45 +2.39 9.9 +2.02 16.11 £2.14 5.16 +2.27
Left Ankle T1 5.66 £ 1.17 2.59 £+ 2.60 4.75 +£2.04 6.55 £ 1.84 491 £1.06 —-1.14+231
p-value 0.000 @ 0.0012 0.000 2 0.000 2 0.000 @ 0.000 @
T0 —0.85+1.37 10.52 + 1.85 —191+1.46 —0.88 £ 1.18 —3.22 £ 1.56 6.37 £ 5.38
Right Ankle T1 —1264+296 —1359£173 —18.66+3.13 —9.70 + 1.89 —15.06 +£2.78  —13.00 £ 2.27
p-value 0.000 @ 0.001? 0.000 2 0.000 2 0.000 @ 0.000 @
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Figure Al. Average pelvis and lower limbs joint angles (in degrees) in the three anatomical planes
during a gait cycle of the right (blue), left (red) lower limb and irrespective of the side (green). The
joint angles at TO are denoted by a solid line, while T1 is represented by a dashed line. The reference
interval from the healthy gait dataset is shaded grey. A set of symbols are used to denote statistically
significant differences, associated with large effect size, between T0 and T1 at the heel strike (*),
midstance (#) and toe-off ($), with their color indicating the limb presenting such differences.

P1 shows a more retroverted pelvis than the reference population, although with a
normal angle variation during the whole gait cycle. At T1 this angle was lower in general,
being even lower than the reference population. In the frontal plane, the pelvic obliquity
during the RLL cycle is higher than the reference data. In the transverse plane left and right
rotations are more prominent at T1 than TO and the variation is around —10 to 10 degrees.
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P1 also presents a delayed toe-off at T1, more prominent for the right lower limb cycles, as
can be seen in the charts showing the angular behavior of the other limbs. The hip angle
shows higher extension than the reference population, more abduction (frontal plane) and
external rotation (transverse plane) at T1 than TO. It also presents an abduction lower than
the reference data for left lower limb cycles, in both assessments, at T1 with a frontal range
of motion of 25 degrees. Looking at the transverse plane, all except right lower limb cycles
during TO show more external rotation (up to 15° lower) during the whole gait cycle, than
the reference data. The stance phase knee flexion is higher at T1 than TO and also than the
reference. Swing phase knee flexion is higher than the reference gait data and higher at T1
than T0. The knee and ankle rotation are more internal at T1 and the transition from dorsi-
to plantar-flexion occurs later than in the reference population. In the transverse plane,
knee rotation is in general more internal than the reference data, except for the right lower
limb cycles at TO which is mainly within a normal range. The ankle angle shows a higher
dorsiflexion than the reference data, before the toe-off. In the frontal plane, the first eversion
is also more prominent than the correspondent for the reference. In the transverse plane it
is possible to see that with the exception of right lower limb cycles at T1, all assessments
show higher internal rotation of the ankle during the whole gait cycle.

Appendix C.2. Participant 2

Table A14. Sagittal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(@), moderate (®) or small ().

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 6.53 = 0.98 5.67 +0.95 2.80 £+ 0.86 —2.10+0.89 —143 £1.01 0.84 +£1.35
Pelvis T1 594 +£1.01 3.74 +0.89 1.74 £+ 1.00 —3.77 £1.35 —1.55+1.04 —0.07 +1.37
p-value 0.005# 0.000* 0.004° 0.0002 0.943 © 0.003°
T0 27.92 £1.70 12.99 + 1.67 —8.20+1.78 —10.18 4= 2.69 40.50 £ 1.85 30.04 £ 2.02
Left Hip T1 2427 £2.15 875+ 1.83 ~389+£297 —1468+283 35524192  20.76 £ 5.80
p-value 0.000# 0.000? 0.000? 0.0002 0.000 2 0.000 #
T0 —11.71 +£2.13 37.42 +2.64 30.31 +2.08 27.06 £ 2.51 9.15 £+ 1.82 —4.83 +2.17
Right Hip T1 —16.24 +2.07 33.62 +2.43 20.01 +2.25 19.29 £ 1.85 4.55 + 1.58 —3.69 +4.28
p-value 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.601 ©
T0 15.81 £ 2.45 23.95 £+ 3.40 43.61 +4.68 23.63 + 4.41 77.63 £2.23 35.01 £ 2.68
Left Knee T1 15.36 £+ 3.84 17.80 = 2.02 47.76 - 4.34 9.2+ 3.05 73.84 £2.39 31.19 £5.12
p-value 0.493 © 0.000 2 0.006 2 0.000 2 0.000# 0.000 #
T0 —1.78 £0.84 75.87 £1.92 34.47 £3.29 1591 £2.85 17.54 £2.24 37.75 £ 3.02
Right Knee T1 124 £1.95 70.13 £ 3.03 27.99 £+ 3.14 10.23 £ 3.00 11.75 £ 2.83 42.93 +7.45
p-value 0.000 # 0.000 * 0.000 * 0.000 # 0.000 # 0.000 #
T0 1.76 £1.75 28.12 4+ 2.66 32.94 +277 47.60 + 3.26 8.42 +£2.11 21.92 +1.96
Left Ankle T1 —4.47 +2.00 9.01 £1.90 6.68 +4.32 19.18 + 2.96 —12.22 + 3.30 8.97 £2.62
p-value 0.000 @ 0.000 2 0.000* 0.000* 0.000 7 0.000 ®
T0 20.36 £ 2.28 —13.29 248 594 +1.58 —313+124 10.61 £ 1.26 16.05 £ 1.83
Right Ankle T1 16.87 £2.72 —11.05 +2.40 8.66 &+ 2.39 —3.93 £ 1.65 —1.55+£1.04 8.36 & 3.59
p-value 0.000# 0.001 2 0.000? 0.587 ¢ 0.000 2 0.000 #
Table A15. Frontal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 1.12 +1.20 022 £1.61 —-1.63 £ 1.11 —1.10 + 1.07 029 £1.72 0.28 £ 1.57
Pelvis T1 —055+08  —067+123 —256+117 —210+099 —163+106 —2.68+0.90
p-value 0.000 @ 0.062 © 0.088 © 0.0172 0.000# 0.000 #
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Table A15. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 —8.06 = 1.63 —1.96 +1.68 —270+£223 0.68 £+ 2.11 287 +1.34 0.75 £1.98
Left Hip T1 —6.92 £2.30 —1.90 +2.09 —3.31+£221 1.67 £2.71 0.81 +£1.95 1.42 £2.08
p-value 0.0112 0.833¢ 0.902°¢ 0.073° 0.0002 0.115°
TO 6.37 +2.04 —0.81 +1.02 0.63 + 1.79 —7.76 £1.83 0.94 +2.26 1.34 £1.48
Right Hip T1 6.60 = 1.89 —1.83+1.53 —0.54 248 —8.90 £2.25 —0.41 £249 —0.55 +2.56
p-value 0.8532 0.075 ¢ 0.285 ¢ 0.163° 0.019° 0.001 "
T0 —295+142 —3.45+0.96 —6.57 £242 —3.62+1.73 —6.39 £2.34 —3.03 +1.89
Left Knee T1 134 £1.11 1.34 £ 1.00 —1.58 £2.51 1.87 4+ 0.94 9.49 + 3.96 2.80 £2.01
p-value 0.001 2 0.000 2 0.003 2 0.000 2 0.003 2 0.000 2
TO —2.53 + 1.50 12,12 +£2.20 7.41 +2.26 2.34 +0.96 3.69 + 0.83 599 + 147
Right Knee T1 4.88 +1.40 12.05 + 2.66 515+ 1.96 238 £ 1.09 448 £1.11 6.51 £ 4.41
p-value 0.003 P 0.361 © 0.000 2 0.361 © 0.093 © 0.575 ¢
TO 172 £1.81 —10.04 £ 1.08 —3.13 +£1.30 —7.72 £ 1.63 —5.15 + 4.05 —10.37 +1.30
Left Ankle T1 7.36 +1.77 4.00 £1.01 8.75 +1.22 1147 £1.52 5.20 + 2.69 3.50 + 1.88
p-value 0.000 @ 0.000 2 0.000 2 0.000? 0.000 7 0.000®
T0 3.83 £1.98 312 +£278 —-3.51+1.19 5.03 £1.82 —1.98 4+ 1.35 5.62 £ 0.57
Right Ankle T1 5.48 £ 1.88 748 £2.76 ~3.05+1.93 5.95 £ 2.54 —1.63+1.06 3.39 +1.92
p-value 0.003° 0.000 2 0.463 © 0.009 # 0.143 ¢ 0.000®
Table A16. Transverse plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 80.91 £ 2.70 9293 £ 2.71 100.20 £ 2.53 106.72 4= 3.43 94.48 £2.71 85.78 £ 2.60
Pelvis T1 82.6 £ 2.62 90.43 £ 2.79 94.28 291 98.19 £ 3.48 9222 £3.37 87.3 £2.86
p-value 0.001 0.009 © 0.000 2 0.000 2 0.004° 0.0292
T0 —16.47 +4.22 —9.95 + 2.08 —5.65 +3.27 —5.51 £4.01 —2.83+2.74 —9.63 +2.45
Left Hip T1 —5.29 +3.63 —29+£252 0.54 £ 2.89 2.86 4 3.82 10.58 £ 4.37 —2214+2.62
p-value 0.000 @ 0.000 * 0.000* 0.000* 0.000# 0.000 #
T0 1.92 £4.55 3.28 £2.70 —1.59 +3.21 —9.75 £ 3.28 —0.48 £+ 3.89 1.98 £3.18
Right Hip T1 —1.64+3.13 2.62 £2.74 —-10.83 £335 —22.34+3.15 —7.56 £3.42 —-1.79+7.59
p-value 0.001° 0.072°¢ 0.0002 0.0002 0.000° 0.000®
T0 —1.49 £+ 3.35 2.65 £ 2.32 —4.43 + 4.59 9.53 £ 4.26 —10.71 £ 5.35 —4.58 +3.63
Left Knee T1 —3433+353 —-2225+£200 26194237 —2155+£269 29861374 —25.85+297
p-value 0.000 @ 0.000* 0.000* 0.000* 0.000 ® 0.000®
TO 8.29 + 1.67 —18.79+£299  -29.62+3.14 2871 +3.42 -23.09+ 1.9 —30.18 +3.10
Right Knee T1 —25.11+241 —-2539+418 —2407+252 —2585+325 —-2574+161 —3297+7.68
p-value 0.000 2 0.000 2 0.000 2 0.004 b 0.000 P 0.067 ¢
T0 1.48 £1.51 6.18 £ 1.36 10.73 +1.84 6.07 = 1.55 11.9 + 4.68 521 +239
Left Ankle T1 19.63 £ 2.81 8.91 +1.35 15.81 £3.15 11.73 £1.31 21.33 +4.01 8.16 + 1.46
p-value 0.000 # 0.000 * 0.000 * 0.000 2 0.000 # 0.000 #
TO 0.14 4 2.08 15.31 +£3.33 0.95 +1.45 4.76 +1.25 —2.09 +1.32 5.89 +2.80
Right Ankle T1 0.94 £ 1.46 12.09 &+ 3.81 —3.02 + 1.55 103 +2.42 9222 £3.37 3.43 £ 2.86
p-value 0.057 ¢ 0.002 © 0.000* 0.000? 0.000# 0.001 7

P2 also shows a slightly delayed toe-off on the right lower limb cycles, at T1, and a
statistically significant higher retroversion of the pelvis at HS at T1. In the frontal plane, the
last elevations are higher than the reference data and at T1 they exceed the normal 5 degrees
of variation, reaching near 10°. In the transverse plane left and right rotations are more
prominent at T1 than TO and the variation is around —10 to 20 degrees at TO and lowers to
—10 to 10 at T1. The hip is more extended and also more flexed (right after extension) than
in the reference population and in the frontal plane shows a range of motion of 20 degrees.
In the transverse plane the rotators pattern is closer to the reference values than P1 but with
excessive rotation (more than 10 degrees total displacement). The stance phase knee flexion
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Sagittal

Pelvic Anteversion(+)/Retroversion(-)
1

is higher at T1 than TO and also than the reference population. Swing phase knee flexion is
higher than the reference data and higher at T1 than TO (steppage). In the transverse plane,
knee rotation is more external than normal, reaching —40° at some point, except for the
left lower limb cycles at TO in which the knee is more internally rotated. The ankle angle
shows a marked asymmetry with the left lower limb cycles, at TO, being more dorsiflexed
in general (up to 45°), with a timid plantar-flexion right after toe-off. In the frontal plane
it is possible to see that the eversion angles vary from the right limb cycles, and left limb
cycles at TO and T1, but the pattern is similar and the eversion is not marked. The swing
phase was different for all the assessments. The transverse plane, as for P1, shows a more
internally rotated ankle than the reference population, along the entire gait cycle.

Frontal Transverse

Pelvic Obliquity Up(+)/Down(-)
'

Pelvic Left(+)/Right(-) rotation
'

20
e b T |
8 gl=== A . - < e
- = 2 g
< o 1 < <
20 20
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Gait Cycle Duration (%) Gait Cycle Duration (%) Gait Cycle Duration (%)
P Hip Flexion(+)/Extension(-) 5 Hip Adduction(+)/Abduction(-) % Hip Internal{(+)/External(-) Rotation
n n N
?20L=. 1 = - I ~ | . RS
ry I o Z 2 0 Z == T~
80 - L 2 ol == 2 Oy = >
5 — = g /-.__s—/_ \
<20+ 8| |1 < v I < 207 I T
40 ! 20 Il !
20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
Gait Cycle Duration (%) Gait Cycle Duration (%) Gait Cycle Duration (%)
Knee Flexion(+)/Extension(-) Knee varus(+)/valgus(-) Knee Internal(+)/External(-) Rotation
]
80 ZR 20f,, 1
g,zm ° T =
&2 g- o & 20| =
0 il - 20 -40
0 20 40 60 80 100 0 20 40 60 80 100 0 20
Gait Cycle Duration (%) Gait Cycle Duration (%) Gait Cycle Duration (%)
Ankle Dorsal(+)/Plantar(-) Flexion Ankle Inversion(+)/Eversion(-) Ankle Internal(+)/External(-) Rotation
1 f
_ 1ot “"“,—"Jb 4
< - - =l e Fp
s \E g SR '
© - =
2 Z
< \__// I <
10 S|y <

20

40 60

Gait Cycle Duration (%)

80 100 0 20 40 60

Gait Cycle Duration (%)

80 100 20 40 60

Gait Cycle Duration (%)

80 100

Figure A2. Average pelvis and lower limbs joint angles (in degrees) in the three anatomical planes
during a gait cycle of the right (blue), left (red) lower limb and irrespective of the side (green). The
joint angles at TO are denoted by a solid line, while T1 is represented by a dashed line. The reference
interval from the healthy gait dataset is shaded grey. A set of symbols are used to denote statistically
significant differences, associated with large effect size, between T0 and T1 at the heel strike (*),
midstance (#) and toe-off ($), with their color indicating the limb presenting such differences.

Appendix C.3. Participant 3

Table A17. Sagittal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS HS MD
T0 0.68 & 0.84 0.28 +0.59 5.71 +0.69 2.12 4+ 0.67 1.82 £ 0.69 —4.314+0.71
Pelvis T1 0.60 & 1.72 —0.79 £ 0.87 6.26 £ 1.13 0.89 £1.17 1.64 £0.87 —-5.30£0.77
p-value 0.812¢ 0.000 2 0.013° 0.000 2 0.480 © 0.000 2
T0 24.31 £1.57 2.80 +0.89 -520+226  —16.05+1.51 23.84 +£1.49 19.7 +£3.26
Left Hip T1 23.45 +£4.22 2434222 —5.02+511  —1919+£250  22.80 £3.48 19.00 +3.20
p-value 0.057° 0.057® 0.657 ¢ 0.000® 0.008 ® 0.302 ¢
T0 —11.48 1+ 4.40 2541 £2.31 23.54 +£2.98 27.85 & 2.51 6.91 £+ 3.45 0.47 +3.29
Right Hip T1 —18.07 £530  23.39+227 20.85+7.73 25.87 £3.12 2.20 +2.58 —5.90 +2.86
p-value 0.000? 0.000 2 0.004 ® 0.001° 0.000 2 0.000 2
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Table A17. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS HS MD
T0 9.81 +2.38 4.35 4 0.94 32.07 & 4.94 —4.89 £2.2 46.2 + 2.64 17.6 +3.92
Left Knee T1 12.89 £4.21 8.16 & 1.55 3492 £ 6.12 —8.55+ 252 49.19 £ 5.58 22.59 £2.51
p-value 0.002° 0.000 2 0.035¢ 0.000 2 0.001 P 0.000 2
T0 3.77 £ 1.03 49.62 £ 3.39 23.12 +3.92 15.3 £ 3.63 12.58 £ 5.45 402 +£5.71
Right Knee T1 —8.02 +£5.92 51.14 £ 3.63 21.04 £ 5.88 124 £4.49 6.88 £ 3.42 35.76 £ 5.27
p-value 0.000 2 0.087 ¢ 0.008 ® 0.001° 0.0002 0.001 b
TO 1.21 £1.30 6.61 +1.19 9.94 +3.13 14.11 £2.37 5.65 + 0.77 2.58 +1.51
Left Ankle T1 —0.90 £ 2.35 9.03 +1.14 12.8 £ 3.39 13.17 £ 2.38 6.97 +1.13 6.08 + 1.79
p-value 0.029° 0.0002 0.001° 0.000 2 0.000® 0.0002
T0 15.55 £5.38 7.45 £ 215 277 134 1.81 £ 1.56 7.54 +£1.86 11.97 £ 4.39
Right Ankle T1 11.18 £ 3.08 8.58 +1.25 3294+238 —213+241 6.83 + 1.54 13.70 £2.41
p-value 0.0002 0.012° 0.307 0.000 0.002 ° 0.155 ¢
Table A18. Frontal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(@), moderate (®) or small ().
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 2.55 +0.67 3.38 £ 0.81 2.61 +0.88 2.46 +1.01 3.10 £ 0.76 2.81+0.76
Pelvis T1 0.37 £ 1.61 1.49 £2.17 1.80 £ 1.82 147 +1.47 0.98 +1.81 0.20 +2.75
p-value 0.000 2 0.000® 0.0012 0.000° 0.0002 0.000®
T0 1.36 £1.32 6.24 +0.70 —2.41+0.85 2.36 - 0.94 1.50 £ 0.74 9.19 +1.08
Left Hip T1 0.38 £2.23 6.29 +1.08 —4.07 £ 1.36 2.62 +1.40 0.36 & 1.05 928 +1.13
p-value 0.0882 0.044 0.000 2 03342 0.000 2 0.558 P
TO 579 £1.84 1.97 £0.79 10.02 £ 0.91 4.18 +£0.92 8.31 & 0.66 -1.12+1.51
Right Hip T1 4.14 +£1.80 1.40 £1.01 9.75 £1.39 2.30 & 1.60 7.46 £1.14 —-3.07+1.32
p-value 0.000° 0.018°¢ 0.088 0.0002 0.001 0.0002
TO —4.33 + 0.52 —4.43 +0.39 —8.73 £ 0.99 —1.95+1.02 —9.91 £1.07 —3.38 +1.61
Left Knee T1 —4.15 4+ 0.86 —3.75 £ 0.69 —5.08 + 0.65 —1.40 £0.92 —2.10 +1.05 —2.64 +1.01
p-value 0.596 © 0.000 2 0.000 2 0.011 ¢ 0.000 2 0.046 ©
T0 —14.23 +3.12 5.47 £ 3.00 3.11 £2.07 —0.87 £1.48 -1.75+1.16 5.82 £ 3.69
Right Knee T1 —1.54 £1.39 —3.11+2.01 —1.66 +1.52 —3.49 £ 1.64 —3.07 £ 1.02 —2.85+1.82
p-value 0.000 @ 0.463 © 0.000* 0.000* 0.075° 0.899 ©
TO 112 £1.11 —0.95 + 1.89 551 +1.28 —0.55 £ 1.37 3.18 £ 1.09 —1.68 +1.73
Left Ankle T1 2.65 £ 1.69 —1.26 +0.82 5.78 £1.69 0.06 £ 0.85 371+1.13 —2124+1.22
p-value 0.973 ¢ 0.392 ¢ 0.436 ¢ 0.044 ° 0.026 ¢ 0.336 ©
T0 241 +6.95 4.00+1.93 —0.29 £2.31 3.58 £+ 1.47 0.24 +4.80 5.82 +3.46
Right Ankle T1 1.65 + 1.65 1.08+08  —193+£122  069+1.17  —1.04+095  392+1.02
p-value 0.070 © 0.000 2 0.000® 0.0002 0.509 © 0.000 @
Table A19. Transverse plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(?), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 84.81 4 2.62 87.49 £+ 1.95 93.89 +2.17 93.89 4 2.07 93.51 4+ 2.01 86.01 4 2.63
Pelvis T1 84.55 +3.14 85.41 £2.11 92.94 £ 3.45 92.11 £ 2.30 92.35 +£2.71 84.03 = 2.16
p-value 0.000 @ 0.000 2 0.294 © 0.001 2 0.062 ¢ 0.008 @
T0 —1413 £2.01 —12.67 £+ 0.96 —8.90 + 1.53 —10.84 =136 —10.26 £ 1.08 —6.94 + 3.07
Left Hip T1 —13.00 &+ 4.62 —7.60 & 1.65 —3.13 £ 4.10 —5.82 +£1.81 —0.08 £1.95 —4.76 £ 2.54
p-value 0.017 2 0.000 2 0.000 2 0.000 2 0.000 7 0.001 "
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Table A19. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
TO 13.18 +4.99 8.07 + 3.79 12.95 4+ 4.49 891 +3.14 11.5 +4.79 143 +4.77
Right Hip T1 0.31 +4.74 —3.78 £ 3.32 —2.79 + 2.51 —6.39 + 5.65 —241+222 —0.37 £ 3.74
p-value 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2
TO —5.54 + 245 2.64 +2.19 —747 +4.13 10.88 +2.25 —11.05 + 1.74 —7.20 +2.02
Left Knee T1 —15.04 + 3.10 —8.83 + 1.86 —11.05 +2.27 —321+1.83 —15.86 =211 —15.77 +2.36
p-value 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2
| T e 5
Right Knee T1 —1494+728 —1591+244 —2092+298 —19.71+286 —17.64+338 —17254+293
p-value 0.000 © 0.052 © 0.000 © 0.000 © 0.001 © 0.001°
T0 1.47 +1.46 —1.54 +1.93 5.93 +£3.94 —6.21 +2.30 6.62 +1.93 —0.73 +2.36
Left Ankle T1 9.19 £1.70 1.09 £ 1.21 4.36 £2.70 1.05 + 1.06 6.34 +1.48 0.73 +1.26
p-value 0.000 2 0.000 2 0.0382 0.000 2 0.000 © 0.002 P
_ T0 TOE 16951601 92841748 67741544 99542176 33541726
Right Ankle T1 548 £2.22 741 +1.63 3.17 £1.57 9.15 £ 3.21 3.08 £1.49 452 +1.42
p-value 0.000° 0.000° 0.000° 0.000 0.000® 0.000°
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Figure A3. Average pelvis and lower limbs joint angles (in degrees) in the three anatomical planes
during a gait cycle of the right (blue), left (red) lower limb and irrespective of the side (green). The
joint angles at TO are denoted by a solid line, while T1 is represented by a dashed line. The reference
interval from the healthy gait dataset is shaded grey. A set of symbols are used to denote statistically
significant differences, associated with large effect size, between T0 and T1 at the heel strike (*),
midstance (#) and toe-off ($), with their color indicating the limb presenting such differences.

P3 shows a clear delayed toe-off for both limbs at T1. It exhibits a generally higher
pelvic angle at T1, than TO0, both in retroversion when compared with the reference data,
but within the normal 5 degrees of range of motion. In the transverse plane it is possible
to see that at T1 the rotation is minimal and TO shows a 10-degree variation. This patient
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shows a prominent hip extension in comparison to the reference population, although hip
flexion remains within reference values. The frontal range of motion is also within reference
values. In the transverse plane hip rotation is smooth but more internal for the right lower
limb cycles at TO. With regards to the knee angle, the stance phase knee flexion and the
following extension are higher than the reference data. The swing phase knee flexion is
slightly higher than the reference. The frontal variation of the knee rotation in swing phase
is also higher than 10 degrees at TO. The transverse plane shows a tendency for the right
lower limb cycles to show a more external rotation of the knee and the left lower limb cycles
a more internal rotation. The ankle angle of P3 exhibits an almost permanent dorsiflexion,
with a peak higher than the reference gait data. In the frontal plane, eversion/inversion
transition is stricter and less regular at T1. The transverse plane, shows a generally more
prominent internal rotation of the ankle than in the used reference population.

Appendix C.4. Participant 4

Table A20. Sagittal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (%) or small (9).

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 —035+£1.15 0.36 = 1.08 —0.06 +1.03 —155+1.16 —3.60 £1.25 —4.80 +1.07
Pelvis T1 489 +£1.24 3.63 & 0.60 5.67 + 0.86 3.25+1.18 3.04 £0.87 —0.40+1.16
p-value 0.000 # 0.001? 0.000 # 0.000 2 0.001 2 0.000 #
TO 30.09 +1.93 7.93 +2.89 0.38 + 6.70 —9.56 + 5.68 34.19 & 2.67 23.78 +2.61
Left Hip T1 24.82 £ 2.39 0.02 £ 0.65 —9.10 + 3.99 —17.18 £ 1.97 248 £220 16.15 £ 5.72
p-value 0.000 @ 0.000 2 0.000* 0.000? 0.000# 0.000#
T0 —3.29 +£3.36 32.03 £2.13 27154228 31.33 £ 1.45 14.25 £ 1.65 0.44 £3.10
Right Hip T1 —15.27 £2.92 2391 +1.26 20.71 £ 2.05 2520 £1.97 5.53 +1.48 —9.06 + 6.02
p-value 0.000# 0.000* 0.000? 0.0002 0.000 2 0.000 #
T0 20.48 £+ 3.48 18.46 £ 3.54 41.9 +5.96 12.61 £5.05 65.36 + 4.20 29.78 £+ 2.65
Left Knee T1 19.08 £ 3.06 1591 £ 1.81 38.49 +4.20 8.59 +3.91 62.45 1 2.89 28.74 1 4.86
p-value 0.024 ¢ 0.014° 0.005 P 0.000 P 0.094 2 0.288 ¢
T0 —4.05 £2.11 70.39 £ 4.08 35.19 £1.94 25.25 £1.99 27.48 £ 2.00 45.84 £+ 3.07
Right Knee T1 5.51 +4.50 2391+ 1.26 30.65 £ 3.07 18.87 £ 4.57 21.05 £1.92 40.81 £ 6.26
p-value 0.000 @ 0.000* 0.000* 0.000 2 0.001° 0.000 #
T0 3.62 +3.58 11.63 £ 3.34 —0.72 +£2.24 18.67 £ 3.70 —2.96 +3.82 6.61 £ 3.54
Left Ankle T1 —0.77 £ 1.63 9.64 £+ 0.86 2.31 £3.30 15.85 £ 1.50 —4.55 £2.25 6.33 £ 2.05
p-value 0.800 © 0.116° 0.000® 0312°¢ 0331°¢ 0372°¢
TO 20.1 £2.19 —4.37 £2.03 6.23 + 1.55 —4.74 £1.37 12.64 £ 1.37 10.55 £ 2.28
Right Ankle T1 18.01 £2.70 —2.58 +2.02 597 £2.08 —3.27 £1.65 1216 £1.72 5.07 £3.72
p-value 0.001° 02222 0.545°¢ 0.000® 0354 0.000 2
Table A21. Frontal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 —0.69 & 1.66 —3.20 £ 1.95 —272+24 —3.58 +£1.86 —1.36 +1.84 —2.99 1 1.88
Pelvis T1 —289+1.61 —5.32+0.57 —470+£23 —4.58 +1.87 —3.72 £ 148 —5.44 +1.98
p-value 0.0002 0.0372 0.000° 0.002° 0.0242 0.0002
T0 3.49 +£3.20 11.28 £2.51 541 +2.16 12.79 £2.31 4.36 +1.99 12.00 £ 2.12
Left Hip T1 0.48 £+ 2.40 7.31 £1.37 1.29 £1.65 7.25 £1.86 1.61 £ 1.06 9.26 +1.50
p-value 0.000® 0.0282 0.000 2 0.000 2 0.0022 0.000®
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Table A21. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 487 £1.71 —4.88 +1.54 227 +£122 —2.54 +1.96 217 +£1.29 —7.83+£153
Right Hip T1 10.39 £1.93 —0.45+0.59 9.90 + 1.58 3.52+1.70 9.51 +1.63 —-1.15+1.36
p-value 0.000® 00282 0.000 2 0.000 2 0.000 2 0.005°
T0 —6.98 + 6.74 —1245+417  -11.814+:10.89  —12.72+8.29 —1.44 +9.61 -3.29+6.73
Left Knee T1 —9.4 +£1.05 —9.27 £ 0.35 —0.43 +2.30 —11.13 £ 0.81 3924139 —5.09+224
p-value 0.018°¢ 0.0002 0.000® 0.000° 0.0002 0.196 ©
T0 —10.36 + 4.95 3.73 + 4.66 0.16 £2.71 —0.91 £ 2.64 —3.57 £2.57 —5.49 +3.45
Right Knee T1 —10.24 £ 0.81 —0.45 £ 0.59 —6.58 +1.24 —722+153 —7.28 & 0.64 —5.77 £ 1.54
p-value 0.0002 0.000 0.000® 0.000® 0.000 2 0.000
T0 6.90 £ 6.84 3.08 £ 7.54 —1.86 £ 1.61 6.41 £ 6.41 4.03 +£7.37 —-0.27 +7.07
Left Ankle T1 6.93 £ 1.78 299 +£1.38 7.40 £ 2.95 528 +£1.69 6.98 £ 1.29 1.02 £1.35
p-value 0.186 ¢ 0.028¢ 0.000 2 0.918¢ 0.001° 0.000®
T0 6.49 + 1.58 —3.70 = 1.61 0.73 £1.45 3.55 £1.58 1.02 £ 1.46 2224183
Right Ankle T1 4714+128 —0.19 £ 1.80 0.39 £1.43 1.49 £2.01 0.83 & 1.42 2384223
p-value 0.000 @ 0.054 2 0.226 ¢ 0.000 2 0.063 @ 0.707 ©
Table A22. Transverse plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 84.10 = 2.74 86.55 £ 2.16 92.58 £ 2.47 92.06 £ 2.52 91.16 £ 2.52 84.67 £ 2.37
Pelvis T1 88.67 £+ 2.29 91.79 £ 1.51 93.44 4243 95.43 £+ 2.33 94.31 £2.16 89.17 £ 2.43
p-value 0.000 # 0.017 2 0.121°¢ 0.0002 0.001 2 0.000 #
. T0 734913 13234689 1561116 5ol M E s00+921
Left Hip T1 4.65 £ 3.86 321+£1.01 5.06 £ 2.58 5.76 £2.98 4.38 £1.37 5.14 £2.33
p-value 0.000 # 0.028 2 0.000 2 0.000 2 0.001 2 0.000°
T0 —6.31 +£3.82 —6.06 + 4.59 —1.60 +3.43 0.05 & 3.95 —3.72 £ 3.89 —10.28 + 3.96
Right Hip T1 —6.25 +2.87 —10.03 +£2.17  —8.66 - 2.58 —12.33 £ 591 —6.23 +3.23 —5.32 +3.52
p-value 0.725¢ 0.249° 0.000 2 0.0002 0.683 ¢ 0.000 #
T0 —13.98 £ 9.31 —4.46 +5.52 -10.22 +£7.02 0.37 £ 24.10 —18.154+528 —16.34 £8.27
Left Knee T1 —1926+216 —-1613+£264 —-31.03+276 —1647+£189 25144396 —18.35+2.36
p-value 0.001 # 0.096 © 0.0002 0.0002 0.003 2 0.036 ©
T0 —3.29+£3.36 —8.49 + 3.60 —13.66 353 —18.66 £4.47 —10.95+ 433 —4.46 +4.38
Right Knee T1 6.10 +2.03 —10.03 +2.17 0.40 +1.93 —0.99 +£1.93 2.06 + 1.49 —1.52 £ 1.55
p-value 0.000# 0.0522 0.000? 0.0002 0.001 2 0.001°
T0 429 +4.25 —29.49 + 214 —0.02 +1.87 —2940+3.66 —2730+£3.78 —30.90 &+ 2.87
Left Ankle T1 —2437+0.83 —2899+£030 —-30.84+139 —2851+£111 24474092 —30.25+1.04
p-value 0.399 © 0.046 2 0.000 ® 0.000 © 0.000 © 0.041 ¢
T0 —6.65 = 2.35 —9.04 +2.47 —-9.11+3.16 —1.70 +2.88 —8.20 241 —7.32 4+ 2.66
Right Ankle T1 —18.05+1.05 —10.21£0.68 —19.78+181 —1349+£157 —-1939+132 —1746+279
p-value 0.000 7 0.506 © 0.000 2 0.000 2 0.001 2 0.000 @

P4 shows similar toe-off moments at TO and T1. The pelvic angle shows a slight
retroversion, when compared to the reference data, and a generally lower retroversion
at T1, than TO. In the frontal plane, obliquity is within the normal 5° variation, and in
the transverse plane left and right rotations are more prominent at T1 than TO and the
variation is around —5 to 5 degrees which is near the reference pattern. P4’s hip extension,
is more prominent than the reference population. The frontal range of motion is within
reference values and, in the transverse plane, an excessive rotation (more than 10 degrees
total displacement) is observed at TO. T1, on the contrary, exhibits slightly more external
but smoother rotations, than the reference gait data, to sustain body weight. The stance
phase knee flexion is higher than the reference population, and the following extension
is lower. Swing phase knee flexion is also higher than the reference. In the transverse
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plane it is possible to see an asymmetry at T1 with the right lower limb cycles presenting a
more internal knee rotation and the left lower limb cycles a more external knee rotation
throughout the whole gait cycle. The ankle angle shows a higher dorsiflexion (up to
25°) than the reference data. In the frontal plane eversion is less strict than the other
patients and within the reference values. The transverse plane shows almost no alterations
on ankle rotation during the gait cycle for each assessment, despite right lower limb
cycles being more within the normal rotation range and the left lower limb cycles more
externally rotated.
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Figure A4. Average pelvis and lower limbs joint angles (in degrees) in the three anatomical planes
during a gait cycle of the right (blue), left (red) lower limb and irrespective of the side (green). The
joint angles at TO are denoted by a solid line, while T1 is represented by a dashed line. The reference
interval from the healthy gait dataset is shaded grey. A set of symbols are used to denote statistically
significant differences, associated with large effect size, between T0 and T1 at the heel strike (*),
midstance (#) and toe-off ($), with their color indicating the limb presenting such differences.

Appendix C.5. Participant 5

Table A23. Sagittal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small ().

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD LTO HS MD TO
T0 —1.73 £1.63 —1.81 +1.10 5.74 +22.57 —3.85 £2.80 —2.01 £0.69 —4.50+1.08
Pelvis T1 1.58 4 0.79 1.10 4 0.88 5.30 £ 091 1.03 +1.41 0.19 £ 0.94 —2.144+0.82
p-value 0.000 # 0.000 2 0.000 2 0.000 2 0.000 # 0.000 #
TO 21.24 4 1.69 —448+£133  —7.81+2489 —19.64+211 2359 +153 17.83 £ 1.39
Left Hip T1 27.16 £ 2.50 1.66 +1.93 —4.68 +3.14 —13.89 = 1.74 29.02 £ 1.57 2293 £ 4.11
p-value 0.000 2 0.000 @ 0.000 2 0.000? 0.000 2 0.000 #
T0 —20.86 + 1.49 17.43 +1.40 23.55 £ 19.51 22.63 £ 1.63 —4.68 £1.70 —17.47 £ 1.40
Right Hip T1 —15.33 £2.55 24.06 &+ 1.45 26.08 & 3.16 30.13 £ 2.93 231+274 —10.57 + 4.49
p-value 0.000 2 0.000? 0.000? 0.0002 0.0002 0.000 2
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Table A23. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD LTO HS MD TO
T0 13.69 £2.13 12,97 £ 2.01 39.18 £2.21 12.96 + 1.74 66.3 +1.79 24.01 £2.15
Left Knee T1 1471 £4.16 16.05 £ 4.04 47.93 £ 5.89 1514 £ 3.6 29.02 £1.57 30.21 £3.78
p-value 0.257 ¢ 0.001° 0.000 2 0.006 P 0.000 @ 0.000 #
TO 487 £1.71 59.10 +2.13 26.25 +2.79 16.51 = 1.85 11.39 £2.58 33.90 +2.19
Right Knee T1 11.93 £ 1.89 60.38 £ 2.31 29.79 +2.83 17.95 £ 3.05 13.87 £2.49 39.85 & 5.87
p-value 0.013P 0.0152 0.000 2 0.004 2 0.002 2 0.000 2
T0 1.11+£1.10 9.15 +£1.20 723 £2.81 25.02 £1.14 —6.15 £ 1.07 —1.54 +2.09
Left Ankle T1 —3.114+0.81 12.06 £ 1.78 245+ 4.81 27.33 +1.98 —2.65+1.33 4154228
p-value 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2
TO 20.25 +1.30 2.214+0.81 2.98 + 1.55 —0.01 £1.02 10.82 £1.22 6.89 +2.27
Right Ankle T1 2124 +£1.34 —-137+1.33 444 +194 —2.68 £0.85 11.05 £ 1.28 3.53 £ 3.93
p-value 0.005 0.000 2 0.002 2 0.000 2 0.371¢ 0.000 @
Table A24. Frontal plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®), moderate (°) or small (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 —6.20 +1.40 —8.65 + 1.68 —6.35 +1.25 —575+£127 —7.31 +1.09 —8.14+1.43
Pelvis T1 —1.15 +1.07 —3.34+1.92 —1.67 £3.12 —0.68 £2.47 —1.87 £2.22 —4.33+1.33
p-value 0.000 @ 0.000 2 0.000 2 0.000 2 0.000# 0.000 #
T0 1.58 £1.93 528 +1.13 —3.48 £ 1.31 3.87 £ 251 2.09 £ 0.81 5.56 & 1.84
Left Hip T1 —3.01 +1.44 241 £1.62 —6.22 +1.67 0.50 £ 2.59 —1.10£1.03 1.71 £1.84
p-value 0.000 @ 0.000 2 0.000 2 0.000 2 0.000# 0.434°
T0 4114+217 0.14 +£1.16 3.56 £ 4.56 —3.23+3.13 5.46 +0.88 —0.86 + 1.50
Right Hip T1 542 +1.64 1.87 £1.78 6.39 +£2.13 —0.51+£272 5.46 +2.14 —1.83+153
p-value 0.001° 0.001° 0.000 © 0.001° 0.829 0.000®
TO —0.89 +0.57 —0.97 +0.46 —7.42+145 —1.56 +0.52 —4.24 +£1.51 —1.26 +0.96
Left Knee T1 —0.59 = 0.67 —0.27 £ 0.61 —2.45 +4.06 —0.96 £ 0.66 —1.10 +1.03 091 £1.26
p-value 0.097 b 0.000 © 0.000® 0.000 2 0.000 2 0.0002
T0 —6.31 £ 3.82 791 £1.79 323 +214 0.86 & 0.58 —0.32 £0.37 0.67 £ 0.66
Right Knee T1 —2.17 £ 0.64 231 +1.01 —0.70 + 1.16 —1.48 +£0.86 —1.48 £ 0.69 —1.18 +1.40
p-value 0.000 # 0.000 * 0.000 * 0.000 2 0.000 2 0.000 #
T0 0.97 +0.96 —4.53 +1.00 —4.10+1.35 —5.00 £0.91 —5.30 +1.06 —3.57+1.24
Left Ankle T1 2.74 £1.00 0.06 £1.23 0.46 £1.11 0.50 £ 1.49 —2.62 +0.80 —-1.26 = 1.16
p-value 0.000 @ 0.000 2 0.000 2 0.000 2 0.000? 0.000 #
T0 3.76 £1.11 —4.05 + 0.53 —272+£1.27 1.71 £0.78 —1.47 £1.18 3.40 = 1.58
Right Ankle T1 0.90 £1.32 —3.73 £2.05 —271+1.84 2.84+1.70 —1.76 £1.20 149 +£2.14
p-value 0.000# 0.014 ° 0.857 ¢ 0.0012 0.475°¢ 0.005 2
Table A25. Transverse plane mean and standard deviation angles of different joints (hip, pelvis, knee
and ankle), at TO and T1, at the heel strike (HS), mid stance (MD), and toe off (TO), for both lower
limbs, along with the p-value between both assessment periods. The effect size is presented as large
(®) or moderate (°).
Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 89.55 + 1.64 92.86 & 1.72 101.39 £ 8.13 99.45 £ 1.62 9412 +£1.34 89.76 £ 1.72
Pelvis T1 87.40 £ 1.72 90.58 + 1.68 97.02 + 1.50 96.73 +1.84 92.25 + 1.52 87.21 £1.90
p-value 0.000® 0.000 2 0.000 2 0.000 2 0.000 2 0.000 @
T0 —18.62 +3.40 —11.724+190 —822+13.92 —9.09 £ 1.78 —4.08 £2.11 —14.53 +£2.78
Left Hip T1 —12.83 £2.52 —5.93 +3.84 —1.01 +4.84 —4.63 £+ 3.56 6.23 £3.15 —-9.73 £ 215
p-value 0.000 @ 0.000 2 0.000 2 0.000 2 0.000 2 0.000 @
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Table A25. Cont.

Joint Angle Time of Left Lower Limb Right Lower Limb
(Degrees) Assessment HS MD TO HS MD TO
T0 —0.65 + 1.89 4.60 +£2.77 —5.24 +15.06 —513 +2.38 —0.43 £1.97 —-1.67 =175
Right Hip T1 —322+£236 —0.55 +2.91 —10.39 £2.25 —13.44 £ 2.00 —4.66 £ 2.86 —4.18 +£2.01
p-value 0.000 @ 0.000 2 0.000 2 0.000 2 0.000 2 0.000 @
T0 8.93 + 2.54 13.96 +£1.13 17.25 + 1.62 18.06 + 1.45 13.81 +£1.43 10.67 £+ 2.37
Left Knee T1 —8.55 +2.36 —4.18+224 —0.76 +£2.50 —0.60 +£1.31 6.23 £3.15 —5.94+1.92
p-value 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2
T0 13.57 +£2.83 —18.78+195 —25.08+346 —2753+190 —21.18+141 —20.37£1.50
Right Knee T1 —2.96 £ 1.42 —6.50 +2.28 —7.25+293 —11.38 +3.11 —6.39 £2.17 —7.66 + 2.59
p-value 0.000 @ 0.000 2 0.000 2 0.000 2 0.000 @ 0.000 @
T0 1.32 +1.30 —8.29 + 1.80 —7.80 +2.33 —6.99 + 1.65 —11.44 +1.12 —8.59 +2.03
Left Ankle T1 10.12 + 2.47 3.32+£2.68 344 +£2.14 2.33 £1.55 2.02+124 4.19 £2.29
p-value 0.000 @ 0.000 2 0.000 2 0.000 2 0.000 @ 0.000 @
T0 —1.42+1.27 —3.86 +1.59 —1.92+1.64 4414087 —1.89 £ 146 1.09 £2.37
Right Ankle T1 —1564+120 —1586+194 —16.46+254 —6.61 £1.57 —15.76 =143  —12.62 £ 2.30
p-value 0.000 2 0.000 2 0.000 2 0.000 2 0.000 2 0.000 @
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Figure A5. Average pelvis and lower limbs joint angles (in degrees) in the three anatomical planes
during a gait cycle of the right (blue), left (red) lower limb and irrespective of the side (green). The
joint angles at TO are denoted by a solid line, while T1 is represented by a dashed line. The reference
interval from the healthy gait dataset is shaded grey. A set of symbols are used to denote statistically
significant differences, associated with large effect size, between T0 and T1 at the heel strike (*),
midstance (#) and toe-off ($), with their color indicating the limb presenting such differences.

P5 has a delayed toe-off at T1 and a peak pelvic anteversion during loading response at
TO. This peak disappeared at T1 which showed a more retroverted pelvic angle in general.
However, this angle is generally within the reference values (at T0) and has a 5 degrees
variation, in the sagittal plane. In the transverse plane, right rotations are more prominent
than those in the reference gait data, and left rotation is within reference values. Variation
is around —5 to 10 degrees. Hip extension is more prominent than the used reference
population, although hip flexion is lower than reference values. Excessive transverse
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rotation (more than 10 degrees total displacement) is also observed in this patient. The
stance phase knee flexion is higher at T1 than T0 and also than the reference population,
and the following extension is lower. Swing phase knee flexion is also higher than reference
data and higher at T1 than T0. The transverse plane analysis shows a very smooth rotation
and more external than the used reference gait data in the case of the right lower limb
cycles at TO as well as a more internal rotation in the case of left lower limb cycles, also at
TO. The ankle angle shows a higher plantar-flexion than the reference population on the
swing phase, and a higher dorsiflexion (up to 30°) before the toe-off. In the frontal plane,
the eversion is more prominent than the correspondent for the reference values, and the
swing phase were different for all the assessments.
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Abstract: Background: The aim of this study was to demonstrate that both neurological and hepatic
symptoms respond to copper chelation therapy in Wilson disease (WD). However, the time course of
their recovery is different. Methods: Eighteen patients with neurological WD from a single specialized
center who had been listed for liver transplantation during the last ten years and two newly diagnosed
homozygous twins were recruited for this retrospective study. The mean duration of conventional
treatment was 7.3 years (range: 0.25 to 36.2 years). A custom Wilson disease score with seven motor
items, three non-motor items, and 33 biochemical parameters of the blood and urine, as well as the
MELD score, was determined at various checkup visits during treatment. These data were extracted
from the charts of the patients. Results: Treatment was initiated with severity-dependent doses
(>900 mg) of D-penicillamine (DPA) or triethylene-tetramin-dihydrochloride (TRIEN). The motor
score improved in 10 and remained constant in 8 patients. Worsening of neurological symptoms
was observed only in two patients who developed comorbidities (myasthenia gravis or hemispheric
stroke). The neurological symptoms continuously improved over the years until the majority of
patients became only mildly affected. In contrast to this slow recovery of the neurological symptoms,
the MELD score and liver enzymes had already started to improve after 1 month and rapidly
improved over the next 6 months in 19 patients. The cholinesterase levels continued to increase
significantly (p < 0.0074) even further. One patient whose MELD score indicated further progression
of liver disease received an orthotopic liver transplantation 3 months after the diagnosis of WD
and the onset of DPA treatment. Conclusions: Neurological and hepatic symptoms both respond to
copper chelation therapy. For patients with acute liver failure, the first 4 months are critical. This is
the time span in which patients have to wait either for a donor organ or until significant improvement
has occurred under conventional therapy. For patients with severe neurological symptoms, it is
important that they are treated with fairly high doses over several years.

Keywords: Wilson disease; spectrum of symptoms; recovery; cholinesterase; biomarker; orthotopic
liver transplantation
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1. Introduction

Wilson disease (WD) is a recessively inherited disorder of copper metabolism predom-
inantly affecting the liver and brain that was named after S.A K. Wilson [1]. Inspecting
post-mortem WD brains, he was impressed by the damage to the brain, especially to the
putamen (the lenticular nucleus), in addition to liver cirrhosis. Therefore, he called this
disease entity progressive hepatolenticular degeneration [1].

About 110 years later, knowledge about the pathophysiology of WD has considerably
improved [2,3]. The essential trace element copper, which is necessary for iron oxidation
in the mitochondria and a variety of other enzymatic intracellular reactions, turned out
to play a crucial role in this disease [3-5]. Copper is taken up from the gut and the
portal veins by the human copper transporter (CTR1/hCTR1 [6]) into hepatocytes and
transported to the trans-Golgi network. Here, the P-adenotriphosphate protease ATP7B
(ATP7B) modifies apo-ceruloplasmin to ceruloplasmin (CER) by incorporating copper [7].
Intact ceruloplasmin regulates iron metabolism and the transport of copper to non-hepatic
cells [7,8]. Furthermore, ATP7B is necessary for the excretion of excessive copper into
the bile [9,10].

In 1993, causal mutations in the ATP7B gene (locus 13q14.3-q21.1) that are respon-
sible for the development of WD were identified [11]. During the last 30 years, more
than 1000 mutations have been reported [12,13]. However, there seems to be no genotype-
phenotype correlation [14]. Even in homozygotic WD twins, the phenotype may be consid-
erably discordant [15-17].

The spectrum of both hepatic and neurological symptoms is broad. On the one
hand, WD may become manifest as fulminant liver failure [18]; on the other hand, it may
be diagnosed in elderly people without or with mild hepatic symptoms by chance [19].
Neurologic WD may become manifest as a severe generalized movement disorder [2,3,15]
or a mild tremor of the hands, voice, and tongue only [20]. These differences in its clinical
manifestation are still poorly understood. Since neurological manifestations usually occur
later than hepatic manifestations, the blood-brain barrier (BBB) is thought to protect against
brain damage due to the influx of copper [21]. However, even that is doubted since free
copper can penetrate and damage the BBB [22,23].

The response to treatment is similarly as broad as the clinical manifestations. Different
symptoms respond differently to therapy [24]. Tremors seem to improve faster and better
than dystonia in WD [24]. Even in homozygotic twins, the response to therapy, including
liver transplantation, and the spectrum of the side effects of WD-specific therapy may be
different [15,25]. However, the response to long-term treatment was not the only difference
for different symptoms; additionally, the speed of improvement is different for different
symptoms in WD.

To demonstrate this clearly and provide a solid base of information for advising newly
diagnosed patients on what can be expected realistically during continuous WD-specific
treatment, the time course of improvement in neurological and hepatic symptoms was
compared in 20 WD patients who had been listed for orthotopic liver transplantation (LTX)
but underwent conventional treatment.

2. Materials and Methods

This retrospective study was performed according to the Declaration of Helsinki and
approved by the local ethics committee of the University of Diisseldorf (Germany).

2.1. Patient Recruitment

In the Clinic of Neurology of the University Hospital in Diisseldorf (Germany), a
special outpatient department ward for rare metabolic diseases was implemented in 1985.
About 1 to 3 new WD patients per year have been diagnosed in this institution since then.
For the present retrospective study, 20 new WD patients were recruited. Seventeen fulfilled
the following criteria: (i) their WD had been diagnosed in our department, (ii) the patient
had been listed for liver transplantation (LTX) by colleagues from the regional departments
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of gastroenterology, and (iii) the patient had a well-documented course of conservative
treatment since the onset of therapy in our institution. In addition, the data included
one girl who (i) was diagnosed in a nearby city, (ii) was listed for liver transplantation,
and (iii) whose mother had documented the course of treatment from the very beginning.
Furthermore, two newly diagnosed homozygous twins with different disease severity and
symptoms were included; their clinical data have already been presented elsewhere [15].
Although there was an indication for LTX in one of the twins, both had not been listed for
LTX since both patients did not want to be transplanted. In summary, apart from the twins,
all other patients had been listed for LTX.

The diagnosis of WD was based on an analysis of the Kayser—Fleischer rings, anterior
segmental optical coherence tomography [26], cranial magnetic resonance imaging, acoustic
radiation force impulse investigation [27,28], and typical biochemical findings.

2.2. Scoring of the Neurological Findings

At each therapeutic checkup visit in our outpatient department, the WD patients un-
derwent a detailed neurological examination and were asked for their actual body weight.
Then, the customized Diisseldorf Wilson Disease score (DWDS) was determined. This
scale scores whether 10 specific symptoms are mildly (1 point), moderately (2 points),
or severely (3 points) present or absent (0 points). The seven motor items of the DWDS
(dysarthria/dysphagia, dystonia, bradykinesia, tremor, gait, cerebellar symptoms, and
ophthalmological /brain stem symptoms) were summed up to yield the motor score (MotS;
range: 0-21 points), and the three non-motor items of the DWDS (reflexes, sensory symp-
toms, and neuropsychiatric symptoms) were summed to yield the non-motor score (N-
MotS; range: 0-9 points). MotS and N-MotS were summed to yield a total score (TS;
range: 0-30 points). This scoring system can be completed by a treating physician within
1 min after a neurological examination and has been used in our institution since 1985 [29];
it is similar to a score used by the Italian OLT study group [30] and covers most of the
neurological findings described by Shribman et al. [31].

2.3. Analysis of the Biochemical Parameters

After the neurological examination, a blood sample was taken. Furthermore, the
WD patients in our department have been trained to collect their urine over 24 h without
medication after previous cessation of WD-specific medication for 2 days and to bring a
sample of the 24 h urine collection with them. For monitoring the therapy, 33 biochemical
parameters were determined from the blood or the urine sample. These 33 biochemical
parameters included: (i) four parameters of copper metabolism (ceruloplasmin (CER),
serum copper (CUS), copper concentration in the 24 h urine collection (24 h-UCU/L),
copper excreted in the urine over 24 h (24 h-UCU/d); (ii) four liver enzymes (AP, AST,
ALT, and GGT) and pseudocholinesterase (CHE); (iii) four parameters testing kidney
function (serum level of creatinine (CREA), clearance of creatinine in the 24 h urine col-
lection (24 h-CREAC), concentration of protein excreted over 24 h (24 h-PROT/L), total
amount of protein excreted over 24 h (24 h-PROT/d)); (iv) five parameters of the coag-
ulation system (thrombocyte count (THROM), thromboplastin time (PTT), Quick’s test
(Quick), international normalized ratio (INR), serum level of fibrinogen (FIBR)); and (v)
four parameters of the iron metabolism (serum levels of iron (FE), transferrin (TRANS),
ferritin (FERR), and hemoglobin (Hb), and erythrocyte count (ERY)). The other parame-
ters were albumin (ALB), the serum level of bilirubin (BILI), leucocyte counts (LEUCC),
and nine more parameters. As a further parameter, the MELD score was determined
(MELD score = 10 x (0.957 x In(CREA) + 0.378 x In(BILI) + 1.12 x In(INR) + 0.643)).
These 34 parameters were determined at each checkup visit by the central laboratory of the
University Hospital of Diisseldorf (Germany).

Demographic- and treatment-related data, body weight, the DWDS score, and bio-
chemical findings were extracted from the charts of the patients.
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2.4. Statistics

Patients were subdivided into patients with a MELD score of <10 and patients with
a MELD score of >10. The parameters determined at the first visit to our department
(initial data) were compared with the parameters determined at enrollment in this study
(final data). The significance level was set to p = 0.05. Bonferroni’s alpha adjustments
were applied for multiple comparisons. A two-group repeated measurement ANOVA was
calculated to detect significant differences between groups and among repeated measure-
ments for all 34 parameters of the blood and urine. For the correlation analysis, the rank
correlation coefficient was determined. When a regression line was calculated, Pearson’s
correlation coefficient (PCC = r) was also determined. ANOVA, rank correlation, and
PCC were conducted/calculated using the commercially available SPSS statistics package
(version 25: IBM Analytics, Armonk, NY, USA).

3. Results
3.1. Demographic and Treatment-Related Data and Spectrum of Initial Clinical Symptoms

The age at recruitment varied between 23.3 and 54.7 years (median: 38.2 years; in-
terquartile range (Q25-Q75): 21 years). The age at the manifestation of WD varied between
7.5 and 50.4 years (median: 19.5 years; interquartile range: 12.1 years). Twelve patients
were females; eight were males.

In Table 1, the clinical type of WD (asymptomatic, hepatic, etc.) is presented, as
well as the result of the initial neurological investigation. Four patients did not have any
neurological symptoms (TS = 0). Seven (35%) patients were classified as being mildly
affected (total score: TS < 3), seven patients were moderately affected (2 < TS < 7), and
six (30%) were severely affected (TS > 6). The initial TS did not correlate with age at
manifestation of WD.

For the initial copper elimination treatment (CET), D-penicillamine (DPA) was used in
13 (65%) patients, and trientine dihydrochloride (TRIEN) was used in 6 (30%) patients. One
asymptomatic patient remained on zinc monotherapy until he developed a hand tremor.
He then agreed to be treated with TRIEN (for details, see [25]). The mean dose of DPA was
1131 mg (SD = 427), and the mean TRIEN dose was 1050 mg (SD = 266).

Retrospective analysis showed that, apart from two exceptions (the open circles in
Figure 1), the dose of DPA chosen for the initial treatment was significantly correlated
(r=0.7545, p < 0.01) with the severity of WD (TS; full circles). Apart from two further
cases (the open triangles in Figure 1), the dose of TRIEN was also correlated with TS, but
because of the lower number of patients, this correlation was not significant (r = 0.833,
n.s.) (Figure 1; full triangles). Body weight did not correlate with either the dose of DPA
(r=0.440, n.s.) or of TRIEN (r = 0.297, n.s.).

Table 1. General clinical classification and results of the initial neurological investigation.

Pljt(;;ezfs Type General Clinical Classification
1 Asymptomatic No symptoms at all
3 Hepatic 1 pat?ent wit.h acute liver fz?ilure o )
2 patients with reduced daily activities and fatigue
1 Neuropsychiatric Intellectual decline and moderate depression
7 patients with tremor of the extremities, head, and/or trunk
15 Neurologic 5 patients with Parkinsonian symptoms

3 patients with other movement disorders (cerebellar ataxia, chorea,
generalized dystonia)
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Table 1. Cont.

No. of

Patients Symptom Initial Neurological Investigation

Motor Symptoms

14 Bradykinesia Slowness in fast alternating movements of the fingers or tongue

9 Tremor Clinically manifest tremors of the extremities, head, and/or trunk

8 Dysarthria Dysarthria and/or dysphagia

7 Gait disorder Spastic, cerebellar, or Parkinsonian gait disorder

7 Dystonia Focal and/or generalized dystonia

6 Cerebellar Ataxia of extremities

5 Oculomotor deficits Oculomotor impairment or oculogyric crisis
Non-Motor Symptoms

0 Sensory abnormalities Sensory deficits of the legs, arms, hands, or fingers

3 Reflexes abnormalities Reﬂex abnormalities (f:ither enhanced reflexes with positive pyramidal tract
signs or reduced or missing reflexes)

4 Neuropsychiatric symptoms ~ Neuropsychiatric symptoms; only 1 patient needed specific treatment

In column 2 the 7 motor subscores (Bradykinesia, Tremor, Dysarthria, Gait disorder, Dystonia, Cerebellar disorders,
Oculomotor deficits) and the 3 non-motor subscores (Sensory abnormalities, Reflex abnormalities, Neuropsychi-
atric symptoms) of the Diisseldorf Wilson “s disease Score (DWDS) are listed.
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Figure 1. Relationship between the total score (TS; x-axis) and the dose of copper elimination therapy
(DPA, circles; TRIEN, triangles; y-axis). Apart from two exceptions for DPA (open circles) and two
exceptions for TRIEN (open triangles), there was a significant correlation between TS and the dose,
which was significant (p < 0.01) only for DPA (full circles). The regression line was calculated for the
relationship between TS and the dose of DPA.

3.2. Course of Treatment and Improvement in Neurological Symptoms

During the course of treatment, the dose of DPA was further increased in three patients,
remained constant in five patients, and reduced from 900 to 600 mg in one patient. In one
patient, the treatment was switched from 900 mg TRIEN to 900 mg DPA. After a duration
of 10.6 years (SD: 13.3), the mean dose of DPA was 1309 mg (SD: 345). One patient received
DPA until he underwent LTX. The other 10 patients received TRIEN. After a duration of
17.4 years (SD: 10.4), the mean dose of TRIEN was increased to 1325 mg (SD: 381). Neither
the increase in the dose of DPA nor the increase in the dose of TRIEN was significant. At
recruitment, neither the dose of DPA nor the dose of TRIEN was significantly correlated
with TS or body weight.
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In 10 patients, MotS improved, whereas in 8 other patients, MotS remained constant.
In only two patients, MotS worsened. These two patients developed comorbidities: one
female patient (Patient 8) developed myasthenia gravis, and one male patient (Patient 19)
had a left-hemispheric stroke (hatched arrow in Figure 2A,B). When TS was plotted against
time since the onset of therapy, the severity of WD (TS) approached a mildly affected level
(TS < 3) in the majority of patients (Figure 2A: dark grey area). In some patients, however,
TS remained in the moderately affected range (2 < TS < 6; light grey area in Figure 2A).
When TS was plotted against age at investigation, it was obvious that all patients aged
below 37 years showed an improvement (Figure 2B). Some patients above the age of 37
(indicated by the vertical hatched line in Figure 2B) experienced a worsening of their
condition, which was either due to comorbidities or due to a worsening of N-MotS. TS did
not correlate with age at recruitment.

2 B g

/ 12 /
/ J

\ R

oo oo

Total score (points)

Total score (points)

Time since diagnosis (months) Age at investigation (years)

Figure 2. Temporal change in the total score (TS) depending on the time since diagnosis (A) and on
age at investigation (B). The neurological symptoms responded well to therapy, and the total score
was reduced to values below 3, indicating that the patients were only mildly affected (dark grey area
in (A)). However, some patients remained moderately (2 < TS < 7) affected (light grey area in (A)).
All patients below the age of 37 years (vertical line) improved (B). For patients above the age of 37
years (vertical hatched line), secondary worsening may occur (B). The hatched arrow indicates an

exceptional case with a left-hemispheric stroke.

3.3. Improvement in the MELD Score and Biochemical Parameters

At the first presentation, 10 patients had a MELD score of >10. Within fewer than
240 days of treatment, the MELD score was less than 12 in all patients (Figure 3A), except
in Patient 3, who received a transplant after 3 months of conservative treatment and
whose data are presented in more detail below. The copper concentration in the 24 h urine
collection showed high variability and decreased down to values below 0.030 mg/L in most
of the patients during the first 700 days of treatment (Figure 3B). Apart from one exception,
pseudocholinesterase (CHE) showed a continuous increase during a period of treatment of
700 days (Figure 4A). The serum levels of liver enzymes rapidly improved during the first
200 days of treatment and approached normal levels. This was also demonstrated for the
levels of AST in Figure 4B.
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Figure 3. In all patients (except the patient who received a transplant), the model of end-stage liver
disease (MELD) score declined to values below 12 after a treatment period of more than 200 days (A).
The 24 h concentration of copper in the urine (B) showed high variability and declined to close to
normal values (<0.03 mg/L) with increasing duration of therapy. The exceptionally high values are
from patients with low compliance.
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Figure 4. In most patients, pseudocholinesterase (CHE) continuously increased during therapy over
a time period of up to 700 days (A). In one non-compliant patient, a further deterioration of CHE was
observed despite treatment. In most patients, the liver enzyme aspartate transaminase (AST)-levels
declined to close to normal values (around 50 U/L) within a treatment period of 200 days (B).

In Table 2 (upper part), seven parameters for which a significant change could be
detected under CET by rm-ANOVA are presented in detail. The two parameters with the
most significant change after the onset of CET were the concentration of protein excreted
(24 h-PROT/L) and the total amount of protein excreted daily (24 h-PROT/d). This
implies that kidney function has to be carefully controlled during copper chelation therapy.
Improvements in cirrhosis of the liver were demonstrated by the significant increase in CHE
and the significant decrease in AP and AST levels. The significant increase in albumin (ALB)
indicated significant improvements in protein synthesis. A variety of parameters did not
show significant changes under CET because of the large initial interindividual variability.

When patients were split into 10 patients with an initial MELD score of >10 and
10 patients with an initial MELD score of <10, nine parameters showed a highly significant
(p < 0.01) difference between these two groups (Table 2 (middle part)) and seven other
parameters had a significant (p < 0.05) difference (not presented). Only three parameters
(PTT, ceruloplasmin, and transferrin) remained significantly (p < 0.05) different under CET
(Table 2 (lower part)). This underlines the excellent recovery of the biochemical parameters,
especially in the patients who were initially more affected.
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Table 2. Improvement in the laboratory findings for the entire cohort and in two subgroups.

Parameter Units Initial Values Final Values Significance
Initial MV Initial SD Final MV Final SD p<
24 h-PROT/L  mg/L 107.9 107.9 142.0 329.4 0.00049
24h-PROT/d  mg/d 173.5 152.2 195.5 354.5 0.00604
CHE u/L 3028 1886 5220 1379 0.00740
AP U/L 131.0 71.6 87.3 257 0.01010
ALB (%) % 54.5 6.6 60.2 2.7 0.02095
AST U/L 78.8 76.2 31.6 17.3 0.04024
ALB (g/dL) g/dL 6.1 7.6 44 1.0 0.04813
MELD < 10 Initial MELD > 10 Significance
Parameter Units L MV: - SD: . MV - SD: p<
Initial MELD < 10 Initial MELD <10 Initial MELD >10  Initial MELD > 10
Quick % 91.1 5.93 54.5 16.07 0.00004
HB g/L 14.73 0.69 12.66 1.14 0.00069
CHE U/L 4502 1939 1849 567 0.00077
PTT Sec 29.0 2.65 41.28 7.50 0.00106
ERY 10°/uL 4.97 0.31 4.14 0.54 0.00252
24 h-UCU/L mg/L 0.16 0.20 131 0.98 0.00740
ALB (%) % 58.9 3.56 50.5 6.2 0.00763
24 h-UCU/d mg/d 0.26 0.36 241 1.89 0.00846
INR 1.04 0.05 1.55 0.44 0.00865
MELD < 10 Final MELD > 10 Significance
Parameter Units . MV: . SD: . MV: . SD: p<
Final MELD < 10 Final MELD < 10 Final MELD > 10 Final MELD > 10
PTT S 25.67 2.00 29.86 4.59 0.02172
CER mg/dL 7.22 3.31 12.40 5.64 0.02910
TRANS mg/dL 254.6 31.8 285.7 24.5 0.03343

MELD—model for end-stage liver disease; MV—mean value; SD—standard deviation; 24 h-PROT/L
—concentration of protein in the 24 h urine collection; 24 h-PROT/d—urinary protein excretion over 24 h; CHE
—pseudocholinesterase; AP—alkaline phosphatase; ALB (%)—percentage of albumin; AST—aspartate transami-
nase; ALB (g/dL)—albumin in g/dL; Quick—Quick “s test; HB—serum level of hemoglobin; ERY—erythrocyte
count; 24 h-UCU/L—concentration of copper in the 24 h urine collection; 24 h-UCU/d—copper excreted in
the urine over 24 h; INR—international normalized ratio; PTT—thromboplastin time; CER—ceruloplasmin;
TRANS—transferrin.

3.4. Liver Transplantation in a Wilson Disease Patient with Acute Liver Failure

A 19-year-old male patient (Patient 3) noticed fatigue and reduced mental drive and
capacity in school. Laboratory testing detected elevated liver enzymes, increased serum
levels of bilirubin, and an elevated INR, resulting in a MELD score of 22. Acute liver failure
was diagnosed. Extensive testing for liver infection or autoimmune hepatitis was negative.
He was admitted to our institution for further examination. Detailed laboratory testing
revealed highly elevated copper excretion in the urine over 24 h and a decreased serum
level of ceruloplasmin. Therefore, WD was diagnosed. The neurological examination and a
slit-lamp investigation of the cornea were normal, as was the cranial MRI scan.

The patient was taken to a gastrointestinal ward, and DPA therapy was initiated. From
the very beginning, a debate arose among the treating physicians about whether this patient
should undergo LTX or whether he could be kept on conservative therapy. On the one hand,
it was argued that the patient had a progressive increase in his MELD score, indicating
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a higher risk for mortality [32]. On the other hand, the patient was positively genetically
tested for the presence of Gilbert syndrome (Morbus Meulengracht). This implied that the
MELD score overestimated the degree of liver disease. In Figure 5A, the MELD score of
the patient (full circles) is presented in comparison with a corrected MELD score (MELD
score (corr), full diamonds) calculated under the assumption of a normal serum level of
bilirubin. Furthermore, the cholinesterase started to increase (Figure 5B), and the liver
enzymes (Figure 5C: AST (full circles) and ALT (full diamonds)) decreased 40 days after the
onset of CET. Intermittently, the patient received antibiotic treatment several times, which
led to transient increases in his liver enzymes (Figure 5C).
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Figure 5. Temporal changes in the model of end-stage liver disease (MELD) score and the corrected
MELD score (MELD score (corr)) (A) of serum levels of pseudocholinesterase (CHE) (B) and serum
levels of aspartate transaminase (AST) and alanine transaminase (ALT) (C) in the patient receiving
the transplant since the onset of copper elimination therapy (CET). CHE, AST, and ALT levels (B,C)
started to improve 30 to 40 days after the onset of CET. The MELD score progressively worsened
despite his liver function beginning to recover (A).

When a suitable young donor organ was allocated to the center, the patient successfully
received a transplant without any perioperative complications about 4 months after onset
of CET. His fatigue and mood disturbances rapidly improved, and his parameters of
copper metabolism normalized within 3 months, and the patient went back to school again.
Another extensive test for the presence of viral infections demonstrated that the patient
had become EBV-positive after the transplantation.

3.5. Recovery of Pseudocholinesterase in 10 Selected Patients

In this section, the patient receiving the transplant (full circles in Figure 6B-D) is com-
pared with seven new WD patients with subacute liver failure (open circles in Figure 6B-D)
who had been listed as candidates for LTX but had conservatively been treated with copper
chelation therapy, and two new conservatively treated WD patients who were homozygous
twins (open squares in Figure 6B-D).
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Figure 6. Comparison of the initial (open circles) and best (grey dots) serum levels of pseudo-
cholinesterase (CHE) after the onset of copper elimination therapy (CET), revealing an age-dependent
recovery of liver dysfunction (A). The recovery of CHE serum levels during the first 125 days of treat-
ment was also age-dependent (B). Open circles in (B) indicate the values of the seven conservatively
treated patients, the full circles indicate the data of the 19-year-old patient before transplantation, and
the open squares are the values of the homozygotic twins. CHE significantly (p < 0.043) improved
during the first 125 days of CET (C). With only one exception (the eldest patient), an improvement
in CHE was observed in all patients, including the patient receiving the transplant (full circle) and
the twins (open squares). Moreover, the model-end-stage-liver disease (MELD)scores of all patients
improved or remained constant during the first 125 days of CET (D), except in the patient who had
received the transplant (full circle in D) about 4 months after onset of CET.

In the seven conservatively treated WD patients, excellent recovery of liver function
was observed. This is demonstrated in Figure 6A, where the initial values of CHE (open
circles) are plotted against the age at the onset of WD, as well as the best values of CHE
(grey dots) under CET. The non-linear regression analysis between the best value of CHE
and age revealed a highly significant (r = 0.9776; p < 0.001) age-dependent recovery from
liver disease.

In Figure 6B, the temporal development of CHE during the first 125 days of treatment
is presented for all 10 patients. The value on Day 125 was interpolated for all seven
conservatively treated patients (open circles), the homozygous twins (open squares), and
then extrapolated in the patient receiving the (full dots) since he underwent transplantation
before Day 125. In the patient with the transplant and in the twins, a further small initial
decline in CHE after initiation of CET can be seen (Figure 6B). After about 40 days, CHE
started to improve. The mean initial CHE of the seven conservatively treated patients was
1541 U/L (SD: 349); after 125 days of treatment, CHE significantly (p < 0.043) increased
to a mean of 2218 U/L (SD: 598). The increase in CHE during the first 125 days was
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age-dependent (r = —0.549; p < 0.05 (one-sided testing)). In Figure 6D, the temporal
development of the MELD score is presented for all 10 patients during the first 125 days
of CET. In four patients, a clear improvement (>2 score points) was seen in the MELD
score, but in five patients, only a small change (—1 to +2) could be observed. Later on,
in the patient who received the transplant, the MELD score clearly worsened during
conservative treatment.

4. Discussion
4.1. The Broad Spectrum of Neurological Symptoms in Wilson s Disease before and after Therapy

The spectrum of clinical neurological symptoms is broad in Wilson disease [2,3,21].
A variety of factors influence the phenotype [15]. Differences in copper exposure, differ-
ences in hormonal status including pregnancy, possible modifier genes, and differences
in genotype and in the function of the blood—brain barrier may lead to differences in the
clinical manifestation of WD [15]. To score the main neurological symptoms, we used
a simple score (DWDS; see the Methods), which can be easily completed within 1 min
after a clinical neurological investigation. It covers most of the symptoms mentioned in
previous reports on the neurological symptoms of WD [3,31,33]. In the present cohort, only
one patient had involuntary choreatic movements (Patient 10), which were not scored by
the DWDS. In a much larger sample of 115 WD patients, only two patients had chorea
and had not been tested for additional comorbidity with benign hereditary chorea or
Huntington “s disease [33].

In general, the neurological symptoms manifest after the hepatic symptoms [21], but
in the present cohort, no significant positive correlation between age and the severity of
neurological symptoms could be detected. Retrospective analysis revealed that apart from
four exceptions, the dose of CET was significantly correlated with the severity of the initial
symptoms (Figure 1). This correlation disappeared during the course of treatment simply
because the dose was kept constant or slightly increased, whereas the symptoms improved,
especially in the more affected patients.

The spectrum of symptoms remained broad, but the frequency of individual symptoms
changed since the sensitivity to CET is different for different symptoms, as described
previously [24]. Motor symptoms improved in 50% of the patients and remained constant
in a further 40% of the patients. Tremors and cerebellar symptoms responded best to CET,
as reported previously, whereas bradykinesia or dystonia did not show many changes
during therapy [24,29].

The present study shows clearly that the neurological symptoms improved over time.
However, continuous treatment with fairly high doses (>900 mg DPA or TRIEN) over
several years seemed to be necessary for the majority of WD patients until they became
only mildly affected.

In a cross-sectional study, the motor symptoms of WD patients under long-term
treatment did not significantly change with age, in contrast to the non-motor symptoms [34].
This is in line with the present longitudinal observations (Figure 2), which showed an
improvement in all patients aged <37 years and a mild worsening in some patients older
than 37 years. Initial improvements and a secondary worsening for various reasons beyond
the age of 40 have also been observed in a much larger cohort of 115 WD patients under
long-term treatment [33].

4.2. Improvement in Biochemical Parameters during the Course of Therapy in Wilson s Disease

The two-group rm-ANOVA revealed a significant time x group interaction: many
more parameters improved during CET in the patients with a MELD score of >10 than in
the patients with a MELD score of <10. Impaired coagulation and bleeding are critical
complications of acute liver failure [18,35]. INR and PTT increased significantly, and throm-
bocyte counts were significantly reduced, indicating that, initially, different components of
the coagulation system were affected in the patients with a MELD score of >10. Impaired
coagulation was the main reason why Patient 3 received a transplant (see Section 3.4).
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Significantly elevated levels of liver enzymes (AP, AST, ALT, GGT) and decreased levels of
CHE indicated liver impairment and the beginning of cirrhosis, whereas elevated levels
of ferritin and decreased levels of transferrin and hemoglobin indicated an impairment in
iron metabolism in the untreated WD patients with a MELD score of >10. However, all
these parameters responded excellently to CET. Only PTT and transferrin levels remained
different between the two groups of patients under CET. We believe that the use of rather
high doses of DPA or TRIEN to reduce neurological symptoms was the reason why many
biochemical parameters responded so well and quickly.

4.3. Difference in Time Course of the Improvement in Neurological and Hepatic Symptoms

In the brains of WD patients post-mortem, the copper content is elevated [36]. Over
the course of therapy, the brain’s copper content decreases [34]. In WD patients, the
brain’s metabolism recovers over the duration of therapy [37]. However, doses of copper
chelators below 900 mg do not seem to be high enough to maintain the initial level of
improvement in neurological symptoms reached during continuous treatment during the
first years after the diagnosis of WD [37]. A low serum level of free copper seems to be
necessary to guarantee the continuous efflux of copper from the brain of a WD patient,
especially from structures with a high affinity to copper, such as the basal ganglia [38].
Therefore, continuous treatment with rather high doses seems to be necessary to reduce the
neurological symptoms slowly over the years (Figure 2A).

The blood-brain barrier (BBB) probably plays a crucial role in the influx and efflux of
copper to and from the brain [23,39]. Copper is an ion that has to be actively transported
across the BBB. Thus, the BBB also reduces the efflux of copper from the brain into the blood
under CET. The initial worsening of neurological symptoms after the onset of DPA therapy
has been explained by the mobilization of free copper in combination with DPA-induced
damage to the BBB and a subsequent increase in the influx of copper to the brain [23,39].
With a fast initial increase in the dose of DPA or TRIEN over 3 weeks, we did not observe
this initial worsening and therefore think that the efflux of copper from different structures
of the brain with different levels of affinity to copper is also a plausible explanation for
the initial worsening. Whether neurological symptoms respond better to tetramolybdate
(which does not damage the BBB [23]) than to DPA has yet to be analyzed in long-term
cross-over studies.

It has been observed previously that the neurological symptoms in WD may recover
greatly within months after LTX [40,41]. This has recently been confirmed again [42].
Nevertheless, it seems to be a challenging task to convince transplantation centers to
operate on WD patients because of the neurological indications.

In contrast to the slow improvement in neurological symptoms over years under
conventional treatment, the biochemical parameters of the blood and urine responded
rapidly within weeks after the onset of CET. A decline in the copper concentration in the
24 h urine collection looked like a wash-out curve (see Figure 3B). In parallel, the liver
enzymes improved, and the CHE recovered continuously (Figure 4A,B). In most of the
patients, the serum levels of liver enzymes approached the normal range within 200 days.
This recovery seemed to depend on the age of the patient (see Figure 6). However, this
recovery also depends heavily on the compliance of the patient and the velocity of the
increase in the initial dose.

4.4. Is There a Time Window for Conservative Therapy in Patients with Acute Liver Failure?

The present study, on the one hand, confirmed that the CHE level is a sensitive
biomarker for detecting untreated WD [43]. On the other hand, it indicated that CHE
measurements may also be an appropriate tool for monitoring the conventional treatment
of WD. The analysis of the levels of liver enzymes and CHE in patients with an initial CHE
of <2000 U/L revealed that an improvement in liver function can be expected from Days
30 to 40 after the initiation of CET (Figure 6). After 125 days of therapy, the recovery from
liver dysfunction had clearly progressed, and after 200 days of continuous CET, the danger
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arising from liver failure [18,35] seemed to be over. Since the time from listing for LTX to
the availability of a suitable donor organ usually lasts several months in an industrialized
country [44,45], there is a realistic chance that LTX may not be necessary after 200 days
as long as conservative therapy has been performed consequentially for several months
(see also [46]).

Nevertheless, the example of Patient 3, who received a transplant, clearly demon-
strated that the MELD score may continue to increase although the liver enzymes have
started to improve (see Figure 5). This is a clear sign of a life-threatening situation [32] and
a clear indication of LTX.

There is hope that, in the future, even more rapidly acting copper-eliminating sub-
stances than DPA or TRIEN will become available. Methanobactin, a yeast product, has an
extremely high affinity for copper [47,48]. In a rat model of WD (LEG-rat), methanobactin
improved mitochondrial dysfunction within days after the onset of treatment and reversed
acute liver failure [49,50]. There is good reason to assume that this will also happen in
humans; however, applications of methanobactin in humans are lacking so far.

5. Conclusions

In WD, both the neurological and hepatic symptoms respond to copper elimination
therapy (CET) quite well. However, the hepatic symptoms respond much faster than
the neurological symptoms. Within 200 days of treatment, the MELD score declined
to values around 10, and liver enzyme levels returned to normal values, whereas some
neurological symptoms may persist over several years despite continuous treatment. CET
should be initiated with sufficiently high doses of DPA or TRIEN to reduce the neurological
impairment to a mild level, which would allow a fairly normal life. The patients in the
present study were treated with rather high doses. A subsequent study is recommended to
prospectively analyze whether patients with mild or no neurological symptoms should be
treated with doses as high as those given to patients with moderate or severe neurological
findings. In the case of acute liver failure, conservative treatment with doses above 900 mg
of DPA or 1200 mg of TRIEN during the first 4 months after the diagnosis of WD may be
sufficient to improve liver function to such an extent that LTX is not required.

6. Strengths and Limits of the Study

The temporal development of biochemical parameters was well documented over a
long period of therapy in most of the 20 new WD patients. The number of patients (n = 20)
seems small; however, the primary selection criterion was “listed for liver transplantation”.
Such patients are rare in a neurological department. They had been frequently monitored,
which allowed us to analyze the improvements in their liver function during the first
4 months and their neurological outcomes over several years. The present study was
retrospective and was performed on selected patients from a single specialized center.
Therefore, a multi-center prospective study is recommended to confirm the differences in
the recovery of the brain and liver under CET.
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I S I

Abstract: Background: Wilson’s disease (WD) is one of the few genetic disorders that can be success-
fully treated with pharmacological agents. Copper-chelating agents (D-penicillamine and Trientine
salts) and zinc salts have been demonstrated to be effective. There are two salts of trientine. Trientine
dihydrochloride salt (TETA 2HCL) is unstable at room temperature and requires storage at 2-8 °C.
Trientine tetrahydrochloride (TETA 4HCL) is a more stable salt of trientine that can be stored at room
temperature. No comparative study between both of the salts of trientine has been performed to
date. As the two chemical forms were available in France between 1970 and 2009, we conducted a
study to evaluate their efficacy and safety profiles. Methods: This retrospective cohort study was
conducted by reviewing data from the national WD registry in France. Forty-three WD patients who
received TETA 2HCL or TETA 4HCL monotherapy for at least one year until 2010 were included.
The primary endpoints were hepatic and neurological outcomes. Secondary endpoints were the
events leading to a discontinuation of medication. Results: Changes in medication were common,
leading to the analysis of 57 treatment sequences of TETA 4HCL or TETA 2HCL. The mean duration
of treatment sequence was significantly longer in the TETA 4 HCL group (12.6 years) than in the
TETA 2HCL group (7.6 years) (p = 0.011). Ten patients experienced both trientine salts: eight stopped
TETA 4 HCL (six had a hepatologic phenotype and two had a neurological phenotype) because this
treatment was not available anymore (mean duration 7.4 years). Three of these patients already
experienced TETA 2 HCL before the sequence. Two patients with a hepatologic phenotype (one
had a previous sequence of TETA 4 HCL before) stopped TETA 2 HCL because of cold storage
issues (mean duration 42.8 years). The total number of sequences was 57. All of the patients were
clinically stable. No difference in efficacy was detected. Both treatments were well tolerated, except
for a case of recurrence of lupus erythematosus-like syndrome in the TETA 2HCL group. The major
reason for interruption of TETA 4HCL was due to a discontinuation in production of this salt. The
reasons for stopping TETA 2HCL were mainly due to adherence issues largely attributed to the cold
storage requirement. Conclusions: The two salts of trientine were effective in treating patients with
WD. However, interruption of TETA 2HCL was frequent, linked to the cold storage requirement.
As adherence to treatment is a key factor in the successful management of WD, physicians need
to be even more vigilant in detecting adherence difficulties in patients receiving treatment with
TETA 2HCL.

Keywords: Wilson's disease; medication adherence; chronic disease; trientine salts; D-penicillamine;
zinc salts; efficacy; safety
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1. Introduction

Wilson’s disease (WD) is an autosomal recessive disorder characterized by pathological
copper accumulation in many organs, initially the liver, and then essentially the cornea and
brain. It is caused by homozygous or compound heterozygous mutations in the ATP7B
gene which encodes a transmembrane copper-transporting P-type ATPase [1]. WD is one of
the few genetic disorders that can be successfully treated with pharmacological agents. The
treatment is based on the generation of a negative copper balance. Copper-chelating agents
and zinc salts have been demonstrated to be effective in the treatment of WD, associated
with a low copper diet [2]. However, the best therapeutic approach remains controversial
because no randomized controlled trials have compared these treatments and the use of
drugs depends mainly on center experience and access to treatment in different countries
or regions. Treatment is a lifelong necessity and should be started as early as possible.
Whatever the chosen medical therapy, non-adherence to or discontinuation of therapy
is associated with a high risk of very severe hepatic or neurologic deterioration [3]. The
optimum goal for the patients requiring this lifelong medical therapy should therefore
be to limit the side effects and difficulties associated with treatment dispensation and
conservation.

Copper-chelating agents (D-penicillamine and Trientine salts) bind with excess copper,
forming a stable complex which is excreted mainly in the urine. It has been suggested
that trientine salts may also decrease intestinal copper absorption [2,4]. Zinc salts decrease
the intestinal absorption of copper, inducing the synthesis of metallothioneins, proteins
that sequester copper in the enterocytes [5]. Zinc salts are indicated in pre-symptomatic
patients and during the maintenance phase of treatment [2], but some data indicate that
zinc may also be considered in patients who exhibit neurological symptoms during the
acute phase of the disease [6]. Zinc is generally well-tolerated in adults, although gastritis
and nausea may lead to discontinuation of the treatment [7]. In pre-symptomatic children,
gastrointestinal adverse effects are present in nearly 20% of the patients, associated with
poor efficacy [8].

D-penicillamine is the reference treatment in many European countries, but severe
adverse effects are frequent, leading to a discontinuation of this therapy in up to 30 %
of patients [9]. The other copper chelators are trientine salts, currently indicated in WD
patients who are intolerant to D-penicillamine. There are two currently available trientine
salts. The trientine dihydrochloride salt (TETA 2HCL) is unstable at room temperature
and requires storage between 2 and 8 °C. In Europe, TETA 2HCL was approved by the
Medicines Health and Regulatory Agency (MHRA) in the United Kingdom (UK) for the
treatment of WD in 1985, and was supplied to some other European Union (EU) countries.
In France, TETA 2HCL (Trientine® from Univar, Downers Grove, IL, USA) was used
through a compassionate use program for those patients intolerant to D-penicillamine
and was only dispensed by hospital pharmacies. This salt is now marketed in the EU as
Cufence®, following EU marketing authorization in 2019. Trientine tetrahydrochloride
(TETA 4HCL) is a more stable salt of trientine that can be stored at room temperature. In
France, TETA 4HCL was available from the mid-1970s until 2009, as a hospital preparation
supplied by AGEPS (Agence Générale des Equipements des Produits de Santé) of the
Assistance Publique—Hopitaux de Paris. This salt was granted a European marketing
authorization in 2018 and is currently marketed in Europe as Cuprior® (Orphalan, Paris,
France).

No comparative study between both of the salts of trientine (dihydrochloride and
tetrahydrochloride) has previously been performed. As the two chemical forms were
available in France between 1970 and 2009, we conducted a study to evaluate the efficacy
and safety profiles of both of the salts.
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2. Materials and Methods
2.1. Ethics Approval and Consent to Participate

This study was approved by the Institutional Review Board of HUPNVS, Paris 7
University, AP-HP (n°1343579). An informed consent was obtained from all of the subjects
and/or their legal guardian(s). All of the patients signed a written consent form. All of the
methods were carried out in accordance with relevant guidelines and regulations, and in
accordance with the Declaration of Helsinki.

2.2. Patients

This retrospective cohort study was conducted by reviewing data from the national
WD registry. The WD patients who were followed in Lariboisiere hospital—Paris (National
Centre for Wilson’s disease) and treated until 2010 were selected. This final date corre-
sponded to the year after which the production of TETA 4HCL by AGEPS was discontinued.
The diagnosis of WD was based on clinical symptoms, abnormal copper metabolism and
genetic testing with a Leipzig score >4 [2]. Only the patients receiving TETA 2HCL or
TETA 4 HCL monotherapy for at least one year were included. The specific duration of one
year of trientine monotherapy was considered as the minimum time required to show a
treatment effect. The patients were in the initial or maintenance phase of treatment and
received trientine as a first, second or third line treatment. The patients who successively
received both forms of trientine (TETA 4HCL and 2HCL) were included in the analysis.
The patients who received either TETA 2HCL or TETA 4HCL in association with zinc salts
were excluded.

2.3. Analysis of Treatments

The different courses of treatment with TETA 4HCL and 2HCL were identified and
the treatment sequences of TETA 4HCL or 2 HCL with a follow-up period superior to one
year of continuous treatment were analyzed. The events leading to a discontinuation of
medication were recorded and classified.

2.4. Baseline Comparison of Treatments

The clinical and laboratory data were recorded at the beginning and at the end of
each trientine treatment sequence; the duration of the sequence was noted. The patients
included in the study were divided into two groups, according to the absence or presence of
neurological symptoms. The hepatic assessment included clinical symptoms, measurement
of serum transaminase levels, bilirubin and prothrombin time (PT). The presence of cirrhosis
(typical findings on imaging and/or presence of clinical signs of portal hypertension) was
recorded. The neurological evaluation was based on clinical symptoms. The presence
of Kayser—Fleischer rings at slit-lamp examination was documented. The adherence to
treatment was recorded by reports of compliance from the patients that were recorded in
their medical records.

2.5. Study Endpoints

Primary endpoints were hepatic and neurological outcomes. The hepatic outcome
was based on clinical symptoms and a course of liver enzymes and liver function tests.
The neurological outcome was evaluated by neurological symptoms. Both hepatic and
neurologic outcomes were scored as follows: unchanged, improved or deteriorated. The
evolution of Kayser-Fleischer rings was also scored as unchanged, improved, disappeared
or increased.

The secondary endpoints were the events leading to a discontinuation of medication.
The reasons for treatment interruption or discontinuation were classified: loss of efficacy,
adverse events, treatment non-adherence, manufacturing interruption.
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2.6. Statistical Analyses

The quantitative variables were expressed as median (interquartile range) and the
categorical variables as frequencies and percentages. Comparisons between two groups
were made using the Student U test for continuous variables and the Fisher exact test for
qualitative variables if the frequency was <5, otherwise the chi-squared test was used.

3. Results
3.1. Study Group

From the 248 WD patients recorded in the national registry and who were followed at
the Lariboisiere hospital before 2010, 62 received at least one sequence of treatment with a
trientine salt. Nineteen patients were excluded because they received a zinc salt in combina-
tion with trientine over the treatment period. Thus, 43 patients were included in the study
(Figure 1). Twenty-three were male (53.5%) and the age at diagnosis was 21 + 9.3 years
(min 5.6; max 46.3). Nine patients (20.9%) were diagnosed at the pre-symptomatic stage via
familial screening, 19 presented with hepatic symptoms and 15 with neurological symp-
toms. Sixteen patients (37 %) had cirrhosis. Trientine was the first-line treatment for four
patients (9.52%). Trientine was prescribed as a second-line treatment after D-penicillamine
in 35 patients, zinc salts in 2 patients and D-penicillamine associated with zinc salts in
2 other patients. D-penicillamine was stopped due to WD aggravation (two cases) or due
to the occurrence of adverse events in the remaining patients. The most common adverse
events were renal disorders, thrombocytopenia and neutropenia, skin rash, digestive disor-
ders and, less frequently, arthralgia, myasthenia-like syndrome and lupus-like syndrome.
Zinc salts were stopped due to gastric irritation and, in one case, due to an increase in
liver enzymes.

3.2. Treatment Sequences

Changes in the trientine treatment were common in this cohort. The 43 patients
received 57 trientine monotherapy treatment sequences. This included 10 patients who
received both TETA 4HCL and TETA 2HCL in different sequences (with a duration of more
than one year); 2 patients who received only TETA 4HCI and 31 patients who received only
TETA 2HCL. This corresponded to 57 trientine treatment sequences: 13 sequences with
TETA 4HCL and 44 sequences with TETA 2HCL (Figure 1).

3.3. Baseline Characteristics of TETA Treatment Sequences

The mean sequence duration was significantly longer in the TETA 4HCL group,
151.7 & 111.1 months, vs 91.1 + 58.1 months in the TETA 2HCL group (p = 0.011).

Table 1 presents a comparison of the baseline parameters at the initiation of the
treatment sequence in the two groups, TETA 2HCL and TETA 4HCL. The laboratory
analyses were available only for a subset of the patients due to the retrospective nature of
the study. However, there were no statistically significant differences between the groups
relating to sex, age, laboratory values and delay in onset of treatment. Regarding the initial
phenotype, more of the patients in the TETA 4HCL group had neurological signs: 62%
versus 43% in the TETA 2HCL group.
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Patients recorded in the French
registry
248

o
Patients who received at least one sequence of
treatment with a trientine salt:
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1
I Patients excluded because they received a zinc salt in
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I I 1

Patients who received Patients who Patients who
both TETA 2 HCl and 4 received only received only
HClin different
sequences TETA 4 HCL [ TETA 2 HCL
10 2 | 31
| Number of treatment
sequences
n=57
TETA 2 HCL sequences | TETA 4 HCL sequences
n=44* n=13 **
mean duration of mean duration of

sequences: 7.6 years sequences: 12.6 years

* 3 patients with two distinct TETA 2 HCL Sequencies

** 1 patient with two distinct TETA 4 HCL sequencies

Figure 1. Flow-chart of patients included and treatment sequences.

Table 1. Baseline characteristics at Trientine sequence initiation.

combination with trientine over the treatment period:

Trientine Treatment Sequence

TETA 4HCL TETA 2HCL
(n=13) (n=49) p-Value

Sex ratio (male/female) 6/7 20/24 0.965
Mean age at trientine initiation (years &+ SD) 28.7+£92 28.8 +£13.6 0.979
Clinical form at sequence initiation

Hepatic form 5/13 (38.46%) 25/44 (56.82%) 0.407
Neurological form 8/13 (61.54%) 19/44 (43.18%) 0.244
Presence of cirrhosis 4/13 (30.77%) 16/44 (36.36%) 0.710
First-line treatment 2/13 (15.38%) 2/44 (4.55%) 0.179
(];Z;’S')l;z‘g’afiS;S‘/‘emnzzll::/‘xzi‘;;‘g diagnosis 53 +6.2/1.6/0.0-20.6 7.7 +10.1/3.2/0.0-36.4 0.414
Duration of treatment (months) 1517 + 111.1/138.9/22.8-391.4  91.1 + 58.1/78.9/12.9-2543 0011

(mean £ SD/median/min-max)
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Table 1. Cont.

Trientine Treatment Sequence

TETA 4HCL TETA 2HCL

(n=13) (n = 44) p-Value
ALT (IU/1) 0.936
N 9 (69.33%) 32 (72.73%)
mean + SD 56.3 £43.4 57.7 £43.6
AST (IU/1) 0.727
N 9 (69.33%) 32 (72.73%)
mean + SD 429 £31.7 47.6 £ 36.7
Total bilirubin (umol/L) 0.853
N 4 (30.77%) 21 (47.73%)
mean + SD 16.5 +10.1 153 +11.6
PT (% of normal) 0.802
N 5(38.46%) 25 (56.82%)
mean + SD 86 +14.3 83.6 4+ 20.0
Platelets (/mm?) 0.436
N 7 (53.85%) 29 (63.64%)
mean £ SD 156.9 £ 30.2 182.0 + 82.2
Ceruloplasmin (g/L) 0.519
N 6 (46.15%) 21 (47.73%)
mean + SD 0.04 +0.03 0.03+1.1
Serum copper (umol/L) 0.273
N 8 (61.54%) 22 (50.00%)
mean £ SD 31+23 6.0+7.1
Urine copper at start of treatment sequence
(umol/L) 0.848
N 6 (46.15%) 22 (50.00%)
mean + SD 55+56 6.4 £10.8
Urine copper at end of treatment sequence
(umol/L) 0.623
N 6 (46.15%) 39 (88.64 %)
mean £ SD 39429 50+ 5.6

3.4. Patient Outcomes

The analysis of the evolution of hepatic and neurologic outcomes shows that the
majority of the patients either improved clinically or their symptoms stabilized under
the TETA treatment sequences (Table 2). The parameters relative to hepatic function,
in particular serum transaminases, tended to improve (13 (29.55%)) in the TETA 2HCL
group vs. 3 (23.08%) in the TETA 4HCL group), with no statistically significant differences
observed between the two groups. Nevertheless, three patients worsened in the TETA
2HCL group.
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Table 2. Hepatic and neurologic evolution in all patients.

Trientine Treatment Sequence

TETA 4HCL TETA 2HCL

(n=13) (n = 44) p-Value
Hepatic outcome 0.842
Improved 3 (23.08%) 13 (29.55%)
Unchanged 10 (76.92%) 29 (65.91%)
Worsened 0 2 (4.55%)
Neurologic outcome 0.172
Improved 4(30.77%) 12 (27.27%)
Unchanged 9 (69.23%) 31 (70.46 %)
Worsened 0 1(2.27%)
Mean changes of serum transaminases
between the start and end of the sequence
ALT (IU/L) —253 +£35.5 —12+443 0.164
AST (IU/L) —10 £22.8 -7+ 315 0.802

Table 3 details the evolution between the two subgroups, based on the presence of
neurological symptoms at the sequence initiation. When the hepatic symptoms were
isolated at the initiation of the trientine sequence, no neurological symptoms developed.
When only neurological symptoms were evident at the initiation of the treatment sequence,
they improved or remained unchanged for all except for one TETA 2HCL sequence.

Table 3. Outcome in patients based on presence of neurological symptoms at the sequence initiation.

Trientine Treatment Sequence

Patients without Neurological Symptoms TEF(I;IA:IS cL TE&ZZZI;)CL
Hepatic outcome

Improved 3 (60.00%) 11 (44.00%)
Unchanged 2 (40.00%) 12 (48.00%)
Worsened 0 (0.00%) 2 (8.00%)
Neurological outcome

Absent 5 (100.00%) 25 (100.00%)
Patients with neurological symptoms TELA=4;-)ICL TE(:A=211;)CL
Hepatic outcome

Improved 0 2 (10.53%)
Unchanged 8 (100.00%) 17 (89.47%)
Worsened 0 0
Neurological outcome

Improved 4 (50.00%) 12 (63.16%)
Unchanged 4 (50.00%) 6 (31.58%)
Worsened 0 1(5.26%)
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Kayser-Fleischer (KF) ring evolution was comparable in both of the treatment groups.
In one sequence of the TETA 4HCL group, a slight increase in the ring was reported,
without a deterioration in neurological and hepatic disease (Table 4).

Table 4. Evolution of the Kayser-Fleischer ring between sequence initiation and sequence end.

Trientine Treatment Sequence

TETA 4HCL TETA 2 HCL
(n=13) (n=44)

Information not available 1(7.69 %) 1(2.27 %)
Present at treatment sequence initiation 8 (61.54%) 17 (38.63%)
At sequence end

Increase 1 (12.50%) 0

Decrease 2 (25.00%) 8 (47.06%)

Disappearance 5 (62.50%) 8 (47.06%)

Unchanged 0 1(5.88%)

3.5. Reasons for Discontinuation of Trientine Treatment and Adverse Effects

No adverse effects were observed during the TETA 4HCL sequences (mean duration:
12.6 years). All 13 of the TETA 4HCL sequences were stopped during the study period:
11 (85%) due to the fact that manufacturing of the hospital preparation was discontinued,
1 due to difficulties with supply and 1 due to an increase in the Kayser-Fleischer ring,
without neurologic or hepatic deterioration.

The mean duration of treatment sequence was 7.6 years for TETA 2HCL. At the end of
the study period, 26 (60%) of the TETA 2HCL monotherapy treatments were still ongoing.
In three patients, zinc was added to TETA 2HCL due to hepatic or neurological deterioration
in two cases, and as a result of an increase in liver copper without hepatic deterioration in
one case. A bad adherence to TETA 2HCL was suspected in these three cases. The reasons
for stopping TETA 2HCL were mainly due to adherence to medication issues (11 cases),
generally linked to the requirement for cold storage. Other reasons included one case
of lupus erythematosus-like syndrome in a patient with a previous diagnosis of lupus
erythematosus during treatment with D-penicillamine, and one liver transplantation for
suspicion of hepatocellular carcinoma. Two patients died (salivary gland neoplasm and
suicide); these deaths were not considered as related to WD.

4. Discussion

Now that TETA 4HCL has received a European marketing authorization and is being
marketed in Europe (as Cuprior®), this study comparing the efficacy and safety of TETA
4HCL to TETA 2HCL in everyday clinical practice is important, since many patients are
still taking TETA 2HCL. Efficacy and safety are closely interrelated because any switch
in treatment is usually linked to a lack of efficacy, observance issues, adverse effects or
difficulties with treatment adherence.

In France, between 1970 and 2009, both of the trientine salts were available. All of the
patients with WD in France are included in a national registry, allowing the possibility of
conducting this retrospective study. Trientine monotherapy for more than 12 months was
evaluated in 43 patients out of the 248 patients included in the WD registry in 2010, which
represents a large cohort in this rare disease.

In accordance with French guidelines, trientine was mainly prescribed as a second-line
treatment after D-penicillamine (81% of the patients). This switch was mainly due to
the occurrence of adverse events. Adverse drug reactions are commonly reported with
D-penicillamine treatment and are serious enough to lead to at least 30% of patients on
D-penicillamine discontinuing the drug [10]. Four patients received zinc salts as a first-line
treatment, associated or not with D-penicillamine. Discontinuation of zinc therapy, due
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to adverse effects such as gastrointestinal symptoms, is common in patients with WD in
children, as in adults [7,8].

The study population is representative of the wide WD population, as it includes
children and adult patients. The mean age at diagnosis was 20 years (range 5.6 years
to 46.3 years). The majority of the patients presented with liver disease. These data are
comparable to those of former studies [7,9]. Although there was non-random allocation
to the treatment group, the baseline characteristics of the patients at the beginning of the
sequences were relatively balanced.

The majority of the patients either improved or stabilized their symptoms under trien-
tine. No differences in efficacy were detected when assessing the TETA 4HCL and 2HCL
treatment sequences for changes in hepatic and neurological symptoms. The parameters
relative to hepatic function, in particular serum transaminase levels, tended to improve
in both of the groups. Many studies have demonstrated the effectiveness of TETA 2HCL,
showing in addition that fewer side effects are observed than with D-penicillamine [9,11].
In this study, three patients on TETA 2HCL had hepatic or neurological deterioration and a
bad adherence to treatment was highly suspected in these cases. In WD, during long-term
follow-up, the most important cause of hepatic and/or neurologic worsening, leading
sometimes to death, is non-adherence to WD treatment [12-15]. Up to 50% of patients are
non-compliant with treatment [16,17]. The identification of the factors which compromise
adherence to medication remains difficult, and findings are often contradictory. However, it
is evident that the barriers to treatment dispensation or conservation should be minimized.
TETA 2HCL requires refrigerated storage between 2 and 8 °C. This is certainly an important
disadvantage for patients who need to take the drug several times throughout the day,
while studying, working or travelling, on a daily basis for the duration of their lives.

In this study, the main reason for discontinuation of the drug was the production
shutdown of one of the biochemical salts, TETA 4HCL. All 13 TETA 4HCL treatments were
stopped due to cessation of manufacturing or supply difficulties, except for 1 patient whose
Kayser-Fleischer rings increased. No adverse events were reported in this group following
an average treatment duration of 12.5 years. In the TETA 2HCL group (1 = 44), only one
adverse event was reported. This was a case of lupus erythematosus-like syndrome in a
patient who already had presented with penicillamine-induced lupus erythematosus-like
syndrome. However, 11 treatment sequences were stopped as a result of difficulties in
treatment adherence due to the refrigeration requirements (often creating problems for
patients who needed to work away from home or travel) for TETA 2HCL. The published
guidelines indicate that adverse effects are rarely observed with TETA 2HCL treatment:
urticaria, reversible anemia and lupus-like reactions are described as the key potential side
effects [2,18]. In our study, TETA 4HCL was also shown to be well tolerated, consistent
with the review of Allery that describes a TETA 4HCL safety profile comparable to that of
TETA 2 HCL [19].

The number of patients treated with trientine as a first-line therapy is small and does
not allow for a satisfactory analysis of this sub-group. However, six other patients started
trientine therapy early in the course of this lifelong disease, during the first three months
following diagnosis. Trientine was introduced in these patients as a result of early adverse
events associated with D-penicillamine. The clinical evolution of these patients was not
different to that of the whole cohort.

This study has certain limitations, including its retrospective nature and the lack of
randomization. The rarity of the disease, the fact that trientine was used in France via a
compassionate use program and that manufacturing of TETA 4HCL was discontinued in
2009, explain the low number of patients included in the study. At that time, adherence
was subjectively assessed during the medical examination and not with dedicated scores,
such as the Morisky score [20]. However, it was possible to analyze data quite exhaustively
over long periods of treatment under trientine (7.6 years for TETA 2HCL and 12.6 years for
TETA 4HCL).
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In conclusion, both of the trientine salts were equally effective in controlling WD.
Adverse events were infrequent. In WD, the adherence to medication is a key factor for
treatment success. Interruption in the TETA 2HCL therapy was frequent, linked to the
requirement for cold storage. The physicians therefore have to be even more vigilant to
detect non-adherence to medication as early as possible in the patients being treated with
TETA 2HCL.
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Abstract: Tremor is part of the phenomenological spectrum of dystonia. Treatments available for
tremor in dystonia are oral medications (OM), botulinum neurotoxin (BoNT), and brain surgery (deep
brain stimulation or thalamotomy). There is limited knowledge regarding the outcome of different
treatment options, and evidence is especially scarce for the tremor of the upper limbs occurring in
people with dystonia. In this single-center retrospective study, we evaluated the outcome of different
treatments in a cohort of people with upper limb dystonic tremors. Demographic, clinical, and
treatment data were analyzed. Dropout rates and side effects were specifically assessed, as well as the
7-point patient-completed clinical global impression scale (p-CGI-S, 1: very much improved; 7: very
much worse) as outcome measures. A total of 47 subjects (46.8% female) with dystonic tremor, tremor
associated with dystonia, or task-specific tremor were included, with a median age at onset of 58
years (7-86). A total of 31 subjects were treated with OM, 31 with BoNT, and 7 with surgery. Dropout
rates with OM were 74.2% due to either lack of efficacy (n = 10) or side effects (1 = 13). A total of
7 patients treated with BoNT (22.6%) had mild weakness, causing dropout in 2. P-CGI-S was <3
(improvement) in 39% with OM, compared to 92% with BoNT and 100% with surgery. These findings
suggest good symptom control of the tremor of the upper limb in dystonia with BONT and surgery,
with higher rates of dropout and side effects with OM. Randomized controlled studies are needed to
confirm our findings and provide further insight into better selecting suitable patients for BONT or
brain surgery.

Keywords: dystonia; tremor; dystonic tremor; botulinum toxin; deep brain stimulation

1. Introduction

Tremor is an involuntary, rhythmic, oscillatory movement of a body part [1], and it is
one of the phenomenological manifestations of dystonia. Tremor in dystonia is classified
into two types: dystonic tremor (Dys-T), which occurs in body parts affected by dystonia,
and tremor associated with dystonia (TAD) that appears in a body part not affected by
dystonia in a person with dystonia located elsewhere. Classically, tremor in dystonia
(whether Dys-T or TAD) is variable in frequency and amplitude and exacerbated in specific
positions. While generally a postural and kinetic tremor, it may also occur at rest and is
frequently asymmetric [2,3]. Task-specific tremor (TST) is a form of action tremor that
occurs only or mostly when performing a specific skilled task [4], most commonly seen
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during writing, called primary writing tremor (PWT). Although the pathophysiology of
TST is still debated, growing data favors its dystonic nature [5,6].

There are no formal guidelines for the treatment of Dys-T, TAD, and TST. In a recent
placebo-controlled, parallel-group, randomized clinical trial [7] conducted on 30 subjects
with dystonic hand tremor, onabotulinum toxin A significantly improved the Fahn-Tolosa—
Marin Tremor Rating Scale total score. A systematic review of the available data on the
treatment of Dys-T and PWT concluded that botulinum neurotoxin (BoNT) and functional
neurosurgery (deep brain stimulation, DBS, and thalamotomy by radiofrequency) might be
more effective than oral medications; however, there was no data on the treatment of upper
limb Dys-T with BoNT and no data at all for TAD [8]. Moreover, there are no long-term
follow-up data regarding the treatment of different types of tremors in dystonia.

The present retrospective study aimed to evaluate the short and long-term clinical
outcomes of people with Dys-T, TAD, and TST affecting the upper limbs and treated
with oral medications, BoNT, and functional neurosurgery in a tertiary referral center for
movement disorders.

2. Methods

This is a retrospective cohort study including consecutive patients diagnosed with
Dys-T, TAD, or TST affecting the upper limbs at the Movement Disorders Clinic at St.
George’s Hospital, London, UK, between August 2016 and October 2021.

Medical records of all participants were systematically reviewed and included all
documents available from two movement disorder specialists (FM and ME) at St. George’s
Hospital, London. Patients were excluded from the study if comprehensive medical records
throughout follow-up were unavailable. We included all patients whose upper extremity
tremor was classified as an idiopathic dystonic tremor and excluded individuals whose
tremor was considered secondary.

Demographic and medical history data were recorded, including sex, age at the
onset of tremor, duration at first assessment, follow-up duration, and family history of
movement disorders.

Clinical examination was standardized and included the following aspects: assessment
at resting, postural and kinetic tremor with eyes open and closed; and assessment of tremor
while performing different manual tasks, including writing, using cutlery, holding a cup,
typing on a keyboard and cell phone, or playing an instrument. The following clinical
features were retrieved: type of tremor (Dys-T, TAD and TST), distribution (restricted to
the upper limbs or present in other body districts), side of tremor, if asymmetric, presence
of resting component, and predominant pattern of tremor. Patients were also asked about
the daily tasks most impacted by the tremor.

Data on oral treatment included the number and type of medications prescribed, side
effects, and dropout rates due to inefficacy. Inefficacy was determined when patients
had been on the maximum dose for at least six months, without benefit. All patients
undergoing surgical and botulinum toxin treatment were treated by the same movement
disorder specialist (FM). Electromyography and/or electrical stimulation guidance was
used when injecting botulinum toxin whenever clinical examination did not disclose a
consistent pattern of tremor, or to inject fingers, forearm flexors, or extensors.

Incobotulinum toxin A (Merz Pharma GmbH & Co. KGaA, Frankfurt, Germany) was
prepared by adding 1 or 2 mL of preservative-free saline into 100 U vials, and abobotulinum
toxin A (Ipsen Biopharm limited, Wrexham, UK) by adding 2.5 mL of preservative-free
saline into 500 U vials. We collected the following data on BoNT treatment: tremor duration
at first injection, the number of injections received, treatment duration, injection interval,
type of BoNT, the dose of BoNT at first and last injection, muscles injected, side effects, and
dropout rates.

Data from patients treated with surgery included: the type of procedure (deep brain
stimulation, DBS, or radiofrequency thalamotomy), type of device, age at surgery, DBS
settings, and side effects.
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A patient-completed Clinical Global Impression (CGI) rating scale was assessed for all
patients, regardless of the treatment received. Our study included the modified patient-
rated CGIl-improvement (p-CGI-I) at the follow-up visits as an outcome measure. The scale
measures improvement on a 7-point scale (1: Very much improved, 2: Much improved,
3: Minimally improved, 4: No change, 5: Minimally worse, 6: Much worse, 7: Very much
worse) based on the perception of the patient regarding how much he or she had improved
or worsened relative to a baseline state at the beginning of the intervention.

3. Statistical Analysis

Comparisons between groups were performed using Fisher’s exact test for categorical
variables and the U Mann-Whitney test for continuous variables. Grading scores were
analyzed using the U Mann-Whitney test and the Wilcoxon signed-rank test for ordinal
variables. The results were considered statistically significant at a 2-tailed p < 0.05. SPSS
software version 28 (IBM Corp., Armonk, NY, USA) was used to perform the analysis. All
data are reported as mean =+ standard deviation, unless otherwise stated.

4. Results

A total of 47 patients (22 female, 46.8%) were included in the study, with a median
(interquartile range, IQR) age at the first assessment of 70.9 (62.3-75.9) years and tremor duration
of 8.8 (3.8-28.6) years. They were followed up for a median (IQR) of 24.8 (5.3-35.6) months.

A total of 33 patients had Dys-T (70.2%), 4 patients had TAD (8.5%), and 10 TST
(21.3%). The tremor was postural or kinetic in all the patients, with 4 (8.5%) also having a
rest component. The tremor was typically restricted to the upper limbs (70.2%), bilateral
(66%), and asymmetric (96.8%). Complete demographic and clinical data are presented
in Table 1.

Table 1. Demographic and clinical data of subjects with dystonic tremor, tremor associated with
dystonia, and task-specific tremor.

n =47
Sex (n, %)
Male 25 (53.4)
Female 22 (46.8)
Family history of movement disorders (1, %)
Negative 33 (70.2)
Tremor 13 (27.7)
Parkinsonism 1(2.1)

Age at onset, median (IQR), years
Age at first assessment, median (IQR), years
Total time follow-up, median (IQR), months

58.0 [41.5-67.7]
70.9 [62.3-75.9]
24.8 [5.3-35.6]

Tremor duration at first assessment, median (IQR), years 8.8 [3.8-28.6]
Type of tremor (1, %)

Dystonic tremor (Dys-T) 33(70.2)
Tremor associated with dystonia (TAD) 4(8.5)
Task-specific tremor (TST) 10 (21.3)
Body districts involved (1, %)

Only UL 13 (27.7)
UL + Legs 3(6.4)
UL + Head /Neck 11 (23.4)
UL + Oromandibular 1(2.1)
UL + Voice 4(8.5)
Laterality (1, %)

Monolateral 31 (66)
Bilateral 16 (34)
Asymmetric 30 (97.9)

Data are presented as numbers (11, %) for categorical variables and median (interquartile range, IQR) for contin-
uous variables. Dys-T = dystonic tremor; TAD = tremor associated with dystonia; TST = task specific tremor;

UL = upper limbs.
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A total of 43 patients (91.5%) received treatment of multiple types; 4 did not, due to
personal preference or mild presentation. Throughout the period of follow-up, 31 (72.1%)
received oral medications, 31 (72.1%) BoNT, and 7 (16.3%) underwent surgery (6 DBS,
1 thalamotomy).

4.1. Treatment with Oral Medication

A total of 31 patients (72.1%) were treated with at least one oral medication (1.74 = 1.1).
Considering patients utilizing all oral medications together, 23 (74.2%) dropped out due to
either side effects (41.9%), most commonly drowsiness and lightheadedness, or inefficacy
(32.3%). Still, despite some improvement, 5 patients required combined therapy with BONT
(4, 12.9%) or surgery (1, 3.2%) to achieve satisfactory benefits. Individualized benefits
and side-effect percentages resulting from the different oral medications are summarized
in Figure 1.

Propranolol, N = 20
Primidone, N = 12
Gabapentin, N=8
Topiramate, N=5
Clonazepam, N =4

Thrihexyphenidyl, N = 4

Levodopa, N=1

H Side effects m Inefficacy Benefit

Figure 1. Effect of oral medications for dystonic tremor of the upper limbs. The most frequently prescribed
oral medications for tremor were propranolol (64.5%), primidone (38.7%), and gabapentin (25.8%).
Benefits were only reported with propranolol (35%) and primidone (8%). Topiramate, clonazepam,
trihexyphenidyl, and levodopa, were either ineffective or caused side effects (topiramate in 20%,
clonazepam in 25%, and trihexyphenidyl in 25%).

4.2. Treatment with BONT

The decision to treat with BONT was made in 31 patients (72.1%), and 19 of them
had taken oral medication previously, without satisfactory outcomes. Out of 31 subjects,
26 (83.9%) were still receiving this treatment at the last follow-up. A total of 2 patients
showed handgrip weakness and did not want to continue the treatment, 1 had an in-
tercurrent stroke affecting the previously injected arm, and 2 patients were lost to the
follow-up. Figure 2 reports the main tremor pattern during the execution of the manual
tasks identified as goals of the BoNT treatment in each patient. These therapeutical goals
included high dexterity activities (19.2%), holding a cup (65.4%), writing (34.5%), and using
cutlery (19.2%).

The median (IQR) tremor duration at first injection was 8.8 (4.9-23.7) years, and the
median (IQR) treatment duration with BONT was 27.7 (4.8-34.5) months. The mean interval
within injections was 4.8 £ 1.7 months. EMG and/or electrical stimulation were employed
to optimize the injection in 8 subjects (25.8%).

Abobotulinum and incobotulinum toxins were similarly used (57.5% vs. 42.3%, re-
spectively). Patients underwent, on average, 4.5 & 3.3 injection sessions. Table 2 shows the
muscles injected. The incobotulinum toxin dose was significantly higher at the last injection
(68.6 & 35.7) compared to the first injection (50.8 & 26.1) (p = 0.03). The dose of the first
(271.3 £ 196.8) and last injection (250 4 164.1) with abobotulinum toxin was comparable
(p =043).
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Internal rotation shoulder
Flexion-extension wrist
Flexion-extension elbow
Prono-supination forearm
Abduction-adduction fingers

Flexion-extension fingers

% 0 10 20 30 40 50 60 70

Figure 2. Main pattern of dystonic tremor of the upper limbs. Pronosupination was the most frequent
tremor pattern observed while performing the most affected manual task.

Table 2. Type of botulinum toxin, injected muscles, and botulinum toxin dose.

Abobotulinum Toxin/A (Units) Incobotulinum Toxin/A (Units)

Muscles injected (1, %)
Pronator teres

Longus supinator

Biceps

Triceps

Flexor carpi radialis

Flexor carpi ulnaris
Extensor carpi radialis
Teres major/minor

Flexor superficialis digitorum
Flexor profundus digitorum

n=231
18 (58.0) 78.0 £ 26.9 23.1+9.6
21(67.7) 76.7 £ 26.7 228 £9.0
8 (25.8) 837 £414 30.0 £ 10.0
11 (35.5) 101.7 4+ 28.6 20 + 0.0
3(9.7) 20 30 4+ 14.14
3(9.7) 55+7.0 30
2 (6.4) - 30 +20
3(9.7) 80 + 40 -
309.7) 40 30+ 0.0
309.7) - 30 +£17.32

Data are presented as numbers (11, %) for categorical variables and mean + SD for continuous variables. The most
frequently injected muscles were the pronator teres, longus supinator biceps, and triceps.

A total of 7 subjects (22.6%) exhibited transitory weakness (4 with abobotulinum toxin,
causing dropout in one, and 3 with incobotulinum toxin, causing dropout in one).

The duration of side effects was comparable between the two formulations of BONT
(abobotulinum toxin: 20 (IQR, 10-90) days; incobotulinum toxin: 20 (IQR, 7-60) days, U
Mann-Whitney p = 0.4).

4.3. Treatment with Functional Neurosurgery

A total of 7 patients (14.9%) were treated with brain surgery, 6 with DBS, and 1 with
unilateral radiofrequency thalamotomy in the VIM nucleus. St. Jude Medical Infinity direc-
tional DBS leads (Abbott Neuromodulation, Austin, TX, USA), spaced at 1.5 mm apart, were
implanted bilaterally in all patients receiving DBS. The ventralis intermedius (VIM) nucleus
of the thalamus and caudal zona incerta (cZI) were dual-targeted using classic anterior com-
missure, posterior commissure (ACPC) stereotactic coordinates (x = +/—13,y = —4,z = 0).
The tips of the electrodes were positioned in the cZI (posterior subthalamic area). The
rationale for deciding to use unilateral thalamotomy instead of DBS in the 1 patient was
age (she was over 80 years old), and the tremor predominantly affected the right side of
the body. She had some balance difficulties predating the surgery, and her expectations
were gaining independence in the basic activities of daily living, such as holding cutlery
and holding a stick when walking. The increased risk of bilateral DBS surgery and the
unnecessary burden of attending subsequent programming sessions favored thalamotomy
over DBS.

All patients treated with brain surgery had previously received treatment with oral
medications, without benefit. None of them had received BoNT injections before surgery.
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The average age at surgery was 70.8 &£ 8.5 years, and the median (IQR) tremor duration
was 23 (9-42) years. The follow-up median (IQR) time was 29.1 (14.9-47.9) months.

A total of 2 patients had chronic stimulation-induced side effects (dysarthria and
balance disturbances). The patient with thalamotomy exhibited balance disturbances
predating surgery, which transitorily worsened after surgery. She recovered and reached
her baseline three weeks after surgery. Clinical data and DBS settings at the last follow-up
are collated in Table 3.

Table 3. Subjects with dystonic tremor and task-specific tremor treated with functional neurosurgery.

Age at Onset Disease Side Effects with Current

Gender/Age Type of Tremor Duration at DBS Settings DBS Settings or after
(Years)
Surgery (Years) Thalamotomy
Left: 1-, case+, . . ..
Dystonic 60 mcs 130 Hz, 2 mA Mild stlmulatlhon induced
Male, 63 20 43 - dysarthria and
Tremor Right: 9-, case+, balance difficulti
60 mes, 130 Hz, 2.7 mA ce dittieutties.
Left: 2(abc)-, case+,
Dystonic 60 mcs, 130 Hz, 2.6 mA
Male, 66 Tremor 57 ? Right: 9-, case+, 60 mcs, None
130 Hz, 1.4 mA
Left 1-, 2(abc)+, 50 mcs,
Dystonic 170 Hz, 2.5 mA
Male, 73 Tremor 50 z Right 9-, 10(abc)+, None
60 mcs, 170 Hz, 3.0 mA
Left 2a-, case+, 60 mcs,
Dystonic 130 Hz, 4.0 mA
Male, 70 Tremor 60 10 Right 11c-, case+, 60 mcs, None
130 Hz, 3.0 mA
Left 3c-, case+, 60 mcs,
Task-specific 190 Hz, 3.5 mA,
Female, 60 Tremor 56 4 Right 12-, case+, 60 mcs, None
130 Hz, 2.1 mA
. Left 1-, case+, 60 mcs, Mild stimulation induced
Dystonic 130 Hz 3.4 mA .
Female, 81 7 74 . dysarthria and
Tremor Right 9-, case+, 30 mcs, balance difficulties
190 Hz, 4.0 mA ’
Female, 82 Dystonic 50 3 Not applicable Mild balance disturbance
Tremor (present before surgery).

DBS = deep brain stimulation; mcs = microseconds; Hz = hertz; mA: milliampere. Subjects 1-6 were treated with
DBS. Subject 7 was treated with a thalamotomy.

4.4. Clinical Global Improvement (CGI-I)

The patient-reported outcomes with the different therapies are represented in Figure 3.
With oral medication, 40% of patients reported a p-CGI-I < 3 (improvement) compared
to 92% after optimized treatment with BoNT (at the last injection) and 100% after surgery.
The percentage of p-CGI-I < 3 was significantly higher when comparing the first and last
injection of BoNT (71% vs. 92%, Fisher’s exact test; p = 0.04). There were no significant
differences in p-CGI scores in regards to botulinum toxin type (Mann-Whitney U test;
p = 0.82) or the usage of EMG guidance (p = 0.4).
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Figure 3. Patient-based Clinical Global Improvement (p-CGI-I) as per treatment for tremor. More patients
reported improvement on the p-CGI-I with botulinum toxin (BoNT) injections and neurosurgery com-
pared to oral medications. The percentage of p-CGI-I < 3 was significantly higher when comparing
the first and last injection of BoNT (74% vs. 92%, Fisher’s exact test p = 0.04). P-CGI = 1: Very much
improved, 2: Much improved, 3: Minimally improved, 4: No change, 5: Minimally worse, 6: Much
worse, 7: Very much worse.

In the group of patients that received both oral medications and BoNT at any time
during the entire follow-up (16, 37.2%), the pCGI-I was significantly higher with BoNT
compared to oral medications (Wilcoxon Rank Squares; p = 0.001).

5. Discussion

There is an unmet need for evidence-based guidelines to treat tremor in dystonia [8].
The different criteria and labeling used by clinicians for isolated upper limb tremors and
the lack of biomarkers to distinguish between tremor syndromes have made it difficult to
draw definitive conclusions about how best to treat dystonic tremors of the upper limb.
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Here, we reviewed three very different approaches to treating patients with tremor in
dystonia: oral medication, BoNT, or brain surgery. While oral medication has a systemic
effect, BONT is administered by local intramuscular injections in the muscles, and deep
brain stimulation or thalamotomy require brain surgery. Oral medications for tremor more
commonly produce sickness, lightheadedness, or drowsiness and may be contraindicated
if the patient has other comorbidities or if there is interaction with other medications;
BoNT can produce bruising and weakness in the injected muscles, and brain surgery can
result in a hemorrhagic stroke or a brain infection, to side effects ultimately related to the
stimulation, more commonly in the target for tremor, balance, and speech disturbances.

Our study suggests that commonly used oral medications for tremor are less effective
than BoNT and surgery in treating any type of tremor of the upper limbs occurring in
people with dystonia and task-specific tremors. Dropout rates and side effects were higher
with oral medications. BoNT appeared to be an effective and safe therapy, leading to
improvement in 71% of the patients after the first injection; this percentage increased to 92%
when the injection protocol was optimized at subsequent follow-up visits. In patients who
received both oral medications and BoNT at any time during their follow-up, improvement
based on the p-CGI-I was significantly greater with BONT. These results are in keeping
with those of Fasano et al. in their systematic review [8], in which they found BoNT to
be superior to oral medication for axial dystonic tremor and task-specific tremor, as well
as with the results from the placebo-controlled trial from Rajan et al. [7], in which BoNT
significantly improved the outcome of 30 subjects with dystonic hand tremor.

The outcome of any tremor treatment is often assessed with validated rating scales
developed for essential tremor, such as The Fahn-Tolosa—Marin [9] or the Tetras scale [10],
as well as instruments measuring the quality of life, such as QUEST [11]. However, such
outcome measures were not designed for subjects whose tremor occurs in the context of
dystonia or for those having a purely task-specific tremor. In our study, from medical
history and clinical examination, we identified the manual tasks most affected by tremor,
similar to the goal attainment scale employed in spasticity studies [12]. The p-CGI was
based on their satisfaction with the treatment regarding the manual task most impacted by
the tremor, which was most commonly holding a cup. This also allowed us to identify the
pattern of tremor (clinically or by EMG) while executing that specific action and injecting
the botulinum toxin accordingly. Most frequently, there was a pronosupination of the
forearm and flexion-extension at the elbow. Therefore, the most injected muscles were the
supinator longus, pronator teres, biceps, and triceps (Table 2).

Previous studies using BoNT in the treatment of upper limb tremor only injected either
the wrist flexors/extensors [13,14] or selected the muscles by the clinical and electrophysio-
logical assessment of patients with arms at rest, outstretched in front of the subject, and
while performing finger-to-nose action [7,15]. Injecting the wrist extensors increases the
possibility of handgrip weakness [14,16], and typically, tremor in dystonia changes with
different positions. This makes it imperative, in our opinion, that the selection of muscles
for injection takes place in reference to specific task performance. Given our retrospective
data, prospective controlled studies are warranted to test this approach in subjects with
Dys-T, DAT, or TST.

Deep brain surgery was the most effective treatment for those failing first, second,
and third-line oral medications for tremor. None of the patients treated with brain surgery
had received BoNT. They were selected for brain surgery based on the severity of the
tremor, which determined functional impairment and significant disability in the absence
of exclusion criteria. Data on DBS for tremor in dystonia are scanty, with different targets
proposed in addition to the globus pallidus pars interna!?, such as the VIM, ventralis
oralis anterior'?, and caudal ZI'3. Our cohort was implanted, positioning the most inferior
contact in cZI/PSA, allowing for the targeting of two different structures (cZI and VIM),
previously demonstrated to be effective for Dys-T [17].

Several limitations of this study should be considered. The results should be cau-
tiously interpreted, as the data were analyzed retrospectively, and the sample number is
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References

relatively small in some analyses. Treatment decisions were based on clinical expertise and
patients’ preferences. Moreover, some data were not included due to incomplete reports.
A standardized dystonia rating scale was not employed to formally assess tremor and
dystonia symptoms. A clinical examination was not always accompanied by EMG or
kinematic assessment. Lastly, the p-CGI-I is a subjective measure of improvement based on
the patient’s perception, which could have been supplemented by objective measures.

Despite these limitations, our data suggest that oral medications employed for essential
tremor are often ineffective or not tolerated in people with dystonic tremors of the upper
limbs. Botulinum toxin appears to be a safe and effective therapeutic option that warrants
testing in randomized controlled trials with open-label, long-term follow-up. This seems
to be particularly true if the tremor has a predominant pattern of pronosupination of the
forearm or flexion-extension at the elbow when performing the most-affected manual tasks.
Therefore, there is a need to develop specific rating scales for dystonic tremors that also
consider essential manual tasks commonly affected. Finally, functional neurosurgery also
seems to be a very effective procedure. Large randomized controlled trials are needed
to confirm our findings and provide further insight into selecting patients best suited to
receive BoNT, DBS, or thalamotomy.
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W N e

Abstract: Tardive dyskinesia (TD) is a phenomenon observed following the predominantly long-term
use of dopamine receptor blockers (antipsychotics) widely used in psychiatry. TD is a group of
involuntary, irregular hyperkinetic movements, mainly in the muscles of the face, eyelid, lips, tongue,
and cheeks, and less frequently in the limbs, neck, pelvis, and trunk. In some patients, TD takes on
an extremely severe form, massively disrupting functioning and, moreover, causing stigmatization
and suffering. Deep brain stimulation (DBS), a method used, among others, in Parkinson’s disease,
is also an effective treatment for TD and often becomes a method of last resort, especially in severe,
drug-resistant forms. The group of TD patients who have undergone DBS is still very limited. The
procedure is relatively new in TD, so the available reliable clinical studies are few and consist mainly
of case reports. Unilateral and bilateral stimulation of two sites has proven efficacy in TD treatment.
Most authors describe stimulation of the globus pallidus internus (GPi); less frequent descriptions
involve the subthalamic nucleus (STN). In the present paper, we provide up-to-date information on
the stimulation of both mentioned brain areas. We also compare the efficacy of the two methods
by comparing the two available studies that included the largest groups of patients. Although GPi
stimulation is more frequently described in literature, our analysis indicates comparable results
(reduction of involuntary movements) with STN DBS.

Keywords: tardive dyskinesia; schizophrenia; antipsychotics; deep brain stimulation

1. Introduction

Tardive dyskinesia (TD) is a group of symptoms characterized by irregular and invol-
untary movements that most commonly affect the tongue, lips, jaw, face, and sometimes the
peri-orbital areas. In some cases, patients also have irregular movement of the trunk and
limbs [1,2]. Tardive dyskinesia (TD) might be also present as tremor, akathisia, dystonia,
chorea, tics, or as a combination of different types of abnormal movements. In addition to
movement disorders (including involuntary vocalizations), TD patients may have various
sensory symptoms, such as the urge to move (as in akathisia), pain, and paresthesia [3].

TD is a specific type of secondary dystonia, mainly caused by the chronic use of
dopamine receptor antagonists. The onset of TD usually occurs after years of taking neu-
roleptics but may also appear earlier, even after several months. The risk is related, among
others, to the strength of the drug binding to the dopaminergic D2 receptor. In the elderly,
symptoms may become apparent after a shorter period of use of the drug, the early onset
of these symptoms and their intensity may indicate features of organic brain damage [4].
Due to the need for long-term treatment, neuroleptics are the main reason for TD’s appear-
ance in clinical practice. Nevertheless, when using other antidopaminergic drugs such
as antiemetics (domperidone, bromopride, and metoclopramide); antidepressants such
as trazodone, amitriptyline, clomipramine, fluoxetine; and sertraline or calcium channel
blockers, the risk of TD appearance, while significantly lower, should be highlighted [5].

Interestingly, tardive dyskinesia can appear both during the use and after the discon-
tinuation of neuroleptics. The prevalence of tardive dyskinesia is estimated at 0.4-9% in
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patients receiving antipsychotics, while some studies indicate a more frequent occurrence
of TD (20-50%) [6,7]. According to the DSM-5, TD can be diagnosed when antipsychotic-
induced tardive dyskinesia follows exposure to neuroleptics for at least three months (one
month in individuals aged >60 years) and persists for at least one month after the last dose
of the drug [8]. This iatrogenic complication may persist long after drug discontinuation
and might become permanent [1,6]. TD often results in disability, with mild to severe
functional impairment (significantly impaired gait, speech, and swallowing) in about 10%
of cases, causing a heavy burden on both patients and their caregivers [6]. In addition to
physical burden and pain, tardive dyskinesia leads to social exclusion and ostracism in
patients with these symptoms. The involuntary movements typical of TD are a significant
burden for patients in a social context, representing one of the archetypal images of mental
illness and a reason for stigmatization.

Aside from pharmacological interventions (changing the dose or the drug) or imple-
menting TD-targeted treatment, there is a promising method that may offer new opportu-
nities for this group of patients—deep brain stimulation (DBS). DBS is a clinical procedure
in which a precisely controlled electric current is passed through electrodes surgically
implanted in the brain. This method enables rapid and, more importantly, long-term
improvement in motor function and quality of life (QoL) in patients with TD [1,5].

2. Etiology and Risk Factors

It is of key importance that TD has a genetic predisposition, which mediates the
risk for TD development [5,9]. Nevertheless, the usage of dopamine receptor antagonists
is responsible for the exposure of this predisposition [10,11]. Table 1 shows the factors
associated with an increased risk of TD [12-19]. Table 2 summarizes the genetic factors that
modulate the risk of TD [20-23].

Table 1. Nonmodifiable and modifiable risk factors of TD.

Nonmodifiable Factors Modifiable Factors
Advanced age Type of dopamine receptor blocking agents
Female sex Duration of illness

Dosage and length of exposure

aucasian or African ethnici .
Caucasian o ican ethnicity to a dopamine receptor blocker

Intellectual disability Intermittent antipsychotic treatment
Brain damage Anticholinergic treatment
Smoking
Negative symptoms in schizophrenia Alcohol and cocaine abuse/dependence
Akathisia

The main pathogenetic mechanisms associated with the development of TD are the
hypersensitivity of postsynaptic D2 receptors and their upregulation associated with their
long-term blockade. This leads to changes in cortico-striatal transmission and motor
symptoms [24]. The abnormalities also concern the increase in blood flow in the prefrontal
cortex, the anterior cingulate gyrus, and the cerebellum, which accompany the increase in
the activity of the prefrontal and premotor cortex during the appearance of involuntary
movements, which may indicate a decrease in impulse selection and lead to the appearance
of involuntary movements [25]. The constant blocking of D2 receptors along with D1
activation may also be important to explain the appearance of symptoms over a longer
period of time and their irreversibility [26]. However, it seems that not only disorders
of dopaminergic transmission are involved in the development of TD, but changes in
serotonergic, glutamatergic, cholinergic, and opioid transmission may play a supportive
role [27,28]. The involvement of the serotonin system in TD is indicated by studies on animal
models. It was found that inhibition of serotonergic neurons with 8-OH-DPAT (8-hydroxy-
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2-(dipropylamino)tetralin significantly reduces TD severity. 8-OH-DPAT is one of the first
discovered agonists of the serotonergic 5-HT1A receptors. It mediates hyperpolarization
and reduction of the firing rate of the postsynaptic neuron. Conversely, administration of
fenfluramine or fluoxetine (both increasing the level of serotonin) suppressed the previously
obtained improvement. Preclinical studies indicate that deep brain stimulation of the
subthalamic nucleus (STN DBS), a technique described latter in this article, reduced the
release of 5-HT in the hippocampus and prefrontal cortex, while deep brain stimulation of
the EPN (entopeduncular nucleus, internal globus pallidus (GPi) equivalent in rodents)
did not affect 5-HT release. Nevertheless, both STN and EPN DBS attenuate TD with equal
effectiveness, despite their different effects on the 5-HT system, leading to the conclusion
that the mechanism of 5-HT reduction does not determine the effectiveness of DBS in rats.

Table 2. Genes whose polymorphisms increase the risk of TD.

DRD2 and DRD3

HTR2A (5-HT2A receptors)
COMT

MnSOD

Cytochrome P450 (CYP2D6)
GSK-38

3'-Regulatory region of Nurr77 mRNA
SLC6A11, GABRB2, and GABRGS3 related to GABAergic transmission

GRIN2A related to NMDA receptor and glutamatergic transmission
GSTM1, GSTP1, NOS3, and NQO1 involved in oxidative stress reactions
BDNF

GLI2

HSPG2

Genes DRD2 and DRD3—D2 and D3 receptor, D-dopamine; HTR2A-5—hydroxytryptamine receptor 2A, 5-HT-
serotonin; COMT—catechol-O-methyl-transferase; MnSOD—manganese super dismutase; CYP2D6—cytochrome
P450 2D6; GSK2fi—glycogen synthase kinase 2 beta; mRNA—messenger RNA; SLC6A11—solute carrier fam-
ily 6 member 11; GABRB2—gamma-aminobutyric acid type A receptor subunit beta 2; GABRG3—gamma-
aminobutyric acid type A-rho receptor subunit gamma 3; GABA—y-aminobutyric acid; GRIN2A—glutamate
ionotropic receptor NMDA type subunit 2A; NMDA—N-methyl-D-aspartate; GSTM1—glutathione S-transferase
Mu 1; GSTP1—glutathione S-transferases P1; NOS3—mnitric oxide synthase 3; NQO1—NAD(P)H quinone dehy-
drogenase 1; BDNF—brain-derived neurotrophic factor; GLI2—GLI family zinc finger 2; HSPG2—heparan sulfate
proteoglycan 2.

Oxidative stress and related neuronal damage both might also participate in the
etiology of TD. Antipsychotics, especially classic drugs, may be toxic by directly inhibiting
complex I of the mitochondrial electron transport chain. Toxicity may also result from the
increased production of free radicals and hydrogen peroxide, which are a consequence
of the blockade of the D2 receptor and an increase in dopamine turnover [20,29,30]. The
weakening of the antioxidant mechanisms may explain the progressive nature of the
changes and their irreversibility [31-33]. In neuroimaging studies, a decrease in the caudate
nucleus volume was observed in the group of patients diagnosed with schizophrenia with
TD compared to those with this psychosis without dyskinesia [10,34,35].

3. Assessment Tools

The most widely used instrument to assess TD is the Abnormal Involuntary Movement
Scale (AIMS). The patient performs several tasks described in the instructions. On that
basis, the severity of facial and oral movements, extremity movements, trunk movements,
and global judgments is scored on a 0—4 scale (up to 40 points in total) [36]. A separate
evaluation concerns dental status (with an annotation yes/no). Another scale is The
Burke-Fahn-Marsden Dystonia Rating Scale (BFMDRS), which consists of movement and
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disability subscales. This tool measures dystonia in nine body regions (incl. the eyes,
mouth/speech and swallowing, neck, trunk, arms, and legs; each extremity is assessed
individually) with scores ranging from 0 (lack of symptoms) to 120 [37].

4. Pharmacological Treatment

TD treatment is difficult and often leads to disappointing results, so the best method
is to prevent its onset [38]. Atypical antipsychotics have a lower potential to cause TD. The
drugs should be used in the lowest effective doses, particularly if TD appeared earlier or
the current treatment induced its onset. When TD appears, initially, it is necessary to reduce
the drug dose or, if this does not eliminate TD, switch to a drug with a lower potential for
inducing TD, such as clozapine or quetiapine.

The pharmacological treatment of TD is challenging; conventionally administered
pharmacotherapies are only beneficial at the initial stage, and the available data point to a
lack of satisfactory outcomes in long-term use [6].

VMAT?2 (vesicular monoamine transporter 2) inhibitors: tetrabenazine, valbenazine,
and deutetrabenazine are the first drug group recommended for TD treatment [2]. In
randomized controlled trials, valbenazine and deutetrabenazine demonstrated efficacy in
ameliorating TD symptoms with a favorable benefit-risk ratio. For this reason, valbenazine
and deutetrabenazine should be considered a first-line treatments for TD. While the cur-
rently available evidence suggests that tetrabenazine is another good option for TD, it is
not considered a first-line drug due to greater side effects than other VMAT?2 inhibitors
and very few studies. Amantadine (300 mg per day) may be used when these treatments
are ineffective or contraindicated. However, evidence to support the use of amantadine
for TD is scarce and limited to short observations [2]. Another discussed treatment option
is the short-term administration of clonazepam, but the effectiveness of this method is
also limited. Furthermore, considering the acute and long-term consequences (sedation,
cognitive decline, tolerance, addiction, and risk of falls, especially in the elderly), routine
use of benzodiazepines is not recommended [2,6]. The use of Vitamin E does not improve
TD symptoms but may prevent their worsening. When other options fail, some authors
recommend pyridoxine (vitamin B6) use, but the optimal dose and treatment duration
has not been established yet [2]. In focal dystonia, such as cervical dystonia, botulinum
toxin injection may be applied. It is a highly effective approach, but the level of satis-
faction with this treatment is low in some of the patients, and they fail to follow up for
repeated injections. Therefore, the pharmacotherapeutic method should be regarded as
adjuvant therapy instead of a priority choice (the dose reduction of the TD-inducing drug
or change to another drug if possible) as the symptoms progress to the advanced stage [6].
The level B recommendations of the American Academy of Neurology for TD treatment
indicate clonazepam, Gingko biloba extract (EGb-761), and diltiazem, while amantadine,
tetrabenazine, galantamine, and eicosapentaenoic acid are level C. Other test substances,
including reserpine, bromocriptine, biperiden, selegiline, vitamin E, vitamin B6, baclofen,
and levetiracetam, have not received a recommendation from the academy at this stage [39].
Newer recommendations position new-generation VMAT2 inhibitors (deutetrabenazine
and valbenazine) at level A of recommendation, clonazepam and Ginkgo biloba at level
B, while amantadine, tetrabenazine, and GPi DBS (globus pallidus internus deep brain
stimulation) are at level C [40]. The American Psychiatric Association (APA) indicates a
reversible inhibitor of the VMAT?2 (deutetrabenazine and valbenazine as more studied than
tetrabenazine) as the first-line treatment for TD [41].

5. Deep Brain Stimulation

In recent decades, DBS has been successfully used to treat several movement disorders,
including Parkinson’s disease and dystonia. More recently, DBS has also been used to
treat patients with tardive dyskinesia and OCD, especially in drug-resistant forms [6,7].
Monopolar (unilateral) stimulation modes are the most commonly used, although we
also have descriptions of bipolar mode [42—46]. In addition to the potential for rapid and
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long-term improvement, the advantages of DBS include its relatively nondestructive nature,
adjustability, reversibility, and the ability to perform DBS bilaterally in a single surgical
session [6,47].

According to the available studies, this method is safe and minimally invasive, with
no severe complications during the follow-up periods [6]. The disadvantages of the DBS
technique are the requirement for continuous follow-up visits with repeated optimization
of pacing parameters (it can also offer potential parameter adjustments) and the risk of
hardware complications (incl. electrode displacement, battery depletion, inflammation
around parts of the device) [47]. When the effectiveness of pharmacotherapeutic methods
is unsatisfactory and symptoms are chronic and very severe, DBS becomes the treatment of
last resort [48].

The primary criterion for inclusion in DBS is a high severity of symptoms that signifi-
cantly impede function and have lasted for more than a year, with no satisfactory response
to pharmacological treatment with clozapine or tetrabenazine for at least four weeks at the
highest doses tolerated by the patient. Exclusion criteria are similar to those for patients
with other dystonias—significant cognitive impairment, unstable mental status, severe
depressive symptoms, and comorbid medical problems that may increase surgical risk; an
initial brain scan before the decision on DBS applicability is recommended [45].

In addition to correct patient selection and electrode placement (more effective by
image guidance or microelectrode recording implemented in leading centers), proper and
time-coordinated programming of the equipment is crucial. This is important because
we already have multisegment electrodes (from Abbott/St. Jude, Boston Scientific, and
Medtronic), and each segment’s current characteristics can be programmed separately. It
complicates programming (current of different amplitude, frequency, amperage, and pulse
width can be used) but certainly expands the possibilities for stimulation. Once the electrode
has been placed, the adjustment of the electrical field optimizes the clinical outcome. It
allows continuous monitoring of the effectiveness of the stimulation and provides an
opportunity to implement modifications, but it becomes vital when the initially planned
electrode placement has failed (in about 40%). The typical inaccuracy of surgical robots or
stereotaxic methods is 1-2 mm. In addition, during surgery, the brain can change position
by 2-4 mm, which can be minimized by a staged operation [49-58]. A similar problem
arises when the electrode is displaced. Reprogramming often avoids reoperation and allows
optimization of parameters if the dislocation is not critical [59,60]. It is worth adding that no
clear guidelines have been developed so far, although there are recommendations regarding
the programming of stimulators [61-63]. In programming, it is important to be aware of
the temporal sequence of observed changes—not all symptoms respond to stimulation
simultaneously. For example, during stimulation of the subthalamic nucleus in Parkinson’s
disease, first (in seconds) the tremor subsides, followed by rigidity (seconds—minutes),
bradykinesia (minutes-hours), and axial symptoms (hours—days). These symptoms appear
after the stimulation is turned off in the same order [64,65].

Previous research in TD patients has focused on the stimulation of two areas in the
brain: the inner globus pallidus (GPi) and the subthalamic nucleus (STN) belonging to
the basal ganglia. These nuclei belong to motor circuits, including cortico-thalamic-basal
ganglia junctions, which are believed to be the morphological substrate of TD. Most projects
focused on the stimulation of the GP4i, the preferred target, while less is known about STN
stimulation [4,6]. Nevertheless, both STN and GPi stimulation were shown to be beneficial
in reducing TD [38].

5.1. Internal Globus Pallidus (GPi)

The primary target of GPi DBS is the posteroventrolateral part [46,47,66—69]. Several
descriptions concern the stimulation of the posteroventromedial area [70,71]. Ventral parts
of the posterior globus pallidus have a somatotopic organization associated with the motor
cortex, which determines the goals of stimulation; the median part is related to the limbic
cortex, while the dorsal area is associated with the prefrontal cortex [72].
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Stereotactic techniques based on MRI (magnetic resonance imaging) or CT-MRI (a
combination of CT and MRI techniques) help correct electrode placement [73]. The op-
timal electrode placement is typically within 19-22 mm lateral to the line between the
anterior and posterior commissure, 4-6 mm inferior to that line, and 2-4 mm anterior
to the mid-commissural point [45,46,67,71,74-79]. In one description, the electrode po-
sition corresponded to the somatotopic face area [80]. The most common practice uses
microelectrode recordings (MERs) to detect discharges of neurons in the GPi and to order
“noisy signals” with DBS. The most common stimulation parameters used were the voltage
(amplitude) of the current (1.0-7.0 V) [43,67], frequency (60-185 Hz) [42,69,78,81], and pulse
width (60-450 ps) [42,45,78,81-83]. A detailed list of electrodes used, voltages, location,
and effectiveness of the treatments can be found in the study by Morigaki et al. [84]. With
several exceptions of bipolar modes [42-46], other reports concern monopolar stimulations.

Much of the literature was single-patient reports [43,47,68,70,73-75,77,78,80,82,85-89],
small groups of 24 people [46,48,67,69,71,79,90,91], or slightly larger groups [42,45,76,81,83,92-95],
and 19 patients comprised the largest cohort [38] (Table 3).

Table 3. Basic parameters and outcomes from GPi DBS studies.

Author [Referencel]

Mono-/Bipolar Scale (% of Improvement)/Follow Up

Localization

(N, When >1) (Months)
Pouclet-Courtemanche [38] PV-GPi M AIMS (63)/12-132
Sako [42] PV-GPi M/B (5) BFMDRS-M (58-100), BEMDRS-D (67-100) /3-49
Nandi [43] PV-GPi B BFMDRS-M (28), BEMDRS-D (39), AIMS (42)/ 12
Gruber (45 PvLGri M/B® P S o0y 2680
Capelle [46] PVL-GPi B (4) BFMDRS-M (70-91), BEMDRS-D (50-100)/16-36
Kim [47] PVL-GPi M BFMDRS-M (97), BEMDRS-D (100)/20
Sobstyl [48] PVL-GPi B(2) BFMDRS-M (69-78), BEMDRS-D (56-73) /12-24
Franzini [67] PVL-GPi M (2) BFMDRS-M (86-88)/12
Kovacs [68] PVL-GPi ? BFMDRS-M (97), BEMDRS-D (96) /12
Starr [69] PVL-GPi 2 (4) BFMDRS-M (6-100)/9-27
Trottenberg [70] PV-GPi M BFMDRS-M (73), AIMS (54)/6
Halbig [71] PVM-GPi M (2) BFMDRS-M (77-93)/?2
Spindler [73] GPi M AIMS (67)/<60
Magarifios-Ascone [74] GPi ? BFMDRS-M (48), BEMDRS-D (44)/12
Eltahawy [75] PV-GPi M BFMDRS-M (60)/18
Trottenberg [76] PVM-GPi M (5) BFMDRS-M (75-98), BEMDRS-D (80-100)/6
Katsakiori [77] GPi M BFMDRS-M (94), BEMDRS-D (84) /12
Kefalopoulou [78] GPi M BFMDRS-M (91), AIMS (77)/6
Krause [79] GPi M (3) BFMDRS-M (—1-0), no benefit/ <36
Kosel [80] GPi M BFMDRS-M (35)/18
Shaikh [81] GPi M (8) BFMDRS-M (67-100)/6-60
Schrader [82] GPi M AIMS (63)/ 5
Egidi [83] GPi M BFMDRS-M (47), BEMDRS-D (55)/?
Pretto [85] GPi B BFMDRS (~90)/6
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Table 3. Cont.

Author [Reference] Localization

Mono-/Bipolar

Scale (% of Improvement)/Follow Up

(N, When >1) (Months)
Boulogne [86] PVL-GPi M AIMS (79)/120
Trinh [87] GPi ? BEMDRS-M (90), BEMDRS-D (87)/18
Puri [88] GPi ? AIMS (55)/6
Ogata [89] PL-GPi B BFMDRS-M (69), BEMDRS-D (64), AIMS (94)/7
Woo [90] PV-GPi M (3) BEMDRS-M (54-100)/3-120
Cohen [91] GPi M (2) BFMDRS-M (63-88), BEMDRS-D (53-100) /713
Damier [92] PVL-GPi M (10) AIMS (33-78)/6
Chang [93] PV-GPi M BFMDRS-M (71()7,7])3}3;\;[]_)7125-D (48), AIMS
Krause [94] GPi B (7) BFMDRS-M (9(()7)é)]3/121;>/1_]?§{15—D (79), AIMS
Koyama [95] GPi B (12) BEMDRS (78)/6-186

GPi—internal globus pallidus; DBS—deep brain stimulation; PV—posteroventral, PVL—posteroventral lateral;
PVM—posteroventral medial; PL—posterolateral; AIMS—Abnormal Involuntary Movement Scale; BEMDRS-M—
Burke-Fahn-Marsden Dystonia Rating Scale, movement subscale; BEMDRS-D—Burke-Fahn-Marsden Dystonia
Rating Scale, disability subscale; BFMDRS—Burke-Fahn-Marsden Dystonia Rating Scale, total score; >—data
not provided.

5.1.1. Motor Effects of GPi DBS

The reported efficacy (reduction in dystonia scores) ranges from 28% to 100%, with
most reports showing 260% improvement, with a follow-up period of up to 11 years [38].
Improvement is described as stable even after 4-year follow up. In addition to improvement
in symptoms, most investigators consistently report a significantly favorable change in the
quality of life and daily functioning. Nevertheless, there are also descriptions of no overall
change in this area [45,96].

Clinical responses appear either during the surgical procedure and the first activation
of stimulation or in the first days after turning on the equipment [45,46,67,68,70,76,86,91].
If clinical responses are observed shortly after switching on the device, we can precisely
program the equipment at the outset; in other cases, patient adjustments are carried out at
follow-up visits or via the Internet, more recently [97]. The manufacturer recommends the
lowest sufficient stimulator settings, combining optimal performance with less load and
then longer battery life or less frequent recharging.

Changes in the treatment of choreiform dyskinesia are noted earlier, tonic postural
dystonia responds later, symptoms improve gradually, and changes are observed after
weeks or even months of stimulation [44,46,75,86,91-93]. In fixed dystonias, the efficacy of
GPi DBS is lower [42,45,67,81].

5.1.2. Side Effects of GPi DBS

Despite its invasiveness, DBS is characterized by a low number of complications and is
considered a safe, effective, and well-tolerated method [4]. The frequency of all side effects
reaches 9%. Observations of nonmotor effects are very rare. DBS may induce transient
affective states (mild to moderate depressive syndrome in most cases); the authors also
emphasized some increase in suicidal risk [73,98]. However, at longer follow up, there
was an improvement in mood, which could also be explained by relief from the burden of
motor symptoms, disability, or social impact [38,45,76,80,99]. In one study, six months after
treatment, one patient had a brief psychotic episode, and another patient had symptomatic
improvement allowing the discontinuation of antipsychotic drugs [76]. Contrary to the
first reports, the negative influence of continuous pallidal (GPi) DBS on cognitive functions
has not been confirmed [38,45,71], while one study notes improvement [99].
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The procedure of implanting the electrode (in both locations, GPi and STN) is asso-
ciated with the possibility of incorrect placement or electrode displacement, infections,
pain associated with the connection cable, intracranial hemorrhage, and seizure. Gait and
balance disturbances contributing to falls have also been observed. These disturbances
were transient and resolved after the optimization of DBS parameters [38]. The GPi is
involved in speech fluency; thus, slowing, halting, and imprecise oral articulation and
reduced voicing control are common symptoms during DBS in this area. Bilateral DBS
induces more speech difficulties [100]. Dysarthria occurs in almost 30% of patients; severe
cases may require speech therapy [38]. Despite the complications being infrequent, the
risk—benefit ratio always needs to be weighed. DBS becomes the last resort in patients with
severe TD when symptoms are severe, functioning is significantly impaired, and other
treatment options are insufficient. Table 4 shows the most common side effects, along with
the structures whose stimulation is responsible for their appearance.

Table 4. Side effects of GPi DBS and the areas whose stimulation is responsible for these symptoms.

Side Effect Brain Area
Mood and cognitive symptoms Ventral part of GPi
Motor side effects (corticospinal and
corticobulbar side, i.e., tonic muscle Posterior part of GPi/capsular fibers
contractions)

Phosphenes (seeing light without light entering

the eye) Ventral /optic tract

Low threshold for capsular side effects

. . Medial GPi
(i.e., muscle contractions)

Speech impairment Internal capsule, medial and posterior to GPi

GPi—globus pallidus internus.

5.2. Subthalamic Nucleus (STN)

The subthalamic nucleus (STN), belonging to the basal ganglia, was the first neurosur-
gical target in the treatment of dystonia (thalamotomy), but data about STN DBS in treating
TD are still scarce. Less frequent use is, among others, related to psychiatric complications
(depression, suicidality, mania, and impulse-control problems) observed during DBS of this
brain structure in patients with Parkinson’s disease. The best control of motor symptoms is
provided by stimulation of the sensorimotor (dorsolateral) area of the STN [101].

5.2.1. Motor Symptoms of STN DBS

So far, only a limited number of cases of STN DBS for TD have been reported. In
addition to the Deng study, which we will discuss later [6], Zhang et al. published a
description of a series of nine patients treated with STN DBS for secondary dystonia (two
with tardive dystonia) [102]. In one case, the dystonia following neuroleptic treatment
improved by 92% in the BEMDRS 3 months after stimulator implementation. Long-term
observation of one of those patients with severe TD dystonic symptoms initially is described
by Meng et al.; the patient had no neurological symptoms after 144 months (6 and 12 years
after the operation BEMDRS total score was 0) [4]. Another study (12 patients with primary
dystonia and 2 with TD) using STN DBS showed improvement ranging from 76 to 100% in
the BEMDRS [103]. One patient underwent DBS electrode placement in the left and right
STN with a near-complete resolution of tremors [104] (data summarized in Table 5).
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Table 5. Basic parameters and outcomes from STN DBS studies.

Author [Reference] Localization h(g’f‘xﬁzg’glﬁr Sc?ézl(l?;g;n&‘;‘:tﬁgm}
Deng [6] STN B (10) BFM(ES? 1(22,0?11\45
Zhang [102] STN B(2) BEMDRS (>90)/3-36
Sun [103] STN BQ) AIM(S> (767?;)/ g\;ﬂ)lzs
Kashyap [104] STN B ?, “near-complete resolution

of tremors” /24

STN—subthalamic nucleus; DBS—deep brain stimulation; BEMDRS—Burke-Fahn-Marsden Dystonia Rating
Scale, total score; AIMS—Abnormal Involuntary Movement Scale; >—data not provided.

5.2.2. Side Effects of STN DBS

The anatomical location of the STN is very close to several functionally significant areas.
Therefore, the induced side effects are also associated with stimulating adjacent nuclei and
nerve tracts. Table 6 presents the most common side effects with the postulated structures
responsible for their appearance. Due to the lack of detailed descriptions regarding TD, the
table lists observations during STN DBS in Parkinson’s disease.

Table 6. Side effects and the brain area surrounding STN, which stimulation may be responsible for
the appearance of symptoms.

Side Effect Brain Area

Spastic muscle contraction Internal capsule

Fibers stemming from the frontal eye field running in
the internal capsule, fibers of the third nerve
(inferomedial to the STN and within the red nucleus),
sympathetic fibers within the zona incerta or STN

Uni- or bilateral gaze deviation

Autonomic symptoms Hypothalamus and red nucleus

Paresthesia Medial lemniscus

Internal capsule, the pallidal and cerebello-thalamic
fiber tracts medial and dorsal of the STN, medial

Speech impairment left-sided STN stimulation in right-handed patients,

higher left STN voltage
Depression Substantia nigra
Mania Medial and ventral areas of STN

Ventromedial and limbic areas of STN, SNr, medial

Impulse control disorder forebrain bundle

Ventral and medial parts of STN, perforation of the

Cogniti bl .
ognitive problems caudate nucleus during surgery

STN—subthalamic nucleus, SNr—substantia nigra pars reticulata.

5.3. Internal Globus Pallidus (GPi) and Subthalamic Nucleus (STN) DBS Comparison

Authors suggest better results for STN DBS using lower stimulation parameters than
in GPi DBS, but no studies compared the effects of DBS in the two areas. In the following
section, we will compare the results of two studies of the GPi and STN involving the largest
groups of TD patients.

The largest study evaluating the efficacy of GPi DBS is by Pouclet-Courtemanche et al.
It originally included 19 patients, while 18 reached a 6-month follow up, 14 participants
were assessed at long-term follow up (6-11 years) [38]. Meanwhile, Deng et al. analyzed
STN DBS results in a group of 10 patients, with all included evaluations at 6 months and
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long-term follow up (12-105 months) [6]. The aforementioned time points were common for
both studies among other follow-up lengths. Furthermore, the mutual form of assessment
of motor symptoms was only the AIMS. We compared the effectiveness of DBS at the
different sites using a two-sample z-test for proportions. In the case of the study by
Pouclet-Courtemanche et al., no median/mean data for the AIMS score were available at
all time points. Regardless, the calculation of proportions was possible based on the graph
analysis presenting a change in the AIMS score at the different follow ups. For the 6-month
follow-up time point, the proposition was 0.49 (n = 18) and 0.15 (n = 10) for the GPi DBS
and the STN DBS, respectively. In the comparison, the difference did not reach statistical
significance with p = 0.079, mostly due to the small sample sizes in both studies, as the
trend is visible (Figure 1). We did perform a statistical analysis of a long-term follow up
due to a disparity in the observation period, which could affect the result.
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Figure 1. Proportion comparison of AIMS score (initial evaluation to 6-months follow up) between
STN DBS and GPi DBS. AIMS—Abnormal Involuntary Movement Scale, DBS—deep brain stimula-
tion, GPi—internal globus pallidus, STN—subthalamic nucleus.

6. Discussion

Deep brain stimulation (DBS) is an established treatment for patients with tardive
dyskinesia when pharmacological therapy alone does not provide sufficient relief or is
associated with disabling side effects. With this method, patients achieve satisfactory
results in both the short and long term, with a relatively small number of complications.
As we previously mentioned, the main sites with proven efficacy of stimulation are the
subthalamic nucleus (STN) and internal globus pallidus (GPi). Although the GPi remains
the standard stimulation target, our comparison in small groups shows at least comparable
efficacy of STN and GPi DBS, including 6-month follow up. Similar conclusions come
from comparisons of the two methods in PD [105]. However, further research is needed
to confirm this conclusion, also because the trend may indicate an advantage for STN
DBS. DBS studies in PD allow some conclusions that may also apply to the treatment of
TD with this method. The advantage of GPi stimulation lies in the possibility of effective
use of the electrode unilaterally and somewhat easier optimization of current parameter
programming. On the other hand, some researchers report that STN DBS may be less likely
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to cause adverse symptoms in mood, cognitive function, gait, and speech [106]. The GPi is
occasionally indicated as the preferred target in treating oral TD and dystonia, while STN
DBS could be considered an effective and safe procedure in patients with predominant
tardive Parkinsonism and/or tardive tremor [104].

In contrast, studies by Sun et al. indicate some advantages of STN DBS stimulation in
dystonias, including TD. According to these authors, symptomatic improvement begins
immediately after stimulation, which allows for a quick selection of the best stimulation
parameters. The stimulation parameters used for the GPi are higher than those used during
STN DBS, resulting in longer battery life for STN DBS (longer intervals between charges).
According to the authors, STN DBS results in better symptomatic control than GPi DBS in
dystonia patients (compared to data obtained by other teams) [103].

To broaden knowledge and outline plans for necessary research, it is worth looking
at solutions employed in DBS procedures in patients with other health problems. DBS
is a method that has been implemented for years in various conditions such as dystonia,
Parkinson’s disease, and obsessive-compulsive disorder. This method is also recommended
for patients with severe and treatment-resistant forms of the disease. It is noteworthy that
the STN is the standard site of stimulation in PD [107]. According to the symptomatic
profile of PD, preferences include alternative targets, e.g., the thalamic ventral intermediate
nucleus (VIM) or the GPi. Recent research in this area has focused on the search for other
sites of stimulation such as the posterior subthalamic area (PSA) or the caudal zona incerta
(cZi). The PSA is located ventrally to the VIM, between the red nucleus and the STN. PSA
DBS is not significantly different from VIM DBS in suppressing tremor, but clinical benefit
from PSA DBS is attained at lower stimulation amplitudes [108]. Furthermore, several
open-label studies have shown a good effect in the reduction of PD symptoms with DBS in
the caudal zona incerta (cZi) [109].

While both TD and PD treatment have the same standard stimulation sites, it is worth
investigating other experimental stimulation sites in TD treatment, such as the PSA or the
cZi, or finding new targets. Treatment of refractory TD with DBS is not a low-cost method,
requiring an experienced neurosurgical team and precise instrumentation. It is also not a
life-saving method, but, if we want to have a full range of possible medical procedures that
may expand our understanding of the brain (we consider it crucial), this research must be
continued and intensified. The latest technical achievements in the field of construction
of stimulators and electrodes, e.g., modeling the shape of the impact field, as well as the
results of new studies focused on the paths connecting the gray matter of various brain
regions allow us to expect discoveries in research using DBS, hopefully also in TD.
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O N

Abstract: This retrospective cohort study assessed treatment changes and prognoses after incident
drug-induced parkinsonism (DIP). We used the National Health Insurance Service’s National Sample
Cohort database in South Korea. We selected patients diagnosed with incident DIP and given pre-
scriptions to take offending drugs (antipsychotics, gastrointestinal (GI) motility drugs, or flunarizine)
for a period of time that overlapped with the time of DIP diagnosis during 2004-2013. The proportion
of patients experiencing each type of treatment change and prognosis was assessed for 2 years after
DIP diagnosis. We identified 272 patients with incident DIP (51.9% of patients were aged > 60 years
and 62.5% of them were women). Switching (38.4%) and reinitiation (28.8%) were the most common
modifications in GI motility drug users, whereas dose adjustment (39.8%) and switching (23.0%) were
common in antipsychotic users. The proportion of persistent users was higher among antipsychotic
users (7.1%) than that among GI motility drug users (2.1%). Regarding prognosis, 26.9% of patients
experienced DIP recurrence or persistence, the rate being the highest in persistent users and the
lowest in patients who discontinued the drug. Among patients with incident DIP diagnoses, the
patterns of treatment change and prognosis differed across the types of offending drugs. Over 25% of
patients experienced DIP recurrence or persistence, highlighting the need for an effective strategy to
prevent DIP.

Keywords: antipsychotics; drug-induced parkinsonism; metoclopramide; parkinsonism; prognosis;
treatment pattern

1. Introduction

Drug-induced parkinsonism (DIP) is a parkinsonian syndrome induced by medica-
tions that inhibit dopamine function in the brain categorized as secondary parkinson-
ism [1,2]. Compared with Parkinson’s disease, DIP is characterized by acute, symmetrical,
and reversible symptoms [3]. However, it is difficult to completely distinguish the two
diseases in clinical practice, leading to misdiagnosis and inappropriate management [4].

Antipsychotics, gastrointestinal (GI) motility drugs, dopamine depleters, and calcium
channel blockers are well-known offending drugs which pose a high risk of developing
DIP [1-3,5]. Although typical antipsychotics have been known to pose a high risk of
developing DIP, atypical antipsychotics and GI motility drugs, especially levosulpiride and
metoclopramide, also have a risk level comparable to that of typical antipsychotics [6].

As DIP is generally under-recognized in clinical settings, its true incidence may be
much higher [7,8]. Nevertheless, DIP is the second most common cause of parkinson-
ism after Parkinson’s disease [9]. In South Korea, the incidence of DIP increased from
2012 to 2015, reaching 13.9 per 100,000 person-years, with a particularly high incidence
among middle-aged individuals [10]. A retrospective study using nationwide hospital-
based data in China reported a higher comorbidity burden and hospitalization expenses
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among patients with secondary parkinsonism than that among patients with Parkinson’s
disease, suggesting the considerable economic burden of secondary parkinsonism [11].
As one of the main adverse drug reactions related to antipsychotics, DIP can result in
decreased health-related quality of life and working memory performance in patients
with schizophrenia [12,13]. In these patients, DIP is associated with increased healthcare
resource utilization (e.g., hospitalization and emergency room visits) and higher costs of
care, and can hinder the optimal treatment with antipsychotics [14,15]. Moreover, patients
with DIP had a significantly increased risk of developing Parkinson’s disease, which can
add the burden of managing of Parkinson’s disease for patients with DIP [16].

Avoiding offending drugs is the most effective way of preventing or treating DIP [1,8].
DIP is generally resolved within 4 months if patients stop taking the offending drugs [17].
However, some patients may be unable to avoid taking offending drugs, as the expected
clinical benefits may outweigh the risk of DIP [8]. Furthermore, some patients may expe-
rience persistent symptoms even after the discontinuation of the offending drugs [8,17].
Considering the growing number of patients being prescribed offending drugs, the ef-
fective management of DIP is essential to minimize the societal and economic burden of
adverse drug reactions [18]. To seek an effective strategy to manage DIP, it is important to
understand the current treatment patterns and prognoses in patients with DIP. However,
the evidence for the management status of DIP is very scant, and the evidence reported so
far is based on old data or a limited patient group [17,19].

Therefore, this study aimed to explore the status of treatment changes and prognoses
after the occurrence of incident DIP using a representative Korean national claims database.
We followed-up on patients who had experienced incident DIP for 2 years, and assessed
the treatment changes and prognoses associated with three major types of offending drugs:
antipsychotics, GI motility drugs, and flunarizine.

2. Materials and Methods
2.1. Study Design and Data Source

We conducted a retrospective cohort study using the National Health Insurance Ser-
vice’s National Sample Cohort (NHIS-NSC; NHIS-2018-2-238) database of South Korea
from 1 January 2002 to 31 December 2015. The NHIS provides single-payer coverage to the
entirety of Korea’s population through the National Health Insurance program (97%) and
Medical Aid program (3%) [20]. The National Health Insurance program covers employees
and self-employed individuals, while the Medical Aid program is administered by the
Korean government as a public assistance scheme that safeguards the basic livelihood of
individuals with low incomes by offering healthcare services. The NHIS-NSC database
comprises longitudinal information on demographic characteristics, diagnoses, health-
care service uses, and healthcare costs among a representative sample (approximately
1 million citizens) from the general Korean population [21]. This study was exempt from
a review from the Institutional Review Board (IRB) of Pusan National University (PNU
IRB/2016_29_HR).

2.2. Selection of Incident DIP Cases

We identified individuals diagnosed with DIP (International Classification of Diseases,
Tenth Revision (ICD-10) codes G21.1 (other drug-induced secondary parkinsonism) or
G25.1 (drug-induced tremor)) as the primary or secondary diagnosis between 1 January
2004 and 31 December 2013 (Figure 1). The earliest date of DIP diagnosis was defined as
the index date. At least one outpatient prescription for the offending drug was required to
be for a time period that overlapped the index date. Offending drugs included typical and
atypical antipsychotics (amisulpride, aripiprazole, chlorpromazine, clozapine, haloperidol,
olanzapine, paliperidone, perphenazine, pimozide, quetiapine, risperidone, sulpiride,
and ziprasidone), GI motility drugs (clebopride, domperidone, itopride, levosulpiride,
metoclopramide, and mosapride), and flunarizine, which were available in South Korea
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during the study period. To identify incident DIP cases, patients with DIP diagnoses
preceding the index date by up to two years were excluded from the study.

Index date
(The 1%t diagnosis of DIP)
Day 0

Patient selection: consumption of offending drugs

(overlapping with the index date)
Days [0, 0]

Patient selection: no history of DIP

(To define an incident DIP case)
Days [-365x2, —1]

Demographic assessment
Days [0, 0]

Days [0, 365x2]

N SN
§Treatment pattern and prognosis §

»

2002

T 1 1
2004 « » 2013 2015 Time
Intake period

Figure 1. Study design scheme. Abbreviations: DIP, drug-induced parkinsonism.

2.3. Outcome Measures

To explore the treatment changes in the consumption of offending drugs and prog-
noses of DIP, individuals with incident DIP were followed-up for 2 years from the index
date. The first treatment change for each patient was defined based on the pattern in
which the offending drugs were prescribed (Table 1). The types of treatment changes
included discontinuation, dose adjustment, persistent use, reinitiation, and switching to
other offending drugs. Each treatment change was mutually exclusive. A continued use
of offending drugs was defined as having consecutive prescriptions with a gap period of
<60 days. Replacing drugs with drugs from the same therapeutic class (i.e., antipsychotics,
GI motility drugs, and flunarizine) was considered switching, while replacing drugs with
drugs from other therapeutic classes was considered temporary discontinuation. For exam-
ple, replacing metoclopramide with domperidone was considered an act of switching to
other offending drugs, while replacing metoclopramide with nizatidine (histamine type
2 receptor antagonists) was considered an act of temporary discontinuation. As a switch
to other offending drugs was required to occur within consecutive prescriptions, a switch
after a temporary discontinuation was regarded as reinitiation in this study.

Table 1. Definitions of treatment change and prognosis after incident drug-induced parkinsonism.

Category Definition

Treatment change in consumption of offending drugs

Discontinuation
Dose adjustment

Persistent use

Reinitiation

Absence of new prescription for more than 60 days

Altering the dose of the offending drugs

Continued use of the offending drug without any temporary
discontinuation, dose adjustment, or switching

Restarting the discontinued drug, or switching within a
therapeutic class after temporary discontinuation

Switching to other offending drugs Altering drugs within a therapeutic class
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Table 1. Cont.

Category Definition

Prognosis of DIP

Persisting DIP
Recurrence of DIP
Remittance of DIP

Continuation of DIP diagnosis
Occurrence of DIP diagnosis after a remittance
Absence of new diagnosis of DIP over 4 months

Abbreviations: DIP, drug-induced parkinsonism.

The first prognosis for each patient was defined based on the pattern of DIP diagnosis,
and categorized into persisting DIP, DIP recurrence, and DIP remittance. An episode of
DIP was considered a remittance if no further DIP was diagnosed over 4 months based
on the published literature [8,17]. In other words, consecutive prescriptions with a DIP
diagnosis within 4 months were considered part of the same episode of DIP.

We estimated the proportion of patients with each type of treatment change and
prognosis. The proportion was calculated among all patients with incident DIP and for each
therapeutic class (i.e., antipsychotics, GI motility drugs, and flunarizine). We estimated the
time from the index date to the first treatment change, DIP remittance, and DIP recurrence.
The time to event was analyzed in patients who experienced each type of event. For
example, we estimated the time to remittance in patients who had previously experienced
remittance during the follow-up period. Additionally, the proportion of patients with
each type of prognosis was categorized by the type of treatment change to compare the
proportion of DIP remittance across the types of treatment change.

We assessed the baseline characteristics of the study population, including demo-
graphic characteristics (age, sex, type of health insurance, income deciles, and presence
of disability) as of the index date, clinical characteristics (Charlson comorbidity index
(CCI) within 1 year and Parkinson’s disease within 2 years) before the index date, and the
type of offending drugs on the index date [22]. The definition of Parkinson’s disease was
established by utilizing ICD-10 code G20 (Parkinson’s disease) for either the primary or
secondary diagnosis.

2.4. Statistical Analysis

The baseline characteristics of patients with incident DIP and all outcome variables
were analyzed descriptively as means, standard deviations, medians, and interquartile
ranges (IQRs) for continuous variables, or as proportions for categorical variables. All
analyses were performed using SAS Enterprise Guide version 7.1 (SAS Institute Inc., Cary,
NC, USA).

3. Results
3.1. Baseline Characteristics of the Study Population

We identified 1252 patients diagnosed with DIP between 1 January 2004 and 31
December 2013, and 42 patients were excluded because of the presence of a history of
DIP diagnosis within two years from the index date. Among them, 272 patients who
were prescribed offending drugs to be taken for a period that overlapped the index date
were selected as the study population. Approximately half of the selected patients were
aged > 60 years, and 62.5% were women (Table 2). The proportion of National Medical
Aid beneficiaries among the study population was 7.4%, which was higher than that among
the total NHIS-NSC population (2-3%). Parkinson’s disease was diagnosed in 15.4% of the
study population. Most patients (95.2%) received GI motility drugs or antipsychotics as the
offending drugs.
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Table 2. Baseline characteristics of patients with drug-induced parkinsonism.

Characteristics DI(E I=)a2t;;1;ts
Age (years)
0-19 10 (3.7%)
20-29 28 (10.3%)
30-39 25 (9.2%)
40-49 31 (11.4%)
50-59 37 (13.6%)
60-69 53 (19.5%)
70-79 68 (25%)
80+ 20 (7.4%)
Sex
Male 102 (37.5%)
Female 170 (62.5%)
Type of health insurance
National Health Insurance program 252 (92.6%)
National Medical Aid program 20 (7.4%)
Income deciles !
0 21 (7.7%)
1 20 (7.4%)
2 15 (5.5%)
3 18 (6.6%)
4 23 (8.5%)
5 17 (6.3%)
6 23 (8.5%)
7 25 (9.2%)
8 19 (7.0%)
9 36 (13.2%)
10 55 (20.2%)
Disability
No disability 225 (82.7%)
Mild disability 32 (11.8%)
Severe disability 15 (5.5%)
Comorbidities
Charlson comorbidity index, mean (SD) 2.2(2.3)
Parkinson’s disease 42 (15.4%)
Offending drugs
Antipsychotics 146 (563.7%)
GI motility drugs 113 (41.5%)
Flunarizine 13 (4.8%)

Abbreviations: DIP, drug-induced parkinsonism; GI, gastrointestinal; SD, standard deviation. 1 Income deciles
were defined based on health insurance contributions. The values 0 and 10 denote the lowest and highest
deciles, respectively.

3.2. Treatment Patterns after Incident DIP Diagnosis

Among all the patients, the most common modification after the occurrence of inci-
dent drug-induced parkinsonism (DIPs) was switching to other offending drugs (30.2%),
followed by dose adjustment (26.1%), reinitiation (21.3%), and discontinuation (18.0%)
(Figure 2). Notably, 4.4% of patients consistently received offending drugs. Of the patients
who discontinued offending drugs, 69.4% discontinued taking these drugs right after DIP
occurrence. More than half of the patients who reinitiated offending drugs chose another
drug within the same therapeutic class (56.9%), while 32.8% restarted the same drug at the
same dose. Male patients had a higher proportion of discontinuation (20.3% vs. 16.5%) and
a lower proportion of reinitiation (19.6% vs. 22.4%) and dose adjustment (24.5% vs. 27.1%)
compared to female patients.
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Figure 2. Treatment patterns after the occurrence of incident drug-induced parkinsonism. Abbrevia-
tions: GI, gastrointestinal.

Treatment patterns differed according to the type of drug used. Most patients taking
GI motility drugs switched to other GI motility drugs (38.4%) or reinitiated drugs after
temporary discontinuation (28.8%). Among the patients who reinitiated drugs, 61.9%
initiated other kinds of GI motility drugs, while 38.1% initiated the same drug with or
without dose adjustment (11.9% and 26.2%, respectively). Patients taking antipsychotics
mostly adjusted the dose of antipsychotics (39.8%) or switched to other antipsychotics
(23.0%). The proportion of patients who persistently used offending drugs was higher
in antipsychotic users (7.1%) than in GI motility drug users (2.0%). Most patients taking
flunarizine discontinued the drug (69.2%).

The median time to the first treatment modification was 42.0 days (an IQR of 17.0
to 166.0 days and a mean of 113.3 days), 61.0 days (an IQR of 22.0 to 191.0 days and a
mean of 125.2 days), 31.0 days (an IQR of 14.0 to 97.0 days and a mean of 101.9 days),
and 25.0 days (an IQR of 10.5 to 153.5 days and a mean of 70.8 days) in all patients, GI
motility drugs users, antipsychotics users, and flunarizine users, respectively. Among
the patients whose drugs had ever been discontinued during the follow-up period (either
temporarily or permanently), the median time to discontinuation was 90.0 days (an IQR of
26.0 to 229.0 days and a mean of 154.8 days), 88.5 days (an IQR of 21.0 to 182.0 days and
a mean of 143.4 days), 88.5 days (an IQR of 36.0 to 326.5 days and a mean of 180.6 days),
and 149.0 days (an IQR of 56.0 to 158.0 days and a mean of 108.4 days) in all patients, GI
motility drug users, antipsychotic users, and flunarizine users, respectively.

3.3. Prognosis after Incident DIPs

DIP remittance occurred in more than 70% of all patients, from 61.5% of the flunarizine
users to 77.4% of the GI motility drug users (Figure 3). However, approximately 25% of the
patients had recurrent or persistent DIP. Male patients had a higher proportion of recurrent
(17.6% vs. 13.5%) and persistent (13.7% vs. 10.6%) DIP compared to female patients.

The median time to remittance was 4.0 days (an IQR of 0.0 to 85.0 days and a mean
of 70.3 days), 0.0 days (an IQR of 0.0 to 69.0 days and a mean of 62.6 days), 35.5 days (an
IOR of 0.0 to 98.0 days and a mean of 86.4 days), and 0.0 days (an IQR of 0.0 to 4.5 days
and a mean of 23.1 days) in all patients, GI motility drug users, antipsychotic users, and
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flunarizine users, respectively. Among the patients who had recurrent DIP, the median
time to recurrence was 376.0 days (an IQR of 230.0 to 542.0 days and a mean of 399.8 days),
500.0 days (an IQR of 300.0 to 630.0 days and a mean of 462.1 days), 324.0 days (an IQR of
219.0 to 439.0 days and a mean of 354.5 days), and 210.0 days (an IQR of 209.0 to 427.0 days
and a mean of 338.2 days) in all patients, GI motility drug users, antipsychotic users, and
flunarizine users, respectively.

(A) All patients (B) GI motility drugs

Persistence of DIP Persisting DIP
11.8%

=
A\

Recurrence of
Recurrence of 12.3%
15.1%

Remittance of DIP Remittance of DIP
77.4%

1%

(C) Antipsychotics (D) Flunarizine

Persistence of DIP Persisting DIP
15.1% > | _ai0:0%

Recurrence
15.9%
Remittance
of DIP
Remittance of DIP
69.0%

61.5%

Figure 3. Prognosis after incident drug-induced parkinsonism. Abbreviations: DIP, drug-induced
parkinsonism; GI, gastrointestinal.

Figure 4 shows the prognosis for each type of treatment pattern. Among the patients
who discontinued the offending drugs, over 80% also showed DIP remittance. However,
patients with other patterns had a lower proportion of remittance, especially those who
persistently used the offending drugs (50.0%). Among patients who reinitiated offending
drugs, patients who chose another drug within the same therapeutic class (75.8%) showed
a higher proportion of remittance compared to patients who restarted the same drug at the
same dose (63.2%).

Persistent use 50.0% 8.3% 41.7%

Switching 73.2% 15.8% 11.0%

Dose adjustment 69.0% 16.9% 14.1%
Reinitiation 74.1% 17.3% 8.6%
Discontinuation 83.7% O¥L786.1%

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

= = RecuiTence rer

Figure 4. Prognosis by treatment patterns after incident drug-induced parkinsonism.
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4. Discussion

This retrospective cohort study explored the treatment changes and prognosis status in
patients who had experienced incident DIP in South Korea using a representative national
claims database. Among 272 patients with incident DIP, the majority received GI motility
drugs or antipsychotics as offending drugs. The patterns of treatment change differed
across the types of offending drugs. Patients taking GI motility drugs mostly switched
to other GI motility drugs or reinitiated the drugs after temporary discontinuation, while
patients taking antipsychotics mostly adjusted the dose of antipsychotics or switched to
other antipsychotics. The proportion of persistent users was higher among antipsychotic
users than among GI motility drug users. Regarding prognosis, approximately a quarter
of patients experienced DIP recurrence or persistence, the occurrence of which was lower
in patients who had discontinued the offending drugs than it was in those with other
treatment patterns.

This study investigated treatment changes and prognoses among patients with DIP
using large, nationwide, and population-based real-world data. Because all citizens in
South Korea are covered under either the National Health Insurance program or the Medical
Aid program, the NHIS-NSC database could represent the entire Korean population [20].
Herein, we tried to identify patients with definite DIP by defining incident DIP case as an
event with a diagnosis code of G21.1 or G25.1, and when the period for which offending
drugs were prescribed overlapped with the time of DIP diagnosis. This definition was
based on the views of Korean neurologists; therefore, it may reflect the features of the
disease in clinical practice [10]. Based on these strengths, we anticipate that our findings
may offer valuable insights into predicting DIP in patients prescribed high-risk drugs.
Consequently, this could aid in personalized treatment selection for these patients.

In a study using hospital-based data in South Korea, 48% of patients diagnosed with
levosulpiride-induced parkinsonism experienced persistent or recurrent parkinsonism even
after the withdrawal of levosulpiride [23]. In our study, GI motility drug users showed a
lower proportion of DIP recurrence or persistence (22.6%). This estimate is much lower
than that of the previous study, considering that the proportion in our study was estimated
regardless of the withdrawal of GI motility drugs. The difference might have resulted from
the features of the data source because the previous study used data from a large teaching
hospital that generally takes care of more severely ill patients compared to those attended
to in various hospital settings included in the nationwide data. In addition, levosulpiride
entails a high risk of DIP among the GI motility drugs, suggesting its potential impact on
the prognosis of DIP [1,6].

Treatment options are lacking for patients experiencing DIP [24]. Although anticholin-
ergic agents or amantadine may alleviate extrapyramidal symptoms, their efficacy has
not been established in a large study, and the evidence is conflicting [24-26]. Therefore,
discontinuing the offending drug may be the best choice if possible [27]. For patients
who cannot stop the drug immediately, dose adjustment or switching could be an alterna-
tive approach [24]. Appropriate strategies may differ according to the type of offending
drug. Given that GI motility drugs are generally used in the short-term and that several
alternatives are available for the management of functional dyspepsia, discontinuation or
switching to other classes (e.g., histamine type 2 receptor antagonists and proton pump
inhibitors) could be considered an effective strategy [28]. Conversely, discontinuing antipsy-
chotics may be unfeasible when considering the risk of exacerbating psychotic symptoms.
In this case, dose adjustment or switching to antipsychotics that have a lower propensity to
cause DIP would be better approaches than discontinuation [24]. In our previous study,
itopride and quetiapine were found to exhibit a comparatively low likelihood of inducing
DIP within the respective categories of GI motility drugs and antipsychotics [6]. Neverthe-
less, the selection of treatment should be based on a thorough assessment of clinical patient
features, including the severity of the disease, the presence of comorbidities, concurrent
medication usage, and the susceptibility to specific types of adverse events.
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Considering the limited evidence on the treatment of DIP, prevention should be the
first-line strategy to manage DIP and optimize treatment outcomes in patients prescribed
high-risk drugs. Future studies are needed to assess the risk of developing DIP based
on patient and drug characteristics. Moreover, our research revealed that approximately
a quarter of patients experienced DIP recurrence or persistence. This underscores the
importance of healthcare providers monitoring patients with DIP for symptom remission.
In order to prevent the recurrence of DIP, healthcare providers should employ effective
strategies that take into account the clinical benefits of utilizing drugs, as well as the
potential harm of DIP based on individual patient characteristics.

To properly assess the burden of DIP, it is important to understand its association with
the risk of developing Parkinson’s disease. A recent study analyzing nationwide healthcare
claims data in South Korea found that patients with DIP had a significantly increased risk
of developing Parkinson’s disease [16]. This suggests that DIP may be a strong risk factor
for the progression of preexisting subclinical parkinsonism to Parkinson’s disease. To fully
understand the relationship between DIP and Parkinson’s disease, it would be beneficial
to investigate the association between DIP prognosis and the likelihood of developing
Parkinson’s disease. This analysis was not feasible in the present study due to the limited
number of DIP patients and the short-term follow-up period. Further studies using a larger
database encompassing the entire DIP patient population with an extended follow-up
period are necessary.

The findings of this study should be interpreted with caution because of the following
limitations: The diagnosis codes for defining DIP may not fully capture all patients with
DIP. Because we only used the codes explicitly indicating “drug-induced” symptoms, we
could not explore the treatment changes and prognoses in some patients with diagnosis
codes related to parkinsonism but not specific to DIP or ion those who were undiagnosed.
Nevertheless, we attempted to identify patients with definite DIP, considering that parkin-
sonism not specific to DIP may not be distinguishable from the early signs of idiopathic
Parkinson’s disease. We assessed treatment changes and prognoses during the same follow-
up period; therefore, the prognosis might have preceded the treatment changes in some
cases. However, we assessed the time to treatment changes and prognoses, and the results
partly confirm that treatment changes preceded prognoses in most patients. Our findings
are limited to GI motility drugs and antipsychotics that are approved in South Korea and
may not be generalizable to other drugs in these categories. In particular, certain GI motility
drugs such as metoclopramide and domperidone have varying indications and approval
statuses across different countries; therefore, the findings regarding GI motility drugs
should be interpreted with caution depending on the context. Furthermore, it is notewor-
thy that the number of DIP patients included in this study is limited, which is due in part to
the utilization of the Sample Cohort database, which comprises only approximately 2% of
the Korean population. It should be acknowledged that DIP is frequently under-recognized
in clinical settings, and the utilization of data collected from the entire population may
provide additional insights into the treatment patterns and prognosis of DIP patients. Nev-
ertheless, the Sample Cohort database employed in this study was constructed through
a representative sampling process, thereby ensuring the generalizability of our research
findings. Lastly, it should be noted that the percentage of patients undergoing treatment
changes and prognosis, which was defined based solely on prescription information, may
have been subject to either overestimation or underestimation. This is because healthcare
claims data lack information on medication adherence, symptoms, and laboratory test
results. Despite these limitations, our study offers valuable insights into the current state of
DIP management in the real world and highlights areas of unmet need in DIP care. Based
on our findings, future research utilizing a larger database with a longer follow-up period
is necessary to investigate effective strategies for managing DIP.
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5. Conclusions

Overall, DIP patients who were taking GI motility drugs primarily switched to alterna-
tive Gl motility drugs or resumed their medication after temporary discontinuation. Con-
versely, those who were taking antipsychotics typically adjusted their dosage or switched to
alternative antipsychotic medication. Approximately a quarter of patients experienced DIP
recurrence or persistence, which were more prevalent in antipsychotic users than in those
taking GI motility drugs. To enhance treatment outcomes, it is imperative to assess the
risk of developing DIP in patients who are prescribed GI motility drugs or antipsychotics.
Additionally, healthcare providers should monitor patients experiencing DIP for symptom
remittance and employ effective strategies to prevent its recurrence.
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