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1. Commentary

The vitals of Parkinson’s disease (PD) address the often-ignored symptoms, which are con-
sidered either peripheral to the central core of motor symptoms of PD or secondary symptoms,
which, nevertheless, have a key role in the quality of life (QoL) and wellness of people with
Parkinson’s (PwP) [1]. Unmet needs in PwP have recently been discussed, with many being
related to motor symptoms and, specifically, non-motor symptoms (NMSs), which continue to
pose a major challenge to PwP and their clinicians [2]. In addition, several other factors related
to enablers of PD expression, progression, as well as co-morbidities and co-medication issues
compound the wellness of PwP and we proposed all PwP to have a dashboard, whereby clinical
assessment for these symptoms must be noted and managed as bespoke to the individual
person, a key element in modern personalized medicine for PD [3,4].

The key elements of the vitals to form a dashboard for PwP are shown in Figure 1.
These include the essential motor assessment, which is completed in almost all clinics as
the initial evaluation in consultations. Motor function can be graded by clinical examina-
tion and assigning the Hoehn and Yahr (H&Y) staging [5], which, despite its clinimetric
drawbacks, continues to be the most widely used clinical assessment for tangible and
real-life motor assessment of PD and has stood the test of time. If time permits and there is
capacity, then detailed motor examinations are possible using the Scales for Outcomes in PD
(SCOPA)-motor [6], Movement Disorder Society Unified PD Rating scale (MDS-UPDRS) [7],
or even the older UPDRS parts 3 and 4 [8]. In the future, PD-validated wearable monitoring
scores with sensors, such as Parkinson kinetograph (PKG), could be added [9,10].

Then, there is the burden of NMS assessments, which can be carried out and graded
using either the validated NMS Questionnaire (NMS Quest) or, if time permits, utilizing
the PD-NMS scale (NMSS) [11–14]. NMS burden (NMSB) should be performed for every
patient and graded, alongside the patients and their caregivers, rating their top named
bothersome NMS. NMSB is contributed to by a range of NMS, from cognitive issues,
neuropsychiatric problems, such as depression, apathy, and anxiety, to sleep dysfunction,
hyposmia, bladder, bowel, and upper gastrointestinal dysfunction, such as the dribbling of
saliva. NMSB has a direct correlation with QoL and a guide to using the NMS Quest in the
clinic has also been published. NMSB score should be integral to the dashboard and ideally
measured on a yearly basis [15].
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Figure 1. A diagram of the essential “vitals” to be considered in Parkinson’s disease which should
form a dashboard of symptoms to be considered and managed in every person with Parkinson’s.
NMSB non-motor symptom burden; H Pylori Helicobacter pylori; P Gingivalis porphyromonas
gingivalis; CPS comorbidity polypharmacy score.

Vision is a critical aspect of living with PD and is rarely formally addressed in a PD
clinic. A range of visual problems can occur in PD and these have been explored in several
studies [16–20]. Vision assessment is important for PwP who continue to drive and, in
this respect, night blindness (nyctalopia) and convergence insufficiency are important.
Subsequently, a patient may have significant discomfort related to dry eyes (xeropthalmia),
which is treatable with eye drops as well as glaucoma. The NMS Quest also allows for
declaration of diplopia, which is common in PD and may be related to dyskinesias or
convergence insufficiency. Nyctalopia may be related to vitamin A deficiency and may
require night-time bedroom lighting to prevent falls at night-time should the patient need
to get out of bed, for instance, to go to the toilet. Significant issues need a referral to an
ophthalmologist [21].

Bone health is an integral aspect of Parkinson’s wellness and relates to a very high inci-
dence of osteoporosis or osteopenia in PD and related risk of fractures with falls and frailty
as well as subsequent risk of hospitalization. A global longitudinal study of osteoporosis
in women, the GLOW study, reported PD to be the strongest and most robust contributor
to risk of fractures compared with other studied factors [22]. Motor dysfunction, frailty,
gait impairment and freezing, postural instability, diphasic or troublesome dyskinesias and
falls, polypharmacy, and reduced bone density contribute towards the increased risk of
fracture in PD [23–26]. Vitamin D deficiency along with disease duration and severity, age,
and low body mass index (BMI) with secondary hyperparathyroidism may also contribute
to low bone density and need to be evaluated in all PwP periodically and added to the
dashboard [22].

When assessing PwP holistically, the issue of weight is often ignored in clinical consul-
tations, although blood pressure, height, and weight are often routinely collected in the
clinic. Low body weight poses a specific challenge in PD and a low body weight phenotype
in PD, the Park-weight phenotype, has been proposed to have a high risk of dyskinesias, as
well as possible links with cognitive dysfunction and hyposmia [27–29]. Weight and BMI,
therefore, need to be noted at baseline in all PD cases and routinely charted for monitoring.
Unexplained weight loss is a question asked in the NMS Quest and, in addition, may
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be a problem with some medications, such as intrajejunal levodopa infusion, as well as
those with severe dyskinesias. Unexplained weight loss coupled with rising frailty has
also been linked to future cognitive dysfunction and, therefore, also may have prognostic
consequences [30,31].

Gut and oral health is another important enabler of wellness and health in PD and
constitutes the important “vital” aspect for the dashboard. Gut dysfunction in PD is well
documented and ranges from upper gastrointestinal dysfunction, such as dysphagia and
delayed gastric emptying, to constipation [32].

While many of these symptoms are flagged up in the NMS Quest and constitute part
of the NMSB, some need key and focused attention as they are often ignored in clinics.
These include:

1. Specific attention and query about oral health, gum, and gingivitis and an examination
by a dentist in all cases. Infection with porphyromonas gingivalis, a Gram-negative
anaerobic bacterium, can cause chronic periodontitis and possibly systemic inflamma-
tion, together with gingipains, and may have an overall effect on worsening of the
Parkinsonian state and even pathogenesis [33]. A recent study suggested that high
serum C-reactive protein (CRP) level may be a good indicator of periodontitis and
should trigger a referral to a dentist and needs to feature in the dashboard [34].

2. Delayed oral drug absorption as well as clinical phenomena of “delayed on” or
“no on” or even dyskinesias-related erratic absorption may relate to delayed gastric
emptying and “gastric blocks”. Helicobacter pylori (H Pylori) infection, a Gram-
negative bacteria, in the stomach is common in PD and several case-control studies
report that prevalence of H Pylori infection is five-times higher in older PD patients,
specifically those over 80 years of age, and up to three-times higher in PD patients
compared to healthy individuals [35].

3. Eradication of H Pylori infection using combined antibiotic therapies can improve
bioavailability and pharmacokinetics of levodopa and drug bioavailability by increas-
ing its absorption by 21 to 54%, despite one single-centre negative study. The latter
study, however, did not address blood levels of levodopa and instead focused on
quality of life and motor scores [36]. Any patient with delayed time to ‘ON’ after oral
levodopa absorption, as well as upper gastrointestinal symptoms of heartburn, bloat-
ing, and reflux, must have H Pylori infection tested and, if positive, be treated [37].

4. Severe constipation may arise from chronic dehydration and impacted faeces. This
also interferes with oral drug absorption and a simple abdominal X-ray may show
dilated bowel loops and impacted faeces [38,39]. Treatment with regular laxatives
and even an enema may then be warranted, as part of the vitals, in relevant cases.

Finally, there is the issue of comorbidity- and medication-related enablers of health,
such as impulse control disorders (ICD) as well as medication management. Diabetes
mellitus has been proposed to be a risk factor of PD and comorbid diabetes can affect
PD [40–42]. Consequently, blood glucose is often listed, along with urate, as associates in
the revised MDS criteria for PD, while antidiabetic drugs are being examined for possible
neuroprotection in PD [43]. Diabetes is a risk factor for worsening neurodegeneration,
delayed gastric emptying as well as cognitive dysfunction and, hence, should be actively
listed in the dashboard [44]. Other important co-morbidities, which have been proposed
as risk factors for PD, also include REM Sleep behaviour disorder (RBD), with 80% of
RBD patients developing neurodegenerative diseases, such as PD [45,46]. Development of
PD Dementia (PDD) has been proposed to be greater in those with higher UPDRS scores,
male gender, have hypertension, and, most commonly, have a history of neuropsychi-
atric disorders [47]. As such, greater emphasis should be on managing cognitive and
psychological disorders in PwP given the risk of significant progression in PD that can
occur in these cohorts; as such, the dashboard includes MoCa and MDS NMS, both of
which aid in the surveillance of the emergence and presence of psychiatric and other
neurological comorbidities.
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Polypharmacy is common in PD related to comorbidities and risks side effects, which
includes ICD with dopaminergic drugs, specifically dopamine agonists. Withdrawal of
dopaminergic drugs, specifically dopamine agonists, also needs to follow a graded pattern
to avoid dopamine agonist withdrawal syndrome [48,49]. The use of dopaminergic drugs
carries with it side effects, which must be reviewed in each consultation with PwP, to
ensure adequate support and holistic care are provided. Side effects include ICD, which
can range from hypersexuality, gambling, binge eating, or impulsively, and other side
effects, including neuropsychiatric (hallucinations, delusions) and dyskinesias [50,51]. The
dashboard includes assessment of these concurrently during consultation (see Figure 2).
Furthermore, specific attention needs to be given to anticholinergic drugs and a reference
to the anticholinergic index of all drugs being given to PwP, as these drugs should not be
used in the cholinergic subtype of PD and generally can worsen cognition and gait in PD.
In this respect, a comorbidity polypharmacy score (CPS), which is defined as the sum of
baseline medication and all known comorbidities, may be useful, and the severity of CPS
has been traditionally stratified as mild (CPS 0–7), moderate (8–14), severe (15–21), and
morbid (≥22 points). Pill burden, comorbidity, and swallowing all come into play in this
respect [52,53].
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Anticholinergic index
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ABPM
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The Parkinson’s Vitals Dashboard

Figure 2. A proposed “Parkinson’s vitals dashboard” comprising the vitals and some specific mea-
sures that should be undertaken. Divided into the essentials which should be performed annually at
review and consider some optional investigations and assessments if time permits. ABPM ambulatory
blood pressure monitoring; AXR abdominal X-ray; CLO campylobacter-like organism test; CPS
co-morbidities polypharmacy score; CRP C-reactive protein; DEXA dual energy X-ray absorptiometry
scan; ESS Epworth Sleepiness Scale; HADS Hospital anxiety and depression scale; HY Hoehn and
Yahr, H Pylori helicobacter pylori; ICD impulse control disorder; KPP King’s Parkinson’s Pain; MCI
mild cognitive impairment; MDS-UPDRS Movement disorder society unified Parkinson’s disease
rating scale; MoCA Montreal Cognitive Assessment; NMS nonmotor symptoms; NMS Quest NMS
questionnaire; OSDI Ocular Surface Disease Index; PDSS PD Sleep Scale; PKG Parkinson’s kine-
tograph; SCOPA-motor Scales for outcomes in Parkinson’s disease motor function; UDRS unified
dystonia rating scale; UDysRS unified dyskinesia rating scale.
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2. Conclusions

A dashboard of the vital symptoms, which are enablers of wellness in PD, needs
to be considered in every patient with PD, regardless of stage and setting, see Figure 2.
The process is simple and needs to be preferably recorded on an annual basis, as part
of their regular review. Attention to these vitals would ensure continuing good care for
PwP and function as the cornerstone of a holistic personalised modern symptom-driven
management strategy.

Author Contributions: Conceptualization, K.R.C., N.T., M.A.Q.; methodology, K.R.C., N.T., M.A.Q.;
validation, K.R.C., N.T., M.A.Q., I.M., C.F.-P.; formal analysis, N.T., M.A.Q.; investigation, K.R.C.,
N.T., M.A.Q., I.M., C.F.-P.; data curation K.R.C., N.T., M.A.Q., I.M., C.F.-P.; writing—original draft
preparation, K.R.C., N.T., M.A.Q.; writing—review and editing, K.R.C., N.T., M.A.Q., I.M., C.F.-P.;
visualization, K.R.C., N.T., M.A.Q., I.M., C.F.-P.; supervision, K.R.C., N.T., M.A.Q., I.M., C.F.-P.; project
administration, K.R.C., N.T., M.A.Q. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Subramanian, I.; Brindle, S.; Perepezko, K.; Chaudhuri, K.R. Wellness, sexual health, and nonmotor Parkinson’s. Int. Rev.

Neurobiol. 2022, 162, 171–184. [CrossRef] [PubMed]
2. LeWitt, P.A.; Chaudhuri, K.R. Unmet needs in Parkinson disease: Motor and non-motor. Park. Relat. Disord. 2020, 80, S7–S12.

[CrossRef] [PubMed]
3. Titova, N.; Chaudhuri, K.R. Personalized Medicine and Nonmotor Symptoms in Parkinson’s Disease. Int. Rev. Neurobiol. 2017,

134, 1257–1281. [CrossRef]
4. Titova, N.; Chaudhuri, K.R. Personalized medicine in Parkinson’s disease: Time to be precise. Mov. Disord. 2017, 32, 1147–1154.

[CrossRef] [PubMed]
5. Hoehn, M.M.; Yahr, M.D. Parkinsonism: Onset, progression and mortality. Neurology 1967, 17, 427–442. [CrossRef]
6. Martínez-Martín, P.; Benito-León, J.; Burguera, J.A.; Castro, A.; Linazasoro, G.; Martínez-Castrillo, J.C.; Valldeoriola, F.;

Vázquez, A.; Vivancos, F.; del Val, J.; et al. The SCOPA-Motor Scale for assessment of Parkinson’s disease is a consistent
and valid measure. J. Clin. Epidemiol. 2005, 58, 674–679. [CrossRef]

7. Goetz, C.G.; Tilley, B.C.; Shaftman, S.R.; Stebbins, G.T.; Fahn, S.; Martinez-Martin, P.; Poewe, W.; Sampaio, C.; Stern, M.B.;
Dodel, R.; et al. Movement Disorder Society-sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-UPDRS):
Scale presentation and clinimetric testing results. Mov. Disord. 2008, 23, 2129–2170. [CrossRef]

8. Disease, M.D.S.T.F.o.R.S.f.P.s. The Unified Parkinson’s Disease Rating Scale (UPDRS): Status and recommendations. Mov. Disord.
2003, 18, 738–750. [CrossRef]

9. Joshi, R.; Bronstein, J.M.; Keener, A.; Alcazar, J.; Yang, D.D.; Joshi, M.; Hermanowicz, N. PKG Movement Recording System Use
Shows Promise in Routine Clinical Care of Patients With Parkinson’s Disease. Front. Neurol. 2019, 10, 1027. [CrossRef]

10. Pahwa, R.; Bergquist, F.; Horne, M.; Minshall, M.E. Objective measurement in Parkinson’s disease: A descriptive analysis of
Parkinson’s symptom scores from a large population of patients across the world using the Personal KinetiGraph®. J. Clin. Mov.
Disord. 2020, 7, 5. [CrossRef]

11. Romenets, S.R.; Wolfson, C.; Galatas, C.; Pelletier, A.; Altman, R.; Wadup, L.; Postuma, R.B. Validation of the non-motor symptoms
questionnaire (NMS-Quest). Park. Relat. Disord. 2012, 18, 54–58. [CrossRef] [PubMed]

12. Martinez-Martin, P.; Ray Chaudhuri, K. Comprehensive grading of Parkinson’s disease using motor and non-motor assessments:
Addressing a key unmet need. Expert Rev. Neurother. 2018, 18, 41–50. [CrossRef] [PubMed]

13. Sauerbier, A.; Qamar, M.A.; Rajah, T.; Chaudhuri, K.R. New concepts in the pathogenesis and presentation of Parkinson’s disease.
Clin. Med. 2016, 16, 365–370. [CrossRef]

14. Chaudhuri, K.R.; Sauerbier, A.; Rojo, J.M.; Sethi, K.; Schapira, A.H.; Brown, R.G.; Antonini, A.; Stocchi, F.; Odin, P.;
Bhattacharya, K.; et al. The burden of non-motor symptoms in Parkinson’s disease using a self-completed non-motor
questionnaire: A simple grading system. Park. Relat. Disord. 2015, 21, 287–291. [CrossRef] [PubMed]

15. Todorova, A.; Martin, A.; Chaudhuri, K.R. How Do I Examine Nonmotor Aspects of Parkinson’s Disease? What Not to Miss and
What to Ignore? Mov. Disord. Clin. Pract. 2014, 1, 274. [CrossRef]

16. Ekker, M.S.; Janssen, S.; Seppi, K.; Poewe, W.; de Vries, N.M.; Theelen, T.; Nonnekes, J.; Bloem, B.R. Ocular and visual disorders in
Parkinson’s disease: Common but frequently overlooked. Park. Relat. Disord. 2017, 40, 1–10. [CrossRef]

17. Armstrong, R.A. Visual Dysfunction in Parkinson’s Disease. Int. Rev. Neurobiol. 2017, 134, 921–946. [CrossRef]
18. Armstrong, R.A. Oculo-Visual Dysfunction in Parkinson’s Disease. J. Parkinsons. Dis. 2015, 5, 715–726. [CrossRef]

5



J. Pers. Med. 2022, 12, 1994

19. Borm, C.; Werkmann, M.; Visser, F.; Peball, M.; Putz, D.; Seppi, K.; Poewe, W.; Notting, I.C.; Vlaar, A.; Theelen, T.; et al. Towards
seeing the visual impairments in Parkinson’s disease: Protocol for a multicentre observational, cross-sectional study. BMC Neurol.
2019, 19, 141. [CrossRef]

20. Meppelink, A.M.; de Jong, B.M.; Renken, R.; Leenders, K.L.; Cornelissen, F.W.; van Laar, T. Impaired visual processing preceding
image recognition in Parkinson’s disease patients with visual hallucinations. Brain 2009, 132, 2980–2993. [CrossRef]

21. Sauerbier, A.; Ray Chaudhuri, K. Parkinson’s disease and vision. Basal Ganglia 2013, 3, 159–163. [CrossRef]
22. Dennison, E.M.; Compston, J.E.; Flahive, J.; Siris, E.S.; Gehlbach, S.H.; Adachi, J.D.; Boonen, S.; Chapurlat, R.; Díez-Pérez, A.;

Anderson, F.A., Jr.; et al. Effect of co-morbidities on fracture risk: Findings from the Global Longitudinal Study of Osteoporosis in
Women (GLOW). Bone 2012, 50, 1288–1293. [CrossRef] [PubMed]

23. Bezza, A.; Ouzzif, Z.; Naji, H.; Achemlal, L.; Mounach, A.; Nouijai, M.; Bourazza, A.; Mossadeq, R.; El Maghraoui, A. Prevalence
and risk factors of osteoporosis in patients with Parkinson’s disease. Rheumatol. Int. 2008, 28, 1205–1209. [CrossRef] [PubMed]

24. Abou-Raya, S.; Helmii, M.; Abou-Raya, A. Bone and mineral metabolism in older adults with Parkinson’s disease. Age Ageing
2009, 38, 675–680. [CrossRef]

25. Wood, B.; Walker, R. Osteoporosis in Parkinson’s disease. Mov. Disord. 2005, 20, 1636–1640. [CrossRef]
26. Can, N.U.; Alagöz, A.N. The Relationship Among Bone Mineral Density, Bone Biomarkers and Vitamin D Levels in Patients with

Parkinson’s Disease. Clin. Lab. 2020, 66, 8. [CrossRef]
27. Sharma, J.C.; Lewis, A. Weight in Parkinson’s Disease: Phenotypical Significance. Int. Rev. Neurobiol. 2017, 134, 891–919.

[CrossRef]
28. Sharma, J.C.; Vassallo, M. Prognostic significance of weight changes in Parkinson’s disease: The Park-weight phenotype.

Neurodegener. Dis. Manag. 2014, 4, 309–316. [CrossRef]
29. Lorefält, B.; Ganowiak, W.; Pålhagen, S.; Toss, G.; Unosson, M.; Granérus, A.K. Factors of importance for weight loss in elderly

patients with Parkinson’s disease. Acta Neurol. Scand. 2004, 110, 180–187. [CrossRef]
30. Urso, D.; van Wamelen, D.J.; Batzu, L.; Leta, V.; Staunton, J.; Pineda-Pardo, J.A.; Logroscino, G.; Sharma, J.; Ray Chaudhuri, K.

Clinical trajectories and biomarkers for weight variability in early Parkinson’s disease. NPJ Parkinsons Dis. 2022, 8, 95. [CrossRef]
31. Borda, M.G.; Pérez-Zepeda, M.U.; Jaramillo-Jimenez, A.; Chaudhuri, K.R.; Tovar-Rios, D.A.; Wallace, L.; Batzu, L.; Rockwood, K.;

Tysnes, O.B.; Aarsland, D.; et al. Frailty in Parkinson’s disease and its association with early dementia: A longitudinal study. Park.
Relat. Disord. 2022, 99, 51–57. [CrossRef] [PubMed]

32. Metta, V.; Leta, V.; Mrudula, K.R.; Prashanth, L.K.; Goyal, V.; Borgohain, R.; Chung-Faye, G.; Chaudhuri, K.R. Gastrointestinal
dysfunction in Parkinson’s disease: Molecular pathology and implications of gut microbiome, probiotics, and fecal microbiota
transplantation. J. Neurol. 2022, 269, 1154–1163. [CrossRef] [PubMed]

33. Auffret, M.; Meuric, V.; Boyer, E.; Bonnaure-Mallet, M.; Vérin, M. Oral Health Disorders in Parkinson’s Disease: More than Meets
the Eye. J. Parkinsons Dis. 2021, 11, 1507–1535. [CrossRef] [PubMed]

34. Lyra, P.; Botelho, J.; Machado, V.; Rota, S.; Walker, R.; Staunton, J.; Proença, L.; Chaudhuri, K.R.; Mendes, J.J. Self-reported
periodontitis and C-reactive protein in Parkinson’s disease: A cross-sectional study of two American cohorts. NPJ Parkinsons Dis.
2022, 8, 40. [CrossRef] [PubMed]
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Abstract: Background: Phenotypic differences in Parkinson’s Disease (PD) among locals (Emiratis)
and Expatriates (Expats) living in United Arab Emirates have not been described and could be
important to unravel local aspects of clinical heterogenicity of PD pointing towards genetic and
epigenetic variations. Objective: To investigate the range and nature of motor and nonmotor clinical
presentations of PD and its impact on time to diagnosis, local service provisions, and quality of life
in Emiratis and Expats in UAE, as well as address the presence of current unmet needs on relation
to care and etiopathogenesis of PD related to possible genetic and epigenetic factors. Methods: a
cross-sectional one point in time prospective, observational real-life study of 171 patients recruited
from PD and Neurology clinics across United Arab Emirates from 2019–2021. Primary outcomes
were sociodemographic data, motor and nonmotor symptoms (NMS), including cognition and sleep,
and quality of life (QOL) assessments, Results: A total of 171 PD patients (52 Emiratis 119 Expats)
were included with mean age (Emiratis 48.5 (13.1) Expats 64.15 (13.1)) and mean disease duration
(Emiratis 4.8 (3.2) Expats 6.1 (2.9)). In the Emiratis, there was a significant mean delay in initiating
treatment after diagnosis (Emiratis 1.2 (0.9) Expats 1.6 (1.1)), while from a clinical phenotyping
aspect, there is a high percentage of akinesia 25 (48.1) or tremor dominant (22 (42.3)) phenotypes as
opposed to mixed subtype 67 (56.3) in Expat cohorts; double tremor dominant, especially Emirati
females (25%), had a predominant lower limb onset PD. Both Emirati (27.9 (24.0)) and Expat 29.4
(15.6) showed moderate NMS burden and the NMS profile is dominated by Sleep, Fatigue, Mood,
Emotional well-being 3.0 (1.1) and Social Stigma 3.5 (0.9) aspects of PDQ8 SI measurements are
predicted worse QOL in Emiratis, while lack of social support 2.3 (1.3) impaired QOL in Expat
population. Awareness for advanced therapies was low and only 25% of Emiratis were aware of
deep brain surgery (DBS), compared to 69% Expats. Only 2% of Emiratis, compared to 32% of Expats,
heard of Apomorphine infusion (CSAI), and no (0%) Emiratis were aware of intrajejunal levodopa
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infusion (IJLI), compared to 13% of expats. Conclusion: Our pilot data suggest clinical phenotypic
differences in presentation of PD in Emiratis population of UAE compared to expats. Worryingly, the
data also show delayed treatment initiation, as well as widespread lack of knowledge of advanced
therapies in the Emirati population.

Keywords: young onset Parkinson’s (YOPD); Emiratis; expatriate; genetic; epigenetics; societal
impact; device aided therapies; quality of life; non motor symptoms

1. Background

Parkinson’s disease (PD) is the second most common neurodegenerative disorder,
with an increasing prevalence with age; according to a recent study by Post et al. [1], 1 in
10 people aged 45 to 100 are at risk of developing PD and 4 out of every 100 people are
diagnosed with PD before the age of 50 (young onset PD) YOPD [1]. Whether or not
the frequency of PD varies by race/ethnicity or gender, it is now the leading cause of
disability worldwide. Unlike in European and United Kingdom Parkinson’s cohorts, Arab
families have a high rate of consanguineous marriages [2] which may increase the risk of
genetic phenotypes (YOPD) albeit Familial PD accounts for less than 10% of all cases of
PD [3]. Some studies show low prevalence of PD in some Arab communities, especially in
the Al Thuqbah region of Saudi Arabia (27 per 100,000) [4], in contrast to relatively high
prevalence in north African Arabs [5] (31.4–557.4 per 100,000), whereas varied genetically
heterogenous patterns were reported in Tunisian study by Gouider-Khouja N [6].

A pilot study conducted by the Movement Disorders International task force [7] iden-
tified unmet needs in the Middle East, North Africa, South Asia (MENASA) region and
recommended requirement and need for multidisciplinary care, increased movement disor-
ders specialists, educational programs, accurate epidemiologic/genetic data, awareness
and availability of more advanced therapies, and suitable infrastructure to provide care to
the people with PD. However, no tangible developments in relation to the aforementioned
unmet needs are currently obvious, and our study aimed to address the awareness and
range and nature of PD in a granular manner in a local UAE population here a comparison
with settled expat communities. There are also genetic aspects that have to be considered.
For instance, the LRRK2, G2019S, autosomal dominant PD with inadequate penetrance
and autosomal recessive inheritance patterns were discovered in a genomic analysis of
familial PD in Tunisia [8] and are now known to be prevalent in North African Arabs in
Gulf cooperation council countries (GCC) with Arabic population [8–10]. This could be due
to ancestry disparities between Arabs from the Gulf Cooperation Council and Arabs from
North Africa, with the latter being considerably more closely linked to Berber ancestry [11].
As an example, Al-Mubarak et al. [11] reported no LRRK2 G2019S mutations in the Saudi
population they studied.

Furthermore, epidemiologic evidence suggests that ethnicity/race may play a signif-
icant impact on genetic, epigenetic, environmental, cultural, and socioeconomic factors,
which may affect the pathophysiology and symptomatic expression in PD [12–14]. Given
its multi- ethnic population, the United Arab Emirates (UAE), particularly the Dubai area,
allows our study and comparison of endophenotypic variations in carefully selected locals
and expats. The results may aid in the establishment of a biobanking share initiative with
the local setup, specifically to study genetic and epigenetic aspects of diseases. Aside
from a few anecdotal studies, as discussed above, no obvious robust prevalence or any
endophenotypic studies have been reported or been described among UAE patient cohorts
to date. Ours is possibly the first UAE real-life study seeking to understand any specific
clinical phenotypic (motor and nonmotor, predictors of QOL) differences in the local Emi-
rati population compared to a wider Expat group in addition to differences in perception
of treatment and delivery of care.

10



J. Pers. Med. 2022, 12, 1300

2. Methods
Study Design

This was a cross-sectional one-point-in-time prospective, observational real-life study
of 171 patients recruited from PD and Neurology clinics across United Arab Emirates
from 2019 to 2021. Primary outcomes were sociodemographic data, motor and nonmotor
symptoms (NMS), including cognition and sleep, and quality of life (QOL) assessments.

This study was carried out in accordance with local ethical committee guidelines. Prior
to participating in the study, all patients provided written consent and all data were stored
in an anonymized fashion in accordance with the ongoing UK portfolio adopted NILS
longitudinal cohort study at the National Parkinson’s Centre of Excellence at Kings College
Hospital in London, Dubai, in accordance with the General Data Protection Regulation
(GDPR UAE). The NILS (UK) study has been authorized by local ethics committees (NRES
South-East London REC3, 10,084, 10/H0808/141).

3. Informed Consent

Informed consent was obtained from patients/carers/all participants involved in this study.

3.1. Patient Selection

Patients with a confirmed diagnosis of Parkinson’s disease (PD) who met the UK PD
Brain Bank criteria were recruited. Referrals to national Parkinson’s Centre of Excellence
Kings College Hospital, Dubai, from all around the UAE (mainly from Dubai, Abu Dhabi
Sharjah, Al Ain, Ras Al Khaimah, and others) and self-referrals were included.

Separation of Emirati and Expat groups were carried out following established local
methodology. Emirates were UAE nationals and Expats were carefully selected to provide
for a comparator group and only included subjects from outside Asia and settled in UAE.

3.2. Assessments

During the consultation, as a part of good clinical practice, standardized assessment
protocols such as the demographics of (Emirati vs. Expat), age, gender, disease duration,
were used, Levodopa Equivalent Daily Dose Calculation (LEDD) [15]. other scales like
Hoehn and Yahr Staging (H&Y) [16], and Non-Motor Symptoms Scale (NMSS) [17], Parkin-
son’s Disease Questionnaire-8 (PDQ-8) [18], Kings Parkinson’s Pain Scale (KPPS) [19], PDSS
(Parkinson’s Disease Sleep Scale) [20], MMSE (Mini-Mental State Examination) [21], PFS 16
(Parkinson’s Fatigue Scale) [22], and the Hospital Anxiety Depression Scale (HADS) [23]
were applied. Details of these validated scales have been published elsewhere and the
assessments were performed in line with the NILS assessment; a national study by the
National Institute of Health Research in the UK (UKCRN No: 10,084) currently containing
data for over 1600 PD patients.

4. Statistical Methods

Data did not fit normal distribution; thus, non-parametric statistics were applied.
Descriptive statistics (frequencies and percentages, mean, standard deviation—SD-, median,
and inter-quartile range—IQR) were calculated for socio-demographic and clinical variables
and scale scores. Differences in scores between Emiratis and Expats were explored using
Mann–Whitney and chi-square tests (significance, p < 0.05).

5. Results

In total, 171 patients of all ages and HY stages of Parkinson’s disease from across the
UAE (primarily from Dubai, Abu Dhabi Sharjah, Ain, Abu Dhabi, Ras Al Khaimah, etc.)
were recruited during the period 2019–2021. A total of 171 PD patients (52 Emiratis
119 Expats) were included, with mean age (Emiratis 48.5 (13.1), Expats 64.15 (13.1)) and
mean disease duration (Emiratis 4.8 (3.2), Expats 6.1 (2.9)), respectively, regardless of their
origin, similar to other European and Caucasian cohorts. Male preponderance (73.1%)
compared to females (26.9%) is observed in both Emiratis and Expat patients, whereas
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disease duration in Expats cohorts 6.1 (2.9) was longer than Emiratis 4.8 (3.2) in years
(Table 1).

Table 1. Demographic and clinical variables by origin of the patients.

Age 59.4 (14.9) 48.5 (13.1) 64.15 (13.1) <0.001 *
Disease Duration (years) 5.7 (3.05) 4.8 (3.2) 6.1 (2.9) <0.001 *

H&Y 2.5 (0.5) a 2.5 (0.5) a 3 (0.5) a <0.001 **
LED 752.1 (457.8) 473.08 (473.7) 874.03 (394.06) <0.001 *

Delay in treatment (years) 1.5 (1.06) 1.2 (0.9) 1.6 (1.1) 0.03
Number of neurologists seen 2.9 (1.1) 3.6 (1.1) 2.5 (0.9) <0.001 *

PD subtypes

<0.001 **
Akinetic 51 (29.8) b 25 (48.1) b 26 (21.8)
Tremor 48 (28.1) b 22 (42.3) b 26 (21.8)
Mixed 72 (42.1) b 5 (9.6) b 67 (56.3)

All values are expressed as mean (standard deviation), except a median (inter-quartile range) and b frequency
(percentage). * Mann-Whitney test; ** chi-square test.

There was a 1.5 (1.06) delay in starting PD treatment after formal diagnosis with an
average delay of 1.2 (0.9) years in Emiratis and 1.6 (1.1) years in Expats, and, interestingly,
we discovered at least three neurologists 3.6 (1.1) were seen by Emiratis compared to
expats 2.5 (0.9) consulted after onset of symptoms, before diagnosis and initiation of PD
treatment (Table 1). Surprisingly, 37% of Emirati patients were not on any treatment even
after 2–5 years of diagnosis.

Emiratis appeared to have a higher rate of young onset Parkinson’s disease (PD onset
below 50 years) (YOPD) and while from a clinical phenotyping aspect, there is a high
percentage of akinesia 25 (48.1) or tremor dominant 22 (42.3) phenotypes as opposed to
mixed subtype 67 (56.3), in Expat cohorts, double tremor dominant especially Emirati
females (25%) had a predominant lower limb onset PD (Table 1).

In Table 2, the differences in the applied rating scales between Emiratis and Expats
are displayed.

Table 2. Scales scores and differences by origin of the patients.

Variables Total Sample (N = 171) Emiratis (N = 52) Expats (N = 119) p *

NMSS Total 29.0 (18.5) 27.9 (24.0) 29.4 (15.6) 0.030
Cardiovascular 2.0 (1.5) 1.4 (1.5) 2.3 (1.5) <0.001
Sleep/fatigue 4.0 (2.7) 5.2 (3.6) 3.5 (2.1) 0.006

Mood/Apathy 2.7 (3.0) 3.2 (4.9) 2.4 (1.6) 0.028
Perceptual problems/

Hallucinations 2.1 (1.6) 1.5 (1.4) 2.4 (1.6) <0.001

Attention/memory 2.4 (2.4) 1.6 (1.8) 2.7 (2.6) <0.001
Gastrointestinal 3.0 (2.0) 2.6 (2.4) 3.1 (1.7) 0.013

Urinary 3.0 (2.0) 2.2 (3.4) 3.3 (4.6) <0.001
Sexual function 7.5 (5.4) 8.0 (6.5) 7.2 (4.8) 0.954
Miscellaneous 2.2 (1.8) 2.0 (2.3) 2.3 (1.5) 0.012

PDQ-8 SI 61.6 (21.2) 54.6 (18.3) 64.6 (21.6) 0.002
Bodily Discomfort 2.4 (1.2) 2.3 (1.2) 2.4 (1.2) 0.645
Communication 2.0 (1.3) 1.6 (1.2) 2.1 (1.3) 0.038

Cognition 2.0 (1.3) 1.4 (1.0) 2.2 (1.3) <0.001
Social Support 2.0 (1.3) 1.5 (1.2) 2.3 (1.3) <0.001

Stigma 3.4 (1.0) 3.5 (0.9) 3.3 (1.1) 0.266
Emotional well-being 3.2 (1.1) 3.0 (1.1) 3.1 (1.1) 0.625

Activities of daily living 2.5 (1.3) 2.0 (1.1) 2.7 (1.3) 0.003
Mobility 2.2 (1.3) 1.7 (1.2) 2.4 (1.3) 0.007
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Table 2. Cont.

Variables Total Sample (N = 171) Emiratis (N = 52) Expats (N = 119) p *

KPPS Total 16.1 (8.0) 13.3 (7.2) 17.3 (8.1) 0.002
Musculoskeletal pain 2.1 (1.2) 1.7 (1.1) 2.2 (1.2) 0.002

Chronic pain 2.1 (1.2) 1.6 (0.9) 2.3 (1.2) <0.001
Fluctuation-related pain 2.1 (1.2) 1.6 (0.8) 2.3 (1.2) <0.001

Nocturnal pain 3.1 (1.8) 2.7 (1.7) 3.3 (1.8) 0.018
Orofacial pain 2.4 (2.4) 2.3 (3.9) 2.4 (1.4) <0.001

Discoloration/oedema 2.2 (1.3) 1.7 (1.0) 2.4 (1.5) 0.002
Radicular Pain 2.1 (1.3) 1.6 (1.0) 2.3 (1.3) <0.001

PFS-16 10.5 (2.8) 11.1 (2.7) 10.2 (2.8) 0.089
MMSE 28.1 (2.9) 29.2 (2.1) 27.6 (3.0) <0.001
PDSS 70.7 (19.6) 77.3 (17.2) 67.8 (19.9) 0.003

HADS-Anxiety 9.4 (2.2) 9.9 (2.2) 9.2 (2.2) 0.079
HADS-Depression 8.2 (2.8) 7.5 (2.8) 8.5 (2.7) 0.023

* Mann-Whitney test.

Based on NMSS score and staging, both Emirati (27.9) (24.0) and Expats 29.4 (15.6) had
moderate NMS burden. NMS profile is dominated by Sleep, Fatigue, Mood, Emotional well-
being 3.0 (1.1), and Social Stigma 3.5 (0.9) aspects of PDQ8 measurements are predicted
worse QOL in Emiratis, while lack of social support 2.3 (1.3) impaired QOL in Expat
population. Nocturnal pain 2.7 (1.7) dominates in Emiratis, whereas both nocturnal and
radicular pain, 3.3 (1.8) and 2.3 (1.3), respectively, dominates in Expat population.

6. Discussion

Our study reports some key findings highlighting differences in PD presentation and
delivery of Parkinson’s care among local Emirati population versus a comparator Expat
PD population in UAE.

These are: Emirati PD patients tended to have young onset Parkinson’s (YOPD) 48.5
(13.1) which is lower than a global average, Khalil et al. [7]. This may underpin a genetic
causation or predisposition possibly contributed to by consanguinity in Arab population,
although this was not specifically studied and is certainly worthy of further larger suitable
powered clinical genetic cohort studies. Moreover, 93.8% of Emiratis presented to our
clinics were YOPD within 1–5 years’ duration. It is also considered that the general age of
the Emirate population tends to be lower and as such there may be a bias to this observation.

The occurrence of higher proportion of Lower limb tremor (LLT) in emirate female
PD is of interest. LLT has been specifically described to occur in some genetic variants
of PD such as in Parkin mutation [24], as well as in those with LRRK2 [25] and the data,
therefore, need more specific observation, and genetic and biomarker analysis, as well as
clinical follow up of this specific cohort. There was a higher representation of nocturnal,
fluctuation, and radicular pain in the LLT group. This is a preliminary finding and needs
to be investigated in more granular detail. Lower back pain and shoulder pain (variants
of musculoskeletal and radicular pain) have been reported in PINK1 and GBA mutation
related PD cases [26]. Fluctuation is often seen at a greater level in YOPD and parkin
positive cases. These factors, therefore, need exploring as Emirati patients, who were
either on low levodopa doses or those who were eligible or unaware of advanced device
aided therapies (DAT), respond very well either to escalating dopaminergic regime or
DAT therapies.

When data on the Emirate PD are examined in a more granular fashion, it emerges
that the Emirate PD, in spite of lower disease duration, have similar HY stage compared
to the expat group and similar burden of overall NMS scores. Moreover, 29.0 (18.5) was
seen in both Emiratis and Expats and NMS profile is dominated by Sleep, Fatigue, Mood.
On the whole the overall NMS burden were similar cross both groups, and given that the
emirate PD group had a significantly lower disease duration, this may mean that the clinical
PD phenotype in this group may have a greater representation of the recently described
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NMS endophenotypes [27]. Greater understanding and clarity around this pattern of
endophenotype would be important to assign sub type specific treatment and delivery
of personalized medicine [28] in this group. A faster disease progression in this group,
therefore, could be proposed on the basis of this observation although lower LED intake in
the Emirate group could be a confounder.

Another striking feature of our study we would like to highlight is Emotional well-
being and Social Stigma aspects of PDQ8 SI measurements, which were predicted worse
QOL in Emiratis, while lack of social support impaired QOL in Expat population Pain in
Parkinson’s is independent of disease severity so is with disease duration. Nocturnal pain
Predominates in Emiratis, whereas both nocturnal and radicular pain dominate in Expat
population (Figure 1).
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Figure 1. Graphical representation of PD subtype vs. pain domains (KPPS) in Emiratis. In this
graph it can be seen that Nocturnal pain (NP) is found to be higher in all the PD Subtypes where as
Radicular pain scores high in Tremor Dominant Subtype.

Finally, we consider vignettes of care delivery of PD across both groups. The Emirates
saw more neurologists, and, in spite of seeing at least three neurologists, there was a
significant delay in initiation of treatment, even after diagnosis in general UAE PD patients
(both Emiratis and Expats). Surprisingly, 33% Emiratis were not on any treatment, even
after 2–5 years of diagnosis, and this observation is in conflict with the wider consensus that
treatment in PD ought to be started at diagnosis as patients otherwise report progressive
deterioration in QoL [29].

Delivery of care in PD is also underpinned by successful provision of advanced infu-
sion (apo IJLI) and surgical treatments. Here, awareness of patient about these treatments
is paramount and our data suggest (Figure 2) that only 25% of Emiratis are aware of the
deep brain stimulation surgery (DBS), compared to 69% of Expats. Interestingly only 2%
of Emiratis are aware of Apomorphine infusion treatment (CSAI), compared with 32%
of Expats. Surprisingly, no (0%) Emiratis, compared to 13% of expats, were aware of
intrajejunal levodopa infusion (IJLI). Out of 171 (our study sample), only 8% were treated
with device aided therapies, despite the fact that nearly 50% were eligible based on Delphi
5-2-1 criteria [30]. This may be due to lack of awareness, or specialist skills or experience or
advanced device aided therapy (DAT) treatment guidelines to implement these therapies.
Some of the Arabic patients and care givers struggled with clinical scales/questionnaires
being in English; perhaps Arabic translated ones would be beneficial.
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The findings consolidate several key unmet needs related to MENASA countries as
articulated in the 2020 paper by Khalil et al. [7]. In the Emirate PD, well controlled longitu-
dinal cohort studies need to be undertaken seeking genotype phenotype correlations from
a care perspective; awareness for advanced therapies needs to be improved and this needs
to be a multilevel educational exercise related to both patients and health care professionals.
Such access to therapies can be improved by implementation of a culturally bespoke local
clinical guideline for pharmacological as well as non-pharmacological therapies for PD.

6.1. Why Early Diagnosis and Treatment Important in PD?

Parkinson’s disease is a progressive neurodegenerative condition attributed to progres-
sive loss of dopaminergic neurons emerging evidence supports early intervention may help
preserving the functioning of neurons helps in slowing disease progression and improving
overall quality of life [31]. Early treatment depends and relies on early diagnosis; a UK
autopsy study of 100 subjects who had been diagnosed with PD found a misdiagnosis rate
of 24% [32], while another study [33] showed nearly 47% of PD diagnosis are incorrect
when performed in primary care setting and by non-movement disorder specialists. It
is necessary that the required skill set and resources are refined as early detection and
treatment have potential to improve the experience and quality of life [34].

6.2. Clinical Benefits of Early Diagnosis and Treatment in PD?

Several studies demonstrated clinical benefit of early treatment. A multicenter con-
trolled clinical trial of Selegiline for 24 months’ follow-up on 800 patients in 1987 demon-
strated a delayed onset of disability and reduction in motor function (UPDRS) and require-
ment of Ldopa [35]. Early Parkinson’s disease can be managed successfully for up to five
years with the use of Ropinirole alone and supplementing it with levodopa if necessary.
This result is observed in a 5-year follow up study comparing the role of Ropinirole vs.
L-DOPA and Benserazide [36]. In another study, Rasagiline treatment demonstrated sig-
nificant improvement in motor (UPDRS) and no change in onset/frequency of adverse
events in a 26-week follow-up study comparing Rasagiline vs. Placebo [37]. A 46-month
SPECT study of individuals treated with Pramipexole and Carbidopa Levodopa revealed
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that the Pramipexole-treated group had less dopaminergic neuron degeneration than
the Carbidopa-treated group, with identical UPDRS scores in both groups [38]. After a
24-month follow-up, in a PET study of patients treated with Ropinirole and Carbidopa
Levodopa, the Ropinirole-treated group showed decreased dopaminergic neuron degen-
eration, with equivalent UPDRS ratings in both groups [39]. A 42-week follow-up study
of varied multiple doses of carbidopa levodopa revealed a dose-related improvement in
motor UPDRS scores [40]. With Pramipexole, there was a reduction in dyskinesia and
wear-off, but the L-dopa group had a better overall score and motor score, as well as fewer
side effects (freezing, somnolence, and edema) [41]. In a meta-analysis of 5247 individuals
treated with dopamine agonists and levodopa, patients treated with dopamine agonists had
fewer motor problems (dyskinesias or dystonia) than patients treated with levodopa [42].
Individuals treated with MAO B inhibitors had improvements in both motor scores and
activities of daily living in a meta-analysis study of 3525 patients treated with MAO B
inhibitors and levodopa [43]. Rasagiline 1 mg and 2 mg were compared to placebo in a
72-week follow-up study. With Rasagiline 1 mg, but not with 2 mg dosage, the early-start
group had better UPDRS scores than the delayed-start group [44]. The 6.5-year extension
of the TEMPO research confirmed that the early treated group had less UPDRS score degra-
dation than the delayed onset group [45]. The intervention group experienced a slow onset
of dyskinesia and had a higher frequency of dyskinesia [46]. L-dopa improves mobility
and gives higher quality of life than dopamine agonists (DA) and monoamine oxidase type
B inhibitors, according to a 36-month follow-up study of 1620 patients comparing levodopa
and dopamine agonists and MAOB inhibitors [47] all these studies (randomized clinical
trials and meta-analysis) summarized in (Table 3) supports treatment should be initiated at
the time of diagnosis, delaying the treatment has worst prognostic implications (Table 3).

Table 3. Studies showing clinical benefits of early diagnosis of Parkinson’s disease.

Year Study Outcome

1993 DATATOP
Selegiline compared with placebo, 24-month follow up of

800 patients showed Selegiline delayed the onset of disability
and reduction in motor (UPDRS) and requirement of L-dopa

2000 RASCOL et al.

A 5-year follow up study comparing Ropinirole vs.
L-dopa and Benserazide, patients treated with Ropinirole had

longer time to dyskinesia’s and no significant difference or change
in motor scores or quality of between two groups

2002 TEMPO

A 26-week follow up study comparing Rasagiline vs. Placebo,
Rasagiline treated group showed significant improvement in

motor (UPDRS) and no
difference in onset/frequency of adverse events.

2002 CALM-PD-CIT

A 46-month follow up SPECT study of patients treated with
Pramipexole and carbidopa Levodopa showed less

dopaminergic neuron degeneration in Pramipexole treated
group with similar UPDRS scores in both groups.

2003 REAL-PET

A 24-month follow-up PET study of patients treated with Ropinirole
and Carbidopa Levodopa showed less dopaminergic neuron

degeneration in Pramipexole treated group with similar UPDRS
scores in both groups.

2004 ELLDOPA
A 42-week follow up study of various multiple doses of

carbidopa levodopa showed significant improvement in motor
UPDRS scores in a dose related fashion.

2008 STOOWE et al.
A meta-analysis study 5247 patients treated with dopamine

agonists and Levodopa; patients treated with dopamine
agonists has less motor complications (dyskinesia’s, dystonia)
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Table 3. Cont.

Year Study Outcome

2008 Ives et al.

A meta-analysis study 3525 patients treated with MAO B
inhibitors and Levodopa; patients treated with MAO B
inhibitors have improvements in both motor scores and

activities of daily living.

2009 ADAGIO

A 72-week follow up study comparing Rasagiline 1 mg and
2 mg compared with placebo showed Improved UPDRS scores
in the early-start group compared to delayed-start group, with

Rasagiline 1 mg but not with 2 mg dosage

2009 Hauser et al.
A 6.5-year extension of TEMPO study indeed

showed early treated group has less worsening of UPDRS
scores compared to delayed onset

2014 PD MED TRIAL

A 36-month follow up study of 1620 patients comparing
levodopa and dopamine agonists and MAOB inhibitors showed

L-dopa improves mobility and provides better quality of life
compared to dopamine agonists (DA) and monoamine oxidase

type B inhibitors (MAOBI)

6.3. Economical Benefits of Early Diagnosis and Treatment in PD?

Early intervention is likely to have a significant impact on healthcare costs, as well as
societal impact; several studies showed the impact of social healthcare burden and economic
costs and quality of life is severe in the later stages of the disease, when symptoms are at
their most severe, necessitating more healthcare services or caregiver support [34,35,48,49].
Motor difficulties (motor fluctuations, dyskinesias, and dystonia, which manifests as
uncontrollable and sometimes painful muscular spasms) have been recognized as variables
contributing to the rise in PD-related expenditures. Social, healthcare burden, and economic
costs impact quality of life in patients with advanced Parkinson’s disease (APD) [48–50].

Patients with Parkinson’s disease (PwP) experience more unpredictable and trou-
blesome motor and non-motor fluctuations as they progress through advanced stages,
with the emergence of severe motor (progressive disability) and non-motor symptoms,
such as mood, cognitive, and behavioral problems, causing a severe impact on QoL and
necessitating more healthcare services or caregivers [48–50].

According to a study by Schrag et al. [48], the overall burden of Parkinson’s disease and
healthcare resource consumption expenses grew dramatically as the disease progressed
with advanced Parkinson’s disease (APD). Annual costs for early Parkinson’s disease
were €2110, but for advanced Parkinson’s disease, they were about twenty times higher
(€38,625), and majority of patients with advanced disease not on any device aided therapies
(DAT) elderly over 70 years old [48]. A Spanish study by Zecchinelli et al. [51] revealed
roughly 30% of Parkinson’s patients are in advanced stages, and the cost of illness rose
sharply, primarily due to costs linked with in-patient treatment and nursing homes because
advanced-stage patients are bedridden, wheelchair-bound, or hospitalized [52,53]. The
primary drivers and determinants of the socio-economic burden of PD were hospitalization,
nursing care, drug costs, indirect costs (loss of work, etc.), predictors of quality of life,
societal socio-economic impact healthcare burden, and QOL in PwP [54–56] (Figure 3).

A study by Popov et al. [57] looked at costs of PD illness and societal burden in a cohort
of 100 patients showed over all annual burden of 1 billion euros with direct costs accounting
to 67% and indirect costs accounting 33% and main drivers of the burden being informal
care and drugs [58]. Another UK study by McCrone [59] et al. showed the informal care
compared to formal (80% vs. 20%) impact on societal burden and the main predictors being
male gender, level of disability and non-motor symptoms like depression [59], as well as
adherence to oral medications, especially in elderly patients with advanced disease where
they have to take several pills multiple times
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were hospitalization, nursing care, drug costs, indirect costs (loss of work, etc.), predictors 
of quality of life, societal socio-economic impact healthcare burden, and QOL in PwP [54–
56] (Figure 3). 
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Strong predictors of socio-economic burden 61% of PD patients were non-adherent
to oral therapy and medical costs were significantly higher among non-adherent versus
adherent ($15,826 vs. $9228) [60]. A multicenter (France, Germany, and UK) observational
study by Pechevis et al. [61] showed dyskinesia (motor complications measured using
UPDRS scale) was associated with significant socio-economic and societal burden and
increasing total healthcare costs with each unit increase in dyskinesia score led to 562 euros
additional costs per patient over a 6-month period [61].

The economic and clinical evidence gathered in the literature shows and confirms
that early diagnosis and initiation of treatment is crucial, halts risk of disease progression,
and reduces the effects on QOL. This can potentially reduce treatment costs if possible
non-oral therapeutic device aided therapies are offered to patients as they progress to an
advanced stage before significant deterioration has occurred. Patients’ QOL and well-being
are improved when the Multidisciplinary care approach and timely referrals to a movement
disorders specialist with expertise in PD, as selection of patients for advanced device aided
therapies (IJLI, CSAI, DBS) are likely to be most effective and patients are likely to be more
complaint with these therapies.

7. Conclusions

Our study highlights heterogenetic and endophenotype variations of Parkinson’s
disease in UAE population comparing local Emirati and Expat populations. Our study
identifies the importance of early diagnosis, prompt treatment initiation, which has huge
societal socio-economic impact, and healthcare burden. Moreover, timely implementation
of advanced therapies help delay PD disease progression. A bio banking share initiative
with the local setup specifically to study genetic and epigenetic aspects focusing on: GBA,
LRRK2, Parkin gene mutation. Screening of Emirati patients with young onset Lower limb
tremor dependent Parkinson’s disease would be beneficial, identifying these endopheno-
types is paramount as these patients will respond very well to dopaminergic dose escalation
or to advanced device aided therapies and also helps to formulate gene-targeted therapies.
Setting up a local expert committee panel, implementation of national treatment protocols
involving patients and care giver groups (expert patient panel) will help empower patients
and caregivers.
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Abstract: Sleep disturbances are more common in patients with Parkinson’s disease (PD) than in
the general population and are considered one of the most troublesome symptoms by these patients.
Insomnia represents one of the most common sleep disturbances in PD, and it correlates significantly
with poor quality of life. There are several known causes of insomnia in the general population, but
the complex manifestations that might be associated with PD may also induce insomnia and impact
the quality of sleep. The treatment of insomnia and the strategies needed to improve sleep quality
may therefore represent a challenge for the neurologist. A personalized approach to the PD patient
with insomnia may help the clinician to identify the factors and comorbidities that should also be
considered in order to establish a better individualized therapeutic plan. This review will focus on
the main characteristics and correlations of insomnia, the most common risk factors, and the main
subjective and objective methods indicated for the assessment of insomnia and sleep quality in order
to offer a concise guide containing the main steps needed to approach the PD patient with chronic
insomnia in a personalized manner.

Keywords: Parkinson’s disease; insomnia; sleep quality; assessment; personalized medicine

1. Introduction

Several non-motor symptoms are known to affect the quality of life in patients with
Parkinson’s disease (PD), both in the early and advanced stages. Sleep disorders are found
in all stages of PD, including in the pre-motor ones. Neurodegenerative processes that affect
the normal functioning of neurotransmitters and the various effects of antiparkinsonian
drugs could be involved in the pathogenesis of sleep disorders in PD [1]. Insomnia is
reported by almost half of PD patients, and it is significantly related to motor fluctuations
and other non-motor features [2].

The diagnosis of insomnia is based on the definition criteria established by the In-
ternational Classification of Sleep Disorders, 3rd edition: difficulties to initiate and/or to
maintain sleep and/or early morning awakenings [3]. For chronic insomnia, the above
symptoms should be experienced by the patient at least 3 times a week for a minimum of
3 months. The association of daytime symptoms as consequences of insomnia is usually
mandatory to establish the diagnosis [3]. Insomnia is commonly reported by PD pa-
tients, regardless of the severity of the disease, with a reported prevalence of 37–83% [4,5].
Polysomnographic studies revealed that PD patients have a shorter total sleep time and
lower sleep efficiency compared to controls [6]. A polysomnographic analysis of 50 PD
patients showed prolonged sleep latencies in almost half of the patients (mean duration:
approximate 22 min) and a mean total sleep time of approximately 5 h/night [7]. Regarding
the duration of sleep during the daytime, a study that objectively measured napping using
wrist actigraphy in 85 PD patients showed a mean nap time of 39.2 ± 35.2 min/day [8].
All subtypes of insomnia (derived from the main definition) can be identified in PD, with
variations across PD stages [9]. According to the results of a study performed on 689 PD
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patients, sleep maintenance insomnia due to disrupted sleep was the most commonly
encountered (81.54%), followed by early morning awakenings (40.4%) [10]. Sleep dis-
turbances, especially insomnia and reduced sleep quality, affect the quality of life [11].
Moreover, worsening of sleep disturbances and other neuropsychiatric complaints may
contribute to the progression of other non-motor symptoms [12]. Some of the motor and
non-motor symptoms are interrelated; for instance, gastrointestinal dysfunction may lead
to poor absorption of antiparkinsonian drugs and to worsening motor symptoms [13].
Certain sleep disturbances might influence disease-related disability as well [14]. A proper
and careful assessment of insomnia and other comorbidities is therefore mandatory in
order to choose the right therapeutic intervention for each patient. Depending on the main
causes of insomnia, the therapeutic options may vary from recommending sleep hygiene
or cognitive behavioral therapy to pharmacological options such as benzodiazepine and
nonbenzodiazepine hypnotics [15].

2. Assessment
2.1. Clinical Interview

A thorough history taking is essential when evaluating a patient with complaints
suggestive of insomnia. The anamnesis should be obtained from the patient but also from
the bed partner or caregiver. It is important to highlight the most important subjective
symptoms, the time of the night when these complaints occur (first part of the night or after
the patient falls asleep) and information regarding sleep patterns and habits. Regarding this
aspect, the physician should be interested in the consistency or not of a sleep schedule, naps
during the day, the consumption of alcohol, caffeine or other energizing products, as well as
the type of physical activity performed by the patient. The patient’s medication should be
reviewed in search of insomnia as a side effect. Even if dopaminergic medication is known
to induce daytime sleepiness, it can also be associated with insomnia [16]. According to a
meta-analysis, levodopa, dopamine agonists, acetyl-cholinesterase inhibitors, and certain
antidepressants may cause insomnia as an adverse effect [17]. Therefore, the medication
regimen of the patient and the effects of polypharmacy should be carefully evaluated.
Additionally, the medication and personal strategies used to alleviate insomnia should
be assessed.

The clinician should search for the associated non-motor symptoms that can impair
sleep quality and might sustain insomnia (an easy method in this regard is to use the
Non-Motor Symptoms Questionnaire [18], which is described below) and also for the
motor features that might interfere with satisfactory nighttime sleep (tremor, rigidity, dys-
tonia). It is also essential to assess the consequences of insomnia that are experienced
by the patient (e.g., headache, fatigue, daytime sleepiness, depression, anxiety) and the
effects of insomnia on daily life activities. As daytime sleepiness frequently occurs in PD
patients and is associated with episodes of sudden onset of sleep that might potentially
be dangerous [19], it is important to ask PD patients with chronic insomnia if they feel
sleepy during the day. A quick evaluation method of this symptom is to use the Epworth
Sleepiness Scale (ESS) [20], which is one of the most commonly used scales for the eval-
uation of daytime sleepiness in the general population and also in PD. The Movement
Disorders Society (MDS) Task Force considers the ESS a “recommended” instrument to
screen for daytime sleepiness in the PD population [21]. Cognitive decline might also be
considered as a negative consequence of sleep disorders, including insomnia [22]. For
further assessment of cognitive function, the Mini-Mental State Examination (MMSE) and
the Montreal Cognitive Assessment (MoCA) [23] are among the tools most commonly used
in the general population. The MoCA has been shown to be more sensitive than the MMSE
in detecting cognitive impairment in patients with PD [24] and other neurodegenerative
disorders, such as progressive supranuclear palsy or multiple system atrophy [25]. The
MDS Task Force recommends the following scales for cognitive screening in PD: MoCA,
Mattis Dementia Rating Scale 2nd Edition (DRS-2) [26] and Parkinson’s Disease-Cognitive
Rating Scale (PD-CRS) [27].
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A sleep diary is an easy method of assessing patients’ sleep patterns that is used in
the general population [28] and in PD patients for clinical evaluation [29], for comparison
with other evaluation methods or for monitoring therapeutic effects [30]. There are several
designs of sleep logs, but generally, the following information should be recorded by
the patient: the bedtime hour, the estimated time of sleep onset, total sleep duration,
wake-up time and awakenings overnight, sleep quality and the presence of naps/physical
exercises/medication/alcohol or caffeine intake during daytime [28]. The sleep diary could
also be used in association with other objective measurements.

2.2. The Assessment of Specific Risk Factors for Insomnia Associated with PD

Risk factors that lead to insomnia or are known to aggravate insomnia in the general
population (e.g., age, stress, mood, maladaptive lifestyle, behavioral and environmental
factors [31]) may also be found in PD. According to recent studies, overall sleep disturbances
in PD were associated with napping during the day, watching the clock repeatedly and
staying in bed when not able to fall asleep [32], or other inadequate sleep habits [33]. In
addition to these factors, there are some specific symptoms in PD patients that contribute
to insomnia and should be carefully assessed by the clinician.

2.2.1. Motor Symptoms

Motor features that are persistent or worsen during the night are associated with fre-
quent awakenings and therefore, with sleep-maintenance insomnia. Nocturnal hypokinesia
and rigidity might impair mobility and turning in bed and, therefore, might lead to sleep
disturbances such as insomnia and reduced sleep quality and efficiency [34,35]. The persis-
tence of tremors or dyskinesia during nighttime may also contribute to sleep fragmentation
and poor sleep quality [36]. Motor symptoms may interfere with sleep maintenance even
in the early stages; nocturnal dystonia, cramps and tremor were the motor features most
commonly associated with sleep dysfunction in drug-naïve PD patients [37]. These motor
symptoms, increased muscular tension, sleep apnea, age and disease duration may con-
tribute to the concept of sleep fragmentation [38]. According to recent polysomnographic
research, sleep fragmentation has a high rate in PD patients and might be considered a
promising marker of PD progression [39].

2.2.2. Non-Motor Symptoms

Urinary dysfunction, especially nocturia, is a common symptom in the general elderly
population and is a major factor that contributes to sleep disturbances [40]. Nocturia is a
commonly encountered dysautonomic feature in PD patients, and it may correlate with
subjective insomnia [41], frequent awakenings and insufficient total sleep time [2].

Another non-motor symptom that is significantly associated with sleep disturbances
is pain. This symptom was found in almost half of PD patients, and the most reported type
of pain was musculoskeletal pain [42]. Martinez-Martin et al. reported that any type of
pain, but mostly the musculoskeletal subtype, was significantly correlated with overall
sleep disorders [43]. Polysomnographic (PSG) studies demonstrated sleep fragmentation
and modifications of sleep architecture in patients with PD and pain, characteristics which
were less prominent in PD patients without pain [42]. An easy and robust method to assess
pain is to use the King’s Parkinson’s Disease Pain Scale, which was demonstrated to be
reliable and valid for the evaluation of this complex symptom in PD patients [44].

Among psychiatric non-motor symptoms, depression and anxiety were the most
associated with sleep disturbances and reduced sleep quality. The severity of insomnia is
correlated with the severity of depression in PD patients [45]. Moreover, an interconnection
between depression, anxiety and pain may be found in conjunction with sleep disturbances
and poor sleep quality in PD patients [46,47].
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2.2.3. Other Associated Sleep Disorders

Restless legs syndrome (RLS), defined as discomfort in lower limbs that induces the
need for movement and occurs during the night and during periods of immobility, is
found in higher rates among PD patients compared to the general population [48]. RLS in
association with periodic limb movements may induce arousal and disrupt normal sleep
continuity, contributing to chronic insomnia [48,49]. The clinical diagnosis of RLS is based
on the International Restless Legs Syndrome Study Group (IRLSSG) criteria [50]. There are
various screening scales that can help the clinician to better assess these symptoms [51].

Sleep-disordered breathing (SDB) and mainly obstructive sleep apnea (OSA) may
contribute to a reduced quality of sleep. Difficulties maintaining sleep are more common in
patients with OSA than in healthy controls [52], and there is evidence that more than half of
OSA patients without treatment have chronic insomnia [53]. In PD patients, the prevalence
of OSA is approximately 62% [54]. Sobreira-Neto et al. found that PD patients with OSA
may present lower rates of chronic insomnia (probably due to their reduced insight of sleep
onset latency caused by sleep deprivation), but they also show reduced time spent in the
N3 sleep stage and higher numbers of arousals compared to PD patients without OSA [55].

REM sleep behavior disorder (RBD), a parasomnia with “dream enacting”, expressed
by abnormal movements instead of muscular atonia during the REM sleep stage, is com-
monly associated with PD and with other neurodegenerative disorders. Longitudinal
studies, including patients with idiopathic RBD, show significant correlations with neu-
rodegenerative disorders and even high rates of phenoconversion [56]. RBD in PD patients
causes reduced quality of sleep and also induces other consequences, such as cognitive
impairment and autonomic dysfunctions [57,58]. RBD is associated with disrupted sleep
architecture, explained by lower percentages of N2 and N3 sleep and a high periodic limb
movement index [59].

2.3. Rating Scales and Objective Assessment of Insomnia and Quality of Sleep in PD Patients
2.3.1. Multidomain Scales or Questionnaires Designed to Evaluate Non-Motor Symptoms
in PD, including Insomnia

Many of these scales contain items for screening and/or assessment of the severity of
sleep disturbances.

The Movement Disorders Society Unified Parkinson Disease Rating Scale (MDS-UPDRS) is
one of the most commonly used scales for the complex evaluation of various features of PD.
It contains four parts, and part I is designed for the assessment of non-motor complaints.
There is one question regarding insomnia and one question about daytime sleepiness. For
all the items in this first part of the scale, the answers can be chosen between “0 = normal”
and “4 = severe” [60].

The Non-Motor Symptoms Questionnaire (NMSQ) [18] has proven its efficiency in screen-
ing non-motor features of patients with PD. It contains 30 questions with simple answer
choices (“yes”/“not”), and five of them are dedicated to the assessment of sleep: the
difficulty of staying awake in certain circumstances, the difficulty of falling asleep and
maintaining sleep, vivid dreams or nightmares, speaking or having abnormal movements
during sleep and unpleasant sensations in the lower limbs during nighttime or rest asso-
ciated with the need to move. This questionnaire is very easy for the patient to complete.
It offers an accurate overview of the main symptoms, but it does not offer any infor-
mation regarding the severity or the frequency of these symptoms. There are no items
addressing SDB.

The Non-Motor Symptoms Scale (NMSS) [61] was created to complete and deepen the
information obtained with the NMSQ. It is completed by the examiner. It takes a longer
time for scoring than the NMSQ, but it provides data regarding symptom frequency and
severity. For all the 30 items, the severity of the symptoms is evaluated from “0 = none”
to “3 = severe”, and the frequency is scored from “1 = rarely” to “4 = very frequent”.
The total score for each item is obtained by multiplying its severity by its frequency. The
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sleep/fatigue domain is comprised of items about insomnia, daytime sleepiness, RLS
and fatigue.

The International Parkinson and Movement Disorder Society Non-Motor Rating Scale (MDS-
NMSS) [62] is a reviewed version of the NMSS. It is administered by the examiner; it
contains 52 items about non-motor symptoms, and the scoring process is similar to the
NMSS: the frequency of the symptom is rated from “0 = never” to “4 = majority of time”
and the severity is chosen between “0 = never” to “4 = severe”. The product (frequency ×
severity) is calculated for each question. The “sleep and wakefulness” domain contains six
questions about insomnia, RBD, excessive daytime sleepiness (EDS), restlessness, periodic
limb movements and SDB.

2.3.2. Specific Scales or Questionnaires Designed to Evaluate Insomnia and Sleep Quality

The Parkinson’s Disease Sleep Scale (PDSS) [63] is a self-assessment rating scale encom-
passing 15 questions which assess general aspects of sleep/daytime symptoms within
one (previous) week: items related to insomnia, restlessness, hallucinations, bladder dys-
functions, tremor, dystonia, overall quality of sleep, and EDS. It was designed to assess
sleep disturbances in the PD population, with each item being evaluated based on a visual
analogue scale (VAS) ranging from 0 (never/excellent) to 10 (always/awful). A cutoff of
82/83 is considered suggestive for sleep disturbances, and the maximum score is 150 points,
representing the worse clinical picture [64].

Regarding the psychometric properties of the PDSS, in the original study, the PDSS
was applied on 280 adults (143 PD patients in different stages of severity and 137 healthy
controls). Test-retest reliability was very high; good internal consistency (Cronbach’s alpha,
0.77) and high repeatability were also observed [63]. Floor and ceiling responses were low
(1%) [58,60]. High scores on the PDSS regarding EDS correlated with low scores on the ESS,
which is the main scale used to assess EDS [63]. The PDSS showed a good correlation with
SCOPA-S scores as well [64].

Regarding the strengths of the PDSS, it was developed as a brief, easy-to-use, reliable
bedside instrument to screen for sleep symptoms in PD patients. Based on the results,
the clinician may have insights regarding the severity of the sleep complaints. The items
addressing insomnia might help discriminate between the types of insomnia or the possible
causes (e.g., nocturia, tremor). The MDS Task Force classified the PDSS as a “recommended”
tool to assess the existence and the severity of sleep disorders in PD [21]. It was shown that
the PDSS could discriminate between PD and controls and also within PD severity levels
and duration [64].

The PDSS is in the public domain and has been validated in several languages (Span-
ish, Japanese, Portuguese), with good clinimetric properties [65–67]. It was also widely
used in several clinical trials in the PD population—e.g., evaluating the effectiveness of
rotigotine [68]).

Regarding the weaknesses of the PDSS, even if the VAS is considered a simple method
of assessing the level of severity of symptoms, it may be necessary to first inform the patient
or caregiver how to apply this scoring system correctly.

The scale has only one question regarding EDS; therefore, it does not represent a
proper tool to assess daytime symptoms. There are no questions related to other sleep
disturbances, like sleep apnea or RBD; regarding RLS, there is only one question about
“restlessness” of the arms or legs that might be related to RLS symptoms, but the mandatory
criteria for RLS diagnosis are not fulfilled. The proposed timeframe is the previous week.

Based on the experience gathered from the administration of the PDSS, a revised
version, the Parkinson’s Disease Sleep Scale (PDSS-2), was designed with the intention of
exploring several aspects of sleep in the PD population that were not evaluated in the first
version. It was also intended to be a useful tool to assess the effects of treatment on sleep
disturbances [69].

The PDSS-2 includes 15 questions for the self-evaluation of sleep symptoms, address-
ing sleep quality, insomnia, restlessness, nightmares/hallucinations, bladder problems,
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motor features like rigidity or tremor, pain and breathing difficulties. The VAS scoring
system was replaced with a grading system of symptom severity from 0 (never) to 4 (very
frequent), with a maximum score of 60, indicating severe nocturnal sleep disturbances [69].
A score of 15 or above was considered the cutoff for poor sleepers [69,70].

Regarding the psychometric properties of the PDSS-2, the total score was evaluated,
as were the scores for the three subscales (motor problems at night; PD symptoms at night;
sleep specific disturbances) in order to establish the clinimetric characteristics. The PDSS-2
was validated in order to investigate nighttime impairments for the PD population, with
findings demonstrating satisfactory reliability (Cronbach’s alpha coefficient of 0.73 for the
total score and few variations for the sub-scores), good internal consistency for most of
the items (>0.30), and high test-retest reliability within 1–3 days (ICC of 0.80 for the total
score) [69]. The test-retest reliability for a longer timeframe (1 month) was evaluated in
another study, and it was considered acceptable (ICC of 0.799 for the total score) [71].

Regarding the strengths of the PDSS-2, it was shown that the PDSS-2 is a brief, easy-
to-use and easy-to-administer self-rating scale useful for both screening the existence
of sleep symptoms and grading their severity. Compared to the previous version, it is
easier for patients with PD to understand and complete the PDSS-2 scale due to its Likert
scoring system. It has good discriminative power between the grades of disease severity as
evaluated with the Hoehn and Yahr scale. PDSS-2 is an assessment tool belonging to the
public domain, which was validated and translated into several languages (German [69],
Spanish [72], Italian [73], and Chinese [74]). It has been widely used in prevalence studies
to assess sleep symptoms and their associations with several other symptoms or objective
investigations (e.g., the presence of sleep disturbances and their correlations with brain MRI
morphometry [75]), and it was used in clinical trials to evaluate the efficiency of medication
on sleep [76].

Regarding the weaknesses of the PDSS-2, it focuses on the existence and severity of
nighttime symptoms and therefore is not a proper tool to investigate their diurnal conse-
quences, such as EDS. Unlike the previous version, the PDSS-2 has more clear questions
related to RLS, and it also assesses the existence of breathing disturbances, but these items
are not precise enough to diagnose RLS or OSA. A caregiver might improve the accuracy
of the answers for some of the items, like for those related to awakenings during the night
or difficulties turning in bed (as the patient might underestimate the existence/severity of
these issues). The proposed timeframe is the previous week.

The Scales for Outcomes in Parkinson’s Disease—Sleep (SCOPA—Sleep) is a 12-item self-
rating scale designed to specifically evaluate nighttime sleep and daytime consequences in
PD patients [77]. The questionnaire is structured in three parts. The first part consists of
five items representing nighttime-specific (NS) disturbances that the patient might have
experienced in the previous month (most of them concerning different types of insomnia).
To answer these 5 questions, the patient chooses the answer which fits best from 0 (not at all)
to 3 (a lot). The maximum score for this part is 15, indicating severe nighttime impairments
(cutoff: 6/7) [64,77]. The second part is composed of only one question regarding the
quality of sleep during the night; there are seven response options, ranging from “very
well” to “very badly”. There is no numeric scoring for this part. The last part contains
six items to evaluate the daytime symptoms (DS) in the previous month, including EDS
and the existence of sudden onset of sleep. The scoring for each item varies from 0 “not
at all” to 3 “very much”, with a maximum of 18 and a cutoff of 4/5 indicating daytime
disturbances [77].

Regarding the psychometric properties of SCOPA-sleep, it shows high internal con-
sistency for both the NS and DS subscales (Cronbach’s alpha: 0.88 and 0.91, respectively)
and good test-retest reliability (ICC: 0.94 for the NS subscale and 0.89 for the DS subscale).
There were robust correlations between the DS subscore and ESS; the subscores of the NS
part correlated with the PDSS and PSQI [77]. The floor and ceiling effects are absent [64].

Regarding the strengths, this scale is a brief, easy-to-administer rating tool with good
internal consistency and reproducibility which can be used for screening and quantify-
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ing nighttime and daytime symptoms (like sudden onset of sleep) in PD patients. The
MDS task force indicated SCOPA-sleep as a “recommended” scale for the aforementioned
purposes [16]. The scale has been translated into several languages, taking part of the
public domain. Like other scales designed to assess sleep in PD, SCOPA-sleep was useful
to analyze the effect of various therapeutic options on sleep [78], and it was also used for
monitoring symptoms in longitudinal studies [2].

Regarding weaknesses, even if the scale is designed to screen for possible nighttime
symptoms, SCOPA-sleep lacks questions addressing nocturia, RBD, RLS or OSA. There are
no questions addressed to the caregiver.

The Pittsburgh Sleep Quality Index (PSQI) [79] represents a self-rating tool designed
to assess sleep in the general population, with the timeframe being the previous month.
The first four items are dedicated to sleep habits (like usual bedtime, the perceived sleep
latency, and number of hours of sleep per night). This is followed by questions related
to possible causes of sleep disturbances (e.g., insomnia, breathing difficulties, pain) and
questions about sleep quality, use of sleep medication, difficulties staying awake during
daytime activities, and difficulties maintaining enthusiasm in daily activities. The PSQI has
an additional five informative questions for the bed partner, which do not accumulate to
the final score. For each item, the answers can be scored from 0 to 3 (no impairment/severe
impairment). Based on the type of sleep problem addressed, the results can be grouped into
seven compounds. The total score reaches a maximum of 21 points (indicating severe sleep
disturbances), and a score of more than 5 points (for the total items) was considered an
indicator for “bad” sleepers [79]. For PD patients, a more appropriate cutoff was considered
8/9 [77].

Regarding the psychometric properties of the PSQI, in the original study published in
1989, it was demonstrated to have high internal consistency and homogeneity (Cronbach’s
alpha: 0.83) [79]. Test-retest reliability was high for a short interval (2 days apart), and it
remained high for a longer timeframe considering the majority of the subscores and the total
score (overall test-retest correlation coefficient: 0.87) [80]. The PSQI showed correlations
with PSG only regarding sleep latency, but it has strong correlations with the SCOPA-Sleep
scale [81].

Regarding its strengths, the PSQI is in the public domain, and it is used to assess sleep
in the general population and in PD patients [54,82]. Even if not specifically validated for
PD, the PSQI is considered by the MDS Task Force to be a “recommended” tool to investi-
gate sleep in the PD population [21]. Furthermore, it is a commonly used scale to evaluate
the occurrence of sleep disturbances in primary insomnia, dementia and other movement
disorders [81]. It has been largely translated into several languages, and it is also useful for
monitoring the impact of various interventional strategies on sleep parameters [83,84].

Regarding its weaknesses, even if it covers a large spectrum of sleep disturbances that
might occur, the PSQI has limited power to assess some conditions, such as OSA or RBD,
and has no items designed to evaluate RLS. The questions addressed to the bed partner
can help the investigator to complete the picture of the patient’s overall sleep disturbances,
but the data is not included in the total score; consequently, the global severity may be
underestimated. The scoring system is complex, and some additional time should be
considered for this aspect; the investigator has a guide with instructions for scoring.

A summary of the main scales used to assess insomnia and sleep quality in PD patients
is presented in Table 1.
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2.4. Objective Methods to Assess Insomnia

Actigraphy is a non-invasive method that is able to investigate several sleep parameters
based on recording limb activity via accelerometers [85]. The device is worn on the non-
dominant hand for a minimum of one week, and the results are interpreted together with
a sleep log. Actigraphy is a useful method for the assessment of insomnia in the general
population, as patients have the tendency to overestimate their sleep onset latency and to
have a lower perception regarding the total sleep time [86]. On the other hand, some studies
have demonstrated that PD patients might actually have a more accurate perception of their
sleep problems [87]. Actigraphy was validated in patients with insomnia in the general
population [88–91] and also demonstrated accurate results in evaluating sleep quality in
PD patients compared to other subjective measures [29]. Actigraphy has several limits,
though, as it cannot offer information about sleep stages, and it may overestimate the total
sleep time if the patient remains still in bed without moving, as the recorder misinterprets
immobility as sleep [91]. Therefore, actigraphy is best indicated for characterizing sleep
disruptions and not to certify sleep initiation insomnia [85].

The Parkinson’s KinetiGraph (PKG) is a device using wearable sensors (accelerometers)
to record movements in order to offer data regarding several motor parameters in PD.
It can also provide relative information regarding sleep parameters, as a period of im-
mobility detected for at least 14 min is considered as an episode of sleep. The presence
of interruptions of immobility during the night might be interpreted as awakenings or
abnormal movements caused by sleep disturbances (RLS, RBD, etc.) [92]. Klingelhoefer
et al. reported that the immobility and mobility states recorded by the PKG might corre-
spond to sleep/awakening periods during nighttime, and the recorded sleep parameters
correlate with other subjective measures of sleep [92]. The information obtained with the
PKG changed the therapeutic decision in almost one-third of PD patients and improved
communication with the neurologist in the majority of cases [93]. Comparative studies
with polysomnography indicated that the periods of immobility that were identified with
PKG during daytime correspond in approximately 85% with sleep periods confirmed
with PSG [94]. Considering this, PKG might be a useful tool to investigate sleep onset
and maintenance insomnia [92] and to integrate the information with the concomitant
objective measures of the motor symptoms (bradykinesia, tremor, dyskinesia and fluctua-
tions) [95,96]. PKG might also provide information regarding sleep quantity and quality,
with significant correlations with subjective measures, but it cannot establish the sleep
stages only based on the immobility data recorded [92], nor can it establish other events
such as OSA or periodic limb movements [97]. It is a reliable tool that should be used
together with a thorough history and clinical examination [93].

Polysomnography (PSG) is considered the ‘gold standard’ assessment tool for sleep
disorders, as it can evaluate in an objective manner the sleep stages, sleep architecture
and the normal and abnormal events during sleep. Several studies have been conducted
in order to evaluate the sleep differences between PD patients and healthy controls. In
PD patients, most of the PSG studies revealed more awakenings in PD patients, but no
differences in sleep stages 1, 2 and the slow-wave sleep stage were observed in comparison
to controls [98]. Most of the PSG studies did not demonstrate an increased rate of periodic
limb movements during sleep in PD patients, nor a certain association with obstructive
sleep apnea [98]. The contribution of nocturia to disrupted sleep and poor sleep quality
was also demonstrated objectively by PSG evaluation [99]. Regarding the suspicion of RBD
in PD patients, the clinical interview of the patient and PD partner might underestimate the
occurrence of the abnormal motor behavior during sleep; therefore, PSG is necessary for the
correct diagnosis of RBD [100]. However, PSG does not take part in the routine assessment
of insomnia, as it has several limits—it is laborious and it requires trained clinicians and
special conditions for the assessment (sleep lab). It is neither useful nor recommended to
diagnose insomnia, but it can be necessary to rule out other conditions that might induce
and perpetuate insomnia, such as SDB, RBD, and periodic limb movements [101].
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3. Personalized Medicine and the Assessment of the PD Patient with Insomnia and
Impaired Quality of Sleep

The concept of personalized (precision) medicine emphasizes the need for multi-
dimensional approaches to the PD patient considering the complexity of this disorder.
Several factors should be reviewed in order to establish tailored management strategies:
genomics, pharmacogenetics, personality, lifestyle, comorbidities, etc. [102]. For instance,
the comorbidity of respiratory disorders/sleep apnea, which is related to excessive daytime
sleepiness, sleep fragmentation, anxiety and memory difficulties, represents one of the
interrelated clinical situations addressed by personalized medicine [103]. In that case, the
proper assessment of sleep-maintenance insomnia could reveal an underlying respiratory
problem and consultation with a pulmonologist would be necessary. Taking into account
the various factors known to be associated with insomnia and the particularities of the sleep
disturbances in PD, an individualized approach is therefore mandatory in order to better
characterize sleep in PD and to develop adequate management strategies. We propose
an algorithm for the personalized assessment of PD patients with insomnia and impaired
sleep quality, which is shown in Figure 1. In this regard, the clinician should always
approach the patient with sleep disturbances by asking for more details about the main
complaints (the information obtained from a caregiver could be valuable). A full general
and neurological exam should be performed; a proper examination of the motor symptoms
should include assessment using the UPDRS part III & IV. As the non-motor symptoms
have strong connections with insomnia and poor sleep quality, the NMSQ can be used as a
screening tool that is brief and easy to apply. To better understand the patient’s pre-sleep
habits and symptoms, several aspects should be asked (for instance, sleep patterns during
day and night, the intake of coffee or alcohol, if the patient leads a sedentary lifestyle, etc.).
A sleep diary may bring valuable information in this regard, and the patient should be
informed regarding how to overcome his or her bad sleep habits. The side effects of medi-
cations should be reviewed and changed accordingly. Once the clinician identifies certain
symptoms that occur before sleep onset (for instance, RLS), the next step is to evaluate the
severity of these symptoms and start a treatment (in this case, IRLS might be a useful tool
for severity grading and monitoring). If the patient complaints about poor sleep quality,
frequent awakenings during nighttime and difficulties falling back asleep, the neurologist
should try to identify and treat the cause(s), considering the common association with
motor symptoms (nocturnal cramps, tremor, dyskinesia, etc.), non-motor symptoms (e.g.,
pain, nocturia) and other comorbidities (RLS/ PLMS, SDB, RBD). In the context of a busy
medical practice, we strongly recommend the use of standardized scales for non-motor
evaluation (NMSQ) and for overall sleep assessment (considering their main indications,
advantages, and disadvantages—see Table 1). Daytime consequences of insomnia and
poor quality of sleep should be asked about in order to appreciate the magnitude of the
sleep complaints. For instance, if the patient or the clinician suspects that poor quality of
sleep may be associated with memory and attention problems, a cognitive screening test
such as the MMSE or MoCA can offer supplementary information. In some cases, when
the causes or the consequences of insomnia and poor sleep quality are difficult to identify
or are resistant to the recommended treatment, further objective assessment should be
indicated. Wearable devices might be more convenient for the patient. They are useful for
obtaining objective measurements of sleep parameters and motor function and can record
information for a longer time (at least 1 week). PSG, on the other hand, should be indicated
only in particular circumstances, for instance, when the diagnosis is uncertain or when
other associated conditions such as SBD or RBD are suspected. Considering the many
interconnected aspects of sleep disorders in PD patients, we suggest that a comprehensive
assessment of sleep parameters and associated factors may be the key to personalized and
successful management of these disturbances.
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4. Conclusions

There are several aspects of sleep that should be carefully examined when investigating
the PD patient with insomnia. Many behavioral factors, as well as the associated motor and
non-motor symptoms, are interconnected with sleep disturbances and poor quality of life.
An easy and methodical approach is to start from the main complaint and then assess the
habits and symptoms before sleep, then the symptoms during sleep and the consequences
during the day. There are several useful scales and questionnaires designed to help the
clinician identify the main complaints and to grade their severity. When in doubt, further
objective assessment methods should be recommended, such as actigraphy, the Parkinson
KinetiGraph or polysomnography. A personalized approach to the PD patient with sleep
disturbances would be therefore much effective in establishing the proper therapeutic
strategies that can help improve the quality of life of these patients.
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Abstract: Impulsive–compulsive and related behavioral disorders (ICD) are drug-induced non-motor
symptoms of Parkinson’s disease (PD). Recently research has focused on evaluating whether ICD
could be predicted and managed using a pharmacogenetic approach based on dopaminergic thera-
pies, which are the main risk factors. The aim of our study was to evaluate the role of candidate genes
such as DBH, DRD2, MAOA, BDNF, COMT, SLC6A4, SLC6A3, ACE, DRD1 gene polymorphisms
in the pathogenesis of ICD in PD. We compared patients with PD and ICD (n = 49), patients with
PD without ICD (n = 36) and a healthy control group (n = 365). ICD was diagnosed using the
QUIP questionnaires and specific diagnostic criteria for subtypes of ICD. Genotyping was conducted
using a number of PCR techniques and SNaPshot. Statistical analysis was performed using WinPepi
and APSampler v3.6 software. PCA testing was conducted using RStudio software v1.4.1106-5.
The following substitutions showed statistically significant correlations with PD and ICD: DBH
(rs2097629, rs1611115), DRD2 (rs6275, rs12364283, rs1076560), ACE (rs4646994), DRD1 (rs686), BDNF
(rs6265), these associations are novel in Russian PD patients. Our findings suggest that polymor-
phisms in DBH, BDNF, DRD2, ACE genes in Russian subjects are associated with an increased risk of
ICD development.

Keywords: Parkinson’s disease (PD); impulsive-compulsive disorders (ICD); dopaminergic therapy;
genetic markers; pharmacogenetic; polymorphisms

1. Introduction

Parkinson’s disease (PD) is a syndromic condition and is phenotypically associated
with a range of motor and nonmotor symptoms (NMS) [1]. Various types of disease-
related and drug-induced NMS are recognized and impulsive-compulsive disorders (ICD)
that include hypersexuality, compulsive overeating, compulsive shopping, pathological
gambling, punding, hobbyism and dopamine dysregulation syndrome are challenging
dopaminergic therapy related NMS of key clinical significance [2–5]. The subtle and initial
symptoms of ICD are often overlooked in clinical practice, since they are quite difficult
to recognize at early stages. Early recognition is important as studies suggest that ICD
related abnormal behaviors significantly worsen the parameters of daily activities and
quality of life of patients with PD worsening psychological stress, depression, anxiety
and sleep disorders. Unrecognized and untreated, these disorders can lead to devastating
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consequences, including financial collapse and bankrupcy, divorce, dismissal from work,
disruption of social activities, unsanitary living conditions and somatic complications. The
estimated frequency of ICD in PD patients varies greatly in different studies—from 3.5%
to 42.8% [3,6,7] due to the use of different study designs, questionnaires, scales, as well
as different cultural, social, ethnic and economic characteristics of the patients. There is a
clear association between the use of dopaminergic therapy (especially dopamine receptor
agonists) and ICD development. Other risk factors for the development of ICD include
male gender, young age, early PD development, history of ICD, substance and alcohol
abuse, bipolar disorder, depression, smoking, and being unmarried [3,8–12].

Genetic factors are thought to play a certain role in the development of ICD. The in-
volved genes are those encoding receptors or transporters involved in dopamine metabolism,
or genes that regulate the activity of enzymes involved in the breakdown pathways of the
main neurotransmitters, i.e., dopamine, serotonin, norepinephrine, glutamate [2,13–20]. As
an example, addictive behavior in early PD has been linked to DRD3 variant [18].

Our central hypothesis is based on other research addressing genetic risk factors for
ICD using candidate genetic panel-based predictability of ICD in PD and most suggest that
related gene products with ICD link are involved in the dopamine metabolizing pathways.

We hypothesized that some proposed ICD markers could be used as a pre-diagnostic
marker prior to overt clinical manifestations of the disease. These data could then help to man-
age and personalize therapy at early stages of PD when there is minimal neuronal degradation.

The study was aimed at evaluating the role of DBH, DRD2, MAOA, BDNF, COMT,
SLC6A4, SLC6A3, ACE, DRD1 gene polymorphisms in the development of ICD in PD
patients receiving dopaminergic therapy. To the best of our knowledge, it was the first
genetic study evaluating ICD in Russian PD patients.

2. Materials and Methods
2.1. Patients

The 386 PD patients were examined over the period from 2015 to 2018. PD diagnosis
was made based on the UK Parkinson’s Disease Society Brain Bank clinical diagnostic
criteria [21]. The inclusion and exclusion criteria were used for patient enrolment to the
study. The inclusion criteria were as follows: age over 40 years, the use of dopaminergic
therapy, the patient’s informed written consent to participate in the study. For the control
group, the inclusion criterion was the history of treatment with dopamine receptor agonists
(DA) for at least 3 years. The exclusion criteria were as follows: dementia of any grade
(based on the DSM-IV criteria [American Psychiatric Association, 2000], MMSE total
score < 24).

The screening survey for the detection of ICD in PD patients was conducted using
QUIP-Short and QUIP-Full questionnaires [22,23].

These questionnaires revealed ICD related symptoms in 78 (20.2%) subjects. Subse-
quently, specific diagnostic criteria were applied to confirm each subtype of ICD. Patholog-
ical gambling and compulsive overeating were confirmed based on the DSM-IV diagnostic
criteria; compulsive shopping—based on the criteria developed by S. McElroy et al. [24];
hypersexuality—based on the criteria developed by V. Voon et al. [25]; punding and
hobbyism—based on the criteria developed by A. Evans et al. [26], dopamine dysregu-
lation syndrome—based on the criteria developed by G. Giovannoni et al. [27]. Thus,
the main group included patients who had been found to have ICD based on the QUIP
screening survey and the use of comprehensive diagnostic criteria (n = 49; PD + ICD;
PD1). The control group included 36 PD patients who did not demonstrate abnormal
behaviors or ICD (PD2). Demographic and clinical data of the patients are shown in Table 1.
The population sample in this study is ethnically homogeneous and represent a white
Caucasian population.
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Table 1. Demographic and clinical characteristics of the study groups.

Parameters described PD + ICD, PD1, n = 49 PD2, n = 36

Mean age, years 65.8 ± 8 70.6 ± 5.9

Number of subjects male 23 18

Number of subjects female 26 18

Education duration, years 15.9 ± 3 15.8 ± 3.6

Duration of the disease, years 6.6 ± 4.94 7.53 ± 4.9

Hoehn and Yahr stage 2.2 ± 0.5 2.5 ± 0.5

UPDRS, total score 33.4 ± 11.9 36.3 ± 12.2

LEDD, mg/day 731.5 ± 454 762.4 ± 342.1

Duration of the use of dopaminergic
therapy, years 6.6 ± 4.94 7.53 ± 4.9

Breakdown of the types of
dopaminergic therapy

Levodopa + DA (n = 13; 26.5%), Levodopa + DA
+ amantadine (n = 13; 26.5%),
DA monotherapy (n = 7; 14.3%),
Levodopa monotherapy (n = 4; 8.25%),
DA + amantadine (n = 4; 8.25%),
Levodopa + COMT inhibitor + DA + amantadine
(n = 3; 6.1%),
Levodopa + amantadine (n = 2; 4.1%),
Levodopa + COMT inhibitor + DA (n = 1; 2%),
Levodopa + MAO-B inhibitor (n = 1; 2%),
Levodopa + DA + amantadine + MAO-B
inhibitor (n = 1; 2%).

Levodopa + DA + amantadine (n = 14;
38.9%),
Levodopa + DA (n = 12; 33.3%),
DA + amantadine (n = 5; 13.9%),
DA monotherapy (n = 4; 11.1%),
Levodopa + COMT inhibitor + DA +
amantadine (n = 1; 2.8%).

UPDRS = Unified Parkinson’s disease rating scale; LEDD = levodopa equivalent daily dose; DA = dopamine agonists; COMT inhibitor =
catechol-O-methyltransferase inhibitor; MAO-B inhibitor = monoamine Oxidase B inhibitor.

2.2. Ethical Principles

The study was conducted in accordance with the requirements of the World Medical
Association (WMA)’s Declaration of Helsinki. All patients gave their written informed
consent to participate in the study.

2.3. Methods

Laboratory tests included collection of venous blood samples in PD patients of the
main group (n = 49; PD + ICD) and the control group (n = 36). Blood samples were stored
in vacuum tubes with EDTA K2/K3 specially designed for laboratory whole blood studies.
EDTA fillers (ethylenediaminacetic acid) bind calcium ions, creating stable complexes
and was used as an anticoagulant in this study. Blood sampling was performed at N.I.
Pirogov Municipal Clinical Hospital No.1 (N.I. Pirogov Russian National Research Medical
University) and a consultative medical office for patients with extrapyramidal symptoms
of catchment of the District Neurology Department of Central Administrative District of
Moscow City.

Population control group blood samples (n = 365; control) were provided by blood
transfusion station on condition of anonymity. The population control aim is needed to
provide a natural baseline for mutation frequencies. The estimated number of PD patients
in Russia is approximately 210,000 people (prevalence of 30–140/100,000) and thus it is nec-
essary to provide control data as far as possible so as to account for natural variations. We
used a fully health screened blood donor group where all the donors had passed a rigorous
medical examination with exclusion of those with family history of neurodegenerative
disorders, PD, dementia as well as any behavioral or mental health issues.

Genotype frequencies of selected gene substitutions were estimated:

• ACE (rs4646994)
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• BDNF (rs2049046, rs6265)
• COMT (rs4680)
• DBH (rs141116007, rs2097629, rs1611115)
• DRD1 (rs686)
• DRD2 (rs1799732, rs6275, rs2283265, rs12364283, rs1076560)
• MAOA (VNTR)
• SLC6A3 (rs27072)
• SLC6A4 (rs38130034)

2.3.1. DNA Isolation

DNA was isolated from whole blood samples using columns according to the man-
ufacturer’s instructions (IG Spin DNA Prep 100 kit, manufactured by Isogen Laboratory
LLC, Russia).

2.3.2. PCR Testing

The allelic analysis was conducted using polymerase chain reaction (PCR)-based
techniques: PCR, PCR-RFLP (the combination of the polymerase chain reaction with the
restriction fragment length polymorphism analysis), real-time PCR, and SNaPshot (single
nucleotide polymorphism genotyping using allele-specific PCR and fluorescence melting
curves) [28]. The sequences of primers (manufactured by DNA-Synthesis LLC, Moscow,
Russia) are shown in Supplementary Material Tables S1 and S2.

PCR testing was carried out using HS Taq DNA polymerase and ScreenMix-HS test kits
(manufactured by Evrogen, Moscow, Russia), and the T100 device (Bio-Rad Laboratories,
Inc, Hercules, CA, USA). The following PCR cycling parameters were used: 94 ◦C–3 min;
40–45 cycles: 94 ◦C—20 s, To ◦C—15 s, 72 ◦C—30 s; 72 ◦C—5 min, where To is the primer
annealing temperature (see Supplementary Material Tables S1 and S2).

Real-time PCR was conducted using qPCRmix-HS and qPCRmix-HS SYBR test kits
(manufactured by Evrogen, Moscow, Russia) and the StepOnePlus Real Time PCR Sys-
tem device (Applied Biosystems, Waltham, MA, USA). The fluorescence detection was
performed at FAM/VIC channels.

2.3.3. Restriction Analysis

The restriction analysis of PCR products was conducted in the conditions described
by the restriction endonuclease manufacturer (SibEnzyme Ltd., Novosibirsk, Russia). The
table describing restriction endonucleases used and DNA fragments obtained is presented
in Supplementary Material Table S3.

2.4. Statistical Analysis

A two-tailed Fisher exact test (Fi) was used to reliably compare small samples during
the assessment of gene substitution association. The calculations were performed using
WinPepi software, v.11.65 (http://www.brixtonhealth.com/pepi4windows.html) (accessed
on 23 August 2016) [29]. The results with Fisher’s p-value < 0.05 were considered statis-
tically significant. The mode of inheritance (dominant or recessive) was determined in
accordance with the Akaike information criterion.

The groups of PD patients with ICD symptoms while on dopaminergic therapy, PD
patients not experiencing impulse control disorders, and the population control group
were used for comparative analysis.

The following groups were compared: PD1 versus PD2, PD1 versus control, PD2
versus control, PD1 + PD2 versus control.

The detection of complex genotypes associated with a trait was conducted using
APSampler v3.6 [30] polygenic data analysis software based on common statistical tests
(Fisher’s exact test, Bonferroni adjustment for p-value and FDR) as well as the permutation
test algorithm, which allowed to analyze associations in small samples.
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2.5. Principal Component Analysis

PCA was applied to ensure best visualization of differences in a data set with many
variables. The data set is adjusted to the new coordinate system in such a way that the most
significant variance is detected at the first coordinate, and each subsequent coordinate is
orthogonal to the last one and has a smaller variance. Thus, a set of X correlated variables
for Y samples is transformed into a set of p uncorrelated principal components for the same
samples. The analysis was conducted using RStudio software.

3. Results
3.1. Association between the Genetic Markers in PD Patients without ICD (PD2 Group)

The association between PD without ICD and patient genotypes was evaluated by
statistical analysis using the WinPepi software. The mode of inheritance was determined
using the Akaike information criterion. The mode with the lowest p-value according to the
Fisher’s test was considered the correct one. All data obtained for SNP genes evaluated are
shown in Table 2.

Table 2. Summary table of statistical analysis for the group of patients with Parkinson’s disease (PD) without impulsive-
compulsive disorder (ICD) (PD2) vs. population control group.

Gene Substitution PD2 Control Chi, p Fi (p) OR CI95%

DBH rs141116007
II + ID 26 282 1.017 0.294 0.67 0.30–1.64

DD 10 73 0.313 1.49 0.61–3.36

BDNF rs2049046
AA 7 50 0.847 0.327 1.51 0.53–3.76

AT + TT 29 312 0.358 0.66 0.27–1.90

DRD2 rs1799732
CC 15 18 1.911 0.189 1.83 0.71–4.68

CD + DD 21 46 0.167 0.55 0.21–1.42

MAOA VNTR
SS + SL 20 129 3.309 0.076 1.89 0.89–4.05

LL 16 195 0.069 0.53 0.25–1.12

DRD2 rs6275
TT 18 34 43.706 2.9 × 10−8 9.00 3.97–20.14

CT + CC 18 306 3.8 × 10−11 0.11 0.05–0.25

DBH rs2097629
AA 6 114 5.995 0.016 0.34 0.11–0.86

AG + GG 30 192 0.014 2.97 1.17–8.97

BDNF rs6265
AA + AG 16 94 8.308 6.7 × 10−3 2.83 1.27–6.29

GG 16 266 3.9 × 10−3 0.35 0.16–0.79

DBH rs1611115
TT + CT 26 328 11.256 2.8 × 10−3 0.27 0.11–0.68

CC 10 34 7.9 × 10−4 3.71 1.46–8.77

COMT rs4680
AA + AG 22 147 3.773 0.063 0.48 0.22–1.11

GG 14 45 0.052 2.08 0.90–4.65

DRD2 rs2283265
TT + CT 34 161 0.572 0.610 0.53 0.08–5.78

CC 2 5 0.449 1.89 0.17–12.13

DRD2 rs12364283
TT 30 100 6.877 0.012 3.30 1.25–10.19

CT + CC 6 66 8.7 × 10−3 0.30 0.10–0.80

DRD2 rs1076560
TT + CT 14 40 3.305 0.095 2.00 0.86–4.53

CC 22 126 0.069 0.50 0.22–1.16

SLC6A4 rs38130034
TT 13 43 2.762 0.140 1.89 0.81–4.28

CT + CC 23 144 0.097 0.53 0.23–1.24
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Table 2. Cont.

Gene Substitution PD2 Control Chi, p Fi (p) OR CI95%

ACE rs4646994
II + ID 26 228 0.367 0.708 1.27 0.57–3.05

DD 10 111 0.545 0.79 0.33–1.77

SLC6A3 rs27072
CC 24 86 2.634 0.139 1.86 0.83–4.36

CT + TT 12 80 0.105 0.54 0.23–1.21

DRD1 rs686
CC 0 23 5.629 0.017 0.00 0.0000–0.7362

CT + TT 36 143 0.018 ∞ 1.3583–∞

VNTR = variable number of tandem repeats; Fi = Fisher’s test criteria; OR = odds ratio; 95% CI = 95% confidence interval.

Our study demonstrated statistically significant results for several substitutions
(Table 2):

• rs2097629 substitution in the DBH gene (9q34.2, 1434 + 1579A > G, 3′ region) is
associated with the disease. Analysis of allele frequencies of this substitution also
showed an association of the G allele with PD (p = 0.016, OR = 2.97, CI95% [1.17–8.97]).
The mode of inheritance was found to be dominant.

• rs1611115 substitution in the DBH gene (9q34.2, 1021T > C, 5′ region) is associated
with the disease. Analysis of the frequencies of alleles of this substitution also showed
an association of the allele with PD (p = 2.8 × 10−3, OR = 3.71, CI95% [1.46–8.77]). The
mode of inheritance was found to be recessive.

• rs6265 substitution in the BDNF gene (11p14.1, 196G > A, Val66Met, Exon 2) it is asso-
ciated with the disease. Analysis of allele frequencies of this substitution also showed
an association of Allele A with PD (p = 6.7 × 10−3, OR = 2.83, CI95% [1.27–6.29]). The
mode of inheritance was found to be dominant.

• rs6275 substitution in the DRD2 gene (11q23.2, 939T > C, His313His, Exon 7) is
associated with the disease. Analysis of allele frequencies of this substitution also
showed an association of the T allele with PD (p = 2.9 × 10−8, OR = 9.00, CI95%
[3.97–20.14]). The mode of inheritance was found to be recessive.

• rs12364283 substitution in the DRD2 gene (11q23.2, 4047A > G, 5′ region) is associated
with the disease. Analysis of allele frequencies of this substitution also showed an
association of the T allele with PD (p = 0.012, OR = 3.30, CI95% [1.25–10.19]). The
mode of inheritance was found to be recessive.

• rs686 substitution in the DRD1 gene (5q35.1, 7464G > A, 3′ region) is associated
with the disease. Analysis of allele frequencies of this substitution also showed an
association of Allele A with PD (p = 0.017, OR = ∞, CI95% [1.3583–∞]). The mode of
inheritance was found to be dominant.

A polygenic analysis was conducted to evaluate the predisposition to PD in the group
of patients versus the population control group. The analysis was carried out based on
the genotypes of 36 PD patients and 365 residents of Moscow and the Moscow region
(population control group) assessed for six polymorphic sites of four candidate genes. The
results of the polygenic analysis are shown in Tables 3 and 4. Combinations of genotypes
or individual genotypes and alleles were considered statistically significant if the p-value
(Westfall–Young) was <0.001.

A total of four complex genotypes were found to meet our parameters (OR > 1). In
three of four cases, the rs6275 TT substitution genotype was found in the DRD2 gene,
which resulted in about seven-fold increase in the risk of PD development (Table 3).

Two protective variants were determined during the complex genotype analysis. In
both cases, the DRD2 rs6275:C allele is present, which is associated with about seven-fold
decreased risk of PD development (Table 4).
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Table 3. Results of analysis of complex genotype associations in PD2 group patients. An increased risk of PD development.

Informative Allelic Pattern
Genotype Carriers

Fi (p) OR CI95%
PD2 Control

DBH_rs2097629:G;
DRD1_rs686:G;
DRD2_rs12364283:A,A

75.0% 29.7% 6.38 × 10−7 7.10 3.11–16.21

DBH_rs2097629:G;
DRD2_rs6275:T,T 44.4% 8.6% 1.42 × 10−6 8.51 3.62–20.04

BDNF_rs6265:A;
DRD2_rs6275:T,T 36.4% 4.3% 1.92 × 10−6 12.57 4.45–35.49

DRD2_rs6275:T,T 50% 12.3% 2.24 × 10−6 7.15 3.20–15.97

Fi = Fisher’s test criteria; OR = odds ratio; 95% CI = 95% confidence interval; p (Westfall–Young) < 0.001.

Table 4. Results of analysis of complex genotype associations in PD2 group patients A decreased risk of PD development.

Informative Allelic Pattern
Genotype Carriers

Fi (p) OR CI95%
PD2 Control

BDNF_rs6265:G; DRD2_rs6275:C 45.5% 86.9% 9.51 × 10−7 0.13 0.055–0.29

DRD2_rs6275:C 50% 87.7% 2.24 × 10−6 0.14 0.063–0.31

Fi = Fisher’s test criteria; OR = odds ratio; 95% CI = 95% confidence interval; p (Westfall–Young) < 0.001.

3.2. Association between the Genetic Markers and ICD in PD Patients (PD1 Group)

The association between PD patient genotypes and ICD development was evaluated
by statistical analysis that included comparison of genotypes in the following groups:
PD + ICD versus control group and PD + ICD versus PD without ICD group (used as a
control group in this case). The mode of inheritance was determined using the Akaike
information criterion. The mode with the lowest p-value according to the Fisher’s test
was considered the correct one. All data obtained for SNP genes evaluated are shown in
Table 5.

Table 5. Summary table of statistical analysis for PD patients with ICD (PD1) vs. population control group.

Gene Substitution PD1 Control Chi, p Fi (p) OR CI95%

DBH rs141116007
II + ID 38 282 0.312 0.580 0.82 0.39–1.81

DD 12 73 0.576 1.22 0.55–2.53

BDNF rs2049046
AA 11 50 2.335 0.138 1.76 0.76–3.79

AT + TT 39 312 0.126 0.57 0.26–1.32

DRD2 rs1799732
CC 20 18 2.506 0.156 1.89 0.79–4.52

CD + DD 27 46 0.113 0.53 0.22–1.26

MAOA VNTR
SS + SL 27 129 3.585 0.065 1.77 0.93–3.39

LL 23 195 0.058 0.56 0.29–1.07

DRD2 rs6275
TT 13 34 10.528 3.8 × 10−3 3.16 1.40–6.81

CT + CC 37 306 1.1 × 10−3 0.32 0.15–0.72

DBH rs2097629
AA + AG 39 263 2.110 0.199 0.58 0.27–1.36

GG 11 43 0.146 1.73 0.74–3.76

BDNF rs6265
AA + AG 27 94 23.224 5.7 × 10−6 4.49 2.24–9.18

GG 17 266 1.4 × 10−6 0.22 0.11–0.45

DBH rs1611115
TT 14 209 15.644 1.1 × 10−4 0.28 0.14–0.56

CT + CC 36 153 7.6 × 10−5 3.51 1.77–7.29
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Table 5. Cont.

Gene Substitution PD1 Control Chi, p Fi (p) OR CI95%

COMT rs4680
AA 10 52 0.446 0.575 0.77 0.32–1.73

AG + GG 35 140 0.504 1.30 0.58–3.16

DRD2 rs2283265
TT 26 118 2.893 0.105 0.56 0.27–1.17

CT + CC 19 48 0.089 1.80 2.74–25.02

DRD2 rs12364283
TT 37 100 7.512 7.7 × 10−3 3.05 1.29–8.04

CT + CC 8 66 6.1 × 10−3 0.33 0.12–0.78

DRD2 rs1076560
TT + CT 19 40 5.774 0.024 2.30 1.08–4.83

CC 26 126 0.016 0.43 0.21–0.93

SLC6A4 rs38130034
TT 15 43 2.068 0.179 1.67 0.76–3.56

CT + CC 30 144 0.150 0.60 0.28–1.31

ACE rs4646994
II + ID 38 228 5.513 0.024 2.64 1.12–7.22

DD 7 111 0.019 0.38 0.14–0.90

SLC6A3 rs27072
CC + CT 43 149 1.452 0.377 2.45 0.55–22.65

TT 2 17 0.228 0.41 0.04–1.83

DRD1 rs686
CC + CT 39 137 0.438 0.653 1.38 0.51–4.34

TT 6 29 0.508 0.73 0.23–1.96

VNTR = variable number of tandem repeats; Fi = Fisher’s test criteria; OR = odds ratio; 95% CI = 95% confidence interval.

Our study demonstrated statistically significant results for several substitutions
(Table 5):

• rs1611115 substitution in the DBH gene (9q34.2, 1021T > C, 5′ region) is associated
with the disease. Analysis of the frequencies of alleles of this substitution also showed
an association of the allele with PD (p = 2.8 × 10−3, OR = 3.71, CI95% [1.46–8.77]). The
mode of inheritance was found to be dominant.

• rs6265 substitution in the BDNF gene (11p14.1, 196G > A, Val66Met, Exon 2) it is asso-
ciated with the disease. Analysis of allele frequencies of this substitution also showed
an association of Allele A with PD (p = 6.7 × 10−3, OR = 2.83, CI95% [1.27–6.29]). The
mode of inheritance was found to be dominant.

• rs6275 substitution in the DRD2 gene (11q23.2, 939T > C, His313His, Exon 7) is
associated with the disease. Analysis of allele frequencies of this substitution also
showed an association of the T allele with PD (p = 2.9 × 10−8, OR = 9.00, CI95%
[3.97–20.14]). The mode of inheritance was found to be dominant.

• rs12364283 substitution in the DRD2 gene (11q23.2, 4047A > G, 5′ region) is associated
with the disease. Analysis of allele frequencies of this substitution also showed an
association of the T allele with PD (p = 0.012, OR = 3.30, CI95% [1.25–10.19]). The
mode of inheritance was found to be recessive.

• rs1076560 substitution in the DRD2 gene (11q23.2, 67314C > A, Intron 6) is associated
with the disease. Analysis of allele frequencies of this substitution also showed an
association of the T allele with PD (p = 0.012, OR = 3.30, CI95% [1.25–10.19]). The
mode of inheritance was found to be dominant.

• rs4646994 substitution in ACE gene (11q23.2, I/D 289bp, Intron 16) is associated
with the disease. Analysis of allele frequencies of this substitution also showed an
association of the T allele with PD (p = 0.024, OR = 2.64, CI95% [1.12–7.22]). The mode
of inheritance was found to be dominant.

A polygenic analysis was conducted to evaluate the predisposition to ICD in the group
of patients versus the population control group. The analysis was carried out based on
the genotypes of 45 PD patients and 365 residents of Moscow and the Moscow region
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(population control group) assessed for six polymorphic sites of four candidate genes. The
results of the polygenic analysis are shown in Tables 6 and 7. Combinations of genotypes
or individual genotypes and alleles were considered statistically significant if the p-value
(Westfall–Young) was <0.001.

Table 6. The result of analysis of complex genotypes in patients with ICD. An increased risk of ICD development.

Informative Allelic Pattern
Genotype Carriers

Fi (p) OR CI95%
PD1 Control

ACE_rs4646994:I; BDNF_rs6265:A;
DRD2_rs1076560:A 25.6% 0.006% 2.68 × 10−7 55.17 6.80–447.57

BDNF_rs6265:A; DRD2_rs1076560:A 28.2% 2.5% 3.28 × 10−6 15.42 4.58–51.86

BDNF_rs6265:A; DBH_rs1611115:T 43.2% 12.4% 1.89 × 10−5 5.36 2.51–11.44

BDNF_rs6265:G; DBH_rs1611115:T 72.7% 37.3% 2.63 × 10−5 4.49 2.15–9.37

Fi = Fisher’s test criteria; OR = odds ratio; 95% CI = 95% confidence interval; p (Westfall–Young) < 0.001.

Table 7. The result of analysis of complex genotypes in patients with ICD A decreased risk of ICD development.

Informative Allelic Pattern
Genotype Carriers

Fi (p) OR CI95%
PD1 Control

BDNF_rs6265:G; DBH_rs1611115:C,C 22.3% 60.8% 5.73 × 10−6 0.19 0.09–0.41

BDNF_rs6265:G,G; DRD2_rs6275:C 27.3% 64.6% 9.77 × 10−6 0.21 0.10–0.43

Fi = Fisher’s test criteria; OR = odds ratio; 95% CI = 95% confidence interval; p (Westfall–Young) < 0.001.

A total of four complex genotypes were found to be associated with ICD (OR > 1). In
three of four cases, there is a BDNF_rs6265:A allele, which makes a significant contribution
to the development of ICD in PD patients receiving long-term dopaminergic therapy
(Table 6).

Two protective variants were determined during the complex genotype analysis. In
both cases, a BDNF_rs6265:G allele is present (Table 7).

Only the following genotype combinations were found to be statistically significant
in the analysis of PD1 versus PD2 groups: CT + CC, rs6275 in the DRD2 gene (11q23,
939T > C, His313His, Exon 7). The analysis of prevalence of this substitution demonstrated
a correlation between the C allele with PD + ICD (p = 0.026, OR = 2.85, CI95% [1.04–7.81]).
The mode of inheritance was found to be dominant.

No additional statistical analysis was conducted in respect of a single DRD2 gene
when comparing PD + ICD (PD1) versus PD without ICD (PD2, control).

3.3. Principal Component Analysis

Principal component analysis (PCA) was conducted using R-Studio software based
on genotype data in 49 patients of the PD + ICD group, 36 PD patients without ICD and
201 patients from the population control group. The following substitutions demonstrating
statistically significant correlation with the disease development were selected for the anal-
ysis: DBH (rs2097629, rs1611115), DRD2 (rs6275, rs12364283, rs1076560), ACE (rs4646994),
DRD1 (rs686), BDNF (rs6265).

PCA allowed to identify three statistically significant clusters that corresponded to
the baseline data.

The greatest differences in the groups of PD patients and the control group were
observed in respect of DBH, DRD2, BDNF gene substitutions. The heterogeneity of the PD
group was due to the diverse effects of DRD2 gene substitutions on the disease development
(Figure 1).
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groups. The heterogeneity of the PD groups (PD1 + PD2) was due to the diverse effects of DRD2 gene substitutions on the 
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The DBH gene encodes a protein of the same name that is responsible for the conver-
sion of dopamine to norepinephrine. The DBH gene sequence includes a coding DBH an-
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Figure 1. PCA results. PC1, PC2 are the principal components that explain 19.6% and 13.2% of the
variance, i.e., the percentages of the total spread in points that falls on each of the new coordinates.
Each sample has its own coordinates on the multidimensional plane. These coordinates consist of
all possible vectors of the effects of DBH substitutions DBH (rs2097629, rs1611115), DRD2 (rs6275,
rs12364283, rs1076560), ACE (rs4646994), DRD1 (rs686), BDNF (rs6265). In the obtained coordinate
system, the samples are distributed into three clusters corresponding to the original data groups.
DBH, DRD2, BDNF gene substitutions demonstrate the greatest impacts on the distribution of control,
PD1 and PD + ICD (PD2) groups. The heterogeneity of the PD groups (PD1 + PD2) was due to the
diverse effects of DRD2 gene substitutions on the disease development.

These findings are supported by the analysis of associations between the genetic
markers and ICD in PD patients.

4. Discussion

Our study reports the key findings that variants rs1611115 DBH, rs6265 BDNF, rs6275
DRD2 rs12364283 DRD2, rs1076560 DRD2, rs4646994 ACE are associated with an increased
ICD risk among PD patients. To the best of our knowledge, we believe that this is the first
report of clinical genetic testing conducted in patients with PD and ICD in Russia. We will
now discuss individual aspects of these findings.

4.1. Association between the Genetic Markers and PD

A range of genetic markers have been associated with behavioral and other drug
induced nonmotor issues in PD. For instance, the DRD2 rs1799732 and DRD3 rs6280 gene
polymorphisms have been linked to levodopa induced gastrointestinal symptoms [19].
Post-traumatic stress disorder as well as sleep dysfunction arising from chronic stress have
also been linked to SNP DRD2 density and DRD2 gene polymorphisms [31,32]. In PD, ICD
is widely regarded as a drug induced behavioural issue and we now discuss relevant and
related genetic basis.

The DBH gene encodes a protein of the same name that is responsible for the con-
version of dopamine to norepinephrine. The DBH gene sequence includes a coding DBH
antisense RNA 1—DBH-AS1 region; this non-coding protein transcript may regulate the
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DBH gene translation. The dominant G allele of the rs2097629 substitution was shown to
be associated with the PD development (p = 0.016) with OR = 2.97, 95% CI [1.17–8.97]).
This substitution located in 3′ region of the gene has been postulated to produce a negative
effect on dopamine metabolism by reducing the dopamine beta-hydroxylase synthesis [33].
The 5′ region of the gene includes a rs1611115 substitution [31], the recessive Allele C of
which is also implicated in the pathogenesis of PD (p = 2.8 × 10−3) with OR = 3.71, 95%
CI [1.46–8.77]. This substitution significantly regulates the enzyme plasma activity [34].
In this regard, the impaired function of the dopaminergic system increases the risk of
PD development.

We also interrogated the BDNF gene which encodes a protein that is active in the spinal
cord and the brain and regulates the growth, differentiation and functioning of neurons.
The dominant Allele A of the rs6265 substitution increases the risk of PD development
(p = 6.7 × 10−3), with OR = 2.83, 95% CI [1.27–6.29]. This substitution is located in Exon
2 of the BDNF gene and leads to the Val66Met amino acid substitution. The Met allele is
associated with abnormal intracellular packaging of the BDNF precursor and a decrease in
the cell production of mature BDNF [35]. The rs6265 substitution is also associated with
obsessive-compulsive disorder (OCD), attention-deficit/hyperactivity disorder, anxiety
disorders and could be operative via functional alterations within the hippocampus and
prefrontal cortex [36]. Moreover, this substitution is also associated with the development
of Alzheimer’s disease as it causes progressive memory loss and cognitive impairment [37].

The DRD2 gene encodes the dopamine receptor, which is a G-coupled protein located
on the surface of neurons and inhibiting dopamine-induced adenylate cyclase activity [32].
TT genotype of the rs6275 substitution increases the risk of PD development (p = 2.9× 10−8)
with OR = 9.00, 95% CI [3.97–20.14]. The C allele is dominant, and the T allele is recessive.
This substitution is located in Exon 7 of the dopamine D2 receptor encoding gene and the
T allele affects the stability of the DRD2 transcript and its translation efficiency [38]. The
major effect is expected on the presynaptic membrane, where the D2 dopamine receptor
activates the dopamine reuptake. With a decrease in the amount of DRD2 on the presy-
naptic membrane, dopamine accumulation in the synaptic cleft should be expected. This
may result in excessive activation of the downstream dopamine receptors and an increased
response on the dopamine release. The TT genotype is likely to result in a decreased
reuptake from the synapse due to imbalance of the number of D2 dopamine receptors
and dopamine, which can lead to striatal dopamine depletion. The 5′ region of the gene
includes a rs12364283 substitution, the recessive Allele A of which is associated with the
PD development (p = 0.012) with OR = 3.30, 95% CI [1.25–10.19]. This substitution has
been found to be associated with behavioral disorders and possibly also with pathogenesis
of PD [39] D1 receptor gene (DRD1) is located at 5q35.1 and has two exons. DRD1 is one
of the most common dopaminergic receptors in the central nervous system. This gene
is involved in social cognition, attention, reinforcement learning, executive functioning,
working memory, and neuropsychiatric disorders such as alcohol addiction and pathologi-
cal gambling [40]. The rs686 polymorphism is located in the 3′ untranslated region of this
gene, the dominant Allele A of which increases the risk of PD development (p = 0.017),
with an estimate of OR = ∞, 95% CI [1.36–∞]. This polymorphism leads to allele-specific
effects on the differential expression of the DRD1 gene, while the C allele shows lower
activity compared to the T allele, which is due to the fact that this SNP is located in the
miR-504 binding region [40].

4.2. Analysis of Complex Genotype Associations in PD Patients

The analysis of complex genotype associations in PD patients was carried out in
APSampler software designed to analyze composite genetic biomarkers associated with
polygenic disease phenotypes. All associated substitutions: rs2097629, rs1611115, rs6265,
rs6275, rs12364283, rs686 were included in the analysis.

We were able to identify a total of 4 PD-associated complex genotypes that were
assessed using a permutation test. In three of four cases, the rs6275:T substitution genotype
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was found in the DRD2 gene, which resulted in about 9-fold increase in the risk of PD
development. Furthermore, a rs2097629:G allele of the DBH gene was revealed in two of
four cases, which resulted in about three-fold increase in the risk of PD development. It is
worth noting that the rs6275:C allele of the DRD2 gene demonstrates obvious protective
properties in relation to PD. Thus, the study showed that the DBH and DRD2 genes had the
most pronounced effects on the PD development. No obvious correlations were revealed
between the rs2097629 substitution of the DBH gene and the PD symptoms, however, it
may be assumed that there is an increased risk of the disease as a result of a decrease
in the enzyme synthesis in combination with other factors. No data are available on the
correlation between the PD development and the rs6275 substitution in the DRD2 gene.

4.3. Association between the Genetic Markers and ICD in PD Patients

The BDNF gene encodes a protein that is active in the spinal cord and the brain.
Its main function is to regulate the growth, differentiation and functioning of neurons.
The dominant Allele A of the rs6265 substitution increases the risk of ICD development
(p = 5.7 × 10−6), with an estimate of OR = 4.49, 95% CI [2.24–9.18]. This substitution is
located in Exon 2 of the BDNF gene, and leads to the Val66Met amino acid substitution.
The Met allele is associated with abnormal intracellular packaging of the BDNF precursor
and a decrease in the cell production of mature BDNF [35]. The association between the
rs6265 substitution with OCD, attention-deficit/hyperactivity disorder, anxiety disorders,
Parkinson’s disease is well-known, and we reasonably conclude that as the substitution
is associated with behavioral disorders, it can be assumed that this polymorphism is
associated with ICD.

The TT genotype of the rs6275 substitution in this gene increases the risk of ICD
development (p = 3.8 × 10−3), with OR = 3.16, 95% CI [1.40–6.81]. The C allele is dominant,
and the T allele is recessive. As it was mentioned before, this substitution is located in Exon
7 of the dopamine D2 receptor encoding gene and the T allele affects the stability of the
DRD2 transcript and its translation efficiency [38]. The T allele effect may be expressed in a
decrease in the amount of DRD2 on the presynaptic membrane, dopamine accumulation in
the synaptic cleft should be expected. The TT genotype is likely to result in excessive acti-
vation of the downstream dopamine receptors and an increased response on the dopamine
release. The 5′ region of the gene includes a rs12364283 substitution, the recessive Allele
A of which is associated with the ICD development (p = 7.7 × 10−3) with OR = 3.05, 95%
CI [1.29–8.04]. There have been reports on correlation between this substitution and the
development of behavioral disorders and dependencies [41], which suggests an association
with ICD. The Intron 6 of the DRD2 gene includes a rs1076560 substitution, the dominant
Allele A of which demonstrated a correlation with ICD (p = 0.024) with OR = 2.30, 95% CI
[1.08–4.83]. There have been reports on the correlation between this substitution and the
development of alcohol abuse and drug addiction [42].

The DBH gene encodes a protein of the same name that is responsible for the con-
version of dopamine to norepinephrine. Dopamine being a key neurotransmitter, having
impaired balance in PD patients, was of great interest in our study. The 5′ region of the
gene includes a rs1611115 substitution, the recessive Allele C of which is associated with
the ICD development (p = 1.1 × 10−4) with OR = 3.51, 95% CI [1.77–7.29]. This substitu-
tion significantly regulates the enzyme plasma activity [34]. In this regard, the impaired
function of the dopaminergic system increases the risk of ICD development.

The ACE gene, located at 17q23.3, encodes the angiotensin conversion enzyme (pep-
tidyl dipeptidase A). This enzyme is responsible for cleavage of some proteins of the
renin-angiotensin system, which regulates blood pressure and the fluid and electrolyte bal-
ance in the body [43]. The functional polymorphism rs4646994 is present in Intron 16 in the
form of insertion (I) and/or deletion (D) of a sequence of Alu repeats with a length of 289 bp
(rs4646994). The dominant Allele I is associated with the ICD development (p = 0.024) with
OR = 2.64, 95% CI [1.12–7.22]. The I/D polymorphism may affect the ACE gene expression
and/or the ACE function. Angiotensin II is known to activate several signaling path-
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ways, including mitogen-activated protein kinase (MAPK), phosphoinositide-3-kinase
(PI3K)/AKT, and cAMP-dependent protein kinase pathways that play a role in regulat-
ing cell growth and differentiation, cytoplasmic protein reorganization, and cell cycle
regulation [44].

4.4. Analysis of Complex Genotype Associations in PD Patients with ICD

The analysis of complex genotype associations in PD patients was carried out in
APSampler software designed to analyze composite genetic biomarkers associated with
polygenic disease phenotypes. All associated substitutions: rs1611115, rs6265, rs6275,
rs12364283, rs1076560, rs4646994 were included in the analysis.

We were able to identify a total of 4 ICD-associated complex genotypes that were
assessed using a permutation test. In three of four cases, there is a BDNF_rs6265: A
allele, which makes a significant contribution to the development of ICD in PD patients
receiving long-term dopaminergic therapy. This allele can independently result in a
four-fold increase in the risk of ICD development. However, the BDNF_rs6265: G allele
demonstrates protective properties in respect of ICD development. An DRD2_rs1076560: A
allele that was observed in two of four cases and was associated with an increased risk of
the disease is of interest for complex genotype analysis. The DBH_rs1611115:T allele was
found in two of four cases, which independently resulted in about four-fold increase in the
risk of the disease.

The BDNF rs6265 was shown to correlated with the development of OCD, ADHD and
behavioral disorders, which confirms a possible association with ICD (19582215). The DRD2
rs1076560 substitution might be associated with the development of alcohol abuse and
drug addiction, which makes it possible to assume a correlation with the development of
ICD as an abnormal behavior. The DBH rs1611115 polymorphism is significantly associated
with cognitive functions, which explains the probable correlation with ICD [45].

4.5. Association between the Genetic Markers and ICD in PD Patients

CT and CC substitutions (rs6275) of the DRD2 gene increase the risk of ICD develop-
ment in PD patients (p = 0.026) with OR = 2.85; 95% CI [1.04–7.81]. The C allele is dominant,
and the T allele is recessive.

The comparison of PD + ICD (49) group and PD group (36) as the internal control
showed that the rs6275 substitution in the DRD2 gene suggested a correlation between
the CT and CC genotypes and the PD + ICD phenotype (OR = 2.85), i.e., Allele C has a
dominant mode of inheritance for the PD + ICD sample. There is an association between
the TT genotype and PD + ICD phenotype (OR = 3.16) (recessive mode of inheritance) as
evidenced by the comparison of PD + ICD group versus the population control. There
is also a significant association between the TT genotype with the recessive mode of
inheritance (OR = 9.00) as evidenced by the comparison of PD without ICD group versus
the population control.

The OR values show that the presence of the TT genotype plays a crucial role in the
development of PD without related disorders whereas the development of ICD depends
more on the presence of the C allele. The presence of a recessive T allele (TT genotype) was
observed when comparing PD patients with the control group. The C or T substitutions lead
to changes in RNA splicing, which result in altered proportions of the long and short DRD2
receptor isoforms, respectively. The C allele is often a wild-type allele, which has a positive
effect on the stability of the DRD2 transcript and the translation efficiency [38]. Normal
activity of the DRD2 gene in PD patients leads to a more effective response to dopamine
therapy. Therefore, it can be assumed that PD itself is not the cause of ICD development,
and that ICD symptoms may manifest as a result of the use of dopaminergic therapy.

5. Conclusions

In summary, we have shown that variants rs1611115 DBH, rs6265 BDNF, rs6275 DRD2
rs12364283 DRD2, rs1076560 DRD2, rs4646994 ACE are associated with an increased ICD
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risk among PD patients. To the best of our knowledge, this is the first report of clinical
genetic testing and identification of risk factors for ICD conducted in patients with PD and
ICD in Russia. These results would need to be replicated by further studies with a larger
population and other ethnic groups as we recognize that the sample size of this study was
small although the statistical power was sufficient for analyses. We also acknowledge that
our control population group, taken from a biobank of a healthy screened blood transfusion
service was not specifically screened for ICD. This fact is a possible limitation towards the
conclusions reached. However, as mentioned previously we used a fully health screened
blood donor group where all the donors had passed a rigorous medical examination, and
those with family history of neurodegenerative disorders, dementia as well any behavioral
or mental health issues were excluded. This would mean that those with family history
of PD were excluded and furthermore, exclusion of those with significant mental health
issues or behavioral disorders would mean that intrusive ICD would have been likely to
have been screened out as well.

Special attention should be drawn to rs6275 DRD2 gene polymorphism. Our data
suggest that this specific polymorphism is associated with a strong clinical genetic risk
factor for the development of ICD in PD patients and may therefore enable pharmacogenetic
strategies to aid personalized treatment while also enabling possible prophylaxis [46].
This issue is also highly relevant in the view of the increasing frequency of “dopamine
agonist phobia” which has been recently reported [47]. These studies also contribute to
our better understanding of the role of dopaminergic transmission and signaling in the
mesocorticolimbic dopaminergic system and the involvement of other neurotransmitter
systems in the mechanisms of ICD development. A possible long-term gain may be that
the proposed genetic risk factors for ICD development might be used as a biomarker of
neurotransmitter dysfunction based nonmotor subtypes of PD [48], allowing a personalized
approach to PD therapy [49,50].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11121321/s1, Table S1: characteristics of primers and PCR conditions, Table S2: characteris-
tics of primers and probes, PCR—real-time conditions, Table S3: restrictases and restriction fragments.

Author Contributions: Conceptualization, N.T., E.K. (Elena Katunina) and E.K. (Eugene Klimov);
data curation, A.F., Z.K., N.S. and E.K. (Eugene Klimov); formal analysis, A.F. and E.K. (Eugene
Klimov); investigation, A.F., Z.K. and N.S.; methodology, N.T., E.K. (Elena Katunina) and E.K.
(Eugene Klimov); project administration, E.K. (Elena Katunina) and E.K. (Eugene Klimov); resources,
N.T. and E.K. (Eugene Klimov); supervision, N.T., E.K. (Elena Katunina) and E.K. (Eugene Klimov);
writing—original draft, A.F.; writing—review and editing, A.F., N.T. and E.K. (Eugene Klimov). All
authors have read and agreed to the published version of the manuscript.

Funding: The study was funded in part by a career development grant for NT from Parkinson’s
disease nonmotor group (PDNMG) and was carried out within the framework of the scientific project
of the state assignment of Moscow State University No. 121032500088-4.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki, and approved by the Ethics Committee of Pirogov Russian National
Research Medical University (Protocol Code: 150, date of approval: 14 December 2015).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to country specific and ethical
committee regulations.

Acknowledgments: The authors thank the patients who agree to take part in the study. We wish to
pay our gratitude and our tribute to our co-author and colleague, Eugene Klimov, who passed away
on 8 July 2021. He was a dedicated scientist with a passion for research and a soulful curator, without
whom this work could not be possible. We also thank K Ray Chaudhuri (Kings College, London) for
a review of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

52



J. Pers. Med. 2021, 11, 1321

References
1. Titova, N.; Padmakumar, C.; Lewis, S.J.G.; Chaudhuri, K.R. Parkinson’s: A syndrome rather than a disease? J. Neural Transm.

2017, 124, 907–914. [CrossRef] [PubMed]
2. Magistrelli, L.; Ferrari, M.; Furgiuele, A.; Milner, A.V.; Contaldi, E.; Comi, C.; Marino, F. Polymorphisms of Dopamine Receptor

Genes and Parkinson’s Disease: Clinical Relevance and Future Perspectives. Int. J. Mol. Sci. 2021, 22, 3781. [CrossRef]
3. Vilas, D.; Pont-Sunyer, C.; Tolosa, E. Impulse control disorders in Parkinson’s disease. Parkinsonism Relat. Disord. 2012, 18

(Suppl. 1), S80–S84. [CrossRef]
4. Antonini, A.; Barone, P.; Bonuccelli, U.; Annoni, K.; Asgharnejad, M.; Stanzione, P. ICARUS study: Prevalence and clinical

features of impulse control disorders in Parkinson’s disease. J. Neurol. Neurosurg. Psychiatry 2017, 88, 317–324. [CrossRef]
5. Kim, J.; Kim, M.; Kwon, D.Y.; Seo, W.K.; Kim, J.H.; Baik, J.S.; Koh, S.B. Clinical characteristics of impulse control and repetitive

behavior disorders in Parkinson’s disease. J. Neurol. 2013, 260, 429–437. [CrossRef] [PubMed]
6. Sarathchandran, P.; Soman, S.; Sarma, G.; Krishnan, S.; Kishore, A. Impulse control disorders and related behaviors in Indian

patients with Parkinson’s disease. Mov. Disord. 2013, 28, 1901–1902. [CrossRef] [PubMed]
7. Weintraub, D.; Potenza, M.N. Impulse control disorders in Parkinson’s disease. Curr. Neurol. Neurosci. Rep. 2006, 6, 302–306.

[CrossRef] [PubMed]
8. Voon, V.; Hassan, K.; Zurowski, M.; de Souza, M.; Thomsen, T.; Fox, S.; Lang, A.E.; Miyasaki, J. Prevalence of repetitive and

reward-seeking behaviors in Parkinson’s disease. Neurology 2006, 67, 1254–1257. [CrossRef] [PubMed]
9. Weintraub, D.; Koester, J.; Potenza, M.N.; Siderowf, A.D.; Stacy, M.; Voon, V.; Whetteckey, J.; Wunderlich, G.R.; Lang, A.E. Impulse

control disorders in Parkinson’s disease: A cross-sectional study of 3090 patients. Arch. Neurol. 2010, 67, 589–595. [CrossRef]
10. Zhang, Y.; He, A.Q.; Li, L.; Chen, W.; Liu, Z.G. Clinical characteristics of impulse control and related disorders in Chinese

Parkinson’s disease patients. BMC Neurol. 2017, 17, 98. [CrossRef] [PubMed]
11. Bhattacharjee, S. Impulse control disorders in Parkinson’s disease: Review of pathophysiology, epidemiology, clinical features,

management, and future challenges. Neurol. India 2018, 66, 967–975. [CrossRef] [PubMed]
12. Latella, D.; Maggio, M.G.; Maresca, G.; Saporoso, A.F.; Le Cause, M.; Manuli, A.; Milardi, D.; Bramanti, P.; De Luca, R.; Calabrò,

R.S. Impulse control disorders in Parkinson’s disease: A systematic review on risk factors and pathophysiology. Neurol. Sci. 2019,
398, 101–106. [CrossRef] [PubMed]

13. Brewer, J.A.; Potenza, M.N. The neurobiology and genetics of impulse control disorders: Relationships to drug addictions.
Biochem. Pharm. 2008, 75, 63–75. [CrossRef] [PubMed]

14. Comings, D.E.; Gade-Andavolu, R.; Gonzalez, N.; Wu, S.; Muhleman, D.; Chen, C.; Koh, P.; Farwell, K.; Blake, H.; Dietz, G.; et al.
The additive effect of neurotransmitter genes in pathological gambling. Clin. Genet. 2001, 60, 107–116. [CrossRef] [PubMed]

15. Lee, J.Y.; Lee, E.K.; Park, S.S.; Lim, J.Y.; Kim, H.J.; Kim, J.S.; Jeon, B.S. Association of DRD3 and GRIN2B with impulse control and
related behaviors in Parkinson’s disease. Mov. Disord. 2009, 24, 1803–1810. [CrossRef] [PubMed]

16. Cilia, R.; Benfante, R.; Asselta, R.; Marabini, L.; Cereda, E.; Siri, C.; Pezzoli, G.; Goldwurm, S.; Fornasari, D. Tryptophan
hydroxylase type 2 variants modulate severity and outcome of addictive behaviors in Parkinson’s disease. Parkinsonism Relat.
Disord. 2016, 29, 96–103. [CrossRef] [PubMed]

17. Zainal Abidin, S.; Tan, E.L.; Chan, S.C.; Jaafar, A.; Lee, A.X.; Abd Hamid, M.H.; Abdul Murad, N.A.; Pakarul Razy, N.F.; Azmin,
S.; Ahmad Annuar, A.; et al. DRD and GRIN2B polymorphisms and their association with the development of impulse control
behaviour among Malaysian Parkinson’s disease patients. BMC Neurol. 2015, 15, 59. [CrossRef] [PubMed]

18. Castro-Martínez, X.H.; García-Ruiz, P.J.; Martínez-García, C.; Martínez-Castrillo, J.C.; Vela, L.; Mata, M.; Hoenicka, J. Behavioral
addictions in early-onset Parkinson disease are associated with DRD3 variants. Parkinsonism Relat. Disord. 2018, 49, 100–103.
[CrossRef]

19. Rieck, M.; Schumacher-Schuh, A.; Altmann, V.; Callegari-Jacques, S.M.; Rieder, C.R.M.; Hutz, M.H. Association between DRD2
and DRD3 gene polymorphisms and gastrointestinal symptoms induced by levodopa therapy in Parkinson’s disease. Pharm. J.
2018, 18, 196–200. [CrossRef] [PubMed]

20. Krishnamoorthy, S.; Rajan, R.; Banerjee, M.; Kumar, H.; Sarma, G.; Krishnan, S.; Sarma, S.; Kishore, A. Dopamine D3 receptor
Ser9Gly variant is associated with impulse control disorders in Parkinson’s disease patients. Parkinsonism Relat. Disord. 2016, 30,
13–17. [CrossRef] [PubMed]

21. Todt, U.; Netzer, C.; Toliat, M.; Heinze, A.; Goebel, I.; Nürnberg, P.; Göbel, H.; Freudenberg, J.; Kubisch, C. New genetic evidence
for involvement of the dopamine system in migraine with aura. Hum. Genet. 2009, 125, 265–279. [CrossRef] [PubMed]

22. Zabetian, C.P.; Anderson, G.M.; Buxbaum, S.G.; Elston, R.C.; Ichinose, H.; Nagatsu, T.; Kim, K.S.; Kim, C.H.; Malison, R.T.;
Gelernter, J.; et al. A quantitative-trait analysis of human plasma–dopamine β-hydroxylase activity: Evidence for a major
functional polymorphism at the DBH locus. Am. J. Hum. Genet. 2001, 68, 515–522. [CrossRef] [PubMed]

23. Chen, Z.Y.; Patel, P.D.; Sant, G.; Meng, C.X.; Teng, K.K.; Hempstead, B.L.; Lee, F.S. Variant brain-derived neurotrophic factor
(BDNF)(Met66) alters the intracellular trafficking and activity-dependent secretion of wild-type BDNF in neurosecretory cells
and cortical neurons. J. Neurosci. 2004, 24, 4401–4411. [CrossRef]

24. Cheng, L.; Ge, Q.; Xiao, P.; Sun, B.; Ke, X.; Bai, Y.; Lu, Z. Association study between BDNF gene polymorphisms and autism by
three-dimensional gel-based microarray. Int. J. Mol. Sci. 2009, 10, 2487–2500. [CrossRef] [PubMed]

53



J. Pers. Med. 2021, 11, 1321

25. Boots, E.A.; Schultz, S.A.; Clark, L.R.; Racine, A.M.; Darst, B.F.; Koscik, R.L.; Carlsson, C.M.; Gallagher, C.L.; Hogan, K.J.;
Bendlin, B.B.; et al. BDNF Val66Met predicts cognitive decline in the Wisconsin Registry for Alzheimer’s Prevention. Neurology
2017, 88, 2098–2106. [CrossRef]

26. Duan, J.; Wainwright, M.S.; Comeron, J.M.; Saitou, N.; Sanders, A.R.; Gelernter, J.; Gejman, P.V. Synonymous mutations in the
human dopamine receptor D2 (DRD2) affect mRNA stability and synthesis of the receptor. Hum. Mol. Genet. 2003, 12, 205–216.
[CrossRef]

27. Davis, C.; Levitan, R.D.; Yilmaz, Z.; Kaplan, A.S.; Carter, J.C.; Kennedy, J.L. Binge eating disorder and the dopamine D2 receptor:
Genotypes and sub-phenotypes. Prog. Neuropsychopharmacol. Biol. Psychiatry 2012, 38, 328–335. [CrossRef] [PubMed]

28. Jiménez, K.M.; Pereira-Morales, A.J.; Forero, D.A. A functional polymorphism in the DRD1 gene, that modulates its regulation by
miR-504, is associated with depressive symptoms. Psychiatry Investig. 2018, 15, 402–406. [CrossRef] [PubMed]

29. Nelson, E.C.; Heath, A.C.; Lynskey, M.T.; Agrawal, A.; Henders, A.K.; Bowdler, L.M.; Todorov, A.A.; Madden, P.A.; Moore, E.;
Degenhardt, L.; et al. PTSD risk associated with a functional DRD2 polymorphism in heroin-dependent cases and controls is
limited to amphetamine-dependent individuals. Addict. Biol. 2014, 19, 700–707. [CrossRef] [PubMed]

30. Lucht, M.; Samochowiec, A.; Samochowiec, J.; Jasiewicz, A.; Grabe, H.J.; Geissler, I.; Rimmbach, C.; Rosskopf, D.; Grzywacz, A.;
Wysiecka, J.P.; et al. Influence of DRD2 and ANKK1 genotypes on apomorphine-induced growth hormone (GH) response in
alcohol-dependent patients. Prog. Neuropsychopharmacol. Biol. Psychiatry 2010, 34, 45–49. [CrossRef]

31. Zhang, K.; Wang, L.; Cao, C.; Li, G.; Fang, R.; Liu, P.; Luo, S.; Zhang, X.; Liberzon, I. A DRD2/ANNK1-COMT Interaction,
Consisting of Functional Variants, Confers Risk of Post-traumatic Stress Disorder in Traumatized Chinese. Front. Psychiatry 2018,
9, 170. [CrossRef]

32. Jiang, Y.; Liu, B.; Wu, C.; Gao, X.; Lu, Y.; Lian, Y.; Liu, J. Dopamine Receptor D2 Gene (DRD2) Polymorphisms, Job Stress, and
Their Interaction on Sleep Dysfunction. Int. J. Environ. Res. Public Health 2020, 17, 8174. [CrossRef]

33. Sayed-Tabatabaei, F.A.; Oostra, B.A.; Isaacs, A.; van Duijn, C.M.; Witteman, J.C. ACE polymorphisms. Circ. Res. 2006, 98,
1123–1133. [CrossRef] [PubMed]

34. Zmorzynski, S.; Szudy-Szczyrek, A.; Popek-Marciniec, S.; Korszen-Pilecka, I.; Wojcierowska-Litwin, M.; Luterek, M.; Chocholska,
S.; Styk, W.; Swiderska-Kołacz, G.; Januszewska, J.; et al. ACE insertion/deletion polymorphism (rs4646994) is associated with
the increased risk of multiple myeloma. Front. Oncol. 2019, 9, 44. [CrossRef]

35. Kieling, C.; Genro, J.P.; Hutz, M.H.; Rohde, L.A. The–1021 C/T DBH polymorphism is associated with neuropsychological
performance among children and adolescents with ADHD. Am. J. Med. Genet. B Neuropsychiatr. Genet. 2008, 147B, 485–490.
[CrossRef]

36. Gibb, W.R. Accuracy in the clinical diagnosis of parkinsonian syndromes. Postgrad. Med. J. 1988, 64, 345–351. [CrossRef]
37. Weintraub, D.; Hoops, S.; Shea, J.A.; Lyons, K.E.; Pahwa, R.; Driver-Dunckley, E.D.; Adler, C.H.; Potenza, M.N.; Miyasaki, J.;

Siderowf, A.D.; et al. Validation of the questionnaire for impulsive-compulsive disorders in Parkinson’s disease. Mov. Disord.
2009, 24, 1461–1467. [CrossRef] [PubMed]

38. Weintraub, D.; Mamikonyan, E.; Papay, K.; Shea, J.A.; Xie, S.X.; Siderowf, A. Questionnaire for impulsive-compulsive disorders in
Parkinson’s Disease–Rating Scale. Mov. Disord. 2012, 27, 242–247. [CrossRef]

39. McElroy, S.L.; Keck, P.E., Jr.; Pope, H.G., Jr.; Smith, J.M.; Strakowski, S.M. Compulsive buying: A report of 20 cases. J. Clin.
Psychiatry 1994, 55, 242–248. [PubMed]

40. Voon, V. Repetition, repetition, and repetition: Compulsive and punding behaviors in Parkinson’s disease. Mov. Disord. 2004, 19,
367–370. [CrossRef]

41. Evans, A.H.; Katzenschlager, R.; Paviour, D.; O’Sullivan, J.D.; Appel, S.; Lawrence, A.D.; Lees, A.J. Punding in Parkinson’s
disease: Its relation to the dopamine dysregulation syndrome. Mov. Disord. 2004, 19, 397–405. [CrossRef] [PubMed]

42. Giovannoni, G.; O’Sullivan, J.D.; Turner, K.; Manson, A.J.; Lees, A.J. Hedonistic homeostatic dysregulation in patients with
Parkinson’s disease on dopamine replacement therapies. J. Neurol. Neurosurg. Psychiatry 2000, 68, 423–428. [CrossRef] [PubMed]

43. Papp, A.C.; Pinsonneault, J.K.; Cooke, G.; Sadée, W. Single nucleotide polymorphism genotyping using allele-specific PCR and
fluorescence melting curves. Biotechniques 2003, 34, 1068–1072. [CrossRef]

44. Abramson, J.H. WINPEPI updated: Computer programs for epidemiologists, and their teaching potential. Epidemiol. Perspect.
Innov. 2011, 8, 1–9. [CrossRef] [PubMed]

45. Favorov, A.V.; Andreewski, T.V.; Sudomoina, M.A.; Favorova, O.O.; Parmigiani, G.; Ochs, M.F. A Markov chain Monte Carlo
technique for identification of combinations of allelic variants underlying complex diseases in humans. Genetics 2005, 171,
2113–2121. [CrossRef]

46. Titova, N.; Chaudhuri, K.R. Personalized Medicine and Nonmotor Symptoms in Parkinson’s Disease. Int. Rev. Neurobiol. 2017,
134, 1257–1281. [CrossRef]

47. Rota, S.; Boura, I.; Batzu, L.; Titova, N.; Jenner, P.; Falup-Pecurariu, C.; Chaudhuri, K.R. ‘Dopamine agonist Phobia’ in Parkinson’s
disease: When does it matter? Implications for non-motor symptoms and personalized medicine. Expert Rev. Neurother. 2020, 20,
953–965. [CrossRef]

48. Titova, N.; Qamar, M.A.; Chaudhuri, K.R. Biomarkers of Parkinson’s Disease: An Introduction. Int. Rev. Neurobiol. 2017, 132,
183–196. [CrossRef]

54



J. Pers. Med. 2021, 11, 1321

49. Titova, N.; Jenner, P.; Chaudhuri, K.R. The Future of Parkinson’s Treatment—Personalised and Precision Medicine. Eur. Neurol.
Rev. 2017, 12, 15. [CrossRef]

50. Marras, C.; Chaudhuri, K.R.; Titova, N.; Mestre, T.A. Therapy of Parkinson’s Disease Subtypes. Neurotherapeutics 2020, 17,
1366–1377. [CrossRef]

55





Journal of

Personalized 

Medicine

Review

Are Parkinson’s Disease Patients the Ideal Preclinical
Population for Alzheimer’s Disease Therapeutics?

Thomas F. Tropea and Alice Chen-Plotkin *

Citation: Tropea, T.F.; Chen-Plotkin,

A. Are Parkinson’s Disease Patients

the Ideal Preclinical Population for

Alzheimer’s Disease Therapeutics? J.

Pers. Med. 2021, 11, 834. https://

doi.org/10.3390/jpm11090834

Academic Editors: K. Ray Chaudhuri

and Nataliya Titova

Received: 2 July 2021

Accepted: 20 August 2021

Published: 25 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Neurology, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104, USA; thomas.tropea@pennmedicine.upenn.edu
* Correspondence: chenplot@pennmedicine.upenn.edu; Tel.: +1-215-573-7193

Abstract: Concomitant neuropathological hallmarks of Alzheimer’s Disease (AD) are common in
the brains of people with Parkinson’s disease (PD). Furthermore, AD biomarkers are associated
with cognitive decline and dementia in PD patients during life. Here, we highlight the considerable
overlap between AD and PD, emphasizing neuropathological, biomarker, and mechanistic studies.
We suggest that precision medicine approaches may successfully identify PD patients most likely to
develop concomitant AD. The ability to identify PD patients at high risk for future concomitant AD
in turn provides an ideal cohort for trials of AD-directed therapies in PD patients, aimed at delaying
or preventing cognitive symptoms.

Keywords: Parkinson’s disease; Alzheimer’s disease; clinical trial; precision medicine

The symptoms of Alzheimer’s disease (AD) and Parkinson’s disease (PD), the two
most common neurodegenerative diseases, present a decade or more after the disease
process takes hold. Neuroprotective clinical trials in AD increasingly target early or at-
risk groups to prevent or delay the onset of disease, yet therapies that clearly impact the
cognitive course remain elusive. Identifying the ideal group of people to target in AD
neuroprotective studies remains of key importance.

PD affects over 6 million people worldwide, or 1–3% of people over age 65 [1–3],
already making it the second most common neurodegenerative disease, with numbers that
are growing [4,5]. Bradykinesia plus tremor or rigidity make up the cardinal symptoms of
PD [6], although mood, cognition, sleep, and autonomic function are also often affected [7].
Dementia, one of the most devastating complications in PD, is associated with worse
outcomes and increased mortality [8,9]. People with PD develop dementia at a higher
rate than age-matched peers without PD [10]. Specifically, PD dementia (PDD) affects
as many as 83% of PD patients long-term [11] and is typically preceded by a prodromal
cognitive state of mild cognitive impairment (PD-MCI) [12]. Neuropathologically, PD is
characterized by neuronal inclusions composed of misfolded alpha-synuclein (aSyn) that
exist in Lewy bodies [13]. However, PD neuropathology does not exist in isolation; as
many as 70% of postmortem brain samples from people diagnosed with PD in life have a
secondary neuropathological diagnosis of AD [14,15], defining PD as an AD risk state.

PD differs from AD in its clinical and neuropathological characteristics. AD is an
insidiously progressive cognitive disorder and the most common cause of dementia, affect-
ing an estimated 50 million people worldwide [16]. In the preclinical stage, neuroimaging
and molecular changes associated with AD are observed, albeit without clinical signs
or symptoms of cognitive impairment or dementia. The prodromal phase is associated
with changes in cognitive function without functional or social impairment [17]. The
preclinical changes and prodromal phase can begin as many as 20 years prior to the onset
of dementia. Dementia secondary to AD typically begins in the 7th decade of life and is
characterized by impairments in memory, language, problem-solving, and other domains
of cognition [18]. Postmortem examination of AD cases shows significant cortical and
medial temporal lobe atrophy, and the neuropathological diagnosis is established by the
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presence of plaques containing aggregated amyloid-β1-42 (Aβ) peptides and neurofibrillary
tangles of hyper-phosphorylated tau [19].

To date, clinical trials studying compounds aimed at slowing or reversing the course
of established MCI or dementia secondary to AD have largely been underwhelming. One
of the reasons for these disappointing results might be that the clinical syndrome appears
near the end of the pathological cascade [20]. Most studies have targeted groups with
MCI defined by genetic, neuroimaging, and biomarker characteristics to have early AD
pathology for enrollment in AD neuroprotection trials (Table 1). Yet, even this approach
may miss a critically early time point in AD pathogenesis, beyond which interventions
will have minimal clinical impact. How, then, might we identify individuals at an earlier
stage—a cognitively normal cohort with incipient AD pathology—without casting such a
wide net as to be impractical, if not altogether infeasible?

Table 1. Alzheimer’s Disease Clinical Trials in Preclinical or Prodromal Participants.

Study Drug Mechanism of Action Sponsor Enrollment Criteria Ref

Studies enrolling at-risk or preclinical stage human participants

Atabecestat BACE Inhibitor Janssen APOE E4 genotype. [21]
Celecoxib Selective COX-2 inhibitor Pfizer Cognitively normal with a family history of AD. [22]

Crenezumab Aβ monoclonal antibody Hoffmann-La Roche PSEN1 E280A mutation carriers. [23,24]
Gantenerumab Aβ monoclonal antibody Hoffmann-La Roche APP, presenilin-1, or presenilin-2 carriers. [25]

Simvastatin HMG-CoA reductase inhibitor Merck Cognitively normal with a family history of AD. [26]
Solenezumab Aβ monoclonal antibody Eli Lilly APP, presenilin-1, or presenilin-2 carriers. [25]

Studies enrolling prodromal human participants

Aducanumab Aβ monoclonal antibody Biogen MCI with positive amyloid PET. [27]

Atabecestat BACE Inhibitor Janssen MCI with pathological CSF Aβ or positive
amyloid PET. [28]

BI 409306 Phosphodiesterase-9A inhibitor Boehringer Ingelheim MCI. [29]
Crenezumab Aβ monoclonal antibody Hoffmann-La Roche Pathological CSF Aβ or positive amyloid PET. [23,24]
Donanemab Aβ monoclonal antibody Eli Lilly MCI with positive amyloid PET. [30]
Elenbecestat BACE inhibitor Biogen, Eisai MCI. [31]

Exenatide Glucagon-like peptide-1 agonist Astra Zeneca MCI. NA
Gantenerumab Aβ monoclonal antibody Hoffmann-La Roche MCI with pathological CSF Aβ. [25,32]
JNJ-63733657 Tau monoclonal antibody Janssen Subjective cognitive decline and positive tau PET. [33]

Pepinemab Semaphorin 4D monoclonal
antibody Vaccinex MCI with pathological CSF Aβ or positive

amyloid PET. [34]

Semorinemab Tau monocloncal antibody Genentech MCI with pathological CSF Aβ or positive
amyloid PET. [35]

Simvastatin HMG-CoA reductase inhibitor Merck MCI. [36]
Solenezumab Aβ monoclonal antibody Eli Lilly MCI with positive amyloid PET. [37,38]
Verubecestat BACE inhibitor Merck MCI with positive amyloid PET. [39]

BACE = β-site amyloid precursor protein cleaving enzyme. Aβ = amyloid- β. MCI = mild cognitive impairment. PET = positron
emission tomography.

We argue here that individuals with early PD may be exactly the cognitively normal,
high-AD-risk population in which interventions are likely to impact cognitive course in a
clinically meaningful way. In making our case, we review the considerable overlap between
AD and PD, emphasizing neuropathological, biomarker, and mechanistic studies. We then
highlight precision medicine approaches to identify people with PD at highest risk of AD,
in order to support the feasibility of viewing PD as an ideal preclinical cohort to target AD
neuropathology in disease-modifying clinical trials.

1. AD Pathology Is Common in PD Brains and Is Associated with Worse Cognitive
Performance during Life

The neuropathological hallmark of PD is the aSyn-containing neuronal Lewy body
inclusion. However, co-occurring AD pathology is common among all Lewy body disorder
cases, which includes PD, PD with dementia (PDD), and dementia with Lewy bodies (DLB,
Figure 1), although exact figures differ between studies. Among published cases with a
primary neuropathological Lewy body disorder diagnosis, nearly all have some amount of
concomitant tau pathology, with one third of them showing a moderate to severe degree of
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tau pathology. Roughly 50–70% demonstrated sufficient concomitant Aβ plaques and tau
neurofibrillary tangles to warrant a secondary neuropathological diagnosis of AD [14,15].
Moreover, the severity of AD pathology among different brain regions is proportional to
the aSyn burden in those regions [40]. Furthermore, tau and aSyn co-aggregate in the same
neuronal populations in the amygdala and entorhinal cortex and lesser in the prefrontal
cortex [41]. Thus, human neuropathological studies suggest synergy between aSyn, tau,
and Aβ with some regional and cellular specificity.

J. Pers. Med. 2021, 11, x FOR PEER REVIEW 3 of 9 
 

 

Pepinemab Semaphorin 4D monoclonal 
antibody 

Vaccinex MCI with pathological CSF Aβ or 
positive amyloid PET. 

[34] 

Semorinemab Tau monocloncal antibody Genentech 
MCI with pathological CSF Aβ or 

positive amyloid PET. [35] 

Simvastatin HMG-CoA reductase inhibitor Merck MCI. [36] 
Solenezumab  Aβ monoclonal antibody Eli Lilly MCI with positive amyloid PET. [37,38] 
Verubecestat BACE inhibitor Merck MCI with positive amyloid PET. [39] 

BACE = β-site amyloid precursor protein cleaving enzyme. Aβ = amyloid- β. MCI = mild cognitive impairment. PET = 
positron emission tomography. 

1. AD Pathology Is Common in PD Brains and Is Associated with Worse Cognitive 
Performance during Life 

The neuropathological hallmark of PD is the aSyn-containing neuronal Lewy body 
inclusion. However, co-occurring AD pathology is common among all Lewy body disor-
der cases, which includes PD, PD with dementia (PDD), and dementia with Lewy bodies 
(DLB, Figure 1), although exact figures differ between studies. Among published cases 
with a primary neuropathological Lewy body disorder diagnosis, nearly all have some 
amount of concomitant tau pathology, with one third of them showing a moderate to se-
vere degree of tau pathology. Roughly 50–70% demonstrated sufficient concomitant Aβ 
plaques and tau neurofibrillary tangles to warrant a secondary neuropathological diag-
nosis of AD [14,15]. Moreover, the severity of AD pathology among different brain regions 
is proportional to the aSyn burden in those regions [40]. Furthermore, tau and aSyn co-
aggregate in the same neuronal populations in the amygdala and entorhinal cortex and 
lesser in the prefrontal cortex [41]. Thus, human neuropathological studies suggest syn-
ergy between aSyn, tau, and Aβ with some regional and cellular specificity. 

 
Figure 1. Immunohistochemical sections (160×) demonstrating Lewy Body aSyn (red) pathology in 
the anterior cingulate cortex (Left), concomitant Aβ (brown) and aSyn (red) in the anterior cingulate 
cortex (middle), and Aβ (red) and tau neurofibrillary tangles (brown) in the middle frontal cortex 
(Right). Reprinted with Permission from Dai et al, 2020 [42]. 

In vivo positron emission tomography (PET) neuroimaging with amyloid specific 
tracers have helped to describe amyloid pathology at different stages in living PD patients. 
In early, untreated, cognitively normal PD cases from the Parkinson’s Progression Mark-
ers Initiative (PPMI), cerebral amyloid [18F] Florbetaben uptake is present in ~20% of cases 
[43], similar to neurologically normal published cohorts at the same age [44]. Throughout 
the course of PD, amyloid positivity increases as cognition declines. Indeed, Pittsburgh 
Compound B (PiB) positivity indicating amyloid deposition is at its lowest in PD with 
mild cognitive impairment (~5%) and higher in PD cases with dementia (~34%). In cases 
with DLB, with diffuse neocortical aSyn pathology early in the disease, PiB positivity is at 
its highest (68%) [45]. Although variability exists between amyloid PET tracers, amyloid 
appears to accumulate as PD progresses, following patterns of aSyn pathology. Patholog-
ical tau PET imaging studies have been more challenging due to off-target binding of 
available tracers. However, retention of the 3R/4R tau tracer 18F-flortaucepir in Lewy body 

Figure 1. Immunohistochemical sections (160×) demonstrating Lewy Body aSyn (red) pathology in the anterior cingulate
cortex (Left), concomitant Aβ (brown) and aSyn (red) in the anterior cingulate cortex (middle), and Aβ (red) and tau
neurofibrillary tangles (brown) in the middle frontal cortex (Right). Reprinted with Permission from Dai et al, 2020 [42].

In vivo positron emission tomography (PET) neuroimaging with amyloid specific
tracers have helped to describe amyloid pathology at different stages in living PD patients.
In early, untreated, cognitively normal PD cases from the Parkinson’s Progression Markers
Initiative (PPMI), cerebral amyloid [18F] Florbetaben uptake is present in ~20% of cases [43],
similar to neurologically normal published cohorts at the same age [44]. Throughout
the course of PD, amyloid positivity increases as cognition declines. Indeed, Pittsburgh
Compound B (PiB) positivity indicating amyloid deposition is at its lowest in PD with
mild cognitive impairment (~5%) and higher in PD cases with dementia (~34%). In cases
with DLB, with diffuse neocortical aSyn pathology early in the disease, PiB positivity is at
its highest (68%) [45]. Although variability exists between amyloid PET tracers, amyloid
appears to accumulate as PD progresses, following patterns of aSyn pathology. Pathological
tau PET imaging studies have been more challenging due to off-target binding of available
tracers. However, retention of the 3R/4R tau tracer 18F-flortaucepir in Lewy body disease
cases is intermediate between healthy controls and AD, is higher in temporal-parietal
regions in cases with higher cerebrospinal fluid (CSF) amyloid levels, and is associated
with higher CSF tau levels and a higher severity of neuropathological tau [40].

The location and severity of aSyn pathology associates with clinical features that
patients exhibit during life. That is, PD patients with aSyn pathology found not only in the
brainstem but also throughout the limbic system and cortex are more likely to have cogni-
tive impairment than PD patients with less extensive aSyn pathology [46]. People with PD
and concomitant AD have more severe motor dysfunction, a higher burden of depression,
faster rate of cognitive progression, shorter interval from motor to cognitive symptom
onset, impaired language performance, higher rate of nursing home admittance, and
higher mortality risk, compared to PD patients without AD pathology [46–48]. Specifically,
temporal lobe tau burden has been independently associated with antemortem deficits
in confrontation naming [40,49]. The combination of aSyn and AD copathology confers a
worse prognosis associated with worse cognitive function and higher mortality risk.
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2. AD Associated Biomarkers of Neurodegeneration, Tau, and Alpha-Synuclein
Associate with Cognitive Performance in PD Cohorts

To obtain a glimpse of the underlying neuropathological process, in vivo biomarker
studies are important tools, as they can be obtained from biofluids during life, and patients
can be observed after the biofluids have been collected. This approach has been informative
in AD, through the development and standardization of CSF and plasma-based biomarkers
(Aβ, total tau, phosphorylated tau, and neurofilament light [NFL]) [50]. These biochemical
biomarkers are highly specific for underlying axonal degeneration (t-tau and NFL) [51–53],
Aβ-containing plaques (Aβ) [54], and NFT pathology (p-tau) [55]. Indeed, diagnostic
criteria employing these biomarkers have been proposed in the AD field [56], and clinical
trials in AD use CSF-based biomarkers as entry criteria [57].

Numerous studies have examined AD biomarkers as predictors of dementia in PD.
For example, lower baseline CSF Aβ level was shown to predict a faster rate of cognitive
decline in a study of 45 cognitively normal PD patients. When compared to subjects
above a cutoff value of 192 pg/mL, those with lower Aβ levels had a greater annual
decline by 5.85 points on the Mattis Dementia Rating Scale-2 (DRS) [58]. Lower CSF
Aβ was also associated with a higher risk of cognitive impairment within 3 years of
disease duration in the PPMI cohort [59]. Unlike Aβ, CSF t-tau is not associated with
cognitive outcome in PD, while phospho-tau results have been mixed, with some studies
showing association with cognitive impairment and others not demonstrating such a
relationship [58,60]. Although NFL is not specific to AD, higher plasma NFL levels are
associated with cognitive impairment in PD [61]. Beyond biochemical biomarkers, the
APOE E4 allele remains the strongest genetic risk factor for late onset AD. In PD, carrying
one or two APOE E4 alleles is also associated with an increased risk for dementia in PD
and a faster rate of cognitive decline [62,63]. Furthermore, structural MRI correlates of
AD captured in the Spatial Pattern of Abnormality for Recognition of Early Alzheimer’s
(SPARE-AD) index associate with cognitive impairment and predict a faster rate of cognitive
decline in PD [62]. Thus, cognitive impairment in PD associates with biomarkers of
underlying Aβ pathology and axonal degeneration as well as genetic risk of AD, suggesting
that AD-related pathophysiology is at least partially causal for the cognitive decline that
occurs in the majority of individuals with PD.

3. In Vitro, Cell-Based, and Animal Models Provide Evidence for AD Pathogenic
Mechanisms in PD

In vitro studies have long suggested synergy between the key pathological proteins
implicated in AD and PD, especially tau and aSyn (reviewed in [64,65]). In particular,
Jensen et al. reported over 20 years ago that tau and aSyn can physically interact through
pulldowns in human brain lysates [66]. Subsequently, Giasson et al. demonstrated that
aSyn induced the fibrillization of tau in vitro and that co-incubation of tau and aSyn
accelerated the fibrillization of both proteins [67].

More recently, the discovery that pathological forms of both tau and aSyn may tem-
plate the misfolding of non-pathological tau and aSyn and that these pathological tau and
aSyn species may then propagate from cell to cell has led to new data supporting synergy
between AD and PD pathogenic processes in cellular and animal models [68]. For example,
Bassil et al. recently showed that co-inoculation of pathological conformations of aSyn
and tau into mouse brain increased the formation of tau aggregates, and the absence of
endogenous aSyn reduced the formation and spread of tau aggregates [69].

Thus, in vitro, cell-based, and animal models support the premise that the presence of
aSyn may accelerate the development and spread of at least tau, and possibly AD, pathology.

4. Precision Medicine Approaches Can Enrich for Those PD Individuals Most Likely
to Develop Concomitant AD Pathology

As summarized in the preceding sections, PD individuals who develop cognitive
impairment are more likely to carry the APOE E4 genotype, more likely to have low CSF
Aβ and high CSF and plasma NFL, and more likely to have positive amyloid PET scans. If
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we turn these associations on their heads and ask, instead, whether the presence of these
AD biomarkers can enrich or identify those PD individuals who are most likely to have
concomitant AD pathology, the answer that is emerging is very promising.

Specifically, in a neuropathological study of 208 LBD cases from Penn, structured
as discovery and replication cohorts, with validation in an additional 70 LBD cases from
20 centers in the National Alzheimer’s Coordinating Center (NACC) database, we have
shown that genotypes at just three single nucleotide polymorphisms (SNPs), along with
age at LBD onset, can be used to calculate a risk score for concomitant AD pathology. PD
individuals with AD risk scores in the highest quintile, in turn, were fourfold more likely
to have concomitant AD pathology than those in the lowest two quintiles. Importantly,
the absolute rate of concomitant AD pathology ranged from 60% to 80% in the highest
quintile of AD risk among Penn LBD cases [42]. Put simply, this study suggests that a
blood test obtained at any time in PD disease course may be able to identify a sizeable
group of individuals with 60–80% chance of having concomitant AD at death. If we infer,
based on rates of amyloid positivity by PET imaging in newly diagnosed PD cohorts or PD
individuals with minimal cognitive symptoms, that only a small minority of PD individuals
have incipient amyloid pathology at these early stages, there is great potential to identify
very high-risk PD individuals who are not yet amyloid positive.

While fourfold enrichment for PD individuals destined to have concomitant AD
pathology at death is promising, this may still fall short of the levels of certainty needed to
enroll a cognitively normal PD group in higher-risk trials aimed at targeting AD-related
pathogenic mechanisms. However, a strategy in which (1) minimally invasive blood draws
are used to perform genetics-based risk calculation, enriching for a cohort in which (2) AD
biochemical biomarker levels (from the CSF or, increasingly, from the plasma) may further
hone accuracy, yielding a subgroup in which (3) PET imaging is used to detect the earliest
phases of amyloid deposition, is already feasible. Such a strategy is also likely to yield a
sizeable group of PD individuals at high enough risk for AD pathology to warrant that
targeted intervention.

5. Concluding Remarks

We close with a few observations that may further strengthen the case for view-
ing “precision-medicine-identified” PD individuals as an ideal preclinical cohort for AD-
directed therapies. First, in contrast to current strategies following high-genetic-risk groups
in the general population (e.g., carriers of APOE E4 alleles), timelines are compressed,
and a starting point for thinking about intervention—the time of PD diagnosis—is clearly
indicated. Second, we believe that for individuals who already have a neurodegenerative
disease diagnosis (PD), willingness to accept the risks inherent in any experimental thera-
peutic may differ from those with no neurological signs or symptoms. Finally, compared
to individuals with established AD (including, for example, those who would fall under
the wide-ranging use cases for the recently FDA-approved amyloid-targeting drug adu-
canumab), cognitively normal PD patients stand to benefit enormously from arresting the
course of cognitive decline.
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Abstract: Device-aided therapies, including levodopa-carbidopa intestinal gel infusion, apomor-
phine subcutaneous infusion, and deep brain stimulation, are available in many countries for the
management of the advanced stage of Parkinson’s disease (PD). Currently, selection of device-aided
therapies is mainly focused on patients’ motor profile while non-motor symptoms play a role limited
to being regarded as possible exclusion criteria in the decision-making process for the delivery and
sustenance of a successful treatment. Differential beneficial effects on specific non-motor symptoms
of the currently available device-aided therapies for PD are emerging and these could hold relevant
clinical implications. In this viewpoint, we suggest that specific non-motor symptoms could be used
as an additional anchor to motor symptoms and not merely as exclusion criteria to deliver bespoke
and patient-specific personalised therapy for advanced PD.

Keywords: Parkinson’s disease; device-aided therapies; non-motor symptoms; personalised medicine;
apomorphine; levodopa-carbidopa intestinal gel; deep brain stimulation

1. Advanced Parkinson’s Disease: The Clinical Scenario

Parkinson’s disease (PD) is a heterogenous syndromic disorder with a complex natural
history, spanning prodromal to palliative stages [1,2]. While early motor phases of PD
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can be effectively managed by oral and transdermal dopamine replacement therapies,
treatment of the more advanced phases remains a challenge, partly complicated by the
requirement to choose which device-aided therapies (DAT) to offer to which patients,
including levodopa-carbidopa intestinal gel infusion (LCIG) with or without entacapone,
subcutaneous apomorphine infusion (APO), and deep brain stimulation (DBS). An optimal
therapeutic choice is important as advanced PD is associated with motor and non-motor
complications which may be refractory to standard oral/transdermal therapy negatively
affecting quality of life [3–6]. International consensus and standard guidelines have at-
tempted to address ideal DAT selection, but the latter still remains an unmet need [7–9].
A recent initiative based on an international Delphi-panel approach identified key mo-
tor, non-motor, and functional indicators of advanced PD [10], externally validated in
the OBSERVE-PD study [11]. This has led to the development of the ‘5-2-1’ paradigm
(≥5-times oral levodopa doses/day, ≥2 h of ‘off’ symptoms/day, ≥1 h of troublesome
dyskinesia/day) to identify motor aspects of advanced PD and ensure timely referral for
DAT initiation [10]. The interim analysis of DUOGLOBE, an observational study evaluating
the long-term effectiveness of LCIG in patients with advanced PD, showed that only 20%
of patients met all of the 5-2-1 criteria, but 98% met at least one criterion, highlighting the
need for further refinement and personalisation of DAT selection [12].

A clinically relevant issue is the debate on whether earlier (than currently adopted in
clinical practice) initiation of DAT may be beneficial for patients with PD. The EARLYSTIM
study as well as the post-hoc analysis of the GLORIA registry have explored an earlier
introduction of DBS and LCIG, respectively, but appropriate timing of DAT initiation
largely remains an area of debate [13–15]. Moreover, older patients (≥75 years), for whom
DBS is often not considered because of risk-benefit uncertainty, may nonetheless benefit
from a modified approach involving DBS of several nuclei [16]. Another emergent debate
is focused on how non-motor symptoms (NMS) may guide DAT selection for patients with
PD as a positive inclusion criterion, rather than being used purely as an exclusion criterion,
e.g., severe depression as a contraindication for DBS and severe hallucinations for APO.

Finally, also in relation to initiatives of providing earlier initiation of DAT in patients
with PD, the relatively high costs of DAT need to be taken into account. Here, the societal
impact of advanced PD is considerable as the 20% most affected patients are responsible
for around 70% of secondary care costs [17]. The costs of DAT can be considerable, but
NMS have not been taken into account in cost-effectiveness analyses [18]. This is a relevant
observation as NMS contribute at least equally, if not more, to quality of life as motor
symptoms [19,20]. Additionally, motor fluctuations, the most common indication for
DAT, are often accompanied by non-motor fluctuations, adding to perceived quality of
life [21,22]. Thus, it seems reasonable to include NMS in the decision to initiate DAT in
patients with PD, especially for those with only moderate motor symptoms but severe
non-motor burden [23].

Therefore, in this viewpoint, we will focus on the emerging role of the non-motor
profile integral to the choice and outcomes of personalised medicine [1] when delivering
DAT in PD. We aim to delineate the emerging field of non-motor indications for DAT and
discuss possible implications for clinical practice.

2. Current Use of Non-Motor Symptoms in Device-Aided Therapies Selection

NMS have been proposed as criteria to consider for use of DAT; however, they are not
considered in most country-based guidelines by licensing authorities or are merely used as
exclusion criteria. The latter has been reviewed as part of the NAVIGATE PD initiative [7],
for instance, and NMS constitute both relative and absolute contraindications for certain
DAT while data suggests NMS could be improved by DAT. An absolute contraindication
(in most countries) for all DAT is severe dementia, whereas non-motor aspects representing
relative contraindications are more diverse. For APO and LCIG these include impulse
control disorder and dopamine dysregulation syndrome, along with mild to moderate
cognitive dysfunction; for DBS the main non-motor contraindications are severe depression
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and clinically relevant cognitive impairments [7,24]. Moreover, presence of symptomatic
orthostatic hypotension, excessive daytime sleepiness, and severe hallucinations could be
considered exclusion criteria for APO [25].

3. Device-Aided Therapies and Differential Effect on Non-Motor Symptoms

While therapeutic decisions and research on DAT have largely focused on the influence
and effect on motor symptoms, NMS are an integral feature of PD and, therefore, should
play an active part in the decision-making process to select the ideal DAT for patients with
PD [7,10]. Although APO, LCIG and bilateral subthalamic nucleus (STN) DBS have been
available for many years for the treatment of PD in many countries, head-to-head compar-
ative studies are limited. Following on from the original EuroInf study [26], the EuroInf
2 study is the first and only study concurrently comparing all three DAT [27]. Although
open-label in its design, it offers Class IIb evidence on the differential effects of these DAT
on NMS measured by the NMS scale (NMSS) total burden and its domain’s scores. In
agreement with other studies, all three therapeutic options confirmed an improvement
in motor complications, Hoehn and Yahr stage and quality of life [26–32]. Although all
three DAT decreased total NMS burden, interestingly, each treatment appeared to have a
bias towards specific NMS thus providing some early indications of varied responsiveness
to each therapy. For instance, in this cohort of 173 patients, APO decreased the atten-
tion/memory domain scores, while bilateral STN-DBS and LCIG did to a lesser extent
which was not statically significant. Nonetheless, it needs to be acknowledged that patients
with cognitive problems would be excluded a priori from receiving DBS. Similarly, in
this study patients receiving APO had higher NMSS attention/memory baseline scores
compared to the other groups, leaving more room for improvement. Data on patients
with severe attention/memory problems are not available. On the other hand, DBS and
LCIG appeared to reduce the urinary and gastrointestinal domains scores, respectively. All
three treatment options decreased the mood/apathy and miscellaneous domains scores,
the latter including weight changes, altered thermoregulation and olfaction as well as
unexplained pain. Improvements here were heterogeneous, and while APO reduced
weight change-related scores, LCIG and DBS improved most of the symptoms contained
within the miscellaneous domain. Aspects of sleep dysfunction and fatigue as measured
by the NMSS also improved with both LCIG and bilateral STN-DBS, but not after APO
initiation. Finally, there is evidence to suggest that APO and bilateral STN-DBS decrease
the perceptual problems and hallucinations domain scores, although typically these are
considered contra-indications [10]. The mechanisms behind these associations need to be
further elucidated; however, it is possible to argue that, for instance, historical presence
of visual hallucinations which are mainly drug-induced, and which might subside after
drug withdrawal at the expense of a troublesome motor worsening, might benefit from
DAT initiation. Finally, combined DAT-related data is also emerging, and may help us to
overcome specific issues [33–38].

3.1. Non-Motor Effects of Deep Brain Stimulation

Important conceptual advances may hold promise in relation to the delivery of per-
sonalised medicine and DAT in PD [2]. In addition to the abovementioned EuroInf studies,
this is exemplified by several studies that have been conducted on the non-motor effects
of DBS, showing improvements in several non-motor areas that have been reviewed else-
where [39–44]. In brief, a recent meta-analysis, including 48 studies with mainly 12-month
follow-up data, suggested post-STN-DBS improvements of depression and anxiety-related
symptoms but increased apathy [41]. Another meta-analysis of seven studies with follow-
up data ranging from three to 24 months showed post-STN-DBS improvements in sleep
quality and restless leg syndrome; however, a high degree of heterogeneity among studies
was reported [39,44,45], and few studies have investigated the effect of STN-DBS on REM
sleep behaviour disorder [42,46]. Another recently published review summarised post-DBS
positive outcomes related to urinary dysfunction (mean bladder volumes at desire and
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urge point to void), while controversial and limited data are available in relation to sex-
ual, cardiovascular, thermoregulatory and gastrointestinal dysfunction [40]. Finally, even
though presence of dementia is a contraindication for DBS, a systematic review of 13 stud-
ies showed that although there was a decline in verbal fluency and attention domains of
cognition, other cognitive functions remained unchanged over a follow-up period ranging
from six months to eight years [43]. It needs to be acknowledged that most included studies
had small cohort sizes and heterogenous outcome measures.

Further advancements in relation to personalised medicine with DBS might be achieved
by directing neurostimulation to specific parts of the basal ganglia and leveraging their
specific connectivity profiles [47–49].

More theoretical approaches, such as adaptive DBS, have been developed as a method
where DBS is turned on and off according to a closed-loop feedback signal recorded from
the tissue surrounding the stimulating electrode. This may develop into personalised
approach if it can show to activate DBS at times of necessity and reduce it at times of
quiescence, for example in sleep, with the aim of a more physiological treatment and
potentially reducing the frequency for battery replacements in non-rechargeable systems.
Presently, limitations to the clinical application of adaptive DBS are: (1) Tremor frequency,
beta-band and other oscillations required for the closed-loop feedback arc of adaptive
DBS are not recordable in all patients with PD [50]; (2) beta-band activity represents not
only pathological alterations, but is also modulated by physiological functions [51,52] (3)
pathological tremor frequency and beta-band oscillations may, in some patients, reflect
tremor, bradykinesia and rigidity, but not NMS [53]; (4) motor symptoms can fluctuate at
different times during the course of the day than non-motor fluctuations [21,22]. As such,
situations may arise in which the neurostimulation is not active because tremor frequency
and beta-band oscillations cannot be detected, but the patient nonetheless presents with
NMS such as pain or depressed mood. Therefore, studies are needed to investigate the
effect of adaptive DBS on quality of life and NMS, not only motor symptoms [54].

3.2. Non-Motor Effects of Levodopa-Carbidopa Intestinal Gel Infusion

There is robust evidence on the effect of LCIG on NMS. In 2015, a systematic review
identified eight open-label studies confirming that LCIG improved total NMS burden after
a follow up period ranging from six to 25 months, with specific positive effects on sleep and
autonomic dysfunction, and particularly gastrointestinal issues measured by the NMSS [55].
Additionally, more recent reviews have highlighted the non-motor effect of LCIG where
a general improvement in the non-motor burden was noted [56,57]. Studies included
in these reviews were, among others, the GLORIA registry, whose 24-month follow up
data showed a remarkable beneficial effect of LCIG on sleep disturbances, apathy, and
gastrointestinal dysfunction as measured by the NMSS [29], and the interim analysis of
the DUOGLOBE study, where an overall improvement in the NMS total burden was also
shown after only six months [12]. Additional open labels studies with 6-month follow-
up data showed a post-LCIG improvement in NMS total burden, including reduction of
the cardiovascular, attention/memory, urinary and miscellaneous domains scores of the
NMSS [26,58]. Interestingly, the baseline total burden of NMS in PD can predict a robust
total non-motor response to LCIG therapy at two years follow up. This observation can
underpin DAT selection with an NMS focus, specifically when considering personalised
LCIG therapy for instance [59].

3.3. Non-Motor Effects of Apomorphine Subcutaneous Infusion

Although APO has been in use longest compared with DBS and LCIG (APO became
available on the European market in the early 1990s), data regarding APO and selection
of this device-aided therapy based on patients’ non-motor profile is less obvious and the
results from the double-blind TOLEDO study are awaited with interest [60]. However,
several open-label and case report-based studies show that this treatment can have a
beneficial effect on the NMS total burden as well as on specific non-motor areas, and these
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have been reviewed elsewhere [56,61,62]. In brief, there is evidence suggesting post-APO
improvements in depression, anxiety, apathy, perceptual problems, cognitive impairment,
sleep dysfunction (insomnia and restless leg syndrome), fatigue, urinary dysfunction
(urinary frequency, urgency and nocturia), and gastrointestinal dysfunction (dribbling of
saliva) as measured by the NMSS at both 6- and 12-month follow up [26,63]. The reported
beneficial effect or tolerability of APO on mild visual hallucinations is of interest given
that it is a dopamine D1 and D2 receptor agonist, and suggested underlying mechanisms
include the associated reduction in oral medication and/or a psychotropic action of APO,
possibly due to the piperidine moiety in its structure [64,65]. In addition, the potential
beneficial role of APO on cerebral amyloid deposition is worth considering in relation to
its positive modulatory effect on cognition [26,63,66,67].

4. Need for Personalised Treatment in Advanced Parkinson’s: Clinical Cases

Taking into account the distinct NMS effects of these three DAT, it can be postulated
that the specific non-motor profile of patients with advanced PD may serve as an additional
anchor to motor symptoms to deliver personalised medicine. Two illustrative clinical cases
are presented in Figure 1 showing the different non-motor profile of two patients with
advanced PD evaluated for DAT initiation.
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Figure 1. Radar chart of non-motor profile of two patients with advanced Parkinson’s disease as-
sessed for initiation of device-aided treatments. The radar chart is based on the Non-Motor Symptoms
Scale (NMSS) domains scores obtained as part of routine clinical assessment. While patient 1’s non-
motor profile is dominated by mild attention/memory issues as well as mild perceptual problems,
patient 2’s main complaint is dysautonomia, including cardiovascular, urinary and gastrointestinal
dysfunction. Numbers represent the NMSS domains scores. The light green area represents the
overlap in symptoms between the two patients.

The clinical assessment revealed that both patients suffered from motor complications
including troublesome dyskinesia and motor fluctuations refractory to conventional ther-
apies; in addition, the non-motor profile of patient 1 was dominated by mild cognitive
decline and non-intrusive perceptual issues, whereas for patient 2, cardiovascular, urinary,
and gastrointestinal dysfunction were particularly pronounced. On the basis of these two
different non-motor profiles and according to the EuroInf 2 data, it can be argued that
APO may represent the best therapeutic option for patient 1, while, for patient 2, APO
may not be suitable as it may exacerbate pre-existing cardiovascular problems, including

69



J. Pers. Med. 2021, 11, 773

orthostatic hypotension. On the other hand, while LCIG may be useful to improve gas-
trointestinal symptoms, STN-DBS may be the best option to improve urinary dysfunction
for patient 2. As such, it would be important to inquire which one of the two is the most
troublesome/severe NMS to better tailor the decision-making process.

Other factors are also implicated in the delivery of personalised DAT in PD [2]. Eval-
uation of patient age, for instance, represents a key aspect in the assessment for DBS
suitability; indeed, age >70 or 75 years is an exclusion criterion for DBS in some centres
given the associated higher risk of complications [68]; nevertheless, biological age is more
often taken into consideration than chronological age in addition to the fact that the impact
of “healthy ageing” is growing [69]. Another relevant aspect of this decision-making
process is the evaluation of comorbidities. For instance, poorly controlled diabetic patients
with PD have a higher risk of developing skin infections and this should be considered
in the evaluation for any DAT [70]. Other comorbidities, such as pre-existing significant
and symptomatic peripheral neuropathy needs consideration for LCIG, impulse control
disorder and intrusive psychosis (as opposed to mild non-intrusive psychosis) for APO,
and severe depression or suicidal trends for DBS [7]. Last but not least, patient personality
and preferences need to be taken into account: some active young patients may prefer
a more invasive brain surgery than a percutaneous endoscopic gastrostomy in order to
avoid carrying a visible infusion pump every day, and for a “quick fix” of dyskinesias and
tremor [71]. Body weight has also emerged as an important aspect of the decision-making
process [72]. Low body weight patients with advanced PD may develop pain, discom-
fort and worsening of postural problems with subsequent risk of falls when carrying a
heavy infusion pump [73]. The advent of a smaller infusion pump with the new levodopa-
carbidopa-entacapone intestinal gel product now licensed for use in Sweden and Germany
may represent a significant advance in this respect [74,75]. Whether this new product will
have an impact on NMS similar to LCIG remains unexplored. Evaluating the ability of the
patient and/or caregiver to handle the medication and the device, as well as daily skin
hygiene, is also critical [73].

5. Conclusions

Device-aided therapies are now established worldwide for the management of ad-
vanced Parkinson’s disease. While the emphasis of device-aided therapies selection remains
based on the motor profile of patients with PD, non-motor symptoms have also been shown
to play a part in the prognostic aspects of the successful delivery of these therapeutic op-
tions and are now included in the diagnostic algorithm of advanced PD. Considering the
differential effect on non-motor symptoms of the currently available device-aided therapies,
non-motor symptoms are relevant to delivering personalised medicine in Parkinson’s dis-
ease. We envisage that the identification of different motor and non-motor phenotypes of
Parkinson’s may guide the delivery of personalised medicine in the advanced stage of the
condition, perhaps guided by technology able to predict motor and non-motor responses
to device-aided therapies on the basis of the patient-specific pre-intervention symptom’s
profile. We suggest that non-motor symptoms are an important enabler of the constituents
of the “circle of personalised medicine” and offers a chance to deliver bespoke personalised
therapy for advanced PD (Figure 2).
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Abstract: Background: Parkinson’s disease (PD) is characterized by motor and cognitive dysfunc-
tions that can usually be treated by physiotherapy or cognitive training, respectively. The effects of
consecutive physiotherapy and cognitive rehabilitation programs on PD deficits are less investigated.
Objective: We investigated the effects of 3 months of physiotherapy (physiotherapy treatment group)
or consecutive physiotherapy and cognitive (physiotherapy and cognitive treatment group) rehabil-
itation programs on cognitive, motor, and psychological aspects in 20 PD patients. Methods: The
two groups switched programs and continued rehabilitation for another 3 months. The outcomes
were score improvement on cognitive (Montreal Cognitive Assessment, Frontal Assessment Battery,
Trail Making Test, Verbal Phonemic Fluency, Digit Span, and Rey Auditory Verbal Learning), motor
(Unified Parkinson’s Disease Rating Scale-III, Berg Balance Scale, Two-Minute Walking Test, and
Time Up and Go), and psychological (Beck Depression Inventory and State-Trait Anxiety Inventory)
scales. Results: Between-group comparison revealed a significant difference in functional mobility
between the two rehabilitation programs. Improvements in walking abilities were noted after both
interventions, but only the patients treated with consecutive training showed better performance on
functional mobility and memory tasks. Conclusion: Our findings support the hypothesis that con-
secutive physiotherapy plus cognitive rehabilitation may have a greater benefit than physiotherapy
alone in patients with PD.

Keywords: rehabilitation; cognition; movement disorders

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by motor
and nonmotor symptoms [1]. Motor symptoms include bradykinesia, resting tremor, and
postural instability [2], resulting in impaired gait and balance [3]. Common nonmotor
manifestations are cognitive deficits in attention, memory, visuospatial, and executive
functions [4], and mood disorders, particularly depression and anxiety [5].

While motor manifestations have long been investigated, nonmotor symptoms are
now recognized as the main components that interfere with functionality in PD [6]. Cogni-
tive deficits seem to be related to motor abilities [7,8]. Basal ganglia functional connectivity,
which is compromised in PD by dopaminergic reduction, may have an important role in
modulating both cognitive and motor functions [9].
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These findings suggest the importance of evaluating and treating both motor and
cognitive dysfunctions. Nonetheless, rehabilitation programs are often limited to physical
training. While the effectiveness of physiotherapy in improving motor abilities is well
documented [10–13], it is only in recent years that its effects on cognition have been
better investigated [12,13]. Few studies to date have investigated cognitive outcomes
before and after motor treatment [12,13]. The improvement in attention and executive
functions after physical activity [12,13] suggested a relationship between cognitive and
motor improvement in PD in which a common mechanism may underlie cognition and
movement [13].

The effects of other rehabilitation interventions besides physiotherapy on motor and
cognitive dysfunctions have been investigated in PD patients. An increase in motor and
cognitive performance was found after combined (dual-tasking) [14] and consecutive
training physiotherapy and cognitive treatment [14,15]. The studies concluded that the
effectiveness of combined or consecutive treatment was comparable to motor treatment
alone [14,15]. One study suggested that isolated cognitive training may reduce the severity
of freezing of gait in PD patients [16].

Study findings suggest that physiotherapy [12,13], cognitive [17] combined [14] or
consecutive physiotherapy, and cognitive training [14,15] can improve dysfunctions in
PD patients. However, usually the studies measured changes in some functional features
(motor, cognitive, psychological) but did not deeply assess cognitive or motor abilities.

The aim of the present study was to investigate the effects of physiotherapy alone
versus consecutive physiotherapy and cognitive treatment on cognitive, motor, and psy-
chological aspects in patients with mild to moderate PD.

2. Materials and Methods
2.1. Study Design

Block randomization for this pilot randomized cross-over trial was generated by a
computer with a web tool (randomization.com; accessed on: 25 august 2016). The patients
took part in two rehabilitation programs (PT or PCT); each program consisted of 3 months
of treatment, and 8 sessions/month. The two groups switched to the PT and the PCT arm,
respectively, after a 1-month wash out period (Figure 1).

2.2. Ethical Aspects

All participants were outpatients and gave their informed, written consent to partici-
pate. The study was carried out according to the Declaration of Helsinki and approved by
the Centro Polifunzionale Don Calabria Review Board (no. 05/2016). The patients enrolled
in this study are a subgroup involved in a clinical trial registered at http://clinicaltrials.gov
(NCT03741959).

2.3. Subjects

The study population was composed of 20 patients with confirmed diagnosis of idio-
pathic PD, according to the Movement Disorder Society (MDS) PD diagnostic criteria [18],
and with Hoehn and Yahr stage 3, determined in the “on” phase [19]. Hoehn and Yahr
stage 3 was chosen in line with the physiotherapy program, which focused primarily on
walking and balance (see Intervention and Procedures subsection for details) and with
outcome measures that require sufficient walking ability (2-Minute Walking Test and Time
Up and Go).

Exclusion criteria were severe unpredictable “on-off” fluctuations that could have
compromised participation in the rehabilitation program, history of alcohol or drug abuse,
psychotic disorders, vestibular disorders or paroxysmal vertigo, and other neurological
or orthopedic conditions involving the lower limbs (e.g., musculoskeletal diseases, severe
osteoarthritis, and peripheral neuropathy).

All patients received physiotherapy training (PT) or consecutive physiotherapy and
cognitive training (PCT). Ten were allocated to the same training in reverse order (Figure 1).
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Patients were monitored between September 2016 and May 2017. At the end of the study,
PT and PCT included 20 patients in each group.
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2.4. Intervention and Procedures

Patients received group treatment for 50 min/day, 2 days/week, for a total of 24 treat-
ment sessions. Each group was composed of 10 patients with comparable motor and
cognitive abilities. The PT program consisted of 24 physiotherapy sessions: one 50 min
session/day, 2 days a week, for 12 consecutive weeks. The PCT program consisted of
12 physiotherapy sessions plus 12 cognitive sessions: a 50 min physiotherapy session
one day/week and a 50 min cognitive session on another day during the same week for
12 consecutive weeks. Participation in other types of rehabilitation was not permitted
during the study period.

The motor interventions were conducted in a well-lit and wide gym by two trained
physiotherapists with experience in neuromotor rehabilitation. Each session consisted of
three parts with a 5 min rest in between. In adherence to clinical practice guidelines for
physical therapy in PD [20], the motor intervention focused on balance, gait, transfers,
posture, and upper limb ability. Motor interventions primarily train gait and balance
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functions because these are usually impaired in PD and have an important impact on daily
life activities.

First, patients performed active joint mobilization of the lower limbs (hip, knee,
ankle) for 10 min. Lower limb mobilization was carried out with the patient supine
(internal/external hip mobilization, active straight leg raise, knee flexion/extension, ankle
mobilization) and prone (active hip extension) positions. During each training session, a
total of five exercises were performed (four in supine and one in prone position).

Second, patients performed conventional gait and balance therapy for 20 min based
on the proprioceptive neuromuscular facilitation concept and aimed at improving both
feedforward and feedback postural reactions [21]. Two types of exercises were carried out.
In the first of the exercises, patients performed voluntary motor actions in static or dynamic
conditions (transferring body weight onto the tips of the toes and onto the heels; bouncing
a ball during gait with the two hands alternating to the right and the left side). The second
type of exercises trained coordination between leg and arm movement during walking and
locomotor dexterity over an obstacle course. During each treatment session, a total of four
exercises were performed (two from the first group and two from the second). Each single
exercise was repeated three times in 5 min.

Finally, upper limb, lower limb, and trunk motor coordination exercises were executed
for 10 min. Specifically a sequence of two exercises using single-leg stance and a sequence
of two exercises associated with upper limb movement were conducted. Each single
exercise was repeated two times in 2–3 min.

The physiotherapists assisted patients by demonstrating the exercises and providing
verbal instructions.

The cognitive interventions were conducted in a well-lit room by a psychologist with
experience in neuropsychological field and cognitive rehabilitation. The objective was
to improve cognitive skills by acquiring restorative and compensatory techniques (e.g.,
memory strategies). Each session consisted of four parts with a 5 min rest in between.
To start, the psychologist introduced the aim of the session, then oral and paper-pencil
exercises of three cognitive functions were performed in each session. Each function was
trained for 10 min followed by a 5 min rest. Memory, concentration, orientation, calculation,
dual tasking, and cognitive flexibility were practiced. During the session, the patient stayed
seated near a table.

The psychologist supported patients by providing verbal instructions and suggesting
useful cognitive strategies.

The TIDieR (Template for Intervention Description and Replication) Checklist are
present in the Supplementary File S1.

2.5. Data Collection and Assessment Procedures

During the study, patients took their regular PD medications. All underwent cognitive,
motor, and psychological assessment during the “on” phase (1 to 2.5 h after having taken
their morning dose). The same raters, blinded to the rehabilitation program, evaluated all
patients (P.P. performed cognitive and psychological assessment; S.R. performed motor as-
sessment) in an outpatient clinical setting. Motor, cognitive, and psychological assessments
were conducted before and after the completion of each rehabilitation program.

2.6. Outcome Measures
2.6.1. Primary Outcome Measures

The primary outcome measures were the Montreal Cognitive Assessment (MoCA) [22]
and Unified Parkinson’s Disease Rating Scale Part III (UPDRS III) [23].

The MoCA was used to investigate a patient’s global cognitive level. The total score
is the sum of all trials, with a maximum score of 30 (best performance) [22]. To decrease
possible learning effects between consecutive assessment timing, we used different versions
of the MoCA (7.1, 7.2, 7.3) [24].
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The UPDRS III was used to assess movement capacity. It consists of 14 items (each
rated on a scale from 0 to 4 points) about tremor, slowness (bradykinesia), stiffness (rigidity),
and balance. The total score is the sum of all items; the range is from 0 (best performance)
to 56 (worst performance) [23].

2.6.2. Secondary Outcome Measures

The secondary outcome measures were other cognitive (Frontal Assessment Battery—
FAB-it, Trail Making Test—TMT, F-A-S Verbal Phonemic Fluency Test—FAS, Digit Span
Forward—DSF and Backward—DSB, and Rey Auditory Verbal Learning Test—RAVL),
psychological (Beck Depression Inventory—BDI and State-Trait Anxiety Inventory—STAI),
and motor (Berg Balance Scale—BBS, 2-Minute Walking Test—2MWT, and Time Up and
Go—TUG) tests.

The FAB-it assesses executive functions (conceptualization, mental flexibility, pro-
gramming, sensitivity interference, inhibitory control, and environmental autonomy). It
consists of six tests, each of which is rated on a scale from 0 to 3 points. The total score is
the sum of all items; the range is from 0 (worst performance) to 18 (best performance) [25].

Selective attention, psychomotor speed, and sequencing skills were evaluated with
the TMT part A. The ability to switch attention between two rules and cognitive flexibility
were assessed with the TMT part B. The time taken to complete the trials was recorded
(longer = worse performance) [26].

The FAS assesses verbal fluency by determining the number of words beginning with
a letter (F, A, or S) generated in 60 s. The total score is the average number of words
produced (greater = better performance) [27].

Short-term memory was assessed with the DSF. Subjects are asked to repeat forward
a list of single digit numbers in the correct order immediately after presentation. The
maximum score is 9 (best performance) [28].

Working memory was assessed with the DSB. Subjects are asked to repeat backward
a list of single-digit numbers in the correct order immediately after presentation. The
maximum score is 8 (best performance) [28].

In order to assess learning and long-term verbal memory abilities, we used the RAVL.
The test consists of two parts: immediate recall (RAVL-I) for learning and delayed recall
(RAVL-D) for long-term memory. The maximum score for RAVL-I is 75 (best performance)
and 15 (best performance) for RAVL-D [29].

The BDI consists of 21 items rated on a 4-point scale of severity of psychological
aspects of depression. The total score is the sum of all items; the maximum score is 63
(worst mood) [30].

State anxiety level was assessed with the STAI-Y2, which consists of 20 questions, each
rated on a 4-point Likert-like scale. Higher scores are positively correlated with higher
levels of anxiety [31].

The BBS is a 14-item scale (each rated on a scale from 0 to 4 points) that evaluates
balance abilities during sitting, standing, and positional changes. The total score is the sum
of all items; the range is from 0 (worst performance) to 56 (best performance) [32].

The 2MWT measures self-paced walking ability. The total score is the distance (meters)
covered in 2 min (greater = better performance) [33].

The TUG is a functional mobility test associated with balance problems and falls
in older adults, in which a subject must stand up, walk 3 m, turn around, walk back,
and sit down. The time (seconds) taken to complete the test is recorded (longer = worse
performance) and it is correlated with the level of functional mobility [34]. Patients can
perform the TUG also under two dual-task conditions, one in which they are asked to
count backwards from a randomly selected number between 20 and 100 (TUG-COG) and
one in which they try to hold a full cup of water steady while walking (TUG-MOT). The
time (seconds) taken to complete the test is recorded (longer = worse performance) and is
correlated with the level of functional mobility under the dual-task condition [35].
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2.7. Statistical Analysis

Data were analyzed using IBM SPSS software version 26.0 for Macintosh (IBM Corp.,
Armonk, NY, USA). Normal distribution of data was determined using the Kolmogorov–
Smirnov and Shapiro–Wilk tests, and the homogeneity of variance was assessed with the
Levene test. The normal and homogeneous variables were analyzed with two-way mixed
ANOVA with a between-individual factor “group” (PT and PCT) and a within-individual
factor “time” (pre- and post-treatment). Post hoc comparisons were corrected with the LSD
method.

The other variables were analyzed with the Mann–Whitney U-test to compare the
effects of treatment between the two groups and with the Wilcoxon signed-rank test
for within-group comparison. Descriptive analysis was used to evaluate the effect size
measures between groups (Cohen’s d calculation) and the 95% confidence intervals [36].
The alpha level for significance was set at p < 0.05.

3. Results

For this pilot study, the study population was 20 patients (12 females, 8 males; mean
age 70.8 ± 5.09; mean years of schooling 10.15 ± 4.69) with idiopathic PD (mean disease
duration 7 ± 3.83 years) recruited from among 33 outpatients consecutively admitted to
the Centro Polifunzionale Don Calabria of Verona, Italy, between June and August 2016.
No drop-outs or adverse events were recorded during the study. Figure 1 illustrates the
study flow diagram.

3.1. Baseline

Among outcome measures, FAS, RAVL-I, RAVL-D, and BDI scores resulted as nor-
mally distributed (Kolmogorov–Smirnov and Shapiro–Wilk tests, p > 0.05) and homoge-
neous (Levene test, p > 0.05).

There were no statistically significant differences in primary (MoCA, p=0.346; UPDRS
III, p = 0.724) and secondary outcome measures (FAB-it, p = 0.955; TMT-A, p = 0.655; TMT-B,
p = 0.891; FAS, p = 0.557; DSF, p = 0.319; DSB, p = 0.931; RAVL-I, p = 0.686; RAVL-D, p = 0.602;
BDI, p = 0.666; STAI, p = 0.776; BBS, p = 0.924; 2MWT, p = 0.516; TUG, p = 0.482; TUG-COG,
p = 0.402; TUG-MOT, p = 0.198) between the PT and the PCT group before treatment.

3.2. Primary Outcomes

Analysis revealed no statistically significant differences between the PCT and the PT
group after treatment (MoCA, p = 0.257, z = −1.133; UPDRS III, p = 0.724, z = −0,352).
Within-group comparison showed significant changes in the UPDRS III scores pre-treatment
versus post-treatment for both groups (PCT, p = 0.002, z = −3,061; PT, p = 0.004, z = −2.892).

3.3. Secondary Outcomes

For the outcome measures analyzed with non-parametric tests, the between-group
comparison showed statistically significant differences in TUG (p = 0.047; z = −1.988) and
TUG-MOT (p = 0.023; z = −2.272) between the PCT and the PT group after treatment.
The within-group comparison showed significant changes in pre-treatment versus post-
treatment scores for the PCT group in the 2MWT (p = 0.006; z = −2.726), TUG (p = 0.033;
z = −2.128), and TUG-MOT (p = 0.007; z = −2.700) and for the PT group in 2MWT (p = 0.011;
z = −2.558).

Table 1 presents the group data and results of the within-group comparison for
outcome measures analyzed with non-parametric tests
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Table 1. Within-group comparisons for outcome measures analyzed with non-parametric tests.

Outcome
Rehabilitation

Program
Pre

Treatment
Post

Treatment

Within Group Comparison

Post vs. Pre-Treatment
p Value (95% CI)

MoCA (0–30)
median (IQR)

PCT 26.5 (24.75; 28) 26 (24; 27.25) 0.099 (−1.41; 0.21)
PT 26.5 (23; 27) 26 (24.5; 27.25) 0.536 (−1.01; 0.51)

UPDRS-III (0–56)
median (IQR)

PCT 9.5 (5; 16.25) 13 (11; 21.5) 0.002 (1.64; 7.76) *
PT 11 (7.5; 13) 13 (11; 17) 0.004 (1.19; 7.11) *

FABit (0–18)
median (IQR)

PCT 16 (15; 18) 16 (13.5; 17) 0.243 (1.99; 0.59)
PT 17 (14.75; 18) 17.5 (13.5; 18) 0.893 (−1.61; 1.01)

TMTa (seconds)
mean (SD)

PCT 57.55 (24.37) 59.65 (37.21) 0.808 (−11.86; 16.06)
PT 55.6 (25.37) 56.2 (27.77) 0.872 (−6.90; 8.10)

TMTb (seconds)
mean (SD)

PCT 197.4 (93.54) 200.6 (92.96) 0.73 (−15.88; 22.28)
PT 195.1 (94.27) 197.4 (94.07) 0.977 (−20.72; 25.32)

DSF (0–9)
median (IQR)

PCT 6 (5; 6) 6 (5; 6) 0.564 (−0.47; 0.27)
PT 5 (5; 6) 6 (5;6) 0.109 (−0.08; 0.68)

DSB (0–8)
median (IQR)

PCT 4 (3; 4.25) 4 (4; 4) 0.571 (−0.40; 0.70)
PT 4 (3; 4) 4 (3.75; 5) 0.35 (−0.35; 0.95)

BBS (0–56)
median (IQR)

PCT 53.5 (50; 55) 54 (48; 55) 0.954 (2.37; 1.37)
PT 52 (50.5; 55) 54 (50.75; 55) 0.652 (−3.62; 1.02)

2MWT (meters)
mean (SD)

PCT 107.28 (30.54) 130.53 (38.32) 0.006 (7.63; 38.88) *
PT 112.9 (48.48) 130.6 (39.07) 0.011 (5.13; 30.23) *

TUG (seconds)
mean (SD)

PCT 11.96 (6.65) 10.89 (6.85) 0.033 (−2.37; 1.37) *
PT 10.49 (4.46) 11.12 (6.73) 0.823 (−0.73; 1.98)

TUG-COG (seconds)
mean (SD)

PCT 14.30 (6.99) 12.85 (6.96) 0.067 (−2.93; 0.05)
PT 12.58 (5.19) 12.66 (7.37) 0.601 (−1.38; 1.54)

TUG-MOT (seconds)
mean (SD)

PCT 13.37 (6.53) 9.36 (2.23) 0.007 (−9.05; -0.86) *
PT 10.99 (4.98) 11.6 (6.94) 0.149 (−2.84; 5.11)

STAI-Y2 (0–80)
median (IQR)

PCT 43 (38.75; 50) 43 (36; 48.25) 0.432 (−5.18; 3.18)
PT 41 (36; 49) 40 (35; 50.25) 0.904 (−4.79; 6.79)

Abbreviations: IQR = interquartile range; SD = standard deviation; CI = confidence interval; MoCA = Montreal Cognitive Assessment;
UPDRS-III = Unified Parkinson’s Disease Rating Scale part III; FAB-it = Frontal Assessment Battery-Italian version; TMT = trail making test;
DSF = digit Span Forward; DSB = Digit Span Backward; BBS = Berg Balance Scale; 2MWT = 2 min walking test; TUG = Time Up and Go;
TUG-COG = cognitive; TUG-MOT = motor; STAI-Y2 = State-Trait Anxiety Inventory part Y2; * = statistically significant (p < 0.05).

For the outcome measures analyzed with parametric tests, ANOVA revealed a princi-
pal significant effect of “time” for RAVL-I (F(1,38) 9.459, p = 0.004, η = 0.199) and RAVL-D
(F(1,38) 13.671, p = 0.001, η = 0.265). The RAVL-I score was significantly higher after treatment
(mean score post-treatment RAVL-I 38.15 ± 9.102) compared to before treatment (mean
score post-treatment RAVL-I 34.65 ± 8.438). The RAVL-D score was significantly higher af-
ter treatment than before treatment (mean score post-treatment RAVL-D 7.5 ± 3.138—mean
score pre-treatment RAVL-D 5.85 ± 2.975). Post hoc comparisons revealed significantly
higher scores at post-treatment with respect to pre-treatment for RAVL-I and RAVL-D only
in the PCT group (mean RAVL-I pre-treatment 34.1 ± 6.813; mean RAVL-I post-treatment
39.4 ± 10.58; mean RAVL-D pre-treatment 5.6 ± 2.854; mean RAVL-D post-treatment
7.65 ± 3.297).

ANOVA showed no group effect of FAS (F(1,38) 0.042, p = 0.838, η = 0.001), RAVL-I
(F(1,38) 0.075, p = 0.785, η = 0.002), RAVL-D (F(1,38) 0.013, p = 0.909, η = 0), and BDI (F(1,37)
0.001, p = 0.969, η = 0). Additionally, no effect of “timeXgroup” interaction was found for
FAS (F(1,38) 0.092, p = 0.343, η = 0.024), RAVL-I (F(1,38) 2.502, p = 0.122, η = 0.062), RAVL-D
(F(1,38) 0.803, p = 0.376, η = 0.021), and BDI (F(1,37) 0.8091, p = 0.374, η = 0.21).

Table 2 presents the group data and results for outcome measures analyzed with the
parametric tests.
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Table 2. Group data and results for outcome measures analyzed with parametric tests.

Outcome Rehabilitation
Program

Pre
Treatment

Post
Treatment

Repeated Measures ANOVA Post Hoc Analysis
Group

Between-
Subjects

Time
Whitin-
Subjects

Whitin-Group

p p
Post vs.

Pre-Treatment
p Value (95% CI)

p

FAS (no. words)
mean (SD)

PCT 11.65 (3.99) 13.02 (3.98) 0.838 0.075 /
PT 12.39 (3.91) 12.82 (5.57) /

RAVL-I (0-75)
mean (SD)

PCT 34.1 (6.81) 39.4 (10.58) 0.785 0.004 * 0.002 (2.04; 8.56) *
PT 35.2 (9.96) 36.9 (7.4) 0.297 (−1,56; 4.96)

RAVL-D (0-15)
mean (SD)

PCT 5.6 (2.86) 7.65 (3.3) 0.909 0.001 * 0.002 (0.77; 3.33) *
PT 6.1 (3.14) 7.35 (3.05) 0.055 (−0.03; 2.53)

BDI (0-63)
mean (SD)

PCT 12.37 (7.03) 12 (7.61) 0.906 0.577 /
PT 11.3 (8.23) 12.9 (7.52) /

Abbreviations: SD = standard deviation; CI = confidence interval; FAS = fonemic verbal fluency; RAVL = Rey Auditory Verbal Learning
I = immediate, D = delay; BDI = Beck Depression Inventory; * = statistically significant (p < 0.05).

4. Discussion

In this pilot randomized cross-over trial, we compared improvement in cognitive,
motor, and psychological domain scores after physiotherapy training alone and after
consecutive physiotherapy and cognitive treatment in patients with PD.

We observed a statistically significant difference in motor abilities between the two
groups after treatment.

There was a change in functional mobility performance, as evaluated with the single-
(TUG) and the dual-task condition (TUG-MOT) after PCT. Patients showed an improvement
in gait velocity, especially in the dual-task condition (about 4 s faster). In line with a
previous study involving other types of patients [37], we speculate that this change may
translate into a clinically meaningful improvement for the patients. Our data are shared
by the previous study, in which patients who received training with separated gait and
cognitive exercises showed an improvement on dual-tasking abilities after treatment [14].

Since the published data suggest a significant correlation between functional mobility
(single- or dual-task condition) and cognitive abilities [7], we assume that specific training
including cognitive rehabilitation is necessary to also enhance functional mobility under
the dual-task condition in PD patients. In our patients, this improvement did not seem
possible with physiotherapy alone. We speculate that consecutive treatment provides
for training attention and dual-task abilities. This view is shared by previous work that
reported a relationship between functional capacity and mobility and severity of cognitive
impairment in neurological patients [38].

Our findings for cognitive change indicate that consecutive physiotherapy and cogni-
tive treatment, but not physiotherapy alone, may help to improve performance on delay
recall memory ability (as measured with the RAVL-D). This observation is shared by
previous studies that reported improvements after cognitive [17] and motor plus cog-
nitive [14,15] training. Furthermore, our data indicate that only the PD patients who
underwent this training showed significant improvement in verbal learning (as measured
with the RAVL-I). This suggests that cognitive rehabilitation enables patients to improve
their memory learning abilities. Specific memory training is needed to increase verbal
learning in which correct memory strategies can be acquired.

No changes in cognitive performance were found after treatment in the PT group.
Differently from previous studies [13,15,39,40], our data suggest that physiotherapy alone
does not result in improved cognitive abilities in PD. We assumed that group treatment
might reduce cognitive engagement during rehabilitation exercises. Furthermore, our
physiotherapy program, unlike others [39,40], did not include aerobic exercises, which are
suggested to induce improvement in brain functional connectivity in the frontal areas [41]
that are essential for cognitive functionality in PD patients.
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As expected, both training modalities had a positive effect on walking ability (as mea-
sured with the 2MWT). This is in line with previous studies that indicated an improvement
in motor performance after motor rehabilitation [10,12,39]. However, differently from
others [15,39], we found a decrease in global motor performance (as measured with UPDRS
III) after both types of training. Unlike other study designs, cross-over studies have natural
progression of the disease as a bias. The UPDRS motor score progressed over time, with
an annual score increase of 3.3 points [42]. This is in line with the changes in scores in our
sample (about 2 points on UPDRS III for both groups during the 8-month study period).
However, the pre-post treatment change in score did not have a clinical impact on the PD
patients [43]. Due to an unfortunate mistake in the first version of this study, we did not
use the revised version of the UPDRS (MDS-UPDRS). Future study protocols will include
this version to confirm our data for the UPDRS III.

We believe that the discordant results between the 2MWT and the UPDRS III could
stem from the type of intervention. For this study, the focus of the physiotherapy training
was primarily on walking and balance, whereas the UPDRS III is a global measure that
investigates all movement dysfunctions in patients with PD.

Differently from other studies, ours examined the effects of consecutive physiotherapy
and cognitive rehabilitation on different motor abilities (balance, walking, and functional
mobility). Barboza et al. investigated motor performance with only one motor outcome
(UPDRS III) [15] and Strowen at al.’s study [14] specifically assessed gait velocity under
single- and dual-task conditions. By using different outcome measures, we were able to
investigate the different motor dysfunctions more deeply.

It is difficult to compare our findings with published data because of the differences
in our consecutive training protocol compared to previous studies [14,15]. In our protocol,
cognitive and physical training sessions were performed on two separate days (not in the
same session) and the patients underwent group (not individual) treatment.

Again, different from a previous study [39], we found stabilization of pre-post treat-
ment of mood (as measured with the BDI), as reported in another study [40]. Summarizing,
few studies on rehabilitation in PD include psychological outcome measures, and current
knowledge in this field is scarce. A future area of focus is the effect of rehabilitation
(cognitive, motor, or combined) on mood in PD patients.

The present study has some limitations. The sample size was small and no follow-
up assessment was performed. These limitations reflect the rehabilitation context where
the study was conducted. The medical center can accept few patients at one time for
rehabilitation care, and following the inclusion criteria, we further reduced the number of
patients potentially eligible for the study. Since the majority of the study subjects went on
to participate in other training sessions at other clinics immediately after the end of the
present study, we could not perform follow-up assessments and compare the effects of our
treatment with those of a control group.

In addition, since the patients were not tested in “off” medication, no conclusions can
be drawn about the unmedicated state. Another area of focus would be to investigate the
effects of cognitive training alone on more than one motor dysfunction in patients with PD
and to compare its effectiveness with other approaches (physiotherapy or physiotherapy
and cognitive treatment). It might also be interesting to conduct a randomized trial with a
non-cross-over design involving two separate patient groups.

Overall, our data indicate a statistical difference pre-post treatment for some outcome
measures, suggesting the benefit of consecutive motor and cognitive treatment for func-
tional mobility and long-term memory in PD patients. Nonetheless, we cannot be certain
that such differences translate into a clinical change. Further studies are needed to confirm
our preliminary results and better investigate the clinical impact of rehabilitation programs
in PD patients.
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5. Conclusions

Our findings suggest potential effects of consecutive motor and cognitive interventions
in PD. Our findings may also serve as starting points to better investigate the effects of this
rehabilitation program on cognitive, motor, and psychological symptoms in PD patients.
Finally, the clinical implications are that the identification and treatment of cognitive deficits
are important in patients with PD and that a benefit can be gained with rehabilitation
programs that include both motor and cognitive training.
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Abstract: Parkinson’s disease (PD) is a chronic, progressive neurological disorder and the second
most common neurodegenerative condition. Advanced PD is complicated by erratic gastric absorp-
tion, delayed gastric emptying in turn causing medication overload, and hence the emergence of
motor and non-motor fluctuations and dyskinesia, which is initially predictable and then becomes
unpredictable. As the patient progresses to the advanced stage, advanced Parkinson’s disease (APD)
is characterized by refractory motor and non motor fluctuations, unpredictable OFF periods, and
troublesome dyskinesias. The management of APD is a complex affair. There is growing recog-
nition that GI dysfunction is common in PD, with virtually the entire GI system (the upper and
lower GI tracts) causing problems from dribbling to defecation. The management of PD should
focus on personalized care addressing both motor and non-motor symptoms, ideally including not
only dopamine replacement but also associated non-dopaminergic circuits, particularly focusing
on noradrenergic, serotonergic, and cholinergic therapies bypassing the gastrointestinal tract (GIT)
by infusion or device-aided therapies (DAT), including levodopa–carbidopa intestinal gel infusion,
apomorphine subcutaneous infusion, and deep brain stimulation, which are available in many coun-
tries for the management of the advanced stage of Parkinson’s disease (APD). The PKG (KinetiGrap)
can be used as a continuous objective monitoring (COM) aid, as a screening tool to help to identify
advanced PD (APD) patients suitable for DAT, and can thus improve clinical outcomes.

Keywords: advanced Parkinson’s disease (APD); precision medicine; apomorphine subcutaneous
infusion therapy; pain; intrajejunal; levodopa; motor and non-motor symptoms; PKG (KinetiGrap)

1. Introduction

Parkinson’s disease is the second most common neurodegenerative disease, affecting
1–2% of the population over the age of 60 [1,2]. Advanced Parkinson’s disease (APD) is
associated with unmanageable, unpredictable motor and non-motor symptom fluctuations,
which are refractory to standard oral/transdermal therapies, compromising quality of life
(QOL) [3–6]. A recent consensus-based initiative based on a multi-country Delphi-panel
(5-2-1) model, an approach to identifying functional indicators of advanced Parkinson’s dis-
ease, was externally validated in the OBSERVE-PD study [7]. This led to the development
of the 5-2-1 motor paradigm (>5 oral levodopa doses/day, >2 h of “off” symptoms/day,
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and >1 h of troublesome dyskinesia/day [8]) used in clinical practice to identify advanced
Parkinson’s patients and ensure timely referrals for device-aided treatments.

Managing advanced Parkinson’s disease is a complex affair. There is growing recog-
nition that GI dysfunction is common in PD, with almost the entire GI system (the upper
and lower GI tracts) causing problems from dribbling to defecation [9]. As the disease
progresses, over 80% of patients with PD develop dysphagia and life-threatening aspi-
ration pneumonia. Lower GI dysfunction results in slowed colonic transit, a reduced
frequency of bowel movements, constipation, etc. [10–13]. The initial years with oral
pulsatile dopaminergic treatment are relatively easy and effective. As patients reach the
advanced stage, APD is complicated by erratic gastric absorption, delayed gastric empty-
ing (causing medication overload), and poor levodopa absorption, hence the emergence
of motor and non-motor fluctuations and dyskinesia, which is initially predictable and
then becomes unpredictable [3,14–16]. Once unpredictable fluctuations or refractory “offs”
start, one should start looking at non-oral infusion therapies or device-aided therapies
(DAT) [17].

2. Available Infusion Therapies or Device-Aided Therapies (DAT) and Patient
Selection

In this situation, we should consider infusion or device-aided therapies, including
levodopa–carbidopa intestinal gel infusion (LCIG), levodopa–entacapone–carbidopa in-
testinal gel infusion (LECIG), subcutaneous apomorphine infusion (APO), and deep brain
stimulation (DBS). Many national guidelines have attempted to address the indications of
these device-aided therapies (DAT) (Figure 1), and ideal patient selection remains some-
what of an unmet need [18].

If we look at the National Institute Centre of Excellence (Figure 2) indications for
advanced device-aided therapies, the essential concept is based on offering the best medical
therapy, which may start with subcutaneous apomorphine infusion (CSAI), or, if the
symptoms are not adequately controlled, especially with severe dyskinesias, intrajejunal
levodopa infusion (IJLI) or deep brain surgery (DBS) should be considered [19].
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2.1. Selection of the Ideal Patient

While therapeutic decisions and research on device-aided treatments have largely
focused on the influence and effect on motor symptoms, we now know that Non Motor
Symptoms (NMS)are an integral feature of PD and, therefore, should play a part (Figure 1)
in the decision-making process for selecting the ideal patient [8,18].

2.2. Apomorphine: History and Molecular Structure

Apomorphine is considered one of the oldest antiparkinsonians. It is a drug found in
water lilies that acts as an emetic, aphrodisiac, or hallucinogen [20]. In 1845, Adolf Edvard
Arppe synthesized apomorphine from morphine and sulfuric acid [21]. In 1851, Thomas
Anderson also synthesized apomorphine by heating codeine with sulfuric acid. It gained
interest in medicine in 1868, when Matthiessen and Wright [22] heated morphine with
concentrated hydrochloric acid and synthesized apomorphine hydrochloride. Figure 3
shows the history and evolution of apomorphine as a treatment for PD.
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Apomorphine (C17H17NO2), a derivative of morphine, is a non-ergot dopamine
agonist (DA) with high selectivity for D2, D3, D4, and D5 and, to a lesser extent, for D1
dopamine receptors. It activates serotonergic 5HT1A receptors but has antagonist effects
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on the serotonergic 5HT2A, 5HT2B, and 5HT2C receptors and adrenergic α2A, α2B, and
α2C receptors [23].

While apomorphine has poor oral bioavailability (<4%), following its subcutaneous
administration into the abdominal wall, 100% of it is rapidly absorbed. The time to peak
plasma concentration is 10–60 min. Its concentration in the cerebrospinal fluid (CSF) peaks
about 10–30 min later [23]. Its extremely lipophilic structure allows it to cross the blood–
brain barrier. Its bioavailability after subcutaneous administration is similar to that after
intravenous administration. It shows linear pharmacokinetics at 2–8 mg when a single
subcutaneous injection is administered in the abdominal wall. Apomorphine is available
in two presentations (Figure 4): A randomized double blinded study by Pfierffer et al. [24]
looked at Continued efficacy and safety of subcutaneous apomorphine (Apo) in 62 patients
with advanced Parkinson’s disease (APD) who had previously received APO for 3 months
and placebo showed Significantly greater improvement in mean Unified PD rating scale
motor scores in treatment group with no overall adverse event incidence observed in both
groups supporting the the long-term use of intermittent APO as effective acute therapy for
off episodes in advanced PD patients (APD) [24].

Compared with a placebo, apomorphine resulted in significantly and rapidly im-
proved mobility, as assessed by an improvement in mean UPDRS motor scores, within a
few minutes of administration. Maximal results were observed 20 min after administration.
This effect persisted for at least 40 min after dosing [24]. In another study by Isaacson SH
et al. [25], patients achieved an “on” state 37 min sooner, on average, with apomorphine in-
jection than with oral levodopa, helping with early-morning akinesia, with a 61% reduction
in the time to “on” (TTO) [25].

The Expert Consensus Group (Trenkwalder C et al. [26]) proposed the following
clinical practice recommendations regarding the use of apomorphine in PD (Tables 1 and 2).

Table 1. Expert Consensus Group report on the use of apomorphine in PD—clinical practice recommendations.

PEN (Figure 4) PUMP (Figure 4)

Anticipated rescue when required during motor and non-motor
“off” periods Patient considers that rescue doses required too frequently

When absorption of oral levodopa is impaired or the patient has
gastric emptying problems (gastroparesis) Dyskinesias limit further therapy optimization

To treat delayed “on” Simplify complex PD dosing regimens to improve convenience
and compliance

To treat early-morning problems (akinesia and dystonia) Alternative to surgical therapy or LCIG, if contraindicated, or
due to patient preference

Absorption or gastric emptying of oral levodopa is impaired
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Factors influencing supportive usage of APO.

Table 2. Navigate PD: Factors influencing the use of CSAI.

Symptoms That Support Use Symptoms That Discourage Use

Dyskinesias Marked ongoing hallucinations/psychosis

Maintenance insomnia Impulse-control disorders

Pronounced therapy-refractory depression Drug-related daytime somnolence

Non-motor fluctuations Orthostatic hypotension

Dysarthria Marked ongoing hallucinations/psychosis

Restless legs

Another recent multicentre, double-blind, randomized, placebo-controlled study
(TOLEDO) [27] demonstrated the long-term efficacy of apomorphine infusion for mo-
tor fluctuations in PD. The significant reduction in off and increase in on time without
troublesome side effects also led to substantial reductions in oral PD medication [27].

Levodopa–carbidopa (LD–CD) intrajejunal infusion (LCIG Figure 5) is a treatment in
which traditional gold-standard levodopa in gel form is administered continuously into
the primary site of levodopa absorption, the proximal jejunum. This is achieved via a
percutaneous endoscopic gastrojejunostomy tube connected to a portable infusion pump.
This was first launched in Sweden in 2004, after pioneering work by Professor Aquilonius
and colleagues in Uppsala University, and it has now been on the market for 17 years [28].
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An observational study (DUOGLOBE study) [29] evaluating the long-term (24 months
follow up) effectiveness of LCIG in advanced PD (APD) patients, in which 20% of patients
met all of the 5-2-1 criteria, showed sustained improvements in motor and non-motor
scores and in quality of life (QoL), with supporting real-world data on the effectiveness,
safety profile, and caregiver burden in APD patients. LCIG is probably the device-aided
treatment for which we have the most robust evidence on the effect on NMS. In 2015, a
systematic review identified eight open-label studies confirming that LCIG improved the
NMS burden after a follow-up period ranging from 6 to 25 months, with specific positive
effects on sleep and autonomic dysfunction, particularly gastrointestinal issues [30]. This
was further explored and consolidated by the GLORIA registry, whose 24-month follow-up
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data showed a remarkable beneficial effect of LCIG on sleep disturbances, apathy, and
gastrointestinal dysfunction [31].

DBS (Figure 6) is a widely accepted, conventional, and effective surgical treatment
for Parkinson’s disease that involves implanting a device to stimulate targeted regions of
the brain with electrical impulses generated by a battery-operated neurostimulator. DBS is
thought to act by shifting the low-frequency (15–30 Hz) oscillatory activity observed in PD
to a higher frequency, thus increasing the firing rate of the stimulated nucleus (commonly
the sub-thalamic nucleus (STN), globus pallidus internus (GPi), or caudal zona incerta
(cZi) [32]. Several randomized controlled trials (RCTs) comparing DBS (STN, GPi, or
other) showed a superior efficacy and safety profile in patients with advanced Parkinson’s
compared with basic medical dopaminergic treatment (BMT) [33,34].
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2.3. DAT Therapies: Evidence-Based Clinical Motor and Non-Motor Outcomes

Parkinson’s disease (PD) is a progressive disorder. While the early motor phases of
PD can be effectively managed by oral/transdermal dopaminergic therapy, as the disease
progresses to advanced stages, it poses a challenge for neurologists to treat, complicated by
the requirement to choose the ideal patients for device-aided therapies, including levodopa–
carbidopa intestinal gel infusion (LCIG), levodopa–entacapone–carbidopa intestinal gel
infusion (LECIG), subcutaneous apomorphine infusion (APO), and deep brain stimulation
(DBS).

Personalizing treatment choices requires evidence and clinical-experience-based guid-
ance for the device-aided management of PD, and it is paramount for better clinical
outcomes. Several national guidelines and the Navigate PD program have attempted to
address bespoke and ideal patient selection; the latter remains somewhat of an unmet need,
as discussed above [18]. APO, LCIG, and bilateral STN-DBS have been available since
early 2000 for the treatment of advanced Parkinson’s disease (APD) in many countries.
Although several individual studies of LCIG, STN-DBS, and APO supported beneficial
motor and non-motor outcomes [25–31], head-to-head comparative studies are limited.
An open-label, non-randomized comparative study [35] (the Euroinf study) showed that,
in advanced Parkinson’s patients, both IJLI and Apo infusion therapy appear to provide
improvements in motor symptoms and quality of life, with IJLI resulting in better improve-
ments in sleep/fatigue, gastrointestinal function, urinary domains, and sexual function
compared to Apo [3].

Another prospective, multicentre, international, real-life cohort observation study
of 173 PD patients, the Euroinf 2 study [36], the first and only study comparing all three
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device-aided treatments (APO, LCIG, and STN-DBS), was in agreement with previous stud-
ies [28–36]. It showed improvements in motor, non-motor, and quality-of-life outcomes [36].
However, interestingly, this study highlighted that each device-aided therapeutic option
(DAT) showed biased outcomes in specific non-motor domains, with an overall reduction
in non-motor burden. For instance, bilateral STN-DBS and LCIG appeared to benefit
urogenital and gastrointestinal dysfunction, respectively, whereas APO showed supremacy
in controlling attention/memory deficits. All three treatment options had a beneficial effect
on depression and anxiety. Aspects of sleep dysfunction (insomnia, excessive daytime
sleepiness, and restless leg syndrome) and fatigue improved with both LCIG and bilateral
STN-DBS (Tables 3 and 4), compared with APO, which showed a beneficial effect on per-
ceptual problems and hallucinations. All three (STN-DBS, APO, and LCIG) had beneficial
effects on the miscellaneous domain of the NMS scale, which incorporates unexplained
pain, olfaction, weight changes, etc. Overall, this study highlights (Figure 7) the importance
of personalizing therapeutic options based on holistic assessments of motor and non-motor
symptoms [36].

Factors influencing supportive usage of IJLI.

Table 3. Navigate PD: Factors influencing the use of LCIG.

Symptoms That Support Use Symptoms That Discourage Use

Dyskinesias
No specific symptoms (like severe dementia) to
discourage use; presence of some symptoms

may require further investigation

Drug-related hallucinations and/or delusions
in patient history

Impulse-control disorders

Maintenance insomnia

Mild cognitive impairment

Pronounced therapy-refractory depression

Dysarthria

Restless legs

Factors influencing supportive usage of STN-DBS.

Table 4. Navigate PD: Factors influencing the use of STN-DBS.

Symptoms That Support Use Symptoms That Discourage Use

Dyskinesias Marked ongoing hallucinations

Drug-related hallucinations and/or delusions
in patient history Dementia

Impulse-control disorders Pronounced therapy-refractory depression

Maintenance insomnia Dysphagia

Non-motor fluctuations Dysarthria

L-dopa-unresponsive postural and gait
problems, falls

Marked ongoing hallucinations
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2.4. Objective Measurements of Patient Outcomes in Parkinson’s Disease: Rating Scales
2.4.1. MDS-UPDRS Scale

This unified Parkinson’s disease rating scale (UPDRS) is a tool for monitoring the
course of Parkinson’s and the degree of disability. The scale has three sections that evaluate
key areas of disability, together with a fourth section that evaluates any complications of
treatment [37,38].

Part I: Evaluation of mental activity, behaviour and mood, intellectual impairment,
thought disorder motivation/initiative depression, sleep, pain, bladder and bowel prob-
lems, and fatigue. This subscale has scores from 0 to 4, with 4 representing the greatest
level of dysfunction, and it can range from 0 (normal) to 16.

Part II: Self-evaluation of activities of daily living: speech, salivation, swallowing,
handwriting, cutting food, dressing, hygiene, turning in bed, falling, freezing, walking,
tremor, and sensory difficulties. This 14-item subscale ranges from 0 (normal) to 56.

Part III: Evaluation of motor function: speech, facial expression, tremor at rest, action
tremor, rigidity, finger taps, hand movements, rotation of hands and forearms so palms
face downward, rotation of hands and forearms so palms face upward, toe taps, leg
agility, rising from chair, posture, gait, postural stability, and bradykinesia. This is the
most commonly used subscale and has 14 different types of ratings, ranging from 0 to
4. The total score for subscale 3 ranges from 0 (normal) to 108, the sum of scores from
27 observations.

Part IV: Evaluation of complications of therapy; dyskinesia; early-morning “off” period
deterioration, including the duration of “off” periods, predictability based on dosage, and
whether onset is sudden or gradual; anorexia (including nausea and/or vomiting); and
sleep disturbance. This subscale includes 11 questions, and the scores on this subscale
range from 0 to 23.

2.4.2. Hoehn and Yahr Rating Scale

Hoehn and Yahr staging is probably the most widely known means for evaluating
people with PD and was first described in 1967. It reflects motor manifestations of PD and
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is intended to reflect the degree of progression, combining features of motor impairment
and disability, for scores of 0–5, with 0 = no signs of disease; 1 = unilateral disease (on
one side); 1.5 = unilateral disease plus axial involvement; 2 = bilateral disease, without
impairment of balance; 2.5 = bilateral disease, with recovery on the pull test; 3 = mild
to moderate bilateral disease, needing assistance to prevent falling on the pull test, and
physically independent; 4 = severe disability but still able to walk or stand unassisted; and
5 = wheelchair-bound or bedridden unless aided [39].

2.4.3. Short Parkinson’s Evaluation Scale/Scales for Outcomes in Parkinson’s Disease
(SPES/SCOPA)

The SPES/SCOPA [40,41]. is a short, reliable, and valid scale used to evaluate the
motor function of PD patients and includes three sections: A) Motor Evaluation (10 items,
maximum of 42 points), B) Activities of Daily Living (7 items, 21 points), and C) Motor
Complications (4 items, 12 points—with 2 items on motor fluctuations [6 points] and 2 on
dyskinesias [6 points]). The response options for all the items range from 0 to 3.

2.4.4. Non-Motor Symptoms Scale (NMSS)

The Non-Motor Symptoms Scale (NMSS) [12] is a 30-item validated tool for assessing
a wide range of non-motor symptoms in patients with Parkinson’s disease (PD). The
NMSS measures the severity and frequency of a range of non-motor symptoms across
nine dimensions: cardiovascular, sleep/fatigue mood/cognition, perceptual problems,
attention/memory, gastrointestinal, urinary, sexual function, and miscellany. The score for
each item is based on a multiple of severity (from 0 to 3) and frequency scores (from 1 to 4),
for total scores of 0 (none) to 360.

2.4.5. PDSS (Parkinson’s Disease Sleep Scale)

The PDSS [42] is a simple bedside screening instrument for the evaluation of sleep
disturbances in Parkinson’s disease. The PDSS is a visual analogue scale addressing
15 commonly reported symptoms associated with sleep disturbance. The 15 items are the
overall quality of a night’s sleep (item 1), sleep onset and maintenance insomnia (items 2
and 3), nocturnal restlessness (items 4 and 5), nocturnal psychosis (items 6 and 7), nocturia
(items 8 and 9), nocturnal motor symptoms (items 10–13), sleep refreshment (item 14),
and daytime dozing (item 15). The severity of symptoms is reported by marking a cross
along a 10 cm line (labelled from the worst to best state), and the scores for each item range
from 0 (symptom severe and always experienced) to 10 (symptom-free). The maximum
cumulative score for the PDSS is 150 (the patient is free of all symptoms).

2.4.6. King’s Parkinson’s Pain Scale (KPSS)

KPSS (King’s PD Pain Scale) [43] seems to be a reliable and valid scale for grad-
ing various types of pain in PD. Its seven domains (musculoskeletal pain, chronic pain,
fluctuation-related pain, nocturnal pain, orofacial pain, discoloration/oedema/swelling,
and radicular pain) include 14 items, with each item scored by severity (0–3) multiplied by
frequency (0–4), resulting in a subscore of 0 to 12, with the total possible scores ranging
from 0 to 168.

2.4.7. Montreal Cognitive Assessment (MoCA)

The Montreal Cognitive Assessment (MoCA) [44] is a widely used screening assess-
ment for detecting cognitive impairment. It helps to assess several domains including
memory recall, which involves two learning trials with five nouns, and delayed recall after
approximately five minutes (scores out of 5 points), as well as visuospatial abilities using a
clock drawing task (3 points) and a three-dimensional cube copy (1 point). Multiple aspects
of executive function are assessed, by the trail-making B task (1 point), a phonemic fluency
task (1 point), and a two-item verbal abstraction task (2 points).
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Orientation to time and place is evaluated by asking the subject for the date on
which and the city in which the test is occurring (6 points). Abstract reasoning is assessed
(2 points). One point each is given for attention, concentration, and working memory, which
are evaluated using a sustained attention task (target detection using tapping; 1 point),
and digits forward and backward, as well as 3 points for a serial subtraction task. The
assessment of language using three-item naming (familiar animals such as lions, camels,
rhinos, etc.) scores 3 points, and repetition of two complex sentences scores 2 points.

The MoCA test is a one-page 30-point test, assessing several cognitive domains, and
the MoCA scores range between 0 and 30. A score of 26 or over is considered to be
normal; people with mild cognitive impairment (MCI) score an average of 22.1; people
with Alzheimer’s disease score an average of 16.2.

2.4.8. Hospital Anxiety and Depression Scale (HADS)

HADS is a frequently used self-rating scale developed by Zigmond AS and Snaith
RP for measuring anxiety and depression in non-psychiatric patients. The questionnaire
comprises seven questions for anxiety (HADS Anxiety) and seven questions for depression
(HADS Depression) [45]. The scoring for each item ranges from zero to three, with three
denoting the highest level of anxiety or depression. A total subscale score of >8 points
out of a possible 21 denotes considerable symptoms of anxiety or depression: 8–10 (mild),
11–14 (moderate), 15–21 (severe).

2.4.9. Parkinson’s Disease Questionnaires (PDQ-8 and PDQ-39)

The Parkinson’s Disease Questionnaire (PDQ-39) [46,47] is a validated disease-specific
tool for measuring health-related quality of life in Parkinson’s disease patients. It covers
eight dimensions—mobility, activities of daily of living, emotional well-being, stigma, social
support, cognition, communication, and bodily discomfort—and it contains 39 questions.
Each question is scored 0–4 points, transformed to a score ranging from 0 (good health)
to 100 (poor health). The total score is derived from the sum of 39 scale scores divided by
eight (the number of scales), which yields a score between 0 and 100 (100 = more health
problems). This is equivalent to expressing the sum of all 39 item responses as a percentage
score.

2.4.10. Parkinson’s Disease Questionnaire (PDQ-8)

The PDQ-8 is a shorter questionnaire derived from the PDQ-39. It is an eight-question
instrument with a question taken from each domain of mobility, activities of daily of
living, emotional well-being, stigma, social support, cognition, communication, and bodily
discomfort. The questions are scored 0–4, and the sum is taken.

3. Continuous Objective Monitoring (COM) Using Wearable Sensors and Its Role in
Identifying Potential Candidates for Device-Aided Therapies (DAT)

After 5 years of disease [48,49], approximately 50% of PwP can develop motor fluc-
tuations (bradykinetic fluctuations) and dyskinesia. Motor fluctuations and dyskinesia
are the motor manifestations of reduced or excess (respectively) dopamine transmission,
which also cause significant non-motor fluctuations [50]. Dyskinesias can sometimes be
confused with tremor, and bradykinesia can be attributed to tiredness rather than a decline
in the effectiveness of dopaminergic treatment. Some patients with cognitive issues have
problems with compliance with their treatment, and in routine clinical practice, patient
diaries are impractical and not commonly used apart from in clinical trials [51]. Objective
measurement by capturing data during activities of daily living in the home environment
helps not only with compliance but also with career burden, and for clinicians, it can
provide continuous objective information that helps to optimize treatment and patient
outcomes.
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3.1. About PKG

The Personal KinetiGraph® (PKG®) Movement Recording System (Figure 8) is a new
COM technology that provides scores for bradykinesia, dyskinesia, motor fluctuations, and
tremor, as well as immobility as a proxy for daytime sleepiness. The Personal KinetiGraph
(PKG) is a commercially available wrist-worn data logger system approved by the FDA,
providing a continuous, objective, motor and ambulatory assessment of bradykinesia,
dyskinesia, and motor fluctuations in PD. The logger is a smartwatch that is worn on the
most affected wrist, weighs 35 g, and contains a rechargeable battery and a 3-axis iMEMS
accelerometer. It provides data points every two minutes and produces a series of graphs
and scores in a clinically useful format known as the PKG [52]. The device is water resistant.
The logger is programmed to remind patients to take their PD medications by delivering
vibrations, and consumption is acknowledged by swiping the logger’s smart screen. It also
has sensors to detect whether the device is being worn.
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Figure 8. Monitoring Parkinson’s disease: PKG.

The PKG is the graphical representation of the bradykinetic scores (BKS) and dyski-
netic scores (DKS) collected every 2 min over an extended period of 6 days. It also provides
sleep scores (as it is worn at night), daytime sleepiness scores, and inactivity [53], and also
provides tremor scores [54]. The times at which medications are due and consumed are
also shown, making it possible to assess whether there are dose-related variations in the
BKS or DKS [55] (Figure 9).
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The variables provided by the PKG are objective measures of these same factors that
are considered clinically suitable candidates for DAT [18,56], which are recognized by
the presence of increased “off” time and/or dyskinesia in subjects taking five or more
doses/day [57]. Whilst there are many other factors taken into account before DAT is
recommended, PKG is useful as a screening tool; for instance, the timing for deep brain
stimulation (DBS) is important because there is a window of optimum benefit [58], and
delay means that suitable candidates may have shorter benefit or lower benefit, or miss out
on DBS entirely. Previous studies have shown [59,60] that 67% of patients referred for DBS
are unsuitable for the procedure, yet only 1% of people with PD receive DBS [61], although
as many as 20% may, in fact, be eligible [62].

One of the main reasons and indications for any DAT is motor fluctuations [63], which
are frequently overlooked by both patients and clinicians [64]. The information from the
PKG could be used to build a classifier (DAT classifier) that identifies patients eligible for
DAT therapies with high sensitivity and specificity, correlating with the clinical criteria for
DAT, and that can be used as a referral tool [65,66].

3.2. Glossary of PKG Terms

The PKG produces a graphical representation of the BKS and DKS collected every
2 min over an extended period (typically 6 days) [52–54,67,68].

• Median BKS. The median BKS was the 50th percentile of the BKS for all 6 days the
PKG was worn (usually 6 days).

• The interquartile range of the BKS was a measure of the fluctuation of the BKS.
• The percent time in bradykinesia (PTB). Epochs whose BKS lay between 26.1 and

49.4 and whose 25th percentiles of the BKS were >18.5 and 90th percentiles, <80.
Additionally, any epoch whose BKS was >49.9 but contained tremor was included.

• Median DKS: This is the 50th percentile for all the days that the PKG was worn. Brisk
walking introducing resonant peaks may artificially increase the DKS. An algorithm
was used to detect and remove epochs affected in this way.

• Interquartile range of DKS: calculates the median BKS and is a measure of the fluctua-
tion of the DKS.

• Percent time in dyskinesia (PTD): Those DKS used to estimate the median DKS were
passed through a median filter (most of the epochs in the filter period must be in the
dyskinetic range (DKS > 7) for the centre to be classed as dyskinetic).

• Percent time with tremor (PTT): This was the percentage of 2 min epochs estimated
over all the days that the PKG was worn that contained tremor. Tremor is likely to be
present if the PTT score is >1%.
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• The percent time immobile (PTI): This was the percentage of 2 min epochs with BKS
> 80 from all the days that the PKG was worn. These scores were associated with
daytime sleep.

• The doses of levodopa/day. These were calculated from the number of reminders
programmed into the logger.

Bradykinesia was considered adequately treated if the BKS was <25, which relates to a
Unified Parkinson’s Disease Rating (UPDRS) score of ~40 [52–54,67,68], and inadequately
treated if the BKS was >25 [8,19–23]. Dyskinesia was considered “controlled” if DKS < 9,
which relates to an Abnormal Involuntary Movement Score (AIMS) of 10 [52–54,67,68].
The percent time immobile (PTI) was defined as the percentage of 2-min periods between
9 AM and 6 PM where the movement data recorded by the PKG device were very low
and correlated with the daytime sleep measured by polysomnography (PSG) and the
Epworth Sleepiness Scale Scores (ESS). The percent time with tremor (PTT) was defined
as the percentage of 2-min periods between 9 AM and 6 PM that contained tremor [68].
Tremor is likely to be present if the PTT score is >1% [52–54,67,68]. The other scores include
compliance with the reminders.

3.3. PKG Database and Associated Studies

Currently we have a 6-year database (January 2012 to August 2018) with 27,834 com-
plete and de-identified PKGs from 21 countries where the device has received regulatory
approval. Data from seven countries (Australia, the UK, the USA, Sweden, Germany, the
Netherlands, and France) where more than 500 PKGs had been performed (referred to as
the Top 7 countries) were analysed, and these constituted 94% (26,112/27,834) of the PKGs
in the database [52–54,67,68].

The first sub-analysis was based on the median scores of only those PD patients with
serial PKGs (i.e., more than one PKG). There were statistically significant differences in
BKS from the 1st to 2nd through to the 6th PKG readings in this stratified population (all
p < 0.0001). The average time between each PKG order ranged from 23 to 42 days for
the first 6 PKG readings. While the BKS improved by 3.3 points (30.9 to 27.6 points), the
DKS increased by 0.3 points (0.8 to 1.1 points), suggesting improvements in the BKS due
to clinicians optimizing the treatment regime [52–54,67,68]. Interestingly, these changes
in treatment plan/dose optimization did not adversely affect the DKS, suggesting no
significant increase in side effects or any abnormal movements.

4. Conclusions

PKG can be used as a COM in daily clinical practice. It aids in clinical decision
making and the identification and quantification of PD motor symptoms, can be useful
as a screening tool to help to identify advanced PD (APD) patients suitable for DAT, and
improves clinical outcomes.

4.1. Clinical Scenario 1

A 64-year-old Asian patient (British Indian), a retired GP diagnosed with Parkinson’s
disease 7 years ago, had an initial beneficial response to dopaminergic treatment and
then presented with refractory motor (troublesome dyskinesias) and non-motor fluctua-
tions (mild cognitive decline and non-intrusive perceptual issues, apathy, hallucinations,
etc.). There were no obvious sleep-related issues or bowel/bladder complaints. Other
problems included well-controlled type 2 diabetes treated with metformin monotherapy
(1 g/day), and essential hypertension treated with captopril at 5 mg/day; there was no
other significant past medical history, family history of dementia or history of allergies.

4.1.1. Current PD Medications

• Stalevo (l’dopa, 200 mg carbidopa, 50 mg; entacopone, 200 mg) QDS;
• Sinemet, controlled release, 250 mg (l’dopa, 200 mg; carbidopa, 50 mg) ON;
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• Rotigotine, 8 mg (he responded very well initially and then started developing rashes,
on rotigotine patches for 3 years);

• Previously tried a dopaminergic regime (selegiline, ropinorole, sinemet, etc.).

4.1.2. Current Ongoing Problems

• Troublesome dyskinesias;
• Unpredictable offs/freezing episodes;
• Attention/memory/cognitive problems;
• Apathy/hallucinations and non-intrusive perceptual issues.

4.2. Clinical Scenario 2

A 71-year-old Caucasian patient of Scottish heritage diagnosed with Parkinson’s
disease 11 years ago, who had problems with dopamine agonists in the past (developed
dopamine dysregulation syndrome with pramipexole and severe somnolence issues with
ropinirole). They showed a good initial beneficial response to levodopa treatment, but then
presented with unpredictable wearing offs, troublesome dyskinesias, and non-motor fluctu-
ations, predominantly in terms of cardiovascular, urinary, and gastrointestinal dysfunction,
as well as severe sleep-related issues (excessive daytime sleepiness). Other problems
included symptoms suggestive of restless legs (RLS), with well-controlled hypertension
treated with amlodipine at 5 mg/day, and no other significant past medical history.

4.2.1. Current PD Medications

• Sinemet PLUS (l’dopa, 100 mg; carbidopa, 25 mg) at 7 am, 10 am, 1 pm, 4 pm, and
7 pm;

• Sinemet, controlled release, 250 mg (l’dopa, 200 mg; carbidopa, 50 mg) at 10 pm;
• Opicopone, 50 mg, 8 pm;
• Previously tried a dopaminergic regime (pramipexole, ropinorole, and entacopone).

4.2.2. Current Ongoing Problems

• Troublesome dyskinesias;
• Unpredictable offs/freezing episodes/falls;
• Cardiovascular, urinary, and gastrointestinal dysfunction;
• Severe sleep-related issues (excessive daytime sleepiness);
• Previous adverse reactions to dopamine agonists.

4.3. Discussion and Outcomes

Patient 1. Being a medical practitioner who is well-versed about his condition and the
available options, he is personally not keen on STN-DBS (patient preference). On the basis
of the motor and non-motor profiles according to Euroinf 2 data, APO may represent a
good therapeutic choice, keeping in line with the patient’s personal preference (not keen on
surgery). He responded well to previous agonists (ropinorole/rotigotine). Based on the best
medical therapy and available guidelines and evidence, APO (subcutaneous apomorphine
infusion) was opted for, and the continuous, objective, motor, and ambulatory assessment
of bradykinesia, dyskinesia, and motor fluctuations was performed to evaluate the efficacy
of the device-aided therapy (apomorphine) with the wearable sensor monitor (COM)
Personal KinetiGraph® (PKG®).

Patient 2. Elderly gentleman with a history of previous adverse events in response
to dopamine agonists (DDS) and with motor and non-motor (mainly cardiovascular, gas-
trointestinal, and sleep-related) problems and falls. On the basis of motor and non-motor
profiles according to Euroinf 2 data, intrajejunal levodopa infusion may represent a good
therapeutic choice, in keeping with the patient’s age and non-motor profiles. Surgery may
not be a viable option, and due to a history of adverse events in response to dopamine
agonists, APO is not indicated. Therefore, based on the best medical therapy and available
guidelines and evidence, intrajejunal levodopa infusion (IJLI) was opted for, and the contin-
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uous, objective, motor, and ambulatory assessment of bradykinesia, dyskinesia, and motor
fluctuations was performed to evaluate the efficacy of the device-aided therapy (IJLI) with
the wearable sensor monitor (COM) Personal KinetiGraph® (PKG®).

Overall clinical assessments revealed that both patients had refractory motor and
non-motor fluctuations, unpredictable offs, and refractory freezing episodes, and both
were on multi/varied dosing, with a combination of oral dopaminergic and transdermal
dopamine treatments, with no obvious therapeutic effects or benefits compared to tradi-
tional conventional treatment. This indeed complements the Delphi model (5-2-1) [8] and
was confirmed on COM (PKG recordings indeed showed variable BKS/DKS scores before
the usage of DAT therapies, and Patient 1’s non-motor profile was dominated by mild
cognitive decline, non-intrusive perceptual issues, apathy, hallucinations, etc.). Another
factor to be considered for Patient 1 is how his personal preference was also implicated in
the delivery of personalized advanced treatment. As he was not keen on surgery, according
to available Euroinf 2 data, Apo (CSAI) [36] was considered the best option, and this
was also the patient’s choice. He was monitored using COM (PKG), and 6-day recording
showed an improvement in overall BKS/DKS scores (for the 20th to 14th percentiles before
and after Apo (Figures 10–12) respectively, and likewise for the bradykinesia scores).

Meanwhile, for our second patient, APO may not be suitable, as he has previously
had problems with dopamine agonists, having developed dopamine dysregulation syn-
drome with pramipexole and severe somnolence issues with ropinirole. Other factors
are also implicated, especially in this patient, in considering the delivery of personalized
advanced treatment. His age, for instance, represents a key aspect in the assessment for
DBS suitability; an age > 70 or 75 years is an exclusion criterion for DBS in many centres
given the associated higher risk of complications as discussed previously [18,19]. Based
on his current non-motor profile, LCIG was considered, as it showed superior efficacy in
improving gastrointestinal, cardiovascular, and sleep-related problems and falls, and like
our first patient, a 6-day PKG/COM recording was obtained (Figure 13) and showed an
overall improvement in dyskinesias/fluctuating offs/bradykinesia scores.

Device-aided non-oral therapies are now considered and recommended worldwide
for the management of advanced Parkinson’s disease. Personalizing the pathway of care
and the successful delivery of these therapies depend on patient selection, motor and
non-motor profiles, and patient choices and preferences. Body weight has also emerged as
an important aspect in the decision-making process [69]. The PKG can be used as a COM
in daily clinical practice, since it aids in clinical decision making and the identification
and quantification of PD motor symptoms, is useful as a screening tool to help to identify
advanced PD (APD) patients suitable for DAT, and improves clinical outcomes.
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Abstract: Parkinson’s disease (PD) presents varying motor and non-motor features in each patient
owing to their different backgrounds, such as age, gender, genetics, and environmental factors.
Furthermore, in the advanced stages, troublesome symptoms vary between patients due to motor
and non-motor complications. The treatment of PD has made great progress over recent decades
and has directly contributed to an improvement in patients’ quality of life, especially through the
progression of advanced treatment. Deep brain stimulation, radiofrequency, MR–guided focused
ultrasound, gamma knife, levodopa-carbidopa intestinal gel, and apomorphine are now used in the
clinical setting for this disease. With multiple treatment options currently available for all stages
of PD, we here discuss the most recent options for advanced treatment, including cell therapy in
advanced PD, from the perspective of personalized medicine.

Keywords: Parkinson’s disease; deep brain stimulation; levodopa-carbidopa intestinal gel; apo-
morphine; radiofrequency; focused ultrasound; induced pluripotent stem cells; cell therapy; gene
therapy; personalized medicine

1. Introduction

Personalized medicine is an emerging field that seeks to tailor the treatment of in-
dividual patients based on their clinical characteristics, biomarkers, genetics, and other
factors [1,2]. Other factors include specific comorbidities, complications, and patient back-
ground. To date, personalized medicine in Parkinson’s disease (PD) has not been fully
realized due to barriers such as cost and genetic counseling although personalized medicine
is used in PD patients in clinical settings when treatments are tailored based on motor and
non-motor features [3–7].

PD is a heterogeneous disorder in which motor and non-motor features of varying
types and degrees may appear quite separately in individuals [1,8]. Indeed, the etiology
and pathogenesis of PD include a mixture of factors without any diagnostically reliable
biomarkers; therefore, the diagnosis of PD is still based on a clinical assessment [9,10]. It
is known that the prognosis of PD differs between clinical types, with tremor-dominant
types progressing slower than postural instability gait difficulty (PIGD) types [11]. The
Parkinson’s Progression Markers Initiative (PPMI) clinical study has revealed more detailed
subtypes of PD [12]. The authors classified PD into mild motor-predominant, intermedi-
ate, and diffuse malignant types [12]. Several studies have been undertaken to address
and detect possible biomarkers, which may predict the progression of individual PD
patients [13].

Historically, the first PD treatments involved a surgical approach. In 1952, Narabayashi
et al. performed the world’s first pallidotomy for PD patients and described its positive
effect [14]. In the early 1960s, L-dopa therapy was initiated, but initially, low doses failed
to show efficacy in many PD patients; Cotzias then initiated the use of high-dose therapy,
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and the modern regimen for L-dopa therapy was established [15]. L-dopa is still the gold
standard, and its combination with dopamine agonist, monoamine oxidase type B inhibitor,
catechol-O-methyltransferase inhibitor and/or non-dopaminergic medication has been
used to treat L-dopa related motor and non-motor complications for many years. However,
in the advanced stage, despite adjustments to these medications, it is impossible to manage
these complications, and finally surgical intervention is required in some patients. The
use of stereotactic neurosurgery declined with the introduction of the drug L-dopa as an
effective oral medication; but stereotactic neurosurgery was revived when it was shown to
be effective in treating motor complications including wearing-off and dyskinesia [16,17].
Later, deep brain stimulation (DBS) was introduced, and became the gold standard of
treatment for advanced PD motor features [18]. Today, various advanced treatments such as
DBS, radiofrequency, MR–guided focused ultrasound (MRgFUS), gamma knife, levodopa-
carbidopa intestinal gel (LCIG), and apomorphine are available, although the availability
of treatments varies depending on country and region. Clinical practice guidelines for early
treatment of PD have been published in various countries and are often recommended
by experts [19–21]. Standard pharmacological and non-pharmacological treatments are
required during treatment, and the need for personalized medicine becomes more obvious
when aiming to achieve an appropriate symptomatic and disease-modifying treatment
with the right dose, right time, and minimum side effects in a specific patient. On the
other hand, guidelines for the treatment of advanced PD have not been established, and in
particular, the indication criteria and exclusion criteria for device-aided therapy have not
been clarified. DBS and LCIG are the most established treatments for advanced stage PD in
recent years, apomorphine subcutaneous infusion and MRgFUS have also become available,
and efforts to incorporate them into personalized medicine will become important in the
future. This review focuses on the advanced treatment of PD including cell therapy and
gene therapy. Furthermore, we discuss aspects of personalized medicine that are currently
available for the advanced treatment of PD.

2. Advanced Treatments

In this review, we use the term “advanced treatments” when refering to DBS, LCIG,
apomorphine injection, MRgFUS, and other non-medication approaches.

Although the aim of advanced treatment in PD is to improve motor features, this
treatment has also been shown to be effective for certain non-motor features [22]. The
timing of the introduction of advanced treatments such as DBS or LCIG varies from patient
to patient, but, as suggested by Antonini et al. [23], the presence of off-symptoms for more
than 2 h a day, troublesome dyskinesia for more than 1 h a day, and levodopa administration
of more than 5 times a day may be indicators for advanced PD. The authors described the
indications for advanced treatments in PD patients as follows. Patients with good L-dopa
response, good cognition, and <70 years of age were considered as good candidates for
DBS, LCIG, and apomorphine subcutaneous infusion. More specifically, patients with
troublesome dyskinesia can be treated with DBS or LCIG. Patients with L-dopa-resistant
tremor were considered good targets for DBS. Previous authors also propose an indicator
of which device–aided therapy is appropriate, based on each patient’s background, motor
and non-motor features, and activities of daily living by using the Delphi approach [23].
However, with the emergence of new options, it may be necessary to further refine the
criteria for personalized treatment. In addition, we should be mindful of whether these
advanced treatments are suitable or unsuitable for individual patients on an evidence basis;
this currently remains ambiguous.

Currently, or in the near future, the advanced treatment options for PD motor features
include/will include DBS, LCIG, apomorphine, MRgFUS, cell therapy, and gene therapy
(Figure 1). For medication-resistant tremor associated with PD, the main treatment options
are DBS, MRgFUS, radiofrequency, and gamma knife. The characteristics of each treatment
for tremor are shown in Supplementary Table S1. Below, we focus on and briefly describe
the motor features of PD and outline each relevant advanced treatment. Table 1 briefly
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shows indication, advantages, disadvantages, and adverse effects for DBS, LCIG, and
apomorphine, which are currently established advanced treatments for PD.
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Table 1. Comparison of different advanced treatments.

DBS LCIG Apomorphine

Indication Motor complications
(especially dyskinesia) Motor complications Motor complications

(especially motor fluctuations)

Advantages Dopaminergic
medication reduction No age limit Minimally invasive procedures

Disadvantages Invasive procedures Requires caregivers to
handle devices

Requires caregivers to
handle devices

Adverse effects Psychiatric and
cognitive changes Tube trouble Skin reaction or trouble

DBS: deep brain stimulation; LCIG: Levodopa-carbidopa intestinal gel.

2.1. Deep Brain Stimulation (DBS)

Today, DBS has become one of the most successful surgical treatments in the advanced
stages of PD and has been performed in many patients worldwide. During DBS, electrodes
are implanted deep in the brain, a pulse generator is implanted in the chest wall, and an
electric current is passed through a connected lead wire to stimulate the targeted deep
brain tissue (Figure 2). In addition to the selection of the DBS target and the stimulation
parameters, new technologies have enabled a personalized approach to PD.

Regarding the brain targets, the subthalamic nucleus (STN) and globus pallidus
internus (GPi) are commonly used as targets for DBS in PD. Both targets have their own
strengths, and previous studies have compared the therapeutic effects of DBS on motor and
non-motor features in both targets. However, as yet, there are no clear criteria for the choice
of DBS target for PD patients and this is often determined by the physician’s preference.
Negida et al. reviewed the selection between STN and GPi [24]. They report that STN-DBS
is preferable from a cost point-of-view, as it allows a greater reduction in anti-Parkinson
medication and less battery consumption, while GPi-DBS is better for patients who have
problems with mood, speech, or cognition [24].

Other targets are the ventralis intermedius (Vim) and pedunculopontine nucleus
(PPN) [25]. Vim-DBS is less effective for bradykinesia and rigidity, but very effective for
tremor, and is therefore indicated for PD patients with tremor predominance and minimal
motor features other than tremor. Meanwhile, PPN-DBS is effective for postural instability
and gait disturbance, and has been suggested to reduce the incidence of falls; however,
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reported effects are variable [25,26]. In Supplementary Table S2, we show the effects of DBS
on individual symptoms for each target (STN, GPi, Vim, and PPN). Although there are
currently only a few reports, the effects of targeting the post-subthalamic area, or caudal
zona incerta (PSA/cZi) are also expected to be positive [27]. Motor features of PD are
bilateral in most cases and often have a right/left side dominance. The effectiveness of
unilateral STN and GPi-DBS has also been reported [28,29], indicating that unilateral DBS
may be an option, especially in cases with a strong left/right dominance. Furthermore,
stepped GPi and STN-DBS, which is initially unilateral and then contralateral, or combined
unilateral STN and contralateral GPi DBS may offer an effective resolution for certain
PD patients [30,31]. It is also noteworthy that the connectomic approach has addressed
the identification of stimulation targets in individual cases [32,33], and this technological
advancement may also contribute to personalized DBS.
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In recent years, with the advancement of DBS technology, directional leads [34–40]
and adaptive DBS (aDBS) [41] have been developed and made clinically available. There
are many reports showing the usefulness of directional leads not only in PD but also in
essential tremor (ET) [34–40]. Directional leads can be particularly useful in optimizing
STN-DBS stimulation to expand therapeutic windows and avoid stimulation-induced
side effects [34]. Krüger et al. showed that tremor was significantly improved after
exchange from standard to directional DBS in ET patients. This is the first publication
to date that showed a clinical superiority of directional DBS. Thus, directional DBS may
have high potential for patients with advanced symptoms [40]. aDBS is a technique that
was developed to enable analysis of local field potentials from leads in STN and/or GPi,
revealing that beta oscillations are associated with motor features of PD [41]. Conventional
DBS conveys sustained stimulation under conditions of constant stimulus, although a
change in stimulus is possible. In contrast, aDBS, which uses beta oscillations as an index
for control, may have higher therapeutic effects and lower battery consumption than
conventional DBS [42]. Research in regulating the stimulation of DBS has also progressed,
for example, low-frequency stimulation has been reported to have beneficial effects in
patients with “freezing of gait” (FOG) [27]. In addition, recent studies have shown the
efficacy of variable stimulation patterns for FOG [43] and cycling mode stimulation for
tremor refractory to conventional continuous stimulation patterns [44]. With these new
techniques and stimulus adjustments, further improvement of motor and non-motor
features in PD patients is expected. Therefore, it is important for clinicians to understand
the advantages of devices made by different manufacturers.

Thus, DBS may be the advanced treatment that is most suited to personalized medicine.
Clinical teams should be aware that selection of the optimal brain target(s), device, and the
stimulation parameters are all critically important. It is necessary to decide the optimal
indication for surgical treatment according to the timing of treatment and an individual’s
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unmet needs. In addition, most patients on whom surgery is performed are in an advanced
stage of PD; therefore, support such as medical management, exercise therapy, and a
suitable living environment are required even after DBS treatment. Motor complications
are also indications for DBS. The advantage is that it does not require a caregiver, as
shown in Table 1 above; however, the disadvantage is the possibility of psychiatric and
cognitive changes. Multidisciplinary team medical care is a major driver behind solving
these problems. This will be described in detail later.

We discuss potential treatments at the end of this section. Optogenetics is technology
to control the functions of neurons by using genetically coded, light-gated ion channels
or pumps, and light. This biological technique has contributed to our understanding of
nervous system function. Although the application of optogenetics to non-human primates
is limited, Watanabe et al. shows that neural activity and behavior in non-human primates
can be manipulated optogenetically [45]. These studies may also lead to applications
for DBS. In addition, the evolving technologies of magnetogenetics, which manipulating
neurons with magnetic stimuli, and sonogenetics, which focuses on the genetic modulation
of ultrasound-sensitive neurons and their specific responses to ultrasound, could contribute
to the advanced treatment of PD for the possibility of being minimally invasive [46,47].

2.2. Levodopa-Carbidopa Intestinal Gel (LCIG)

Continuous dopaminergic delivery is required to resolve motor complications that
are problematic in advanced PD patients. In addressing this situation, the mechanism
of LCIG is ideal: it involves continuous infusion of levodopa directly into the jejunum
(Figure 3), where it is absorbed via a transgastrostomal jejunal tube that maintains a
constant blood levodopa concentration, thereby reducing motor complications [48]. The
effect on motor complications such as reduction in off-time per day can be maintained for
a lengthy period [49]. It is also effective in the treatment of cases of FOG that are resistant
to pharmacological treatment [50]. LCIG is reported to improve non-motor features such
as anxiety, sleep disorders, depression, hallucinations, impulse control disorders, and
cognition [49,51,52]; however, there is less evidence than for its effects on motor features,
so more research is needed in the future. The frequency of complications with LCIG is
high [53]. Surgery-related complications include pain, gastrointestinal symptoms, and
device failure, most of which decrease in frequency by two weeks post-surgery [53]. In
addition to device failure, weight loss, cholecystitis, and neuropathy are complications of
the long-term course [54–56]. It is necessary to check each patient’s background before
introducing an LCIG device, as, if the patient has difficulty with its use, a caregiver may be
needed. The optimal indication for LCIG also needs to be determined. A multi-disciplinary
medical team can be very helpful in advancing this treatment.
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2.3. Apomorphine

Apomorphine, a dopamine agonist, is administered through subcutaneous rescue
injection or subcutaneous infusion. Rescue injection is an established rescue therapy
for patients with PD associated with motor fluctuations [57,58]. Katzenschlager et al.
describes the efficacy of apomorphine subcutaneous infusion in patients with PD with
motor fluctuations through the presentation of a multicenter, double-blind, randomized,
placebo-controlled trial in 2018 [59]. This has now become one of the advanced treatment
options for PD, along with DBS and LCIG. The indications for apomorphine are motor
complications; this is a minimally invasive procedure compared to DBS and LCIG, as
shown in Table 1 above; however, if the patient is unable to operate the device, a caregiver
may be required. In Japan, rescue injection is available, but subcutaneous infusion is not,
so further expansion of the treatment is expected in the near future.

2.4. Ablative Surgery
2.4.1. Radiofrequency Lesioning

Radiofrequency is the oldest surgical treatment for PD and was a cornerstone of the
development of DBS. Radiofrequency thalamotomy is an established treatment for tremor.
Tasker compares the efficacy and complications of radiofrequency thalamotomy and DBS
for symptoms of tremor [60]. This study shows that DBS is more costly and requires more
management, but DBS has fewer complications than radiofrequency thalamotomy because
of the need to adjust stimulation parameters in DBS [60]. More recently, DBS has become
the preferred choice over radiofrequency for tremor. Complications of both radiofrequency
and DBS include cerebral hemorrhage. Radiofrequency thalamotomy can be repeated
in cases of tremor recurrence, and additional DBS may be an option [60]. Schreglmann
et al. reviews functional neurosurgery for tremor [61]. The authors indicate that when
comparing the size of lesions following treatment with radiofrequency or MRgFUS, at
12 months after surgery, the size of lesions undergoing radiofrequency may be greater
than that of FUS [61]. A study examining the recurrence rate of MRgFUS in patients with
essential tremor shows that the recurrence rate decreases with increased lesion size [62].
Thus, at this time, radiofrequency may be less likely to result in recurrence than MRgFUS.
For PD patients who are against the use of an implanted device for cosmetic reasons,
thalamotomy is an alternative treatment option for tremor.

2.4.2. Gamma Knife

Similar to MRgFUS, gamma knife does not require burr hole craniotomy and is
considered as a minimally invasive treatment; however, it does not allow the intraoperative
observation of symptoms. In addition, physicians should be cautious that this therapy
may result in late cyst formation and/or radiation necrosis in some cases as a high level
of radiation is required for the treatment. Unilateral gamma knife thalamotomy has been
shown to be effective in treating tremor in PD [63]. In addition, studies on the motor
features of PD following the use of gamma knife pallidotomy and subthalamic gamma
knife radiosurgery have been investigated [64,65]. Unilateral gamma knife thalamotomy is
a potential alternative to DBS and radiofrequency thalamotomy for tremor in PD patients
with contraindications for surgery [63]; however, due to the success and increased use
of MRgFUS, the latter treatment may replace gamma knife in the future when MRgFUS
overcomes the current technical issues because of the possibility of secondary neoplasia
due to radiation exposure and difficulty in detecting complications during the procedure,
due to the time for the treatment to take effect.

2.4.3. MR–Guided Focused Ultrasound (MRgFUS)

MRgFUS is a treatment that has recently received tremendous attention. FUS was
originally difficult to apply for intracranial diseases due to the attenuation and scattering
of ultrasound in the skull, but advances in technology have overcome these problems.
MRgFUS can be repositioned, or treatment discontinued depending on the neurological
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condition of the patient being treated. It does require the total shaving of the patient’s head,
but it does not require the burr hole craniotomy that is needed for DBS or radiofrequency.
Thus, MRgFUS is considered a minimally invasive therapy (Supplementary Table S1).
However, physicians should be cautious that the incidence of permanent complications
of MRgFUS may be higher than DBS due to the nature of lesioning [66]. For example,
a recent randomized trial of MRgFUS subthalamotomy reveals a complication rate as
high as 25%, including gait and speech disturbance as well as new onset of dyskine-
sia [67]. The complications reported in the same study are consistent with conventional
radiofrequency subthalamotomy, despite the fact that subthalamotomy is performed uni-
laterally [68], so clinicians should be aware that any form of subthalamotomy may result in
similar problems.

Bond et al. report the suppression of tremor following the application of unilateral
MRgFUS thalamotomy in patients with PD [69]. Regarding other targets, MRgFUS sub-
thalamotomy and pallidothalamic tractotomy for PD lead to the improvement of MDS
UPDRS or UPDRS Part Three scores [67,70]. Based on these studies it is hoped that, in
the not too distant future, this treatment will have an effect not only on tremor but also
on other motor features. Furthermore, research into the relationship between lesion size
and clinical outcome will help establish more optimal treatment methods. Because of
concerns regarding complications of bilateral treatment of MRgFUS, it is a good indication
for patients with prominent unilateral symptoms or tremor, and it is therefore thought to
have the advantage over DBS therapy at this stage in patients who need improvement in
unilateral symptoms [66,71].

2.5. Comparison of DBS and LCIG

A meta-analysis was performed based on comparisons between STN-DBS and LCIG [72].
In this study, no significant differences were noted between STN-DBS and LCIG on UPDRS
Part Three and adverse events [72]. Furthermore, the results show no significant difference
in motor features in the overall therapeutic effect of each surgical treatment. Moreover,
EUROPAR and the International Parkinson and Movement Disorders Society Non-Motor
Parkinson’s Disease Study Group examined motor and non-motor features in STN-DBS,
LCIG, and apomorphine [73]. The latter study, based on an eight-item Parkinson’s disease
questionnaire (PDQ-8), UPDRS Part Four, and NMSScale, reveals that total scores were
improved significantly in all groups. The authors highlight the importance of holistic assess-
ments to personalize treatment choices [73]. We show the advantages and disadvantages
of DBS and LCIG from a perspective of holistic assessments in Supplementary Table S3.

2.6. Combination Therapy

In their study, Elkouzi et al. report a case series of advanced PD patients treated with
DBS and LCIG [74]. Six patients were treated with DBS (bilateral STN DBS, bilateral GPi
DBS, and unilateral GPi DBS) who subsequently received rescue LCIG therapy. Following
this treatment, an improvement in the 39-item Parkinson’s disease questionnaire (PDQ-39)
was noted for four patients. The authors went on to propose an algorithm for the potential
use of rescue LCIG therapy in PD-DBS patients. Therefore, PD-DBS patients with persistent
or recurrent motor fluctuations who have difficulty with further DBS interventions may be
candidates for additional LCIG treatment [74]. In addition to dual DBS and LCIG therapy,
other surgical treatment combinations may be useful in selected cases, but cost does need
to be considered.

2.7. Future Surgical Treatments
2.7.1. Cell Therapy

Since the 1980s, fetal dopaminergic transplantation has been performed in patients with
PD and studies report an improvement in motor features following this treatment [75,76].
However, fetal dopaminergic transplantation encountered problems with ethical issues,
including difficulty in obtaining sufficient amounts of fetal brain tissue, and contamination
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of serotonin neurons with associated dyskinesia. These problems have been solved follow-
ing the introduction of induced pluripotent stem cell (iPSC) technology. Indeed, a primate
study shows significant improvement two years after transplantation of human iPSCs into
a primate PD model [77]. Human transplantation into PD patients was first practiced in
Japan [78], where allogeneic transplantation is now performed [78]. In contrast, Schweitzer
et al. performed autologous transplantations [79]; they report no significant change in
MDS-UPDRS Part Three scores; however, they noted an improvement in PDQ-39 [79]. In
autologous transplantation, if the patient has genetic variants, iPSCs are genome edited and
differentiated into midbrain dopaminergic progenitor cells, which can then be transplanted
(Figure 4). On the other hand, allogeneic transplantation requires immunosuppressive
drugs; it is also advisable to check that the donated cells do not have genetic variants.
Figure 4 shows the process of cell therapy in patients with PD using iPSCs. Drug treatment
and rehabilitation are still needed in cases of cell therapy [80], and the collection of data
from a greater series of cases is necessary to truly reflect the effectiveness of cell therapy
using iPSCs.
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2.7.2. Gene Therapy

Dopamine deficiency in the putamen causes motor features in PD. Therefore, gene
therapy has been adopted to replenish dopamine by introducing genes of enzymes neces-
sary for dopamine synthesis into neurons in the putamen [81]. An adeno-associated virus
(AAV) vector has been the most commonly used gene therapy for PD patients in clinical
trials, although an equine infectious anemia virus (EIAV) has also been used [81–86]. Mura-
matsu et al. [81] and Christine et al. [82] report that AAV vectors expressing aromatic-amino
acid decarboxylase (AADC) were administered to the putamen of PD patients, and the
patients subsequently showed improved UPDRS Part Three scores. Christine et al. further
administered higher doses of AAV vectors to PD patients and showed increasing on-time
in PD patients [83]. Gene therapy, implemented by injecting EIAV vectors carrying the
three genes (tyrosine hydroxylase, AADC, and GTP-cyclohydrolase 1) into the putamen of
PD patients, has also been performed [84]. Furthermore, gene therapy employing transfer
of the trophic factor neurturin into the putamen [85] and glutamic acid decarboxylase into
the STN [86] via an AAV vector have been conducted. The huge benefit of gene therapy
is that it does not require immunosuppressive drugs, which are necessary for allogeneic
cell transplantation using iPSCs; in addition, the mass production of vectors is possible.
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Further research is needed to determine targets, dose, and which genes to introduce for the
practical application of treatment in PD patients.

3. Evaluation of the Efficacy of Advanced Treatment

Since there are no disease-modifying treatments for PD, the current goal of PD treat-
ment is to improve patient and caregiver satisfaction. Physicians may tend to focus on the
improvement rate of MDS UPDRS Part Three scores when evaluating the effectiveness of
advanced treatment. However, the possibility of a gap between physician evaluation of
surgical treatment effectiveness and patient and caregiver satisfaction should be noted;
despite this, few studies have examined patient satisfaction with advanced treatment for
PD [87]. A large multicenter study of PD patients showed that MDS UPDRS Parts One
and Two affect their quality of life (QOL) [88]. Although the short-form PDQ-8 and the
PDQ-39 have been used in many studies [88–90], MDS UPDRS Parts One and Two, the
patient reported outcome (PRO)-based assessments of patients’ activities of daily living
(ADL), is also useful in the assessment of advanced treatment. Regarding non-motor
features, the Non-Motor Symptoms Scale for Parkinson’s Disease (NMSS), the Non-Motor
Symptoms Questionnaire (NMSQ), and MDS Non-Motor Rating Scale (MDS-NMS) may
be useful for evaluating end points of advanced treatment. Furthermore, it is expected
that outcomes assessed by caregivers [91] will also be used to judge the effectiveness of
advanced treatment of PD.

4. Team Approach

Organization of multidisciplinary clinical care teams is recommended in PD treat-
ment [92], and a team approach is essential for the realization of personalized medicine for
advanced treatment in PD patients. An example of a team approach to advanced treatment
of PD, particularly LCIG and stereotactic neurosurgery, is presented in Figure 5. Neurol-
ogists take a lead in determining treatment plans, but neurosurgeons are responsible for
stereotactic neurosurgery, and gastroenterologists and colorectal surgeons are responsible
for LCIG. Furthermore, psychiatrists are important in the evaluation and treatment of
psychiatric symptoms, and dentists are needed to evaluate and care for dysphagia which
is frequently seen in PD. Therapists play an important role in sustained rehabilitation,
and assessment of ADL requires cooperation with therapists. The presence of a nurse is
important for assessment of the patient’s background, and PD nurses [92] are indispensable
during the long process of advanced treatment. Caregivers as well as patients require
nursing care. Pharmacist medication guidance is also important for the continuous treat-
ment of various drugs. Higuchi et al. reveals that screening through the use of a team
approach may be useful for more than just patient selection of DBS [93]. Supplementary
Table S4 (DBS) and Table S5 (LCIG) show concerns from a multidisciplinary perspective
in determining indications for advanced treatment of PD patients. Since any advanced
treatment is invasive, patients may expect notable effects of such treatment in return, which
may lead to reduced patient satisfaction [94]. Multidisciplinary informed consent is needed
from patients and caregivers when advanced treatment is indicated. The above-mentioned
improvement in QOL following cell therapy using iPSCs [79] may also benefit patient satis-
faction with a team approach. Moreover, a team approach will be increasingly necessary in
the implementation of cell therapy and gene therapy, which are expected to become more
widespread in the near future.

A team approach also enables a tailored treatment plan for each patient based on
patient-specific risks versus benefit analyses, accessibility to the center, supportive care
circumstances, and cultural background. For example, surgical procedures requiring
general anesthesia are contraindicated in patients with severe cardiopulmonary risks.
Living in a remote area or poor supportive care circumstances may jeopardize LCIG,
which requires daily medication renewal. Concerning cultural background, some patients
may have a stigma against the use of devices, and in such cases lesion therapy and/or
cell therapy may be a suitable option. Additionally, select patients may benefit from a
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combination of multiple treatment modalities (e.g., unilateral DBS and contralateral RF
lesioning). We consider that a team approach at an experienced center would maximize
the benefit of tailor-made treatment effects in the application of surgical procedures.
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COVID-19 has led to major changes in medical systems globally [95]. It affects PD
patients and particularly those that may have lost healthcare resources during the period
of the pandemic [96]. During this period, the use of telemedicine, which is recommended
in PD treatment, has been useful for outpatient care and may be continued into the fu-
ture [97]. We conducted a questionnaire survey regarding telemedicine among PD patients
in Japan [98]. The results revealed that a majority of patients were aware of the availability
of this means of healthcare. Smartphone users, credit card users, and those who lived in
regions distant from a hospital tend to prefer the convenience of this facility [98]. Although
individual situations vary between countries and regions, telemedicine may be useful for
continuing outpatient treatment of PD patients who have undergone advanced treatment.
Indeed, the usefulness of telemedicine has been reported in DBS and LCIG even before the
COVID-19 pandemic [99,100]. The spread of telemedicine may have a great impact on the
choice of advanced treatment for PD.

5. Conclusions

Here, we have discussed various advanced treatments for advanced PD. In the future,
there may be additional advanced treatment options, including cell therapy and gene
therapy. In addition, the development of optogenetics, magnetogenetics, and sonogenetics
is expected. Therefore, it is important to consider the individual symptoms, patient
background, and cost of these options when deciding on advanced treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11070650/s1, Table S1: comparison of DBS and LCIG; Table S2: effect of DBS on individual
symptoms for each target; Table S3: comparison of DBS, MRgFUS, radiofrequency, and gamma knife;
Table S4: a list of concerns to check when considering DBS; Table S5: a list of concerns to check when
considering LCIG.

Author Contributions: T.M. (Takayasu Mishima): execution of the project; writing of the first draft;
S.F.: review and critique; T.M. (Takashi Morishita): review and critique; T.I.: execution of the revision
of the manuscript; Y.T.: conception and organization of the project; editing of the manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval was not required for this study
because it is an analysis based on previously published studies.

118



J. Pers. Med. 2021, 11, 650

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are included in the study and supplementary information.

Acknowledgments: This work was supported by AMED (20gm1010002h0305). The authors would
also like to acknowledge Mai Takahashi for assembling the figures.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Titova, N.; Chaudhuri, K.R. Personalized medicine in Parkinson’s disease: Time to be precise. Mov. Disord. 2017, 32, 1147–1154.

[CrossRef] [PubMed]
2. Jameson, J.L.; Longo, D.L. Precision medicine—Personalized, problematic, and promising. N. Engl. J. Med. 2015, 372, 2229–2234.

[CrossRef]
3. Schneider, S.A.; Alcalay, R.N. Precision medicine in Parkinson’s disease: Emerging treatments for genetic Parkinson’s disease. J.

Neurol. 2020, 267, 860–869. [CrossRef] [PubMed]
4. Juengst, E.; McGowan, M.L.; Fishman, J.R.; Settersten, R.A., Jr. From “Personalized” to “Precision” Medicine: The Ethical and

Social Implications of Rhetorical Reform in Genomic Medicine. Hastings Cent. Rep. 2016, 46, 21–33. [CrossRef] [PubMed]
5. Park, A.; Chang, H.; Lee, K.J. Action Research on Development and Application of Internet of Things Services in Hospital. Healthc.

Inform. Res. 2017, 23, 25–34. [CrossRef] [PubMed]
6. Bandres-Ciga, S.; Diez-Fairen, M.; Kim, J.J.; Singleton, A.B. Genetics of Parkinson’s disease: An introspection of its journey

towards precision medicine. Neurobiol. Dis. 2020, 137, 104782. [CrossRef] [PubMed]
7. Gulilat, M.; Lamb, T.; Teft, W.A.; Wang, J.; Dron, J.S.; Robinson, J.F.; Tirona, R.G.; Hegele, R.A.; Kim, R.B.; Schwarz, U.I. Targeted

next generation sequencing as a tool for precision medicine. BMC Med. Genom. 2019, 12, 81. [CrossRef]
8. Titova, N.; Padmakumar, C.; Lewis, S.J.G.; Chaudhuri, K.R. Parkinson’s: A syndrome rather than a disease? J. Neural Transm.

2017, 124, 907–914. [CrossRef]
9. Gibb, W.R.; Lees, A.J. The relevance of the Lewy body to the pathogenesis of idiopathic Parkinson’s disease. J. Neurol. Neurosurg.

Psychiatry 1988, 51, 745–752. [CrossRef]
10. Postuma, R.B.; Berg, D.; Stern, M.; Poewe, W.; Olanow, C.W.; Oertel, W.; Obeso, J.; Marek, K.; Litvan, I.; Lang, A.E.; et al. MDS

clinical diagnostic criteria for Parkinson’s disease. Mov. Disord. 2015, 30, 1591–1601. [CrossRef]
11. Jankovic, J.; Kapadia, A.S. Functional decline in Parkinson disease. Arch. Neurol. 2001, 58, 1611–1615. [CrossRef] [PubMed]
12. Fereshtehnejad, S.M.; Zeighami, Y.; Dagher, A.; Postuma, R.B. Clinical criteria for subtyping Parkinson’s disease: Biomarkers and

longitudinal progression. Brain 2017, 140, 1959–1976. [CrossRef] [PubMed]
13. Bloem, B.R.; Marks, W.J., Jr.; Silva de Lima, A.L.; Kuijf, M.L.; van Laar, T.; Jacobs, B.P.F.; Verbeek, M.M.; Helmich, R.C.; van

de Warrenburg, B.P.; Evers, L.J.W.; et al. The Personalized Parkinson Project: Examining disease progression through broad
biomarkers in early Parkinson’s disease. BMC Neurol. 2019, 19, 160. [CrossRef] [PubMed]

14. Narabayashi, H.; Okuma, T.; Shikiba, S. Procaine oil blocking of the globus pallidus. AMA Arch. Neurol. Psychiatry 1956, 75, 36–48.
[CrossRef] [PubMed]

15. Fahn, S. The medical treatment of Parkinson disease from James Parkinson to George Cotzias. Mov. Disord. 2015, 30, 4–18.
[CrossRef] [PubMed]

16. Laitinen, L.V. Brain targets in surgery for Parkinson’s disease. Results of a survey of neurosurgeons. J Neurosurg. 1985, 62,
349–351. [CrossRef]

17. Laitinen, L.V.; Bergenheim, A.T.; Hariz, M.I. Leksell’s posteroventral pallidotomy in the treatment of Parkinson’s disease. J.
Neurosurg. 1992, 76, 53–61. [CrossRef]

18. Schuepbach, W.M.; Rau, J.; Knudsen, K.; Volkmann, J.; Krack, P.; Timmermann, L.; Hälbig, T.D.; Hesekamp, H.; Navarro, S.M.;
Meier, N.; et al. Neurostimulation for Parkinson’s disease with early motor complications. N. Engl. J. Med. 2013, 368, 610–622.
[CrossRef]

19. Fox, S.H.; Katzenschlager, R.; Lim, S.Y.; Barton, B.; de Bie, R.M.A.; Seppi, K.; Coelho, M.; Sampaio, C. Movement Disorder Society.
Evidence-Based Medicine Committee. International Parkinson and movement disorder society evidence-based medicine review:
Update on treatments for the motor symptoms of Parkinson’s disease. Mov. Disord. 2018, 33, 248–1266. [CrossRef]

20. Ferreira, J.J.; Katzenschlager, R.; Bloem, B.R.; Bonuccelli, U.; Burn, D.; Deuschl, G.; Dietrichs, E.; Fabbrini, G.; Friedman, A.;
Kanovsky, P.; et al. Summary of the recommendations of the EFNS/MDS-ES review on therapeutic management of Parkinson’s
disease. Eur. J. Neurol. 2013, 20, 5–15. [CrossRef]

21. National Institute for Health and Care Excellence. Parkinson’s Disease in Adults. NICE Guideline [NG71]. July 2017. Available
online: www.nice.org.uk/guidance/ng71 (accessed on 19 July 2017).

22. Jost, S.T.; Sauerbier, A.; Visser-Vandewalle, V.; Ashkan, K.; Silverdale, M.; Evans, J.; Loehrer, P.A.; Rizos, A.; Petry-Schmelzer, J.N.;
Reker, P.; et al. A prospective, controlled study of non-motor effects of subthalamic stimulation in Parkinson’s disease: Results at
the 36-month follow-up. J. Neurol. Neurosurg. Psychiatry 2020, 91, 687–694. [CrossRef]

23. Antonini, A.; Stoessl, A.J.; Kleinman, L.S.; Skalicky, A.M.; Marshall, T.S.; Sail, K.R.; Onuk, K.; Odin, P.L.A. Developing consensus
among movement disorder specialists on clinical indicators for identification and management of advanced Parkinson’s disease:
A multi-country Delphi-panel approach. Curr. Med. Res. Opin. 2018, 12, 2063–2073. [CrossRef]

119



J. Pers. Med. 2021, 11, 650

24. Negida, A.; Elminawy, M.; El Ashal, G.; Essam, A.; Eysa, A.; Abd Elalem Aziz, M. Subthalamic and Pallidal Deep Brain
Stimulation for Parkinson’s Disease. Cureus 2018, 10, e2232. [CrossRef] [PubMed]

25. Mao, Z.; Ling, Z.; Pan, L.; Xu, X.; Cui, Z.; Liang, S.; Yu, X. Comparison of Efficacy of Deep Brain Stimulation of Different Targets
in Parkinson’s Disease: A Network Meta-Analysis. Front. Aging Neurosci. 2019, 11, 23. [CrossRef] [PubMed]

26. Wang, J.W.; Zhang, Y.Q.; Zhang, X.H.; Wang, Y.P.; Li, J.P.; Li, Y.J. Deep Brain Stimulation of Pedunculopontine Nucleus for
Postural Instability and Gait Disorder After Parkinson Disease: A Meta-Analysis of Individual Patient Data. World Neurosurg.
2017, 102, 72–78. [CrossRef] [PubMed]

27. Yu, H.; Takahashi, K.; Bloom, L.; Quaynor, S.D.; Xie, T. Effect of Deep Brain Stimulation on Swallowing Function: A Systematic
Review. Front. Neurol. 2020, 11, 547. [CrossRef]

28. Walker, H.C.; Watts, R.L.; Guthrie, S.; Wang, D.; Guthrie, B.L. Bilateral effects of unilateral subthalamic deep brain stimulation on
Parkinson’s disease at 1 year. Neurosurgery 2009, 2, 302–309. [CrossRef]

29. Okun, M.S.; Wu, S.S.; Fayad, S.; Ward, H.; Bowers, D.; Rosado, C.; Bowen, L.; Jacobson, C.; Butson, C.; Foote, K.D. Acute and
Chronic Mood and Apathy Outcomes from a randomized study of unilateral STN and GPi DBS. PLoS ONE 2014, 12, e114140.
[CrossRef] [PubMed]

30. Cernera, S.; Eisinger, R.S.; Wong, J.K.; Ho, K.W.D.; Lopes, J.L.; To, K.; Carbunaru, S.; Ramirez-Zamora, A.; Almeida, L.; Foote,
K.D.; et al. Long-term Parkinson’s disease quality of life after staged DBS: STN vs GPi and first vs second lead. NPJ. Parkinsons
Dis. 2020, 6, 13. [CrossRef]

31. Zhang, C.; Wang, L.; Hu, W.; Wang, T.; Zhao, Y.; Pan, Y.; Almeida, L.; Ramirez-Zamora, A.; Sun, B.; Li, D. Combined Unilateral
Subthalamic Nucleus and Contralateral Globus Pallidus Interna Deep Brain Stimulation for Treatment of Parkinson Disease: A
Pilot Study of Symptom-Tailored Stimulation. Neurosurgery 2020, 87, 1139–1147.

32. Morishita, T.; Higuchi, M.A.; Kobayashi, H.; Abe, H.; Higashi, T.; Inoue, T. A retrospective evaluation of thalamic targeting for
tremor deep brain stimulation using high-resolution anatomical imaging with supplementary fiber tractography. J. Neurol. Sci.
2019, 398, 148–156. [CrossRef] [PubMed]

33. Horn, A.; Reich, M.; Vorwerk, J.; Li, N.; Wenzel, G.; Fang, Q.; Schmitz-Hübsch, T.; Nickl, R.; Kupsch, A.; Volkmann, J.; et al.
Connectivity Predicts deep brain stimulation outcome in Parkinson disease. Ann. Neurol. 2017, 82, 67–78. [CrossRef]

34. Eleopra, R.; Rinaldo, S.; Devigili, G.; Lettieri, C.; Mondani, M.; D’Auria, S.; Piacentino, M.; Pilleri, M. Brain impedance variation
of directional leads implanted in subthalamic nuclei of Parkinsonian patients. Clin. Neurophysiol. 2019, 130, 1562–1569. [CrossRef]

35. Shao, M.M.; Liss, A.; Park, Y.L.; DiMarzio, M.; Prusik, J.; Hobson, E.; Adam, O.; Durphy, J.; Sukul, V.; Danisi, F.; et al.
Early Experience With New Generation Deep Brain Stimulation Leads in Parkinson’s Disease and Essential Tremor Patients.
Neuromodulation 2020, 23, 537–542. [CrossRef]

36. Pollo, C.; Kaelin-Lang, A.; Oertel, M.F.; Stieglitz, L.; Taub, E.; Fuhr, P.; Lozano, A.M.; Raabe, A.; Schüpbach, M. Directional deep
brain stimulation: An intraoperative double-blind pilot study. Brain 2014, 137, 2015–2026. [CrossRef] [PubMed]

37. Contarino, M.F.; Bour, L.J.; Verhagen, R.; Lourens, M.A.; de Bie, R.M.; van den Munckhof, P.; Schuurman, P.R. Directional steering:
A novel approach to deep brain stimulation. Neurology 2014, 83, 1163–1169. [CrossRef] [PubMed]

38. Steigerwald, F.; Müller, L.; Johannes, S.; Matthies, C.; Volkmann, J. Directional deep brain stimulation of the subthalamic nucleus:
A pilot study using a novel neurostimulation device. Mov. Disord. 2016, 31, 1240–1243. [CrossRef]

39. Dembek, T.A.; Reker, P.; Visser-Vandewalle, V.; Wirths, J.; Treuer, H.; Klehr, M.; Roediger, J.; Dafsari, H.S.; Barbe, M.T.;
Timmermann, L. Directional DBS increases side-effect thresholds-A prospective, double-blind trial. Mov. Disord. 2017, 32,
1380–1388. [CrossRef] [PubMed]

40. Krüger, M.T.; Avecillas-Chasin, J.M.; Tamber, M.S.; Heran, M.K.S.; Sandhu, M.K.; Polyhronopoulos, N.E.; Sarai, N.; Honey, C.R.
Tremor and Quality of Life in Patients With Advanced Essential Tremor Before and After Replacing Their Standard Deep Brain
Stimulation With a Directional System. Neuromodulation 2021, 24, 353–360. [CrossRef]

41. Meidahl, A.C.; Tinkhauser, G.; Herz, D.M.; Cagnan, H.; Debarros, J.; Brown, P. Adaptive Deep Brain Stimulation for Movement
Disorders: The Long Road to Clinical Therapy. Mov. Disord. 2017, 32, 810–819. [CrossRef]

42. Little, S.; Pogosyan, A.; Neal, S.; Zavala, B.; Zrinzo, L.; Hariz, M.; Foltynie, T.; Limousin, P.; Ashkan, K.; FitzGerald, J.; et al.
Adaptive deep brain stimulation in advanced Parkinson disease. Ann. Neurol. 2013, 74, 449–457. [CrossRef]

43. Jia, F.; Wagle Shukla, A.; Hu, W.; Almeida, L.; Holanda, V.; Zhang, J.; Meng, F.; Okun, M.S.; Li, L. Deep Brain Stimulation at
Variable Frequency to Improve Motor Outcomes in Parkinson’s Disease. Mov. Disord. Clin. Pract. 2018, 5, 538–541. [CrossRef]

44. Enatsu, R.; Kitagawa, M.; Morishita, T.; Sasagawa, A.; Kuribara, T.; Hirano, T.; Arihara, M.; Mikami, T.; Mikuni, N. Effect of
Cycling Thalamosubthalamic Stimulation on Tremor Habituation and Rebound in Parkinson Disease. World Neurosurg. 2020, 144,
64–67. [CrossRef]

45. Watanabe, H.; Sano, H.; Chiken, S.; Kobayashi, K.; Fukata, Y.; Fukata, M.; Mushiake, H.; Nambu, A. Forelimb movements evoked
by optogenetic stimulation of the macaque motor cortex. Nat. Commun. 2020, 11, 3253. [CrossRef]

46. Nimpf, S.; Keays, D.A. Is magnetogenetics the new optogenetics? EMBO J. 2017, 36, 1643–1646. [CrossRef] [PubMed]
47. Wang, S.; Meng, W.; Ren, Z.; Li, B.; Zhu, T.; Chen, H.; Wang, Z.; He, B.; Zhao, D.; Jiang, H. Ultrasonic Neuromodulation and

Sonogenetics: A New Era for Neural Modulation. Front. Physiol. 2020, 11, 787. [CrossRef] [PubMed]
48. Politis, M.; Sauerbier, A.; Loane, C.; Pavese, N.; Martin, A.; Corcoran, B.; Brooks, D.J.; Ray-Chaudhuri, K.; Piccini, P. Sustained

striatal dopamine levels following intestinal levodopa infusions in Parkinson’s disease patients. Mov. Disord. 2017, 32, 235–240.
[CrossRef]

120



J. Pers. Med. 2021, 11, 650

49. Antonini, A.; Poewe, W.; Chaudhuri, K.R.; Jech, R.; Pickut, B.; Pirtošek, Z.; Szasz, J.; Valldeoriola, F.; Winkler, C.; Bergmann, L.;
et al. Levodopa-carbidopa intestinal gel in advanced Parkinson’s: Final results of the GLORIA registry. Parkinsonism Relat. Disord.
2017, 45, 13–20. [CrossRef]

50. Zibetti, M.; Angrisano, S.; Dematteis, F.; Artusi, C.A.; Romagnolo, A.; Merola, A.; Lopiano, L. Effects of intestinal Levodopa
infusion on freezing of gait in Parkinson disease. J. Neurol. Sci. 2018, 385, 105–108. [CrossRef] [PubMed]

51. Valldeoriola, F.; Santacruz, P.; Ríos, J.; Compta, Y.; Rumià, J.; Muñoz, J.E.; Martí, M.J.; Tolosa, E. l-Dopa/carbidopa intestinal gel
and subthalamic nucleus stimulation: Effects on cognition and behavior. Brain Behav. 2017, 7, e00848. [CrossRef]

52. Catalan, M.J.; Molina-Arjona, J.A.; Mir, P.; Cubo, E.; Arbelo, J.M.; Martinez-Martin, P.; EDIS Study Group. Improvement of
impulse control disorders associated with levodopa-carbidopa intestinal gel treatment in advanced Parkinson’s disease. J. Neurol.
2018, 265, 1279–1287. [CrossRef] [PubMed]

53. Olanow, C.W.; Kieburtz, K.; Odin, P.; Espay, A.J.; Standaert, D.G.; Fernandez, H.H.; Vanagunas, A.; Othman, A.A.; Widnell,
K.L.; Robieson, W.Z.; et al. Continuous intrajejunal infusion of levodopa-carbidopa intestinal gel for patients with advanced
Parkinson’s disease: A randomised, controlled, double-blind, double-dummy study. Lancet Neurol. 2014, 13, 141–149. [CrossRef]

54. Fabbri, M.; Zibetti, M.; Beccaria, L.; Merola, A.; Romagnolo, A.; Montanaro, E.; Ferreira, J.J.; Palermo, S.; Lopiano, L. Lev-
odopa/carbidopa intestinal gel infusion and weight loss in Parkinson’s disease. Eur. J. Neurol. 2019, 26, 490–496. [CrossRef]
[PubMed]

55. Nose, K.; Fujioka, S.; Umemoto, G.; Yamashita, K.; Shiwaku, H.; Hayashi, Y.; Mishima, T.; Fukae, J.; Hasegawa, S.; Tsuboi, Y. Acute
cholecystitis induced by surgery for levodopa-carbidopa intestinal gel therapy: Possible relationship to pre-existing gallstones.
Parkinsonism Relat. Disord. 2018, 54, 107–109. [CrossRef]

56. Merola, A.; Romagnolo, A.; Zibetti, M.; Bernardini, A.; Cocito, D.; Lopiano, L. Peripheral neuropathy associated with levodopa-
carbidopa intestinal infusion: A long-term prospective assessment. Eur. J. Neurol. 2016, 23, 501–509. [CrossRef]

57. Pessoa, R.R.; Moro, A.; Munhoz, R.P.; Teive, H.A.G.; Lees, A.J. Apomorphine in the treatment of Parkinson’s disease: A review.
Arq. Neuropsiquiatr. 2018, 76, 840–848. [CrossRef]

58. Ray Chaudhuri, K.; Qamar, M.A.; Rajah, T.; Loehrer, P.; Sauerbier, A.; Odin, P.; Jenner, P. Non-oral dopaminergic therapies for
Parkinson’s disease: Current treatments and the future. NPJ. Parkinsons Dis. 2016, 2, 16023. [CrossRef]

59. Katzenschlager, R.; Poewe, W.; Rascol, O.; Trenkwalder, C.; Deuschl, G.; Chaudhuri, K.R.; Henriksen, T.; van Laar, T.; Spivey,
K.; Vel, S.; et al. Apomorphine subcutaneous infusion in patients with Parkinson’s disease with persistent motor fluctuations
(TOLEDO): A multicentre, double-blind, randomised, placebo-controlled trial. Lancet Neurol. 2018, 17, 749–759. [CrossRef]

60. Tasker, R.R. Deep brain stimulation is preferable to thalamotomy for tremor suppression. Surg. Neurol. 1998, 49, 145–153.
[CrossRef]

61. Schreglmann, S.R.; Krauss, J.K.; Chang, J.W.; Martin, E.; Werner, B.; Bauer, R.; Hägele-Link, S.; Bhatia, K.P.; Kägi, G. Functional
lesional neurosurgery for tremor: back to the future? J. Neurol. Neurosurg. Psychiatry 2018, 89, 727–735. [CrossRef] [PubMed]

62. Kapadia, A.N.; Elias, G.J.B.; Boutet, A.; Germann, J.; Pancholi, A.; Chu, P.; Zhong, J.; Fasano, A.; Munhoz, R.; Chow, C.; et al.
Multimodal MRI for MRgFUS in essential tremor: Post-treatment radiological markers of clinical outcome. J. Neurol. Neurosurg.
Psychiatry 2020, 91, 921–927. [CrossRef] [PubMed]

63. Higuchi, Y.; Matsuda, S.; Serizawa, T. Gamma knife radiosurgery in movement disorders: Indications and limitations. Mov.
Disord. 2017, 32, 28–35. [CrossRef] [PubMed]

64. Cahan, L.D.; Young, R.F.; Li, F. Radiosurgical Pallidotomy for Parkinson’s Disease. Prog. Neurol. Surg. 2018, 33, 149–157.
[PubMed]

65. Drummond, P.S.; Pourfar, M.H.; Hill, T.C.; Mogilner, A.Y.; Kondziolka, D.S. Subthalamic Gamma Knife Radiosurgery in
Parkinson’s Disease: A Cautionary Tale. Stereotact. Funct. Neurosurg. 2020, 98, 110–117. [CrossRef] [PubMed]

66. Giordano, M.; Caccavella, V.M.; Zaed, I.; Foglia Manzillo, L.; Montano, N.; Olivi, A.; Polli, F.M. Comparison between deep brain
stimulation and magnetic resonance-guided focused ultrasound in the treatment of essential tremor: A systematic review and
pooled analysis of functional outcomes. J. Neurol. Neurosurg. Psychiatry 2020, 91, 1270–1278. [CrossRef] [PubMed]

67. Martínez-Fernández, R.; Máñez-Miró, J.U.; Rodríguez-Rojas, R.; Del Álamo, M.; Shah, B.B.; Hernández-Fernández, F.; Pineda-
Pardo, J.A.; Monje, M.H.G.; Fernández-Rodríguez, B.; Sperling, S.A.; et al. Randomized Trial of Focused Ultrasound Subthalamo-
tomy for Parkinson’s Disease. N. Engl. J. Med. 2020, 383, 2501–2513. [CrossRef]

68. Alvarez, L.; Macias, R.; Guridi, J.; Lopez, G.; Alvarez, E.; Maragoto, C.; Teijeiro, J.; Torres, A.; Pavon, N.; Rodriguez-Oroz, M.C.;
et al. Dorsal subthalamotomy for Parkinson’s disease. Mov. Disord. 2001, 16, 72–78. [CrossRef]

69. Bond, A.E.; Shah, B.B.; Huss, D.S.; Dallapiazza, R.F.; Warren, A.; Harrison, M.B.; Sperling, S.A.; Wang, X.Q.; Gwinn, R.; Witt,
J.; et al. Safety and Efficacy of Focused Ultrasound Thalamotomy for Patients With Medication-Refractory, Tremor-Dominant
Parkinson Disease A Randomized Clinical Trial. JAMA Neurol. 2017, 74, 1412–1418. [CrossRef]

70. Gallay, M.N.; Moser, D.; Rossi, F.; Magara, A.E.; Strasser, M.; Bühler, R.; Kowalski, M.; Pourtehrani, P.; Dragalina, C.; Federau, C.;
et al. MRgFUS Pallidothalamic Tractotomy for Chronic Therapy-Resistant Parkinson’s Disease in 51 Consecutive Patients: Single
Center Experience. Front. Surg. 2020, 6, 76. [CrossRef]

71. Mahajan, U.V.; Ravikumar, V.K.; Kumar, K.K.; Ku, S.; Ojukwu, D.I.; Kilbane, C.; Ghanouni, P.; Rosenow, J.M.; Stein, S.C.; Halpern,
C.H. Bilateral deep brain stimulation is the procedure to beat for advanced Parkinson Disease: A meta-analytic, cost-effective
threshold analysis for focused ultra-sound. Neurosurgery 2021, 88, 487–496. [CrossRef]

121



J. Pers. Med. 2021, 11, 650

72. Liu, X.D.; Bao, Y.; Liu, G.J. Comparison Between Levodopa-Carbidopa Intestinal Gel Infusion and Subthalamic Nucleus Deep-
Brain Stimulation for Advanced Parkinson’s Disease: A Systematic Review and Meta-Analysis. Front. Neurol. 2019, 10, 934.
[CrossRef] [PubMed]

73. Dafsari, H.S.; Martinez-Martin, P.; Rizos, A.; Trost, M.; Dos Santos Ghilardi, M.G.; Reddy, P.; Sauerbier, A.; Petry-Schmelzer,
J.N.; Kramberger, M.; Borgemeester, R.W.K.; et al. EuroInf 2: Subthalamic stimulation, apomorphine, and levodopa infusion in
Parkinson’s disease. Mov. Disord. 2019, 34, 353–365. [CrossRef]

74. Elkouzi, A.; Ramirez-Zamora, A.; Zeilman, P.; Barabas, M.; Eisinger, R.S.; Malaty, I.A.; Okun, M.S.; Almeida, L. Rescue levodopa-
carbidopa intestinal gel (LCIG) therapy in Parkinson’s disease patients with suboptimal response to deep brain stimulation. Ann.
Clin. Transl. Neurol. 2019, 10, 1989–1995. [CrossRef] [PubMed]

75. Barker, R.A.; Barrett, J.; Mason, S.L.; Björklund, A.F. Fetal dopaminergic transplantation trials and the future of neural grafting in
Parkinson’s disease. Lancet Neurol. 2013, 12, 84–91. [CrossRef]

76. Barker, R.A.; Drouin-Ouellet, J.; Parmar, M. Cell–based therapies for Parkinson disease—Past insights and future potential. Nat.
Rev. Neurol. 2015, 11, 492–503. [CrossRef]

77. Kikuchi, T.; Morizane, A.; Doi, D.; Magotani, H.; Onoe, H.; Hayashi, T.; Mizuma, H.; Takara, S.; Takahashi, R.; Inoue, H.; et al.
Human iPS cell-derived dopaminergic neurons function in a primate Parkinson’s disease model. Nature 2017, 548, 592–596.
[CrossRef]

78. UMIN. Kyoto Trial to Evaluate the Safety and Efficacy of iPSC-Derived Dopaminergic Progenitors in the Treatment of Parkinson’s
Disease. Available online: https://upload.umin.ac.jp/cgi-open-bin/ctr_e/ctr_view.cgi?recptno=R000038278 (accessed on 21
December 2018).

79. Schweitzer, J.S.; Song, B.; Herrington, T.M.; Park, T.Y.; Lee, N.; Ko, S.; Jeon, J.; Cha, Y.; Kim, K.; Li, Q.; et al. Personalized
iPSC-Derived Dopamine Progenitor Cells for Parkinson’s Disease. N. Engl. J. Med. 2020, 382, 1926–1932. [CrossRef]

80. Torikoshi, S.; Morizane, A.; Shimogawa, T.; Samata, B.; Miyamoto, S.; Takahashi, J. Exercise Promotes Neurite Extensions from
Grafted Dopaminergic Neurons in the Direction of the Dorsolateral Striatum in Parkinson’s Disease Model Rats. J. Parkinsons Dis.
2020, 10, 511–521. [CrossRef]

81. Muramatsu, S.; Fujimoto, K.; Kato, S.; Mizukami, H.; Asari, S.; Ikeguchi, K.; Kawakami, T.; Urabe, M.; Kume, A.; Sato, T.; et al.
A phase I study of aromatic L-amino acid decarboxylase gene therapy for Parkinson’s disease. Mol. Ther. 2010, 18, 1731–1735.
[CrossRef]

82. Christine, C.W.; Starr, P.A.; Larson, P.S.; Eberling, J.L.; Jagust, W.J.; Hawkins, R.A.; VanBrocklin, H.F.; Wright, J.F.; Bankiewicz,
K.S.; Aminoff, M.J. Safety and tolerability of putaminal AADC gene therapy for Parkinson disease. Neurology 2009, 73, 1662–1669.
[CrossRef]

83. Christine, C.W.; Bankiewicz, K.S.; Van Laar, A.D.; Richardson, R.M.; Ravina, B.; Kells, A.P.; Boot, B.; Martin, A.J.; Nutt, J.;
Thompson, M.E.; et al. Magnetic resonance imaging-guided phase 1 trial of putaminal AADC gene therapy for Parkinson’s
disease. Ann. Neurol. 2019, 85, 704–714. [CrossRef]

84. Palfi, S.; Gurruchaga, J.M.; Lepetit, H.; Howard, K.; Ralph, G.S.; Mason, S.; Gouello, G.; Domenech, P.; Buttery, P.C.; Hantraye, P.;
et al. Long-Term Follow-Up of a Phase I/II Study of ProSavin, a Lentiviral Vector Gene Therapy for Parkinson’s Disease. Hum.
Gene Ther. Clin. Dev. 2018, 29, 148–155. [CrossRef]

85. Marks, W.J., Jr.; Bartus, R.T.; Siffert, J.; Davis, C.S.; Lozano, A.; Boulis, N.; Vitek, J.; Stacy, M.; Turner, D.; Verhagen, L.; et al.
Gene delivery of AAV2-neurturin for Parkinson’s disease: A double-blind, randomised, controlled trial. Lancet Neurol. 2010, 9,
1164–1172. [CrossRef]

86. Niethammer, M.; Tang, C.C.; LeWitt, P.A.; Rezai, A.R.; Leehey, M.A.; Ojemann, S.G.; Flaherty, A.W.; Eskandar, E.N.; Kostyk, S.K.;
Sarkar, A.; et al. Long-term follow-up of a randomized AAV2- GAD gene therapy trial for Parkinson’s disease. JCI Insight 2017,
2, e90133. [CrossRef]

87. Elsayed, G.A.; Menendez, J.Y.; Tabibian, B.E.; Chagoya, G.; Omar, N.B.; Zeiger, E.; Walters, B.C.; Walker, H.; Guthrie, B.L. Patient
Satisfaction in Surgery for Parkinson’s Disease: A Systematic Review of the Literature. Cureus 2019, 11, e4316. [CrossRef]
[PubMed]

88. Skorvanek, M.; Martinez-Martin, P.; Kovacs, N.; Zezula, I.; Rodriguez-Violante, M.; Corvol, J.C.; Taba, P.; Seppi, K.; Levin,
O.; Schrag, A.; et al. Relationship between the MDS-UPDRS and Quality of Life: A large multicenter study of 3206 patients.
Parkinsonism Relat. Disord. 2018, 52, 83–89. [CrossRef] [PubMed]

89. Neff, C.; Wang, M.C.; Martel, H. Using the PDQ-39 in routine care for Parkinson’s disease. Parkinsonism Relat. Disord. 2018, 53,
105–107. [CrossRef] [PubMed]

90. Kurihara, K.; Nakagawa, R.; Ishido, M.; Yoshinaga, Y.; Watanabe, J.; Hayashi, Y.; Mishima, T.; Fujioka, S.; Tsuboi, Y. Impact of
motor and nonmotor symptoms in Parkinson disease for the quality of life: The Japanese Quality-of-Life Survey of Parkinson
Disease (JAQPAD) study. J. Neurol. Sci. 2020, 419, 117172. [CrossRef] [PubMed]

91. Onozawa, R.; Tsugawa, J.; Tsuboi, Y.; Fukae, J.; Mishima, T.; Fujioka, S. The impact of early morning off in Parkinson’s disease on
patient quality of life and caregiver burden. J. Neurol. Sci. 2016, 364, 1–5. [CrossRef]

92. Radder, D.L.M.; Nonnekes, J.; van Nimwegen, M.; Eggers, C.; Abbruzzese, G.; Alves, G.; Browner, N.; Chaudhuri, K.R.; Ebersbach,
G.; Ferreira, J.J.; et al. Recommendations for the Organization of Multidisciplinary Clinical Care Teams in Parkinson’s Disease. J.
Parkinsons Dis. 2020, 10, 1087–1098. [CrossRef]

122



J. Pers. Med. 2021, 11, 650

93. Higuchi, M.A.; Martinez-Ramirez, D.; Morita, H.; Topiol, D.; Bowers, D.; Ward, H.; Warren, L.; DeFranco, M.; Hicks, J.A.;
Hegland, K.W.; et al. Interdisciplinary Parkinson’s Disease Deep Brain Stimulation Screening and the Relationship to Unintended
Hospitalizations and Quality of Life. PLoS ONE 2016, 11, e0153785. [CrossRef] [PubMed]

94. Timpka, J.; Nitu, B.; Datieva, V.; Odin, P.; Antonini, A. Device-Aided Treatment Strategies in Advanced Parkinson’s Disease. Int.
Rev. Neurobiol. 2017, 132, 453–474. [PubMed]

95. Bhidayasiri, R.; Virameteekul, S.; Kim, J.M.; Pal, P.K.; Chung, S.J. COVID-19: An Early Review of Its Global Impact and
Considerations for Parkinson’s Disease Patient Care. J. Mov. Disord. 2020, 13, 105–114. [CrossRef]

96. Fasano, A.; Antonini, A.; Katzenschlager, R.; Krack, P.; Odin, P.; Evans, A.H.; Foltynie, T.; Volkmann, J.; Merello, M. Management
of Advanced Therapies in Parkinson’s Disease Patients in Times of Humanitarian Crisis: The COVID-19 Experience. Mov. Disord.
Clin. Pract. 2020, 7, 361–372. [CrossRef] [PubMed]

97. Papa, S.M.; Brundin, P.; Fung, V.S.C.; Kang, U.J.; Burn, D.J.; Colosimo, C.; Chiang, H.L.; Alcalay, R.N.; Trenkwalder, C.; MDS-
Scientific Issues Committee. Impact of the COVID-19 Pandemic on Parkinson’s Disease and Movement Disorders. Mov. Disord.
2020, 35, 711–715. [CrossRef] [PubMed]

98. Kurihara, K.; Nakagawa, K.; Inoue, K.; Yamamoto, S.; Mishima, T.; Fujioka, S.; Ouma, S.; Tsuboi, Y. Attitudes toward telemedicine
of patients with Parkinson’s disease during the COVID-19 pandemic. Neurol. Clin. Neurosci. 2021, 9, 77–82. [CrossRef]

99. Jitkritsadakul, O.; Rajalingam, R.; Toenjes, C.; Munhoz, R.P.; Fasano, A. Tele-health for patients with deep brain stimulation: The
experience of the Ontario Telemedicine Network. Mov. Disord. 2018, 33, 491–492. [CrossRef]

100. Willows, T.; Dizdar, N.; Nyholm, D.; Widner, H.; Grenholm, P.; Schmiauke, U.; Urbom, A.; Growth, K.; Larsson, J.; Permert, J.;
et al. Initiation of Levodopa-Carbidopa Intestinal Gel Infusion Using Telemedicine (Video Communication System) Facilitates
Efficient and Well-Accepted Home Titration in Patients with Advanced Parkinson’s Disease. J. Parkinsons Dis. 2017, 7, 719–728.
[CrossRef]

123





Journal of

Personalized 

Medicine

Article

Effectiveness of Cognitive Rehabilitation in Parkinson’s
Disease: A Systematic Review and Meta-Analysis

Itsasne Sanchez-Luengos , Yolanda Balboa-Bandeira , Olaia Lucas-Jiménez , Natalia Ojeda , Javier Peña
and Naroa Ibarretxe-Bilbao *

Citation: Sanchez-Luengos, I.;

Balboa-Bandeira, Y.; Lucas-Jiménez,

O.; Ojeda, N.; Peña, J.;

Ibarretxe-Bilbao, N. Effectiveness of

Cognitive Rehabilitation in

Parkinson’s Disease: A Systematic

Review and Meta-Analysis. J. Pers.

Med. 2021, 11, 429. https://

doi.org/10.3390/jpm11050429

Academic Editor: Nataliya Titova

Received: 1 April 2021

Accepted: 13 May 2021

Published: 18 May 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Methods and Experimental Psychology, Faculty of Psychology and Education, University of
Deusto, 48007 Bilbao, Spain; itsasnesanchez@deusto.es (I.S.-L.); yolandabalboa@deusto.es (Y.B.-B.);
olaia.lucas@deusto.es (O.L.-J.); nojeda@deusto.es (N.O.); javier.pena@deusto.es (J.P.)
* Correspondence: naroa.ibarretxe@deusto.es

Abstract: Cognitive deficits influence the quality of life of Parkinson’s disease (PD) patients. In order
to reduce the impact of cognitive impairment in PD, cognitive rehabilitation programs have been
developed. This study presents a systematic review and meta-analysis regarding the effectiveness
of cognitive rehabilitation in non-demented PD patients. Twelve articles were selected according
to PRISMA guidelines. The systematic review showed that attention, working memory, verbal
memory, executive functions and processing speed were the most frequently improved domains.
Meta-analysis results showed moderate effects on global cognitive status (g = 0.55) and working
memory (g = 0.50); small significant effects on verbal memory (g = 0.41), overall cognitive functions
(g = 0.39) and executive functions (g = 0.30); small non-significant effects on attention (g = 0.36),
visual memory (g = 0.29), verbal fluency (g = 0.27) and processing speed (g = 0.24); and no effect on
visuospatial and visuoconstructive abilities (g = 0.17). Depressive symptoms showed small effect
(g = 0.24) and quality of life showed no effect (g = −0.07). A meta-regression was performed to
examine moderating variables of overall cognitive function effects, although moderators did not
explain the heterogeneity of the improvement after cognitive rehabilitation. The findings suggest
that cognitive rehabilitation may be beneficial in improving cognition in non-demented PD patients,
although further studies are needed to obtain more robust effects.

Keywords: Parkinson’s disease (PD); cognitive rehabilitation; intervention; cognition

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease after
Alzheimer’s disease [1]. PD is associated with motor (bradykinesia, rigidity and tremor)
and non-motor symptoms such as cognitive impairment, neuropsychiatric symptoms,
sensory abnormalities, sleep disorders and autonomic disturbances [1,2].

Cognitive deficits are usually associated with PD [3], with 40% of PD patients devel-
oping mild cognitive impairment (MCI) during the course of the disease [4], and with
attention, executive functions, visuospatial abilities and memory being the most affected
domains [5,6]. In turn, the risk of dementia increases with the deterioration of cognitive
deficits and disease progression [7], with 83% of PD patients with cognitive impairment
presenting dementia after 20 years [8].

Non-pharmacological interventions have been developed [9] with the aim of inter-
vening on the cognitive and functional impairment of PD, with cognitive rehabilitation
being one of the strategies suggested for personalized medicine [10]. Several systematic
reviews [11–16] and meta-analyses [17–19] have reviewed and analyzed the effect of cogni-
tive rehabilitation in PD, suggesting that this intervention may be potentially beneficial
in increasing cognitive performance or maintaining cognitive levels over time, especially
when treatment is applied before dementia has set in [12]. As far as the authors are aware,
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there have only been three meta-analyses that analyze the effectiveness of cognitive rehabil-
itation in PD to date. Specifically, Leung and colleagues conducted the first meta-analysis
published in 2015 [18], focused on the analysis of seven randomized controlled trials
(RCTs), in which they showed improvements in working memory, executive functions and
processing speed. Later, in 2017, Lawrence and colleagues [17] examined the effectiveness
of cognitive rehabilitation along with non-invasive brain stimulation interventions, and
found improvements in attention/working memory, memory and executive functions.
Orgeta and colleagues [19] published the latest meta-analysis in 2020, which covered the
effects of cognitive rehabilitation from seven RCTs in PD patients with MCI or dementia
(excluding PD patients without MCI or dementia), and found no evidence of cognitive
improvement after cognitive rehabilitation [19].

It is important to emphasize that there is an increasing number of studies that examine
the effects of cognitive rehabilitation in PD patients without dementia. Therefore, it is
essential to conduct an updated review of the literature to include and analyze the effect
sizes that have been published to date. In addition, variables related to the characteristics
and progression of the disease could interfere on the benefit of rehabilitation in people with
PD [20]. The possible influence of rehabilitation characteristics (modality (paper/pencil
or computer-based exercises), the duration of the entire program, and the frequency and
duration of the sessions) should also be investigated. However, none of the meta-analyses
published in PD performed moderator analyses to analyze the existence of possible factors
that may influence the cognitive rehabilitation process. Therefore, the aim of this systematic
review and meta-analysis was to conduct a critical review of the effectiveness of cognitive
rehabilitation in PD and to analyze whether cognitive rehabilitation improves cognition,
functionality, depressive symptoms and quality of life in people with PD. In addition, we
analyzed the influence of age and years of education, variables related to intervention,
baseline global cognitive scores and PD patient-related features on the effectiveness of
cognitive rehabilitation in PD.

2. Materials and Methods
2.1. Search Strategy

A systematic review and meta-analysis of published research papers that focus on
cognitive rehabilitation in PD patients was conducted according to the guidelines of “Pre-
ferred Information Elements for Systematic Reviews and Meta-Analysis” (PRISMA) [21].
This systematic review protocol was registered in the International Prospective Register
of Systematic Reviews, PROSPERO (CRD42021243716). The bibliographic search was
conducted in December 2020 and April 2021. PubMed database was used and the specific
terms used for searching, identifying and selecting studies were: (1) Parkinson’s disease
and Parkinson disease; (2) cognitive rehabilitation/training/remediation/stimulation;
(3) attention; (4) working memory; (5) memory; (6) executive functions and (7) rehabilita-
tion/training/remediation/stimulation. The terms were combined in order to conduct a
more comprehensive search: (1) + (2); (1) + (3) + (7); (1) + (4) + (7); (1) + (5) + (7); and (1) +
(6) + (7). The search was filtered by title or abstract. In addition, we performed a citation
search of the reference lists from the meta-analyses [17–19] of cognitive rehabilitation in PD
published to date. For a detailed description of the search strategy applied and the number
of results obtained, see Supplementary Material Table S1.

2.2. Eligibility Criteria

The inclusion criteria for studies were: (1) patients with a diagnosis of idiopathic
PD, (2) PD patients receiving structured cognitive rehabilitation, (3) analysis of the effects
on cognition and (if included in the studies) on functionality, depression and quality
of life, (4) study design (parallel controlled trials), (5) studies that compared structured
cognitive intervention with a control group receiving no specific cognitive intervention or
unstructured cognitive intervention and (6) studies assessing outcomes immediately after
the intervention period. As for the exclusion criteria, these were: (1) review papers, (2)
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single case studies, (3) conference abstract or presentation, (4) PD patients diagnosed with
dementia, (5) brain stimulation studies, (6) only neuroimaging data, (7) lack of available
data for effect size estimation, (8) lack of PD control group and (9) article language, as those
written in any language other than English were excluded.

2.3. Quality Assessment and Risk of Bias in the Included Studies

The risk of bias in the included studies was assessed using the Cochrane Manual
for Systematic Reviews of Interventions for RCTs (RoB 2 tool) [22] and non-randomized
trials (ROBINS-I tool) [23]. This tool evaluated different aspects of the trial design, conduct
and report, in order to obtain information about the characteristics of the trial relevant
to the risk of bias [24]. Moreover, the methodological quality of the randomized studies
was assessed using the Physiotherapy Evidence Database (PEDro-P) Rating Scale [25],
comprising 11 items. For this purpose, the evaluation of the quality and risk of bias of the
studies was evaluated independently by two reviewers (I.S.-L. and Y.B.-B.), obtaining an
inter-rater reliability of 83.56%. The risk of bias was classified as low, unclear or high (See
Table S2).

2.4. Data Extraction

Specific information was extracted for the systematic review from the studies selected,
which included: (1) first author and year of publication; (2) sample size of the study; (3)
characteristics of the sample; (4) characteristics of the disease; (5) type of intervention;
(6) format of the intervention; (7) duration of the intervention; (8) cognitive domains
trained and (9) variables in which improvements have been obtained after cognitive
rehabilitation. In the meta-analysis, all effect sizes were calculated from the means and
standard deviations, and/or F scores. Effect sizes were calculated for overall cognitive
functions, global cognitive status and eight specific cognitive subdomains: attention,
working memory, verbal memory, visual memory, verbal fluency, executive functions,
visuospatial and visuoconstructive abilities, and processing speed. The effect sizes of the
overall cognitive functions were calculated based on the mean of the global cognitive status
and cognitive subdomains obtained from this meta-analysis. For this purpose, studies
included in this meta-analysis that had reported at least two cognitive domains were
selected. Moreover, the effect sizes of depressive symptoms and quality of life were also
calculated. The tests included were classified according to the domain assessed by the test
itself (See Table S3). For the moderator or meta-regression analyses, the following were
selected: specific scores of the age and years of education, variables related to intervention
time, the modality of delivering the cognitive training (pencil and paper or computer),
baseline global cognitive scores and PD patient-related features (disease duration, the
Unified Parkinson’s Disease Rating Scale (UPDRS) part III [26] and the Hoehn and Yahr
scale (H&Y) [27]).

2.5. Statistical Analysis

In this meta-analysis, we estimated the effect sizes of 12 articles in order to analyze
the differences in the effects of cognitive rehabilitation programs on PD patients compared
to control groups. We calculated the standardized mean difference (SMD), using Cohen’s
d formula [28] first, to estimate all the different outcomes. SMD values were calculated
with a 95% confidence interval (CI) from the means and standard deviations, and the F
scores provided by the studies, and were corrected using Hedges’ g small sample size
bias adjustment formula [29]. For those studies that provided the necessary data, the
change score to estimate the effects sizes was calculated based on the assumption that the
correlation between measures at pretest and posttest times is zero. This is a conservative
approach that was previously used in Orgeta and colleagues’ meta-analysis [19]. A random-
effects model was used to perform all meta-analysis estimations. We did not detect or
remove any effect size as an outlier. Effect sizes were considered small ≥0.20, moderate
≥0.50, or large ≥0.80. Heterogeneity across the studies was estimated using Cochrane’s Q
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test (Q) and I2 indexes, where the I2 index can indicate low (25%), medium (50%), or high
(75%) heterogeneity [30].

We examined the possible influence of different predictor variables on the effect sizes
obtained in overall cognitive functions, using multiple meta-regression analyses with the
rma function and the dmetar package available in RStudio [31]. These moderator analyses
were conducted using the mixed-effects model [32].

Publication bias refers to the tendency to submit or accept articles for publication
based only on the positive findings [33], and is a concern in meta-analyses as it can influence
the validity of the analyses conducted [34]. Therefore, publication bias was assessed for the
different studies using funnel plots and the Egger regression test [35]. Finally, sensitivity
analyses were conducted to assess possible changes in the previously obtained results, with
only RCTs included.

All the effect size calculations and analyses were conducted using the Practical Meta-
Analysis Effect Size Calculator, Review Manager (RevMan, Version 5.4, Cochrane, London,
UK), and the meta and metafor packages in RStudio (Version 1.3.1093, RStudio, PBC,
Boston, MA, USA).

3. Results
3.1. Study Selection

Initially, 1472 articles were identified in PubMed database. Four hundred and fifty-two
articles were excluded because they were duplicates. From the remaining 1020 articles,
994 were removed following initial screening based on their title and abstract. Twenty-
six articles were assessed for eligibility and 15 of those studies were excluded due to
the inclusion and exclusion criteria. Additionally, three studies were selected by citation
searching, of which two were excluded. Finally, 12 articles were selected for the systematic
review and the meta-analysis (see Figure 1).

3.2. Study Characteristics

Twelve studies with a total of 512 participants with PD were included in the systematic
review and meta-analysis. Selected studies were published between 2004 and 2020, with
the number of participants involved in the studies ranging from 15 to 75. Eleven of
the 12 studies found no differences at baseline in demographic variables, whereas one
study showed significant differences in age, sex, and years of disease progression, so the
subsequent analyses were adjusted. The disease stage score assessed by H&Y was between
1 and 3 in most studies. The frequency of the interventions ranged from twice a week to
five times a week, with a maximum duration of 90 min, over a period of time that varied
from three weeks to six months. Two different methods of intervention were used; four
studies conducted cognitive rehabilitation activities using a pencil and paper format, and
five studies with a computer-based format. Three studies also used both methods (pencil
and paper and computer-based activities) in their cognitive rehabilitation sessions. Six
studies conducted the intervention in a group format, while another study conducted
the intervention individually. Most of the research focused on cognitive outcomes and
reported improvements, although there was diversity in the number of cognitive domains
showing improvement, ranging from a single domain to six. A summary of the studies
included in cognitive rehabilitation for PD is shown in Table 1.
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3.3. Effectiveness of Cognitive Rehabilitation
3.3.1. Overall Cognitive Functions

The effect size of overall cognitive functions was based on the mean of global cog-
nitive status and cognitive subdomains from 10 studies reporting at least two cognitive
variables. The random-effects model showed a small and statistically significant effect size
(g = 0.39, p = 0.01) with a 95% CI (0.23 to 0.55). The heterogeneity test showed low levels of
heterogeneity across the studies (Q = 4.04, p = 0.91; I2 = 0%) (Figure 2).
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3.3.2. Global Cognitive Status

Four studies analyzed changes in global cognitive status after cognitive rehabilitation
using global cognitive screening tests. The random-effects model showed a moderate and
not significant effect size (g = 0.55, p = 0.12) with a 95% CI (−0.26 to 1.36). The heterogeneity
test showed moderate levels of heterogeneity (Q = 5.89, p = 0.12; I2 = 49%) (Figure 3).
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3.3.3. Attention

Five studies analyzed changes in attention after cognitive rehabilitation. The random-
effects model showed a small and not significant effect size (g = 0.36, p = 0.09) with a 95%
CI (−0.10 to 0.82). The heterogeneity test showed low levels of heterogeneity (Q = 5.57,
p = 0.23; I2 = 28%) (Figure 4).
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3.3.4. Working Memory

Six studies analyzed changes in working memory after cognitive rehabilitation. The
random-effects model showed a moderate and statistically significant effect size (g = 0.50,
p = 0.02) with a 95% CI (0.12 to 0.89). The heterogeneity test showed low levels of hetero-
geneity (Q = 6.64, p = 0.25; I2 = 25%) (Figure 5).
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3.3.5. Verbal Memory

Seven studies reported verbal memory measures after cognitive rehabilitation. The
random-effects model showed a small and statistically significant effect size (g = 0.41,
p = 0.00) with a 95% CI (0.17 to 0.65). The heterogeneity test showed low levels of hetero-
geneity (Q = 4.20, p = 0.65; I2 = 0%) (Figure 6).
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3.3.6. Visual Memory

Five studies reported visual memory measures after cognitive rehabilitation. The
random-effects model showed a small and not significant effect size (g = 0.29, p = 0.08)
with a 95% CI (−0.07 to 0.66). The heterogeneity test showed low levels of heterogeneity
(Q = 3.47, p = 0.48; I2 = 0%) (Figure 7).
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3.3.7. Verbal Fluency

Six studies measured verbal fluency after cognitive rehabilitation. The random-effects
model showed a small and not significant effect size (g = 0.27, p = 0.11) with a 95% CI (−0.09
to 0.63). The heterogeneity test showed low levels of heterogeneity (Q = 5.20, p = 0.39;
I2 = 4%) (Figure 8).
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3.3.8. Executive Functions

Seven studies reported executive function measures. The random-effects model
showed a small and statistically significant effect size (g = 0.30, p = 0.04) with a 95% CI
(0.02 to 0.59). The heterogeneity test showed low levels of heterogeneity (Q = 4.43, p = 0.62;
I2 = 0%) (Figure 9).
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3.3.9. Visuospatial and Visuoconstructive Abilities

Four studies analyzed changes in visuospatial and visuoconstructive abilities after
cognitive rehabilitation. The random-effects model showed no effect size (g = 0.17, p = 0.11)
with a 95% CI (−0.04 to 0.38). The heterogeneity test showed low levels of heterogeneity
(Q = 0.51, p = 0.92; I2 = 0%) (Figure 10).
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3.3.10. Processing Speed

Seven studies reported processing speed outcomes. The random-effects model showed
a small and not significant effect size (g = 0.24, p = 0.09) with a 95% CI (−0.06 to 0.54). The
heterogeneity test showed low levels of heterogeneity across the studies (Q = 5.87, p = 0.44;
I2 = 0%) (Figure 11).
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Figure 11. Effectiveness of cognitive rehabilitation in processing speed.

3.3.11. Others: Functionality, Depressive Symptoms and Quality of Life

Functionality was only reported in two studies, and so a meta-analysis could not be
performed. Seven studies evaluated depressive symptoms after cognitive rehabilitation.
Depressive symptoms showed a small and not significant effect size (g = 0.24, p = 0.08)
with a 95% CI (−0.04 to 0.52). The heterogeneity test showed low levels of heterogeneity
(Q = 5.87, p = 0.44; I2 = 0%) (Figure 12).
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Figure 12. Effectiveness of cognitive rehabilitation in depressive symptoms.

Only three studies reported quality of life outcomes. The random-effects model
showed no effect size (g = −0.07, p = 0.64) with a broad 95% CI (−0.68 to 0.53). The
heterogeneity test showed low levels of heterogeneity across the studies (Q = 0.88, p = 0.64;
I2 = 0%) (Figure 13).
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Figure 13. Effectiveness of cognitive rehabilitation in quality of life.

3.4. Moderator Analyses

Moderator analyses were performed to explore possible parameters that may explain
the differences between the effect sizes obtained. The mixed-effects model meta-regression
analyses were conducted with the overall cognitive function effect sizes estimated as
previously shown in Figure 2, and with the following predictor variables: participants’
age and years of education, variables related to intervention time (number, frequency, and
duration of sessions), the modality of delivering the cognitive training (pencil and paper
or computer), baseline global cognitive scores and PD patient-related features (disease
duration, UPDRS III [26] and H&Y scale [27]) (See Table 2).

Table 2. Results of overall cognitive function meta-regression analyses.

Model
Number Predictor Variables k df Fmoderator Qresidual R2 β p

1 Age of participants 10 8 3.96 2.70 0% 0.04 0.08

2 Years of education 9 7 4.45 4.45 0% −0.03 0.07

3 H&Y 8 6 2.03 2.79 0% 0.66 0.20

4 Duration of PD (years) 9 7 1.10 2.36 0% 0.01 0.32

5 Baseline global cognitive scores 10 8 0.30 3.90 0% 0.00 0.60

6 Total number of conducted sessions 10 8 0.02 4.03 0% −0.00 0.89

7 Training session duration (min) 10 8 0.02 4.03 0% 0.01 0.87

8 Frequency of weekly sessions 9 7 1.72 2.19 0% −0.08 0.23

9 UPDRS-III 8 6 0.03 2.4 0% 0.01 0.87

10 Tools for cognitive training (pencil &
paper or computer) 10 7 1.71 2.71 0% −0.12 0.24

11 Age × Years of education 9 5 2.71 1.04 0% 0.01 0.15

12 Duration of PD × H&Y 8 4 1.70 1.64 0% −0.06 0.30

13 H&Y × UPDRS-III 6 2 0.43 1.05 0% −1.54 0.75

14 Total number of sessions conducted
× Training session duration (min) 10 6 4.04 1.33 0% 0.00 0.07

15 Total number of sessions conducted
× Frequency of weekly sessions 9 5 4.41 0.75 0% −0.02 0.04 *

16 Training session duration (min) ×
Frequency of weekly sessions 9 5 2.21 1.17 0% 0.01 0.20

Note: k = number of studies; Fmoderator = test of moderators; Qresidual = test for residual heterogeneity; R2 = amount of heterogeneity
accounted for; β = estimate; * = p < 0.05; PD = Parkinson’s disease; H&Y = Hoehn and Yahr scale; UPDRS-III = Unified Parkinson’s Disease
Rating Scale-part III.

No significant effects were found among the main effects of the predictor variables
(models 1 to 10). We also tested the interaction between predictor variables (models 11 to
16) through a meta-regression analysis. Models 11, 12, 13, 14 and 16 showed no significant
interactions. In contrast, the interaction between the number of sessions conducted and fre-
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quency of weekly sessions (model 15) was statistically significant and negatively associated
with the overall cognitive function effect sizes (F (3, 5) = 4.4; β = −0.02; p = 0.04). These
results indicated that the number of sessions in a cognitive rehabilitation programme could
influence the effect sizes obtained when the weekly frequency of these sessions is also
taken into account. Nonetheless, this interaction did not explain the possible heterogeneity
between the different effect sizes (R2 = 0%).

3.5. Publication Bias

Funnel plots and Eggers regression test were performed to analyze the presence of
publication bias.

The funnel plot of overall cognitive functions, global cognitive status, cognitive sub-
domains, depressive symptoms and quality of life showed no evidence of asymmetry
(see Figure S1). In addition, the results obtained from Egger’s regression test were not
significant for most of the variables (p > 0.15), although a significant result was found in the
attention domain (p = 0.01). However, Egger’s test does not provide sufficient information
for global cognitive status, cognitive subdomains, depressive symptoms and quality of life,
as there are fewer than 10 studies in each of the domains [48]. Additionally, although most
of the results indicate low levels of publication bias, it is necessary to consider the levels in
isolation and to consider the presence of certain levels of publication bias.

3.6. Sensitivity Analyses

Sensitivity analyses were conducted to examine whether the previously obtained
results would change if Naismith and colleagues’ non-randomized study [39] was excluded
from the analyses. Therefore, the analyses were carried out on the verbal memory, verbal
fluency, executive function and processing speed cognitive subdomains. The sensitivity
analyses showed small changes in the effect sizes of verbal memory (from g = 0.41, p = 0.00;
to g = 0.37, p = 0.01), verbal fluency (from g = 0.27, p = 0.11; to g = 0.32, p = 0.11) and
executive function (from g = 0.30, p = 0.04; to g = 0.30, p = 0.03) domains. Despite this,
the exclusion of the non-randomized study did not significantly change the size nor the
significance of the previous domains. The exception was observed in the processing speed
cognitive domain, which, regardless of continuing to have a small effect size (from g = 0.24
to g = 0.31), becomes marginally significant (from p = 0.09 to p = 0.06) (see Figure S2).

4. Discussion

The aim of this study was to conduct a systematic review and meta-analysis of
the literature regarding the effectiveness of cognitive rehabilitation in PD, not only at a
cognitive level but also in functionality, depressive symptomatology and quality of life.

The systematic review indicated that the cognitive domains that most frequently
improved after cognitive rehabilitation in PD were attention, working memory, verbal
memory, executive functions and processing speed. Despite the considerable diversity and
variability in intervention strategies, studies revealed cognitive improvements in at least
one cognitive domain. Thus, cognitive rehabilitation has a positive impact on the cognition
of PD patients, regardless of intervention method, duration and frequency [11].

The main results obtained from the meta-analysis showed moderate improvements
in global cognitive status (g = 0.55) and working memory (g = 0.50). Small but significant
improvements were found in verbal memory (g = 0.41), overall cognitive functions (g = 0.39)
and executive functions (g = 0.30). Attention (g = 0.36), visual memory (g = 0.29), verbal
fluency (g = 0.27) and processing speed (g = 0.24) showed a small non-significant effect and
visuospatial and visuoconstructive abilities (g = 0.17) showed no effect. However, it should
be noted that small effect sizes also report improvements after cognitive rehabilitation.

It is important to highlight that there was a moderate effect on global cognitive status
after cognitive rehabilitation, and so it could be interesting to include global screening tests
as outcome measures in the rehabilitation studies and not only to report them at baseline,
in order to evaluate the differences between groups. On the other hand, the small effect size
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of overall cognitive functions showed in this meta-analysis may be due to the data analysis
criteria applied in the article, which was based on the average of the global cognitive status
and the cognitive subdomains of studies that had reported at least two cognitive variables.

Memory was one of the most frequently trained domains during the cognitive reha-
bilitation (5 of 12 studies), and was usually trained with a general approach, rather than
being divided into verbal and visual memory domains. However, working memory was
trained independently in some of the studies (four studies) and the results obtained from
our meta-analysis showed a moderate and significant effect in this cognitive subdomain.
In the case of the verbal memory and visual memory domains, 7 of the 12 studies included
reported verbal memory measures and five reported visual memory. However, only four
studies (two for verbal memory and two for visual memory) found significant improve-
ments after rehabilitation. In this meta-analysis, we analyzed the effect sizes of verbal
and visual memory independently, obtaining a small and significant effect size for verbal
memory, although a small but non-significant effect size was found for visual memory. A
meta-analysis performed in PD patients with MCI or dementia also obtained small effect
sizes in verbal and visual memory [19]. Other meta-analyses analyzed improvements in
memory using a general memory domain in which they also found a small effect after
cognitive rehabilitation [17,18]. Regarding executive functions and processing speed, both
domains were also two of the most frequently trained functions in cognitive rehabilita-
tion (6–7/12 studies). The results obtained from our meta-analysis showed a small and
significant effect size on executive functions, while processing speed showed a small and
non-significant effect size. However, the small and significant effect size obtained in execu-
tive functions, and the small and not significant effect size in processing speed, may be due
to the fact that executive functions and processing speed were two of the domains with
the greatest variability among the assessment measures used. The effect sizes obtained
in executive functions were similar to the meta-analysis performed in PD patients with
MCI or dementia [19]. However, the meta-analyses conducted, respectively, by Leung and
Lawrence [17,18] obtained moderate effect sizes in executive functions and small sizes in
processing speed. This is the first meta-analysis of cognitive rehabilitation in PD that has
analyzed the effects of verbal fluency after intervention and our results showed a small
effect size in this domain. These results may have been obtained because although six stud-
ies reported verbal fluency measures, only one study showed improvements, specifically
in semantic fluency.

Furthermore, changes in functionality, depressive symptoms and quality of life are also
reported via transference effects [14], even though these functions have not been directly
trained. A systematic review showed that one study has reflected the benefits of cognitive
rehabilitation on the depressive symptomatology of people with PD. The small effect size
(g = 0.24) obtained in the meta-analysis supports the results obtained from the systematic
review, in which most of the studies that assessed depressive symptoms reported that the
patients with PD obtained similar scores to those obtained at the beginning of the cognitive
intervention. Regarding quality of life, no evidence was found after cognitive training.
Therefore, further studies that include quality of life, functionality and mood as outcome
variables need to be conducted.

There were low levels of heterogeneity and publication bias in most of the outcomes
analyzed. Besides, we carried out moderator analyses only for the overall cognitive func-
tions, and the results suggest that the interaction between the number of sessions conducted
and the frequency of sessions in a cognitive training program could be relevant variables
to take into account when applying and designing a cognitive rehabilitation program.
However, none of them could explain the differences between the effect sizes obtained.

There are several limitations in this systematic review and meta-analysis study. First,
the small number of studies that met the inclusion criteria for this meta-analysis limited
the precision of the publication bias. In addition, the lack of data or the use of different
methods in the analyses limits the possibility of making a comparison between all the
studies included in the systematic review. On the one hand, the variability of trained
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cognitive functions allows studies divided by different cognitive domains to be compared,
although not all the cognitive domains were trained in all the studies and so, in some
cases, the comparison would be limited. On the other hand, some of the studies measured
the cognitive domains differently. Therefore, when the specific cognitive domains were
grouped according to the tests used, only studies that reported those tests independently
could be included.

5. Importance of Cognitive Rehabilitation in Personalized Medicine

Personalized medicine refers to the idea that treatment strategies could be influenced
by age, personality, lifestyle, genetic factors, pharmacoeconomics, pharmacogenetics and
comorbidity [10,49]. Personalized medicine seeks to consider these aspects in order to
develop individualized treatment strategies for each person with PD [10,49]. In this
line, cognitive rehabilitation is proposed as an option in personalized medicine strategy
to manage cognitive impairment [10,49], and it can be administered, along with other
pharmacological therapies, to improve cognitive impairment [50].

This systematic review and meta-analysis showed the effectiveness of cognitive re-
habilitation in PD. It is important to analyze the variables that influence the cognitive
rehabilitation process itself in order to elucidate which are the best components of a success-
ful cognitive rehabilitation program. Some of these variables are: age, years of education,
the variables related to the time of intervention (number, frequency and duration of ses-
sions), the modality of the cognitive training (pencil and paper or computer), the baseline
global cognitive scores and PD patient-related features (disease duration, UPDRS and H&Y
stages). However, in the regression analysis of our meta-analysis, none of these variables
showed a percentage of variance accounted for in the effect sizes. Studies should continue
reporting the specific methodology used and provide as much detailed information as
possible to further investigate these aspects. Regarding age, studies in neuropsychiatric
diseases such as schizophrenia showed that younger participants obtained a greater benefit
from cognitive rehabilitation [51,52]. In PD studies, the groups that perform cognitive
rehabilitation activities usually have a similar average age, which allows for more accurate
comparison between groups. However, further studies are needed that analyze the age
factor, because the age at the time of the diagnosis, the cognitive impairment associated
with age and the age at the time of the intervention are all variables that could influence
the cognitive rehabilitation process. In addition, it is important to start cognitive rehabili-
tation as early as possible in order to manage the cognitive deficits in PD patients. Most
studies focus on participants at the early stages of the disease (H&Y stages ≤3), since the
application of treatment before the onset of dementia could increase or maintain cognitive
outcomes over time [12]. However, few studies focus on analyzing the impact of cognitive
rehabilitation in more advanced stages of the disease, including patients with PD dementia.
Previous meta-analyses [17,18], as well as our meta-analysis, focused on analyzing the
impact of cognitive rehabilitation in PD without dementia and found evidence of cognitive
improvement. In PD patients with dementia, no evidence of improvement has been found
after cognitive rehabilitation [19]. Therefore, it is very important to start the cognitive inter-
vention before the appearance of cognitive deterioration. However, it would be interesting
to continue investigating the effects of cognitive rehabilitation in PD-MCI and dementia,
and to observe whether, despite the presence of dementia, it is possible to maintain or
reduce the progression of cognitive deficits.

Active lifestyle and personality are two determining factors in the cognitive rehabil-
itation process. Participating in a specific cognitive rehabilitation program requires the
availability of sufficient time for attending sessions and performing cognitive activities
at set times. A proactive, active lifestyle and a positive attitude can help in increasing
attendance and participation in cognitive rehabilitation sessions and achieving positive
results. A study conducted in older adults at risk of dementia analyzed the relationship be-
tween self-reported lifestyle and cognitive changes associated with cognitive and physical
rehabilitation [53]. The authors showed that individuals with a more active lifestyle demon-
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strated a favorable change in cognitive performance during the study period compared
to individuals with a less active lifestyle, regardless of the group to which they belonged
(experimental or control groups) [53]. In addition, the personality of each individual may
also influence participation in their rehabilitation program, as well as how comfortable
they feel with therapy (group or individual). A common component regarding PD patients’
personal factors is whether intervention groups should be homogeneous or heterogeneous.
Homogeneous groups can facilitate the integration of each participant more easily because
all members experience similar conditions. However, it is sometimes necessary to consider
that heterogeneous groups can encourage companionship and prompt people to help
each other.

Finally, another important variable to consider in personalized medicine is genetics. In
our meta-analysis, the included studies were focused on idiopathic PD, without mentioning
genetic variants of PD. However, PD is a heterogeneous disease in which 3–5% of cases are
affected by a genetic variant [54], which contributes to clinical variability, in some cases also
including a predisposition to cognitive impairment and dementia [55]. Therefore, further
studies should be conducted to analyze the effect of cognitive rehabilitation in genetic PD,
especially in patients with a mutation known to cause a higher predisposition to cognitive
impairment.

6. Conclusions

The review of available studies along with the effect sizes obtained in the meta-
analysis would seem to support the fact that cognitive rehabilitation may be beneficial
in improving cognitive functions in PD patients. However, there are not many studies
that assess functionality and quality of life after cognitive rehabilitation. Therefore, more
studies are needed to analyze the effectiveness of cognitive rehabilitation in patients with
PD at the cognitive level and on the instrumental activities of daily living, functionality
and quality of life. In addition, it would be interesting to analyze individual factors such
as age, lifestyle, personality and genetic factors, which may be applicable to personalized
medicine, in order to design more specific and individualized interventions. On the other
hand, cognitive impairment, dysfunctionality and disease progression in people with
PD are determining factors in the quality of life of patients and their family caregivers,
resulting in major changes in their lives and creating a future need for long-term care. This
care is usually provided by a family member [56], leading to possible physical, emotional
and psychosocial problems for the caregivers themselves [57]. It is necessary to include
treatment that takes a holistic approach to the disease, and thus, incorporating systems of
psychoeducation and measurement of clinical symptoms may be beneficial for people with
PD and their family caregivers.
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Abstract: Parkinson’s disease (PD) is a condition with heterogeneous clinical manifestations that vary
in age at onset, rate of progression, disease course, severity, motor and non-motor symptoms, and a
variable response to antiparkinsonian drugs. It is considered that there are multiple PD etiological
subtypes, some of which could be predicted by genetics. The characterization and prediction of
these distinct molecular entities provides a growing opportunity to use individualized management
and personalized therapies. Dissecting the genetic architecture of PD is a critical step in identifying
therapeutic targets, and genetics represents a step forward to sub-categorize and predict PD risk and
progression. A better understanding and separation of genetic subtypes has immediate implications
in clinical trial design by unraveling the different flavors of clinical presentation and development.
Personalized medicine is a nascent area of research and represents a paramount challenge in the
treatment and cure of PD. This manuscript summarizes the current state of precision medicine in the
PD field and discusses how genetics has become the engine to gain insights into disease during our
constant effort to develop potential etiological based interventions.

Keywords: precision medicine; Parkinson’s disease; genetics; clinical trials

1. Introduction

Personalized medicine, also referred to as precision or stratified medicine, is a medical
model that uses an individual’s biological profile to guide decisions made in regard to
the prevention, diagnosis, and treatment of a disease [1]. Based on each patient’s unique
molecular makeup, clinical information and personal preferences, it aims to overcome the
limitations of traditional medicine by providing better diagnoses with earlier intervention.
Combining all of this individual data allows for more efficient drug development and the
advancement of more targeted therapies, by selecting the optimal treatment for a specific
patient. The genomic, epigenomic, transcriptomic, and proteomic profile of an individual
plays a crucial role in understanding how well a patient will respond to a certain treatment.

In the Parkinson’s disease (PD) field, precision medicine is a nascent and exciting area
of research that ultimately aims to achieve an appropriate disease-modifying treatment,
with the right dose, at the right time in a specific patient. The link of PD to α-synuclein
was the first decisive proof of a genetic defect leading to disease [2]. Later on, the first
PD genome-wide association studies (GWAS) identified SNCA [3] as one of the major
genes driving risk for sporadic PD, linking both familial and sporadic forms. Abnormal
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α-synuclein is a histopathological hallmark of PD patients, but also patients with other
neurodegenerative conditions, collectively termed synucleinopathies, making this target
promising. However, the fact that PD patients harbouring genetic defects in genes such
as PRKN do not present with Lewy body pathology, strengthens the notion that distinct
entities and multiple overlapping etiologies are at play.

So far, our limited understanding of how common forms of PD start and progress at
the cellular and molecular level alongside the challenge of establishing methods for early
preclinical diagnosis have hampered the development of PD modifying therapies able to
prevent, stop or slow down the neurodegenerative process. However, the future holds
promise. Using genetics to stratify patients can help predict success in the clinic, and drugs
targeting proteins with a genetic connection to disease are more likely to be approved [4].

Clinical trials targeting genetic forms of PD, such as patients with variants in LRRK2
and GBA have already been initialized, highlighting the rapid progress made in the field
in the past two decades [5]. As we piece together the complex molecular puzzle of PD
by unraveling the underlying pathophysiology, our hope is that novel etiological based
therapies will emerge. More studies will need to be done to understand whether these
therapies would be useful only for specific variant carriers or if they could also be beneficial
in some forms of idiopathic PD.

On another front, drugs currently used that have significant side effects in some
individuals could be used more wisely to obtain more benefits with fewer adverse events
when guided by genomic information. However, identifying the right treatment for a
specific patient remains a daunting challenge. PD is a widely heterogeneous disease, and
numerous etiological subtypes might exist. Therefore, treating PD as one disease with
a single solution will only lead to failure. Increasing evidence suggests that defining
subclasses of PD and developing tools to predict the course of the disease has the potential
to significantly improve cohort selection in clinical trials, reduce their cost, and increase the
ability of such trials to detect treatment effects [6]. On the whole, pure monogenic forms
of PD are rare and although variants in genes like SNCA, PINK1, PRKN, and DJ1 are well
established causes of disease it would be difficult to collect enough patients to create an
appropriately powered clinical trial in these populations. For this reason, in this review
we will focus on more common forms of disease including those with variants in known
risk factors, like LRRK2 and GBA, as well as idiopathic forms of PD where the exact cause
is not known but it is thought to be a combination of genetic and environmental factors.
Current estimates of PD heritability have revealed that the contribution of genetic factors
to PD phenotype is about 22% indicating that stratifying patients by genomic factors is
possible [7,8].

Just as important as knowing the right drug is knowing the right time in disease
development to provide treatment before irreversible brain damage occurs. With current
diagnostic tools, by the time there is a clinical manifestation of PD, a substantial number
of dopaminergic neurons have already been permanently lost, so even if the right thera-
peutic is applied to the right patient, it is too late for a full recovery of motor symptoms.
Using personalized medicine to examine the specific genetic context can also help identify
individuals at higher risk of developing PD before symptoms appear.

This manuscript summarizes the current state of the role of genetics in precision
medicine in common forms of PD. We will discuss how genetics has become the engine to
gain insights into PD etiology during our constant effort to develop potential etiological
based interventions.

2. Genetics as a Tool to Improve Current Symptomatic Treatment

The symptomatic treatment available for PD targets the motor symptoms induced by
the dopaminergic deficit due to the degeneration of the substantia nigra. Nevertheless, the
disease affects other systems and regions in the brain, which leads to a myriad of levodopa-
resistant motor and non-motor symptoms for which we do not have well-established
pharmacological interventions. Despite this limitation, PD is the only neurodegenerative
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disorder with a symptomatic treatment that provides a substantial benefit. Since the
introduction of levodopa in the 1960s, it has changed the natural history of PD and remains
the gold standard of treatment [9]. However, the pharmacological response is variable and,
as the disease progresses, higher doses of levodopa are required. Moreover, complications
induced by chronic treatment can develop over time, including motor fluctuations and
dyskinesia, which affect almost half of the patients after five years of treatment and nearly
all in the long term [10–12]. This situation impairs the patient’s quality of life and demands
more costly and complex therapeutic regimens.

Pharmacogenetics assumes that the variability in the pharmacological response ob-
served in the clinic, can be partially explained by genetics, envisioning a scenario where a
patient’s genotype can assist in drug prescription. It is speculated that genetics accounts for
60–90% of the variability in the pharmacokinetics and pharmacodynamics of antiparkin-
sonian drugs [13]. Despite this, there is a lack of studies with robust designs that enable
strong pharmacogenetic recommendations for these drugs. Most of the pharmacogenetics
studies in PD were conducted in a “pre-genomic” era when variants in candidate genes
were nominated with a hypothesis-driven approach [14,15].

Polymorphisms in genes related to dopamine metabolism, like COMT, MAOB, SLC6A3,
and DRD2, were the natural candidates. Several phenotypes related to drug effect were
studied, including levodopa response, dyskinesia, sleep disturbances, and hallucination.
For example, COMT V158M, a polymorphism that alters enzyme activity, was associated
with levodopa and COMT inhibitor response, while variants in the DRD2 gene were asso-
ciated with levodopa-induced dyskinesia [16]. However, these studies had small sample
sizes, lacked independent replication and did not correct for multiple comparisons. The
variant selection was not consistent, and the outcome assessment varied among them
preventing any clear pharmacogenetic recommendations for clinicians [14].

The next frontier is pharmacogenomics, which is based largely on the data provided
by genome-wide association studies (GWAS). GWAS uses genotyping arrays to identify
variants that are associated with a particular phenotype by comparing the frequency of
thousands of variants between cases and controls. This approach can assess the effect
of genetics on pharmacological variability for a particular trait (in this case, a specific
pharmacological response) using a hypothesis-free strategy. Pioneers of this approach
in the pharmacogenomics of PD were two studies conducted in the same cohort that
evaluated the effects of caffeine and smoking in 1458 patients with PD and 931 healthy
controls [17,18]. The authors reported a gene-caffeine and gene-smoking interaction on PD
risk at the risk loci GRIN2A and SV2C, respectively. In another study, Ryu et al. performed
a GWAS to evaluate motor fluctuation and levodopa-induced dyskinesia in 741 Korean PD
patients [19]. They identified a variant in the GALNT14 gene associated with dyskinesia
(odds ratio of 5.5, 95% CI = 2.9–10.3, p = 7.88 × 10−9), which can potentially predict patients
more prone to this complication and may provide glimpses on how to disentangle its
pathophysiology. In another study, Prud’hon et al. investigated impulse control disorder
(ICD), a significant adverse effect caused by dopamine agonists in PD [20]. Here they
compared exome sequencing of two groups of individuals with extreme phenotypes for
ICD and found an enrichment of variants in brain-expressed genes of the adenylate cyclase-
activating pathway. Using these genes as targets in future studies and clinical trials could
lead to better symptomatic treatment options.

There is a growing interest regarding the effect of microbiome on diseases, particularly
for PD [21]. Beyond its pathophysiological implications, drug-microbiome interactions
can also influence therapeutics. COMT inhibitors, anticholinergics, and levodopa were
associated with changes in the microbiome [22]. Gut bacteria, precisely some Enterococcus
strains carrying the tdc gene, can exhibit tyrosine decarboxylase activity, which can convert
levodopa to dopamine and decrease the levels of drug in plasma [23]. The amount of
the tdc gene was correlated with disease duration and higher levodopa doses. Another
study found that Eggerthella strains can contribute to levodopa degradation, and a single
nucleotide variant in this bacteria can predict their enzymatic activity [24]. Interestingly,
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human decarboxylase inhibitors used in conjunction with levodopa, like carbidopa, do
not affect the bacteria enzymatic activity. AFMT, a small-molecule that inhibits bacteria
decarboxylase, was suggested as an innovative therapeutic approach. These bacteria or the
tdc gene may potentially be used as biomarkers to predict or stratify patients who are more
responsive to levodopa or more prone to develop levodopa-induced motor complications.
This also suggests that the inactivation of the tdc gene is a potential future therapeutic
target to improve the levodopa response.

Although deep brain stimulation therapy (DBS) is not generally considered a per-
sonalized genomics approach, there is evidence that PD patients have varied responses
to DBS depending on their genetic background. So far, studies assessing DBS outcomes
in patients carrying variants in specific genes are limited in size, but it has been reported
that in patients with LRRK2 variants, outcomes of DBS are similar to cases without known
variants [25,26], whereas less favorable outcomes are seen in patients carrying variants in
GBA [27,28].

As we work towards discovering disease-modifying strategies, it is unlikely that
current antiparkinsonian symptomatic treatments, like levodopa and DBS, will lose their
importance in the medium term for most patients. However, the goal to achieve a person-
alized approach for PD is still elusive, in part because evidence from "pre-genomic" era
studies is inconclusive. There should be an effort to collect replication cohorts with larger
samples and deep phenotyping to derive consistent pharmacogenetics recommendations.
The current efforts to increase the power of GWAS for PD risk could also benefit by taking
into account the importance of collecting information regarding pharmacological response.
Finally, understanding the influence of the microbiome on levodopa metabolism may
provide another front to personalize treatments in common forms of PD.

3. Genetics Nominates Promising Targets: LRRK2 and GBA Clinical Trials

Despite the remarkable effects of the current treatments and drugs on the symptoms of
PD, genetics has played a key role in nominating causative genes or genetic risk factors as
targets for different genetic subtypes of PD. Leucine-rich repeat kinase 2 (LRRK2) variants
are the most common cause of monogenic PD and one of the most common risk factors
for idiopathic PD with a variable penetrance between 50–70% [29,30]. The LRRK2 protein
exhibits both kinase and GTPase functions, and mounting evidence has shown that known
pathogenic LRRK2 variants increase the kinase activity. The most common PD-linked
variant, LRRK2 G2019S, leads to a two-to-threefold increase in kinase activity which is
hypothesized to be an underlying molecular mechanism responsible for the development
of PD [31]. This gain-of-function implies that utilizing LRRK2 kinase inhibitors may have
neuroprotective effects in PD [32,33].

Following positive preclinical experiments, two small molecule inhibitors of LRRK2 de-
veloped by Denali Therapeutics, DNL201 and DNL151, are currently in clinical trials [34,35].
A phase 1b, randomized, multicenter, double-blind placebo-controlled clinical trial of
DNL201 (NCT04056689) included 29 patients with mild to moderate PD, with or with-
out LRRK2 variants. The results indicated that levels of LRRK2 phospho Serine-935 and
phospho-RAB10 in the blood of PD patients were each decreased by more than 50% at both
doses. Meanwhile, a biomarker of lysosomal function, BMP (22:6-bis-monoacylglycero-
phosphate), was increased by 20% and 60% in urine at the low and high dose, respec-
tively [36]. Similar trials (NCT04056689) of DNL151 followed and have also met safety
and biomarker goals. Given a more flexible dosing regimen, Denali intends to choose
DNL151 to advance into phase 2/3 clinical trials in PD patients.

Since genetic studies have indicated no association of LRRK2 loss of function alleles
with PD, [37] another approach now entering clinical trials is the use of antisense oligonu-
cleotides (ASOs) to reduce the levels of active LRRK2 protein [38,39]. ASOs are promising
therapeutic approaches that aim at directly and chronically decrease LRRK2 kinase activity
by editing out the parts of the mRNA known to contain disease associated variants. A
phase 1 clinical trial using BIIB094, an ASO to LRRK2, is currently underway to assess its
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safety, tolerability, and pharmacokinetics in PD patients (NCT03976349). This unique and
novel approach is thought to be key to develop a long-term, effective and stable therapeutic
treatment decreasing LRRK2 kinase activity and alleviating LRRK2-associated neuronal
dysfunction in PD.

As the most common genetic risk factor for PD, GBA variants are found in 7–10% of
patients with PD [40,41]. Inheriting two copies of defective GBA causes Gaucher Disease
(GD) with varying severity depending on where the variant is located. Carriers of severe
GBA variants have an age at onset (AAO) for PD roughly five years earlier and around
a three to fourfold increase in PD risk, compared with mild GBA variants carriers [42].
Furthermore, severe GBA variants appear to be associated with higher risk of cognitive
impairment and aggressive cognitive decline [43,44]. There are two common GBA variants
associated with PD risk which do not cause GD, p.E326K and p.T369M, that may modify
GCase activity to a lower level than GD associated variants. It is well established that GD
phenotype can also increase the risk for PD [45]. Growing evidence supports the notion
that heterozygous PD-related GBA variants affect multiple PD pathways [46] (shown
in Figure 1) by reducing glucocerebrosidase (GCase) activity in the lysosome, leading
to altered lipid metabolism, aggregation of a-synuclein (α-syn) and impaired neuronal
transmission. Furthermore, aggregates of α-synuclein inhibit normal GCase activity by
restricting GCase transport, thereby causing a pathogenic feedback loop [47]. Current
approaches targeting GBA include GCase substrate reduction, gene therapy, small molecule
chaperones and enzyme activators.
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The MOVES-PD study, a randomized, multicenter, double-blind, placebo-controlled
trial, was conducted to evaluate the ability of the glucosylceramide synthase inhibitor
Venglustat (GZ/SAR402671) to target substrate reduction in PD patients carrying GBA
variants (NCT02906020). Part 1 of the phase II trial results revealed that Venglustat
safely achieves a dose-dependent reduction of glucosylceramide levels in plasma and
cerebrospinal fluid (CSF), however, the most recent earnings report by Sanofi suggests that
the trial did not meet the primary goals and has been discontinued. An ongoing Phase 1/2a
trial launched by Prevail Therapeutics in early 2020, employs an AAV9-based dosage of
PR001A in PD patients with at least one pathogenic GBA variant (NCT04127578) to assess
its long term (five years) safety and efficacy. A recently reported phase II open label clinical
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trial of Ambroxol, a GCase chaperone that has previously been used to treat respiratory
symptoms, in PD patients with or without GBA variants, demonstrated a decrease in CSF
GCase enzyme activity [48]. Although the drug appears safe and well-tolerated, placebo-
controlled clinical trials are needed to further confirm their findings. Another single-centre,
randomized, double-blind, placebo-controlled trial of Ambroxol is currently in phase II
(NCT02914366) [49].

A small molecule activator of GCase (LTI-291) has been under investigation in a
phase Ib clinical trial in patients with GBA variants conducted by Lysosomal Therapeutics
(Trialregister.nl ID: NTR7299). Furthermore, RTB101, an inhibitor of the mammalian
target of rapamycin complex 1 (mTORC1), has been tested in a randomized, double-blind,
placebo-controlled phase 1b/2a trial of RTB101 alone and in combination with Sirolimus
(another inhibitor of mTOR often used an immunosuppressive agent) to be used in PD
patients with or without GBA variants (ANZCTR ID: ACTR N12619000372189). Interim
data from this study revealed that RTB101 was well tolerated and crossed the blood-brain
barrier (BBB).

4. Genetics as a Tool to Nominate Networks to Be Targeted in Therapeutic Development

Genetics can be used in multiple ways to identify potential genes, proteins, pathways,
and networks that may be involved in the pathogenesis of PD and could potentially be
therapeutically targeted [50]. The simplest way of identifying targets using genetics is
by examining genes known to cause disease or increase risk, like LRRK2 and GBA, using
linkage and sequencing studies in families and sporadic cases. Robak et al. expanded this
strategy to a larger gene-set using burden analysis in a combination of data from whole
exome sequencing (WES) and genotyping of 54 known lysosomal storage disease (LSD)
genes to show there is a significant increase in the burden of LSD variants in PD [51]. This
association remained significant in multiple cohorts even when GBA was excluded.

Another genetics tool that can be used to select potential therapeutic targets is by
identifying variants that are associated with PD risk through GWAS. The latest and largest
GWAS meta-analyses have identified over 90 genetic loci harboring common variants that
are associated with both PD risk and progression [7,52,53]. Burden analyses examining
coding variants are now regularly combined with GWAS results to prioritize genes at a
locus that is associated with PD [54]. However, the non-coding portion of the genome
is significantly larger than protein coding regions so it is unusual that a specific gene is
identified by GWAS. This makes nomination of specific therapeutic targets at a GWAS
locus very difficult [55]. In general, the effects exerted by individual GWAS variants are
quite small, but when they are combined to determine a polygenic risk score (PRS) they
can be used to further stratify cases from low to high risk [56–58]. PRS is defined as a
model that sums the contribution of multiple risk variants of variable magnitude of effect,
as determined by GWAS summary statistics. The 90 risk loci identified in the most recent
PD meta-analysis are associated with higher relative risk of developing PD, with those
individuals in the top 10% of PRS being nearly six-fold more likely to develop PD than
those in the bottom 10% [7]. In the first major study on PRS in PD, Ibanez et al. showed
that PRS in cases, excluding variants in known familial or risk genes, associated with PD
status and age at onset but not with the levels of three predicted CSF biomarkers [56].

Instead of focusing on a single variant or PRS, genetic data can be integrated with
transcriptomic, proteomic and protein-protein interaction (PPI) networks to nominate
affected biological pathways that a single data type might miss [59,60]. A recent study
examined the association of 2199 pre-defined gene sets grouped by biological process
with PD by assigning a Polygenic Effect Score (PES) to each gene-set and then performing
an association study [59]. The authors identified a wide range of gene-sets that were
associated with PD. Further analysis using Mendelian randomization in genome-wide
expression and methylation datasets identified genes with quantitative trait loci (QTL) for
expression in blood and brain, as well as changes in methylation at multiple CpG sites that
are associated with PD risk. This unbiased and data-driven study provided a foundational
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resource for the PD community through a publicly available pathways browser. Pathways
previously implicated by genetics and functional studies also found to be significant in
this study include endocytic trafficking [61,62], autophagic-lysosomal function [51,63],
mitochondrial function [64,65], protein aggregation [66], neuronal transmission [67], lipid
metabolism [68,69], and certain inflammatory pathways [70,71] (Figure 1). It has also
been shown that similar pathways can be deficient in both familial and common forms of
PD [51,62] and multiple networks can overlap or a single pathway can act alone. Interest-
ingly, some of the nominated gene-sets span the etiological risk spectrum in which both
common and rare variation contribute to PD susceptibility.

Combining all genomic, transcriptomic and proteomic data to identify affected path-
ways in PD allows individuals without variants in known risk factors to be stratified
by the pathways thought to be involved in their subtype of disease. Examining path-
ways instead of genes also suggests that other members of the pathway could be used
as therapeutic targets even if the associated gene is not druggable (Figure 1). For ex-
ample, the RTB101/rapamycin clinical trial described previously (ANZCTR ID: ACTR
N12619000372189) targets the mTOR complex, which is not itself associated with PD, but is
involved in a signaling pathway that regulates autophagy and has been shown to rescue
dopaminergic neuron degeneration in some PD models [72]. Examining the genetic net-
works associated with PD and employing drug repositioning to target them may be a way
to quickly increase the number of PD therapeutics available in the future.

The integration of genetic (like GWAS) and transcriptomic (e.g., RNA-sequencing)
data can further inform the development of personalized medicine for the diagnosis and
treatment of PD. These two data types can yield biological insight into candidate genes
and pathways for the development of targeted therapeutics. When multi-omics data types
such as these are combined, we can begin to gain mechanistic insights. Recent studies
have aimed at linking the genes underlying GWAS loci to functional consequences by
leveraging large-scale transcriptomic datasets to prioritize genes by using a transcriptome-
wide association study (TWAS) [73]. Another way to integrate these data types uses
colocalization and weighted gene coexpression network analysis to identify candidate
genes [74]. These comprehensive and unbiased explorations provide a strong foundation
for further mechanistic studies that can help functionally characterize therapeutic targets
and plan clinical trials.

5. Genetics Informs Parkinson’s Disease Subtyping

Understanding the etiological heterogeneity of PD is widely recognized as a critical
step in achieving personalized and disease-modifying approaches. The first attempts to
subtype PD used clinical information, like age at onset. In fact, early-onset patients, as
compared to late-onset, tend to exhibit a slower disease progression, less severe clinical
course and a higher risk of developing levodopa-induced dyskinesia [75]. Subtyping PD
according to motor and non-motor symptoms is also a common approach, either using
pre-defined clinical criteria or a data-driven approach. Its utility has been questioned
since the first strategy does not seem to be stable along the disease course, and the latter
lacks reproducibility [76,77]. Despite these limitations, a subgroup of PD with tremor-
dominant symptoms is widely recognized, in opposition to a group with less tremor and
more akinetic and gait dysfunction [78]. The next frontier to delineate PD heterogeneity
must incorporate more objective measures such as biomarkers and deep-phenotyping
information to define biological subtypes suitable for personalized interventions [79].

Developing strategies for diagnosis of the prodromal phase of PD and identifying
biomarkers that are able to measure its progression are essential in the search for new
therapies. Studies suggest that by the time of diagnosis, patients already show a neuronal
loss of 40–50% in the substantia nigra [80,81], explaining, at least in part, why previous
trials have failed to find a disease-modifying effect [82,83]. Since 2015, the Movement Dis-
order Society has been proposing diagnostic research criteria to define prodromal PD [84].
Multiple clinical symptoms were included, like REM sleep behavior disorder, olfactory loss,
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constipation, and depression. In 2019, the criteria were updated [85], and genetics is now
combined with clinical and other types of biomarkers to improve PD prediction. Carriers
of rare highly-penetrant and pathogenic variants (like those in SNCA, PRKN, and PINK1)
formed distinct prodromal monogenic PD subgroups. Variants of intermediate magnitude
of effect in genes such as GBA and LRRK2 were included considering their age-dependent
penetrance. Finally, for common variants with low individual effect identified in previ-
ous GWAS studies, the criteria recommend calculating the PRS for a large sample series
with genetic data and classifying patients according to the risk score distribution in the
sample. A recent study has identified common non-coding SNPs within GBA regulating
GBA expression in peripheral tissues [86]. Interestingly, the authors report that non-coding
SNPs within GBA also coregulate potential modifier genes in the central nervous system
and/or peripheral tissues, delaying disease onset by 5 years. Although the nominated
variants need to be functionally validated, this promising approach opens the door for
future disease stratification, personalized drug selection and the possible development or
repurposing of novel drugs.

6. Conclusions and Future Directions

Symptomatic treatment with levodopa has been the norm in PD for more than fifty
years despite its sometimes serious side effects. Until recently, efforts to improve treat-
ment options have been slow. Although there is still much to learn about the molecular
mechanisms underlying PD, significant progress is now being made towards the identifi-
cation of potential therapeutic targets in this complex disease. Genetics has played a key
role in increasing the number of recent and ongoing clinical trials. The random genetic
assortment of patients in clinical trials represents an avoidable source of variance that is
likely contributing to the high failure rate seen in PD trials. In fact, even within specific
subgroups carrying known PD variants, large variation between patients still exists. Differ-
ent variants within a specific gene can lead to differential effects on PD phenotypes, and as
previously shown [87], this genetic imbalance affects clinical trial design. Acknowledging
the limitation that understanding the exact effect of all human genetic variation on disease
aetiology and drug response is not yet possible, at the minimum, balancing known disease
risk variants should be performed. Using PRS to stratify patients by low and high risk
could help identify drugs that will work in some forms of PD.

Stratified trial designs can be used to potentially increase the efficiency of a trial.
This was evident in exemplary form in the relevant success attributable to the enrollment
strategy of the Aducanumab trial in 2015 and deviations from this strategy being potentially
related to less positive results in more recent development phases of the drug [88]. Using
genetic, clinical, imaging or other molecular biomarkers to enroll patients that may have
a higher probability to efficiently respond to an intervention is key to trial success and a
central concept in stratified trials. Another aspect of using potential patient stratification
to design more efficient trials, particularly in degenerative type diseases, is to identify
patients early in the disease course where targetable cell types of interest are still functional
or available and may be protected or rescued; too late in disease course irreparable or
immutable damage may have already occurred.

Additionally, advancing target development by combining genomic, transcriptomic
and proteomic data has broadened the search space for potential drugs. Focusing not just on
monogenic or known risk factors but also the various pathways and networks implicated
across the subtypes of idiopathic PD may soon increase the available therapeutic options.
The numerous studies directed by genetics described here show that the age of personalized
medicine in PD is fast approaching.
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Abstract: Neurological disorders pose a substantial health and economic burden to the individual
and society, necessitating strategies for effective prevention and disease management. Lifestyle
behaviours play a role in risk and management of some neurological disorders; however, overlap
between lifestyle behaviours across disorders has not been well explored. We used log-binomial
regression to assess associations of selected lifestyle behaviours in community-dwelling Australians
(n = 192,091), some of whom self-reported Alzheimer’s disease (AD), motor neurone disease (MND),
multiple sclerosis (MS), Parkinson’s disease (PD) or stroke. Of six lifestyle behaviours, undertaking
physical activity was inversely associated with the presence of all neurological disorders except
PD. Smoking was positively associated with MND and stroke, and inversely associated with PD.
Participants with AD and stroke shared inverse associations with cognitive engagement, face-to-face
social interaction and stress-reducing activities, and MS was positively associated with online social
interaction and stress-reduction activities. Of eleven food and beverage consumption categories, no
associations were seen in MND, ten categories were inversely associated with people with AD or
stroke, and six of these with PD. Vegetable and soft drink consumption were associated with MS.
Further detailed assessment of commonalities in lifestyle behaviours across neurological disorders
may inform potential strategies for risk reduction across disorders.

Keywords: lifestyle behaviours; diet; cross-sectional; population study; neurological disorders

1. Introduction

The overall burden of neurological disorders continues to increase with an aging
population. In 2017, it was estimated that 43% of the Australian population had been
diagnosed with a neurological disorder, among these were commonly stroke, Alzheimer’s
disease (AD) and dementia, and less commonly motor neurone disease (MND), multiple
sclerosis (MS) and Parkinson’s disease (PD) [1]. These disorders present with a heteroge-
nous array of symptoms including cognitive, psychological and physical impairments,
which contribute to reduced quality of life for the individual and pose significant societal
and economic burden [2–4]. These current and increasing burdens necessitate the identi-
fication of effective and targeted strategies to achieve risk reduction, manage symptoms,
and delay progression.

Modifiable lifestyle behaviours, including diet, physical activity, smoking, cognitive
reserve and social interaction have been implicated in the onset and progression of some
neurological disorders [5–7]. Diets high in saturated fats, including red meat and processed
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foods, have been associated with increased risk of AD, PD, MS and stroke; while high fruit,
vegetable and whole grain intake have been associated with reduced risk [8–11]. Physical
activity has been shown to have benefits for healthy aging and neuroplasticity [12,13],
with a minimum of 150 min/week of moderate-intense activity being the international
recommendation for adults in maintaining a healthy lifestyle [14,15]. Smoking is similarly
well-established as a risk factor for dementia, stroke and MS [6,16,17]; its role for PD risk
remains debatable with some studies showing a protective effect [5,18]. Cognitive reserve,
enhanced by engaging in physical, leisure and intellectually stimulating activities, may
be a mechanism for protection against cognitive and functional decline in the presence
of brain pathology [6]. Increasing social interaction and reducing stress are also lifestyle
recommendations for optimal brain health [19,20].

The evidence for the role of lifestyle behaviours in risk and management of neurolog-
ical disorders continues to grow, likely acting concurrently for optimal benefits. Indeed,
multimodal lifestyle behaviours, combining healthy diet, increased exercise and cognitive
training, have shown improved cognitive outcomes in at-risk elderly people and people
with MS [21,22] and a reduced risk of secondary stroke and AD [23,24], suggesting a
multi-dimensional approach may be beneficial across different disorders.

Despite the evident role of lifestyle in the prevention and management of different
neurological disorders, the epidemiological landscape of lifestyle associations across dis-
orders remains under-examined. Herein, we describe and compare the distributions of
modifiable lifestyle behaviours in community-dwelling Australians with and without one
of five neurological conditions—AD, PD, MND, MS and stroke. In doing so, we aim to
identify shared lifestyle profiles of people with these conditions, which may in turn shed
new light on targeted risk reduction and effective self-management strategies.

2. Materials and Methods
2.1. Study Design and Participants

Each year, 50,000 randomly selected Australian households in 11 major geographic
regions are sampled by Roy Morgan Research Institute [25]. The youngest consenting
English-speaking member of the household, aged ≥14 years, is interviewed face-to-face by
a trained professional. During the interview, the establishment survey including participant
demographics is completed and entered into a secure database. Interviewees are then
provided with a hard copy of the Single Source Questionnaire (SSQ) for self-completion and
asked to return it by post within 30 days to Roy Morgan Research Institutes’s Head Office.
Completion is incentivised by entry to a monthly monetary draw prize valued at $1000.

The SSQ comprises a 112-page survey, with 10 sections on various consumer be-
haviours including interests and attitudes, health conditions, lifestyle and purchasing
behaviours, and service and technology utilisation. Data from SSQ surveys are scanned
and cleaned for analysis on a quarterly cycle.

2.2. Data Collection and Measurement

Participants provided informed consent to Roy Morgan Research Institute for their
data to be used for research purposes. The current study was approved by The University
of Melbourne, Melbourne School of Population and Global Health Human Ethics Advisory
Group, project #1953821.1.

Data extracted includes de-identified adults aged ≥18 years that were interviewed
from January 2007–September 2018. SSQ non-responder versus responder biases were
analysed based on demographics queried in the face-to-face interview. For main analyses,
data inclusion was limited to SSQ responders, and data was extracted on demographics,
self-reported neurological disorders and researcher-defined lifestyle behaviours using
select variables captured in the SSQ (Table 1).
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Table 1. Single Source Questionnaire (SSQ) variable inclusions for lifestyle behaviours and food and beverage categories.

Lifestyle SSQ Variables Queried as Done in the Last 3 Months
(Used in Last 4 Weeks, Communication Apps)

Cognitive engagement
Went to a short course/seminar/convention/public lecture; read a novel; read a

non-fiction book; used a computer at home; used a computer at work or school; played a
musical instrument or sung in a choir; worked on a car; dressmaking

Physical activity Did some formal exercise; played a sport
Smoker Current

Social face-to-face Visited friends/relatives; entertained friends/relatives; held a dinner party
Social online Facebook Messenger, Skype, Viber, WeChat, WhatsApp, teleconference, telephone

Stress reduction Hobbies

Food SSQ Variables Queried as Consumed in the Last 7 days
Bakery/cereal Rolls/bread, porridge, cereals (biscuit, other), toast, bagels

Dairy Milk (from drinks: white, UHT, flavoured, breakfast), yoghurt (natural, flavoured,
drinking), cheese (natural, dip), dairy desserts, ice cream (single, tub)

Fish/seafood Fish, other seafood
Fruit/vegetables Fresh, canned, frozen, dried

Meat Chicken, beef, veal, lamb/mutton, pork, turkey, duck, rabbit, ham/bacon, other cold
meats, other meats

Natural grains Rice, pasta/spaghetti, noodles

Snacks Pastries, muffins/doughnuts, croissants, biscuits (all), chips, muesli bars, breakfast bars,
chocolate (all), lollies/mints/gum, frozen desserts, other snacks

Beverage SSQ Variables Queried as Consumed in the Last 7 days
Alcohol Beer, wine, cider, spirits

Soft drinks Cola, lemonade, lemon, orange, other soft drinks (diet and regular), mixers.
Tea/coffee Tea, coffee (hot and cold)

2.2.1. Classification of Neurological Disorders

Neurological disorders were based on a self-reported tick-box selection of 21 brain and
nervous system conditions within 20 condition categories from the section “About your
Health”. Data were restricted to those reported for ’You’, in response to the question “Which
of the following illnesses or conditions have you or any other member of your household
had in the last 12 months?”. Five of 21 listed brain and nervous system conditions were
selected as outcome variables: AD, MND, MS, PD and stroke.

Sixteen other SSQ-defined nervous system conditions comprised nine specific neu-
rological conditions (cerebral palsy, chronic fatigue syndrome, epilepsy, nerve damage,
neuralgia, neuritis, neuropathy, spinal stenosis, mini stroke) and seven non-specific condi-
tions (face pain, fibromyalgia, frequent headaches, memory problems, meningitis, migraine
headaches, tingling sensations).

Participants reporting having more than one of the five conditions of interest (N = 58),
and those reporting the other nine specific conditions (N = 722) were excluded from analysis
to allow specificity of the outcome and clarity of signal. The seven non-specific conditions
were included in both the comparator population (CP) and neurological disorders of
interest populations.

The CP were thus participants who had not self-reported having AD, MND, MS, PD,
stroke or any of the nine specific neurological conditions.

2.2.2. Demographics

Demographic variables were categorised as follows: age into tertile year range; BMI
according to Word Health Organisation definitions [26]; country of birth from a selection of
13 options: Australia or New Zealand (NZ), Europe, Asia or other (North America, Central
and South America, South Pacific, Middle East, Africa, other); religion from a selection of
18 tick-box selection options including ‘No religion’ dichotomised as No/Yes; education
dichotomised to No/Yes for the completion of a university degree; employment status as
employed (full and part-time), unemployed, student/home duties, and retired; income
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aligned with Australian Taxation Office taxable income bracket [27]; remoteness based on
postal codes; relationship status dichotomised to partnered (married, de facto, engaged,
planning to marry) vs. not partnered (single, separated, divorced, widower); and living
status dichotomised to lives with others (partner with/without children, single parent,
with parents, boarder, shared household) vs. alone (living alone).

2.2.3. Lifestyle Behaviours

Selected SSQ variables were categorised to lifestyle behaviours identified as being
associated with neuronal health in the literature (Table 1). These were then dichotimised
(No/Yes) for regression analyses.

2.2.4. Food and Beverage Consumption

Food consumption was based on response to “Which of the following have you eaten
in the last 7 days”, self-reported tick-box selection on 74 single items within six food cate-
gories from the section “Food and Beverages”. Selected food items were recategorised into
seven groups (Table 1). Reported serves per day of fruit and vegetables were categorised
as per Australian recommended daily serves of ≥2 and ≥5, respectively [28].

Beverage consumption was based on the response to “Consumed in the last 7 days”,
self-reported tick-box selection on 36 single items, from which soft drinks, tea/coffee, and
milk (included with dairy foods) were included for analysis (Table 1).

Alcohol consumption was based on the response to “Brands drunk in the last 7 days”,
self-reported tick-box selection of brand for beer (n = 146), cider (n = 14), spirits (n = 93), and
wine (bottled, cask, fortified, sparkling) and “other”; other were excluded from the analysis.

2.3. Statistical Analysis

SSQ responder bias was assessed using log-binomial regression [29]. Given the large
sample size, reliance on statistical significance as a marker of differences resulted in ev-
ery association being significantly different. We therefore utilised a crude cut-point of a
>50% difference as a benchmark for material and meaningful differences, to inform the
development of multivariable models for the primary associations of interest.

Characteristics of having one of the five neurological disorders as compared to the
CP, were evaluated by log-binomial regression. Multivariable models were adjusted for
age, sex and education, these model covariates having been selected on the basis of the
literature review and a priori reasoning.

3. Results
3.1. Characteristics of SSQ Non-Responders and Responders

Of participants interviewed from January 2007 to September 2018 (n = 537,327), 36%
(n = 192,091) returned the SSQ and were aged ≥18 years (Table 2).

Compared to non-responders, SSQ responders were more likely to be aged ≥40 years
(PR 40–59 = 1.56; PR ≥60 = 1.84) than 18–39 years. Sex, country of birth, university education,
employment status, household income, remoteness, partnered and living status, alcohol
consumption and smoking status did not differ more than 50% between the two groups.

3.2. Demographics of Analysis Cohort

Participants with AD, PD or stroke were less likely to be female, and they were more
likely to be female for MS (PRAD = 0.48; PRMS= 2.56; PRPD = 0.59; PRstroke = 0.56; Table 3).
Participants with AD, MND, PD or stroke were more likely to be ≥60 years, while partici-
pants with MS were more likely to be aged 40–59 years. Participants with stroke were 29%
more likely to be obese than the CP. Further, those with AD or stroke were 39% and 36% less
likely to be university educated, respectively. Compared to CP, participants with any of the
five neurological disorders were more likely to be unemployed or retired. Participants with
MND or stroke were less likely to be partnered (PRMND = 0.50; PRstroke = 0.62) and those
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with MND or stroke were less likely to live with others (PRMND = 0.43; PRstroke = 0.68).
Other characteristics are shown in Table 3.

Table 2. Characteristics of single source survey non-responders and responders.

Characteristic
Non-Responder Responder PR

(N = 345,236) (N = 192,091) (95% CI)

Sex
Male 180.2k (68.7%) 82.0k (31.3%) 1.00

Female 165.0k (60.0%) 110.1k (40.0%) 1.28 (1.27, 1.29)
Age, years

18–39 131.9k (75.8%) 42.2k (24.2%) 1.00
40–59 111.2k (62.2%) 67.5k (37.8%) 1.56 (1.54, 1.57)
≥60 102.1k (55.3%) 82.4k (44.7%) 1.84 (1.83, 1.86)

Country of birth
Australia/NZ 251.0k (62.3%) 151.8k (37.7%) 1.00

Europe 40.4k (61.6%) 25.2k (38.4%) 1.02 (1.01, 1.03)
Asia 31.0k (79.5%) 8.0k (20.5%) 0.54 (0.53, 0.55)

Other 22.9k (76.4%) 7.0k (23.6%) 0.63 (0.61, 0.64)
University education

No 217.3k (63.0%) 127.6k (37.0%) 1.00
Yes 127.9k (66.5%) 64.5k (33.5%) 0.91 (0.90, 0.91)

Employment status
Employed 205.7k (68.3%) 95.6k (31.7%) 1.00

Unemployed 29.9k (66.8%) 14.8k (33.2%) 1.05 (1.03, 1.06)
Student/Home Duties 29.5k (66.0%) 15.2k (34.1%) 1.07 (1.06, 1.09)

Retired 80.2k (54.7%) 66.5k (45.3%) 1.42 (1.42, 1.44)
Income, AUD

0–19,999 114.3k (62.2%) 69.5k (37.8%) 1.00
20,000–39,999 86.4k (62.3%) 52.4k (37.7%) 1.00 (0.99, 1.01)
40,000–89,999 103.9k (66.1%) 53.3k (33.9%) 0.90 (0.89, 0.91)

≥90,000 40.4k (70.5%) 16.9k (29.5%) 0.78 (0.77, 0.79)
(Missing) (202; 80.5%) (49; 19.5%) n/a

Remoteness
Capital city 209.7k (66.2%) 106.9k (33.8%) 1.00

Regional 135.6k (61.4%) 85.2k (38.6%) 1.14 (1.13, 1.15)
Partnered

No 146.9k (67.3%) 71.4k (32.7%) 1.00
Yes 198.3k (62.2%) 120.7k (37.8%) 1.16 (1.15, 1.17)

Lives with others
No 69.5k (62.0%) 42.6k (38.0%) 1.00
Yes 272.5k (64.8%) 147.8k (35.2%) 0.93 (0.92, 0.93)

(Missing) (3.3k; 66.1%) (1.7k; 34.0%) n/a
Alcohol consumption, past 7 days

No 144.7k (64.6%) 79.4k (35.4%) 1.00
Yes 200.6k (64.0%) 112.7k (36.0%) 1.02 (1.01, 1.02)

Current smoker
No 271.8k (62.6%) 162.2k (37.4%) 1.00
Yes 73.4k (71.1%) 29.9k (28.9%) 0.77 (0.77, 0.78)

Sample sizes were in the unit of thousands (k). Analysis performed using log-binomial regression models.
Shown in bold, PR < 0.50 and >1.50 were used as thresholds for material difference between non-responders
and responders.
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Table 3. Characteristics of neurological disorders referenced to comparator population.

Characteristic
AD MND MS PD Stroke

(N = 125) (N = 72) (N = 441) (N = 415) (N = 647)
PR 95%CI PR 95%CI PR 95%CI PR 95%CI PR 95%CI

Sex
Men Ref Ref Ref Ref Ref

Women 0.48 (0.33,0.69) 1.03 (0.65,1.64) 2.56 (2.04,3.20) 0.59 (0.48,0.71) 0.56 (0.48,0.66)
P <0.001 P =0.91 P <0.001 P <0.001 P <0.001

Age
18–39 Ref Ref Ref Ref Ref
40–59 0.70 (0.30,1.60) 0.70 (0.33,1.51) 2.61 (1.97,3.46) 7.09 (2.55,19.73) 5.54 (3.25,9.43)
≥60 4.58 (2.43,8.62) 1.93 (1.05,3.55) 1.26 (0.93,1.72) 44.79 (16.62,120.68) 14.69 (8.78,24.58)

PTREND <0.001 PTREND =0.034 PTREND =0.14 PTREND <0.001 PTREND <0.001
BMI

Under/normal Ref Ref Ref Ref Ref
Overweight 1.03 (0.67,1.59) 1.49 (0.84,2.64) 0.97 (0.77,1.23) 1.06 (0.84,1.34) 0.93 (0.76,1.13)

Obese 1.01 (0.63,1.62) 1.07 (0.56,2.02) 1.08 (0.85,1.36) 0.96 (0.74,1.24) 1.29 (1.06,1.57)
PTREND =0.97 PTREND =0.79 PTREND =0.55 PTREND =0.77 PTREND =0.011

Country of birth
Australia/NZ Ref Ref Ref Ref Ref

Europe 1.04 (0.65,1.67) 1.77 (0.99,3.15) 1.18 (0.90,1.53) 0.81 (0.62,1.06) 0.94 (0.76,1.17)
Asia 3.75 (1.93,7.30) 1.31 (0.37,4.56) 0.18 (0.06,0.55) 0.51 (0.19,1.37) 1.47 (0.91,2.35)

Other 1.61 (0.67,3.91) 2.32 (0.89,6.07) 0.42 (0.20,0.88) 0.75 (0.39,1.46) 1.14 (0.73,1.79)
PTREND =0.017 PTREND =0.031 PTREND =0.002 PTREND =0.063 PTREND =0.47

Religion
No Ref Ref Ref Ref Ref
Yes 1.34 (0.85,2.11) 0.67 (0.41,1.09) 0.83 (0.67,1.01) 1.13 (0.89,1.42) 1.03 (0.86,1.23)

P =0.21 P =0.11 P =0.065 P =0.32 P =0.77
University education

No Ref Ref Ref Ref Ref
Yes 0.61 (0.40,0.95) 1.28 (0.80,2.05) 1.19 (0.97,1.45) 0.91 (0.72,1.14) 0.64 (0.52,0.78)

P =0.027 P =0.30 P =0.088 P =0.40 P <0.001
Employment status

Employed Ref Ref Ref Ref Ref
Unemployed 3.89 (1.82,8.29) 2.70 (1.13,6.44) 2.86 (2.17,3.78) 2.93 (1.83,4.69) 4.46 (3.25,6.12)

Student/home duties 2.30 (0.81,6.48) 2.52 (1.00,6.33) 1.36 (0.95,1.95) 0.66 (0.24,1.85) 3.41 (2.26,5.15)
Retired 3.23 (1.78,5.84) 2.69 (1.19,6.07) 3.18 (2.26,4.48) 3.03 (2.14,4.29) 4.13 (3.09,5.52)

PTREND <0.001 PTREND =0.009 PTREND <0.001 PTREND <0.001 PTREND <0.001
Income, AUD

0–19,999 Ref Ref Ref Ref Ref
20,000–39,999 0.72 (0.48,1.08) 1.32 (0.79,2.22) 0.85 (0.67,1.06) 0.96 (0.77,1.19) 0.67 (0.56,0.80)
40,000–89,999 0.37 (0.21,0.66) 0.58 (0.29,1.16) 0.60 (0.46,0.79) 0.65 (0.48,0.87) 0.34 (0.26,0.43)

>–90,000 0.17 (0.04,0.68) 0.30 (0.07,1.28) 0.57 (0.37,0.87) 0.32 (0.17,0.62) 0.21 (0.12,0.35)
PTREND <0.001 PTREND =0.040 PTREND <0.001 PTREND <0.001 PTREND <0.001

Remoteness
Capital city Ref Ref Ref Ref Ref

Regional 0.88 (0.62,1.24) 0.83 (0.51,1.33) 1.06 (0.87,1.28) 1.07 (0.88,1.29) 1.03 (0.88,1.20)
P =0.46 P =0.43 P =0.58 P =0.52 P =0.70

Partnered
No Ref Ref Ref Ref Ref
Yes 0.89 (0.61,1.30) 0.50 (0.31,0.81) 1.00 (0.82,1.22) 0.90 (0.73,1.11) 0.62 (0.53,0.73)

P =0.55 P =0.005 P =0.98 P =0.34 P <0.001
Lives with others

No Ref Ref Ref Ref Ref
Yes 0.90 (0.60,1.35) 0.43 (0.26,0.71) 0.89 (0.71,1.13) 0.89 (0.71,1.11) 0.68 (0.57,0.81)

P =0.62 P =0.001 P =0.36 P =0.32 P <0.001

Analysis performed using log-binomial regression, adjusted for age, sex and education. Results in boldface denote statistical significance
(p < 0.05). Abbreviations: AD = Alzheimer’s disease; BMI = body mass index; MND = motor neuron disease; MS = multiple sclerosis;
PD = Parkinson’s disease; Ref: reference category; SES = socioeconomic status.

3.2.1. Lifestyle Associations with Neurological Conditions

Participants with AD or stroke were 52% and 55% less likely to undertake cognitively
engaging activities than the CP (Table 4). Participants with either AD, MND, MS or stroke
were less likely to undertake physical activity (PRAD = 0.50; PRMND = 0.61; PRMS = 0.72;
PRstroke = 0.69). Participants with MND or stroke were 2.1 and 1.5 times more likely to
be current smokers than the CP, whereas those with PD were 43% less likely. Participants
with AD or stroke were 62% and 55% less likely to socialise face-to-face, and those with MS
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were 68% more likely to socialise online. Participants with AD or stroke were 38% and 24%
less likely to engage in stress-reducing activities than the CP, respectively, those with MS
were 22% more likely.

Table 4. Associations between lifestyle behaviours and neurological disorders referenced to comparator population.

Lifestyle Behaviour
AD MND MS PD Stroke

(N = 125) (N = 72) (N = 441) (N = 415) (N = 647)
PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI)

Cognitive engagement
No Ref Ref Ref Ref Ref
Yes 0.48 (0.33,0.69) 1.03 (0.59,1.80) 0.99 (0.78,1.26) 0.83 (0.67,1.02) 0.45 (0.38,0.53)

P <0.001 P =0.91 P =0.94 P =0.077 P <0.001
Physical activity

No Ref Ref Ref Ref Ref
Yes 0.50 (0.33,0.76) 0.61 (0.38,0.96) 0.72 (0.59,0.87) 0.83 (0.68,1.01) 0.69 (0.58,0.81)

P =0.001 P =0.034 P <0.001 P =0.064 P <0.001
Smoker

No Ref Ref Ref Ref Ref
Yes 1.07 (0.62,1.82) 2.14 (1.21,3.77) 1.13 (0.88,1.46) 0.57 (0.39,0.84) 1.49 (1.22,1.83)

P =0.82 P =0.008 P =0.34 P =0.005 P <0.001
Social face-to-face

No Ref Ref Ref Ref Ref
Yes 0.38 (0.26,0.57) 1.10 (0.53,2.30) 1.10 (0.79,1.52) 0.93 (0.71,1.21) 0.45 (0.37,0.53)

P <0.001 P =0.80 P =0.57 P =0.58 P <0.001
Social online

No Ref Ref Ref Ref Ref
Yes 0.36 (0.11,1.16) 1.39 (0.66,2.91) 1.68 (1.29,2.19) 1.07 (0.73,1.58) 0.74 (0.51,1.06)

P =0.088 P =0.39 P <0.001 P =0.73 P =0.10
Stress reduction

No Ref Ref Ref Ref Ref
Yes 0.62 (0.40,0.99) 1.07 (0.65,1.78) 1.22 (1.00,1.48) 0.88 (0.70,1.10) 0.76 (0.63,0.92)

P =0.043 P =0.78 P =0.048 P =0.25 P =0.004

Analysis performed using log-binomial regression, adjusted for age, sex and education. Results in boldface denote statistical significance
(p < 0.05). Abbreviations: AD = Alzheimer’s disease; MND = motor neuron disease; MS = multiple sclerosis; PD = Parkinson’s disease; Ref:
reference category.

3.2.2. Food and Beverage Associations with Neurological Disorders

Participants with AD were 55% less likely to consume bakery/cereals, 52% less likely to
consume dairy, and 31% less likely to eat fish/seafood. Similar associations were observed
among participants with stroke (Table 5).

Participants with AD, PD or stroke were less likely to consume fruit (PRAD = 0.54;
PRPD = 0.78; PRstroke = 0.61) or vegetables (PRAD = 0.41; PRPD = 0.71; PRstroke = 0.56). Of
participants who consumed fruit in the past 7 days, recommended daily serves were 21%
less likely met by participants with stroke. Those with MS were 42% more likely to eat
vegetables. Compared to the CP, participants with AD were 61% less likely to consume
meat and almost half as likely to eat natural grains and snacks. Participants with PD or
stroke were also less likely to consume those foods.

For beverages consumed in the preceding 7 days, participants with AD, PD and stroke
were 39%, 33% and 51% less likely to consume alcohol, respectively, than the CP. Soft drinks
were 26% less likely to be consumed by participants with MS and tea/coffee were 47% and
33% less likely to be consumed by those with AD or stroke, respectively.
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Table 5. Associations between food and beverage consumption and neurological disorders, referenced to the comparator population.

Food & Beverage
AD MND MS PD Stroke

(N = 125) (N = 72) (N = 441) (N = 415) (N = 647)
PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI) PR (95%CI)

Food consumed last 7 days
Bakery/cereals

No Ref Ref Ref Ref Ref
Yes 0.45 (0.30,0.66) 1.83 (0.79,4.25) 0.96 (0.74,1.25) 0.85 (0.65,1.11) 0.60 (0.49,0.72)

P <0.001 P =0.16 P =0.75 P =0.22 P <0.001
Dairy

No Ref Ref Ref Ref Ref
Yes 0.48 (0.29,0.77) 1.53 (0.55,4.25) 0.97 (0.69,1.37) 0.78 (0.57,1.08) 0.52 (0.42,0.65)

P =0.002 P =0.41 P =0.86 P =0.14 P <0.001
Fish/seafood

No Ref Ref Ref Ref Ref
Yes 0.69 (0.48,0.98) 0.97 (0.60,1.57) 0.87 (0.72,1.06) 1.05 (0.85,1.30) 0.70 (0.60,0.82)

P =0.041 P =0.92 P =0.17 P =0.64 P <0.001
Fruit
No Ref Ref Ref Ref Ref
Yes 0.54 (0.36,0.79) 1.46 (0.72,2.97) 1.13 (0.87,1.47) 0.78 (0.62,0.99) 0.61 (0.51,0.72)

P =0.002 P =0.29 P =0.36 P =0.044 P <0.001
Fruit ≥ 2 serve/day

No Ref Ref Ref Ref Ref
Yes 1.04 (0.66,1.62) 1.00 (0.57,1.76) 1.20 (0.96,1.51) 1.21 (0.97,1.52) 0.79 (0.64,0.98)

P =0.87 P =0.99 P =0.11 P =0.096 P =0.029
Vegetables

No Ref Ref Ref Ref Ref
Yes 0.41 (0.27,0.62) 1.22 (0.56,2.67) 1.42 (1.00,2.02) 0.71 (0.55,0.92) 0.56 (0.46,0.68)

P <0.001 P =0.62 P =0.048 P =0.011 P <0.001
Veg ≥ 5 serve/day

No Ref Ref Ref Ref Ref
Yes 1.22 (0.59,2.49) 0.94 (0.34,2.57) 1.21 (0.83,1.78) 1.23 (0.84,1.80) 1.29 (0.95,1.75)

P =0.59 P =0.90 P =0.32 P =0.28 P =0.11
Meat
No Ref Ref Ref Ref Ref
Yes 0.39 (0.24,0.61) 1.51 (0.55,4.13) 0.90 (0.65,1.25) 0.66 (0.48,0.91) 0.58 (0.46,0.74)

P <0.001 P =0.42 P =0.53 P =0.010 P <0.001
Natural grains

No Ref Ref Ref Ref Ref
Yes 0.51 (0.35,0.75) 1.24 (0.69,2.23) 1.08 (0.85,1.36) 0.81 (0.66,1.00) 0.72 (0.61,0.85)

P <0.001 P =0.47 P =0.53 P =0.047 P <0.001
Snacks

No Ref Ref Ref Ref Ref
Yes 0.51 (0.33,0.77) 0.98 (0.49,1.95) 0.93 (0.70,1.25) 0.70 (0.55,0.91) 0.53 (0.44,0.64)

P =0.002 P =0.95 P =0.64 P =0.006 P <0.001
Beverages consumed past 7 days

Alcohol
No Ref Ref Ref Ref Ref
Yes 0.61 (0.43,0.89) 1.27 (0.78,2.06) 0.86 (0.71,1.04) 0.67 (0.55,0.82) 0.49 (0.42,0.58)

P =0.009 P =0.34 P =0.11 P <0.001 P <0.001
Soft drinks

No Ref Ref Ref Ref Ref
Yes 0.92 (0.62,1.39) 0.99 (0.61,1.62) 0.74 (0.61,0.90) 1.02 (0.83,1.25) 1.10 (0.93,1.31)

P =0.70 P =0.97 P =0.003 P =0.88 P =0.26
Tea/coffee

No Ref Ref Ref Ref Ref
Yes 0.53 (0.35,0.81) 1.34 (0.68,2.66) 0.82 (0.64,1.04) 0.80 (0.62,1.02) 0.67 (0.55,0.82)

P =0.004 P =0.40 P =0.10 P =0.074 P <0.001

Analysis performed using log-binomial regression, adjusted for age, sex and education. Results in boldface denote statistical significance
(p < 0.05). Abbreviations: AD = Alzheimer’s disease; MND =motor neuron disease; MS = multiple sclerosis; PD = Parkinson’s disease; Ref:
reference category.
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4. Discussion

Understanding the overlap in lifestyle behaviours across neurological disorders pro-
vides important information on which to potentially base public health interventions
and targeted self-management strategies for potential reduced risk as well as improved
health. Cross-sectional population data collected annually over 11 years, from community-
dwelling Australians, were pooled to assess associations between lifestyle behaviours and
five neurological disorders. Undertaking physical activity was inversely associated with
all neurological disorders, except PD. Participants with AD and stroke shared inverse
associations across four of six lifestyle behaviours and ten of eleven food and beverage con-
sumed categories. Six food and beverage consumed categories were additionally inversely
associated with PD. Few associations were found with participants with MS and MND.

Sociodemographic characteristics were generally as expected, with participants with
AD, PD and stroke being older males, and with MS more likely to be 40–59-year-old females.
Across disorders, similarities were noted in being unemployed or retired, as well as income
range, possibly attributable to older age and/or disability common to these disorders.
Participants with MND or stroke were less likely to be partnered, and those with AD or
stroke less likely to be educated. These and other demographic associations may assist in
identifying resources and services required to provide appropriate support and care.

Physical activity was the only lifestyle behaviour shared across all neurological disor-
ders, except PD, being inversely associated. While this aligns with the lack of physical activ-
ity undertaken by people with neurological disorders [6,30], it contradicts findings showing
a protective impact on PD [31]. Our findings may be attributed to disease-associated disabil-
ity, or limitations in data collection which queried physical activity broadly as undertaking
either formal exercise or sport.

Inverse associations with ten food and beverage consumed categories were observed
in participants with AD and stroke, and in participants with PD, with fruit, vegetable,
meat, grains, snacks, and alcohol consumed. These findings may reflect the non-specific
mode of assessing dietary intake and differential responding between cases and controls.
Alternatively, they may reflect the concept of a role of the microbiota-gut-brain-axis in
neurodegenerative disorders, whereby the dysregulation of intestinal microbiota through
unbalanced nutrition, antibiotics, age, and infection may lead to pathological processes
initiating in the gut and then spreading to the brain via the vagus nerve or circulatory
system [32,33].

The importance of measuring quantities consumed is evident in associations per-
sisting only between participants with stroke and fruit consumed, when the number of
daily serves were assessed. Participants with MS were more and less likely to consume
vegetables and soft drinks, respectively, perhaps reflective of a younger demographic’s
attitudes of a healthy diet. The data captured precludes the ability to determine whether
food and beverage consumption and avoidance were adopted after disease diagnosis on
the basis of medical recommendations or self-management of symptoms. The shared
inverse associations of food and beverages with AD, PD and stroke warrant longitudinal
investigations employing a research-focused survey using validated tools for assessing
foods consumed that capture serve quantities in addition.

Smoking was positively associated with MND and stroke and inversely associated
in PD, aligning with previous studies showing smoking as a strong risk factor for MND
and stroke and possibly neuroprotective for PD [34–36]. Although it is an established risk
factor [17], we did not find an association between smoking and MS; it may be that the
association is weak or dependent on interaction with other risk factors, or due to responders
giving up smoking post-diagnosis.

Cognitive engagement, face-to-face social interaction, and undertaking hobbies as a
proxy for stress-reducing activities, were inversely associated with AD and stroke. These
findings support the concept of cognitive reserve, enhanced by participating in intellectu-
ally stimulating activities, in delaying or preventing cognitive decline in the presence of
neuropathology [37]. Simultaneously, these activities may be considered stress-reducing,
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attenuating the impact of psychological stress on the risk of dementia and stroke [38,39]. In
participants with MS, positive associations were seen with online social interaction and
stress-reduction, likely reflective of the younger and majority female population; both
demographics more likely to engage in such activities [40]. People with MS also have high
usage of social media for health information and social support [41].

Overall, physical activity was the only shared lifestyle behaviour of AD, MS, MND
and stroke. Interventions for regular exercise and sports may therefore effectively impact
multiple neurological disorders. Our findings showed inverse associations with all lifestyle
behaviours for both AD and stroke, aligning with the latter being an established risk factor
for all-cause dementia [42], and the recognized coincidence of cerebrovascular disease and
AD [43]. Alternatively, the similarities may be due to the classification of AD in cases of
vascular dementia.

The associations between MS and lifestyle factors were different from other neurolog-
ical disorders. This may be due to differences in demographic characteristics, cause, or
symptoms among these disorders, or under-representation of people with MS in the cohort
given SSQ responders comprised lower proportions of participants aged 18–39 years, the
age range in which MS is usually diagnosed. MND was not associated with most lifestyle
factors except physical activity and smoking.

Limitations are acknowledged and include SSQ responders representing only 36% of
participants interviewed over 11 years, to contribute to a market research survey. Responder
and non-responder characteristics were mostly similar, albeit responders comprising lower
proportions of participants aged 18–39 years. Other limitations include measurement
errors inherent with self-reported data, potential under-reporting due to the methodology
of data collection, incomplete data, unverified clinical diagnosis, temporality of lifestyle
behaviours before and after diagnosis and the co-occurrence of conditions which were
excluded for clarity of signal. Despite the limitations, our study has important strengths,
primarily extensive data variables from a large community-dwelling population that enable
the comparison of numerous characteristics, including a range of lifestyle behaviours and
food and beverage consumption, across neurological disorders, which may help direct
future research in this area.

5. Conclusions and Implementation

The study identified some overlapping associations in lifestyle behaviours and food
and beverage consumption in a large community-dwelling population with one of five
self-reported neurological disorders. These analyses should be extended to include a
comprehensive assessment of the impact of lifestyle behaviours on health outcomes in
people with a neurological disorder, to better understand the overlapping role of lifestyle
in risk minimisation and disease management.

Cross-sectional studies cannot assess the temporality between modifiable behav-iours
and neurological disorders; however, they are important in exploring dis-ease-related char-
acteristics that may inform the planning and allocation of health and research resources.
Understanding overlapping relationships across similar disorders may facilitate appropri-
ate and targeted risk reduction and improved self-management through non-invasive and
cost-effective methods. Current relationships between life-style factors and neurological
disorders need to be further assessed in longitudinal studies to allow the development of
effective health interventions in this area.
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Abstract: Introduction: Parkinson’s disease is a heterogeneous clinical syndrome. Parkinson’s
disease in older persons presents with a diverse array of clinical manifestations leading to unique
care needs. This raises the need for the healthcare community to proactively address the care needs of
older persons with Parkinson’s disease. Though it is tempting to categorise different phenotypes of
Parkinson’s disease, a strong evidence based for the same is lacking. There is considerable literature
describing the varying clinical manifestations in old age. This article aims to review the literature
looking for strategies in personalising the management of an older person with Parkinson’s disease.

Keywords: Parkinson’s disease; non-motor symptoms; carer stress; older persons with Parkinson’s
disease; education

1. Article Highlight

Education, empowerment, and enablement of a person with Parkinson’s disease (and
carers) is the fundamental cornerstone on which personalised medicine for Parkinson’s
disease should be based. This article describes a multidisciplinary Parkinson’s disease edu-
cation program, which received wide acceptance from the Parkinson’s Disease community.

2. Introduction

Parkinson’s disease (PD) has historically been considered a motor disorder with
cardinal signs of bradykinesia, tremor, rigidity, and postural instability. However, over
the last two decades or so, there has been increased recognition of the importance of
non-motor symptoms (NMS), including their typical occurrence prior to the onset of
the motor presentation [1]. Current understanding now highlights PD as a multisystem
heterogeneous disorder [1,2]. Different patterns of motor and NMS lead to the potential for
re-categorisation of PD as a syndrome, or syndromes, rather than a singular disease [1,2].

The mainstay of PD management is dopamine replacement therapy (DRT), such as
levodopa, which has been shown to improve PD motor symptoms, function, and quality of
life [2]. There is evidence that certain types of NMS may be responsive to dopaminergic
therapy whilst others can be more refractory. However, there is increasing recognition
that the significant variability of NMS and motor symptoms are likely to require a more
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nuanced approach to address the overall clinical picture rather than the more traditional
“one size fits all” approach [2,3].

This is particularly so in older persons with PD where NMS are common, more
severe, and cause substantial impairments in quality of life [3]. Furthermore, management
of older persons with PD presents a unique challenge when considering comorbidity,
medication, and carer burden. Consequently, there has been emerging interest in advancing
the personalisation of PD management for older persons, tailored to the specific needs
of the individual [2,4]. In this paper, we present a summary of the literature and discuss
the advances made in personalised management in the older adult for the treatment of
PD. We will describe a novel model of personalised medicine for older adults with PD
that has been very popular in the PD patient community in regional New South Wales
(NSW), Australia.

3. What Is Known about the Subtypes of Parkinson’s Disease?

A vast array of literature highlights that PD presents with a range of different signs
and symptoms between individuals. Distinct PD motor subtypes have been described—
such as a tremor-dominant subtype (with a slower rate of progression) and a postural
instability gait disorder (PIGD) subtype (with a more rapid rate of progression and higher
risk of developing dementia).

NMS, such as rapid-eye movement behavioural disorder, cognitive impairment, mood
changes, apathy, and fatigue, vary in frequency and severity between persons with PD [1].
Historically, NMS have been poorly recognised and reported leading to inadequate research
into their pathophysiology [3]. A clinical tool designed to assess NMS more objectively
was only first introduced in 2005 [3].

Some researchers have hypothesised that separate NMS predominant phenotype exists
with non-motor PD subtype clusters, such as cardiovascular, mood changes, perception or
hallucination, gastrointestinal, urinary, and sexual function [5,6].

However, despite the advances in our understanding of NMS and the usefulness of
subtype classification, this may be premature as considerable overlap is seen. There exists
contradictory literature regarding the types of NMS experienced by persons within each
subtype. Erro et al. [7] demonstrated that patients within the NMS subtypes were more
likely to suffer from urinary incontinence, while motor disease subtype resulted more
often in neuropsychiatric and cognitive impairment [7]. However, research elsewhere
has demonstrated that the NMS subtype predisposes to significant mood and cognitive
impairment, while tremor-dominant disease has a relative sparing of NMS [8,9]. One paper
noted that cognitive disturbance helped to distinguish NMS from motor disease later in
disease, despite nonspecific features of autonomic disturbance featuring more commonly in
NMS [7]. These discrepancies may be in part due to the lack of a standardised classification
system of PD subtypes and further reflect its heterogeneity.

4. How Is Parkinson’s Disease Different in the Older Person?

Clinical phenotype and progression of PD in older persons is different when compared
with their younger disease counterparts with increased severity of motor symptoms and
a faster rate of decline despite comparable duration of disease [10]. They demonstrate
greater severity of NMS such as pain, sleep, cognition, and apathy [10]. In one paper,
where persons with PD were characterised into different clusters according to age of onset,
the patients in the older subtype had a faster rate of disease progression and were found
to experience greater axial instability, bradykinesia, rigidity, and tremor as compared
with their younger counterparts, who experienced milder impairment in both motor and
cognitive domains [11].

Older persons with PD have increased risk of cognitive impairment, autonomic
dysfunction, and visual hallucinations, when compared with their younger disease coun-
terparts [10]. Often, there is greater caregiver burden due to increased NMS burden and
problems with adherence with treatment [10,12]. Since PD-associated cognitive impairment
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increases with chronological age, older persons are at increased risk of PD dementia [9,10].
They are also more likely to develop hallucinations and deterioration in sleep quality
secondary to dopaminergic therapies [10]. Therefore, cognitive impairment should be
assessed prior to dopaminergic medication prescription for older persons with PD. Deep
brain stimulation surgery is generally not recommended in adults over 70 years old due to
the risk of surgical complications and potential cognitive side effects [2].

5. Personalised Medicine for the Older Person with Parkinson’s Disease

Management of the older PD patient presents unique challenges with distinct differ-
ences in clinical phenotype, progression, and treatment considerations. Optimisation of
personalised management within the population of older persons with PD must ensure
adequate education, enablement, and empowerment of patients and caregivers, respec-
tively [10,12].

Bloem et al. [12] propose that the modern definition of health has moved from referring
to complete absence of illness or accompanying social difficulties, to having the skills
required to adjust and take control of one’s own condition [12]. Therefore, it is imperative
that within a model of patient-centred care, the person with PD (and carers) are given
the necessary education regarding their condition and management, so that they can
self-manage, and refer to professional advice when required [12].

Educated patients often experience less anxiety associated with their condition [12].
Patients that feel they have greater individual control over their own management, and
higher understanding associated with their condition, report increased hope and reduced
worry surrounding their illness [13]. This may be especially important in older persons
with PD where disease severity, NMS, cognitive impairment, and dopaminergic side effects
may adversely affect response to usual pharmacological treatment. Education should
extend beyond knowledge of the pathology of the disease, and address the expected
lifestyle barriers the patient will experience, as well as how to overcome these [12].

5.1. Parkinson’s Disease Multidisciplinary Education Program

Education, enablement, and empowerment of an older person with PD (and their
carer) is the fundamental concept behind the Parkinson’s Disease Programme, which
has been operating at the Rankin Park Centre Day Hospital, John Hunter Hospital, in
Newcastle, NSW, Australia over the last two decades (Figure 1).

Ten persons with PD and their main carer are invited to attend an 8-week long PD
education program offered by the multidisciplinary team based at the Rankin Park Centre
Day Hospital in Newcastle, NSW. During weekly sessions, persons with PD and their
carers are provided with information and education sessions, group exercise programs,
falls prevention strategies, and a comprehensive geriatric assessment is undertaken by
a geriatrician. The goal is to provide improved awareness of the diversity of symptoms,
better understanding of the NMS burden, and most importantly enabling the person and
carer with optimal non-pharmacological strategies to manage. The major issues addressed
amongst the patient cohort include falls, anxiety, depression, and dementia-related issues
such as hallucinations and carer stress. This intervention has proved widely acceptable
and immensely popular amongst the PD community in the local region. Its success firmly
emphasizes the need for similar interventions addressing the individualistic needs of older
persons with PD.
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5.2. Comprehensive Geriatric Assessment in the Home

Geriatrician home visit to perform comprehensive geriatric assessment in community-
dwelling older persons has been long established in geriatric medicine as a widely accepted
and cost-effective means of assessment of the geriatric syndromes. Its benefits on survival
and functional outcomes have been demonstrated in the acutely unwell, though evidence is
more variable for the community setting. The comprehensive geriatric assessment at home
provides a valuable opportunity for first hand assessment of the interaction between the
medical and the psychosocial profile of an older person. The carer will feel involved and
empowered in delivering the care plans arranged while the service is delivered closer to the
person’s home. This model has also been utilised at John Hunter Hospital, in Newcastle,
NSW, Australia for older persons with PD, with its underlying philosophy demonstrating
great potential for extrapolation to a PD service model in the future.

Consideration of additional comorbidities is essential for both the assessment and
management of the older person with PD. Firstly, older persons may present with symp-
toms that mimic the motor and NMS of PD, but are actually secondary to co-existing
conditions. For example, slowed walking due to pain or reduced range of arthritic joint
movement, or pain, may mimic a bradykinetic gait [10]. Underlying systemic disease can
cause fatigue and contribute to autonomic disturbance [10]. Patients with concurrent pro-
static enlargement may also complain of urinary retention and/or incontinence [10]. It is
essential to recognise these underlying co-existing conditions as many can be alternatively
managed, with subsequent impact on improving quality of life [14].

Older persons with PD tend to have a greater number of medications [9]. This
polypharmacy poses risks for adverse events, drug-drug interactions, iatrogenic errors,
and medication non-adherence, the latter compounded by cognitive impairment. A US
study demonstrated that people with PD with poor adherence to treatment were more
likely to be hospitalised and require additional care visits at home, compared with those
that were adherent [15]. Conversing with the patient to accurately explore any specific
barriers to adherence, and using dosette boxes and other aids, may help improve adherence
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to medication regimens [10]. Patients with a recurrent history of non-adherence may also
benefit from pharmacological intervention that is only required once daily, or less [2].

Increased incidence of osteoporosis and higher risk of falls means that older persons
with PD are at increased risk of injuries and fractures that significantly hinder daily ac-
tivities of living [12,16]. Therefore, preventative management against osteoporosis and
the loss of bone mass must be emphasised, including with advice on calcium intake, effec-
tive vitamin D supplementation, and prompt bisphosphonate therapy when indicated [2].
However, to further enhance patient empowerment, measures must be taken to improve
the safety of the patient’s daily settings as well. This can be done via use of safety mea-
sures within the home, such as handrails and mobility aids, to minimise fall risk [12].
Physiotherapy and careful analysis of the side-effect profile of any coexisting medications
are also required to both reduce the risk or extent of osteoporosis, as well as to improve
mobility and functionality [12]. Additionally, remote monitoring using sensors and online
diaries can be useful in allowing for timely detection of medical problems [12]. Modern
technology, such as electronic device typing, also allows clinicians access to information
regarding near-falls, so that adaptations can be made to management, before a serious
accident occurs [12,17].

5.3. Establishing an Individualised Management Plan for Older Persons with PD
through Questionnaire

The challenge of designing a tailor-made treatment regime for an older person will
start with identifying and prioritising the key NMS for that individual. This is because,
unlike for the motor symptoms, there are no well-established and efficacious treatments
for the majority of NMS, including dementia.

One method proposed to help empower patients is through use of patient question-
naires [12]. This enables them to report subjective outcomes of treatment measures to their
clinician and streamline the shared decision-making process [12]. Patients and clinicians
can more clearly see which interventions are beneficial and which may further contribute
to patient issues. This is a vital measure for the future, as recent research demonstrated that
persons with PD often feel that they are not adequately included in their own management
process [12], which can create a barrier to trust in the patient–physician relationship, as
well as failing to sufficiently empower the patient. This empowerment must also extend
to carers as well, who are immediately involved and whose well-being can have direct
impact on the outcomes for older people with PD. Caring for a person with PD can be
emotionally and physically difficult, and the burden placed on carers must be addressed,
to avoid increased risk of stress, social withdrawal, and mortality associated with the
role [12]. These risks increase the likelihood that older persons with PD, who may be
unable to independently care for themselves, are admitted to hospital [12]. In 2008, a
unified Non-Motor Symptoms Scale (NMSS) addressed the need for simple identification
and comprehensive assessment of NMS in persons with PD based on the NMSQ (Non-
motor symptoms questionnaire) [18]. The introduction of NMSQ and NMSS were two
fundamental steps in the journey towards proactively addressing the needs of an older
person with PD. A deeper understanding of the methodology behind these two tools will
be the first steps in designing an individualised, person-specific treatment plan for an older
person with PD (Figure 2).
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6. Conclusions

The heterogeneity of PD is becoming more widely acknowledged. In the future, it is
likely that PD will be considered a clinical syndrome, or syndromes, rather than a single
disease. This has widespread implications, enabling greater patient awareness around
their own condition, and ensuring that symptoms normally attributed to PD are more
carefully investigated, in order to ensure that misdiagnosis does not occur. The patient
experience of PD is highly variable meaning that generalised treatment approaches fail to
address individual patient needs and symptoms. Greater strides need to be taken in clinical
practice to maximise education, empowerment, and enablement of PD patients, and to
streamline the movement to an era of shared decision-making [12]. Older persons with PD
require additional nuances to management approach and these need to be addressed in a
timely and proactive manner. This paper aimed to outline several measures that healthcare
professionals can take in order to make management as personalised to the older PD patient
as possible.

The entire concept of personalised medicine as a template for designing custom made
treatment regimens for individual medical conditions is an exciting but at the same time a
very early step in medicine.

While it would be the most satisfying step both for the physician and patient alike
in the realm of PD, more evidence-based medicine needs to be generated before we can
safely design a treatment regime targeting the individual needs of an older person with PD.
While it is tempting to generalise the generic principles of managing an older person with
a chronic medical condition with emphasis on reducing the polypharmacy and respecting
underlying frailty that one expects from an older person with multiple comorbidities, it
may not be a rational scientific approach to adopt that approach (Table 1).
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Table 1. Take home messages.

Older persons with PD have different care needs compared to a younger person with PD.

We do not have enough evidence-based medicine to identify what those specific care needs are;
there is a big scope for future studies in this clinical domain.

There is an increasing amount of evidence advocating the need for monotherapy with L-Dopa in
the very frail elderly cohort of people with PD. Whether this is the best approach, we need
more studies.

Cognitive impairment plays an important role in deciding which medication should be
prescribed in an older person with PD.

The need of the hour is an evidence-based objective approach to answer the question;
do we have enough evidence to suggest safe individualised medication regimes to address
the medical needs of the older person cohort suffering from Parkinson’s disease?

We do hope that our collective thoughts will be the beginning of an evidence-based
answer to that question.
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Abstract: The neuroanatomical and molecular substrates for cognitive impairment in Parkinson
Disease (PD) are far from clear. Evidence suggests a non-dopaminergic basis, and a crucial role for
cerebellum in cognitive control in PD. We investigated whether a PD cognitive marker (response in-
hibition) was differently controlled by g-amino butyric acid (GABA) and/or by glutamate-glutamine
(Glx) levels in the cerebellum of idiopathic PD patients, and healthy comparators (HC). Magnetic res-
onance spectroscopy of GABA/Glx (MEGA-PRESS acquisition sequence) was performed at 3 Tesla,
and response inhibition assessed by the Stroop Word-Color Test (SWCT) and the Wisconsin Card
Sorting Test (WCST). Linear correlations between cerebellar GABA/Glx levels, SWCT time/error
interference effects and WCST perseverative errors were performed to test differences between
correlation coefficients in PD and HC. Results showed that higher levels of mean cerebellar GABA
were associated to SWCT increased time and error interference effects in PD, and the contrary in
HC. Such effect dissociated by hemisphere, while correlation coefficients differences were significant
in both right and left cerebellum. We conclude that MRS measured levels of cerebellar GABA are
related in PD patients with decreased efficiency in filtering task-irrelevant information. This is crucial
for developing pharmacological treatments for PD to potentially preserve cognitive functioning.

Keywords: Parkinson’s Disease; cognition; GABAergic signaling; cerebellum; MRS; response inhibition

1. Introduction

Converging evidence indicates that alterations in neurotransmitters beyond the
dopamine system are present in Parkinson’s Disease (PD), and may disturb fronto-striatal
related cognition [1]. Cognitive dysfunction is a well-known precocious non-motor man-
ifestation of PD, and is indicative of risk of developing the disorder in subjects with
predictive markers of the illness [2]. Particularly, loss of response inhibition, i.e., the ability
to suppress a prepotent behavioral response, is a sensitive measure for diagnosis and
progression of PD [3], linked to broader clinical deficits and predictive of later demen-
tia. However, the neuroanatomical and molecular substrates for cognitive impairment
in PD are far from clear. Rather than to frank neurodegeneration, cognitive dysfunctions
in PD may also be attributable to dysregulation of non-dopaminergic neurotransmitter
systems implicated in the disorder, the g-amino butyric acid (GABA) and glutamate (gluta-
mate/glutamine complex: Glx) systems [1,4]. Concurrently, the role of the cerebellum in
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the pathophysiology of PD has been reconsidered [5], since it participates in compensatory
mechanisms to delay symptom onset and to preserve optimal level of performance [6].

Based on the strong cerebellar-cortical interactions during information processing [7],
we hypothesized that the cerebellum contributes to response inhibition performance.
Therefore, we noninvasively probed, using magnetic resonance spectroscopy (MRS), the re-
lationship between cerebellar GABA/Glx levels and response inhibition performance in a
cohort of patients diagnosed with PD and in healthy comparators (HC). We predicted that
cerebellar GABAergic signaling would be related in PD to response inhibition measures [1]
and that changes in extracellular cerebellar GABA would explain variations in cognitive
control efficiency.

2. Materials and Methods
2.1. Participants

In the present case-control correlational study, 25 consecutive subjects diagnosed with
PD according to the UK Parkinson’s Disease Society Brain Bank diagnostic criteria [8] in
the early stages (modified Hoehn and Yahr scale [9] ≤2) were initially selected for possible
inclusion. All subjects were enrolled at the Movement Disorder Outpatient Services of our
Institutions (IRCCS Santa Lucia Foundation; Department of Neuroscience, Mental Health
and Sensory Organs, University “Sapienza”, Sant’Andrea Hospital) between January 2016
and January 2017. All patients were regularly followed-up in our outpatient clinics and
recruited during scheduled visits. Clinical diagnosis of PD was confirmed along a follow-up
period of 36-months from symptom onset.

Since there are no published data on the relationship between cerebellar GABA and
Glx (Glutamate/Glutamine complex) levels and response inhibition abilities, either in PD
or in HC, to determine a sufficient sample size for a two tailed z test on the difference
between two independent correlations, a power analysis was conducted using an alpha
of 0.05, a power of 0.80, and a very large effect size (Cohen’s q = 1) in order to detect only
effects that would have clinical significance. Based on the aforementioned assumptions,
the minimum number of necessary samples to meet the desired statistical constraints is
16 per group.

Dopamine replacement therapy dosages were calculated as daily levodopa equivalents.
The following conversion table was applied: 100 mg levodopa = 1 mg pramipexole = 5 mg
ropinirole = 5 mg rotigotine [10]. The levodopa equivalent dose of a drug is that which
produces the same level of symptomatic control as 100 mg of immediate release L-dopa
(taken with carbidopa) and expressed as the amount of levodopa that has a similar effect as
the drug taken. The total daily levodopa equivalent dose (mg/day, see Table 1), obtained by
adding together the levodopa equivalent dose for each antiparkinsonian drug, provides a
summary of the total daily antiparkinsonian medication a patient is receiving. Out of the
original group of patients confidently diagnosed with PD, 5 were excluded because were
not able to complete the entire magnetic resonance exam, or because of the presence of
artefacts or brain abnormalities (see exclusion criteria below). The remaining 20 patients
included were age- and gender matched to 20 HC recruited through local advertisement in
the same geographical area. HC and PD were screened for a current or lifetime history of
DSM-5 mental and personality disorders using the SCID-5 -RV [11] and SCID-5-PD [12].
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Table 1. Sociodemographic, clinical, psychopathological-cognitive characteristics, cerebellar GABA, Glx levels and excita-
tion/inhibition balance in the studied samples.

Characteristics (Standard Deviation) HC (n = 20) PD (n = 20) t or χ2 d.f. p

Age (years/sd) 54.25 (16.62) 58.55 (9.6) 1.09 38 0.27
Males n (%) 12 (60) 10 (50) 0.4 1 0.52

Educational level (years/sd) 14.00 (3.21) 12.65 (3.97) −1.18 38 0.24
Age at onset (years/sd) - 55.4 (9.59) - - -

Duration of illness (years/sd) - 3.51 (1.78) - - -
H&Y score - 1.47 (0.47) - - -

UPDRS-III score (sd) - 12.30 (6.01) - - -
Levodopa equivalents (mg/day-sd) - 335.0 (260.99) - - -

Combined dopamine agonists/levodopa treatment n (%) - 7 (35) - - -
Dopamine agonists monotherapy n (%) - 6 (30) - - -

Levodopa monotherapy n (%) - 3 (15) - - -
non medicated - 4 (20) - - -

Apathy diagnosis n (%) - 1 (5) - - -
AS tot. (score/sd) - 8.75 (5.38) - - -

AS motivation - 0.60 (0.68) - - -
AS interest - 1.65 (1.66) - - -
AS effort - 0.45 (0.75) - - -

AS indifference - 0.65 (1.22) - - -
HARS tot.
(score/sd) - 7.25 (4.54) - - -

BDI tot.
(score/sd) - 9.10 (6.62) - - -

BDI psychic - 5.45 (4.51) - - -
BDI somatic - 3.65 (2.34) - - -

PPRS tot.
(score/sd) - 6.55 (0.82) - - -

PPRS hallucinations - 1.10 (0.30) - - -
PPRS illusions - 1.05 (0.22) - - -

PPRS paranoid ideation - 1.0 (0.0) - - -
PPRS sleep disturbance - 1.30 (0.57) - - -

PPRS confusion - 1.0 (0.0) - - -
PPRS sexual preoccupation - 1.10 (0.45) - - -

MMSE (raw score/sd) 29.50 (1.0) 28.80 (1.05) 2.15 38 0.04
M-WCST-sf C 5.95 (0.22) 5.95 (0.22) 0.0 38 1.0
M-WCST-sf P 0.15 (0.36) 1.0 (1.77) -2.09 38 0.04

M-WCST-sf NP 0.60 (0.82) 1.0 (0.97) −1.40 38 0.38
SWCT-sv IE-T (sec/sd) 31.40 (9.01) 34.55 (10.66) −1.0 38 0.43

SWCT-sv IE-E 0.20 (0.69) 0.45 (1.05) −0.88 38 0.09
Mean cerebellar GABA

(ppm/sd) 3.48 (0.46) 3.59 (0.61) −0.60 38 0.55

Cerebellar GABA left 3.53 (0.56) 3.55 (0.76) −0.11 38 0.91
Cerebellar GABA right 3.44 (0.54) 3.62 (0.82) −0.82 38 0.41

Mean cerebellar Glx 10.17 (0.99) 10.21 (1.0) −0.12 38 0.90
Cerebellar Glx left 10.29 (1.31) 10.42 (1.16) −0.35 38 0.73

Cerebellar Glx right 10.05 (1.29) 9.99 (1.34) 0.14 38 0.89
Mean cerebellar E/I balance (Glx/GABA) 2.97 (0.48) 2.91 (0.56) 0.31 38 0.75
Cerebellar E/I balance (Glx/GABA) left 2.99 (0.60) 3.04 (0.63) −0.26 38 0.80

Cerebellar E/I balance (Glx/GABA) right 2.99 (0.60) 2.87 (0.70) 0.56 38 0.58

Legend: AS, Apathy Scale; BDI, Beck Depression Inventory; d.f., degree of freedom; E/I excitation/inhibition; GABA, gamma-aminobutyric
acid; Glx, Glutamate/Glutamine complex; HC, healthy controls; H&Y, Hoehn and Yahr scale; HARS, Hamilton Anxiety Rating Scale;
HC, healthy controls; M-WCST-sf, Modified Wisconsin Card Sorting Test short form; M-WCST-sf C achieved categories; M-WCST-sf NP
non-perseverative errors; M-WCST-sf P perseverative errors; MMSE, Minimental State Examination; PD, Parkinson Disease patients;
ppm, parts per million; PPRS, Parkinson’s Psychosis Rating Scale; SWCT-sv IE-E, Stroop Word-Color Test short form error interference
effect; SWCT-sv IE-T, Stroop Word-Color Test short form time interference effect; UPDRS-III scale, Unified Parkinson’s Disease Rating Scale
Part III motor function. Bold values indicate statistically significant differences.
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Inclusion criteria for all subjects were: (1) age between 18 and 65 years, (2) at least
eight years of education, and (3) suitability for MRI scanning. Exclusion criteria were:
(1) known or suspected history of alcoholism, drug dependence or abuse, other neurologi-
cal disorders, (2) personality disorder, any present mental disorder (unipolar depressive
and anxiety disorders of mild to moderate severity were suitable for recruitment) and past
major mental disorders (however, a positive anamnesis for past unipolar mood and/or
anxiety disorders of mild to moderate severity was considered acceptable for inclusion),
according to DSM-5 criteria, (3) major medical illnesses, i.e., diabetes not stabilized, ob-
structive pulmonary disease or asthma, hematological/oncological disorders, B12 or folate
deficiency as evidenced by blood concentrations below the lower normal limit, pernicious
anemia, clinically significant and unstable active gastrointestinal, renal, hepatic, endocrine
or cardiovascular system disease, newly treated hypothyroidism, (4) IQ below the nor-
mal range according to TIB (Test Intelligenza Breve, Italian analog of the National Adult
Reading Test – NART) [13], (5) diagnosis of dementia according to the Movement Disorder
Society clinical diagnostic criteria [14], (6) any potential brain abnormalities and vascular
lesions as apparent on conventional T2- and FLAIR-scans; in particular, the presence, sever-
ity, and location of vascular lesions were rated according to the semi-automated method
described elsewhere [15].

Sociodemographic characteristics, clinical features, and dopamine replacement ther-
apy dosages for the PD group are summarized in Table 1.

2.2. Ethics Statement

The study was approved (by a written statement containing a waiver) and under-
taken in accordance with the guidelines of the Santa Lucia Foundation Ethics Committee.
All participants gave their written informed consent for research after they had received a
complete explanation of the study procedures. Information about the potential publication
of research results was included in the form, and a signed consent to the processing of
personal data obtained from all participants.

2.3. Data Availability Statement

The batch-processing tool for the quantitative analysis of GABA-edited MR spec-
troscopy spectra used in this study is available for immediate download at https://github.
com/richardedden/Gannet3.0/archive/master.zip. Due to a lack of consent of the partici-
pants, structural and chemical MRI data cannot be shared publicly, and can only be made
available upon reasonable request if data privacy can be guaranteed according to the rules
of the European General Data Protection Regulation (EU GDPR). The respective research
group has to sign a data use agreement to follow these rules. This statement is in line with
our institute’s policies and requirements by our funding bodies.

2.4. Neurological and Psychiatric Evaluation

Demographic and neurological features were collected at enrolment by a trained
neurologist (CP or FEP) with expertise on parkinsonism. Disease stage was measured by
the modified Hoehn and Yahr scale [9], and the severity of motor symptoms by the UPDRS-
III scale [16]. Patients diagnosed with PD underwent a detailed neuropsychiatric evaluation.
Apathy was diagnosed according to the adapted Marin’s criteria [17]. Severity of anxiety
symptoms was quantified by the Hamilton Anxiety Rating Scale (HARS) (total score).
Severity of depressive symptoms was investigated by the Beck Depression Inventory (BDI)
(total score, psychic and somatic sub-scores). Apathy severity was quantified by means of
the Apathy Scale (AS) (total score, motivation, interest, effort, indifference/lack of emotion).
The Parkinson’s Psychosis Rating Scale (PPRS) (total, hallucinations, illusions, paranoid
ideation, sleep disturbances, confusion, and sexual preoccupation sub-scores) was used
to assess the severity of psychotic symptoms. Clinical interviews and mental disorder
diagnoses were made by a senior psychiatrist (GS).
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2.5. Cognitive Assessment

After having been screened for global cognitive impairment using the Mini-Mental
State Examination (MMSE), all study subjects underwent the Mental Deterioration Battery
(MDB) [18]. The latter was performed by two trained neuropsychologists (FeP and FaP) and
administered to further exclude, by means of standardized cognitive testing, the presence
of major neurocognitive disorder (i.e., scores lower than the tolerance level in at least two
MBD tests [14]). Acceptable inter-rater reliability was defined as k > 0.80.

Details on methodology for neuropsychological and psychopathologic evaluations
have been published elsewhere [19].

Two traditional set-shifting tests, i.e., the Modified Wisconsin Card Sorting Test short
form (M-WCST-sf) [20], and the short version of the Stroop Word-Color Test (SWCT-sv) [21]
were administered to explore response inhibition abilities. In these tasks subjects are
required to attend to a particular property of a presented visual stimulus, and to select a
feature-specific response. In the M-WCST-sf, participants are asked to sort 48 response
cards to match either color (red, blue, yellow, or green), form (crosses, circles, triangles,
or stars), or number (one, two, three, four) of four stimulus figures. They are expected
to accurately sort every response card according to one of three possible sorting criteria,
through the feedback (right or wrong) given by the examiner. During the task, the sorting
rule changes discreetly from color to form to number of figures, without the participants
being informed. Participants have to shift sets accordingly, and to detect the new valid
rule by a trial and error procedure. Achieved categories (C), perseverative (P) and non-
perseverative (NP) errors were calculated. Set shifting and response inhibition difficulties
are indicated by perseverative errors; thus, higher scores represent worse performance.
The SWCT-sv comprises three subtests: “word reading” (W), “color naming” (C) and
“word-color interference” (I). In the latter, the different stimulus properties interfere with
each other since written colored words serve as stimulus displays and participants are
instructed to switch between the response rules “color naming” and “word reading.”
The valid response rule is indicated by an explicit task cue. Response inhibition abilities
were evaluated by computing a time interference effect (based on execution time) and
an error interference effect (based on number of errors) [21]. Neuropsychological and
neuropsychiatric scores are shown in Table 1. Neuropsychological data were collected
within 2 days from MRI scanning.

2.6. MRS Acquisition and Processing

Magnetic resonance scanning was conducted on a Philips 3.0 T Achieva system with
a 32 channel receiving only head coil (Philips Medical Systems, Best, The Netherlands).
Head position was fixed with foam padding to minimize movements.

T1-weighted structural magnetic resonance images were acquired for spectroscopic
voxel placement (TR = 300–500 ms, TE = 5.3 msec, matrix = 256 × 228, FOV = 230 × 233,
slice thickness = 0.9 mm, flip angle = 8◦). T2 and FLAIR sequences were acquired to
clinically screen for possible brain pathology. GABA and Glx measurements in the left and
right cerebellar hemispheres were obtained using the MEGA-PRESS acquisition sequence
(TR = 2.0 s; TE = 68ms; 14 ms editing pulse applied at 1.9 ppm and 7.5 ppm, 256 averages,
voxel size 3 × 3 × 3 cm3), an efficient and reliable sequence for detecting brain level of
endogenous GABA [22] and other brain metabolites. Voxel size was sufficient to include
each cerebellar hemisphere; all voxels were positioned in the subjects’ native space to
minimize the signal coming from cerebrovascular fluid (CSF) and skull. Figure 1 shows the
location of voxel in the right cerebellum, a typical GABA, Glx MEGA-PRESS spectrum and
the fitted GABA, Glx peaks.
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Figure 1. Cerebellar GABA and Glx spectra. Legend: (A) Voxel placement in the right hemi-
sphere; (B) acquired Magnetic Resonance Spectroscopy (MRS) spectra with gamma-aminobutyric
acid (GABA) and Glutamate/Glutamine complex (Glx) peaks in red, and (C) zoom on GABA and
Glx peaks: acquired data are in blue, fit in red and residual in black.

Quantification was performed using the Gannet 3.0 toolkit (Baltimore, MD, USA),
a Matlab-based quantitative batch analysis tool specifically developed for GABA MEGA-
PRESS spectra [23]. Gannet contains five modules: GannetLoad, GannetFit, GannetCoReg-
ister, GannetSegment and GannetQuantify. The GannetLoad module is used to parse
certain variables from the data headers, apply a line broadening of 3 Hz, and frequency
and phase correct the individual spectra using Spectral Registration. GannetFit uses a
single-Gaussian model to fit the edited GABA and Glx signals and evaluates both metabo-
lites relative to creatine (Cr). GannetCoRegister takes location and orientation information
from the headers of MRI and image data, and generates a binary mask representing the
voxel location in the matrix of the image. GannetSegment calls an SPM segmentation of the
T1-weighted anatomical image and reports the tissue fractions of the voxel mask generated
by GannetCoRegister. GannetQuantify combines modelled peak areas from GannetFit
and voxel tissue fractions from GannetSegment with preset values for GABA and Glx
and water relaxation and visibility, to deliver concentration values. In order to address
differences in GABA and Glx levels of the different tissue compartments that make up the
MRS voxel, metabolites concentration was quantified relative to the unsuppressed water
signal, corrected for voxel tissue composition (voxel fractions of white, grey matter and
cerebrospinal fluid, i.e., alpha-correction).

2.7. Statistical Analysis

PD and HC were first compared in terms of sociodemographic characteristics (age,
education level and gender), and cerebellar GABA, Glx (total glutamate+glutamine, as a
measure of excitatory function) levels, and Glx/GABA ratios (computed as left, right and
mean (left+right/2) cerebellar Glx levels divided by GABA levels to assess the excita-
tion/inhibition balance in the voxel) using chi-square and unpaired t-tests. Paired t-tests
were used to compare cerebellar GABA, Glx levels and Glx/GABA ratios between hemi-
spheres within diagnostic groups. In PD, linear correlations (significance was tested by
Fisher’s r to z transformation) between left, right and mean (left+right/2) GABA, Glx levels
and Glx/GABA ratios and dopamine replacement therapy dosages (expressed as daily
levodopa equivalents) were computed to verify potential medication effects on GABA
and Glx signals measured by MRS [4]. Equally, given the intertwined relationship be-
tween dopaminergic replacement therapy and psychiatric symptoms phenomenology in
PD, and considering psychosis as a possible medication side effect [24], the correlations
between daily levodopa equivalents and AS, HARS, BDI, and PPRS total scores were eval-
uated. The same psychiatric measures were correlated to M-WCST-sf (perseverative errors,
M-WCST-sf P) and SWC-sv (interference effect-time, SWC-sv IE-T, interference effect-errors,
SWC-sv IE-E) performance in order to explore the pattern of potential interactions between
psychopathology and response inhibition abilities. Whenever significant, correlating fac-
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tors were used as covariates in partial correlation analyses in order to confirm the strength
and direction of the linear relationship between the two random variables, with the effect
of a controlling random variable removed.

Linear correlations between cerebellar GABA, Glx levels, Glx/GABA ratios and re-
sponse inhibition performance, separately for PD and HC, were performed for the M-
WCST-sf P, the SWC-sv IE-T and the SWC-sv IE-E. To provide a direct test of a model
assuming a different relationship in PD and HC between cerebellar GABA, Glx levels,
Glx/GABA ratios and response inhibition performance, the significance of a potential dif-
ference between correlation coefficients in the two groups was tested. This was calculated
as follows:

Z observed = (z1 − z2)÷ (
√
[(1÷N1 − 3) + (1÷N2 − 3)]

where z1 and z2 are the Fisher’s transformed values of the two correlations and N1, N2
the respective sample size. Significance of the z test was set at p < 0.01 (two tailed) after
correction for multiple comparisons (0.05/3 response inhibition scores).

3. Results
3.1. Sociodemographic, Neuropsychiatric and Cognitive Features

The two diagnostic groups did not differ for age, gender, and educational attainment.
Within the PD patients’ cohort, one patient (5%) met diagnostic criteria for apathy [17].
As for mood disorders, two patients (10%) met the DSM 5 criteria for major depressive
disorder, while 30% (n = 6) was diagnosed with a depressive disorder not otherwise
specified. Severity of anxiety and depressive symptoms is reported in Table 1. No PD
patient met DSM 5 criteria for psychosis (see Table 1 for PPRS total and sub-scores).
Although PD patients significantly differed from HC respect to MMSE total score, no study
subject met a formal diagnosis of major neurocognitive disorder [14]. The two groups
significantly differed respect to number of perseverative errors in the M-WCST-sf, with a
borderline significant trend for the SWC-sv error interference effect (see Table 1).

A significant negative correlation in the patients’ group was observed between HARS
total score and daily levodopa equivalents (see Table 2). No other significant correlation
was observable in PD patients between any neuropsychiatric tests scores and response
inhibition abilities as indexed by the M-WCST-sf P, the SWC-sv IE-T and the SWC-sv
IE-E scores.

Table 2. Correlations in Parkinson’s Disease patients, between neuropsychiatric tests scores, dopamine
replacement therapy and response inhibition tests scores.

Levodopa eq.
r to z (p level)

M-WCST-sf P
r to z (p level)

SWCT-sv IE-T
r to z (p level)

SWCT-sv IE-E
r to z (p level)

AS tot −0.06 (0.81) 0.14 (0.55) 0.10 (0.68) 0.16 (0.50)
HARS tot −0.52 (0.02) −0.11 (0.64) −0.16 (0.49) 0.06 (0.79)

BDI tot −0.13 (0.58) 0.03 (0.90) −0.04 (0.85) −0.11(0.64)
PPRS tot 0.37 (0.10) 0.04 (0.88) −0.06 (0.80) 0.25 (0.30)

Legend: AS, Apathy Scale; BDI, Beck Depression Inventory; HARS, Hamilton Anxiety Rating Scale;
M-WCST-sf, P Modified Wisconsin Card Sorting Test short form perseverative errors; PPRS, Parkin-
son’s Psychosis Rating Scale; r to z, Fisher’s r to z transformation; SWCT-sv IE-E, Stroop Word-Color
Test short form, error interference effect; SWCT-sv IE-T, Stroop Word-Color Test short form, time in-
terference effect. Daily levodopa equivalent doses are expressed as mg/day. Bold values indicate
statistically significant differences.

3.2. Cerebellar GABA, Glx Levels and Excitation/Inhibition Balance

The cerebellar metabolite levels and their excitation/inhibition balance did not differ
between PD and HC (sees Table 1). Concentrations of GABA, Glx and excitation/inhibition
balance did not differ between right and left cerebellar hemispheres in either diagnostic group.
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In PD, mean cerebellar Glx concentration was correlated with daily levodopa dosages,
with a tendency toward significance for the correlation between the latter and Glx level
in the right cerebellar hemisphere (see Table 3). No other significant correlation between
daily levodopa dosages and cerebellar metabolite concentrations was observed.

In HC, mean cerebellar GABA level positively correlated with the SWCT-sv IE-T
score (see Table 3 and Figure 2). In PD, a positive correlation was observed between mean
GABA level and the SWCT-sv IE-E score. Focusing on hemispheres, a positive significant
correlation was detected between left cerebellar GABA level and the SWCT-sv IE-E score in
the PD cohort, while right cerebellar GABA level negatively correlated with the SWCT-sv
IE-T score in HC, and positively in PD (see Table 3 and Figure 2).

Figure 2. Bivariate scattergrams of the differential relationship in experimental groups between
cerebellar gamma-aminobutyric acid (GABA) and cognitive interference. Legend: (A) right and (B)
left and right mean values of GABA cerebellar concentration and response inhibition performance
in patients diagnosed with Parkinson Disease (PD) and Healthy Comparators (HC), as measured
through the time (in seconds) Interference Effect of the Stroop Word-Color Test short version (SWCT
sv IE-Time). ppm: parts per million.

No significant correlations were observed between mean, left and right Glx levels and
neuropsychological measures indexing response inhibition abilities. However, given the
significant correlation between daily levodopa dosage and mean cerebellar Glx level,
and in an attempt to correct for this effect, partial correlations were calculated between the
latter and WSCT-sf P, SWCT-sv IE-T and SWCT-sv IE-E scores in PD. Again, no significant
correlation emerged when the effect of dopamine replacement treatment was removed,
apart from a tendency toward significance for the relationship between the WSCT-sf P score
and mean cerebellar Glx levels (r = 0.40; p = 0.08). A positive significant correlation was
observed in HC between the SWCT-sv IE-T score and the excitation/inhibition balance
in the right cerebellar hemisphere. No other significant correlation was present in both
groups between the measured cerebellar metabolites, the excitation/inhibition balance
within the cerebellar voxel and scores indexing response inhibition abilities.

3.3. Comparisons between PD and HC Correlation Coefficients

After FDR correction for multiple comparisons, the difference between HC and PD
correlation coefficients was significant for the interdependence between mean cerebellar
GABA level and the SWCT-sv IE-T and IE-E scores (negative in HC and positive in PD)
and between the SWCT-sv IE-E score and left cerebellar GABA levels (negative in HC and
positive in PD). A significant difference in correlation coefficients was also observed for the
relationship between right GABA levels and the SWCT-sv IE-T score (negative in HC and
positive in PD) (see Table 3).
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4. Discussion

Here the role of cerebellar tonic inhibition in cognitive functioning was investigated
under a pathological clinical condition and compared to what observed under normal
physiological condition. Specifically, the correlation between GABA and Glx cerebellar
levels (as measured by MRS) [25] and proper response inhibition (as typically assessed
through time and error interference effects in the Stroop test) [20] was tested in a cohort of
non-demented patients with PD and in HC. We found that while in PD patients increased
GABAergic tonic inhibition in the cerebellum was associated with decreased efficiency in
filtering task-irrelevant information, the reverse correlation was observable in HC.

Such results crucially demonstrate, in the first place, that the GABAergic neurochem-
ical profile in the cerebellum is linked to response inhibition in both HC and patients
diagnosed with PD. Since response inhibition is one of the most sensitive measures for
characterizing the cognitive phenotype in PD [3], our results critically confirm the non-
dopaminergic basis of this key cognitive deficit [26]. This extends to PD patients previ-
ous findings demonstrating that aberrant GABAergic inhibitory regulation of prefronto-
cerebellar circuits underlies impairments in executive control [27].

Our results also substantiate that the cerebellum is a critical node in the distributed
neural circuits subserving cognition [7] in PD also [28], and that this region should be
increasingly recognized as being involved in the pathophysiology of the disorder [5].
They finally suggest that MR spectroscopic assessment of cerebellar GABA in PD may be
a potential biomarker [29] in those patients showing changed performance in executive
functioning tests [30].

Although the role of persistent cerebellar GABAergic inhibition in shaping brain
function has been intensively studied, evidence is limited to animal studies and the motor
and learning domains. Mediated through an activation of extrasynaptic GABAA receptors
by the tonically released GABA, tonic inhibition exerts a powerful action in cognitive
functions by controlling neuronal excitability. Since it enforces a dynamic control of motor
coordination [31] regulating the rate, rhythm and accuracy of movements, so it may also
regulate the speed, capacity and appropriateness of mental and cognitive processes.

Indeed, the cerebellum is thought to mediate cortical information processing via
closed cortico-cerebellar loops [32]. The unique connections to different areas of the cortex
suggest that it may be involved in the executive control processes performed by the
lateral prefrontal cortex (PFC) [33]. While the PFC sends signals to posterior portions of
the brain to bias relevant over irrelevant information, cerebellar GABA-dependent tonic
inhibition regulates sensory information transmission across the cerebellar cortex [34].
Thus, this mechanism may participate to the PFC-based enhancement of task-relevant
information processing [35]. The here reported correlation between cerebellar GABA levels
and response inhibition both in PD patients and HC, strongly supports this hypothesis
suggesting that a balance of neurotransmitter activity in the cerebellum [34] regulates
the gating of sensory information in the PFC. The observed hemispheric dissociation
further supports this assumption. Indeed, GABA-dependent inhibition in the left cerebellar
hemisphere correlated with the error interference effect in PD. Concurrently, tonic inhibition
in the right cerebellar hemisphere was related to the time interference effect in both PD
patients and HC. Contralateral cerebellar-cerebral connections with the PFC possibly
exploited the reported correlations, as the left PFC is responsible for resolving semantic
conflict, and the right PFC for response conflict [36].

However, we found that the relationship between cerebellar GABA-dependent tonic
inhibition and response inhibition was reversed in PD patients. Actually, potential changes
in cerebellar output in PD are still largely unknown. Indirect evidence suggests some
functional changes in the cerebellar-cerebral circuitry, which may support compensatory
mechanisms to the basal ganglia dysfunction [5,37]. Indeed, the here observed reversed
association between cerebellar GABA-dependent tonic inhibition and preserved response
inhibition in PD patients suggests the potential enactment of some kind of compensation
to support optimal levels of performance [6]. For example, executive dysfunction in PD

186



J. Pers. Med. 2021, 11, 16

revolves around prefrontal dopamine systems [38]. Response inhibition in particular,
evokes dopamine release in the PFC of HC [39], and dopamine pharmacological manipula-
tion improves response inhibitory behavior [40] in PD patients also [41]. Animal studies
demonstrate that cerebellar Purkinje cells output can modulate dopamine efflux in the
PFC [42]. Thus, changes in cerebellar GABAergic transmission may be compensatory mech-
anisms for counteracting cognitive impairment associated with prefrontal dopaminergic
dysfunction in PD. Alternatively, variations in cerebellar GABA-dependent tonic inhibition
may compensate for the down-regulation of inhibitory neurotransmission in the frontal
cortex observed in PD, as also suggested by molecular studies [43,44]. Since the level of
inhibition is critically important for creating the attentional set that facilitates the selection
of task-relevant representations in the Stroop task, it is clear that efficient inhibitory neuro-
transmission in the PFC is crucial for optimal performance [45]. Additionally, although the
cerebellum receives mainly noradrenergic and serotonergic projections, there is also evi-
dence for dopamine. The cerebellar cortex contains a high density of dopamine receptors,
thus implying that cerebellar output may be affected by dopamine depletion in PD, but also
by dopamine replacement therapy. Indeed, levodopa increases cerebellar activity restoring
it to that observed in healthy controls in PD patients on medication after overnight with-
drawal of dopaminergic replacement therapy [46]. Therefore, the here observed correlation
between cerebellar GABA levels and normal response inhibition in PD might be indirectly
related to medication status, and to the levodopa-related boost in activity in the basal
ganglia (and the cerebellum) owing to the direct connections and enhanced connectivity
after medication [47], between these structures. However, although preliminary given the
case-control cross-sectional nature of the present finding, the observation that cerebellar
metabolite levels and their excitation/inhibition balance were not correlated to dopamine
replacement therapy dosages would suggest that both a potential dopamine depletion
effect on cerebellar output and a possible indirect effect of medication status on cerebellar
metabolite levels are unlikely.

Nevertheless, the reported inverted association (respect to what observed in HC) in
PD patients may also be a disease-related change. It is, indeed, possible that GABA con-
centrations in the cerebellum are increased in the early stages of the disorder. This change
would be a consequence of dopamine depletion in the basal ganglia, and related to the
executive dysfunctions observed in early PD [1]. The evidence of cerebellar microstructural
changes and GABA-related neuronal dysfunctions in the tremor-dominant subtype of
PD [48–50] further suggests that such abnormalities may lead to pathologic activity along
the cerebellar-cortical pathways. Yet, in our sample of medicated patients, both cerebellar
GABA levels and response inhibition performance were not different from that of HC.
Although dopamine replacement medication may have “normalized” cerebellar tonic inhi-
bition and cognitive performance [41] in PD patients, no relationship was observed between
daily levodopa-equivalent dosages and cerebellar GABA levels. Moreover, although within
a very limited sub-sample (only four patients), cerebellar GABA levels in unmedicated
PD subjects were always within the range (+/- 2 standard deviations from mean) of those
measured in medicated PD patients. In contrast, a significant negative association was
found in PD patients between mean cerebellar Glx levels and levodopa-equivalent dosages
suggesting that glutamate levels were modulated by dopamine replacement therapy. How-
ever, Glx levels in the small sub-sample of unmedicated PD patients were comparable to
Glx concentrations in the medicated sample. Future studies comparing groups of medi-
cated and unmedicated patients or with a longitudinal approach, either within the same
patients, or with patients at different levels of disease duration/progression will further
clarify this issue.

Actually, a first limitation of the present study is that the investigation of the relation-
ship between GABA/Glx levels in the cerebellum and cognition in a sample of medicated
PD patients may be influenced by the treatment itself. However, while dopamine replace-
ment therapy was negatively correlated to mean cerebellar Glx levels, Glx did not affect
response inhibition performance. Thus, the intervening effect of treatment on our main
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result is unlikely, also considering the null difference in cerebellar metabolite levels and
their excitation/inhibition balance between medicated patients and the small sub-sample
of unmedicated PD patients. Second, it might be argued that MRS cannot distinguish
between synaptic and intracellular stores of GABA, thus impeding a detailed and definitive
interpretation of the neurophysiological significance of our findings. Nevertheless, accord-
ing to recent consensus, MRS is most sensitive to extracellular unbound GABA, which is
involved in tonic inhibition [25]. Since such local tonic inhibition was related to cognitive
efficiency in counteracting interference in both samples, we assumed that extracellular
cerebellar GABA, which MRS can measure, participated to response inhibition. We there-
fore interpreted our findings at the macro-circuit system level postulating that a change in
GABAergic neurotransmission within cerebellar-cerebral networks, served to maintain an
optimal level of performance in PD patients [5]. Future studies measuring extracellular
GABA in more than one cortical region within the executive control network (cerebellum
included) will contribute to clarify the dynamic of cerebellar-cerebral networks and their
relation with cognition. Additionally, the potentiality for MR spectroscopic assessment
of cerebellar GABA in PD as a diagnostic biomarker should be further investigated [29].
Given the putative role of the cerebellum in the pathophysiology of the disorder, and he
here reported relationship between cerebellar GABAergic signaling and measures for
diagnosis and progression of PD [3], the neurochemical profile in the cerebellum might
constitute an additional diagnostic marker [29] of the disorder.

A further potential limitation of the present study is the relatively small sample size,
which might have increased the risk for type I error. However, a very large effect (Cohen’s
q > 0.90) was observed for the difference in HC and PD correlation coefficients between
mean cerebellar GABA levels and response inhibition performance, thus suggesting that the
analyses were not underpowered (post-hoc computed beta = 0.80). Nevertheless, a further
study including a larger sample is warranted also considering the significant (although
not surviving to multiple comparisons) test of difference between HC and PD correlation
coefficients between the excitation/inhibition balance in the cerebellum and measures of
response inhibition.

5. Conclusions

Here we demonstrate for the first time, that cognitive efficiency in counteracting
interference is related to GABA-dependent tonic inhibition in the cerebellum both under
physiological and pathological conditions. We also underline that increased tonic inhi-
bition in the cerebellum, relative to response inhibition, is associated to normal levels of
performance in PD patients. Given the cross-sectional nature of the present study we could
not establish the potential longitudinal “cost” of the observed change in the relationship be-
tween GABAergic neurotransmission and cognition in PD. However, our finding provides
strong evidence that the cerebellum should be considered as a primary site for systems-
level compensation in the disorder [5]. Considering the neuroprotective role of GABAergic
inhibition [51], future intervention studies are necessary to test how the modulation of
GABAergic mechanisms changes PD cognitive symptoms, and to establish whether GABA
plays a compensatory or pathophysiological role in Parkinson’s disease. This is of clinical
relevance since pharmacologically boosting GABAergic neurotransmission in PD patients
modulates aberrant neuronal network oscillations at beta frequency [52], which seems to
restore cognitive functions, at least in stroke patients.
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Abstract: People with Parkinson’s Disease (PD) are associated with the presence of periodontitis.
We aimed to compare blood and standard biochemical surrogates of PD patients diagnosed with
periodontitis with PD individuals without periodontitis. This retrospective cohort study used a sample
from the National Health and Nutrition Examination Survey (NHANES) 2011–2012 that underwent
periodontal diagnosis (n = 3669). PD participants were identified through specific PD reported
medications. Periodontitis was defined according to the 2012 case definition, using periodontal
examination data provided. Then, we compared blood levels and standard chemical laboratory
profiles of PD patients according to the presence of periodontitis. Multivariable regression was
used to explore this dataset and identify relevant variables towards the presence of periodontitis.
According to the medication report, 37 participants were eligible, 29 were secure and 8 were unsecure
PD medications regimens. Overall, PD cases with periodontitis presented increased levels of White
Blood Cells (WBC) (p = 0.002), Basophils (p = 0.045) and Segmented neutrophils (p = 0.009), and also,
lower levels of Total Bilirubin (p = 0.018). In the PD secure medication group, a significant difference
was found for WBC (p = 0.002) and Segmented neutrophils (p = 0.002) for the periodontitis group.
Further, WBC might be a discriminating factor towards periodontitis in the global sample. In the
secure PD medication, we found gender, segmented neutrophils and Vitamin D2 to be potential
discriminative variables towards periodontitis. Thus, periodontitis showed association with leukocyte
levels alterations in PD patients, and therefore with potential systemic changes and predictive value.
Furthermore, Vitamin D2 and gender showed to be associated with periodontitis in with secure
medication for PD. Future studies should assess in more detail the potential systemic repercussion of
the presence of periodontitis in PD patients.

Keywords: Parkinson’s disease; movement disorders; periodontitis; periodontal disease; hematologic
tests; Vitamin D; oral health

1. Introduction

Periodontitis is a chronic inflammatory condition that targets the supporting structures of the
teeth [1]. Dental plaque build-up, periodontopathic microbial specificity and the host immune response
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can collectively be considered as periodontitis etiology factors [2]. The presence of periodontal
pockets, inflamed gingiva and alveolar bone loss in certain teeth or tooth sites clinically characterizes
periodontitis, which can ultimately result in tooth loss [3]. Apart from its effects in the oral cavity,
periodontitis repercussions also instigate slight systemic inflammation, which end up setting off

or aggravating known chronic inflammatory diseases, such as cardiovascular diseases including
high blood pressure [4], diabetes mellitus [5], rheumatoid arthritis [6] Furthermore and Alzheimer’s
Disease [7–9]. Being one of the most prevalent conditions of the adult population worldwide,
periodontitis frequency seems to be higher in the male gender while also increasing with age [10].

Parkinson’s disease (PD) is the second most frequent slowly progressive neurodegenerative
condition that mostly affects the central nervous system [11]. Still with elusive causal factors to date,
sporadic PD appears to be the conjugation of both genetic and environmental risk factors [12,13].
Being a heterogeneous disorder, PD clinical phenotype is characterized by a broad range of motor
and non-motor symptoms, differing in onset age (which is most common at 65–70 years of age) and
disease progression rates (faster in late-onset forms) [11,14]. PD classical motor features include resting
tremor, muscular rigidity and bradykinesia, while a wide number of other motor and non-motor
features contribute to PD disability and the deterioration of PD patients’ overall quality of life [15].
Dopaminergic drugs like levodopa and functional neurosurgery are still standard treatments, although
tending to be a universal solution to a non-uniform disease [16,17]. PD increases with age and tends
to affect more men than women [18–20]. In an overall aging population, PD cases are expected to
duplicate in the next couple decades [17,21].

To date, the relationship between PD and periodontitis stands with PD associated motor
impairments and cognitive decline that compromises oral hygiene habits and causes the deterioration
of patient’s oral status [22]. Consequently, PD individuals seem to be at high risk of developing
periodontitis [23–27]. Furthermore, it has been proposed that chronic neuroinflammation secondary to
periodontitis systemic outcomes may lead to PD pathogenesis, initiation and progression [8,22,28].
However, to the best of our knowledge, the systemic repercussion of the presence of periodontitis
on blood and biochemical surrogates on PD has never been investigated. Our hypothesis is that,
as an infection, periodontitis in PD subjects might result in an increase of the leukocyte levels, though
for the remaining levels this is still undetermined.

Therefore, our primary aim was to compare blood and standard biochemical levels between
periodontitis and non-periodontitis cases among Parkinson’s disease patients. Additionally, we aimed
to evaluate if such changed biomarkers might contribute to predict the presence of periodontitis in
PD patients.

2. Material and Methods

2.1. Population

The National Health and Nutrition Examination Survey (NHANES) 2011–2012 data is
a representative multistage probability sample of non-institutionalized U.S. civilians survey to assess
the health status through the Centers for Disease Control and Prevention (CDC) and Prevention
National Center for Health Statistics (NCHS) website at https://www.cdc.gov/nchs/nhanes/index.htm.
In this retrospective cohort study, periodontal examination data from the NHANES 2011–2012 was
extracted. Our analysis deemed the following exclusion criteria: younger than 18 years of age;
participants with medical exclusion from periodontal exam; non-complete periodontal status and
edentulous patients.

Oral health data collection protocols were approved by the CDC, NCHS Research Ethics Review
Board, Atlanta (USA), and all participants gave written informed consent. All the examinations were
conducted in a mobile examination center (see in detail in [29]).
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2.2. PD Definition

PD cases were confirmed through specific PD reported medications according to the NHANES
database. In this way, patients reporting the use of Benztropine, Carbidopa, Levodopa, Ropinirole,
Methyldopa, Entacapone, Cabergoline, Orphenadrine and Pramipexole were categorized as PD
cases [30,31]. Then, we divided participants as PD cases according to secure PD medication (Benztropine,
Carbidopa, Levodopa, Ropinirole, Methyldopa and Entacapone) [30,31] and unsecure PD medication
(Cabergoline, Orphenadrine and Pramipexole) [30–34]. The unsecure PD group was defined because
Cabergoline is used to treat high levels of prolactin hormone [32], Orphenadrine is used to treat muscle
spasms in musculoskeletal conditions [33] and Pramipexole is also used to treat restless legs syndrome
(RLS) [34].

2.3. Periodontal Clinical Examination

Periodontitis was defined as a minimum of 2 or more sites with clinical attachment loss
(CAL)≥ 3 mm and a periodontal pocket depth (PPD)≥ 4 mm or one site with PPD≥ 5 mm, as described
by Eke et al. (2012). Data from the Periodontal Examination of NHANES 11–12 were treated through
appropriate algorithms in Microsoft Office (MO) Excel to render the respective periodontal diagnosis.
From this, we were able to render the number of missing teeth.

2.4. Demographics Characteristics

The demographic variables included were age, gender, smoking status and number of teeth.
From the self-reported questionnaire, we categorized smoking status as current smoker (smoked more
than 100 cigarettes and currently smoking), former smoker (smoked more than 100 cigarettes and
currently not smoking) and non-smoker (never smoked). Diabetes mellitus was categorized as “yes”
or “no” according to the self-reported questionnaire. High blood pressure was categorized according
to previous medical confirmation of high blood pressure and if taking prescription for hypertension.

2.5. Blood and Standard Biochemical Profile Levels

Blood levels data included White Blood Cell (WBC) count (109/L), percentage of Lymphocyte (%),
percentage of Monocyte (%), percentage of Segmented Neutrophils (%), percentage of Eosinophils (%),
percentage of Basophils (%), Lymphocyte (109/L), Monocyte (109/L), Segmented neutrophils (109/L),
Eosinophils (109/L), Basophils (109/L), Red Blood Cell (RBC) count (million cells/uL), Hemoglobin
(g/dL), Hematocrit (%), Mean Cell Volume (MCV) (fL), Mean Cell Hemoglobin (MCH) (pg), Mean Cell
Hemoglobin Concentration (MCHC) (g/dL), Red Cell Distribution (RCD) width (%), Platelet count
(109/L), Mean Platelet Volume (MPV) (fL).

For the Standard Biochemical Profile levels we included Albumin (g/dL), Alanine aminotransferase
(ALT) (U/L), Aspartate aminotransferase (AST) (U/L), Alkaline phosphatase (AP) (U/L), Blood Urea
Nitrogen (mg/dL), Total Calcium (mg/dL), Creatine Phosphokinase (CPK) (IU/L), Cholesterol (mg/dL),
Bicarbonate (mmol/L), Creatinine (mg/dL), Gamma Glutamyl Transferase (GGT) (U/L), Glucose,
Serum (mg/dL), Iron (refrigerated) (ug/dL), Lactate Dehydrogenase (LDH) (U/L), Phosphorus (mg/dL),
Total Bilirubin (mg/dL), Total Protein (g/dL), Uric Acid (mg/dL), Sodium (mmol/L), Potassium (mmol/L),
Chloride (mmol/L), Osmolality (mmol/Kg), Globulin (g/dL), Triglycerides (mg/dL), 25-hydroxyvitamin
D2 (25OHD2) (nmol/L), 25-hydroxyvitamin D3 (25OHD3) (nmol/L).

2.6. Data Management and Analysis
Data were uploaded through SAS Universal Viewer for Windows and handled with MS Excel.

For each periodontal case definition, specific MS Excel datasets were derived in order to formulate
appropriate algorithms to define the periodontal status according to the case definition. Data analysis
was performed using IBM SPSS Statistics version 25.0 for Windows (IBM CORP: ARMONK, NY,
USA). Descriptive measures are reported through mean ± standard deviation (SD) for continuous
variables, and number of cases (n), percentage (%) for categorical variables. The main outcome
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variable was the presence of periodontitis (P+ vs. P−). We compared baseline variables between
periodontitis and non-periodontitis groups. Explicit comparison of mean values was performed
by t-Student test when data assumptions for the application of this test were met (normality and
homoscedasticity). Mann–Whitney test was used, as an alternative comparison technique, when those
assumptions were not verified. To compare significant variables between the subgroups P(−) and P(+)
we graphically computed the tendency of WBC, segmented neutrophils and basophils counts according
to age using scatterplots from ggplot2 package for R version 4.0, and tendency was computed and
fitted via ‘geom_smooth’. Then, we made regression analyses in the overall and only in secure PD
cases. Preliminary analyses were performed using univariate models. Next, a multivariable model
was constructed for the presence of periodontitis. Only variables showing a significance p ≤ 0.25 in the
univariate model were included in the multivariable stepwise procedure. Predictor variables considered
in this procedure were: gender (female as reference), WBC count (109/L), Segmented neutrophils (109/L)
and 25-hydroxyvitamin D2 (25OHD2) (nmol/L). The contribution of each variable to the model was
evaluated by Wald statistics. A multivariable stepwise adjusted logistic regression procedure was used
to model the influence of the investigated factors towards the presence of periodontitis in PD patients.
A significance level of 5% was set in all inferential analyses.

3. Results

3.1. Population

From a total of 9756 participants, 3669 individuals had completed periodontal examination.
From these, 37 (32 to 80 years old, 57.6 ± 14.6) participants were identified as taking PD medications,
29 secure (32 to 80 years old, 59.6 ± 14.7) and 8 unsecure PD (36 to 73 years old, 50.5 ± 12.5) medications
regimens (Table 1). There were no age differences between PD cases with periodontitis (P+) and
without periodontitis (P−). Males comprised 40.5% of the sample. The majority of subjects were
non-smokers (55.9%). Diabetes and high blood pressure cases were evenly distributed. The number of
missing teeth did not differ between PD cases with periodontitis and without periodontitis.

Table 1. Participants characteristics.

Variable
Global (n = 37) Secure PD Medication (n = 29)

P(−) P(+) p-value † P(−) P(+) p-Value †

Age, mean (SD) (years) 53.1 (14.6) 61.6 (13.8) 0.069 55.9 (15.4) 62.6 (13.8) 0.215
Gender, n (%)

Female 12 (44.4) 10 (27.0)
0.204

10 (34.5) 7 (24.1)
0.071Male 5 (13.5) 10 (27.0) 3 (10.3) 9 (31.0)

Smoking habits, n (%)
Never 11 (29.7) 12 (44.4)

0.668
7 (24.1) 9 (31.0)

0.588Former 5 (13.5) 5 (13.5) 5 (17.2) 4 (13.8)
Active 1 (2.7) 3 (8.1) 1 (3.4) 3 (10.3)

Diabetes Mellitus, n (%) 3 (8.1) 2 (5.4) 0.498 3 (10.3) 2 (6.9) 0.453
High Blood Pressure, mean (SD) 10 (27.0) 10 (27.0) 0.591 9 (31.0) 9 (31.0) 0.474

Missing Teeth, mean (SD) 3.9 (5.8) 4.5 (4.3) 0.302 5.1 (6.2) 4.6 (4.6) 0.362
† Chi-square test for categorical variables and Mann-Whitney test for continuous variables, p < 0.05. P(−)—No
Periodontitis, P(+)—Periodontitis.

3.2. Blood and Standard Biochemical Levels

Complete blood count with 5-part differential was used to compare blood levels of the periodontitis
group defined by NHANES measures with the subset of subjects considered periodontally healthy
(Table 2). Overall, periodontitis group presented increased levels of WBC (p = 0.002), Basophils
(p = 0.045) and Segmented Neutrophils (p = 0.009), also displayed graphically (Figure 1). In the
PD secure medication group, the same difference was found for WBC (p = 0.002) and Segmented
Neutrophils (p = 0.002) for the periodontitis group (Figure 1).

Then, we investigated the standard biochemistry profile levels to investigate the systemic status
of these participants according to the presence of periodontitis (Table 3). The only meaningful result
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was found in the global sample, where the periodontitis group presented lower levels of Total Bilirubin
(p = 0.018).

Table 2. Hematologic levels of PD patients with periodontitis and without periodontitis.

Variable
Global (n = 37) Secure PD Medication (n = 29)

P(−) P(+) p-Value † P(−) P(+) p-Value †

WBC count (109/L) 5.57 (1.28) 7.28 (2.19) 0.002 5.25 (1.02) 7.26 (2.36) 0.002
Lymphocyte (%) 28.75 (6.19) 26.38 (6.91) 0.284 28.84 (6.47) 25.35 (5.87) 0.144

Monocyte (%) 7.36 (3) 7.01 (2.09) 0.988 7.65 (3.36) 6.89 (2.07) 0.812
Segmented neutrophils (%) 60.25 (7.48) 62.85 (8.34) 0.330 59.37 (7.53) 63.88 (6.82) 0.103

Eosinophils (%) 3.16 (2.2) 3.1 (1.5) 0.752 3.66 (2.27) 3.22 (1.56) 0.682
Basophils (%) 0.51 (0.36) 0.75 (0.95) 0.537 0.52 (0.38) 0.73 (1.05) 0.846

Lymphocyte (109/L) 1.59 (0.49) 1.89 (0.66) 0.137 1.52 (0.5) 1.81 (0.63) 0.179
Monocyte (109/L) 0.39 (0.17) 0.5 (0.19) 0.104 0.38 (0.19) 0.49 (0.19) 0.121

Segmented neutrophils (109/L) 3.38 (0.98) 4.61 (1.66) 0.009 3.12 (0.72) 4.68 (1.73) 0.002
Eosinophils (109/L) 0.18 (0.13) 0.23 (0.13) 0.297 0.21 (0.14) 0.23 (0.14) 0.682
Basophils (109/L) 0.01 (0.03) 0.06 (0.08) 0.045 0.01 (0.03) 0.06 (0.08) 0.101

RBC count (million cells/uL) 4.37 (0.36) 4.45 (0.4) 0.528 4.28 (0.31) 4.48 (0.44) 0.186
Hemoglobin (g/dL) 13.64 (1.35) 13.92 (1.2) 0.519 13.35 (1.22) 14.02 (1.22) 0.155

Hematocrit (%) 39.85 (3.42) 40.48 (3.98) 0.614 39.13 (3.08) 40.9 (4.15) 0.213
MCV (fL) 91.34 (4.56) 91 (3.18) 0.794 91.48 (5.24) 91.33 (2.91) 0.922
MCH (pg) 31.23 (1.89) 31.29 (1.4) 0.919 31.17 (2.16) 31.32 (1.36) 0.822

MCHC (g/dL) 34.18 (0.84) 34.39 (1.01) 0.516 34.05 (0.89) 34.29 (1.1) 0.532
RCD width (%) 12.94 (1.05) 12.78 (0.69) 0.940 13.02 (1.2) 12.93 (0.5) 0.650

Platelet count (109/L) 213.82 (41.73) 243.3 (86.16) 0.598 205.62 (38.2) 246.44 (91.76) 0.329
MPV (fL) 8.21 (1.19) 8.17 (0.8) 0.752 8.14 (1.27) 8.13 (0.79) 0.714

† Mann-Whitney for continuous variables without normal distribution and t-test for continuous data with normal
distribution, p < 0.05. Lymphocytes (%), Segmented neutrophils (%), RBC, Hemoglobin, Hematocrit, MCV and MCH
were compared with t-test, and remaining with Mann-Whitney test. P(−)—No Periodontitis, P(+)—Periodontitis;
WBC—White Blood Cells; RBC—Red Blood Cells; MCV—Mean Cell Volume; MCH—Mean Cell Hemoglobin;
MCHC—Mean Cell Hemoglobin Concentration; RCD—Red Cell Distribution; MPV—Mean Platelet Volume.

Table 3. Standard biochemical levels of PD patients with periodontitis and without periodontitis.

Variable
Global (n = 37) Secure PD Medication (n = 29)

P(−) P(+) p-Value † P(−) P(+) p-Value †

Albumin (g/dL) 4.19 (0.31) 4.02 (0.97) 0.775 4.15 (0.32) 3.99 (1.09) 0.714
ALT (U/L) 21.53 (11.12) 20.6 (15.54) 0.517 21.77 (12.45) 21.25 (17.32) 0.682
AST (U/L) 24.53 (8.22) 22.95 (10.68) 0.821 25.38 (9.26) 23 (11.87) 0.650
AP (U/L) 76.41 (26.04) 75.45 (28.62) 0.916 81.92 (27.02) 75.19 (30.63) 0.540

Blood urea nitrogen (mg/dL) 14.12 (6.71) 14.00 (7.83) 0.916 14.92 (7.39) 14.06 (8.68) 0.812
Total calcium (mg/dL) 9.25 (0.39) 8.94 (2.13) 0.209 9.28 (0.42) 8.81 (2.37) 0.449

CPK (IU/L) 117.71 (69.34) 114.4 (71.15) 0.798 113.92 (67.13) 118.5 (73.93) 0.619
Cholesterol (mg/dL) 179.41 (39) 175.15 (48.95) 0.869 176.08 (42.41) 174.94 (54.9) 0.619

Bicarbonate (mmol/L) 25.06 (2.11) 23.1 (5.96) 0.232 25.38 (2.06) 22.69 (6.55) 0.092
Creatinine (mg/dL) 0.92 (0.29) 0.87 (0.3) 0.869 0.95 (0.31) 0.88 (0.33) 0.880

GGT (U/L) 20.76 (14.06) 26.9 (30.47) 0.684 21.92 (15.47) 29.19 (33.77) 0.812
Glucose, serum (mg/dL) 107.82 (51.97) 91.45 (27.09) 0.892 113.54 (58.4) 93.31 (29.78) 0.914
Iron, refrigerated (ug/dL) 89.12 (30.64) 74.65 (38.59) 0.080 85.15 (31.26) 72.88 (42.46) 0.170

LDH (U/L) 131.06 (24.8) 122.25 (36.4) 0.557 138.85 (21.86) 122.81 (39.98) 0.268
Phosphorus (mg/dL) 3.51 (0.51) 3.59 (0.9) 0.232 3.48 (0.57) 3.52 (0.99) 0.398

Total bilirubin (mg/dL) 0.68 (0.22) 0.5 (0.21) 0.016 0.64 (0.19) 0.51 (0.23) 0.110
Total Protein (g/dL) 6.92 (0.6) 6.63 (1.66) 0.940 6.82 (0.59) 6.61 (1.86) 0.475
Uric acid (mg/dL) 4.81 (1.39) 4.95 (1.65) 0.794 4.73 (1.31) 5.14 (1.74) 0.487
Sodium (mmol/L) 139.06 (1.92) 132.3 (31.19) 0.869 139.15 (1.68) 130.44 (34.83) 0.880

Potassium (mmol/L) 4.01 (0.27) 3.84 (0.98) 0.752 4.04 (0.25) 3.84 (1.1) 1.000
Chloride (mmol/L) 104.76 (2.61) 98.85 (23.45) 0.270 104.31 (2.56) 97.38 (26.16) 0.398

Osmolality (mmol/Kg) 278.65 (5.74) 264.75 (62.47) 0.619 279.38 (5.69) 261.31 (69.84) 0.779
Globulin (g/dL) 2.73 (0.45) 2.62 (0.77) 0.916 2.67 (0.45) 2.61 (0.86) 0.779

Triglycerides (mg/dL) 119.82 (86.92) 161.5 (109.11) 0.149 109.31 (68.72) 178.63 (115.18) 0.068
25OHD2+25OHD3 (nmol/L) 75.56 (21.29) 77.11 (34.24) 0.873 71.14 (18.69) 68.59 (30.07) 0.792

25OHD2 (nmol/L) 4.27 (8.53) 11.12 (33.31) 0.478 4.93 (9.73) 4.52 (12.07) 0.423
25OHD3 (nmol/L) 71.28 (23.24) 65.97 (32.46) 0.578 66.18 (21.07) 64.03 (29.9) 0.829

epi-25OHD3 (nmol/L) 3.47 (2.11) 3.68 (2.19) 0.557† 2.89 (1.28) 3.7 (2.36) 0.351
† Mann–Whitney for continuous variables without normal distribution and t-test for continuous data with normal
distribution, p < 0.05. Uric Acid and epi-25OHD3 were compared with Mann-Whitney test, and the remaining
with t-test. P(−)—No Periodontitis, P(+)—Periodontitis; ALT—Alanine aminotransferase; AST—Aspartate
aminotransferase; AP—Alkaline phosphatase; CPK—Creatine Phosphokinase; GGT—Gamma glutamyl transferase;
LDH—Lactate dehydrogenase; 25OHD2—25-hydroxyvitamin D2; 25OHD3— 25-hydroxyvitamin D3.
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Figure 1. Comparison of WBC Count, Segmented neutrophils and Basophils serum levels between
Periodontitis and no Periodontitis PD participants both in the overall sample and Secure PD medications.
Lines represent graphically the tendency.

3.3. Predictive Models of Periodontitis on PD Patients

In order to analyze which factors would discriminate the periodontitis presence, we performed
multivariable stepwise regression analyses considering each factor. In the overall sample, blood
WBC levels were consistently identified as a discriminative factor towards periodontitis (B = 0.773,
p =0.025) (Table 4). Among the participants with secure PD medication, we found discriminative
factors to be gender (male) (B = 5.126, p = 0.026), Segmented Neutrophils (B = 4.232, p = 0.027)
and 25OHD2 (B = −0.127, p = 0.060). The second model evidenced an improved score for correct
classification (89.7%).
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Table 4. Final reduced logistic regression models for the overall population (n = 37) and patients with
secure PD medication (n = 29).

Crude Model Adjusted Model

B p-Value Exp(B) 95% CI for
Exp(B) B p-Value Exp(B) 95% CI for

Exp(B)

Model 1—Overall population
(n = 37) 1

WBC count (109/L) 0.773 0.025 2.1 1.1–4.2 0.773 0.025 2.2 1.1–4.3
Model 2—Secure PD
medication (n = 29) 2

Gender (male) 5.064 0.024 158.3 2.0–12760.6 5.126 0.026 19.2 1.2–297.1
Segmented neutrophils (109/L) 3.727 0.090 41.6 0.6–3069.7 4.232 0.027 14.2 1.57–128.8

25OHD2 (nmol/L) −0.130 0.058 0.9 0.8–1.0 −0.127 0.060 0.9 0.8–1.0
1 R2(n) = 0.291, % correct classification = 75.0%. 2 R2(n) = 0.730, % correct classification = 89.7%. B—unstandardized
regression coefficient; WBC—White Blood Cells.

4. Discussion

In the present representative study from the NHANES 2011–2012, periodontitis was associated
with increased serum levels in PD patients. Therefore, our hypothesis was confirmed, in which
leukocyte levels (WBC count, segmented neutrophils and basophils) and bilirubin were increased in
periodontitis cases in this particular population. Furthermore, for the overall population WBC count
showed potential predictive value towards periodontitis, while for secure PD medications gender,
segmented neutrophils and 25OHD2 were the meaningful elements.

The link between periodontitis and leukocytosis is well documented [35–40]. This result is expected
given the infectious nature of periodontitis where bacteria invade the periodontal tissues via the
ulcerated epithelium, and leukocytes, in particular neutrophils, are triggered towards the periodontal
injury [40–42]. Neutrophils had been associated with periodontitis pathogenesis [40,43,44] and were
established as key players involved in many inflammatory chronic and aging-related diseases [44].
Neutrophils represent the vast majority (≥95%) of leukocytes recruited to the periodontal pocket [45].
Despite the homeostasis role of neutrophils in the healthy periodontium [3], they are impaired in
periodontitis [1]. The chronic recruitment of excessive neutrophil, and therefore the increase of its serum
counts, is learned as a consequence of the persisting microbial dysbiotic challenge [44]. The newness
of this study is the likelihood of such parameters presenting predictive value towards periodontitis in
PD cases, and future research is warranted to confirm this possibility.

Furthermore, male gender presented a higher risk to have periodontitis, this result being
in line with previous reports that show males have a higher prevalence of periodontitis both in
representative [10,46,47] and PD populations [23–26]. This result is of particular relevance because,
in the same fashion as periodontitis, PD is more prevalent in men [18–20]. Additionally, the prevalence
of periodontitis in this age-group is in line with previous studies developed in this region, where this
age groups have high levels of periodontal disease [46–48].

Additionally, the presence of 25OHD2 in the predictive models is also in accordance with
previous studies, where individuals with periodontitis were associated with lower levels of Vitamin
D, compared to non-periodontitis [49–53]. Further, Vitamin D concentrations were associated with
higher periodontal destruction, severe periodontitis stages and higher tooth loss [54–58]. Vitamin
D also influences the immune response through the regulation of cathelicidin [59]. Interestingly,
cathelicidin is an antimicrobial peptide produced by neutrophils and has been shown that dysregulated
neutrophils in periodontitis lead to a low secretion of cathelicidin [60], though this should be further
investigated. Therefore, Vitamin D levels may be an interesting clinical surrogate to consider in this link
of periodontitis with PD, though it demands more studies to allow strong conclusions. However, we
should carefully interpret these findings because of the lack of significance according to the periodontal
status but its predictive value to infer periodontitis.

The present report has limitations important to mention and discuss. Despite this sample deriving
from a large representative U.S. population survey, the final number of included patients was small.
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However, this small number can be explained by the fact that PD affects 1% of individuals over
60 [11]. In our study, the overall prevalence of PD patients confirmed by medication represented
0.4% of the entire population and 1.0% of the sample that was examined for periodontitis. Thus,
the sample size of this study limits the validity of these results and warrants future confirmation
with prospective studies, since there are inherent biases in cross-sectional studies, such as selection
bias. Notwithstanding, the identification of PD patients was also a limitation, since was based on the
medication consumption present in the NHANES database with inherent selection bias. While for
some medications this is somehow secure (Benztropine, Carbidopa, Levodopa, Ropinirole, Methyldopa
and Entacapone) for others this is not the case (Cabergoline, Orphenadrine and Pramipexole) [30–34].
Yet, PD clinical diagnosis is even now considered to be speculative, since a definitive diagnosis always
implies a post-mortem examination [13,61]. Another shortcoming is the medication itself since this
survey was carried out in 2011–2012, and a large variation of medication gained therapeutic relevance
in recent years. Furthermore, therapeutic adherence in PD is sub-optimal in a significant proportion
of patients with PD [62], and we may have had a sample shortage due to this reason. Further, this
approach does not deliver any causality rather an associative conclusion, and future studies should
investigate in more depth how PD and periodontitis relate systemically, and if treating periodontitis
might alleviate these elevated surrogates. Moreover, white blood cells and neutrophils were used
as proxy of systemic inflammation and PISA as proxy to oral inflammation, though more evidence,
such as immunohistochemistry staining of the periodontal tissues, indicating the infiltration level of
neutrophils, monocytes and related white blood cells are warranted to further confirm our results to
expand this matter. Lastly, the number of analyzed markers may be considered excessive, as future
studies will narrow analysis to the most relevant measures.

In spite of these limitations, this article has important strengths. Our report is the first to depict
the potential effect of the presence of periodontitis on the systemic status of PD. Further, NHANES
is prospectively a reliable source of data to determine associations as previously demonstrated [63],
and public data bank analysis (such as NHANES) are key towards more comprehensive oral health
studies. Furthermore, we were able to produce predictive estimates using serum surrogates, which may
be clinically relevant for the multidisciplinary team of PD. These results underline the importance of
oral health care and how it can become unbalanced with the progression of this neurodegenerative
disease, and the importance of more studies to investigate the systemic influence of periodontitis
on PD.

5. Conclusions

Periodontitis was associated with an increase of white blood cells count, segmented neutrophils
and basophils in PD patients. Furthermore, white blood cells count, segmented neutrophils, Vitamin
D2 and gender showed discriminatory value to predict the existence of periodontitis in PD cases.
Future studies should assess in more detail the potential systemic repercussion of the presence of
periodontitis in PD patients.
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