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INTRODUCTION

Parkinson's disease (PD) is a progressive neurodegenerative disease that affects millions of people around the world. PD is a neuropsychiatric disease characterized by both motor and non-motor symptoms. [START_REF] Chaudhuri | The non-motor symptom complex of Parkinson's disease: A comprehensive assessment is essential[END_REF][START_REF] Langston | The Parkinson's complex: Parkinsonism is just the tip of the iceberg[END_REF][START_REF] Jain | Multi-organ autonomic dysfunction in Parkinson disease[END_REF] The pathological hallmarks are the loss of dopaminergic neurons in the substantia nigra pars compacta, iron overload and alpha synuclein aggregates in the remaining dopaminergic cells. [START_REF] Dauer | Parkinson's disease: Mechanisms and models[END_REF] By the time symptoms of PD appear, patients have lost 80 percent of their striatal or putaminal dopamine. [START_REF] Dauer | Parkinson's disease: mechanisms and models[END_REF] At present, there is no cure for PD;

the available treatments are primarily symptomatic, and are essentially based on the restoration of dopaminergic transmission. [START_REF] Fahn | Parkinson disease, the effect of levodopa, and the ELLDOPA trial[END_REF] The concept of neuroprotection has been defined

as the capacity to slow down, stop or reverse the course of the disease by protecting neurons against degeneration. Since there is no means of counting the number of remaining neurons in live patients, the concept of disease modification has been introduced. Although some encouraging preclinical data suggest that neuronal loss can be slowed, the clinical trial data have been largely disappointing. [START_REF] Olanow | Why have we failed to achieve neuroprotection in Parkinson's disease?[END_REF][START_REF] Lang | Trial designs used to study neuroprotective therapy in Parkinson's disease[END_REF] Many factors could account for this failure (such as poorly understood disease mechanisms, and a medication's pharmacokinetic and pharmacodynamics limitations) but some may be related to the choice of the clinical trial design. Another factor is the placebo effect observed in clinical studies; consequently, a large sample size is required. [START_REF] Ko | Network modulation following sham surgery in Parkinson's disease[END_REF] Moreover, slow disease progression means that long-term, expensive studies are needed to detect a significant effect.

Furthermore, it has already been pointed out that a drug's symptomatic effect might mask a putative disease-modifying effect. [START_REF] Fahn | Levodopa and the progression of Parkinson's disease[END_REF][START_REF] Olanow | A double-blind, delayed start trial of rasagiline in Parkinson's disease[END_REF] Lastly, the development of neuroprotective drugs is restricted by the lack of reliable biomarkers.

In view of this lack of success, greater attention must be paid to selecting the most appropriate clinical trial design. This Viewpoint highlights adaptations of designs previously used in PD and also suggests the novel application of trial designs taken from outside the field of PD.

Lastly, we make several recommendations for the assessment of disease-modifying drugs at each phase of clinical development.

NEW DESIGNS

Trial designs previously used in PD (i.e. the futility design, the simple withdrawal design, the delayed-start design, and the simple long-term study) are presented in the online Supplementary Material and S-Figure 1. Previous and ongoing clinical trials intended to evidence neuroprotection are listed in S-Table 1. 

Randomized withdrawal designs

Randomized withdrawal designs with three groups

This design has already been described [START_REF] Michael | Design and analysis of two-period studies of potentially disease-modifying treatments[END_REF] but has never been used in PD (Figure 1a).

Given that its two control groups (placebo/placebo and treatment/treatment) can be compared with the treatment/placebo group, this design is better that the simple withdrawal or delayedstart designs for differentiating between symptomatic effects and disease-modifying effects.

However, the presence of an additional (third) group in this promising design decreases the power of the statistical analysis and thus requires a larger total sample size (i.e. by about one third). Thus, recruitment may be more challenging and more expensive.

Randomized withdrawal of all the patients

This constitutes a novel adaptation of the simple withdrawal design but has never been used to study neuroprotection. All patients having received active treatment during period 1 are then randomized to further active treatment or to a placebo for period 2 (Figure 1b). Treating all the patients in period 1 has two advantages: (i) there is no concern about loss of blinding, and (ii) the patients spend less time on placebo (less ethical concerns). Lastly, this design might be a good option if the treatment is thought to have a large symptomatic effect as well as a disease-modifying effect.

Randomized withdrawal of the responders

In this variation of design, only patients classified as responders during period 1 are randomized to further active treatment or placebo during period 2 (Figure 1c). This design has been used in Phase III trials on patients with orthostatic hypotension [START_REF] Biaggioni | on behalf of Droxidopa 302 Investigators. Randomized Withdrawal Study of Patients With Symptomatic Neurogenic Orthostatic Hypotension Responsive to Droxidopa[END_REF], schizophrenia [START_REF] Tandon | A doubleblind, placebo-controlled, randomized withdrawal study of lurasidone for the maintenance of efficacy in patients with schizophrenia[END_REF] and pediatric bipolar I disorder [START_REF] Findling | Adjunctive Maintenance Lamotrigine for Pediatric Bipolar I Disorder: A Placebo-Controlled, Randomized Withdrawal Study[END_REF] but has never been applied to neuroprotection. This would be an interesting way of assessing a drug with a large symptomatic effect or with a specific, known mechanism of neuroprotection linked to reliable biomarkers. The a priori definition of responders can be based on clinical criteria and/or a particular genetic or pharmacogenetic profile. Thus, the drug's effect could be studied in a specific group of PD patients in which it is expected to have the greatest possible effect. However, this design is associated with several limitations in PD, such as the lack of an established definition of a responder, and the risk of overestimating a drug's effect in a subgroup relative to the effect in the patient population as a whole. Furthermore, a large total number of patients may have to be recruited to obtain a sufficient subpopulation of responders. 

Specific long-term designs

The demonstration of a long-term effect requires a high level of efficacy and a very large study population, which may only be achievable in Phase III studies. A simple, long-term design has nevertheless been used to demonstrate neuroprotection; the study endpoints were a change in the UPDRS score and the need for symptomatic treatment. [START_REF] Study | Effects of tocopherol and deprenyl on the progression of disability in early Parkinson's disease[END_REF][START_REF] Study | Mixed lineage kinase inhibitor CEP-1347 fails to delay disability in early Parkinson disease[END_REF] However, these endpoints were not standardized because the investigators themselves decided when the participants required symptomatic treatment. In the future, these problems could be circumvented by defining the point at which symptomatic treatment is initiated in de novo patients.

A specific long-term design in a strict protocol

Patients having been randomized to placebo or active treatment during period 1 are not allowed to take symptomatic medications for a predetermined length of time (Figure 1f). The length of period 1 is the same for all patients. During period 2, the patients stay in their study groups but are allowed to take symptomatic medications. Patients who need rescue medications during period 1 are withdrawn from the study.

A specific long-term design in an open protocol

Patients receive the symptomatic drug only when they have reached a specific milestone; the length of each period is not predefined. Hence, a specific "time to event" (i.e. the time needed to reach the milestone) is the primary criterion. (Figure 1 d,e). The time to event can be calculated for each patient, and then the two groups can be compared. A longer time interval in the group having received the investigational drug is suggestive of a long-term effect (Figure 1g).

Strict or open protocols?

These long-term designs might be more valuable than the delayed-start design or withdrawal designs because patients are treated with a symptomatic medication during the second period, and therefore avoid being undertreated for too long. Thus, the study itself can be planned over a longer period of time. Moreover, these designs differ from the simple long-term study in that the recruited patients are still assessed in a double-blind manner when they receive symptomatic treatment during the second period. The statistical analysis is easier with a strict protocol than an open protocol because the length of period 1 is the same for all patients. However, there are some sources of potential bias; in particular, some patients may not require symptomatic treatment at the start of period 2 or may have to withdraw when they need symptomatic treatment during period 1. Moreover, the length of period 1 is difficult to determine. Conversely, the fact that the open protocol is better suited to each patient's needs should reduce the drop-out rate. However, the specific "time to event" that triggers the initiation of symptomatic medication must be carefully determined.

Moreover, the average intergroup differences in an open design will be much smaller than in a strict protocol because changes in symptomatic treatment will diminish the ability to observe a treatment effect. Thus, the sample size would have to be larger and the trial period would have to be longer.

RECOMMENDATIONS

The designs' respective strengths and limitations are summarized in the online Supplementary Material (S-Table 2).

Choice of the design as a function of the clinical development phase (Table 1)

Design

A Phase I safety trial can be followed by a Phase II non-superiority trial, in order to test a drug over a short period in a small number of patients. This futility design could be considered for a pilot trial. Alternatively, the first Phase II trial could adopt a conventional, double-or single-blind (e.g. with blind video rating) parallel-group design. The novel concept of molecularly targeted therapies might also be of value if the drug is known to act preferentially in a particular pharmacogenetic context. This would reveal the drug's maximum efficacy in the corresponding subpopulation of patients.

Next, a straightforward simple withdrawal design would be useful for dose-ranging studies.

To evidence different dose-effects and determine its nature (i.e. symptomatic vs. diseasemodifying), the primary endpoint should be analyzed at the end of period 1. The withdrawal period provides initial evidence of a disease-modifying effect, without taking a risk on the whole protocol. Alternatively, the randomized withdrawal of patients who respond to a known symptomatic stimulus might be an interesting way of assessing a concomitant diseasemodifying effect. 

Target population

De novo patients constitute the best population, so that the remaining dopaminergic neurons (often 50% of the normal number at diagnosis and less than 30% loss three years later) can be saved. [START_REF] Marsden | Parkinson's disease[END_REF][START_REF] Ross | Parkinsonian signs and substantia nigra neuron density in decendents elders without PD[END_REF] Furthermore, there is no bias caused by the effects of dopaminergic treatment.

However, this population is difficult to recruit and thus requires a long enrollment period.

Moreover, there is a risk of including patients with atypical forms of parkinsonism. [START_REF] Rascol | Disease-modification" trials in Parkinson disease: target populations, endpoints and study design[END_REF][START_REF] Van Der Schyf | Rational drug discovery design approaches for treating Parkinson's disease[END_REF] Conversely, patients treated in the early stages of the disease (i.e. 30% of remaining neurons at 3 years of disease progression) are easier to recruit than de novo patients and thus could be considered in the very first Phase II trial. [START_REF] Athauda | Challenges in detecting disease modification in Parkinson's disease clinical trials[END_REF] This population must be receiving a stable, moderate-dose regimen with a dopamine agonist and/or L-dopa.

Duration of the trial

The ADAGIO trial [START_REF] Olanow | A Randomized, Double-Blind, Placebo-Controlled, Delayed Start Study to Assess Rasagiline as a Disease Modifying Therapy in Parkinson's Disease (The ADAGIO Study): Rationale, Design[END_REF] provided valuable information on the duration of the treatment-free period: a period of 9 months in de novo patients was associated with a drop-out rate of 10-15%. A shorter period (e.g. 6 months) would reduce the drop-out rate but would also decrease the study's ability to detect an effect. A shorter period might be suitable for early clinical development. Conversely, a larger trial would have a greater chance of success with a 9month period. The length of period 2 represents a compromise between the minimum drug wash-out time and the duration of period 1, since the patients would have to go for a long time without symptomatic treatment.

The primary criterion for evaluation

Radiologic and biological endpoints (iron overload [START_REF] Tuite | Magnetic resonance imaging as a potential biomarker for Parkinson's disease[END_REF][START_REF] Hopes | Magnetic Resonance Imaging Features of the Nigrostriatal System: Biomarkers of Parkinson's Disease Stages?[END_REF][START_REF] Devos | Targeting chelatable iron as a therapeutic modality in Parkinson's disease[END_REF], atrophy [START_REF] Hopes | Magnetic Resonance Imaging Features of the Nigrostriatal System: Biomarkers of Parkinson's Disease Stages?[END_REF], and loss of presynaptic nigrostriatal projections [START_REF] Varrone | New developments of dopaminergic imaging in Parkinson's disease[END_REF][START_REF] Pavese | Neuroprotection and imaging studies in Parkinson's disease[END_REF]) might be options for early development but they

are not yet validated biomarkers. The total MDS-UPDRS score is a more suitable primary endpoint because it accurately measures motor and non-motor symptoms. It has already been used in a few neuroprotection trials [START_REF] Aviles-Olmos | Motor and cognitive advantages persist 12 months after exenatide exposure in Parkinson's disease[END_REF]. However, the MDS-UPDRS part III score might be a good primary endpoint for an early Phase II trial because the motor handicap is less variable than the total handicap, which would reduce the number of patients required.

Although quality of life (as rated with the specific Parkinson's Disease Questionnaire-39) is strongly correlated with the MDS-UPDRS score and symptomatic benefit, it is unlikely to be a suitable primary endpoint when seeking a disease-modifying effect -at least in early clinical development. In an attempt to identify (i) randomized, controlled trials (RCTs) that had completed but had not been published at the time of this review and (ii) RCTs underway or being planned, we also searched the ClinicalTrials.gov online database. The following keywords were used: "Parkinson's disease modification", "Parkinson's disease slow disease course" and "Parkinson's disease", in combination with the names of drugs having already been used in other neuroprotection trials.

In order to check whether adaptions of the designs had already been used in other pathologies, we analyzed the following key words on PubMed: "randomized withdrawal study placebocontrolled double-blind patients", "long-term, two-period", "long-term study two-period design patients placebo-controlled", "long-term study two-period design patients time to event", and "long-term study two-period time to event".

There were no limitations on the publication date. However, only publications in English were considered.

RESULTS

The Adaptations of the trial designs outside the field of PD were found in 832 records:

"randomized withdrawal study placebo-controlled double blind patients" (782 records), "long-term, two-period" (38 records), and "long-term study two-period design patients placebo-controlled" (1 records). The searches containing the term "time to event" did not yield any hits.

Previous designs (Table 2)

The futility design: the non-superiority study Randomized, controlled trials are costly and difficult to set up. A Phase I safety and tolerability trial can be followed by a non-superiority Phase II study in which the investigational drug is administered to a small number of patients over a short period of time.

This design does not provide information on the treatment's putative efficacy and cannot differentiate between purely symptomatic and disease-modifying effects. However, it can indicate whether the treatment is worth assessing in an expensive RCT [START_REF] Elm | A responsive outcome for Parkinson's disease neuroprotection futility studies[END_REF]. In a non-blinded futility study with a single treatment arm, the observed disease progression is compared with a predetermined lower limit of success (or an upper limit of worsening) in a single-sample test.

The use of historical controls can give rise to bias. Firstly, the disease has to remain stable over the time and across the various trials and populations; this may not always be the case, especially since new diagnostic criteria (e.g. the Movement Disorders Society (MDS) criteria and the exclusion of DaT scans without evidence of dopaminergic deficit) and new therapeutic strategies (e.g. rasagiline in de novo PD patients) have been introduced. These modifications might influence the outcomes of future studies, relative to historical populations. Moreover, the rating scale used must be exactly the same, which will not be the case for PD (following the recent replacement of the UPDRS [START_REF] Goetz | The Unified Parkinson's Disease Rating Scale (UPDRS): status and recommendations[END_REF] by the MDS-UPDRS [START_REF] Goetz | LaPelle N & Movement Disorder Society UPDRS Revision Task Force. Movement Disorder Society-sponsored revision of the Unified Parkinson's Disease Rating Scale (MDS-UPDRS): scale presentation and clinimetric testing results[END_REF]).

The non-superiority design was used by the National Institute of Neurological Disorders and Stroke to identify twelve possible neuroprotective agents, [START_REF] Ravina | Neuroprotective agents for clinical trials in Parkinson's disease: a systematic assessment[END_REF] and has been applied in many other trials in PD; however, these positive results have never been confirmed in subsequent randomized trials (S-Table 1).

To differentiate between purely symptomatic effects and a disease-modifying effect, a number of specific designs have been created. The simple withdrawal design (see Figure 1a and its detailed legend)

This design was first introduced in the field of Alzheimer's disease [START_REF] Leber | Observations and suggestions on antidementia drug development[END_REF]. In a first (fixed) period (period 1), participants are randomly assigned to receive either active treatment or placebo. In a second period (period 2), all participants receive placebo. Period 1 should be long enough to observe the appearance of a change in disease progression but not long enough to create ethical problems and prompt a high drop-out rate. Period 2 should be long enough to eliminate (or "wash out") any symptomatic effects of the treatment administered during period 1. Active vs. placebo differences at the end of period 1 may be related to a symptomatic effect, a disease-modifying effect, or both. A better score at the end of period 2 in the group having received active treatment during period 1 can be attributed to a longerterm symptomatic effect or to a disease-modifying effect. This simple withdrawal design has been widely used (S-Table 1). In the ELLDOPA trial, participants were randomized to receive one of three dose levels of levodopa or a matching placebo for a 40-week period, after which time the study medication was withdrawn for two weeks [START_REF] Study | A controlled, randomized, delayed-start study of rasagiline in early Parkinson disease[END_REF]. After this withdrawal period, participants receiving levodopa continued to have substantially better mean total UPDRS scores than those receiving placebo. However, the study's imaging data showed a lack of protection that was possibly related to levodopa's impact on the DaT scan. Moreover, the 2week withdrawal period was probably too short to totally wash out a residual effect of levodopa. Consequently, the disease-modifying effect of levodopa has not been demonstrated.

The withdrawal design is simple, relatively inexpensive and non-biased. However, it requires knowledge of the investigational drug's pharmacological properties in general and its pharmacokinetic and pharmacodynamic half-lives in particular. For pharmacokinetic effects, the usual rule is that the withdrawal period (period 2) should last for at least five half-lives.

The pharmacodynamic effect is more complex because it cannot be easily measured without a clinical assessment. Moreover, the dopaminergic effect of antiparkinsonian drugs can persist for several days to weeks after withdrawal, especially in early-stage disease [START_REF] Nutt | Evolution of the response to levodopa during the first 4 years of therapy[END_REF]. It is always challenging to set the length of period 2, which is always a compromise between scientific and ethical considerations. Another limitation relates to the risk of not seeing a drug effect if period 1 is too short. Lastly, blinding is lost during period 2, which can induce a "nocebo" effect. In view of the ethical limitations associated with period 2 in the simple withdrawal design, another design has been developed.

The delayed-start design (see Figure 1e and its detailed legend)

In period 1, participants are randomized to placebo or active treatment. In period 2, all participants are given active treatment [START_REF] Sr | The delayed-start study design[END_REF]. Again, active vs. placebo differences at the end of period 1 may be related to an effect on symptoms, a disease-modifying effect, or both.

However, an intergroup difference at the end of period 2 argues in favor of a diseasemodifying effect. Indeed, effects on symptoms alone cannot readily explain persistent differences between the two groups at the end of period 2. This approach is based on the assumption that in trials that last for a year or more, symptomatic effects should be stable and similar in both groups at the end of the study. However, this assumption is not necessarily true. If there is a symptomatic effect in the long term, the group having received placebo in period 1 might never catch up with the other group. There are a number of other potential problems with this design. Indeed, the drop-out rate may differ in the two groups (e.g. with a higher rate in the placebo group) and thus impede the analysis [START_REF] Study | Levodopa and the progression of Parkinson's disease[END_REF]. The delayed-start design has been used in several trials (S-Table 1). The ADAGIO trial tested rasagiline's putative disease-modifying effect [START_REF] Olanow | A Randomized, Double-Blind, Placebo-Controlled, Delayed Start Study to Assess Rasagiline as a Disease Modifying Therapy in Parkinson's Disease (The ADAGIO Study): Rationale, Design[END_REF]. To obtain a positive result, the early-start treatment group had to meet three hierarchical endpoints in a primary analysis based on the UPDRS score. The study's results showed that early treatment with 1 mg per day rasagiline provided benefits that were consistent with a possible disease-modifying effect but that early treatment with a higher dose (2 mg per day) did not. Consequently, the presence of a disease-modifying effect remains subject to debate [START_REF] Sr | The delayed-start study design[END_REF]. The ADAGIO results highlighted an important limitation of the delayed-start design (notably relative to the withdrawal design); at a high dose level, a drug's symptomatic effect may mask its disease-modifying effect. Moreover, this design (like the simple withdrawal design) suffers from a loss of blinding during period 1 for the early start group and during period 2 for the delayed-start group, which may lead to assessment bias. Since clinical scoring at the end of the study is crucial, these two unblinding periods might compromise the findings. Lastly, this study is expensive; the high potential drop-out rate over the long term means that a large number of patients must be included.

A third trial design has been used to study neuroprotection but cannot differentiate between symptomatic and disease-modifying effects. 1) [START_REF] Tetrud | The effect of deprenyl (selegiline) on the natural history of Parkinson's disease[END_REF][START_REF] Shults | Effects of coenzyme Q10 in early Parkinson disease: evidence of slowing of the functional decline[END_REF][START_REF] Whone | Slower progression of Parkinson's disease with ropinirole versus levodopa: the REALPET study[END_REF][START_REF] Snow | A double-blind, placebo controlled study to assess the mitochondria-targeted antioxidant MitoQ as a disease-modifying therapy in Parkinson's disease[END_REF][START_REF] Study | Mixed lineage kinase inhibitor CEP-1347 fails to delay disability in early Parkinson disease[END_REF][START_REF]Effect of Creatine Monohydrate on Clinical Progression in Patients with Parkinson Disease. A Randomized Clinical Trial[END_REF] and in late-stage, treated patients with PD [START_REF] Lang | Randomized controlled trial of intraputamenal glial cell line-derived neurotrophic factor infusion in Parkinson disease[END_REF][START_REF] Marks Wj | Gene delivery of AAV2-neurturin for Parkinson's disease: a double-blind, randomised, controlled trial[END_REF]. However, it has not been possible to ascribe a positive outcome to a disease modifying effect alone. -Period 2 can be long because all patients are receiving symptomatic treatment (no ethical concerns) -Allows assessment of disease progression from an early stage in the disease. 
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 21 Figure 1. A randomized withdrawal study with three groups. There are two arms (placebo or

FA

  o r P e e r R e v i e w Effects of the drug: Natural disease progression Symptomatic effects only Disease-modifying effect demonstrated by: Delayed time to event (examples of milestones) Need for dopaminergic treatments Bilateral symptoms Axial symptoms: slight impact on activities of daily living Slight impact on cognitive function Slight impact on central nervous system Slight impact on sleep B End-of-dose motor fluctuations Dyskinesia C Severe impact on axial involvement: dysphagia, dysarthria, gait disorders (freezing postural instability) Severe impact on cognitive or on behavior: dementia, hallucination, psychosis Severe impact on central nervous system Severe sleep disorders D Institutionalization (dependent state) The present review was conducted by searching online databases, including Medline (via PubMed) and the ClinicalTrials.gov database. PubMed was searched using different logical combinations of keywords: "Parkinson's disease neuroprotection designs", "Parkinson's disease trial neuroprotection design", "Parkinson's disease modifier effect", and "Parkinson's disease clinical trials designs disease modification".

  PubMed search identified a total of 908 articles, of which 87 concerned PD: "Parkinson's Disease neuroprotection designs" (18 records), "Parkinson's Disease trial neuroprotection design" (35 records), "Parkinson's Disease modifier effect" (29 records), "Parkinson's Disease clinical trials designs disease modification" (5 records). After the exclusion of duplicates, preclinical studies and reviews, 44 publications (from 32 different clinical studies of neuroprotection) were analyzed. The ClinicalTrials.gov search (up until September 2016) identified 9 ongoing clinical trials studying possible disease modification in PD.

  1. A. The simple withdrawal design. Patients are randomized into two groups. The first group receives placebo during periods 1 and 2, whereas the second group receives the active treatment in period 1 and then placebo in period 2. B. The delayed-start design. Patients are randomized into two groups. The first group (the early-start group) receives the active treatment during period 1 and period 2. The second group (the delayed-start group) receives placebo during period 1 and switches to active treatment during period 2. The ADAGIO trial's three primary end points are shown. To determine a positive result with either dose, the early-start treatment group had to meet three hierarchical endpoints in a primary analysis based on the 176-point UPDRS (with a higher score indicating more severe disease): superiority over placebo in the rate of change in the UPDRS score between weeks 12 and 36 (green arrows), superiority over the delayed-start treatment in the change in the score between baseline and week 72 (red arrows), and non-inferiority with regard to the delayedstart treatment in the rate of change in the score between weeks 48 and 72 (purple arrows).

-- 2 - 2 -

 22 Double-blind in period 2 (in contrast to the simple long-term study followed by an open-label extension) This design cannot accurately track slow overall disease progression. -One cannot be sure that a treatment benefit is present several years later -A long-term study is required to characterize any side effects -Difficult to recruit only early-stage, untreated patients More drop-outs, due to the length of period Difficulty in finding the ideal length of the periods because of the antiparkinsonian drugs' pharmacokinetic and pharmacodynamic effects.-Risk of period 1 being too short to see an effect on disease progression During period 1, -Very complicated to analyze, with a lot of study variables -Complex to set up -The need for a large population, in order to compare the two groups at the same time (when
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Table 1 .

 1 Suggested trial designs as a function of the clinical development phase.
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Table . 1 Suggested trial designs, as a function of the clinical development phase.

 . 

	Development phase	Design	Population	Primary criterion	Question
	Initial Phase II	-Futility: for a pilot trial	-40-200 early-	Depending on the drug's action,	-Is there a treatment
	-Pilot trial	-Simple withdrawal (6-9 months followed by 15-	stage, treated	primary or secondary criteria can be:	effect vs. placebo?
	-Dose-ranging trial	30 days) for a pilot or dose-ranging trial	PD patients (<3	-A radiologic or wet biomarker	-What is the
			years since	(e.g. an MRI R2* sequence for iron,	magnitude of a
			diagnosis)	a DaT scan, a PET scan, or	symptomatic effect?
			-Subpopulation	cerebrospinal fluid parameters)	-Is there initial
			selected with a	-A molecular target (e.g. gene	evidence of a
			molecular target	mutation)	disease-modifying
				-MDS UPDRS part III score	effect?
	Large Phase II/III	-For drugs with a symptomatic effect:			
	trials	Randomized withdrawal with 3 groups			
	-Efficacy (proof of	(two periods of 6-9 months)			
	concept)	Randomized			
	-Initial Phase III				
	trial				

withdrawal of all the patients (or of the responders for a particular drug)

  

			200-500 de novo	Total MDS UPDRS score	Is there a disease-
			patients		modifying effect?
		-For drugs with weak or no symptomatic effects:			
		Delayed start (two periods of 6-9 months)			
		Randomized withdrawal with 2 groups (two			
		periods of 6 months)			
		-For drugs with a short half-life:			
		Simple withdrawal (9 months, followed by 1-2			
		months)			
	Phases III trials	A long term study with a fixed or open protocol	400-1000 de	PD milestones with assessment of	Is there a long-term
		(24-36 months in the protocol, and then open-label	novo patients	the time to event at 24-36 months	disease-modifying
		for up to 5 years)		(primary endpoint)	effect?
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  Patients are randomized into parallel active versus placebo groups for a long period of time (usually several years, if the goal is to confirm a positive risk/benefit ratio). Long-term studies generally use global outcome measures, such as the overall level of handicap (motor and nonmotor) and quality of life. Positive effects on long-term, cumulative disability can still provide very useful evidence of disease modification. The long-term design has been widely used in clinical trials of early-stage and/or untreated patients with PD (S-Table
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Table 1 . Previous and ongoing clinical trials of putative disease-modifying treatments in PD.

 1 Treated PD: dopaminergic therapy. Early PD: Hoehn and Yahr Scale stage I or II. All the cited clinical trials are listed at http://www.ncbi.nlm.nih.gov/ and/or https://clinicaltrials.gov.
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	Drug	Study authors	Design	PD population	Primary	Symptomatic	DM effect?	Comments/ Limitations
			(length)		criterion for	effect?		
					evaluation			
	Pharmacological studies						
	Selegiline	Tetrud JW,	LT (3 years)	54 early-stage,	The need for	Positive	Inconclusive	The confounding symptomatic effects of selegiline were
		Langston JW		untreated patients	symptomatic			not considered
		[40]			treatment			
		Myllylä et al.,	LT (not	52 early-stage,	The change in	Positive	Inconclusive	It is not clear whether the benefit of treatment was due to
		1992 [48]	specified)	untreated patients	UPDRS			a symptomatic effect alone or to a combination of
								symptomatic and DM effects
		DATATOP	LT (2 years)	800 early-stage,	The need for	Positive	Inconclusive	It is not clear whether the benefit of treatment was due to
		PSG. 1989,		untreated patients	symptomatic			a symptomatic effect alone or to a combination of
		[49]			treatment			symptomatic and DM effects
		PSG 1996 [50]	Extension of	310 early-stage,	Disability	Negative	Negative	Subjects who received deprenyl in DATATOP trial did
			the	untreated patients	requiring			not have sustained benefits after re-initiation of this
			DATATOP		levodopa			therapy. The investigators stated that this result may have
			trial (18	(DATATOP				been due (in part) to the more severe impairment of
			months with 2 months of	subjects not requiring levodopa).				deprenyl-assigned subjects at baseline, who originally received deprenyl in the DATATOP trial but were more
			WO before					likely to require levodopa during this extended period of
			the open-label					observation.
			administration of deprenyl)					The second limitation is that the second period was an open-label period.
		SINDEPAR	SWD (14	101 early-stage,	The change in	Positive	Inconclusive	The two-month period 2 was considered too short to
			months, with					
					John Wiley & Sons		
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Table 2 . Strengths and limitations of clinical trial designs that can be used to assess neuroprotection in PD

 2 . WD: withdrawal; RWD: randomized withdrawal; DS: delayed-start. Designs in bold type have already been used to assess neuroprotection in PD. Designs in white type are new designs not previously applied to PD and that may be of value for studying disease modification in this field.
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