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ABSTRACT
Background: Simulation modeling facilitates the estimation of long-term health and economic 
outcomes to inform healthcare decision-making.
Objective: To develop a framework to simulate progression of Parkinson’s disease (PD), capturing 
motor and non-motor symptoms, clinical outcomes, and associated costs over a lifetime.
Methods: A patient-level simulation was implemented accounting for individual variability and 
interrelated changes in common disease progression scales. Predictive equations were developed 
to model progression for newly diagnosed patients and were combined with additional sources 
to inform long-term progression. Analyses compared a hypothetical disease-modifying therapy 
(DMT) with a standard of care to explore the drivers of cost-effectiveness.
Results: The equations captured the dependence between the various measures, leveraging prior 
values and rates of change to obtain realistic predictions. The simulation was built upon several 
interrelated equations, validated by comparison with observed values for the Movement Disorder 
Society Unified PD Rating Scale (MDS-UPDRS) and UPDRS subscales over time. In a case study, 
disease progression rates, patient utilities, and direct non-medical costs were drivers of cost- 
effectiveness.
Conclusions: The developed equations supported the simulation of early PD. This model can 
support conducting simulations to inform internal decision-making, trial design, and strategic 
planning early in the development of new DMTs entering clinical trials.
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Introduction

Parkinson’s disease (PD) is a progressive neurological 
disorder characterized by numerous motor (e.g., brady-
kinesia, rigidity, rest tremor, and postural instability) 
and non-motor symptoms (e.g., depression, cognitive 
impairment, and autonomic disturbances [1]). There is 
currently no disease-modifying therapy (DMT) available 
for the treatment of patients with PD, but new thera-
pies are being studied and entering clinical trials [2]. It 
will be important to be able to model the long-term 
potential health and economic benefits from diagnosis 
to the more advanced stages of disease. Disease simu-
lation models facilitate estimating the potential impact 
of treatment on long-term clinical and economic out-
comes to inform healthcare decision-making.

Three scales have been widely used to measure the 
progression of PD: the Hoehn and Yahr (HY) scale and 
two versions of the Unified Parkinson’s Disease Rating 

Scale (UPDRS). The HY scale measures motor symptoms 
with scores ranging from 1 to 5 [3]; two additional 
stages (1.5 and 2.5) were added in a modified version 
[4]. As the understanding of PD evolved, the Movement 
Disorder Society (MDS) critiqued the UPDRS [5] and 
published a revised version referred to as the MDS- 
UPDRS [6]. The UPDRS had four parts: (1) mentation, 
behavior, and mood; (2) activities of daily living; (3) 
motor examination; and (4) complications of therapy. 
The MDS-UPDRS retains the four subscales, but the 
focus of each was revised: (1) non-motor experiences 
of daily living; (2) motor experiences of daily living; (3) 
motor examination; and (4) motor complications. 
Clinical trials of DMTs typically use the UPDRS or MDS- 
UPDRS as the primary outcome, since HY stage alone is 
not sufficiently sensitive to changes in disease progres-
sion, especially for recently diagnosed patients. Some 
disease progression models have been published for 
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UPDRS [7,8], although MDS-UPDRS is now more widely 
used in trials.

Many health economic models have assessed the 
cost-effectiveness of existing treatments for PD, and 
a systematic literature search was conducted to identify 
studies evaluating the cost-effectiveness of treatments 
for PD and examining the modeling approach adopted 
[9–11]. Most were Markov models that typically mod-
eled transition between health states defined based on 
HY. Only two models tracked disease progression using 
the UPDRS and considered the non-motor aspects 
[8,12]; none used the MDS-UPDRS. Thus, the need was 
identified for a new model of PD to support the assess-
ment of the health economics of DMTs for early PD, 
using the MDS-UPDRS in line with current clinical trial 
designs – recent examples include Exenatide-PD3 [13], 
PASADENA [14], PD STAT [15], and SPARK [16]. 
Furthermore, this new model addresses the unmet 
need for a disease simulator that considers the full 
spectrum of the disease progression from diagnosis, 
and could be used to understand the potential clinical 
and economic value of new DMTs for early PD. Based 
on the learning from Alzheimer’s disease, there is 
a recent uptake of Parkinson’s disease research focusing 
on early disease modification [17], which poses unan-
swered health economic questions.

The objective of this study was to develop and vali-
date a novel model to simulate the disease progression 
of PD from diagnosis over a lifetime horizon capturing 

motor and non-motor symptoms, health outcomes, and 
the associated costs. This model addresses the limita-
tions of existing published models by using predictive 
equations that capture the intercorrelation between 
UPDRS subscales and incorporate baseline characteris-
tics of individual simulated patients to model the pro-
gression of the MDS-UPDRS and UPDRS subscales over 
time. The simulation was developed to predict long- 
term clinical outcomes of new treatments, such as 
DMTs, in addition to the current standard of care, and 
can be leveraged to conduct cost-effectiveness analyses 
and clinical trial simulation. A case study was conducted 
to assess the cost-effectiveness of a DMT plus standard 
of care (SOC) vs. SOC alone in the UK. The case study 
results illustrated the main drivers of cost-effectiveness 
and identified important data gaps.

Methods

Model overview

The model simulates the clinical and economic out-
comes of individual patients with PD, up to a lifetime 
horizon. An overview of the framework is provided in 
Figure 1. The model supports comparing a new treat-
ment (as an add-on to SOC) to the current SOC (symp-
tomatic treatments). The simulation captures both the 
benefits of starting symptomatic treatments, dose 
adjustments, and longer-term limitations, such as 

Figure 1. Model influence diagram.
Outlines the key relationships captured in the Parkinson’s disease model. 
Abbreviations: HY = Hoehn and Yahr; MDS-UPDRS = Movement Disorder Society Unified Parkinson’s Disease Rating Scale; PD = Parkinson’s disease. 
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increasing off-time and the associated complications of 
dopaminergic therapies. The model reports health and 
economic outcomes, including life years (LY), quality- 
adjusted life years (QALY), and several cost categories.

This individual patient-level simulation is implemen-
ted in Microsoft Excel® using the discretely integrated 
condition event (DICE) approach, which conceptualizes 
the decision problem in terms of the information 
handled by the model over time (‘conditions’) and the 
changes of those conditions that occur at specific 
points in time (‘events’) [18]. The DICE approach is 
particularly suitable for developing event-driven simu-
lation models and facilitates the implementation of 
such models in Microsoft Excel® without the need for 
specialized software. This simulation accounts for indi-
vidual patient characteristics and represents the pro-
gression and management of PD as a combination of 
evolving conditions (age, MDS-UPDRS, UPDRS, HY, 
costs, and utilities) and events (distinct points in time 
where conditions change, such as treatment changes or 
discontinuation and death).

The model was constructed as an individual patient 
simulation to represent the heterogeneity observed in 
progression rates and capture the potential benefits of 
novel DMTs. Disease progression was characterized in 
terms of changes in MDS-UPDRS, UPDRS, and HY in the 
simulation, and accounts for the motor and non-motor 
aspects of the disease, as well as complications of therapy. 
Realistic simulation of progression requires consistent 
predictions between these various measures. The short- 
term benefits of symptomatic treatments, their long-term 
limitations, and the associated complications of therapy 
are captured in the underlying disease progression risk 
equations. Moreover, by separately tracking symptomatic 
and underlying disease progression, the model captures 
the long-term benefits of DMTs on disease progression as 
distinct from symptomatic improvements.

The input values and data sources are summarized in 
Table 1; additional details are provided in the 
Supplement.

Population

A target population of newly diagnosed, treatment-naïve 
patients at baseline was analyzed to understand the 
potential value of early treatment with DMT in such 
a population. Each simulated patient carries a profile of 
risk factors to predict progression, treatment changes, 
and mortality. These risk factors are updated over time 
in the simulation, according to predictive equations. 
Constraints can be applied to the baseline profiles 
selected to adapt the model to simulate a cohort of 
individuals aligned with a specific population. For the 

analyses presented, for example, the profiles were gener-
ated for a newly diagnosed treatment-naïve cohort [20] 
by jointly sampling correlated characteristics observed in 
Parkinson’s Progression Markers Initiative (PPMI); the 
simulated cohort has a mean age of 61 years and mean 
time since PD diagnosis of six months (range 0 to 
48 months). PPMI is a prospective cohort study initiated 
in 2010, enrolling 423 patients with a diagnosis of PD in 
the past two years and not on PD medications at baseline 
[20]. Additional details are provided in Supplement 
Table S1.

Disease progression and mortality

The simulation of disease progression and mortality for 
newly diagnosed patients (treatment naïve at baseline) 
with Parkinson’s disease was based on a set of interrelated 
predictive equations for MDS-UPDRS, developed from 
analyses of longitudinal data obtained from PPMI (see 
Supplement for more details). Predictive equations were 
developed to capture both between and within patient 
variation in simulated outcomes. The longitudinal data 
from PPMI were analyzed using mixed-effect model 
repeated measures (MMRM) to predict change from pre-
vious values of MDS-UPDRS I (non-motor experiences of 
daily living), MDS-UPDRS II (motor experiences of daily 
living), and MDS-UPDRS III (motor examinations). This 
approach identified the predictors of change in subscale 
scores and captured the dependence between these sub-
scales, leveraging prior values and rates of change in the 
subscale. Random effects of subjects were accounted for 
in the models by including a random intercept term. 
Statistical analysis to derive the MMRM model was con-
ducted using SAS version 9.4. Initiation of PD sympto-
matic treatments (e.g., levodopa, dopamine agonists, or 
other such as monoamine oxidase-B inhibitors) were iden-
tified as predictors of MDS-UPDRS II and III scores, and the 
time to initiation of PD medications was based on the 
observed distributions of PPMI. Additional predictors in 
the PPMI-based models included gender, age, disease 
duration, time, baseline MDS-UPDRS scores, and prior 
MDS-UPDRS scores (Supplemental Table S2). The form of 
each predictive equation is a general linear model. For 
instance, the predictive equation for change from prior 
visit in MDS-UPDRS III is defined as follows:

ΔIII ¼ � 2:78 � 1:32Femaleþ 0:08Ageþ 0:06Duration
þ 0:01Timeþ 0:27BaselineII þ 0:23BaselineIII

þ 0:88PriorI � 0:50PriorIII þ 6:10NoPDMeds
þ 5:17OtherPDMeds 

Where ΔIII represents mean change from prior visit in 
MDS-UPDRS III; BaselineII and BaselineIII represent 
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baseline MDS-UPDRS II and III; PriorI and PriorIII repre-
sent MDS-UPDRS I and III at prior visit; NoPDMeds repre-
sents patients not receiving any PD medications; and 
OtherPDMeds represents patients receiving PD medica-
tions other than dopaminergic medications.

PPMI provides up to 6 years of follow-up, with a smal-
ler number of observations available in year 5 and 6, 
which has the potential to limit the long-term accuracy 
of predictions beyond this time frame. Thus, leveraging 
disease progression predictions derived from several 
data sources was required to accurately represent the 
full course of the disease – that is, there does not exist 

a single data source that tracks the full course of the 
disease, from the newly diagnosed stage of the disease 
to advanced PD and end of life.

In addition to the PPMI-based predictions, the simu-
lated disease trajectories can be supplemented by 
a second set of predictive equations, with a switch 
between equations defined according to individual 
characteristics, such as medication status, time since 
baseline, or current MDS-UPDRS score. In the case 
study presented herein, when patients initiate sympto-
matic treatments, disease progression is predicted via 
a separate set of equations for UPDRS I–IV, developed 

Table 1. Model inputs and sources.
Parameter Description HY Input Values Source(s)

Population Baseline individual profiles derived from studies on 
early PD

Supplement Table S1 [20]

Disease 
progression

Predictive equations from PD diagnosis (before and 
after initiating symptomatic therapy) and 
published transition probabilities HY 3+

HY <3    

HY 3+

Predictors before initiation of symptomatic therapy: 
age, gender, disease duration, MDS-UPDRS 
(Supplement Table S2) 
Predictors on symptomatic therapy: age, gender, 
disease duration, UPDRS, LED and off-time 
(Supplement Table S3) 
Transitions between HY 3 to 4, 5 and five off- 
time categories (none, quartiles)

[20], [22], [26]

Mortality Hazard ratios by HY adjust age- and gender-specific 
mortality for the UK general population HY 1 to 3 

HY 4 
HY 5

UK life tables and hazard ratios 
1.18 
2.37 
3.34

[30], [19]

Utilities Patient EQ-5D estimated from predictive equation 
for HY <3 and published values for HY 3+

HY <3 Predicted adjusting for gender and UPDRS 
(Supplement Table S4)

[22]

HY 3 
HY 4 
HY 5

Conditional on HY and five % off time categories 
None 0–25 26–50 51–75 76–100% 
0.596 0.566 0.536 0.506 0.475 
0.487 0.456 0.426 0.396 0.366 
0.377 0.347 0.316 0.286 0.256

[28]

Caregiver EQ-5D decrements conditional on patients’ 
HY HY 2 

HY 3 
HY 4 
HY 5

EQ-5D decrements 
-0.022 
–0.120 
-0.090 
–0.120

[31]

Direct costs* Direct medical and non-medical
HY 1 
HY 2 
HY 3 
HY 4 
HY 5

Annual costs (% in nursing home) 
£3,918 
£7,417 
£14,150 (4.1%) 
£28,660 (18.3%) 
£53,335 (61.9%)

[32]

Pharmaceutical 
costs

Symptomatic treatment costs reflect percent 
receiving each therapy and LED

HY <3   

HY 3+

Percent on each dopaminergic/other over timea,b 

£5 per LED mg/yearc 

£192/year non-dopaminergic 
£4,024/year

[20], [33], [21]

Advanced therapies** 
costs reflect percent on each therapy (and co- 
medications) and average duration – weighted 
average cost applied for those who initiate an 
advanced therapy

HY 3+ Percent on each (average duration) 
None 59.1% 
DBS 23.3% (3.33 years) 
LCIG 15.9% (1.69 years) 
CSAI 3.3% (1.88 years) 
Weighted average initiation cost of £16,578 and 
ongoing cost of £22,942/year (applied for 
average duration of treatment); details are 
provided in supplement

[34], [29]

Abbreviations: CSAI = continuous subcutaneous apomorphine infusion; DBS = deep brain stimulation; HY = Hoehn and Yahr; LCIG = levodopa-carbidopa 
intestinal gel; LED = levodopa-equivalent dose; MDS-UPDRS = Movement Disorder Society Unified Parkinson’s Disease Rating Scale; ONS = Office for 
National Statistics; PD = Parkinson’s disease. 

*Direct costs include inpatient and outpatient (excluding pharmaceutical costs), and direct non-medical services (nursing home, residential care, sheltered 
housing, home help, and respite care). 

**Advanced therapies include continuous subcutaneous apomorphine infusion; deep brain stimulation; levodopa-carbidopa intestinal gel. 
# Cost derivation details provided in supplement. Costs are reported in 2020 British pounds (GBP). 
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from an analysis of NET-PD LS-1 (additional details pro-
vided in Supplement) [21,22]. The NET-PD LS-1 included 
patients receiving stable doses of dopaminergic treat-
ment at baseline. The patient-level longitudinal dataset 
included 1,720 patients with five years of follow-up and 
was analyzed to develop equations to predict changes 
over time in UPDRS parts I to IV, levodopa-equivalent 
doses (LED), and percent off-time. LED is predicted to 
increase over time in the model and impacts the UPDRS 
I to IV scores. Predictors in the NET-PD LS-1-based 
UPDRS models included gender, disease duration, age, 
LED, time, off time, baseline UPDRS scores, prior UPDRS 
scores, rate of change in prior UPDRS scores, and sev-
eral interactions between terms (Supplemental 
Table S3).

The conversions between UPDRS and MDS-UPDRS 
scales were based on the linear relationships published 
by Goetz et al. [23] A UPDRS III threshold (≥27 in the 
case study) was used to predict the time to HY stage 3; 
since HY was not collected in NET-PD LS-1, the UPDRS 
III threshold was derived by analyzing PRECEPT [24] and 
PostCEPT [25] patient-level data (see Supplement for 
description of the study). PRECEPT, which enrolled 
patients with PD who were not on PD medications at 
baseline, concluded prematurely (pre-specified end-
points were not met) and was transformed into the 
PostCEPT study.

The progression between HY stages 3 to 5 was based 
on published transition probabilities; Johnson and col-
leagues conducted a meta-analysis of 10 studies pub-
lished between 1 January 1990 and 22 April 2010 [26]. 
These stages were further stratified by the amount of 
off-time experienced (percentage of waking day). Based 
on Lowin et al., 2017 and several published models, the 
advanced therapies were assumed to have an initial, 
one-time shift in HY stage and no subsequent benefit 
[9,27–29].

Age- and gender-specific mortality for the UK gen-
eral population [30] were adjusted to capture the 
impact of PD by applying hazard ratios (HR) by HY 
stage (see Table 1). This approach aligns with other 
published pharmacoeconomic models [26,28].

Utilities

An MMRM was developed to predict EQ-5D-3L based 
on an analysis of data collected in NET-PD LS-1, and this 
predictive equation was used to assign patient utilities 
up to HY stage 3. Up to six years of follow-up was 
available in the NET-PD LS-1 dataset, with 1,741 obser-
vations at baseline and 330 observations at year 6. 
Gender, non-motor-, and motor-related aspects of the 
disease were identified as significant predictors of EQ- 

5D-3L utilities (see Supplement for more details). Once 
patients transition to HY stage 3, utilities are assigned 
conditional on HY stage and off-time (Table 1), follow-
ing the approach used by Lowin et al. [28], which 
estimated these values from a pooled dataset of EQ- 
5D-3L, derived from four PD studies (N = 2,162).

Caregiver disutilities (Table 1) were obtained from 
Kalabina et al. [31] and assigned conditional on HY 
stage of patients. Kalabina et al. [31] reported caregiver 
EQ-5D utility decrements by patient HY while control-
ling for age and gender (derived from an analysis of 
patient-level data from the Adelphi Real World 
Parkinson’s Disease Specific Program 2012).

Costs

Costs were reported in 2020 British pounds (GBP; Table 
1) and were inflated from prior years, where necessary. 
UK healthcare resource profiles were derived from 
a survey published by Findley et al. [32] reporting inpa-
tient and outpatient care, and direct non-medical ser-
vices (nursing home, residential care, sheltered housing, 
home help, and respite care). Unit costs were extracted 
for each resource and applied to derive updated aver-
age annual costs by HY stage (see Table 1).

Pharmaceutical costs were estimated based on 
a weighted average of treatment distributions in the 
UK and LED using various sources (see Supplement for 
details). The treatment class was based on time- 
dependent probabilities observed in the PPMI study 
[20], where many started medications within the first 
few years and most initiated dopaminergic therapy 
by year 5. Kalilani et al. [33] studied treatment patterns 
in a retrospective cohort study using the UK Clinical 
Practice Research Datalink (CPRD) database (2004 to 
2015; N = 7,775). The most common first-line PD med-
ications in the CPRD database were included in the cost 
estimates derived per LED mg. The percent receiving 
advanced therapies and the associated treatment dura-
tions were derived from OBSERVE-PD, a cross-sectional 
study (N = 2,615; 128 movement disorder centers in 18 
countries [34]).

Validation analyses

To assess whether the predictive equations predict 
accurately when used together in a disease simulator, 
the predictive equations were validated in two ways. 
The equations developed for MDS-UPDRS and UPDRS 
subscales were first confirmed to predict accurately by 
comparing the predicted and observed scores 
each year post-baseline in PPMI and NET-PD LS-1, 
respectively; that is, observed values of the predictors 
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were propagated through the equation and predicted 
outcomes were compared with the observed. The equa-
tions were then implemented in the model and the 
simulated outcomes confirmed to align with the 
observed data for three cohorts: 1) newly diagnosed 
treatment-naïve patients with PPMI characteristics at 
baseline and applying PPMI-based equations; 2) 
patients on PD medication and with NET-PD LS-1 char-
acteristics at baseline and NET-PD LS-1-based equa-
tions; and 3) a cohort with the PRECEPT characteristics 
at baseline with NET-PD LS-1-based equations. In this 
way, the predicted values from one equation were used 
as predictors for correlated measures, and thus this 
assesses the joint validity of the equations when imple-
mented in the disease simulation.

PD progression, mortality, and utilities after HY stage 
3 were derived from the same sources as many PD 
models that have focused on more advanced stages 
of the disease and have been published in peer- 
reviewed journals[28]. The model projections for this 
stage were compared with the source data; however, 
an external validation was not undertaken because of 
unavailability of suitable data.

Hypothetical DMT analyses

The perspective of the analyses is the UK National 
Health Service and includes direct medical and non- 
medical costs over a lifetime, and accumulated QALYs, 
discounted at 3.5% per year [35]. The model was used 
to simulate newly diagnosed patients (mean time 
since diagnosis of six months, range 0 to 48) starting 
a DMT in addition to the current SOC. For the DMT, 
a 50% change in MDS-UPDRS progression vs. natural 
history was assumed; further, a 5% discontinuation 
rate in the first year and an annual rate of discontinua-
tion of 2.5% in subsequent years were assumed for the 
patients on DMT. Patients who discontinue DMT were 
assumed to experience a gradual loss of treatment 
effect over two years – reverting to the SOC trajec-
tories. The deterministic sensitivity analyses were con-
ducted by systematically varying parameters from the 
base case one at a time. The analysis evaluated 
a lower and upper bound for each model parameter 
considered.

Results

Validation of disease progression equations

The disease progression validation results for were sum-
marized for the aforementioned three cohorts: 1) inter-
nal validation of PPMI data (Figure 2); 2) interval 

validation of NET-PD LS-1 data (Supplement Figure 
S1); and 3) external validation of NET-PD LS-1 equations 
using a PRECEPT-based cohort (Supplement Figure S2). 
The predictive equations generally performed well, as 
observed by comparing the simulated outcomes with 
the observed PPMI (MDS-UPDRS), NET-PD LS-1 and 
PRECEPT (UPDRS) data each year post baseline [25]. 
PRECEPT [24] enrolled patients who were not on PD 
medications at baseline.

The simulated MDS-UPDRS trajectories predicted by 
the PPMI-based equations for the treatment-naïve 
cohort closely match the observed values from PPMI 
(Figure 2). Similarly, the simulated UPDRS trajectories 
predicted by the LS-1-based equations for the on- 
treatment cohort match the observed values from LS- 
1 reasonably well (Supplementary Figure S1). These 
validation analyses illustrated how the model appropri-
ately simulated changes in the three subscales over 
time for both treatment-naïve and treatment- 
experienced patients.

For the external validation comparing the simulated 
UPDRS trajectories for a simulated cohort with PRECEPT 
characteristics at baseline, the NET-PD LS-1 equations 
yielded predictions consistent with the observed 
averages, attesting to the generalizability of the equa-
tions outside the NET-PD LS-1 population. The valida-
tion dataset included PRECEPT participants who went 
on to participate in PostCEPT, and subjects who had 
‘scans without evidence of dopamine deficiency’ were 
excluded from the data set. The mean values at two 
years for the simulated and observed values, respec-
tively, were as follows: for UPDRS 1, 1.20 vs 1.14; UPDRS 
2, 7.63 vs 7.78; and UPDRS 3, 21.41 vs 21.72. Additional 
details are provided in the Supplement Figure S2.

Economic analyses of a hypothetical DMT

Over a lifetime horizon, undiscounted LYs were esti-
mated to be 17.8 with SOC, and DMT added to SOC 
yielded an increase of 0.7 LYs and 1.9 QALYs (Table 2). 
The discounted incremental gains were 0.3 LYs and 1.1 
QALYs. Patients treated with SOC were projected to 
incur discounted costs of £232,619 over a lifetime – 
with 26% from treatment costs, and 55% from non- 
medical costs (including respite care and nursing 
home costs). As acquisition and administration costs 
of the hypothetical DMT were not considered, the 
total costs were lowered by 16%. The costs were largely 
offset due to a predicted reduction in hospitalizations, 
nursing home admissions, and at home care. Overall for 
this hypothetical DMT, these base-case values led to an 
annual economically justifiable price estimate of £6,908 
to £8,206 for willingness-to pay-thresholds in the range 
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Figure 2. Simulation of movement disorder society unified Parkinson’s disease rating scale scores over time for a newly diagnosed 
cohort: comparison of simulated with observed outcomes.
A) MDS-UPDRS I, B) MDS-UPDRS II, C) MDS-UPDRS III; Observed (grey): Mean observed data for each subscale derived from analyses of PPMI data; 
Simulated: Model outputs from simulation of a newly diagnosed cohort with PPMI-baseline characteristics, PPMI based equations 
Abbreviations: MDS-UPDRS = Movement Disorder Society Unified Parkinson’s Disease Rating Scale; PPMI = Parkinson’s Progression Markers 
Initiative. 
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of £20,000 to £30,000 [35]. Although higher willingness- 
to-pay thresholds may be considered, these thresholds 
are generally considered appropriate by the National 
Institute for Health and Care Excellence (NICE). The 
annual economically justifiable price in other markets 
such as the US may be higher, as higher willingness-to- 
pay thresholds may also be acceptable. Deterministic 
sensitivity analyses identified the drivers of the results 
to be the efficacy assumptions, as the reduction in 
disease progression rate has the largest impact, patient 
utilities, and direct non-medical costs (Figure 3).

Discussion

The model developed for this study was able to predict 
PD progression for newly diagnosed patients, providing 
a new foundation for conducting simulations early in 
the disease and for evaluating health benefits and eco-
nomic impacts. The model accounted for the influence 
of multiple factors on the rate of progression of motor 
and non-motor symptoms and captured the depen-
dence between the various measures, leveraging prior 
values and rates of change to obtain realistic predic-
tions. The predictors for the various subscales included 
age, duration of disease, gender, initiation of PD med-
ications and LED, as well as off-time.

The model was used to conduct analyses to 
explore the potential value of a novel, hypothetical 
DMT for the treatment of early PD by running various 
aspirational efficacy scenarios. While conducting 
exploratory scenario analyses, the ability to vary the 
assumptions such as the anticipated durability of the 
benefits can be informative early in the development 
of a novel DMT; it may also help to inform internal 
decision-making for trial designs. As expected, the 
assumed reduction in disease progression rate signif-
icantly impacted the results, as well as the 

assumptions related to how early treatment was 
started, patient utilities, and direct non-medical 
costs. The local access to nursing home care and 
annual costs varied widely between countries and is 
expected to impact the cost-effectiveness estimates. 
Discounting substantially reduces the predicted 
impact of any DMT on health outcomes, as PD is 
a slowly progressing disease, and the DMT was 
assumed to have no benefit at initiation. When 
a DMT slowed the rate of progression, the benefit 
continued to accrue over time and the long-term 
benefits on quality of life were reduced by discount-
ing. This also applies to other chronic diseases and 
has led to the appropriate discount rates to be dis-
cussed by health technology assessment groups, 
some of which have recently allowed lower rates 
over time [36].

PD is a slowly progressing disease and no single 
data source was able to support developing equa-
tions to model the long-term outcomes. De novo 
multivariate predictive equations were developed 
to support modeling non-motor and motor symp-
toms experienced at the early stages by analyzing 
two data sources; the later stages (i.e., HY stages 3+) 
were modeled by focusing on off-time and motor 
symptoms using the same estimates as many other 
published models developed for advanced therapies.

The model was implemented and validated follow-
ing the best modeling practices [37,38], including 
validation of the projections; however, some uncer-
tainties existed due to data limitations. The estab-
lished conversions between parts 2 and 3 published 
by MDS were used, for example, to map MDS-UPDRS 
to UPDRS to estimate the utilities prior to starting PD 
medication or HY stage 3. However, due to the nat-
ure of the changes to part 1, these mappings were 
not considered straightforward by the MDS 

Table 2. Simulation base case results for a hypothetical DMT added to standard of care vs. standard of care over a lifetime horizon.
Outcomes Disease-Modifying Therapy Added to Standard of Care Standard of Care Incremental

Total costs (discounted) £ 195,513.13 £ 232,619.02 -£ 37,105.89
Parkinson’s disease medications £ 40,884.83 £ 39,473.57 £ 1,411.26
Advanced therapies £ 12,584.05 £ 20,803.14 -£ 8,219.09
Direct medical £ 33,877.07 £ 43,391.83 -£ 9,514.76
Direct non-medical £ 108,167.18 £ 128,950.48 -£ 20,783.30
Health outcomes
Undiscounted
Life years 18.50 17.83 0.67
QALYs 12.28 10.41 1.87
Discounted (at 3.5% per year)
Life years 12.70 12.40 0.30
QALYs 8.81 7.69 1.12
Patient QALYs 9.40 8.45 0.95
Caregiver decrement in QALYs 0.59 0.76 −0.17

Abbreviations: QALY = quality-adjusted life year. 
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researchers; nevertheless, once patients initiate med-
ications, the UPDRS scales are modeled to ensure the 
appropriate predictive equations are used based on 
the underlying population. If future studies report 
MDS-UPDRS scores over time for patients with more 
advanced PD and treated with dopaminergic medica-
tions, additional predictive equations could be devel-
oped to inform the model. There were also some data 
gaps, such as studies reflecting current management 
practices to inform the cost estimates. More recent 
data for the UK and other markets would better 
reflect the current practices, especially as more 
advanced therapies were launched. The perspective 
of the analyses was limited to direct costs and did 
not consider additional societal costs such as produc-
tivity losses.

Relatively few long-term studies have been con-
ducted using MDS-UPDRS, and the validation and 
refinement of the predictive equations will continue as 
more data become available. PPMI was therefore used 
to develop the functions for projecting treatment-naïve 
progression as well as for validation of the model. The 
model was extensively validated against PPMI, NET-PD 
LS-1, and PRECEPT by comparing the observed and 
simulated results. Although the NET-PD LS-1 equations 
appeared to be slightly overestimating UPDRS scores 
when compared against the observed results from NET 

PD LS-1, the differences were below minimal clinically 
important differences and these equations still vali-
dated well in the PRECEPT population. However, valida-
tion in other populations would provide a more 
complete understanding of the generalizability of the 
MDS-UPDRS-based equations.

Future research could enhance this model framework, 
if other datasets can be accessed that include newly 
diagnosed patients and MDS-UPDRS or patients with 
more advanced PD. The model framework was devel-
oped to conduct exploratory health economic analyses 
of a hypothetical DMT for the treatment of early PD. 
Different considerations would need to be taken into 
account for modeling advanced therapies, which have 
the potential to be disease-modifying, and are being 
developed to treat later stages of the disease. This frame-
work, however, can support conducting simulations that 
can inform internal decision-making, trial design, and 
strategic planning early in the development of DMTs – 
particularly for those focused on early disease 
modification.
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