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ABSTRACT

We describe the New Zealand Parkinson’s Progression Programme
(NZP3), its goals, findings, and future plans. To date, 354 people
with Parkinson’s disease and 89 healthy older controls have
participated over a 14-year period. A major focus of the
programme has been the characterisation of current cognitive
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impairment, and the identification of biomarkers for its future
emergence in people with Parkinson’s. The programme has made
significant contributions to the concept of mild cognitive
impairment (MCI) in Parkinson’s and the development and
validation of standardised criteria for it. Brain imaging, both MRI
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and PET, has also been a focus, showing associations between neuropsychology

increasing brain pathology and declining cognitive function.
Additional biomarkers such as genetics, fluid biomarkers, eye
movement, speech, and quantitative electroencephalography
(EEG) are also under investigation. The programme has become a
platform supporting many other avenues of research, from
investigating the personal impacts of caregiver burden through
to national-level epidemiology. To date, the programme has led
to multiple journal publications and 17 completed and 9 ongoing
PhDs, and many other postgraduate theses. It has led to the
development of a skilled core of early-career through to senior
researchers and clinicians. We discuss the future directions for the
programme.

Introduction: context, motivation, and clinico-scientific Whakapapa

Parkinson’s disease is the second most common neurodegenerative condition, after Alz-
heimer’s. Assuming the continuing lack of an effective cure or prevention, the number of
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people with Parkinson’s in New Zealand (having increased from 7000 in 2006 to cur-
rently over 11,000) is expected to double by 2040 (Myall et al. 2017). The increasing
prevalence has largely been driven by rapidly increasing lifespans in the past few
decades. This is due to not only more people surviving to an age where they develop
the disorder, but also an increased duration of disease. Longer disease duration has
also led to a changed appreciation of what Parkinson’s is. Traditionally viewed primarily
as a movement disorder (evidenced by its cardinal symptoms of slow movement, tremor,
and rigidity), it is now known to evolve to a complex multi-system disease. The many
non-motor symptoms can become more disabling than the primary motor signs, and
are the focus of the longitudinal project described in this paper.

Early studies of Parkinson’s in New Zealand were medically-oriented, with investi-
gations of pharmaceutical interventions carried out both before (Gallagher and Palmer
1950; Palmer and Gallagher 1950) and after (Jorgensen et al. 1971; Wallis 1988) the intro-
duction of dopamine replacement therapy (Birkmayer and Hornykiewicz 1962), which
remains the front-line treatment to this day. A particularly important clinical/epidemio-
logical study was carried out in Wellington by Pollock and Hornabrook (1966). This was
one of the early substantial papers to highlight the significance of dementia in Parkin-
son’s and the role of cerebrovascular risk factors. Prof. Martin Pollock continued his
clinical Parkinson’s research in Dunedin, with a focus on cognitive impairment, and
also led the first Parkinson’s neuroimaging study in New Zealand (Lichter 1988). That
study noted the inadequacies of assessing dementia in Parkinson’s using the then-
current DSM-III psychiatric criteria, as the pattern of cognitive impairment was
clearly different to that seen in primary dementia conditions such as Alzheimer’s.

Broadly speaking, Parkinson’s-related research in New Zealand has subsequently
developed along three directions, with a focus on neuropathology at the University
of Auckland, on basal ganglia models and single-cell physiology at the University of
Otago in Dunedin, and on clinical studies in Christchurch, the latter pioneered by
Prof. Ivan Donaldson. He returned from studying at Queen Square in London with
‘the father of movement disorders’, David Marsden (Donaldson 2014), with whom
he subsequently worked to produce a definitive text on the topic (Donaldson et al.
2012). Ivan mentored a local movement disorders successor in Prof. Tim Anderson,
who in turn also worked with Marsden in London (Anderson et al. 1994, 2008;
Steiger et al. 1995). Meanwhile, Prof. John Dalrymple-Alford arrived from the UK to
take up a position at the Department of Psychology at the University of Canterbury,
with twin interests in the neuropsychology of Parkinson’s and in animal model behav-
ioural neuroscience. Early Parkinson’s projects in Christchurch included clinical trials
(Anderson et al. 1992; Dalrymple-Alford et al. 1995) as well as investigations of the per-
ceptual (R. D. Jones et al. 1992; R. D. Jones and Donaldson 1995), motor (Muir et al.
1995; Myall, MacAskill, Anderson, et al. 2008; Myall, MacAskill, Davidson, et al.
2008) and oculomotor (MacAskill et al. 2002a, 2002b; Le Heron et al. 2005) impacts
of the disorder, but even then an emphasis on cognitive impairment and neuropsycho-
logical performance was prominent (Waddell and Donaldson 1990; Dalrymple-Alford
et al. 1994, 1995).

A major advance came with the establishment of the Van der Veer Institute for Par-
kinson’s and Brain Research in 2004. This was created as an independent research organ-
isation to host research and clinical staff and postgraduate students from the Universities
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of Canterbury and Otago and the Canterbury District Health Board. The goal was to
bring people together from multiple institutions and disciplines in a facility that com-
bined both research and clinical services. Research into Parkinson’s has continued to
be the major focus of the organisation, notwithstanding its subsequent renaming as
the New Zealand Brain Research Institute (NZBRI) in 2011. The Van der Veer
bequest enabled the establishment of a Chair in Movement Disorders, held by Tim
Anderson (Department of Medicine, University of Otago, Christchurch). The creation
of the Institute enabled a strengthened multidisciplinary collaboration centred around
his specialisation in clinical neurology and John Dalrymple-Alford’s expertise in neurop-
sychology. In 2006, the country’s first 3 tesla, research-grade, MRI scanner was installed
below the Institute, in a partnership with Pacific Radiology Group (and particularly neu-
roradiologist Dr Ross Keenan) and Dr Richard Watts (Department of Medical Physics,
University of Canterbury), a physicist specialising in magnetic resonance imaging
(Watts 2005).

The first NZBRI project to combine the disciplines of neurology, neuropsychology,
and neuroimaging began in 2007, funded by the Neurological Foundation of New
Zealand. This was a cross-sectional study of 45 people with Parkinson’s: 15 each
with normal cognition (PDN), mild cognitive impairment (PD-MCI), or Parkinson’s
dementia (PDD, see Figure 1), and a group of 30 age-similar controls. Although
appearing relatively modest in scope now, this would have been one of the earliest
projects to target the nascent diagnostic category of PD-MCI for neuroimaging.
This initial cross-sectional study formed the nucleus of what would become a
major longitudinal study, the New Zealand Parkinson’s Progression Programme
(NZP3), with the original participants being followed-up and supplemented by
ongoing recruitment. This has centred on tracking changes in cognitive status over
time, while linking these with neuroimaging, motor and psychiatric symptoms, and
biosampling. NZP3 has also provided a platform for focussed sub-studies arising
directly from participant, caregiver or clinician demand, such as investigations into
hallucinations, speech changes, and apathy.

Design and methods
Participants

As at November 2021, 354 people with Parkinson’s and 89 age-similar controls have been
assessed at least once in the study. A total of 258 participants are currently being followed
up (190 Parkinson’s and 68 controls). As shown in Figure 2, recruitment of new partici-
pants has occurred in several discrete waves, contingent on major funding injections.
Ongoing longitudinal assessments of existing participants has, however, been relatively
continuous. The central core of the study is the dataset arising from their 1586 full neu-
ropsychology assessments (1242 from PD cases and 344 from Controls), typically taken
at 1-2 year intervals (Figures 1-4). An additional 359 abbreviated neuropsychology
assessments have been conducted to allow more frequent (six-monthly) monitoring in
some sub-studies.

The samples reflect the male bias of the disorder (PD: 69% male, Controls: 54%) and
that this is primarily a disorder of old age, with PD mean age at study entry 68.8 years (SD
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PDN: Parkinson’s PD-MCI: Parkinson’s PDD: Parkinson’s
normal cognition mild cognitive impairment dementia

Group-level reduced cortical
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Figure 1. Examples of data collected in the programme from Parkinson’s participants with normal
cognition (PDN), mild cognitive impairment (PD-MCl), and dementia (PDD). The top row shows
group-level progression across groups in the extent of cortical thinning relative to controls. The con-
sequences of this are shown in this selection of neuropsychological tests from three representative
male participants (PDN: age 68, 8 years symptom duration; PD-MCl: age 72, 6 years duration; PDD:
age 60, 5 years duration; all with 10-11 years of education). The PDN participant shows good perform-
ance in the trail-making test of executive function, and the visuo-spatial tests of drawing a clock and
copying a complex figure. The memory ability that allows drawing that figure again after delays of 3
and 30 min is also relatively preserved. The PD-MCI participant shows good trail making and only
mildly disorganised clock drawing and figure copying. The ability to redraw the complex figure
from memory, however, is somewhat degraded. The participant with dementia is severely impaired
on all of the tasks. Figure available under an open CC-BY licence (MacAskill and Horne 2021).
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Figure 2. A, Individual assessment timelines through the duration of the study, with most participants
assessed multiple times. B, Recruitment of new participants has occurred in a pulsatile fashion,
depending on commencement of discrete major sub-studies. C, Assessments have been continuous,
however, as efforts are made to continually track existing participants (with recent interruptions due
to COVID-19). D, Survival curves showing the study duration of Parkinson’s participants: ongoing
recruitment is required to balance drop-outs due to mortality and other factors. Figure available
under an open CC-BY licence (MacAskill 2022).

7.9, range 42-87); Control mean 67.3 (SD 7.7, range 45-80). The overall sample is over-
whelmingly New Zealand European/Pakeha (93%), with only 1% Maori. Although this is
to some extent reflective of this age cohort in the city of Christchurch, and that Parkin-
son’s is much more common in Pakeha than other ethnicities in New Zealand (Pitcher
et al. 2018), a residual sampling bias is likely.
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Figure 3. Here we depict the core dataset of the study: individual trajectories of cognitive status from
all participants. Each point represents a summary measure of one participant’s comprehensive neu-
ropsychological assessment (the mean z-score of the component tests grouped within each of five
cognitive domains). Dementia is the end-point for gathering this measure, as administering the full
test battery becomes infeasible beyond that point. The diagnostic categories are represented by
green circles (normal functioning), yellow triangles (mild cognitive impairment), or red squares
(dementia). Controls show a pattern of relatively stable cognitive functioning over a wide age
range, with only a few showing mild cognitive impairment, and one declining to dementia to date.
While the younger Parkinson’s participants also show relatively stable functioning, a large proportion
eventually develop mild cognitive impairment and many progress to dementia. A proportion,
however, retains good functioning even into very old age. Understanding this heterogeneity in the
course of disease is the main goal of the research programme. Figure available under an open CC-
BY licence (MacAskill 2021a).

Design

The Programme evolved from the initial cross-sectional neuroimaging study of n =45
PD and 30 Controls. Funding was secured to follow up those participants two years
after their initial assessments and scans. In parallel, other projects funded the recruitment
and follow-up of additional participants, which is ongoing. The core of the study is
detailed neuropsychological assessment (protocol described in Dalrymple-Alford et al.
2011; Wood et al. 2016), with neuroimaging (generally MRI but also PET) incorporated
as resources permit. We generally aim to re-assess participants on the neuropsychological
battery and motor measures, and funding permitting, with MR imaging, every two years.
With interleaved complementary projects, however, full assessments could occur for
subsets of participants at yearly intervals, and, with abbreviated assessments, even six-
monthly (Figure 4). The end point for participants was originally at their progression
to dementia, although drop-outs also occur due to mortality or morbidity or otherwise
being lost to follow-up. In the later phases of the study, however, we have continued
to follow up participants beyond the onset of dementia. The rapid progression of
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Figure 4. Depiction of a sub-study in which we used positron emission tomography (PET) imaging to
measure cerebral amyloid in Parkinson’s (Melzer et al. 2019). This illustrates the complexity of longi-
tudinal research in patients who can change (not always unidirectionally) between diagnostic cat-
egories, who do not always attend all scheduled sessions, and who are also at substantial risk of
dropping out due to mortality and morbidity. We began with a sub-sample enriched to over-represent
PD-MCI (74 participants at baseline, shown in orange), with smaller reference groups of PDN (green, n
=26) and PDD (red, n = 18). Coloured boxes show the number of participants within each category at
(ideally) 6-monthly assessment intervals over a three year period. Grey boxes indicate those who were
lost to follow-up at each assessment, due to death or other factors. Numbers in a lighter-weight font
indicate transitions between different categories. Only one person appeared to transition directly
(between assessments at 18 and 30 months) from PDN to PDD: otherwise, all conversions to dementia
were detected via the intermediate stage of PD-MCI. Some PD-MCI participants, meanwhile, reverted
to being classified as PDN, indicating the inherent difficulty in determining the boundary between the
two states. Although the number of people with PDD appears to have been relatively constant
throughout the study, only one person who entered the study with PDD actually survived to com-
pletion: the remainder developed dementia during the study. Figure available under an open CC-
BY licence (MacAskill 2021b).

disability at this stage necessitates relatively short interval (six-monthly) follow-ups,
with an abbreviated neuropsychological battery and assessment of functional and
motor status.

Statistical approaches

A number of factors complicate the analysis of the data and hence statistical rigour has
been a defining aspect of the programme. The convenience nature of the sample entails
that participants can enter the study at varying ages and disease durations, and have
differing durations of follow-up and intervals between follow-ups. Data can also be
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missing in ways that can not necessarily be assumed to be random (such as the level of
disability precluding some but not all items collected at a given assessment). Changes in
some variables can be highly non-linear, and non-independence is common. At a
minimum, multi-level models have been critical, as they are suited to the practicalities
of missing data amongst a large clinical study, while handling varying numbers of longi-
tudinal assessments within subjects. More capable and computationally-intensive Baye-
sian models are now being applied, to allow for more sophisticated modelling of missing
data and the non-independence of measures. The local data has also been used to train
probabilistic epidemiological models using national-level big data sources (Myall et al.
2017; Pitcher et al. 2018; Le Heron et al. 2021).

Careful modelling is required because so many clinical variables are correlated with
each other. For example, it is received wisdom that hallucinations in Parkinson’s are a
predictor of future dementia. We replicated that association in 202 non-demented Par-
kinson’s participants followed up over four years, of whom 51 developed dementia. We
could show, however, through Bayesian model comparison, that neuropsychiatric symp-
toms did not add useful independent predictive information beyond that simply pro-
vided by age and current cognitive functioning (Horne et al. 2021). It seems that
hallucinations evolve in parallel as part of the deterioration process towards dementia,
rather than being predictive of it.

The study has introduced new statistical approaches to the Parkinson’s fields as
required. For example, an early major outcome (Dalrymple-Alford et al. 2010) was to
establish cut-off values of the Montreal Cognitive Assessment (Nasreddine et al. 2005)
as a brief screening tool for cognitive status in Parkinson’s. The outcome is an ordered
trichotomy (normal functioning vs MCI vs dementia) rather than a dichotomy, and
hence the traditional method of assessing the area under an ROC (receiver operating
characteristic) curve (AUC) curve cannot capture the overall performance of the test.
Instead, we applied a then recently-developed generalisation to assess the volume
under the three-dimensional ROC surface (VUS; Nakas and Yiannoutsos 2004; Nakas
and Alonzo 2007), and have continued to contribute to the development of the technique
(Nakas et al. 2012; Bantis et al. 2017). More recently we have begun to apply latent class
trajectory analyses (Proust-Lima et al. 2017), which allow for modelling the heterogeneity
of longitudinal patterns of change across data-driven clusters of individual subjects,
without the mixed-model assumption that individuals within a specified group will ran-
domly vary around a common trajectory.

Results
Cognitive impairment and dementia

By the time the study commenced in 2007, the importance of dementia in Parkinson’s
was established but diagnostic criteria for it had only just been promulgated by an Inter-
national Movement Disorder Society (MDS) Task Force (Dubois et al. 2007; Emre et al.
2007). These Parkinson’s-specific criteria were a great advance upon those designed for
Alzheimer’s or other dementias (for example, the memory impairments that are the sine
qua non of Alzheimer’s (Dubois et al. 2014) are not necessarily a feature of Parkinson’s
dementia). Hence the new criteria were incorporated into the protocol for the
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programme from its inception. Still to be demonstrated was whether the concept of mild
cognitive impairment (MCI), a transitional state between normal functioning and
dementia, was as useful a concept in Parkinson’s as it had become in Alzheimer’s. The
utility of a diagnosis of ‘PD-MCI" would inherently be tied to its operational definition,
which at that stage had not been agreed upon. An overly conservative threshold would
lead to low sensitivity to predict eventual PDD, but an excessively liberal one would
result in poorer specificity, and lead to unnecessary stress to patients. Multiple
degrees-of-freedom existed in the competing psychometric definitions of PD-MCI,
from the number of the five neuropsychological domains that needed to be impaired
(ranging from one to two), the number of individual tests within a domain needing to
be impaired (one to two), the threshold for declaring impaired performance on an indi-
vidual test (from 1.0 to 2.0 SD below norms), and what determined the basis for compari-
son (which could be against established population test norms, or at an individual level,
based on either previous test performance or estimated premorbid functioning). In a
contribution to that debate, we compared the results of applying twelve different criteria
in 119 PD participants and 50 controls. Performance across the criteria ranged from clas-
sifying 89% of PD and 70% of controls as MCI (clearly too liberal) through to 14% of PD
and 0% of controls (too conservative). We advocated classifying MCI on the basis of
impairment in at least one of the five domains, on the basis of at least two impaired
tests within a domain, at > 1.5SD below norms. This detected a plausible 30% of PD
and 6% of controls as MCI. These results (Dalrymple-Alford et al. 2011) helped
inform the development of subsequent MDS Task Force guidelines for the diagnosis
of MCI in Parkinson’s (Litvan et al. 2012). Those guidelines still allow for leeway in
setting the cut-off threshold, but subsequent papers have tended to settle on 1.5 SD (Aars-
land et al. 2021). As the study evolved longitudinally, we were then able to assess the
effectiveness of various PD-MCI criteria at actually predicting subsequent dementia
(Wood et al. 2016). In 121 PD participants followed longitudinally over 4 years, we
were able to show that our proposed criteria were optimal for predicting the development
of dementia, at a relative risk of 7.2 times that of those who did not meet the criteria (CI
3.4-16.6, p <0.0001). Another substantial contribution was the previously-mentioned
study of the effectiveness of the Montreal Cognitive Assessment (MoCA, Nasreddine
et al. 2005) as a brief screening tool to discriminate MCI and dementia from normal cog-
nitive functioning in Parkinson’s (Dalrymple-Alford et al. 2010). We showed that it per-
formed acceptably and was psychometrically superior to the established Mini-mental
Status Exam. This again informed the MDS Task Force guidelines (Litvan et al. 2012),
and the paper has been cited over 700 times.

Neuroimaging

With access to New Zealand’s first 3 tesla MRI (General Electric HDxt), the first NZP3
scans were acquired in 2007. Having an MR-specialised medical physicist enabled recog-
nition by GE as a research site, granting more control over the scanner configuration
than is possible in regular clinical facilities. In particular, this meant the ability to
install and trial WIPs (‘works in progress’): cutting-edge sequences that had not yet
been released commercially. Our first major MRI paper arose from that process: the
first time that arterial spin labelling (ASL) was applied in Parkinson’s disease (Melzer
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et al. 2011; Seppi 2011). Previously, such perfusion imaging could only be obtained by
infusing radioactive tracers. ASL has the advantage of being non-invasive but is also
quantified in absolute units (in ml/100 g/min), rather than the relative measures
usually derived from radionuclide scans. Previous PET & SPECT studies had shown a
characteristic Parkinson’s-related spatial pattern of perfusion changes, in essence consist-
ently revealing decreased cortical perfusion and apparently increased perfusion subcorti-
cally (see Eidelberg 2009). We could demonstrate that the latter surprising finding was in
fact a mathematical artefact. With access to absolute rather than relative quantification,
we found that the true pattern was more aptly interpreted physiologically as overall
lowered grey matter perfusion (with sub-regions of particularly intense hypoperfusion),
while the subcortical regions previously said to be hyper-perfused in fact showed pre-
served levels of blood flow (Melzer et al. 2011). The extent to which a given individual’s
brain exhibited the characteristic Parkinson’s perfusion pattern can be expressed by a
scalar network score. This score acted well as a biomarker, increasing monotonically
across the Control, PD-N, PD-MCI and PDD groups, and within the Parkinson’s
sample, correlating well with continuous measures of both motor and cognitive
disease severity. In a comparison of dementia due to either Parkinson’s or Alzheimer’s
(Le Heron et al. 2014), both showed similar patterns of cortical hypoperfusion compared
to controls but could be distinguished from each other by relative hypoperfusion in
medial temporal lobes (Alzheimer’s) vs frontal cortex (PDD).

We have applied more established imaging sequences such as T1-weighted structural
imaging with a focus on cognitive status in Parkinson’s. Both cortical grey matter atrophy
(Melzer et al. 2012) and striatal volume loss (Pitcher et al. 2012) were shown to be related
to the degree of cognitive impairment. Diffusion tensor imaging (DTI) also showed that
white matter tracts were extensively disrupted even in the mild stage of cognitive impair-
ment (Melzer et al. 2013): with rapidly improving technical advances, this imaging
modality is becoming increasingly useful (Melzer 2013). We also applied the non-
image-forming technique of MR spectroscopy to measure ratios of metabolites (N-acet-
ylaspartate, choline, creatine, and myo-inositol) that are sensitive to neuronal loss, axonal
damage, and impaired metabolism. In a longitudinal study we found that this did not
appear to be useful in our Parkinson’s sample (Almugbel et al. 2016), and subsequently
dropped spectroscopy from the protocol, in favour of adding resting-state BOLD (to
assess functional connectivity) and quantitative susceptibility mapping (to measure
iron deposition). Another approach to molecular imaging is via PET, using a radioligand
to target a particular substance. In 118 Parkinson’s participants (Figure 4), we used 18F-
Florbetaben (FBB) to measure the distribution of amyloid accumulation throughout the
brain. Abnormal deposits of misfolded amyloid protein are characteristic of Alzheimer’s,
and a natural question was whether they are also associated with the dementia due to Par-
kinson’s. We found that FBB binding was indeed higher on average in the PDD group
compared to PDN and PD-MCI, but this was accounted for by the older age of that
group. There were no associations between amyloid levels and other cognitive or
disease severity measures. On this basis, we posit that amyloid does not play a major
role in advanced idiopathic Parkinson’s. Developing a PET tracer for alpha-synuclein
has not yet been possible (Korat et al. 2021), but is keenly awaited to allow in vivo
rather than post mortem characterisation of the pathological process specific to
Parkinson’s.
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The initial MRI protocol was designed and implemented on the 3T GE scanner in
2007, and 657 scanning sessions were acquired over the following decade (Figure 5):
476 from 239 unique PD participants (mean 2.0 scans each, range 1-6) and 181 from
53 Controls (mean 3.4 scans each, range 1-6). In 2018 we ceased collecting MR
images from that scanner when it was relocated to a new facility across the city. This pro-
vided a unique opportunity to quantify the impact upon reproducibility of measures
before and after the shift (Melzer et al. 2020). Although we showed there would likely
have been negligible impact upon data comparability across sites, we decided to retire
the GE system from the longitudinal study. By 2018, the available sequences were no
longer ‘state-of-the-art’ research MRI scans, and development of new capabilities had
ceased on that platform. In 2019, we developed and commenced a new MRI protocol
on a 3T Siemens Skyra system, leveraging the latest developments in both hardware
and software (both within Siemens and in collaborating research groups internationally).
The new sequences utilise simultaneous multislice (multiband) acquisition, allowing
faster imaging (by up to a factor of 8). This has enabled a combination of reduced indi-
vidual sequence duration, improved spatial resolution, and an increased total amount of
data acquired in the same session time. The revised protocol has a stronger focus on cer-
ebrovascular health, with sequences investigating blood flow, microbleeds, white matter
integrity, resting-state functional connectivity, iron deposition, and tissue biomechanics.
To date, 169 participants (125 Parkinson’s and 44 Controls) have been scanned once,
with the intention for this to also form the baseline for ongoing longitudinal studies.
The previous series of scans has shown that advanced MR is a sensitive tool for charac-
terising the disease process and distinguishing between groups, but it has not proved
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Figure 5. Longitudinal measurement of grey matter volume in the NZP3 study. The control partici-
pants show a typical age-related linear decline of 0.22 percentage points per year. The Parkinson’s
participants declined at a slightly but statistically significantly faster rate (by an additional 0.06%
per year). Figure available under an open CC-BY licence (MacAskill and Melzer 2021).
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useful as a biomarker predictive of outcome at an individual-level - we hope that a
greater focus on cerebrovascular factors may advance further in that direction.

Motor/oculomotor control

Parkinson’s has characteristic impacts on oculomotor control (Anderson and MacAskill
2013), which mirror to some extent the somatomotor symptoms. In saccades (rapid eye
movements), especially in tasks with a cognitive component, hypometria (reduced ampli-
tude) is clearly evident, as is increased reaction time (corresponding to akinesia). In a
large video-oculography study of visually-guided saccades, we showed that the velocity
of movement is, however, preserved, once the reduced amplitude is accounted for
(MacAskill et al. 2012). In that study, with cognitively well-characterised participants,
we could also show that some of the conflict between previous studies may have been
due to the considerable heterogeneity in performance introduced by the spectrum of cog-
nitive impairment that occurs in Parkinson’s. With a substantial collection of oculo-
graphic recordings, we were also able to bring evidence to bear on the controversial
topic of ‘ocular tremor’, which has been claimed to be an early and universal diagnostic
sign of Parkinson’s (Gitchel et al. 2012). We showed that this phenomenon is a techno-
logical artefact arising from somatomotor tremor: the eyes in Parkinson’s are themselves
quite steady and exhibit no tremulousness (MacAskill et al. 2013; MacAskill, Myall,
Pitcher, et al. 2020; Bronstein et al. 2022). The longitudinal study also provided the plat-
form for a number of sub-projects carefully examining attentional processes in the
control of eye movements (e.g. MacAskill et al. 2012; Pascoe et al. 2018; Alamri et al.
2020), including investigating the apparently paradoxical finding that saccades can
also exhibit facilitated rather than delayed reaction times in Parkinson’s (van Stockum
et al. 2008, 2012, 2013; van Stockum, MacAskill, and Anderson, 2011; van Stockum,
MacAskill, Myall, et al. 2011).

Biosampling and genetics

Biosampling commenced in 2012, with collection of peripheral blood for DNA extraction
from the then-current 215 participants. From 2016, a new round of biosampling included
non-fasting plasma, serum, and urine, with follow-ups beginning in August 2020 to allow
for longitudinal analysis. By August 2021, initial samples had been given by 312 partici-
pants. Biosampling is not an internal capability of NZBRI and was enabled through col-
laborations with the local Cancer Society Tissue Bank for sample processing and storage,
and geneticist Prof. Martin Kennedy for DNA-based analyses. The Kennedy lab pio-
neered the use of a nanopore technique as a high-throughput method to identify
known and novel variants of the glucocerebrosidase beta (GBA) gene (Graham et al.
2020). Variants within this gene are the most common genetic susceptibility in Parkin-
son’s but it is technically challenging to sequence, due to the presence of a pseudogene.
Approximately 9% of our Parkinson’s sample had at least one disease-specific mutation
in the GBA gene, consistent with expectations from predominantly European popu-
lations. Further investigations of GBA are underway, which is exciting because there
are potential therapeutic interventions that can be targeted at this specific sub-
population.
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Biosampling has led to many new local, national, and international collaborations,
with DNA and related clinical data being contributed to a number of international con-
sortia. The international PD-MCI consortium investigated specific mutations within the
SNCA (alpha-synuclein) gene (Guella et al. 2016), to which we contributed 10% of the
samples. We also joined groups from Australia to form the Systems Genomics of Parkin-
son’s Disease (SGPD) consortium. This resulted in an analysis of DNA methylation (Val-
lerga et al. 2020) and led to inclusion in larger international analyses (Blauwendraat et al.
2019; Nalls et al. 2019; Reynolds et al. 2019). We contributed to the ENIGMA-3 analysis
(Grasby and Jahanshad 2020), the first time ENIGMA (Enhancing Neuroimaging Gen-
etics through Meta-Analysis) used Parkinson’s as a group of interest, and are contribu-
tors to the ongoing ENIGMA-PD working group (Laansma et al. 2021). This is currently
imaging-based, but will move towards combined imaging and genetic analyses. We have
also been accepted as a contributing site to GP2 (The Global Parkinson’s Genetics
Program 2021).

A collaboration with researchers at the US National Institutes of Health is focussed on
alpha-synuclein and other neurodegeneration-associated proteins from neuron-derived
extracellular vesicles (in preparation), while our plasma samples have been used to inves-
tigate the association between vitamin C (Spencer et al. 2020) and cGP (Fan et al. 2020) in
disease progression and cognitive decline. Currently we are undertaking a pilot project to
assess the feasibility of measuring alpha-synuclein from tear samples. In the future it
would be advantageous to add CSF sample collection to the programme, however this
is more invasive, and the cost and risks to ongoing study retention need to be balanced
against the value of the data.

Discussion
Study limitations

The duration of the study has resulted in some key measures themselves changing during
its course. For example, the gold standard for clinical assessment at study commence-
ment was the Unified Parkinson’s Disease Rating scale (UPDRS; Fahn et al. 1987),
which in 2008 was revised by the Movement Disorder Society (MDS-UPDRS; Goetz
et al. 2008). For the first round of follow-up assessments, we shifted to the new scale
due to its better performance and to keep up with the international best practice.
Although conversion factors are available to harmonise the motor scores (Goetz et al.
2012), this came at the cost of introducing some incompatibility between the first set
of participant sessions and subsequent ones. As noted above, ASL was a new imaging
capability at the start of the study, and we pioneered its application in Parkinson’s.
When the sequence became commercially available, we lost access to the development
version. The improvements to the sequence introduced inconsistencies with the previous
data. Long-term imaging studies are challenged by such upgrades to scanner software or
hardware (Melzer et al. 2020). The evolution of new sequences over the time scale of a
longitudinal study can offer greatly improved quality (Melzer 2013), at the cost of loss
of comparability with previous scans.

A tertiary care clinic-derived convenience sample is seldom representative of a
national Parkinson’s population. For example, the median age of diagnosis in our
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sample (63.5) is lower than we have found in the general New Zealand population (72.5,
Myall et al. 2017). A more significant issue is the limited representation of Maori, Pasifika
and Asian New Zealanders (Pitcher et al. 2018). In part a limitation of the demographics
of the city of Christchurch, we are working to counteract this by establishing a larger,
population-representative national sample for a risk factor study, which will also
provide a platform for future projects.

Being a prevalence sample means that people can enter the study at different stages of
the disease. This has allowed us to enrich the sample in favour of those with MCI and
dementia, at the cost of not necessarily being representative of typical disease pro-
gression. At times a limitation, this design can also provide advantages. For example,
by contrasting our data to the incident-design PPMI study (Marek et al. 2018), we
could disprove previously-reported associations between the number of pregnancies
and later disease onset in women (MacAskill, Myall, Shoorangiz, et al. 2020). We
showed that this association was an artefact of incident samples, in which age of onset
is necessarily confounded with cohort secular effects.

Challenges and lessons learned

The most crucial requirement for any longitudinal study is effective participant retention.
Perhaps the most important contributor for that in our study has been attracting and
retaining skilled and engaged assessment staft and graduate students. In particular, our
most senior study coordinator has been with the project since its inception and has a
strong personal knowledge of and connection with all of the participants. This has
been critical in maintaining good response levels and maintaining ongoing periodic
assessments in the main longitudinal study, as well as selective recruitment into sub-pro-
jects. Internal training sessions have acted to maintain standards across the many staff
and graduate students who have carried out assessments over time, with staff and stu-
dents expected to perform to the same level. Participants appreciate an improved level
of healthcare, with frequent research monitoring allowing for early detection of issues
and referral to appropriate services. Another important element in maintaining high
levels of retention has been engagement and communications with the participants
outside of the research sessions. This has ranged from newsletters and frequent social
media content through to organising large and well-attended events where participants
gather for a morning tea to interact with each other and to engage in question-and-
answer sessions with researchers and clinicians on the latest findings. In recent years,
with the appointment of a communications manager, these outreach activities have
been professionalised and increased in frequency and scale, and given high priority
among the Institute’s overall communications plan.

The greatest challenge to the success of the project has been the retention of both
junior and senior externally-funded researchers. The majority of academic staff
working on the programme are reliant on unstable ‘soft-money’. The research funding
environment in New Zealand is always challenging, but coupling senior researcher sal-
aries with support staff salaries and expensive measures such as MRI and PET
imaging, and biosample collection and analysis, make it more so. Key to maintaining
the momentum of the programme has been that it is hosted in an organisation that is
structured as an independent charity. The Institute has provided bridging funding to
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key staff and research-related costs during interruptions in external grant funding,
offering the programme a level of resilience. Diversification of income, both philanthro-
pic and commercial, is being sought to continue that support in a more ambitious
manner.

The programme has been successful in attracting graduate students (with 17 com-
pleted and 9 ongoing PhD theses), although these numbers would likely be higher if
more of the academic staff had teaching roles.

Future directions

In a sub-study of caregiver burden (A. J. Jones et al. 2017), the majority self-identified
that the hardest thing about providing care and support to someone with Parkinson’s
was the impact of reduced personal and social communication (A. J. Jones 2013). Com-
munication is accordingly becoming a growing area within the programme, with studies
focusing on speech, communicative participation, and neuropsychiatric influences.
Speech studies will go beyond assessment of well-known dysarthric features such as
changes in prosody and volume. For example, investigating the onset and characteristics
of acquired stuttering following Parkinson’s disease will allow for improved diagnosis of
speech problems and the development of specific behavioural speech therapy approaches.
Focusing on communicative participation will enable us to look beyond directly obser-
vable speech characteristics to identify speaker, listener and environmental features
that can be modified to maximise successful life participation (a similar approach has
proven successful in aphasia treatment (The RELEASE Collaborators 2022)).

A new avenue of research is investigating swallowing pathology (Yiu et al. 2020; Perry
et al. 2021; Perry and Troche 2021), an issue in Parkinson’s that is problematic but which
also shows promise for targeted behavioural therapeutic interventions. We will use both
instrumented measures to examine cognitive influences on airway protection (swallow-
ing and cough), as well as screening tools to facilitate the earlier identification of those at
risk of swallowing disorders. This will inform future clinical management decisions -
such as earlier referral for swallowing assessment — as well as the development of
novel therapeutic rehabilitative strategies for airway protection. We are also collaborating
with researchers in Canada and the United States to validate a novel screening tool for
identifying caregiver burden in people with swallowing disorders (Shune et al. 2020),
with the goal of improving clinical outcomes and quality of life for both people with Par-
kinson’s and their families. Meanwhile, cough has traditionally received little attention in
the clinical management of Parkinson’s, but by detecting and removing aspirated
material, it plays a vital role in preventing respiratory illness in those with compromised
swallowing. We are currently investigating how cough is affected during adverse con-
ditions such as cognitive or motor distraction (i.e. dual tasking), to inform new strategies
for rehabilitating cough.

A crucial determinant of function and quality of life in people with Parkinson’s are
behavioural disturbances such as apathy (pathological loss of motivation) and impulsiv-
ity, and neuropsychiatric disturbances including anxiety, depression, and hallucinations.
Treatment options for these are limited - in large part because of poor understanding of
their underlying mechanisms. There is a growing base within the group with expertise in
applying current neuroscientific understanding of normal brain function to these issues,
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to ultimately identify treatments (Le Heron et al., 2018, 2018, 2019, 2020). We have devel-
oped a cognitive framework for understanding apathy grounded in the neuroscience of
cost-benefit decision making: broadly, we systematically manipulate and dissociate
rewards and costs to measure how they are weighed as people act to pursue goals (Le
Heron et al. 2018). We aim to use this information to predict the development of
apathy in Parkinson’s, and to guide specific therapeutic targets. For example, those
with apathy associated with reward insensitivity may benefit from medications such as
dopamine agonists, while those with increased sensitivity to effort costs may benefit
from noradrenergic modulators. Such approaches offer similar utility for understanding
and treating other behavioural disturbances such as impulsivity (Morris et al. 2022) as
well as hallucinations, anxiety and depression, with the promise of guiding individualised
treatment.

We retain an interest in the traditional motor symptoms of Parkinson’s, however, and
are currently applying deep learning computer vision approaches to quantify somatomo-
tor symptoms from simple video recordings (Nath et al. 2019), as an alternative to lab-
oratory-centred methods involving accelerometry or other motion tracking systems
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Figure 6. A new direction for motor control research in the programme is applying advanced deep-
learning pose estimation techniques (Nath et al. 2019) from video recordings in non-laboratory set-
tings. Here the algorithm automatically identifies and tracks hand joints in a repetitive finger-
tapping task. The extracted quantitative data shows progressive bradykinesia, i.e. fatiguing (decreas-
ing movement amplitude over time) and an increased interval between successive movements. Figure
available under an open CC-BY licence (Marshall and MacAskill 2022).
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(Figure 6). This has clear telehealth applications, which within our own programme we
intend to apply with online data gathering and hence wider engagement of participants
across the country, including currently under-represented populations.

Conclusion

The NZP3 study was built upon strong clinico-scientific collaborations, particularly
between neurology and neuropsychology, and neuroradiology and medical physics. It
has benefited from being conducted within a collaborative multi-disciplinary and
cross-institutional facility, and sustained by philanthropic and commercial revenue
that can supplement unstable competitive research funding streams. We anticipate
that it will continue to provide a strong platform for improving knowledge of Parkinson’s
disease.
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