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ABSTRACT: Objectives: When the 2017 Movement Disorders Society Criteria for progressive supranuclear
palsy is applied, patients may appear to have multiple phenotypes. The maximum allocation extinction rules
were developed to provide a consistent method for applying the criteria and reaching a single diagnostic label.
In this study, we apply both to a neuropathologic cohort of progressive supranuclear palsy and other
parkinsonian conditions.

Methods: An autopsy cohort of 54 patients with progressive supranuclear palsy and 56 patients with other
neuropathologic diseases was selected. Clinical data were retrospectively abstracted, and the diagnostic criteria
for progressive supranuclear palsy were applied. All possible phenotypes applicable were listed and maximum
allocation extinction rules were applied to assess reduction in the number of phenotypes ascribed per patient.
Results: In the progressive supranuclear palsy group, 52 patients met the criteria for multiple phenotypes, with an
average of 7 phenotypes per patient. In the nonprogressive supranuclear palsy group, all 56 patients had features
of more than one phenotype, up to 3 per patient. After application of maximum allocation extinction rules, the
majority of the patients in both groups had a single predominant phenotype. Freezing of gait, supranuclear gaze
palsy, and frontal behavioral syndrome were more common in the progressive supranuclear palsy group.
Conclusions: The diagnostic criteria for progressive supranuclear palsy identify many clinical features, thereby
leading to assignment of multiple phenotypes per patient. We demonstrate that the maximum allocation extinction
rules can effectively lead to a single consensus phenotype, maintaining a uniform diagnostic label for clinical and
research applications.

Opver the past several years, it has become apparent that PSP is a
far more heterogenous condition than previously thought. This
clinical diversity was recognized in the 2017 International
Parkinson and Movement Disorder Society diagnostic criteria for
PSP (MDS-PSP), which operationalized the diagnosis of seven
phenotypes. In contrast, the National Institute of Neurological
Diseases and Society for Progressive Supranuclear Palsy (NINDS-
SPSP) criteria, published in 1996," recognized only one pheno-
type (“Richardson Syndrome”). The expanded PSP framework
outlined in the MDS-PSP criteria is based on several clinicopath-
ological studies, which demonstrated that a wide range of motor,
cognitive, and behavioral symptoms may occur as a result of PSP
neuropathology. In addition to Richardson syndrome, character-
ized by vertical supranuclear gaze palsy and postural instability,

other described phenotypes include corticobasal syndrome,*?

partially levodopa responsive parkinsonism,* agrammatic/non-
fluent aphasia and apraxia of speech,>® progressive gait freezing,’
frontal behavioral syndrome,g’() cerebellar  ataxia,'® and
corticospinal tract degeneration presenting with a primary lateral
sclerosis (PLS)-like upper motor neuron syndrome.'" To system-
atically account for this diversity, the MIDS-PSP criteria defined
four main clinical domains: ocular motor (O), postural instability
(P), akinesia (A), and cognitive (C; hereafter summarized as
OPAC).">"* Based on the specific combinations of symptoms in
each domain, a number of distinct PSP phenotypes are assigned
across a range of certainties (suggestive, possible, and probable).'*
Phenotypes recognized by the criteria include Richardson syn-
drome (PSP-RS), parkinsonism (PSP-P), speech and language
abnormalities (PSP-SL) including progressive aphasia and apraxia
of speech, corticobasal syndrome (PSP-CBS), postural instability
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(PSP-PI), ocular motor abnormalities (PSP-OM), frontal syn-
drome (PSP-F), and progressive gait freezing (PSP-PGF). The
criteria do not include categories to account for the cerebellar
ataxia and PLS-like phenotypes.

We have previously analyzed the sensitivity and specificity of the
MDS-PSP criteria and found that it was indeed highly sensitive
(84.4-100%) secondary to the inclusion of more PSP-related syn-
dromes that would have been excluded by the NINDS-SPSP criteria,
without much loss of specificity (81.6-91.4%)."> Although the new
criteria appear to enhance detection of PSP, and were designed for
research and clinical practice, there are some challenges in its applica-
tion to clinical research and utilization in clinical practice. Patients often
have a multitude of PSP features, especially later in the disease course,
and may meet criteria for multiple PSP phenotypes. This problem was
subsequently recognized by the MDS-PSP task force and was
addressed by the Multiple Allocation eXtinction (MAX) rules: four
principles which put forward a structured way of assigning a single
phenotypic label, usually based on features that were shown to be most

16 In this article, we apply

strongly predictive of PSP neuropathology.
the MAX rules to an independent neuropathological cohort and shed

light on challenges when it comes to the diagnosis of PSP.

Methods

We used a neuropathological cohort of PSP and other parkinsonian
conditions described previously.'® Clinical signs and symptoms were
recorded for the clinical domains (O, P, A, C) as defined by the
MDS-PSP criteria,"* and only patients who had complete data avail-
able for all four domains were included. These data were used to
determine all phenotypes per the MIDS-PSP criteria applicable to
each patient. Data were collected for two separate time points:
within 3 years of disease onset and after 3 years from onset. We then
applied the MAX rules to the list of multiple phenotypes for each
patient as described by Grimm et al.'® The first rule requires picking
the phenotype with the highest level of diagnostic certainty. The
second rule proposes that the phenotype that developed first in the
disease course should be retained as the diagnostic label, until
another phenotype becomes clinically predominant. The third rule
sets a phenotypic hierarchy based on highest to lowest likelihood of
predicting PSP pathology, where PSP-RS is considered more pre-
dictive than ocular motor impairment or postural instability alone,
which are, in turn, more predictive than all other phenotypes listed
in the criteria. We assessed the utility of MAX rules, the relative like-
lihood of various clinical symptoms occuring in the PSP versus non-

PSP groups, and their ability to predict underlying neuropathology.

Results

Fifty-four patients with PSP and 56 patients with other neurode-
generative neuropathologies had complete data and were included
in the analyses. The non-PSP group was comprised of 33 cor-
ticobasal ganglionic degeneration, 15 cases with Lewy body disease

manifesting clinically as Parkinson’s disease, 4 cases of MSA,

3 globular glial tauopathy,' and 1 case of frontotemporal lobar
degeneration from transactive DNA-binding protein 43. Before
the application of the MAX rules, 52 of the 54 definite PSP
patients had more than one phenotype (mean, 7.00 phenotypes
per patient). After application of MAX rules, only 1 patient had
multiple phenotypes (mean, 1.02 phenotypes per patient). In the
non-PSP pathology group, all 56 patients had multiple phenotypes
(mean, 3.41 phenotypes per patient), which was reduced to
7 patients (mean, 1.04 phenotypes per patient) after application of
the MAX rules. Ocular motor abnormalities (O1, O2), postural
instability (P1), and symmetric akinetic rigid parkinsonism with or
without freezing (Al, A2) were more common in PSP as com-
pared to the non-PSP group (Fig. 1). For the cognitive domain,
patients with PSP were more likely to have a frontal behavioral
syndrome (C2) versus a speech/language disorder.

Discussion

The MDS-PSP criteria classify symptoms into four clinical
domains, namely ocular motor, postural instability, akinesia, and
cognitive (OPAC), combinations of which define various pheno-
types that can result from PSP neuropathology. The criteria are a
milestone in formal recognition of these diverse phenotypes.
PSP-RS is indeed the most widely recognized phenotype; how-
ever, it accounts for only a fraction of pathologically defined PSP
cases. It is important for clinicians to be mindful of other pheno-
types when evaluating patients clinically or for recruitment to
natural history studies and tau-directed treatment trials. Inclusion
of these patients, who may have been excluded previously, will
greatly add to our understanding of PSP pathobiology.

When applying the MDS-PSP criteria, it is important to note
certain practical points. The symptoms and signs within in each
clinical domain are not listed in the order of disease progression,
but rather in a descending order of predictive power for PSP
pathology. For example, the ocular motor domain includes O1
(vertical supranuclear gaze palsy), O2 (slowing of vertical saccades),
and O3 (apraxia of eyelid opening or square wave jerks) where
apraxia of eyelid opening is a late finding if and when present,
whereas vertical supranuclear gaze palsy is most predictive of
PSP.''® In our cohort, O1 (59% PSP vs. 20% non-PSP), O2
(76% PSP vs. 18% non-PSP), P1 (74% PSP vs. 20% non-PSP), A2
(61% PSP vs. 13% non-PSP), and C2 (52% PSP vs. 13% non-PSP)
were most predictive of PSP pathology. According to the criteria,
P1 is defined as repeated unprovoked falls in the first 3 years, A2
is levodopa-unresponsive akinetic rigid parkinsonism, whereas C2
frontal cognitive/behavioral syndrome.

Because of the multifocal nature of signs and symptoms, most
patients may fulfill criteria for multiple phenotypes at a given
point in time (e.g., a patient with PSP-RS may also have features
of PSP-SL or PSP-P), as we demonstrated previously.'® Further-
more, as the neurodegenerative process progresses, the pheno-
types may evolve. The MAX rules were created to address this
1o We applied these rules as detailed in the Methods
section and found them to be very helpful in reducing the num-

issue.

ber of diagnostic allocations. A unifying diagnostic label will help
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FIG. 1. Symptoms by neuropathological category and time of evaluation. All patients with clinical features meeting PSP criteria are divided into PSP
and non-PSP neuropathology. At evaluation <3 years from onset, 21 patients (9 PSP pathology and 12 with non-PSP pathology) met clinical criteria for
PSP, of which 14 met probable criteria (7 PSP pathology and 7 non-PSP pathology). At evaluation, >3 years from onset 82 patients (44 PSP pathology
and 38 non-PSP pathology) met criteria for PSP, of which 50 met criteria for probable PSP (41 had PSP pathology and 9 had non-PSP pathology).

OPCA designations as defined by the MDS-PSP criteria.

maintain standardization during clinical practice and research
encounters. In doing so, however, it is apparent that important
clinical information may be lost. For example, a patient who pre-
sents with language difficulties/apraxia of speech and years later
eventually develops PSP-P will be labeled as PSP-P only. When
applying these criteria, it is important to document all clinical

signs and symptoms and their evolution given that early features
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may have diagnostic implications as we show in this study. For
example, patients who had a frontal behavioral/cognitive syn-
drome (C2) were more likely to have PSP pathology as com-
pared to patients to had speech/language disorders (C1) or
corticobasal syndrome (C3) as shown in Figure 1. Even if a stan-
dardized diagnostic label is used, it will be important to consider

disease heterogeneity when enrolling and assessing response to
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therapy in clinical trials. Prospective application of the MDS-PSP
criteria and MAX rules in clinical practice and research setting
will lead to an evolution in the way we classify these patients. In
the meantime, MAX rules provide a helpful way to standardize
application of the MDS-PSP criteria.

A few other practical points were raised during application of
the MDS-PSP criteria and MAX rules. Certain PSP phenotypes
may bring to mind other neurodegenerative diseases with com-
peting criteria such as corticobasal syndrome, behavioral variant
frontotemporal dementia, and primary progressive aphasia. In
such instances, we suggest that clinicians look for signs and symp-
toms highly associated with PSP, observe evolution over time,
and ensure that the patient does not fit a competing criterion
more precisely when considering research enrollment. Second,
rare variants of PSP that were not formally defined in the MDS-
PSP criteria because of lack of sufficient clinicopathological cor-
relation data, including PSP with predominant cerebellar
ataxia'®'® and PSP-PLS,* are important to retain in clinical
practice as we learn more about these phenotypes.

In summary, it is important for clinicians to be aware of the
diverse phenotypes and clinical heterogeneity of PSP. Applica-
tion of the MDS-PSP criteria and MAX rules in everyday clini-
cal practice poses some challenges, but provides a good
framework for standardizing assignment of phenotypes, which
will be essential to prospective research.
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