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Abstract

Objective

We sought to identify an abbreviated test of impaired olfaction, amenable for use in busy
clinical environments in prodromal (isolated REM sleep Behavior Disorder (iRBD)) and
manifest Parkinson’s disease (PD).

Methods

890 PD and 313 control participants in the Discovery cohort study underwent Sniffin’ stick
odour identification assessment. Random forests were initially trained to distinguish
individuals with poor (functional anosmia/hyposmia) and good (normosmia/super-smeller)
smell ability using all 16 Sniffin’ sticks. Models were retrained using the top 3 sticks ranked
by order of predictor importance. One randomly selected 3-stick model was tested in a
second independent PD dataset (n=452) and in two iRBD datasets (Discovery n=241;
Marburg n=37) before being compared to previously described abbreviated Sniffin’ stick
combinations.

Results

In differentiating poor from good smell ability, the overall area under the curve (AUC) value
associated with the top 3 sticks (Anise/Licorice/Banana) was 0.95 in the development
dataset (sensitivity:90%, specificity:92%, positive predictive value:92%, negative predictive
value:90%). Internal and external validation confirmed AUCs>0.90. The combination of 3-
stick model determined poor smell and an RBD screening questionnaire score of 25,
separated iRBD from controls with a sensitivity, specificity, PPV and NPV of 65%, 100%,
100% and 30%.

Conclusions



Our 3-Sniffin’-stick model holds potential utility as a brief screening test in the stratification
of individuals with PD and iRBD according to olfactory dysfunction.

Classification of Evidence

This study provides Class Il evidence that a 3-Sniffin’-stick model distinguishes individuals

with poor and good smell ability and can be used to screen for individuals with iRBD.
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Introduction

Olfactory dysfunction is evident in up to 90% of individuals with early Parkinson’s disease
(PD)*? and demonstrates concordance with dopaminergic deficit.> # PD stratification
according to baseline poor sense of smell, predicts individuals at greater risk of accelerated

cognitive decline and dementia.>1°

The tendency of hyposmia to predate motoric PD by up to twenty years has led to its
proposition as a prodromal marker.1* Amongst non-motor markers, abnormal olfaction
(hazard ratio of 2.62) most strongly predicts disease conversion in isolated REM sleep
behavior disorder (iRBD);? an additional age cut-off of 55 suggested to further improve

selection for future neuroprotective trials.:®

Rates of subjectively reported and objectively tested hyposmia can differ by upwards of
20%.* The Sniffin’ sticks test'® and the UPSIT'® are two popular tests of olfaction. The
former benefits from relative cost effectiveness due to multi-user presentation of felt-tip
style pens; the latter involves single-use scratch cards. The Sniffin’ sticks test has been

extensively studied and validated across different populations.t’-2°

The existence of a PD-specific pattern of smell loss remains contentious? 22 yet the need for
an abbreviated smell test, is well acknowledged.?*?2 Here, our aim was to derive an
abbreviated Sniffin’ stick test to identify individuals with a poor sense of smell, rather than

using Sniffin’ stick answers to distinguish disease groups, as in previous studies.?!, 23 24,26, 2&-



32 Our test is validated using one independent PD and two independent iRBD datasets, and

its combination with the RBDSQ33 in screening for iRBD is explored.



Methods

Primary research questions

e (Can an abbreviated Sniffin’ stick test identify individuals with a poor sense of smell?

(Class Ill evidence)
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e Can an abbreviated Sniffin’ stick test be used to screen for individuals with iRBD?

(Class Il evidence)

Participants

A) Development dataset
The development dataset comprised data collected from 890 participants with idiopathic
Parkinson’s and 313 Controls (age matched, without a personal or family history of PD or a
related condition; the spouses and friends of participants with PD) who were enrolled in the
longitudinal Oxford Discovery Cohort Study as previously described.? 34

B) Three mutually exclusive, independent validation datasets comprised:

1. 241 participants with iRBD enrolled in the Oxford Discovery Cohort Study

2. 452 participants with Parkinson’s in the Tracking cohort study

Paragraph 6

3. 37 participants with iRBD recruited by the Department of Neurology, University of
Marburg, Germany
C) Alongitudinal control dataset where data was treated as independent of baseline
data collected from the same Control participants who contributed data to the
development dataset (n=40)
The Oxford Discovery and Tracking PD cohorts are both based within the UK and recruited

non-overlapping participants with Parkinson’s, who fulfilled the United Kingdom PD Brain
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Bank criteria for probable PD, within 3.5 years of diagnosis.3* 3¢ The two cohorts share many
similarities and have been used to validate each other’s findings.3® 37 Inclusion of individuals
with Parkinson’s was contingent upon trained researchers attributing a probability of PD of
at least 90% at the latest clinic visit. All participants with iRBD had had a polysomnogram
confirming their clinically suspected diagnosis of iRBD, in line with International

Classification of Sleep Disorders criteria.3®

Standard protocol approvals, registrations, and patient consents

Studies were prospectively approved by the local research ethics committee and all

participants provided written informed consent prior to any study-related procedures.

Assessments

All participants were seen face to face in clinic at baseline. At each in-person clinic visit,
smell was assessed using the 16 Sniffin’ sticks odor identification test (Burghart Instruments,
Wedel, Germany) where 16 felt-tip pens, each containing an odor, were presented in turn
by being held 2cm centred in front of both nostrils, with participants choosing from one of
four options provided.'™ 39 Sniffin’ sticks were stored at room temperature, out of direct
sunlight, in accordance with manufacturer instructions, and their replacement directed by

the best before date displayed on each stick.

Definitions
Normative data from 9139 healthy individuals, were used to define age- and sex-specific
percentiles for the total number of Sniffin’ sticks correctly identified.3® Applying previously

described classification criteria, functional anosmia, a somewhat discordant entity, was the
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label attached to a score of 8 sticks or fewer and represented the limit 90% of patients with
anosmia would correctly identify.*? Individuals not already classified as having functional
anosmia, but with total Sniffin’ stick scores below the 10t percentile for their age and sex,
were classified as having hyposmia. Similarly, those with scores above the 90 percentile
were classified as having super smell and the remaining individuals were classified as

normosmic.3?

Analyses

Analyses were performed using MATLAB® software (R2018a; Mathworks®, USA). Data
analysed from the Oxford Discovery Study were collected between 27t September 2010
and 28" May 2019. Only complete sets of data were analysed; incomplete data pertaining
to 7/320 (2%) of Controls, 14/255 (5%) of individuals with RBD and 39/929 (4%) of

individuals with PD were excluded from analysis (Figure 1).

Developing the PD poor smell model using the Development dataset

With the aim of developing a model capable of identifying individuals with a poor sense of
smell, independent of disease aetiology, data from individuals at extremes was utilised (see
OBJECTIVE 6 for the effect of different data combinations). A PD poor smell group was
formed from participants with Parkinson’s and hyposmia or functional anosmia (n=721), and
a control good smell group was formed from controls with normosmia or super smell
(n=267). Only baseline data were used to ensure that each participant contributed a single

set of data, thus ensuring the equal importance of each participant during modelling.

10
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There was a discrepancy between the number of individuals in the PD poor smell group and
the control good smell group, resulting in an imbalanced dataset, and leading to the
potential for a higher priority to be given to the majority class compared to the minority
class during model training.*! Prior to training machine learning algorithms (MLA), the data
were thus balanced by randomly under-sampling the majority class.*? Specifically, a number
of participants equal to that in the control good smell group were randomly selected from
the PD poor smell group. Having formed a balanced group with a 1:1 ratio of PD poor smell
to control good smell, leave one subject out (LOSO) cross validation was performed to
assess the generalizability of the trained model to previously unseen data. Random forests,
a commonly used machine learning algorithm,*? were trained using all of the data in the
balanced group with the exception of the data from one individual on whom the accuracy of
the trained model was tested. The process was repeated for each individual within the
balanced group, resulting in a total of 534 predictions, i.e. one prediction (PD poor smell or
control good smell) for each participant that belonged to the validation data. The above
process was further repeated for 10 different randomly formed balanced groups in total;
resulting in a total of 5340 models, which were then used to calculate the area under the
curve (AUC) values. Further methodological details are available from Dryad (Additional

Methods).

For improved clarity, we detail below our key research objectives and the methodological
approaches employed to address each objective. Results are subsequently reported using
the same numbering system, i.e. Result 1 (Results section) refers to Objective 1 (Methods

section).

11
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OBJECTIVE 1: To determine the relative importance of individual Sniffin’ sticks in the

identification of poor smell in the Development dataset

Using the individual answers to all 16 sticks, each trained random forest classifier comprised
500 trees. The predictor importance of each stick (as derived from the random forest
algorithm using Gini’s diversity index criteria for binary splitting) was averaged across all the

trained models in order to rank the sticks in descending order of importance.

OBJECTIVE 2: To assess the classification accuracy associated with different numbers of

Sniffin’ sticks used in the Development dataset

5340 models were further trained across another 10 different randomly formed balanced
groups for each incremental number of Sniffin’ sticks, cumulated in order of descending
MLA-identified predictor importance. AUC values were calculated using only the validation

sample in order to evaluate overall model accuracy.

In creating an abbreviated smell test, it was necessary to reach a compromise between the
number of sticks administered as part of the test and the associated AUC value. A minimal
number of 3 sticks was selected to comprise the abbreviated test on the basis that the
improvement in AUC from the addition of two sticks to that of a single stick, was more than
three times the improvement in AUC associated with the cumulative addition of all other 13
sticks. A 3-stick model also permitted a direct comparison with other previously described 3-

stick abbreviated smell tests.

OBJECTIVE 3: To validate the use of a 3-Sniffin’-stick model for the detection of poor smell

using three independent PD and iRBD validation datasets

12
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One 3-stick PD poor smell/control good smell model, henceforth referred to as the 3-
Sniffin’-stick model, was randomly selected out of the 5340 models trained using the same
top 3 sticks and the Development dataset. Providing internal validation, its accuracy in
identifying poor smell/good smell was assessed using baseline olfactory testing data from
participants with iRBD in the Oxford Discovery cohort. The accuracy of the 3-Sniffin’-stick
model was furthermore externally evaluated in the independent Tracking PD cohort and in a

second independent iRBD cohort (Marburg).

OBJECTIVE 4: To compare the accuracy of the 3-Sniffin’-stick model in the detection of poor

smell with other previously published stick combinations in the Development dataset

The accuracy of the 3-Sniffin’-stick model, using the 3 sticks identified through random
forests as having the highest predictor importance for the detection of poor smell, was
compared with: A) the 3 sticks previously proposed to constitute the Q stick test,?’ B) the
Brief Sniffin’ Stick test previously investigated as a screening test for poor smell by Mueller
et al.?> and C) stick combinations suggested to distinguish individuals with PD from controls
by Casjens et al.,? Boesveldt et al.?? and Mahlknecht et al.?* (Data available from Dryad

(Table e-1)).

OBJECTIVE 5: To compare the accuracy of the 3-Sniffin’-stick model in the detection of poor

smell with all other possible 3-stick combinations using a composite validation dataset

comprising Discovery iRBD, Marburg iRBD and Tracking PD datasets

There are a total of 560 unique 3-stick combinations of the 16 Sniffin’ sticks. To compare

their accuracy at detecting poor smell, using baseline data from the Development dataset, a

13



Paragraph 19

Paragraph 20

single balanced group was formed comprising an equal number of randomly selected
individuals from the PD poor smell group and the control good smell group. One model was
trained using data from the balanced group for each 3-stick combination in turn and the
accuracy of each model, in distinguishing poor smell from good smell, assessed using an
independent composite validation set formed by combining the Discovery iRBD, Marburg
iRBD and Tracking PD datasets. The process of model training and validation was
undertaken 10 times using randomly balanced training groups resulting in a total of 5600
trained models. The AUC values (computed on test dataset) associated with our 3-Sniffin’-
stick model were compared individually against those associated with all other possible 3-

stick combinations using pairwise t tests.

OBJECTIVE 6: To evaluate the effect of training dataset composition on 3-Sniffin’-stick model

accuracy

The aforementioned models were trained using data from individuals at extremes;
individuals with PD and poor smell, and controls with good smell. To compare the effects of
training dataset composition, single randomly balanced groups of a) individuals with PD
with poor smell/controls with good smell b) controls with poor smell/good smell, c)
individuals with PD with poor smell/good smell were used to train models which were then
tested according to their ability to predict poor smell in individuals with iRBD. Kolmogorov—

Smirnov tests were used to compare the resultant AUC distributions.

OBJECTIVE 7: To Investigate a staged screening model to distinguish individuals with iRBD

from controls

14
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Using baseline iRBD data and longitudinal control data the sensitivity, specificity, positive
predictive value (PPV) and negative predictive values (NPV) of age>55 , RBDSQ>5 and PD
poor smell as predicted by the 3-stick model, in isolation and combination, in differentiating

between individuals with iRBD and controls was assessed.

Data availability

De-identified participant data relating to the Oxford Discovery Cohort may be requested by
means of a formal application to the OPDC Data Access Committee by any qualified
investigator. The application form, protocol, and terms and conditions may be found at the

website: opdc.medsci.ox.ac.uk/external-collaborations.

15
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Results

Demographics

Baseline characteristics including smell status are shown in Table 1. No difference in sex was
observed within disease groups. However, participants with Parkinson’s in the Tracking
cohort were on average older and of longer disease duration at the time of their smell
assessment. Whilst participants in Tracking had lower MDS-UPDRS part 3 scores, motor
assessments predated smell assessments by up to 6 months and were absent in 10%.
Marburg participants were similar in age and subjective smell status to those in Discovery
but had a longer disease duration at the time of their smell assessment. Self-reported poor
smell concurred with poor smell on objective testing in 31% of controls, 68% of individuals
with iRBD and 66% of those with PD. Within disease groups there was no significant
difference in smell status on objective testing between the Discovery, Tracking and Marburg
cohorts. Across Discovery groups, individuals with Parkinson’s and iRBD were more likely to
have poor smell than controls (p<0.001) but there was no difference between PD and iRBD
disease groups (p=0.67). We found no evidence, of a difference in the total Sniffin’ stick
score of individuals with PD tested at 0-3 months following the start of the study and those
tested at 9-12 months (p=0.26) or 15-18 months (p=0.10), to suggest a change in Sniffin’

stick performance over time due to a gradual decline in odor intensity.

RESULT 1: Anise, Licorice and Banana were the 3 sticks with the greatest importance in

predicting poor smell

Independent of disease group, Sniffin’ sticks differed in their rates of correct identification

(see Figure 2, Data available from Dryad (Table e-2)). Independent of smell status Orange,

16
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Peppermint and Fish were most frequently (poor smell: 255%, good smell: 290%, overall:
>70%) identified correctly. Overall, Lemon, Turpentine and Apple had the highest rates of
misidentification. Within individuals of the same smell status (either poor or good sense of
smell), there were significant (p<0.01) differences in the rates of correct Sniffin’ stick
identification between those with Parkinson’s and controls (Data available from Dryad
(Table e-2)). Anise, Licorice and Banana demonstrated the greatest differences in rates of
correct identification (p<0.001) (Data available from Dryad (Table e-2)) and were also the

top 3 MLA-identified sticks across 5340 trained models (Figure 3A).

RESULT 2: Classification accuracy improved with incremental stick number

The effect on classification accuracy of incremental cumulative Sniffin’ stick number is
shown in Figure 3B. The improvement in AUC from the addition of two sticks to that of a
single stick, was more than three times the improvement in AUC associated with the

cumulative addition of all other 13 sticks.

RESULT 3: An overall AUC>0.90 in distinguishing poor smell from good smell using the top 3

Sniffin’ sticks was replicated in a total of 3 different independent PD and iRBD cohorts (Table

2)

The AUC of 0.95 in the development dataset equated to a sensitivity, specificity, PPV and
NPV of 90%, 92%, 92% and 90% respectively, assuming a probability threshold set at 0.5. A
single randomly selected MLA-identified top 3 Sniffin’ stick model distinguished poor smell

from good smell in baseline iRBD data from individuals within the Discovery study with an

17
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AUC of 0.90. Separately, the AUC was 0.90 in the independent Tracking (PD) cohort and 0.95

in the Marburg (iRBD) cohort (Table 2).

RESULT 4: The 3 top MLA-identified sticks (Anise, Licorice and Banana) outperformed

previously described stick combinations

For the detection of poor smell, the Q stick combination (Cloves, Coffee, Rose)?” was
outperformed, when using either an absolute cut off of <2 correctly identified sticks or
when applying trained MLAs that utilised the individual answer for each stick (out of 4
possible options) (Figure 4). Other stick combinations described by Casjens et al.,?®

Boseveldt et al.?® and Muller et al.?®> were similarly outperformed (Figure 3B).

RESULT 5: No other 3 stick combination statistically outperformed the 3 top MLA-identified

sticks

When validated against the composite validation dataset (combining Discovery iRBD,
Marburg iRBD and Tracking PD datasets), the AUC associated with our top 3-stick
combination was 0.90 (0.89-0.91) compared to 0.68 (0.67-0.70) for the worst predicted 3-
stick combination (Turpentine, Garlic and Apple). No other 3-stick combination was
statistically better than our 3 stick (Anise, Licorice and Banana) combination, in detecting
poor smell (p>0.05). There was a significant difference (p<0.001) between the 3-stick
combinations that included at least one of Anise/Licorice/Banana compared to those that

did not include any of the 3 aforementioned sticks.

18
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RESULT 6: Models trained using a combination of PD poor smell/control good smell were

better at identifying poor smell in individuals with iRBD than those trained using PD poor

smell/PD good smell or Control poor smell/Control good smell data (Data available from

Dryad (Figure e-1))

The overall AUC value (for distinguishing poor smell from good smell) across 5340 trained
models using the same top 3 MLA-identified sticks and data from individuals with PD and
poor smell and controls with good smell was 0.95; greater than that associated with models
trained using control poor smell/control good smell data (0.81) or models trained using PD
poor smell/PD good smell data (0.86). When models were trained using all 560 possible 3-
stick combinations, higher AUC values were again obtained when using data from
individuals with PD poor smell/control good smell as opposed to control poor smell/control

good smell or PD poor smell/PD good smell (p<0.0001).

RESULT 7: A two-step screening test comprising a) an RBDSQ>5 and b) poor smell as

predicted using the 3-Sniffin’-stick model, distinquished individuals with iRBD from controls

with a sensitivity of 65%, specificity of 100%, PPV of 100% and NPV of 30% (Table 3)

Whilst the sensitivity of the two step screening test was lower than that associated with
using age>55, RBDSQ>5 or 3-Sniffin’-stick model predicted poor smell, alone or in
combination, the two-step screening test was associated with a higher specificity and PPV;
its accuracy values not benefiting further from the addition of age>55. However, the PPV is
a function of the background prevalence of iRBD which is unrealistically high in our sample
due to its design. If one takes the prevalence of 1.06% from a community survey in

Switzerland* and factors in the uncertainty around our specificity (95% lower confidence

19



interval 90% and substituting 99% for the upper confidence interval of 100%, as a specificity
of 100% will always yield a PPV of 100%) then the PPV could range from 7% to 41% if the
specificity ranges from 90 to 99%, compared to a PPV range of 3% to 12% when using the

RBDSQ alone.

20
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Discussion

We describe the application of a 3-Sniffin’-stick test to a total of 1933 individuals with iRBD,
PD and controls; to our knowledge, the largest study of its kind. Poor sense of smell on
objective testing was evident in 80% of individuals with Parkinson’s, 72% of individuals with
iRBD and 15% of controls, surpassing rates of self-reported poor sense of smell of 61%, 58%
and 11% respectively. The three sticks with the highest (Orange, Peppermint and Fish)® and
lowest (Lemon, Turpentine, Apple)?* rates of correct identification across groups matched

those reported previously.

Our aim was to develop an abbreviated Sniffin’ stick test for the detection of impaired
olfaction in prodromal and manifest PD, with the assumption that individuals with iRBD,
prodromal to PD, lie on a continuum between controls and those with PD. We did not seek
to distinguish individuals with PD from controls on the basis of their sense of smell alone;
rather to identify those who had a poor sense of smell based on normative data specific to
age and sex. Models were therefore trained with smell data at either extreme; data from
controls with good smell (normosmia and super smellers) and data from individuals with PD
and poor smell (hyposmia and functional anosmia). When tested on independent data from
individuals with iRBD, models trained using PD poor smell/control good smell data were
better at identifying poor smell in individuals with iRBD than those trained using control
good smell/control poor smell data or PD good smell/PD poor smell data, suggesting a
pattern of smell loss that is also recapitulated in individuals with iRBD who have prodromal

parkinsonism (Data available from Dryad (Figure e-1)).

21
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These findings are consistent with previous studies in which we and others have shown that
individuals with iRBD have a non-motor profile comparable to those with PD, with
similarities in cognition, depression, anxiety, apathy, impulsive compulsive behaviors, sleep
and autonomic dysfunction.? 12 34 4548 Eyrthermore, individuals with iRBD show subtle
motor dysfunction, compared to age and gender matched controls, which is less than that
required to meet the diagnosis of PD.3* This emerging wealth of phenotypic data suggests
that the vast majority of individuals with iRBD already manifest motor and non-motor
features of prodromal parkinsonism, sitting on one end of a disease spectrum, on a

continuum with established PD.

The cut-off points used to categorise olfactory performance were based on normative data
stratified by age and gender and so our models were not adjusted for either of the
aforementioned factors. Instead we utilised the raw answers provided for each stick by each
participant, which may in part explain the less than perfect 16 stick AUC of 0.99 calculated
using validation data excluded from the training process. Nonetheless, despite their
exclusion as model input variables, the subgroup performance of the top 3-stick trained
models by age and sex was largely equivalent (Data available from Dryad (Table e-3)); the

exception being for the 31 to 40 age group where the associated dataset was small.

When sticks were ranked in descending order, the sharp reduction in predictor importance
seen after the top 3 sticks (Anise, Licorice and Banana), translated into a relative reduction
in AUC improvement with models utilising 4 or more sticks (Figure 3). Cumulative

incorporation of Sniffin’ sticks into models (Figure 3B), according to their data-driven
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ranking resulted in AUCs that outperformed previously reported 3 and 5 Sniffin’ stick
combinations.?>?”22 The Casjens et al. and Boesveldt et al. 3-stick combinations yielded
AUCs that were slightly lower than those associated with our top 3 MLA-identified sticks;
perhaps unsurprising given that Anise (the stick with the highest MLA-identified predictor
importance) was common to all three top 3 combinations and the Boesvelt et al.
combination additionally had Licorice in common (Data available from Dryad (Table e-1)).
Indeed, the S8 (8-stick) combination described by Mahlknecht et al. which interestingly had
5 out of 8 sticks in common including the top 3 sticks, was associated with an AUC virtually
identical to that of the top 8 MLA-identified sticks.?* Furthermore, comparing the top 3
MLA-identified sticks to all other 559 possible 3-stick combinations (including those
previously described) through the application of trained models to the independent
composite validation dataset, no other 3-stick combination was statistically better than our

3-stick combination in detecting poor smell (p>0.05).

Having derived a top 3 MLA-identified stick test of poor smell, we assessed its value both
alone and in combination with age=55 and RBDSQ=>5 in screening for individuals with iRBD.
In keeping with the main body of scientific literature, as a single test, the RBDSQ was
associated with excellent sensitivity.*> However, the combination of RBDSQ>5 and poor
smell identified from 3-stick testing, yielded 100% specificity, though the lower 95%
confidence interval was equal to 90%. Depending on the true specificity and community
prevalence of iRBD, the PPV could range widely from 7% to 41% (compared to 3% to 12%
when using the RBDSQ alone) but these figures, if replicated, suggest a potential two-
pronged screening test for community cases of subclinical iRBD that could be used to

facilitate large-scale screening of individuals as part of clinical trials for prodromal PD. The
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addition of age>55 did not result in any further improvement in accuracy values. Individuals
with polysomnographically confirmed iRBD who did not fulfil both criteria (RBDSQ>5 and
poor smell on 3-Sniffin’-stick test) were younger (mean (SD) age 61.7 (10.4) versus 66.3 (7.5)
p<0.001) and had a lower MDS-UPDRS Il score (mean (SD) 5.5 (5.3) versus 3.8 (3.2) p=0.01)
compared to those who met both criteria. There was no difference in sex (p=0.10) between
the two subgroups. Though not created to detect disease per se, the 3-stick model trained
to detect individuals with poor smell, when used in isolation, distinguished iRBD from
controls with a sensitivity of 67% and a specificity of 80%; comparing favourably to
respective values of 56% and 89% reported by Huang et al. wherein the abbreviated 5

Sniffin’ stick test was created with the specific intent of distinguishing disease groups.?3

One of the main weaknesses of this study and in the evaluation of the 3-stick test in the
screening of iRBD, was the absence of an independent control cohort. Accuracy values were
therefore calculated using longitudinal control data that was treated as independent of the
baseline control data. Additionally, in keeping with iRBD studies worldwide, individuals with
iRBD who had been recruited into the Discovery and Marburg studies were those who had
originally presented to their clinician for evaluation of their sleep disturbance; as such they
may be expected to present with a more severe phenotype compared to individuals
detected on population screening. Answers provided on the RBDSQ may also have been
affected by foreknowledge of their iRBD diagnosis. Future work will apply our methods to
derive a population of individuals with community ascertained iRBD through the application
of the 3-stick/RBDSQ test, acknowledging that the community prevalence of iRBD will affect
the associated PPV and understanding the potential for regional variations to the largely

German-derived normative data from which olfactory performance was categorised.
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Although the findings of our study are consistent across three large independent cohorts,
future work will also explore its application to other international cohorts where cultural
and regional variations in exposure to Anise and Licorice, both similar in smell, may affect
the generalisability of our results beyond the relatively homogeneous European cohorts
described. A further interesting avenue of exploration includes the evaluation of

longitudinal changes in the 3-stick test and its relation to clinical outcomes of interest.

In conclusion, we demonstrate that a 3-stick model comprising the Sniffin’ sticks Anise,
Licorice and Banana detects olfactory dysfunction with high levels of accuracy in individuals
with Parkinson’s and iRBD. Its ease of administration and relative cost effectiveness
supports a role in screening for iRBD and in clinical phenotyping, where prognostication may

be facilitated through standardised assessment of olfactory dysfunction.
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Tables

Table 1 | Baseline demographics of participants in the Discovery study alongside the

independent Tracking and Marburg datasets.

Control PD RBD
Discovery | Discovery | Tracking p? Discovery | Marburg pe
Baseline demographics
N 313 890 452 - 241 37 -
68.0 67.3
Age 64.4 (9.8) | 66.5 (9.6) <0.01 | 64.6 (8.9) 0.97
(9.0) (8.8)
165 569 290 211 34
Male sex 0.93 0.78
(53%) (64%) (64%) (88%) (87%)
Disease duration at Sniffin’
- 1.2(0.9) | 1.9(1.0) | <0.001 | 1.4(1.8) | 3.5(2.9) | <0.001
stick assessment
26.4 234 5.0
MDS-UPDRS part 3 1.8 (2.5)° <0.001 | 5.1 (5.9)¢ 0.95
(10.8) (12.8)° (2.2)¢
Montreal Cognitive 26.7 25.0 25.4 25.1 27.5
0.03 <0.001
Assessment (2.5)¢ (3.3)¢ (3.4)¢ (2.9)¢ (2.1)¢
540 139 20
Subjective poor smell 34 (11%)f - - 0.66
(61%) (58%)f (59%)¢
Objective smell testing
Mean total Sniffin’ score
12.1(2.3) | 7.1(2.9) | 7.4 (3.0) 0.04 79(3.2) | 75(2.7) | 0.44

(SD)
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623 309 147 24
Poor | Functional anosmia 25 (8%)
(70%) (68%) (61%) (65%)
smell 0.35
Hyposmia 21 (7%) | 98 (11%) | 48 (11%) 23 (10%) | 6 (16%)
0.16
217 161
Good | Normosmia 84 (19%) 64 (27%) | 7 (19%)
(69%) (18%)
smell
Super smell 50 (16%) 8 (1%) 11 (2%) 7 (3%) 0

Table 1 legend (missing data):

3p value determined using a two-sample t-test or chi squared test. °2 Control participants, 7

RBD participants and 11 PD participants from the Discovery study had an incomplete MDS-

UPDRS part 3 score. Descriptive statistics relating to the MDS-UPDRS part 3 score for the

aforementioned groups were therefore calculated across those with complete scores. €In

the Tracking cohort MDS-UPDRS part 3 scores were assessed up to 6 months before the

Sniffin’ sticks test was performed. 45 participants did not have a motor examination within

the 6 month window. “Motor impairment was assessed in the Marburg cohort using the

original version of the UPDRS (as opposed to the MDS-UPDRS used in Discovery and
Tracking). Scores were converted using the formula: (original UPDRS part 3 score x 1.2) + 2.3
which was developed to convert scores from individuals with PD at Hoehn & Yahr stage
1&I1.°>° Additionally 1 of the Marburg participants had their motor assessment 7 months after
their smell assessment (as opposed to within a week of their assessment). A total MoCA
score was not available for 13 Controls, 37 participants with PD and 2 participants RBD in
Discovery, 41 participants with PD in the Tracking cohort and 1 participant in the Marburg

cohort. Summary statistics are calculated across those with available scores. Subjective
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smell status was missing in 1 participant in the Discovery control and RBD groups’and 2

participants in the Marburg RBD group.8 It was not assessed in the Tracking study.
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Table 2 | Comparison of area under the curve values for MLA-trained 3-Sniffin’-stick

models in the detection of hyposmia or functional anosmia.

AUC (95% confidence interval)
MLA-identified 3 3 Q sticks
16 sticks
sticks
Development
Overall PD poor smell model 0.99 (0.99- 0.87 (0.86-
0.95 (0.95-0.96)
accuracy?® 0.99) 0.88)
Validation
0.83 (0.76-
Internal: RBD baseline® - 0.90 (0.85-0.94)
0.88)
0.81 (0.76-
External: PD Tracking® - 0.90 (0.85-0.93)
0.86)
0.82 (0.58-
External: RBD Marburg® - 0.95 (0.82-0.99)
0.97)

2 As calculated across 5340 trained models, following the application of a leave one subject
out cross validation scheme, where the data used to train models and the data used to
assess model accuracy were mutually exclusive. PAs predicted by a single randomly selected
model trained using baseline PD/Control Discovery data for each 3-stick combination (MLA-
identified or previously described Q stick) with the same model being applied to both
internal and external validation datasets. Confidence intervals for the validation datasets
are calculated across single predictions for each set of clinical data whereas confidence

intervals for the development dataset are calculated using a bootstrapping approach across
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all 5340 predictions from the trained models from the 10 balanced datasets; the two

confidence intervals are therefore not directly comparable.

Table 3 | RBD/Control detection accuracies associated with age>55?, RBDSQ>5" and

MLA-identified 3-Sniffin’-stick predicted hyposmia/functional anosmia®, alone and in

combination.
Sensitivity | Specificity PPV NPV
Age? 88% 14% 87% 16%
RBDSQP 97% 80% 97% 82%
Sniffin’c 67% 80% 96% 27%
Age? + Sniffin’c 63% 83% 96% 26%
Age?® + RBDSQP 86% 89% 98% 49%
RBDSQP + Sniffin’® 65% 100% 100% 30%
RBDSQP + Age? + Sniffin’® 62% 100% 100% 28%




Figure legends (figures uploaded separately)
Figure 1 | Flow charts demonstrating the data used to train poor smell/good smell

models

Figure 2 | Spider web plot demonstrating the proportion (%) of individuals in each

group who correctly identified each Sniffin” stick.
Each Sniffin’ stick is represented by a line radiating out from the centre of the plot with

points at the maximal radius indicating 100% correct identification

Figure 3 | A) The average predictor importance of each Sniffin’ stick across 5340 PD
poor smell/control good smell models. B) The AUC associated with incremental
Sniffin” stick combinations compared to those previously described.

Figure 3A: Predictor importance is derived from the random forest algorithm using Gini’s
diversity index criteria for binary splitting. Figure 3B legend: Blue line with unfilled dots:
Discovery trained PD poor smell/control good smell models; Pink filled in dot: Q stick
Hummel et al. (3-stick) combination; Green asterix: Casjens et al. (3-stick) combination;
Orange square: Boesveldt et al. (3-stick) combination; Purple pentagon: Mueller et al. BSIT

(5-stick) combination; Magenta cross: Mahlknecht et al. S8 (8-stick) combination.

Figure 4 | Petal plots demonstrating the sensitivity, specificity, positive predictive

value and negative predictive values associated with using an absolute score of <2 out

of 3 sticks (A,B,E,F) or a trained MLA that takes into account each individual option for
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each stick (C,D,G,H) with sticks being chosen empirically (A,C,E,G) or by MLA predictor
importance ranking (B,D,F,H).
The larger the petal size, the greater the accuracy, with the tip of each petal indicating the

percentage accuracy for each summary measure. Accuracy values displayed for the trained

MLA relate to a cut off probability threshold of 0.5.
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