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Development of a simplified smell test to
identify Parkinson’s disease using
multiple cohorts, machine learning and
item response theory
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Todevelopasimplifiedsmell test for identifying patientswithParkinson’sdisease (PD),we reevaluated
the Sniffin’-Sticks-Identification-Test (SST-ID) and University-of-Pennsylvania-Smell-Identification-
Test (UPSIT), using three case-control studies. These included301patientswithPDor dementiawith
Lewy bodies (DLB), 68 subjects with multiple-system atrophy (MSA) or progressive supranuclear
palsy (PSP), and 281 healthy controls (HC). Scents were ranked by area-under-the-curve values for
group classification and results leveraged by 8 published studies with 5853 individuals. PD/DLB
patients showed markedly worse olfaction than controls, whereas scores for MSA/PSP subjects
were intermediate.We identifiedand validated a subset of 7 sharedodorants that performed similarly
to the traditional 16-scent SST-ID and 40-scent UPSIT tests in distinguishing PD/DLB from HC.
There, the identification of 4 or fewer scents out of 7 served as an effective cut-off between the two
groups. We also identified a critical role for distractors (from correct answers) and age on olfaction
performance.

Hyposmia is a common non-motor sign of Parkinson’s disease (PD) and
dementia. The reported prevalence of olfaction loss in PD ranges from 45%
to >90% based on populations selected, testing methods, and threshold
criteria1. Chronic hyposmia is also viewed as predictive, with reduced
olfaction preceding PD diagnosis by 4–20 years1–3. Olfactory testing may
also help in the differentiation of parkinsonian syndromes4. Several
screening tools and predictivemodels for the incidence of PDhave included
subjective or objective assessments of olfaction5–9.

Two commonly used smell tests for evaluating olfactory functions
include the University of Pennsylvania Smell Identification Test (UPSIT)10

and the Sniffin’ Sticks Test (SST) battery11,12, comprising three subtests (i.e.,
for Identification (SST-ID), Discrimination (SST-DS), andThreshold (SST-
TH)). The SST-ID andUPSIT are comparable in that they both assess one’s
ability to identify a range of scents.

Smell test kits were initially developed to assess olfaction in the
general population but have been increasingly used in research settings
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that study disorders of the brain. Using different cohorts and methods,
some studies have ranked odorants in UPSIT13–16 and SST-ID17–20 by
their diagnostic performances, and reported that certain subsets of
scents appeared to have equal or better performance than the entire 40-
or 16-scents-based tests. However, external validation was frequently
missing in these analyses, proposed scent combinations were found to
be cohort-specific without agreement across different studies15,21, and
the role of distractors (versus the correct option for the scent tested) in
such multiple-choice settings was understudied. Furthermore, ana-
lyses of UPSIT and SST-ID kits were always conducted separately,
despite the similarities between the two tests. Finally, olfaction scores
in patients with other, atypical forms of parkinsonism have not been
assessed in PD-centric studies.

In this work, we aimed to assess olfaction performances in commonly
encountered forms of parkinsonism; to assess individual features of both
UPSIT and SST-ID odorants; to explain any observed differences of scent
performance; and to develop a simplified smell test by unifying both kits
using proper internal and external validation steps for the purpose of a
potential screening tool. To this end, 8 published scent rankings13–20, col-
lectively including 5853 participants, were incorporated into our study to
make any proposed abbreviated test generalizable and to avoid overfitting.
Further, we added ItemResponseTheory (IRT) based analyses22 to examine
the behaviour of participants’ responses to multiple choices provided for
each scent. Lastly, we analyzed the effects of age and sex on olfaction per-
formance. Workflow of this study is illustrated in Fig. 1.

Results
Comparing different smell tests to classify typical Parkinson’s
disease
We used de-identified data from three observational, retrospective, case-
control studies: the De Novo Parkinson disease study (DeNoPa)23; the
Ottawa (PREDIGT) Trial; and the Prognostic Biomarkers in Parkinson’s
Disease Study (PROBE)24. Their demographic anddiagnostic characteristics
are summarized in Table 1.

As expected, across all three cohorts, PD and dementia with Lewy
bodies (DLB) patients generally had lower smell test scores (i.e., worse
olfaction) than neurologically healthy controls (HC), whereas scores for
multiple system atrophy (MSA) and progressive supranuclear palsy (PSP)
patientswere intermediate. Their score distributions are shown in Fig. 2a–d,
and median scores/percentiles as well as the percentages of hyposmia are
listed in Table 1. There was no detectable difference in olfaction perfor-
mance betweenMSA and PSP patients (Fig. 2b, d). UPSIT and SST-ID kits
showed comparable performances in distinguishing PD/DLB patients from
HC subjects (Fig. 2e, left) with area under the receiver operating char-
acteristic (ROC) curve (AUC) values in the three cohorts ranging between
0.89 and 0.93.

Further, both tests showed reduced performancewhen comparingPD/
DLBpatients toMSA/PSPpatients (Fig. 2e, right), butwitha larger variation
in AUC values (0.69–0.92) across the three cohorts due to the smaller
sample sizes of MSA/PSP groups in the Ottawa Trial and DeNoPa cohorts.
Furthermore, AUC values of UPSIT and SST-ID to differentiate PD/DLB

Fig. 1 | Machine learning workflow for developing and validating an abbreviated
smell test for Parkinson’s disease. Details of the workflow are as indicated and
described in Methods and Result sections of the main text. SST-ID Sniffin’ Sticks
Identification test, UPSIT University of Pennsylvania Smell Identification Test,

DeNoPa De Novo Parkinson Study, PROBE Prognostic Biomarkers in Parkinson
Disease, HC healthy control, PD Parkinson disease, DLB dementia with Lewy
bodies, MSA multiple system atrophy, PSP progressive supranuclear palsy, ROC
receiver operating characteristic, AUC area under the ROC curve.
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Fig. 2 | Distribution of olfaction scores using two established tests for different
diagnostic groups with parkinsonism in three cohorts. Cummings estimation plots
(a–d) were used to illustrate and compare smell test score distributions in each diagnostic
group:a forUPSIT in theOttawaTrial cohort,b forUPSIT in thePROBEcohort,c forSST-
ID in the DeNoPa cohort, dUPSIT and SST-ID scores were transformed to percentiles
based on age- and sex-adjusted norms in the combined cohorts. Each data point in the
upper panels represents the score of one participant, and colors represent different groups

and diagnosis, as shown in legends. The vertical lines in the upper panels represent the
conventionalmean ± standarddeviationerrorbars.The lowerpanels showthemeangroup
difference (the effect size) and its 95% confidence interval (CI) estimated by bias-corrected
and accelerated bootstrap, using healthy controls as the reference group. e Shows ROC
curves and AUC values with 95% confidence interval (CI) for smell tests in each cohort
(indicatedbydifferentcolors; individual scores shownina–d) todistinguishPD/DLBversus
HC groups (left) and PD/DLB versus MSA/PSP groups (right). Abbreviations as in Fig. 1.
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patients from the combination of healthy controls and MSA/PSP patients
are listed in Supplementary Table 1.

Among the three SST subtests, SST-ID was found to be the best in
distinguishing PD/DLB patients from HC subjects as well as from indivi-
dualswithMSA/PSP (Supplementary Fig. 1). For cohort-specific thresholds
and corresponding sensitivity and specificity values, see Supplementary
Table 1.

Performances by individual scents differ in discriminating PD/
DLB from healthy controls
Figure 3a shows the distributionofAUCvalues for eachSST-ID scent across
10 folds using baseline data from the DeNoPa cohort. Clusters of scents
identified included banana andmint as the two most discriminative scents
(individual AUC values, ≥0.725), followed by anise, coffee, licorice, fish, and
rose in the second-most discriminative cluster. Compared with SST-ID
scents, clustering was less obvious for the UPSIT scents (Fig. 3c), where
AUC values ranged between 0.5 to 0.77. In theOttawa Trial cohort, the top-
ranked 7 UPSIT scents in identifying established PD/DLB patients vs.
controls included rose, wintergreen, root beer, licorice, dill pickle, mint,
and grass.

The observed differences in each scent’s discriminative performance
were further examined by visualizing the percentages of correct scent
identification within each diagnostic group (Fig. 3b, d) and by the percen-
tage differences between HC and PD/DLB groups (Supplementary Fig. 2).
Regardless of the study cohort and smell test used, PD/DLBpatients showed
lower percentages of correctly identifying each scent than control subjects.
Scents that were easy to identify in the HC group but difficult for the PD/
DLB group (i.e., generating larger percentage differences, as shown in
Supplementary Fig. 2) had greater single-scent AUC values. Scents had
poorer discriminative performances when both groups found them easy
(e.g., in SST-ID: orange; UPSIT: leather) or difficult (e.g., in SST-ID: apple;
UPSIT: lemon) (Fig. 3b, d).

Therefore, rankings for scents used in the SST-ID andUPSIT kits were
constructed. Figure 4 compared the scent rankings from this study with
previously published reports, and as a result, two “Average” rankings were
derived. For the SST-ID kit, several studies -despite the differences in cohort
design and methods applied (Supplementary Table 2)- showed consensus
that anise, licorice, mint, banana, coffee, fish, and rose were the most dis-
criminative scents in distinguishing PD/DLB subjects from HCs (Fig. 4a).
For theUPSITbattery, however, related studies generated less agreement on
scent rankings (Fig. 4b), which could be partially explainedby results shown
in Fig. 3c. There, many UPSIT-based scents showed similar performances
(amongst each other), and therefore, they revealed fewer clusters than did
SST-ID-based scents. Nonetheless, the top-ranked 7 UPSIT scents in the
final “Average” list included: coconut, clove, wintergreen, banana, licorice,
grass, and cherry. Because there are 11 scents shared between SST-ID and
UPSITkits, an additional “Shared” rankingwas generated by us to construct
a potentially unified, abbreviated smell test (Supplementary Table 3).

IRT analysis reveals further scent details and the influence of
distractors
In the current context, mint and licorice were two well-performing scents.
Hence, using IRT analysis, their Item Characteristic Curves (ICCs) (Fig.
5(1)–(4)) showed similarities in that HC subjects generally correctly iden-
tified them, while PD/DLB patients had more difficulty in choosing the
correct option. However, there were also some noteworthy differences.
When scoring on the scent presented formint, PD/DLB patients could rule
out ‘chive’ and ‘onion’ in the SST-ID assay and ‘fruit punch’ in UPSIT,
indicating that they detected some scent, but it was not declarative enough
for subjects to correctly choose mint. However, for licorice, particularly in
the UPSIT kit, there was strong evidence of random guessing whereby
patients couldn’t detect any scent to help favor or eliminate an option (Fig.
5(4), left).Here, ICCs of scoring byHCs also eliminated the possibility of the
corresponding pen (SST-ID) or encapsulated patch (UPSIT) being
defective.

Curiously, the scent for bananawas discriminative in DeNoPa but not
in theOttawaTrial (Fig. 3); these inconsistent performanceswere not due to
differences in distractors. When testing for banana, the option ‘cherry’
distracted many PD/DLB patients and HCs in the Ottawa Trial, but not in
the DeNoPa study (Fig. 5(5)-(6)). Here, cohort-specific or odorant-related
differences (e.g., the concentration or composition for the artificial scent
offered) might offer more plausible explanations.

Orange and lemon were both ranked low in the two tests but for
different reasons (Fig. 5(7)–(10)): orange in SST-IDwas relatively easy, even
for hyposmic PD/DLB patients. Orange in UPSIT, however, had different
distractors that were active within PD/DLB (‘bubble gum’) and HC (‘tur-
pentine’) groups. For lemon, the distractors of ‘grapefruit’ in SST-ID and
‘motor oil’ in UPSIT confused both patients and healthy persons. Such ICC
results within the normosmic control group (Fig. 5(8)–(10), right)might be
evidence of a flawed odorant/distractor choice or an explanation that is
rooted in chemicalmanufacturing of the scent. The ICCs for all other scents
are shown in Supplementary Figs. 3–5.

Development and validation of abbreviated smell tests
Figure 6 visualizes AUC values of all subsets of scents examined within
internal and external validation datasets (as summarized above in Fig. 1).
When using an increasing number of highly rank-ordered scents, we
observed that the corresponding AUC values for odorant subsets increased
steeply for the first four, indicating that these more discriminative scents
were complementary to each other and not redundant (Fig. 6). Surprisingly,
any improvement in subset performance thereafter was marginal. When
compared with other published rankings, the “Average” rankings as well as
their subsets appeared to be more discriminative with robust performances
in all the validation datasets. Considering a balanced trade-off between the
number of scents administered and subset performance, an SST-ID version
with just 7 scents (shown in Fig. 6a–c) and an UPSIT version of 10 scents
(Fig. 6d, e) emerged as the best performers in this analysis, as highlighted by
the corresponding “Average” rankings (shown as black lines).

Development of an integrated smell test to differentiate PD and
DLB from healthy subjects
To develop a potentially unified smell test, we found that the subset of 7
scents from the “Shared” ranking between SST-ID andUPSITkits (red lines
in Fig. 6, Supplementary Table 3) with the highest performance in all vali-
dation datasets comprised licorice, banana, clove, rose,mint, pineapple, and
cinnamon. When combining all three studies (DeNoPa; Ottawa Trial;
PROBE), this abbreviated test of 7 odorants could distinguish PD/DLB
patients from healthy subjects with an AUC value of 0.87 (95% confidence
interval (CI) 0.85-0.9). Under these circumstances, the correct identification
of 4 or fewer scents out of 7 tested served as an effective cut-off to distinguish
between the two groups (Table 2). Median (interquartile range (IQR))
scores, AUC values, thresholds and the associated sensitivity and specificity
results for these subsets within each individual trial as well as within the
combined cohort are shown in Table 2. It also shows the 7-scents’ perfor-
mance in differentiating PD/DLB patients from all other subjects (i.e., the
combination of healthy controls and MSA/PSP subjects) with nearly
identical AUC values as well as for the cut-off of ≤4 scents to separate them.

Performances of scents in the differentiation of PD fromMSA
and PSP
The following analysis for the comparison between patients with PD and
MSA/PSP focused on the participants in the PROBE study; the other two
cohorts (DeNoPa; Ottawa Trial) had too few MSA/PSP subjects to reliably
analyze theperformanceof any scent subset. InPROBE, the same list of the7
top-ranked, shared scents distinguished patients with PD from those with
MSA/PSP at anAUCvalue of 0.68 (95%CI 0.58–0.77), whichwas similar to
the AUC value using the complete 40-scent UPSIT kit (0.69 (95% CI
0.6–0.78), see Supplementary Table 1).

However, to determine whether this separation could be
improved, the same workflow from above, including for validation
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steps, was applied to the PROBE cohort to potentially generate a subset
of scents more specific for the distinction of PD vs. MSA/PSP patients.
Intriguingly, a subset of 10 scents (clove, dill pickle, cinnamon, soap,
rose, pizza, root beer, turpentine, gasoline, and licorice) achieved
the highest value, i.e., an average AUC of 0.78 (95%CI 0.52–0.99) in the
validation set for PROBE, or 0.77 (95% CI 0.69–0.85) in the entire
cohort. Hence, this outcome represented an improvement when

compared to the entire 40-scent UPSIT kit (Supplementary Fig. 6). Of
note, adding additional scents above 10 did not substantively increase
the degree of separation between the PD and MSA/PSP groups (Sup-
plementary Fig. 6). Using a cut-off for 6 or fewer correctly identified
odorants (out of these 10 top-ranked scents tested) separated PD
patients fromMSA/PSP subjects in the PROBE cohort with a sensitivity
of 0.77 and specificity of 0.68.

Fig. 3 | Individual scent performances in differentiating PD/DLB from healthy
control groups. SST-ID scents are shown using baseline DeNoPa data (a, b) and
UPSIT scents for theOttawaTrial cohort (c,d). a, c illustrate the distribution ofAUC
values of each scent across 10-fold cross-validation using violin plots, with 25%, 50%,
and 75% quantile lines. The scents are ordered in descending order of their mean

single-scent AUC value (top to bottom); the color of each scent changes gradually
from the most to the least discriminative value, as indicated by the legend. Scents
shared by both tests are highlighted in bold italic font. b, d Shows the percentage of
subjects correctly identifying each scent within both groups in each corresponding
cohort. Abbreviations as in Fig. 1.
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Assessment of age and sex on scent identification
We also investigated the influence of age and sex on olfaction performance.
SupplementaryTable 4 shows the coefficients of the linear regression for the
relationship between smell test scores with age, sex, and diagnostic groups
within each cohort. Not surprisingly, progression in age significantly low-
ered olfaction across all groups. In addition,males generally showed aworse

sense of smell than their female counterparts, although the latter was not
significant across the three cohorts.

When focusing just on the 11 scents shared between SST-ID and
UPSIT kits, relationships between scent identification and sex were further
evaluated by comparing the percentages of correct scent identification
across groups (Supplementary Fig. 7a). In line with the regression results,

Fig. 4 | Comparison of scent rankings in this study versus previously
published ones. a, b show scent rankings of SST-ID and UPSIT, respectively. “This
study” columns show scent rankings from Fig. 3, and the neighboring columns show
corresponding rankings from other studies, as indicated on the x-axis. The “Aver-
age” column of each panel shows the scent ranking generated by averaging results
from5 separate rankings. Each scent is represented using the format “index-scent” in

the “Average” ranking, and as index only in others. The lines track how each scent’s
rank changes from study to study. Color of each scent changes gradually from the
most to the least discriminative odorant defined by “Average”. Based on these, the 7
best-performing scents in SST-ID (a) and the 12 best-performing scents in UPSIT
(b) are tracked by solid lines. Note, rankings by Mahlknecht et al. and Morley et al.
included only the top 12 scents.
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females showed higher percentages of correct identifications thanmales for
most of the scents, except for cinnamon, turpentine, and leather.

Finally, we compared the probability of identifying each scent correctly
across ages between the PD/DLB and HC groups (Supplementary Fig. 7b).
As anticipated, older participants generally showed decreasing percentages
for correctly identifying specific odorants. The fitted lines for PD/DLB and

HC groups were usually in the same direction and of similar slopes, with
some exceptions, but these were not consistent across all three cohorts.

Discussion
To our knowledge, this is the most comprehensive study to date describing
olfactory dysfunction in late-onset, typical PD and two less frequent forms

Fig. 5 | Influence of distractors inmultiple-choice smell tests forfive shared scents
selected. Panels with odd numbers show the Item Characteristic Curves (ICCs) of
five SST-ID scents: mint, licorice, banana, orange, and lemon. Panels with even
numbers show ICCs of the correspondingUPSIT scents. In eachfigure, panels on the
left show data for PD/DLB patients, panels on the right for healthy controls (HC).
The x-axis reveals transformed score indices in [0,100] (percentage rank of the

respective scores) within the corresponding group. The y-axis shows the probability
of choosing each option at a particular score index. The correct option of each item is
highlighted using thicker, blue curves. Numbers in the color legends represent
option indices. The horizontal dashed lines represent 50% probability. The vertical
dashed lines represent five quantiles (5%, 25%, 50%, 75%, and 95%).
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of parkinsonismusing both SSTandUPSIT.Whenprobing for hyposmia in
PD, the following points seem to matter: PD/DLB patients had worse
olfaction than healthy subjects, and scores of MSA/PSP patients were
intermediate without a detectable difference between them; when screening
populations for PD using SST, scent identification testing is sufficient, and
the threshold anddiscrimination subtests could be omitted; fewer scents can

reduce examination time and test taking fatigue without sacrificing diag-
nostic accuracy; the selection of fewer scents should be informed by their
discriminative performance in specific group classification efforts; random
guessing lowers diagnostic accuracy; and from a test design perspective,
choices provided as distractors influence scent identification performance.
Importantly, we found that an abbreviated smell test -created by carefully

Fig. 6 | Exploration of smaller subsets of scents tested in their accuracy of group
classification for PD/DLB subjects versus healthy controls. The x-axis shows the
number of individual scents used for each subset examined; colors represent dif-
ferent scent rankings from separate studies, as indicated by the legends (see also Fig.
4 and Supplementary Table 3). ‘Shared’ denotes scents used in both UPSIT and SST-
ID; ‘Average’, all studies combined; ‘This study’, rankings derived using baseline

DeNoPa and Ottawa Trial data. Individual points shown in a, d represent internal
validation results, averaging across 10 folds. b, c, e, each point represents the AUC
value of the corresponding subset using (semi-)external validation sets. The black
horizontal, dashed lines indicate AUC values of the corresponding test when viewed
in its entirety. Red horizontal, dashed lines indicate AUC = 0.9 as a predetermined
reference line.
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selecting ‘specific scents’- is sensitive enough to identify PD/DLB-linked
hyposmia. Such a simplified test, which is now being piloted by us pro-
spectively, holds the potential to facilitate olfactory testing in the outpatient
clinic setting, for at-home testing and in population-based screening efforts.

In developing and validating an abbreviated smell test, we used a
machine learning approach (Figs. 1, 3, 4, 6) and found that a set of only
7 scents (licorice, banana, clove, rose, mint, pineapple, and cinnamon) was
sufficient to approximate the diagnostic performance of administering
either the complete 16-scent SST-ID or 40-scent UPSIT batteries, and that
the value of adding more scents was negligible (Fig. 6).

We also demonstrate the impact distractors have on detecting indivi-
dual scents using IRT analysis (Fig. 5, Supplementary Figs. 3–5). We
uncovered uncertainty in eliciting a choice for some scents, even for healthy
subjects with intact olfaction. This could be explained by the difficulty of
biological scent discrimination or a to-be-improved selection of artificial
odorants. By extension, our analyses revealed the opportunity to remove ill-
performing scents, e.g., orange and lemon, from currently used kits.

Of general importance, we found a high level of guessing among PD
patients for some scents, indicating patients’ difficulty in detecting them.
SST-ID and UPSIT batteries are multiple choice-based tests, in which
participants are instructed to always choose one answer even when they
cannot smell anything; such randomguessingwill introduce errors into data
sets. Advanced IRT methods can treat missing responses as an additional
option; administrators of tests would then prefer the participants to leave
any uncertain questions unanswered rather than forcing a guess. However,
for the future administration of standardized olfaction tests, or for designing
a newone, including an abbreviated one, we suggest adding an extra choice,
suchas “I cannot identify the scent” to reduce randomguessing.Basedonour
experience in administrating smell tests, the extra option would also help
improve participant experience and eliminate frustration in patients with
severe hyposmia.

Our goal in creating a simplified smell test was for it to be used in the
future as a screening tool to identify patientswith probable PD, but it should
not replace UPSIT and SST for other purposes without robust testing. The
cut-offs reported in Table 2 were for group classification; these do not
represent cut-off values for diagnosing an individual’s hyposmia or anos-
mia.Moredata, preferablyobtained fromthegeneral population, areneeded
to compare scores of a simplified smell test to those fromUPSIT/SST-IDkits
and to establish cut-offs in order to diagnose hyposmia or anosmia; further,
the influence of age and sex should be considered whenever possible. This
can be achieved through simulation within UPSIT/SST-ID data sets like in
our study, ormore robustly, in specifically designed trialswhere participants
are assessedby both, a routinely used test (such as SST-IDorUPSIT) and an
abbreviated version, to permit a head-to-head comparison. We have
recently begun such an effort at three separate clinic sites.Ofnote, the cut-off
values listed in Table 2 and Supplementary Table 1 were associated with
maximum Youden Indices, while in practice, cut-offs may also be deter-
mined based on specific study purposes.

As a screening tool, an easy-to-administer, inexpensive, sensitive and
non-invasive smell test (such as one that is based on 7 scents) could have
important usefulness, particularly when coupled with a short, self-
administered questionnaire capturing demographic information and
known risk factors of developing PD9. Such a questionnaire may also
identify factors leading to hyposmia unrelated to neurodegeneration, e.g.,
previous nasal injuries, microbial infections, seasonal allergies, and chronic
exposure to air pollution, to augment specificity for PD. Upon validation,
such a kit could be used as the initial step of large-scale community
screening, or in routine neurological practice of a movement disorders-
oriented clinic, or for early detection within a family medicine office.When
it comes to screening efforts for typical PD, more invasive and expensive
tests, e.g., the α-synuclein seeding amplification assay from cerebrospinal
fluid (CSF)or skin biopsies, or the administrationof adopamine transporter
scan, could be employed as additional steps to increase diagnostic accuracy,
such as when aiming to enroll subjects with probable PD into specific,
disease-modifying trials25–29.T
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Among the three SST subtests, SST-ID performed the best in distin-
guishing PD/DLB patients from healthy controls (and from MSA/PSP
patients) and therefore was the focus of this study. However, the other two
subtests could be useful in other scenarios: SST-DS has been shown to have
stronger correlation with disease duration than SST-ID17, and SST-TH
performed better in separating the akinetic-rigid dominant and tremor-
dominant subtypes30. Further, all three subtests may be needed for themost
comprehensive assessment of one’s olfaction31. Hence, the choice of
appropriate subtest(s) will always be selected based on the specific research
question.

Despite the findings regarding scent ranking and subset analyses, it
remains unclear whether a specific PD olfaction deficit exists, rather than a
global reduction in scent processing, and what the underlying mechanisms
could be.We andothers recently found that chronic hyposmia and anosmia
were significantly associated with positivity on the α-synuclein seeding
amplification assay in CSF, suggesting that patientsmay have an underlying
disease linked to the dysregulation of SNCA expression and/or protein
processing32,33.

Mechanistically, it not only remains unknown as to how chronically
reducedolfaction arises inPD/DLB (andREMSleepBehaviourDisorder) as
well as some MSA/PSP subjects, but also at what age it begins, at what site
within the olfactory circuitry, and whether hyposmia is shared for specific
scents among personswith PD/DLB versus thosewith dementia syndromes
unrelated to a synucleinopathy disorder. Large scale population screening
efforts, including with a simplified testing battery derived from SST-ID and
UPSIT kits, could begin to answer these questions.

One limitation of our study is the small sample size of patients diag-
nosed with MSA or PSP, two much less frequent variants of parkinsonism,
especially in the DeNoPa and Ottawa Trial cohorts. The scent ranking and
associated subset developed here for distinguishing PD versus MSA/PSP
patients therefore represent preliminary results, and more data are needed
for further validation, such as by combining multiple small cohorts. Dis-
tinguishing these different forms of parkinsonismearly in their course based
on inexpensive, simple-to-test biomarkers would be of great value.

Another limitation of our study includes the fact that the cohorts
examined here are highly homogeneous with most participants being
White. Although scent rankings and the selection of a simplified smell test
have been rigorously developed and validated with external information
incorporated, future calibration and cultural adaption efforts will be
necessary when testing other populations, including of greater ethnic
diversity. To this end, an integrated, simplified test is currently being piloted
at two sites in North America and one site in Europe to compare its per-
formance with UPSIT and SST-ID batteries, respectively, using four dif-
ferent languages.

Further, case-control studies have an inherent potential for selection
bias in their recruitment. Especially because of their design, age- and sex-
effectswere likelyunderestimated inour cohorts. Population studies, suchas
in community screening efforts undertaken previously by PARS planners34

or with ‘PPMI Remote’ by the Parkinson’s Progression Markers Initiative
(PPMI) study35, could provide complementary data sets. However, these
have potential setbacks as well: As the majority of participants will have a
normal sense of smell, score distributions could be skewed; and if smell test
data are reduced to a single sum score (rather than the detailed response to
each scent), sub-analyses will be difficult to complete, thus limiting inter-
rogations of data sets between different cohorts.

Last-but-not-least, for screening purposes a one-time administered
smell test may not be informative enough to assess a subject’s sense of smell
completely, because other factors, such as temporary hyposmia due to an
upper respiratory tract infection, seasonal allergies, occupational exposure
and/or due to beverage consumption, eating, smoking before taking the test,
could skew results. Retesting at appropriate time intervals, aswas carried out
in the DeNoPa Study at predetermined time points, may be required for
even higher accuracy in performance (Table 2). Such efforts will be facili-
tated by an inexpensive, easily administered, abbreviated, yet sensitive smell

test that ensures completion and reduces random guessing when providing
answers.

Methods
The study was conducted in adherence with the STARD36 guideline (see
Supplementary Table 5).

Source of data and participants
We used de-identified data from three observational, retrospective, case-
control studies: DeNoPa23; the Ottawa (PREDIGT) Trial; and PROBE24.
Their demographic and diagnostic characteristics are summarized in
Table 1. Data of the cross-sectional Ottawa Trial study, baseline data of the
longitudinal PROBE study, and three visits of the longitudinal DeNoPa
study (baseline; 48-month; and 72-month follow-up visits) were used.
Patients with PD, DLB, MSA, or PSP, and neurologically healthy controls
were included (Table 1). Most study participants with PD in the three
cohorts were classified as Hoehn-and-Yahr stage II-III. No participant
overlap existed between the three studies.

The DeNoPa cohort23 is an ongoing, single-center study based in
Kassel, Germany. It is an observational, longitudinal study of patients with a
newly established diagnosis of PD (UK Brain Bank Criteria37), who were
naïve to L-DOPA therapy at baseline, and of age- and sex- and education-
matched, neurologically healthy controls. Details of inclusion/exclusion
criteria have been described elsewhere23. Diagnostic accuracy was ensured
by ongoing follow-up visits every two years (as of 2023, 10-year follow up
visits were underway). Consequently, diagnosis of 12 patients were later
updatedasDLB,MSA,orPSP (seeTable 1).Datausedwere receivedonMay
16th, 2023.

TheOttawaTrial is a pilot study to evaluate the performanceof a 2-step
screening tool that combines the PREDIGT questionnaire8,9 and the UPSIT
test to distinguish patients with PD/DLB from age-matched neurologically
healthy controls and patients with various other neurological diseases.
Enrolment and assessment of this cross-sectional, case-control study was
completed in March 2024. A manuscript that describes this cohort is in
preparation. Diagnostic accuracy was ensured by independent chart review
by three subspecialty-trained neurologists according to UK Brain Bank
Criteria37 and MDS Criteria38.

PROBE24 is a longitudinal, case-control study to test biomarkers in PD
subjects and various controls to determine their feasibility and potential
utility as markers of risk and prognosis for PD. Details of inclusion/exclu-
sion criteria have been described elsewhere24. Participants were enrolled
fromAugust, 2007 toDecember, 2008. Thediagnosesof PD, probableMSA,
and probable PSP were established using UK Brain Bank criteria37, Con-
sensus Criteria39, and NINDS-PSP Criteria40, respectively.

Analyses of deidentified cohort data were approved by Investigational
Review Boards at Paracelsus-Elena-Klinik (Kassel) in Frankfurt, Hesse,
Germany (FF 89/2008), the Ottawa Hospital (Ottawa, Ontario, Canada;
20180010-01H), and all PROBE Study-affiliated sites in North America,
with participants’ consent.

Study assessments
The SST comprises a supervised test administered in clinic settings using
pen-like odor dispensing devices11,12. It has three subtests: SST-ID, SST-DS,
and SST-TH, each with 16 odorants. In SST-ID, subjects are presented a
stick and choose the scent from four options. SST-DS is performed using
triplets of odorants that are of similar intensity and hedonic tone, where
subjects are required to identifywhich stickof the triplet has a different scent
from the other two. SST-TH is performed using triplets of sticks where only
one isfilledwithodorant at a certaindilutionwhereas the other twoarefilled
with odor-free solvent. SST-TH determines at what dilution subjects can
consistently identify the odorant-filled stick. The entire SST (in German)
was completed by all DeNoPa participants at their baseline visits, and the
SST-ID subtest was re-administered at 48-month and 72-month follow-up
visits.
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UPSITwasused in theOttawaTrial andPROBE; this self-administered
kit (in English) contains 40 scratch-and-sniff questions, presented as
multiple-choice responses, with 4 options offered for each scent10.

Data preparation and analysis
Observations that had no valid SST-ID/UPSIT response were removed.
Observations with incomplete responses were imputed with 0s, indicating
incorrect responses. A dichotomous response-based transformation
(0 = incorrect; 1 = correct) was used to calculate the sum scores and assess
discriminative performances for each scent. The exact indices of chosen
options were used for IRT analysis.

Demographic and diagnostic characteristics of the study cohort were
summarised using n (%), and median (IQR). The reported p-values
represented the significance from corresponding Fisher’s exact test or
Kruskal-Wallis rank sum test,withq-values representing false discovery rate
correction for multiple testing; p-values smaller than 0.05 were considered
significant.

Score distributions of corresponding smell tests in each subject group
were illustrated using Cummings estimation plots41. The raw UPSIT and
SST-ID test scores were also normalized into percentiles based on age and
sex, where hyposmia was defined by SST-ID percentile ≤10%42 or UPSIT
percentile ≤15%10. Discrimination performances of these subtests were
compared using AUC values with bootstrap estimated 95%CI43, in order to
distinguish diagnostic groups. Table 2 and Supplementary Table 1 also
report optimal thresholds and their associated sensitivity and specificity that
correspond to the maximum Youden indices44.

Machine learning workflow of developing and validating an
abbreviated smell test
Figure 1 illustrates themachine learningworkflow.Data of theOttawaTrial
and baseline data of DeNoPa were used as discovery cohorts, and baseline
data of PROBE and follow-up data of DeNoPa were used for (semi-)inde-
pendent validation. For internal validation, 10-fold cross validation was
used: for each smell test, the discoverydatasetwas randomlypartitioned into
10 parts, where the case-control ratio was maintained in each part. In each
fold, 9/10partswere used as thedevelopment set and the remainingonepart
was used for internal validation. This procedure was repeated 10 times, and
results were shown either in distribution or average across 10 folds.

Using the corresponding discovery cohorts with 10-fold cross valida-
tion, individual scents in SST-ID and UPSIT were ranked separately based
on their AUC values in differentiating groups. To control over-fitting, SST-
ID and UPSIT scent rankings from this study were compared with eight
external rankings13–20, four for each test, and twofinal listswere generated by
averaging internal and external rankings. Eleven scents are shared by both
smell tests, and therefore, an additional “Shared” ranking was constructed
using their respectivepositions in the averagedSST-IDandUPSIT rankings.

For each scent ranking, beginning with the highest-ranked odorant,
subsets were constructed by adding one scent at a time in descending
rankingorder.A total of 95 and220distinct SST-IDandUPSIT subsetswith
various numbers of scents were compared, using their AUC values in dis-
tinguishing PD/DLB from HC, to develop the best-performing simplified
tests, including one that unified both smell tests. The resulted abbreviated
smell tests were also validated using (semi-)independent datasets.

Exploring observed differences in scent performance
Percentages of correct scent identification within each subject group were
calculated. These percentages were further compared to examine the rela-
tionship of scent identification with sex and with age. Within each cohort,
participants’ ages were segregated into four bins with similar sample size.
For each scent, the proportion of correct identification was calculated for
each bin, and spline smoothing was then used to represent the relationship
between the proportions and age.

For the IRT analysis, ICCs22 for each scent within PD/DLB and HC
groups from baseline DeNoPa and Ottawa Trial were used to analyze scent
performances and the influence of distractors. The version of ICCs used in

this study differed from traditional parametric ICCs in two aspects: 1) the
x-axis was the score percentage rank in [0,100], not the latent trait on the
whole real line; and 2) ICCs represented spline smoothing lines that fit
responsedata, rather thanbeingfitted toanypre-definedparametricmodel22.

Analyses were performed using ‘R’ (version 4.3.1) with packages:
‘pROC’43, ‘dabestr’45, ‘TestGardener’46, and ‘ggplot2’47.

Data availability
This study used three pre-existing, de-identified data sets (DeNoPa, Ottawa
Trial, PROBE).We further de-identified these data andmade thempublicly
available on Zenodo (DOI: 10.5281/zenodo.13323913), which limited the
reproducibility of certain results involving subjects’ ages and disease dura-
tion. If needed, please contact the authors of the original datasets for access
to the complete original data.

Code availability
The code for data analyses and figures is publicly accessible on GitHub
https://github.com/JuanLiOHRI/Abbreviated-Smell-Test-PD, and depos-
ited on Zenodo under https://zenodo.org/records/14606736.
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