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Introduction
Odour perception is a complex neurobiological pro-
cess in which various neuroanatomical structures are 
involved.1 Olfactory impairment, a common symptom 
in different neurological diseases like Alzheimer’s dis-
ease, Parkinson’s disease but also multiple sclerosis 
(MS),2–4 can occur at different stages of the olfactory 
perception. Generally, the impairment of peripheral 
functions, so-called ‘cable functions’, are distin-
guished from impairment of the more complex corti-
cal functions, termed ‘processing functions’.5 In short, 
the former include all stages of transmission of odour 
information, initiated by odour molecules inducing 

action potentials in the bipolar receptor cells located in 
the olfactory fila,6 which project directly to the pri-
mary olfactory cortex.1 The latter subsume encoding, 
valuating and assessing odours, where different cen-
tral sites such as the piriform cortex, the amygdala or 
the orbitofrontal cortex are involved.1,7,8 Interestingly, 
these two domains are affected by different pathologi-
cal processes, namely inflammation and neuroaxonal 
degeneration.9–13 The wide-spread concept of MS 
pathophysiology assumes a predominance of acute 
demyelinating inflammation in early disease stages 
giving way to a more microcompartimentalized 
inflammation resembling ‘neurodegeneration’ in later 
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stages,14,15 although this concept is evolving towards a 
continuum with (often subclinical) neurodegeneration 
already present in earliest stages.16–18 Against this 
backdrop, it is of particular interest that impairment of 
aforementioned ‘processing functions’, that is, identi-
fying and discriminating odours, is associated with 
severity of physical and cognitive disability as well as 
paraclinical markers of neuroaxonal damage, such as 
brain atrophy and retinal layer thinning,5,9,19–21 but not 
with the occurrence of relapses. Thus, odour discrimi-
nation and identification (DI) have been suggested as 
a biomarker of neuroaxonal damage in MS.5,9,20

To date, there is no long-term (up to 6 years) observa-
tional data on olfactory DI in MS patients.

Methods

Patients and definitions
We included 92 patients with relapsing MS (RMS) 
diagnosed according to the 2010 McDonald criteria 
aged between 18 and 65 years from a prospective obser-
vational study initiated in 2013.21 Clinical study visits 
were conducted at least biannually for a minimum fol-
low-up period of 6 years. Demographic data, neurologi-
cal and treatment history including disease-modifying 
treatment (DMT) were obtained from each participant 
at every visit. Cognitive function was assessed at base-
line (BL), Year 1 (Y1), Year 2 (Y2) and Year 6 (Y6) by 
the Symbol Digit Modalities Test (SDMT).

For the primary endpoint, time to first relapse was 
used. Secondary endpoints were defined as follows: 
time to Expanded Disability Status Scale (EDSS) 
worsening, time to cognitive deterioration and time to 
progression independent of relapse (PIRA). EDSS 
worsening was defined as a confirmed EDSS increase 
of ⩾1.5 points in patients with a BL score of 0, ⩾1.0 
point in patients with a BL score of 1.0–5.5, or an 
increase of ⩾0.5 points in patients with a BL score of 
>5.5 sustained for at least 24 weeks as compared to 
BL.22 Cognitive deterioration, assessed by the SDMT, 
was defined as a loss of ⩾4 points or a ⩾10% decrease 
in SDMT score as compared to BL.23 PIRA was defined 
as either an EDSS worsening or cognitive deterioration 
during the observation period confirmed after 24 weeks 
with no relapse in the 30 days before or after the EDSS/
SDMT worsening.22

DMT was grouped as following: (1) ‘no DMT’ 
(N-DMT) defined as patients receiving no DMT at 
least 6 months prior to BL visit and during the whole 
observation period, (2) ‘moderate effective DMT’ 
(M-DMT) defined as patients receiving one or more 

DMT of either interferon beta preparations, glatiramer 
acetate, dimethylfumarate, or teriflunomide during the 
whole observation period, (3) ‘highly effective DMT’ 
(H-DMT) defined as patients receiving one or more 
DMT of either alemtuzumab, natalizumab, fingolimod/
siponimod/ozanimod/ponesimod, ocrelizumab/ofatu-
mumab/rituximab or cladribine during the whole 
observation period and (4) ‘ESC-DMT’ defined as 
patients in whom DMT was escalated either from no 
DMT to moderate effective DMT or from moderate 
effective DMT to highly effective DMT during the 
observation period.

Odour DI
Odour DI were assessed at BL and after 1 (Y1), 2 
(Y2), and 6 (Y6) years using the respective subscores 
of the extended version of the Sniffin’ Sticks test 
(Burghart Medizintechnik, Wedel, Germany) accord-
ing to the manufacturer’s instruction including change 
of testing sticks every 6 months.

The Sniffin’ Sticks is based on pen-like odour-dispens-
ing devices. For testing odour discrimination, the sub-
ject is presented with 16 sets of three different pens in a 
randomized order and asked to discriminate between 
two pens containing the same odorant and one contain-
ing a different one. For testing odour identification, the 
ability of the subject to identify an odorant is assessed 
by testing 16 different odours from a single pen by a 
forced choice from four options. The maximum score 
for each test is 16 points and reflects optimal olfactory 
function. The two subscores were summed in a com-
posite score (DI score), which provides better correla-
tion to clinical variables than each subscore alone.5 The 
maximum DI score is 32 points and reflects optimal 
odour DI, while lower scores are associated with 
impaired ability to identify and discriminate odours. 
The normative values are based on data from 3000 
healthy subjects.24 Olfactory testing was postponed for 
4 weeks, if the patient had received corticosteroids 
within 4 weeks or if upper respiratory tract infections 
were present at the time of assessment.

Ethics
The study was approved by the ethics committee of 
the Medical University Innsbruck (approval number: 
AM3743-281/4.3), and all participants gave written 
informed consent before inclusion.

Statistics
Statistical analysis was performed using SPSS 26.0 
(SPSS Inc, Chicago, IL, USA) and R-Statistical 
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Software (Version 4.0.0). Univariate comparisons 
were done by chi-square-test, Mann–Whitney U test 
or independent t-test (with Welch’s correction in case 
of unequal variances between the groups) as appropri-
ate. Correlation analyses were done by Spearman’s 
correlation coefficient (rs).

To investigate associations of change in DI score over 
the respective observation periods with occurrence of 
relapse/EDSS worsening/SDMT deterioration/PIRA 
during the observation period, mixed-effects linear 
regression analyses were used adjusting for age, sex, 
disease duration, EDSS, SDMT at BL and DMT sta-
tus. Herein, the change of DI scores over time was 
used as dependent variable, while occurrence of 
relapse/EDSS worsening/SDMT deterioration/PIRA 
was used as independent one. To investigate the 
potential of DI scores as a predictor of clinical events, 
multivariable Cox regression analyses were run using 
relapse/EDSS worsening/SDMT deterioration/PIRA 
as the dependent variable and DI scores as a time-
dependent covariate adjusting for age, sex, disease 
duration, EDSS, SDMT at BL, and DMT status as a 
time-varying covariate.25 Missing values were han-
dled by multiple (20 times) imputation using the 
missing not at random (MNAR) approach according 
to Rubin’s rules.26 A two-sided p value < 0.05 was 
considered statistically significant.

Data availability statement
Data supporting the findings of this study are availa-
ble from the corresponding author upon reasonable 
request by a qualified researcher and upon approval 
by the ethics committee of the Medical University 
Vienna.

Results
Of 139 MS patients included in the original cohort,21 
92 (66%) patients had follow-up of at least 6 (median: 
6.2–7.5) years; 47 patients were lost to follow-up (40 
without giving a reason, 3 refused olfactory follow-up 
testing, 4 declined to have onsite visits due to severe 
acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) pandemia). Demographics and BL clinical 
characteristics of the study cohort are given in Table 
1. Patients lost to follow-up did not significantly dif-
fer in any of the BL characteristics from the study 
cohort.

At last follow-up, an EDSS worsening had occurred 
in 49 (52.1%) patients after a mean of 3.1 years (SD 
1.9), while cognitive deterioration was found in 38 
(40.4%) after 2.6 years (SD 2.1) and PIRA in 27 
(28.7%) after 3.4 years (SD 2.1). Sixty-three (67.0%) 
patients suffered relapse after a mean of 2.0 years 
(SD 1.7).

Mean DI score at BL was 27.8 points (SD 2.8) and 
significantly decreased over time reaching 27.5 (SD 
3.0) at Y1, 27.2 (SD 3.2) at Y2 and 26.3 (SD 3.1) at 
Y6 (p < 0.001). Patients’ age (rs = −0.120, p = 0.032), 
disease duration (rs = −0.103, p = 0.041), BL EDSS 
(rs = −0.210, p = 0.045) and BL SDMT (rs = −0.282, 
p = 0.006) negatively correlated with DI scores at BL, 
while sex did not.

Patients suffering EDSS worsening during the obser-
vation period displayed significantly lower DI scores 
than patients without EDSS worsening at Y2 (26.4 vs 
27.9, p = 0.027) and Y6 (25.1 vs 27.2, p = 0.002, 
Figure 1(a)), while there was no significant difference 
between patients with and without relapse (Figure 
1(b)). Likewise, significantly lower DI scores were 
observed in patients with PIRA at Y2 (25.9 vs 27.7, 
p = 0.017) and Y6 (24.2 vs 27.1, p < 0.001, Figure 
1(c)). Patients with SDMT deterioration showed sig-
nificantly lower DI scores than those without already 
at BL (26.4 vs 28.7, p < 0.001) and at all following 
points of measurement (Y1: 26.1 vs 28.5, p < 0.001; 
Y2: 25.6 vs 28.2, p < 0.001; Y6: 24.1 vs 27.8, 
p < 0.001, Figure 1(d)).

Table 1. Demographic and baseline clinical 
characteristics.

Number of patients 92

Femalesa 74 (80.4)

Ageb at baseline (years) 35.7 (9.1)

MS disease durationc (years) 5.3 (0.1–35.8)

EDSS at baselinec 1.5 (0–6.0)

SDMTb 53.7 (9.5)

DMT at baselinec  

 No DMT 35 (38.0)

 Moderately effective 43 (46.8)

   Interferon beta 
preparations

30 (32.6)

  Glatiramer acetate 13 (14.1)

 Highly effective 14 (15.2)

  Natalizumab 7 (7.6)
  Fingolimod 7 (7.6)

MS: multiple sclerosis; DMT: disease-modifying therapy; 
EDSS: Expanded Disability Status Scale; SDMT: Symbol 
Digit Modalities Test.
aNumber (percentage).
bMean and standard deviation.
cMedian and range.
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Decrease of DI scores over time (i.e. between BL and 
Y1, Y1 and Y2, Y2 and Y6) was larger in patients 
with EDSS worsening (−0.4 vs −0.1, p = 0.015; −0.7 
vs −0.1, p < 0.001; and −1.1 vs −0.6, p < 0.001, 
respectively), PIRA (−0.4 vs −0.1, p = 0.010; −0.7 vs 
−0.2, p < 0.001; and −1.7 vs −0.6, p < 0.001) and 
SDMT deterioration (−0.4 vs −0.1, p = 0.012; −0.5 vs 
−0.3, p = 0.044; and −1.6 vs −0.5, p = 0.001), than in 
those without. In addition, mean decrease of DI scores 
over the entire follow-up period of 6 years was higher 
in patients with EDSS worsening (−1.2 vs −0.5, 
p < 0.001), PIRA (−1.4 vs −0.6, p < 0.001) and SDMT 
deterioration (−1.2 vs −0.5, p < 0.001), than in those 
without. DI scores and their changes did not differ in 
patients with or without relapses after BL. Detailed 
results of univariate analyses are displayed in 
Supplemental Table 1.

Mixed-effects linear regression models confirmed the 
associations between stronger DI score decrease dur-
ing follow-up and EDSS worsening (−0.9, p < 0.001), 
PIRA (−1.1, p < 0.001), and SDMT deterioration 
(−1.0, p < 0.001), while relapse was again not associ-
ated with change of DI score (−0.2, p = 0.237).

Looking at DI scores as a predictor of clinical events, 
multivariable Cox regression models showed that 
lower DI scores at BL were independently associated 

with an increased risk of EDSS worsening (hazard 
ratio (HR) 1.19 per 1 point lower DI score, 95% con-
fidence interval (CI) 1.01–1.39, p = 0.036), PIRA (HR 
1.23, CI 1.01–1.50, p = 0.040) and cognitive deterio-
ration (HR 1.44, CI 1.17–1.76, p < 0.001), but not 
with risk of relapse (Table 2).

Worsening of DI scores from BL at any timepoint dur-
ing follow-up was also independently associated with 
a higher risk of EDSS worsening (HR 2.32 per 1 point 
decrease, CI 1.25–4.25, p = 0.025), PIRA (HR 2.46, 
CI 1.31–3.28, p < 0.001) and cognitive deterioration 
(HR 4.11, CI 1.26–2.37, p = 0.004), but again not with 
risk of relapse (Table 2).

Discussion
Distinct olfactory functions are impaired by different 
pathological processes contributing to the disability 
accumulation of MS patients. The rather complex 
‘processing functions’ of discriminating and identify-
ing odours are mainly affected by neuroaxonal degen-
eration.5,9 In this study, we provide long-term data of 
DI scores and clinical disease course of a prospective 
MS cohort, which substantiate this hypothesis.

First, the DI capability of MS patients is deteriorating 
in a slow, progressive, and irreversible manner, 

Figure 1. Longitudinal changes of DI scores according to primary and secondary outcomes.
DI: odour discrimination and identification; EDSS: Expanded Disability Status Scale; PIRA: progression independent of relapse activity; 
SDMT: Symbol Digit Modalities Test.
*p < 0.05, **p < 0.01, ***p < 0.001.
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strongly resembling the course of neuroaxonal degen-
eration. Second, the degree and speed of this deterio-
ration is associated with age and disease duration, but 
also with EDSS worsening, cognitive deterioration 
and PIRA. In contrast, we did not find any association 
between DI scores and relapse activity.

Deficits of olfactory function have been known as a 
common symptom in neurological diseases for a long 
time and were initially attributed primarily to classi-
cal neurodegenerative diseases such as Alzheimer’s 
disease or Parkinson’s disease.3,4,27 Alongside with an 
awakening research interest, however, olfactory dys-
function has been reported in various other neurologi-
cal disorders, ranging from epilepsy,28 over traumatic 
brain injury29 to MS.2 In MS research, early studies 
focused on prevalence of olfactory deficits in MS and 
the correlation to lesion load and location.2,30 More 
recently, it has been suggested that impairment of 
sub-domains of olfaction, namely olfactory threshold 
and DI, may be impaired by different pathophysiolog-
ical processes, namely inflammation and degenera-
tion.5,9,31 This may also be discussed in the context of 
the classical concept of MS pathology, of inflamma-
tory processes dominating the early disease stages 
and degeneration dominating the later ones,14,15 which 
has recently been challenged by findings of inflam-
mation being present until advanced disease stages 
and vice versa.16–18

The findings of our study are in line with the cur-
rent literature and substantiate the role of olfactory 
DI as a marker of slow progression and disability 

accumulation. This disability accumulation is inde-
pendent of relapse activity, meeting the criteria of 
PIRA22 and includes both physical disability progres-
sion, indicated by EDSS worsening, as well as cogni-
tive deterioration, measured by decreasing performance 
in SDMT testing. According to our data, the role of DI 
as a marker of neuroaxonal damage is constant over the 
entire follow-up time of 6 years and irreversible. Of 
note, the association of low DI scores with cognitive 
performance is manifest already at BL testing and get-
ting more pronounced during follow-up testing. As 
both discriminating and identifying odours are com-
plex cortical functions, DI scores could be seen as sur-
rogate of cognitive testing. Furthermore, in our cohort, 
there was no association between the occurrence of 
relapses and DI impairment. This further substantiates 
that deficits in the different olfactory domains resemble 
the two pathological key drivers of MS inflammation 
and degeneration.5,9,31

Our data also demonstrate a negative correlation of 
age and disease duration with DI scores. Although 
decreasing olfactory ability has been reported repeat-
edly with increasing age,24,32 we believe that in our 
cohort, this decrease is mainly driven by accumulat-
ing axonal damage. Indeed, deficits in olfaction 
attributed to normal aging processes are classically 
more pronounced for olfactory threshold and manifest 
at a higher age. In healthy persons younger than 
65 years, a relevant decrease of olfactory functions 
has been described in only 2%. Only thereafter, the 
proportion increases significantly.32 However, the 
mean age of our cohort at BL is 35 years and therefore 

Table 2. Multivariable analyses for odour discrimination and identification as predictor of clinical events.

Relapse EDSS worsening PIRA SDMT deterioration

 HRa 95% CI p 
value

HRa 95% CI p value HRa 95% CI p value HRa 95% CI p value

DI baselineb

 Per 1 point 0.98 0.87–1.10 0.752 1.19 1.01–1.39 0.036 1.23 1.01–1.50 0.04 1.44 1.17–1.76 <0.001

DI loss over follow-upc

 Per 1 point 1.21 0.83–1.25 0.792 2.32 1.25–4.25 0.025 2.46 1.31–3.28 <0.001 4.11 1.26–2.73 0.004

 >1 Point 1.15 0.64–2.14 0.731 2.56 1.05–5.69 0.048 2.41 1.43–3.82 <0.001 4.71 1.68–13.6 <0.001

 >2 Points 0.9 0.49–1.72 0.698 3.51 1.43–6.31 <0.001 3.02 1.67–5.39 <0.001 6.72 1.89–24.2 <0.001
 Adjusted for age, sex, 

disease duration, and DMT 
status

Adjusted for age, sex, 
disease duration, EDSS at 
baseline, and DMT status.

Adjusted for age, sex, disease 
duration, EDSS at baseline, 
and DMT status

Adjusting for age, sex, 
disease duration, SDMT at 
baseline, and DMT status

DMT: disease-modifying treatment; HR: hazard ratio; 95% CI: 95% confidence interval.
aValues above/below 1 indicate higher/lower probability of relapse/EDSS worsening/PIRA/SDMT deterioration.
bCalculated by multivariable Cox regression models using relapse/EDSS worsening/PIRA/SDMT deterioration as the dependent variable and baseline DI score 
as the independent variable.
cCalculated by multivariable Cox regression models using relapse/EDSS worsening/PIRA/SDMT deterioration as the dependent variable and change in DI score 
as a time-dependent variable.
Bold faced values indicate p-value below the set level of statistical significance (<0.05).
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significantly lower. Hence, we attribute the worsening 
to neuroaxonal degeneration rather than to so-called 
‘presbyosmia’, which probably occurs later.

Some limitations of this study must be acknowl-
edged. Evidently, magnetic resonance imaging (MRI) 
data are lacking. Therefore, structural damages at any 
part of the complex olfactory system cannot be 
excluded for sure. Such structural damages, for 
instance caused by white matter lesions or other 
pathologies, could bias the findings of reduced DI 
scores. Furthermore, it has been reported that low DI 
scores are associated with brain atrophy of the olfac-
tory system.20 Due to missing MRI data, we cannot 
substantiate this finding, even though it is a promis-
ing direction for future studies. Inherent to the study 
design, there is some missing data, although these 
amount to less than 2% of clinical and olfactory data 
points. As prespecified in the study protocol, multi-
ple imputation was used to account for missing data. 
To check for potential bias by multiple imputation, 
we conducted a sensitivity analyses including only 
patients with complete data points, which did not 
change any of the results significantly. In addition, 
our study represents a single-centre investigation of 
an MS cohort. Only a small number of investigators 
contributed to the acquisition of data. It has to be 
pointed out that this may have reduced a possible 
rater-dependent source of measurement errors, as 
well as the overall variability of DI scores. 
Nevertheless, in a real-world setting, a multi-centre 
approach, different test protocols and different inves-
tigators may contribute as potential source of bias.

In conclusion, with this study, we provide data on 
development of DI capability in MS patients over a 
long-term follow-up of 6 years. DI scores deteriorate 
in a slow, progressive, and irreversible manner, 
strongly resembling the course of neuroaxonal degen-
eration, where the degree and speed of this deteriora-
tion is associated with age and disease duration, but 
also with EDSS worsening, cognitive deterioration 
and PIRA.
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