
 

Supplementary Material 

Collider bias results in underestimation of an association between smell loss 
and COVID-19 
As others have noted,35 collider bias, resulting from selection or conditioning on variables involved in the 
analysis, may result in the distorted association between COVID-19 and candidate symptoms or patient 
attributes. In the present sample, it is likely that we have selected for both a higher probability of COVID-19 
and a higher probability of smell and taste disorders than the population at large. However, rather than leading 
to an overestimation of the positive correlation between smell loss and COVID-19, collider bias is expected to 
lead to an underestimation of this correlation (Figure S1). If we consider the hypothetical scenario in which 
there is no association between smell loss and COVID-19 status in the general population, we would expect a 
distribution similar to that depicted in Figure S1A, where the correlation between the likelihood of smell change 
and likelihood of COVID-19 is r = 0. Based on our recruitment method, we expect that the participants who 
elected to complete the GCCR core questionnaire were likely to have COVID-19, smell loss, or both. We can 
simulate participant selection to reflect this hypothesis by censoring subjects which do not meet a fixed sum of 
smell loss and COVID-19 probabilities (i.e., the red dots are excluded from the calculation of the correlation; 
Figure S1B). As a result, the estimated correlation between smell loss and COVID-19 status originating from a 
population with r = 0 would be negative (Figure S1B). A similar scenario would manifest if the association 
between smell loss and COVID-19 status in the general population is positive (Figure S1C). Again, simulating 
the removal of participants with low likelihood of having COVID-19 and/or reporting smell loss would result in a 
bias of the estimated correlation towards more negative values (Figure S1D). This collider bias indicates that 
the positive correlation between smell loss and C19+ is underestimated in the present sample. Indeed, a direct 
comparison of the binary (y/n) smell loss questions in the two empirical samples yields an C19 odds ratio of 
5.96 in the YouGov sample (Table S1) but only 4.89 for GCCR. Therefore, our analyses represent a 
conservative scenario for the prediction of C19+ and C19- based on chemosensory alterations. 
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Figure S1. Collider bias leads to underestimation of the positive correlation between smell loss and COVID-19-positiv
(A) Hypothetical scenario depicting no relationship between smell change and likelihood of COVID-19 positive status. Bl
indicate individual potential subjects, each of whom has a latent likelihood of COVID-19 and of smell loss. (B) Hyp
scenario depicting the emergence of a negative correlation between smell change and likelihood of COVID-19 positiv
following a baseline lack of correlation, if participants with greater smell loss and/or COVID-19 positive are prefe
included in the sample. Red dots indicate subjects not observed due to this selection bias; subjects observed remain 
(C) Hypothetical scenario depicting a positive relationship between smell change and likelihood of COVID-19 positive st
Hypothetical scenario depicting the emergence of a negative correlation between smell change and likelihood of CO
positive status following a positive baseline correlation, if participants with greater smell loss and/or COVID-19 pos
preferentially included in the sample.  
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Table S1. Comparison with the representative YouGov database shows that the GCCR sample underestimates 
the positive correlation between smell loss and COVID-19 positive status. 

 N % C19+ % C19- OR  
(C19+ vs C19-) 

OR 

(C19+ vs Not Tested) 

OR 

(C19- vs Not 
Tested) 

p(Smell Loss | C19+) 

Global 10939
5 

0.51 3 5.96 49.7 8.33 0.33 

Brazil 4167 0.91 5.4 8.39 33.9 4.04 0.47 

Canada 5524 0.47 3.4 7.76 71.6 9.22 0.35 

Denmark 5839 0.36 5.7 9.35 77.8 8.32 0.33 

Finland 5927 0.32 1.9 1.85 27.8 15.1 0.21 

France 9820 0.46 1.7 7 57.9 8.27 0.29 

Germany 9468 0.49 2.1 4.56 94.2 20.7 0.37 

Italy 9790 0.33 2.8 9.17 50.8 5.54 0.22 

Mexico 5840 0.24 3.5 8.91 27.6 3.1 0.21 

Netherlands 3822 1.2 2.7 2.73 16.1 5.92 0.3 

Norway 5794 0.86 4.4 5.82 51.2 8.8 0.32 

Spain 9789 0.37 3.5 5.81 43.5 7.48 0.33 

Sweden 9741 0.44 2 3.69 38 10.3 0.35 

United 
Kingdom 

13565 0.15 1.2 23.1 108 4.66 0.5 

United States 10309 1.2 4.8 4.61 54.7 11.9 0.34 

Column 1 includes the list of countries available in the YouGov database. Column 2 indicates the number of participants over the history of their survey up 

to July 3, 2020. Minimum N=1000 per time point. Column 3 reports the percentage of participants who reported C19+. Column 4 reports the percentage 

of participants who reported C19-. Columns 5-7 report the odds ratios using Smell Loss for either C19+ vs. C19- (Column 5, and as reported in Figure 5 

based on the data of the GCCR survey), for C19+ vs. untested individuals (Column 6) and C19- vs. untested individuals (Column 7). Untested individuals in 

YouGov's survey are those who did not report to be sick but were contacted as representative participants of a country. Column 8 reports the probability 

of smell loss in the C19+ group. The first row indicates the Global average (across countries) weighted by sample size. The global odds ratio for Smell loss 

calculated from a binary question for the group C19+ vs. C19- is 6.72, which is greater than what we identify in the GCCR survey (OR for changes in smell 

(binary question) = 4.89). The OR for C19+ vs. untested individuals is 58 and lowers to 11 for C19-. This confirms that smell loss is also associated with 

other etiologies, but is not nearly as prevalent as in participants with C19+ 

 

How representative is the GCCR sample? 
As with most COVID-19 studies,19 the sample studied here is not representative of the general population. To 
better understand the extent to which this is the case, we computed a cross-correlation between GCCR and 
YouGov data.36 These data were aligned by weighting YouGov samples to achieve an identical survey date 
distribution to the GCCR samples. Specifically, GCCR survey dates were converted to a YouGov “week 
number” because YouGov surveys only weekly. The distribution of week numbers was computed for each 
country in the GCCR data. The YouGov data for the same country was then weighted by week number to 
match the corresponding GCCR distribution for that country. So, for example, if a country had 10 GCCR survey 
responses in week 1 of the YouGov survey period, and 30 in week 2 of that period, then the YouGov data in 
week 1 would be weighted at 25% and in the YouGov data in week 2 at 75%. This procedure was applied 
independently for each country, and the weights were used to compute a weighted mean COVID-19-positive 
rate for each country from the YouGov data. This was then directly compared against the raw COVID-19-
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positive rate for each country in the GCCR data. A lag (x-axis value in Figure S2) of 0 exactly refle
above description. Other values of the lag indicate that the alignment was shifted: for example, a lag
week means that the hypothetical GCCR responses above would be weighted 25/75 towards weeks 2
instead of weeks 1 and 2. Under the hypothesis that the COVID-19-positive rates in the two surve
related, but may have different temporal dynamics, changing the lag allows these dynamics to be est
Figure S2 depicts the country-wise correlation in participants with a positive COVID-19 test results 
fraction between the two datasets, as a function of the lag between GCCR survey date and YouGov 
date. The country-wise C19+ fraction is correlated (r ~ 0.45) when responses from the same calenda
are aligned, but diminishes outside of that window, showing both surveys capture a similar within-
temporal component of the epidemic. 
 

 
Figure S2. COVID-19 status in the GCCR cohort is correlated with a representative YouGov sample.  
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Sample description 
Based on responses to question 7 of the GCCR survey (“Have you been diagnosed with COVID-19?”, 
Appendix 1), participants can be split into six groups (see Figure 1). Participants who responded with Option 
2 (“Yes – diagnosed with viral swab”) or 3 (“Yes – diagnosed with another lab test”) were classified as C19+; 
participants who responded with option 5 (“No – I had a negative test, but I have symptoms”) were classified as 
symptomatic C19-; participants who responded with option 4 (“No – I was not diagnosed, but I have 
symptoms”) were classified as C19 Unknown; participants who responded with option 6 (“No – I do not have 
any symptoms”), with option 7 (“Don’t know”), or with option 8 (“Other”) were classified as undefinable and 
excluded from the final analyses. To replicate our previous findings,8 we first compared individuals newly 
included in the GCCR dataset (responses from 14 May to 2 July, 2020, replication sample in Figure 1) with 
COVID-19 who were lab tested and those who were diagnosed by a clinician based on the self-reported 
quantitative changes in smell, taste, chemesthesis, and nasal obstruction (Figure S3). Participants with lab-
test confirmed C19+ did show slightly greater chemosensory deficits than did those diagnosed with C19+ 
clinically, but the difference was not clinically meaningful (smell: 4.4±28.6, p=2.7e-13) (Figure S3, Table S2). 
We then focused our descriptive and predictive analyses of participants who received a positive (C19+) or a 
negative (C19-) lab test for COVID-19. We also computed descriptive and predictive analysis for the C19+ 
subsample who reported partial or full signs of recovery from their recent respiratory illness. Lastly, the 
unknown group was originally hypothesized as similar to the C19- group. Yet the ratings of smell ability during 
illness suggest that the majority of these participants has a smell profile closer to C19+ than C19- (Figure S4). 
To maximize the validity of the COVID-19 diagnosis in our sample, we therefore excluded the C19 Unknown 
group from further analyses.  
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Figure S3. This figure describes a pre-registered replication of Parma et al, 2020 and includes only new data c
between May 14th and July 3rd 2020 via the GCCR survey. (A-D) Changes in smell (A), taste (B), chemesthesis 
nasal blockage (D) during versus before in COVID-19-positive individuals (Groups 1, 2 and 3, see Figure 1). All s
had a COVID-19-positive status either via lab test (darker shades) or via clinical assessment (lighter shades
Principal component analysis shows that smell, taste, and chemesthesis changes in both the lab test (E) and
assessment (F) groups) were orthogonal to blocked nose changes, i.e., the three chemosensory changes wer
correlated across subjects whereas blocked nose changes were mostly uncorrelated. 
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Figure S4. (A) Self-reported smell change and comparison of smell change between four diagnosis groups: Positiv
COVID-19 lab-test (C19+), positive COVID-19 clinical assessment (C19+ (Clin)), COVID-19 Unknown (Unkn; lack 
clinical and lab test diagnosis, but reported symptoms), and negative COVID-19 lab test (C19-). Solid horizontal lin
reflect the median; dashed lines reflect the quartiles. (B, C) Differences between groups, in terms of (B) effect size
(Cohen’s D) and (C) means (on a 0-100 scale). 
 
 

Replication of previous analyses 
 
The replication of Parma et al.8 used the same Bayesian linear regression approach with Cauchy pr
sqrt(2)/2]. This approach is appropriate for estimating the strength of the evidence in support of the alte
hypothesis: the clinical assessment and the lab test C19+ groups show similar smell, taste, chemesthe
nasal obstruction changes before vs. during the illness. The interpretation of the Bayes factors BF follo
classification scheme proposed by Lee and Wagenmakers37 and adjusted from Jeffreys38, which consid
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> 3 as moderate evidence, BF > 10 as strong evidence, BF > 30 as very strong evidence and BF > 100 as 
extreme evidence for H0 or H1.  
 
 
Table S2. Differences between lab-tested and clinically-assessed COVID-19-positive 
participants on changes in smell, taste, chemesthesis and nasal blockage. 

 Smell 
Change 

Taste 
Change 

Chemesthesis 
Change 

Change in 
Nasal Blockage 

Δ 
-4.4 -3.4 0.37 3.9 

σ 0 0 37 33 

seΔ 

-0.048 -0.037 0.0041 0.043 

D -0.15 -0.1 0.01 0.12 

p 2.70E-13 2.00E-06 0.38 4.00E-09 

Change means the rating “before” illness minus the rating “during” illness on the 0-100 visual-analog 
scale. Δ indicates the mean difference in change between lab-test and clinically-assessed COVID-
19-positive subjects, while σ indicates the standard deviation. D indicates effect size (Cohen’s D). p 
indicates p-value from a Mann-Whitney U-test. In contrast to the prediction of the pre-registration, we 
found statistically significant differences between groups. However, the effect sizes are small and 
thus unlikely to be of practical importance. 
 

 

 
 

Chemosensory characterization of C19+ and C19- 
We asked how accurately COVID-19 status could be predicted from the survey responses. The data matrix 
had strictly non-negative values and was normalized (column-wise min=0, max=1) to apply regularization in an 
equitable fashion across features and give regression coefficients the same interpretation for each feature. 
Compared with the main text, models with similar AUC values (but with non-zero coefficients for additional, 
likely spurious features) were obtained for smaller values of α, and inferior results for larger ones (which 
contained fewer or no non-zero coefficients). Quantitatively similar AUC values were obtained for other models 
predicting COVID-19 status using multiple features including ridge regression and random forest, but L1-
regularized logistic regression consistently produced sparser models with comparable cross-validation 
accuracy. Each logistic regression model included an intercept term and one or more normalized features. 
Each model attempted to predict, using the value of the response to a single question (and an additive 
constant), whether a subject reported a C19+ or C19- status. Coefficients in a logistic regression model can be 
interpreted as changes in odds, or as odds ratios when two values are compared. Each ROC curve -- 
constructed using predictions on holdout test sets and concatenated over these test sets -- summarizes the 
tradeoff between sensitivity (fraction of C19+ cases correctly identified) and specificity (fraction of C19- cases 
correctly identified) as the threshold value for the predictor is varied.  
 

Value of using a scale rather than a binary response to detect C19+ 
We quantified the information entropy for each survey question used the following standard equation: I�
∑ ���� � ��	����

�
�  evaluated over the n response options. Re-binning to mimic new scales was achieved by 

dividing response values by a constant and rounding to the nearest integer. Relative mutual information was 
calculated by computing the mutual information between survey response and COVID status based on the 

following standard equation: � � ∑ ∑ ���� � ��	��
���

����


�

�
�
�  where survey response options are indexed with i and 

the C19+/C19- status (two possible values) are indexed with j, and then dividing by the entropy available from 
that same C19 status distribution, calculated using the first equation. Results indicate that soliciting responses 
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on either a continuous 100-point scale or a downsampled 10-point numeric version of the scale i
informative about symptoms themselves and about COVID-19 status (given the symptoms) than s
binary responses (Figure S5).  
 
 

 
 

Figure S5. (A) Relative information available from the distribution of responses to the two primary “Smell” survey 
questions. Binary refers to the yes/no question about symptomatic smell loss. A relative information of 1 would cor
to a question whose response is perfectly informative about COVID-19 status. By contrast, a similar question aske
numeric scale (0-100, the original scale; or a hypothetical 10-point scale obtained by rounding responses) contains
substantially more information due to the resolution of the scale. A 10-point scale may be familiar from clinical self
of pain. (B) The relative mutual information about COVID status contained in the survey response is also higher fo
numeric scale or the hypothetical 10-point scale than for the binary question. 
 

Prediction of recovery from COVID-19-associated smell loss 
We applied the same predictive modeling framework used in Figure 4 to try to predict smell recovery i
participants. In other words, we asked which survey responses predicted that a subject would fall i
Recovered Smell rather than the Persistent Smell Loss cluster, given both smell loss during the disea
C19+ status. The only predictive feature of any practical significance was “Days Since Onset” of resp
symptoms (AUC=0.62), indicating that those who experienced their first respiratory symptoms less rece
more likely to have Recovered Smell (Figure S6A). Adding additional features to the model provided 
improvement (AUC=0.65 for the optimal model), but overall it was difficult to predict whether a C19+ par
would exhibit Recovered Smell or Persistent Smell Loss based on the data available (Figure S6B). Ta
includes the means and SD by recovery group for C19+ and C19-participants.  
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Figure S6. COVID-19 recovery. Similar to Figure 1, but self-reported smell (A,B), taste (C,D), chemesth
(E,F), and nasal blockage(G,H) during and after respiratory illness in C19+ (darker) versus C19- (lighter)
(A,C,E,G) mean values during and after respiratory illness, respectively. (B,D,F,H) Change (after minus 
as a distribution over subjects. 
 

thesis 
er). 
s during) 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 26, 2020. .https://doi.org/10.1101/2020.07.22.20157263doi: medRxiv preprint 

https://doi.org/10.1101/2020.07.22.20157263
http://creativecommons.org/licenses/by-nc/4.0/


 

 
 

 

 . CC-BY-NC 4.0 International licenseIt is made available under a 
 is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity. (which was not certified by peer review)

The copyright holder for this preprint this version posted July 26, 2020. .https://doi.org/10.1101/2020.07.22.20157263doi: medRxiv preprint 

https://doi.org/10.1101/2020.07.22.20157263
http://creativecommons.org/licenses/by-nc/4.0/


 

 
APPENDIX 1 

GCCR core questionnaire 
The core questionnaire of the Global Consortium for Chemosensory Research (GCCR) has been deployed in 
Compusense Cloud in 32 languages. The questionnaire was published previously8 and also appears in the 
NIH Office of Behavioral and Social Sciences Research (OBSSR) research tools for COVID-19.39 Responses 
to the GCCR core questionnaire in 23 languages were collected between April 7 and July 2, 2020 and included 
in the final dataset, on which we conducted the analyses reported in this paper.  
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