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Abstract

Background

Altered sense of smell is a commonly reported COVID-19 symptom. The performance of
smell testing to identify SARS-CoV-2 infection status is unknown. We measured the ability
of formal smell testing to identify SARS-CoV-2 infection and compared its performance with
symptom screening.

Methods

A convenience sample of emergency department patients with COVID-19 symptom screen-
ing participated in smell testing using an eight odor Pocket Smell Test (PST). Participants
received a SARS-CoV-2 viral PCR test after smell testing and completed a health conditions
survey. Descriptive analysis and receiver operating characteristic (ROC) curve models com-
pared the accuracy of smell testing versus symptom screening in identifying SARS-CoV-2
infection.

Results

Two hundred and ninety-five patients completed smell testing and 87 (29.5%) had a positive
SARS-CoV-2 PCR test. Twenty-eight of the SARS-CoV-2 positive patients (32.2%) and 49
of the SARS-CoV-2 negative patients (23.6%) reported at least one of seven screening
symptoms (OR = 1.54, P = 0.13). SARS-CoV-2 positive patients were more likely to have
hyposmia (<5 correctly identified odors) than SARS-CoV-2 negative patients (56.1% vs.
19.3%, OR =5.36, P<0.001). Hyposmia was 52.9% (95% Cl 41.9%-63.7%) sensitive and
82.7% (95% CI 76.9%-87.6%) specific for SARS-CoV-2 infection. Presence of >1 screening
symptom was 32.2% (95% Cl 22.6%-43.1%) sensitive and 76.4% (70.1%-82.0%) specific
for SARS-CoV-2 infection. The ROC curve for smell testing had an area under the curve
(AUC) of 0.74 (95% CI 0.67-0.80). The ROC curve for symptom screening had lower
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discriminatory accuracy for SARS-CoV-2 infection (AUC = 0.55, 95% CI 0.49-0.61,
P<0.001) than the smell testing ROC curve.

Conclusion

Smell testing was superior to symptom screening for identifying SARS-CoV-2 infection in
our study.

Introduction

Mitigating community transmission of SARS-CoV-2 has proven challenging, in part because
of the high proportion of infected individuals who are asymptomatic or presymptomatic.
Asymptomatic and presymptomatic individuals may cause 40% of new SARS-CoV-2 infec-
tions [1, 2], and asymptomatic SARS-CoV-2 infection occurs about 50% of the time [3]. These
cases evade the ubiquitous symptom-based screening strategies used by employers, schools,
and businesses. Theoretically, symptom-based screening for SARS-CoV-2 infection is only as
sensitive as the percentage of infected cases with symptoms. A more sensitive screening tool
that also identifies asymptomatic cases could focus clinical testing and quarantine activities
and better mitigate community transmission.

A frequently reported symptom by people with confirmed SARS-CoV-2 infection is altered
sense of smell or taste. In a cohort of 2.6 million people in the United Kingdom, 65% of partici-
pants with a positive SARS-CoV-2 viral test reported a subjective loss of smell making it the
most frequently reported symptom [4]. However, people are often unaware that their sense of
smell is diminished [5]. Smell testing, an objective method of measuring olfaction, is more
likely to identify diminished olfaction than self-report [6]. Approximately 20% of the general
population has olfactory dysfunction on objective testing [7]. The discrepancy in self-reported
smell alteration compared to measured smell alteration was seen in a study of patients hospi-
talized with COVID-19 in Iran, where 59 of 60 patients had altered olfaction on smell testing,
but only 21 of the 60 reported alteration in smell or taste function [8].

The comparative accuracy of smell testing versus symptom screening to identify whether
someone is infected with SARS-CoV-2 is unknown. We hypothesized that smell testing using
“scratch and sniff” odor cards is superior to symptom screening in identifying SARS-CoV-2
infection. To test this hypothesis, we prospectively conducted smell testing and symptom
screening of ambulatory patients who then received a SARS-CoV-2 viral PCR test to measure
the performance of smell testing and symptom screening for identifying SARS-CoV-2
infection.

Methods
Study population

We prospectively enrolled adult patients who sought care at the emergency department of an
academic medical center. Our convenience sample included two groups of patients with antic-
ipated SARS-CoV-2 testing: 1) patients with reported COVID-19 exposure or a positive symp-
tom screen at triage (>1 of the following self-reported symptoms chosen for their prevalence
in COVID-19 illness [9]: fever, shortness of breath, cough, chills, sore throat, loss of taste and/
or smell, or body aches) or 2) planned hospital admission (all admitted patients tested for
SARS-CoV-2 regardless of admitting diagnosis for infection prevention). We excluded
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patients with an altered level of consciousness and minors. Study enrollment via convenience
sampling occurred throughout the week by multiple clinicians and researchers. Participants
provided written informed consent prior to study data collection. The study protocol was
reviewed and approved by the University of Kentucky Institutional Review Board (protocol
#61519).

Sample size

We used Buderer’s formula [10] to estimate the sample size with o = 0.05, a marginal error of
0.1 and the hypothesis that 85% of people with SARS-CoV-2 infection have measurable loss of
smell. This hypothesis was based on self-reported loss of smell in 65% of those with SARS-
CoV-2 infection [4] and measured alteration in smell in 98% of hospitalized COVID-19
patients [8]. At the time of study design, SARS-CoV-2 test positivity was 5% which yielded a
sample size of 980 patients. During study recruitment local SARS-CoV-2 test positivity
increased to about 10%, and an interim analysis of our convenience sample showed SARS-
CoV-2 positivity of 25%. This increase in disease prevalence reduced the estimated sample size
to 196 patients, and we ended study recruitment with 308 patients.

Study procedures and data collection

Prior to study enrollment patients completed hospital protocol-driven SARS-CoV-2 symptom
screening. With informed consent, a member of the study team provided a brief survey and a
self-administered smell test. The survey collected data on patient demographics, health condi-
tions potentially affecting sense of smell, and self-reported problems with smell. We used the
validated National Health and Nutrition Examination Survey (NHANES) pocket smell test
(PST) (Sensonics, Inc., Haddon Heights, NJ) a self-administered “scratch and sniff” smell test
[11]. Each participant completed versions A and B of the PST, and each version had four dis-
tinct odors (listed in Fig 1) to identify from a multiple choice list of smells. SARS-CoV-2 viral
testing occurred after smell testing as part of routine clinical care. Study clinicians were
blinded to the results of the smell tests. Hospital staff obtained a nasopharyngeal swab for
SARS-CoV-2 RT-PCR testing with either the Abbott Alinity m2000 (Abbott Laboratories,

Chocolate —a— a g
Strawberry —a—
Smoke —.— ——
_ Leather —a—
§ Soap — =
Grape — ——
Onion g -
Natural gas —a— ——
Normosmia (PST>5) —.— —o—
2 4 6 8 1'

'Proportion .correctly identified odor

B SARS-CoV-2 positive € SARS-CoV-2 negative

Fig 1. Smell testing odor discrimination by SARS-CoV-2 infection status. Blue squares represent the proportion of
SARS-CoV-2 positive patients that correctly identified the odor; red diamonds the proportion of SARS-CoV-2
negative patients that identified the odor. 95% confidence intervals for the point estimates are shown with whiskers.

https://doi.org/10.1371/journal.pone.0266912.g001
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Santa Clara, CA) or BD Max (Beckton Dickinson, Franklin Lakes, NJ) platform. RT-PCR test-
ing happened for all patients with a positive symptom screen, close contact with a known
COVID-19 case, or planned hospital admission per hospital protocol. Study and clinical data
were entered into REDCap, a secure, cloud-based data storage platform.

Statistical analysis

We excluded nine study encounters (2.9%) because the patient had previously participated in
the smell testing study. We additionally removed four of the remaining 299 participants

(1.3%) from the analysis due to incomplete smell testing data. Data for the other variables was
complete for the remaining 295 participants. We described our patient sample using means,
proportions, and standard deviations. We used chi-squared tests to assess the distribution of
patients across categorical variables, t tests for normally distributed continuous variables, Wil-
coxon rank-sum test for non-normally distributed variables and used logistic regression and
odds ratios to describe associations with our primary outcome, SARS-CoV-2 status, and the
classifier variables of odor discrimination and screening symptoms. We classified patients who
correctly identified six or more of the eight odors as normosmic and those who correctly iden-
tified fewer than 6 odors as hyposmic per the NHANES classification system [5]. We calculated
the sensitivity, specificity, and predictive values of smell testing, self-reported symptoms, and
measured fever in identifying patients with SARS-CoV-2 infection as determined by viral
RT-PCR testing. We used receiver operating characteristic (ROC) curves and calculated the
area under the curve (AUC) to compare the performance of six screening approaches for pre-
dicting SARS-CoV-2 infection. The models used the following classifiers: 1) number of the
eight PST odors accurately identified; 2) presence of hyposmia defined as correctly identifying
five or fewer odors correctly on the PST; 3) number of self-reported screening symptoms (out
of seven); 4) presence of measured fever (body temperature >100.4°F); 5) two-odor (smoke
and soap) performance on the PST; and 6) adjusted model that used the eight PST odors
adjusted by the covariates age, gender, corticosteroid nasal spray use, measured fever, and
cough. We developed the two-odor model by calculating the performance (AUC) of each of
the eight PST odors to identify SARS-CoV-2 infection and using the two odors with the best
performance (largest AUC). For the adjusted model age and gender were selected a priori and
the other covariates were included because they were statistically associated with smell testing
performance (corticosteroid nasal spray use) or with SARS-CoV-2 infection (fever and
cough). We conducted a ROC subgroup analysis that excluded patients with reported previous
positive SARS-CoV-2 test or COVID-19 exposure and a second subgroup analysis of asymp-
tomatic patients to assess the predictive performance of smell testing in asymptomatic patients.
To compare the predictive performance of ROC models we used a chi-squared statistic to test
for differences in AUC between models. Reported P-values are two-sided, and we considered
P<0.05 statistically significant. Author JWK conducted the analyses with STATA version 15.1
(StataCorp, College Station, TX).

Results

From October 16, 2020, to February 15, 2021, 295 unique patients completed smell testing,
and 87 (29.5%) of those patients tested positive for SARS-CoV-2 by RT-PCR. Study partici-
pants were 52.2% (154/295) female, 83.3% (246/295) white, and had a mean age of 45.6 years
(SD = 17.8; IQR 30-59). There were no statistically significant demographic differences
between the participants that tested positive for SARS-CoV-2 and the participants that tested
negative (Table 1). Seventy-seven (26.1%) participants reported at least one symptom, which
included 49 (23.6%) SARS-CoV-2 negative patients and 28 (32.2%) SARS-CoV-2 positive
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Table 1. Patient demographics and symptoms by SARS-CoV-2 infection status.

SARS-CoV-2 Negative SARS-CoV-2 Positive
(N =208) (N=87)
Characteristic n % n % P
Demographic
Age (years; mean, SD) 44.5 17.2 48.1 19.1 0.16
Female 111 53.4% 43 48.3% 0.43
Race 0.11
Asian 0 0.0% 2 2.3%
Black 28 13.5% 17 19.5%
White 178 85.6% 68 77.0%
Multiracial 1 0.5% 0 0.0%
Hispanic 7 3.4% 3 3.5% 0.77
Symptom/exposure screening
Previous positive SARS-CoV-2 test or exposure to someone with COVID-19 8 3.9% 20 23.0% <0.001
Reported fever 16 7.7% 10 11.5% 0.29
Shortness of breath 25 12.0% 17 19.5% 0.09
Cough 22 10.6% 22 25.3% 0.001
Chills 16 7.7% 11 12.6% 0.18
Sore throat 13 6.3% 9 10.3% 0.22
Loss of taste and/or smell 5 2.4% 9 10.3% 0.003
Body aches 22 10.6% 12 13.8% 0.43
Any reported symptom 49 23.6% 28 32.2% 0.13
Maximum recorded temperature in ED (mean, SD in°F) 98.5 0.94 98.8 1.2 0.01
Recorded fever in ED (T > = 100.4°F (38°C)) 8 3.9% 7 8.1% 0.13

ED = emergency department; SD = standard deviation

https://doi.org/10.1371/journal.pone.0266912.t001

patients (OR = 1.54; P = 0.13). Cough and loss of taste and/or smell were the only symptoms
significantly more common in SARS-CoV-2 positive patients (Table 1).

Most patients (n = 213; 72.2%) had normal smell function (PST score of 6 to 8) on smell
testing. Hyposmia was more common in older patients (OR 1.17 per 10 years of age, 95% con-
fidence interval (CI) 1.01-1.35, P = 0.03), patients who reported a history of loss of smell (OR
3.44,95% CI 1.56-7.61, P = 0.002), and in patients who used nasal sprays (OR 2.12, 95% CI
1.16-3.91, P = 0.02) (S1 Table). We did not observe associations between hyposmia and health
conditions that can affect the sense of smell (S1 Table).

Of the 87 patients testing positive for SARS-CoV-2, 71 (81.6%) misidentified at least one
odor in the PST. Individual odor identification accuracy by patient SARS-CoV-2 status
appears in Fig 1. SARS-CoV-2 positive patients were more likely to have hyposmia (misiden-
tify at least three of the eight odors) as compared to SARS-CoV-2 negative patients (52.3% vs
17.3%; OR = 5.36; 95% CI 3.08-9.43; P<0.001). Hyposmia was 52.9% (95% CI 41.9%-63.7%)
sensitive and 82.7% (95% CI 76.9%-87.6%) specific for SARS-CoV-2 infection. Symptom
screening (>1 symptom) was 32.2% sensitive (95% CI 22.6%-43.1%) and 76.4% specific (95%
CI70.1%-82.0%) for SARS-CoV-2 infection, and measured fever had 8.0% sensitivity (95% CI
3.3%-15.9%) and 96.2% specificity (95% CI 92.6%-98.4%) for SARS-CoV-2 infection. The pos-
itive predictive values (PPV) and negative predictive values (NPV) for SARS-CoV-2 infection
with smell testing, symptom screening, and measured temperature are shown in Table 2 under
the scenarios of 1%, 5%, and 10% prevalence of infection.
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Table 2. Sensitivity, specificity, and predictive values of smell testing, symptom screening, and body temperature measurement for identifying SARS-CoV-2
infection.

Smell testing (hyposmia: PST<5) Symptom screening (>1 symptom) | Measured temperature (temp>>100.4°F)
SARS-CoV-2 Prevalence SARS-CoV-2 Prevalence SARS-CoV-2 Prevalence

1.0% 5.0% 10.0% 1.0% 5.0% 10.0% 1.0% 5.0% 10.0%
PPV 3.0% 13.9% 25.3% 1.4% 6.7% 13.2% 2.1% 9.9% 18.9%
NPV 99.4% 97.1% 94.0% 99.1% 95.5% 91.0% 99.0% 95.2% 90.4%
False positive rate 17.3% 23.6% 3.8%
False positives (per 1,000 screened) 171 164 156 233 224 212 38 37 35
False negative rate 47.1% 67.8% 92.0%
False negatives (per 1,000 screened) 5 24 47 7 34 68 9 46 92
Correctly classified 824 812 797 760 742 720 953 917 873

PST = pocket smell test; PPV = positive predictive value; NPV = negative predictive value

https://doi.org/10.1371/journal.pone.0266912.t002

The receiver operating characteristic (ROC) curve for smell testing to classify SARS-CoV-2
infection yielded an area under the curve (AUC) of 0.74 (95% CI 0.67-0.80: Table 3 and Fig
2A). The ROC curve using reported symptoms to classify SARS-CoV-2 infection had an AUC
0f 0.55 (95% CI 0.49-0.61: Fig 2B). The measured fever ROC curve had an AUC of 0.52 (95%
CI 0.49-0.55: Fig 2C).

We evaluated two additional ROC models that used smell testing as the classifier. The
hyposmia (PST score<5) model had an AUC of 0.68 (95% CI: 0.62-0.74), and a 2-odor model
using the odors smoke and soap (largest independent AUC:s for predicting SARS-CoV-2 infec-
tion; S1 Fig) had an AUC of 0.75 (95% CI 0.69-0.80: Fig 2D). The sensitivity, specificity, and
predictive values of the 2-odor model were similar to the 8-odor model (data not shown). A
multi-classifier ROC model adding classifiers significantly associated with SARS-CoV-2 infec-
tion (corticosteroid nasal spray use, cough, measured fever) plus age and gender to the 8-odor
model marginally increased the AUC to 0.79 (95% CI 0.73-0.85). ROC smell testing subgroup
analyses that excluded patients with reported symptoms (AUC = 0.76; 95% CI 0.69-0.84) and
patients with reported COVID-19 exposure or previous positive SARS-CoV-2 test
(AUC = 0.75; 95% CI 0.68-0.81) performed similarly to the 8-odor ROC model using the full
data set.

Table 3. Receiver Operating Characteristic (ROC) models and subgroup analyses for predicting SARS-CoV-2 infection.

Model Variable(s) Observations AUC 95% CI P*
8-odor 8 odors 295 0.74 0.67 0.80

Hyposmia Hyposmia (PST<5) 295 0.68 0.62 0.74 0.003
Symptoms 7 symptoms 295 0.55 0.49 0.61 <0.001
Fever Body temperature >100.4°F 295 0.52 0.49 0.55 <0.001
2-odor Smoke + soap odors 295 0.75 0.69 0.80 0.60
Adjusted 8 odors, age, gender, corticosteroid nasal spray use, measured fever, cough 295 0.79 0.73 0.85 0.02
Subgroup analyses

No symptoms 8 odors 218 0.76 0.69 0.84

No COVID test/exposure 8 odors 267 0.75 0.68 0.81

AUC = area under the curve; CI = confidence interval; PST = pocket smell test

*As compared to the 8-odor model

https://doi.org/10.1371/journal.pone.0266912.t003
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Fig 2. Receiver Operating Characteristic (ROC) curves to identify SARS-CoV-2 infection: a) Smell testing with 8
odors; b) Symptom screening with 7 self-reported symptoms; ¢) Temperature screening for fever (>100.4°F); d) Smell
testing with 2 odors (smoke and soap).

https://doi.org/10.1371/journal.pone.0266912.9002

Discussion

Smell testing identified SARS-CoV-2 infection with greater sensitivity and specificity than
COVID-19 symptom screening in our population. The prospective design of our study, which
used objective measurements of smell paired with SARS-CoV-2 PCR testing yielded robust
estimates of the performance of smell testing in symptomatic and asymptomatic patients. Our
study is unique in that it prospectively assessed patient sense of smell prior to ascertaining
SARS-CoV-2 status; previous work in this area has tested olfaction in known COVID-19
patients [8, 12, 13] or assessed self-reported alterations in smell in patients with known SARS-
CoV-2 infection [4, 14-16], with neither approach supporting an accurate assessment of smell
testing as a screening tool for SARS-CoV-2 infection in symptomatic and asymptomatic
patients.

An optimal SARS-CoV-2 screening test should perform well regardless of health status and
preexisting health conditions. Preexisting health conditions, like allergic rhinitis and chronic
sinusitis, that may affect olfaction did not affect patient smell testing performance (S1 Table).
The consistent performance of smell testing in our pragmatic cohort suggests that implemen-
tation of this screening tool does not need individual-level information (e.g., history of allergic
rhinitis or age) to adjust smell testing results nor are more complex predictive models with
multiple variables needed.

An ideal SARS-CoV-2 smell screening tool would be of low cost and require minimal time
to administer. The 8-odor PST took less than 2 minutes to complete for most participants. Our
study suggests that we can further streamline smell testing without affecting the performance
of the screening test, as a simplified smell testing model based on the two odors with the largest
individual AUCs (smoke and soap) performed similarly to the eight-odor model in identifying
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SARS-CoV-2 infection. A self-administered two-odor smell test is inexpensive and efficient,
making it feasible to screen many people quickly.

Smell testing more accurately identified SARS-CoV-2 infection in the subgroup of asymp-
tomatic patients as compared to the entire sample of symptomatic and asymptomatic patients,
although this was not statistically significant. The performance of smell testing in asymptom-
atic patients suggests its utility as a SARS-CoV-2 screening tool in asymptomatic populations,
like employees at congregate work settings. Larremore et al. modeled the effectiveness of smell
testing to limit SARS-CoV-2 transmission and found every third day smell testing more effec-
tive than weekly RT-PCR testing when smell testing sensitivity was 75%, which is similar to
the sensitivity of the two-odor model [17]. Interestingly, formal smell testing in our study was
more sensitive than antigen testing in identifying SARS-CoV-2 infection in asymptomatic peo-
ple. According to a large Cochrane meta-analysis, antigen testing was 58% sensitive and over
99% specific for SARS-CoV-2 when compared to RT-PCR in people without symptoms [18].

Symptom screening to identify SARS-CoV-2 infection was barely better than the flip of a
coin in our study, which agrees with Gerkin et al. who found non-olfactory, non-gustatory
symptoms unhelpful in identifying SARS-CoV-2 infection [19]. Menni et al. used self-reported
symptoms and SARS-CoV-2 test data collected via an app to develop a symptom-based algo-
rithm with 65% sensitivity in identifying SARS-CoV-2 infection [4]. This large study of self-
reported data is limited by selection bias (those who chose to enroll via the app are likely not
representative of the general population) and measurement bias, in that only a small subset
(0.64%) of self-selected participants were tested for SARS-CoV-2. The large untested fraction
of participants had a substantially lower frequency of reported symptoms suggesting few
asymptomatic participants received SARS-CoV-2 tests. A second, similar app-based study
found that self-reported symptoms were 70% sensitive in identifying SARS-CoV-2 infection
using Menni et al.’s symptom-based algorithm and had the same shortcomings, namely selec-
tion and measurement bias with only 1.1% of the participants reporting SARS-CoV-2 test
results [16].

Our study has several limitations. First, we recruited a convenience sample of patients seek-
ing care at the emergency department, and we cannot generalize the findings of our study to
other populations, such as asymptomatic people in the general population. However, in a sub-
group analysis that excluded patients with reported COVID-19 symptoms, smell testing was as
good and potentially better at identifying SARS-CoV-2 infection compared to its performance
in the entire sample. Second, some of our participants with positive SARS-CoV-2 PCR tests
may have been previously infected with SARS-CoV-2 with prolonged viral shedding and
recovery of normal olfaction, which would decrease the calculated sensitivity of smell screen-
ing for SARS-CoV-2 infection. A subgroup analysis that excluded patients with self-reported
prior SARS-CoV-2 test and/or recent COVID-19 exposure demonstrated similar smell testing
performance compared to the primary analysis. Third, the PST provides four multiple choice
options for each odor, forcing the test subject to provide a response even when they are unable
to determine the odor. This characteristic of the PST inflates PST scores leading to potential
underascertainment of hyposmia and decreased sensitivity of smell testing for SARS-CoV-2.
Fourth, the epidemiologic context of the pandemic during our study period (e.g., predominant
circulating virus variants and vaccine coverage) may influence study results and impact their
generalizability to other pandemic contexts.

Conclusions

In conclusion, smell testing performed well in identifying SARS-CoV-2 infection, while symp-
tom screening and measured temperature, which are widely used in many settings, did not
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reliably discriminate SARS-CoV-2 infection in our population. A subset of two odors from the
smell test (smoke and soap) performed similarly in identifying SARS-CoV-2 infection as the
full eight-odor test and could be a simple, affordable screening tool. Additional studies on the
performance of smell testing in asymptomatic populations, e.g., healthy workers, can validate
the use of smell screening to risk stratify people for SARS-CoV-2 clinical testing.
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