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Detection dogs were trained to detect SARS-CoV-2 infection based on armpit 
sweat odor. Sweat samples were collected using cotton pads under the armpits 
of negative and positive human patients, confirmed by qPCR, for periods of 15–
30  min. Multiple hospitals and organizations throughout Belgium participated 
in this study. The sweat samples were stored at −20°C prior to being used for 
training purposes. Six dogs were trained under controlled atmosphere conditions 
for 2–3  months. After training, a 7-day validation period was conducted to assess 
the dogs’ performances. The detection dogs exhibited an overall sensitivity of 81%, 
specificity of 98%, and an accuracy of 95%. After validation, training continued 
for 3  months, during which the dogs’ performances remained the same. Gas 
chromatography/mass spectrometry (GC/MS) analysis revealed a unique sweat 
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scent associated with SARS-CoV-2 positive sweat samples. This scent consisted 
of a wide variety of volatiles, including breakdown compounds of antiviral fatty 
acids, skin proteins and neurotransmitters/hormones. An acceptability survey 
conducted in Belgium demonstrated an overall high acceptability and enthusiasm 
toward the use of detection dogs for SARS-CoV-2 detection. Compared to qPCR 
and previous canine studies, the detection dogs have good performances in 
detecting SARS-CoV-2 infection in humans, using frozen sweat samples from the 
armpits. As a result, they can be used as an accurate pre-screening tool in various 
field settings alongside the PCR test.

KEYWORDS

COVID-19, detection dogs, GC/MS (gas chromatograph/mass spectrometry), 
acceptability analysis, odor, axilla, vaccination

Introduction

The SARS-CoV-2 pandemic had dramatic economic and social 
consequences on a global scale. There was a need for a fast, reliable, 
inexpensive, easy, non-invasive and widely applicable screening 
method to distinguish SARS-CoV-2 carriers from non-carriers. Rapid 
screening and identification of symptomatic as well as asymptomatic 
and presymptomatic people can contribute to reducing the basic 
reproduction number of the virus. Even with vaccination efforts, the 
necessity for fast and reliable detection tools remains crucial to avoid 
new outbreaks.

Current diagnostic tests are time-consuming, and often come with 
a considerable cost, while nasopharyngeal swabs are semi-invasive. 
The predominant method of virus identification, quantitative 
polymerase chain reaction (qPCR), entails significant time, effort and 
expense to obtain results. Moreover, the qPCR test gives a considerable 
amount of false negative results (ranging from 2 to 29%) (1, 2) 
primarily due to the inherent instability of viral RNA and the potential 
inadequacy of nasopharyngeal or oral samples in providing enough 
material. Distinguishing asymptomatic carriers from uninfected 
individuals can also pose challenges. Additionally, temperature-based 
screening methods, such as automated forehead temperature 
sampling, only detect symptomatic people and are inadequate for 
comprehensive screening purposes.

The human body reacts to the viral infection by producing white 
blood cells and immune factors. This immune response results in the 
secretion of various biological molecules and immune factors, some 
of which are excreted through the skin. Among the regions of the 
body where these immune factors are notably concentrated is the 
apocrine sweat regions, particularly the armpits (3). The armpits 
likewise harbor important lymph nodes that contribute to the 
production of immune factors. Any bacterial, viral or fungal 
infection is associated with a unique volatile organic compound 
(VOC) creation from human cells. These VOCs are subsequently 
excreted through sweat and are an easy target for rapid screening 
purposes (4).

Dogs have an extraordinary olfactory capacity and have been 
successfully used to detect narcotics, explosives, cancer, malaria, 
metabolic diseases and a wide variety of bacterial and virus infections 
(5–10). Their trainability using positive reinforcement methods makes 
them well-suited for detection tasks (11). Common breeds of detection 

dogs are Belgian Malinois Shepherds, German Shepherds, Cocker 
Spaniels, Springer Spaniels, Labradors, Pointers, Border Collies, and 
Beagles. Notably, detection dogs have been employed in diverse 
settings such as airports, (large) companies, healthcare institutions 
(hospitals, retirement homes, and triage centers), shopping centers 
and various mass events including sporting events, cultural gatherings, 
fairs, concerts and festivals.

Detection dogs are trained to detect SARS-CoV-2 infection based 
on sweat odor. Previous studies have presented evidence that dogs are 
able to discriminate SARS-CoV-2 positive from negative samples (12, 
13). Preliminary findings show that the dogs were able to discriminate 
between saliva samples of infected and non-infected individuals with 
average diagnostic sensitivity of 83% and specificity of 96% (13). 
Similar preliminary findings, using armpit sweat samples, showed that 
dogs were able to discriminate with a sensitivity of 83–95% (in 4 dogs) 
and up to 100% (in another 4 dogs) (12). These encouraging findings 
form the basis for the development of a reliable screening method for 
identifying SARS-CoV-2 infected people through the utilization of 
trained detection dogs.

SARS-CoV-2 detector dogs were trained in many countries 
around the world, including the United  Arab  Emirates (UAE), 
Lebanon, Australia, Chile, Argentina, Brazil, Germany, UK, Finland, 
France, USA, Russia, Italy, Spain, Colombia, Mexico, Poland, Iran, 
Peru, Czech Republic, Romania, Canada, Philippines, Switzerland, 
Saudi Arabia, Austria, Sweden, Georgia, Egypt, Honduras, Tunisia, 
Bahrain, Singapore, El Salvador and Belgium. A first proof of principle 
was recently obtained in France (using axillary sweat), Germany 
(using saliva) and in Finland (using urine). Dogs were trained and 
could distinguish with a very high success rate positive from negative 
samples, some of them with up to 100% accuracy (12, 14). SARS-
CoV-2 dogs have been deployed in airports and borders in UAE, 
Lebanon, Saudi Arabia, France, and Finland.

The primary objectives of the present study were as follows:

-  To establish a comprehensive biobank consisting of a large sample 
pool, which would be accessible to all relevant actors in Belgium 
involved in the training detection dogs. This would facilitate 
efficient training of the dogs, and ensure the availability of 
sufficient material for future upscaling.

- To develop a field-testing protocol to train detection dogs in 
distinguishing between samples infected with SARS-CoV-2 and 
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those that are not infected. This protocol aimed to optimize the 
dogs’ detection capabilities in real-life scenarios.

-  To identify the specific VOCs that the detection dogs are detecting 
and identify which volatiles make up the characteristic scent 
observed in SARS-CoV-2 positive sweat samples.

Materials and methods

Clinical trials

The protocol has received the approval of Animal Ethical 
Committee (ULiege, N°20-2246), as well as the approval of the Ethical 
Committees (Comité d’Ethique Hospitalo-Facultaire University of 
Liège, approval number 2020/139; Ethical Committee UZ Gent, 
approval number multicentric study BC-08571, coupled to CHU St 
Pierre Brussels, AZ Glorieux Ronse (study number TC20/12), AZ 
Oudenaarde, OLV Hospital Aalst, Jan Yperman hospital Ieper, ZNA 
hospital (study number 5491), GZA hospitals (study number 
210304ACADEM), Jan Palfijn hospital Ghent, AZ Maria Middelares 
Gent (study number MMS.2021.006), AZ Sint-Vincentius Deinze 
(study number MMS.2021.006), AZ Jan Portaels Vilvoorde (study 
number 2021-01), AZ Sint-Lucas Ghent (study number 2020-32), 
WZC Curando Ruiselede, WZC Armonea, Hospital Saint-Pierre 
Ottignies) of the different hospitals collaborating to the study. Sweat 
donors (patients and healthy people) also signed an informed consent 
at sampling.

Sweat samples

From October 2020 until April 2021, sampling was organized in 
Belgium in different hospitals. Positive samples came from 
CHU-Liege, CHU-ND-Bruyeres, CHU St-Pierre Brussels, St-Pierre 
Ottignies, UZ Gent, AZ Glorieux Ronse, AZ Oudenaarde, OLVZ 
Aalst, Jan Yperman Ieper, UZA Antwerp, ZNA Stuivenberg, GZA 
Anvers, AZ Klina Brasschaat, Jan Palfijn Gent, AZ St-Vincentius 
Deinze, St-Trudo St-Truiden, AZ Jan Portaels Vilvoorde, AZ Alma 
Eeklo. Negative samples came from the Kiwanis organization, who 
organized sampling in different cities in Belgium. Additionally, 
different care centers (hospitals, senior homes) organized sampling: 
WZC Armonea Wilrijk, WZC Armonea Spanjeberg, Zorg-Saam 
WZC Oostakker, WZC Curando Ruiselede, CHU-Liege, CHU 
St-Pierre Brussels. A list of metadata was collected from each patient/
participant, including date, age, biological gender, weight, height, 
Body Mass Index, ethnicity, postal code, deodorant use, deodorant use 
frequency, hygiene habits, frequency of underarm washing, 
medication use, hormonal contraception use, antibiotics use, smoking, 
comorbidities, (hospital) location of sampling, SARS-CoV-2 
symptoms, Ct-value of qPCR result. In the essence of time, dogs used 
in the present study were trained on a large and diverse set of samples 
including different hospitals/elderly homes, young and old people, 
male and female persons, smoker and non-smoker; deodorant user 
and no underarm cosmetic users.

All sweat donors had their SARS-CoV-2 status (negative or 
positive) confirmed by qPCR. For positive samples, only patients with 
clear symptoms (hospitalized) and qPCR results of <30 cycles were 
preferred. Patients were tested multiple times in the hospital. Patients 

with no PCR-confirmed test and/or vaccinated against SARS-CoV-2 
were excluded. Patients in hospitals with clinical signs related to 
SARS-CoV-2 (respiratory symptoms, fever) but negative (qPCR) to 
SARS-CoV-2 were also included. With each donor, a complete but 
anonymized clinical metadata file was completed. The sweat sampling 
was performed by trained doctors and/or nurses for safety reasons. It 
consisted of 5 cotton balls or sterile compresses placed under the 2 
armpits of the patient/donor during 15–30 min. For a subset of 
patients, the sampling was repeated on different days, as long as 
patients were still SARS-CoV-2 positive. The sampler wore nitrile 
gloves and a coverall (biological hazard) and handled the samples with 
a clamp, before putting them in a glass jar or in a closed plastic bag 
(ziplock). Within 1 h, the plastic bag or the glass jar were frozen 
(−20°C or colder) and stored until the training of the dogs. 
Temperature inside the freezer was constantly recorded and was found 
to be stable.

The tested samples during validation and post-validation were 
obtained from the original SARS-CoV-2 virus (WIV04 / 2019). At a 
later stage, samples were obtained from vaccinated people at CHU 
Saint-Pierre Brussels at least 3 weeks after the second dose of their 
vaccine (Comirnaty, BioNTech-Pfizer). These samples were also 
presented to the dogs, together with a positive control sample.

Dog selection

The dogs were Malinois Shepherds, Border Collie and Springer 
Spaniel from Federal Police, Civil Security and Army, with previous 
functions as explosive detection and urban search and rescue. Six dogs 
were enrolled in the present study up to the validation phase:

- Lilly, Springer spaniel, female, 3 years-old, explosives detector 
dog, Army

- Xhena, Malinois Shepherd, female, 7 years-old, explosives 
detector dog, Army

- Tina, Malinois Shepherd, female, 3 years-old, explosives detector 
dog, Army

- Paxy, Border collie, female, 4 years-old, search and rescue dog, 
Civil security

- Bailey, Malinois Shepherd, female, 1 year-old, explosives detector 
dog, Federal Police

- Chaeos, Malinois Shepherd, male, 1 year-old, explosives detector 
dog, Federal Police.

Dog training

The training took place in Neerhespen (Belgium) at the dog 
training and accreditation center of the Federal Police (DACH). A 
spacious room (10 m × 8 m, 80 m2) with permanently air-conditioned 
controlled temperature (16°C) and relative humidity (30%) was 
used during the training. Metal cones (stainless steel), about 50 cm 
high from the ground, were used to release the smell of the sweat 
odors. Behind these cones, a glass jar containing the sweat sample 
was screwed on and placed in a larger metal box. There was no 
direct contact between the dog’s nose and the sweat sample 
(Figure 1).

Sweat samples were removed from the freezer at least 30 min 
prior to their use. Two cotton balls/compress from one patient 
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were placed into the metal box behind the cones for each dog. 
The same human patient (2 × 5 cotton balls/compress) could 
be  tested by 2–4 different dogs (2–3 cotton balls per dog per 
run). After each run (detection of 6–10 samples in a line), the 
metal cones were wiped off by a cloth soaked in water with 3% 
of acetone.

Training of the dogs was based on positive reinforcement and 
classical and operational conditioning principles using primary and 
secondary reinforcers. When the dog indicates a correct positive 
sample, a clicker is used to reward the dog. After the click the dog 
receives a toy (secondary) or food (primary reinforcer). On a 
negative run the dog gets his toy when there is no false 
positive indication.

The training was organized in four different steps, beginning 
mid-December 2020 and ending at the beginning of March 2021 
(including validation), for a total of 10 weeks:

1. Odor fixation. On one single cone, dogs sniffed only positive 
samples of different origins in order to learn how to mark the 
samples (the dog sits, lies down and/or remains motionless in 
front of the positive sample). This part lasted 2 weeks.

2. Inclusion of blank samples next to positive samples. Blank 
samples are compress/cotton balls without sweat. Several cones 
involved. This part lasted 1 week with about 3 to 4 runs per dog 
per day.

3. Inclusion of negative samples next to blank and positive samples. 
Six cones included in the training. This part lasted 2 weeks with 
about 4 runs per dog per day.

4. Only positive and negative samples, no blank. Six to ten cones 
were presented in a line to the dogs. This part lasted 3 to 4 weeks 
with about 4 to 6 runs per dog per day.

After the training, a week (7 days) of validation was organized in 
the dog center of Neerhespen. This validation was performed in 
double-blinded conditions whereby neither the dog/handler, nor the 
second person with the clicker was aware of the number and/or the 
position of positive samples. The runs consisted of 6 metal cones in 
line containing either all negative samples, or negative and positive 
samples (1, 2, or 3 positive samples and the rest negative), but without 
blank samples. The number of positive and negative samples, as well 
as the order in the line was randomly attributed for each dog. A same 
positive sample was systematically tested by 2 dogs, in order to detect 
any trouble regarding the quality of the sample. The performances of 
the dogs were calculated after the validation process.

After the validation phase, training continued for 4 more months. 
Performances after this post-validation phase were also measured and 
compared to validations’ performances.

GC/MS analysis and GNPS identification

60 SARS-CoV-2-positive sweat samples, 60 SARS-CoV-2-negative 
sweat samples and 14 blank samples were analyzed using GC/MS to 
identify the volatiles present in the sweat samples. The GC/MS analysis 
was carried out using the Agilent 7200 GC QTOF Agilent Technologies 
Santa Clara (CA) equipped with a robotic sampler system. The 
separation was conducted on an HP  5MS column 
(30 m × 0.25 mm × 0.25 μm). The patch within the vial was heated for 
25 min at 200°C to desorb volatiles from the patch and 0.5 mL of 
headspace injected (injector temperature set at 250°C) into the 
instrument with a headspace syringe heated to 145°C. The GC 
protocol analysis included starting temperature 45°C min oven ramp 
(hold of 2 min), 15°C per min oven ramp to 325°C (hold of 3 min), 

FIGURE 1

Detection dog (Malinois shepherd) sniffing a sweat sample through a metallic cone during a training at the Training Center of Neerhespen (Federal 
Police, DACH).
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and 50°C per min oven ramp to 325°C purge the column for reaching 
equilibration it was 0.2 min for each cycle. The parameters of 
headspace; Oven, Loop, and Transfer line temperatures were 
200°C. Timing parameters for headspacer were 3 min for Vial 
Equilibration, 0.2 min for Vial Pressurization, and Loop fill, 0.05 min 
for Loop Equilibration, and 0.2 min for injection. The helium carrier 
gas was set to constant 1.2 mL per min flow and a splitless injection 
mode was applied. The purge flow to split vent rate was 50 mL per min 
at 1 min. The collision gas was N2 and collision flow was 1.5 mL per 
min. Also, the pressure was 9.466 psi and vial pressure was 10 psi. The 
He gas was used as a quench and Aux gas. The scanned m/z range was 
35–400 with the acquisition rate of 10 spectra per second. The empty 
vial blanks were interspersed with the samples to assess the 
background signal. Features dataset was normalized. Features dataset 
were filtered and volatiles present in blank samples were subtracted 
and removed. Deconvolution and identification of GC/MS spectra was 
done as described before (15) and using GNPS (16). A PLS DA plot 
was constructed to understand the distribution of SARS-CoV-2-
positive versus SARS-CoV-2-negative samples. Pairwise correlation 
analyses and random forest analyses were performed to understand 
differences between positive and negative sweat samples.

Statistical analysis

This study was held according to the STARD 2015 guidelines 
(Standards for Reporting Diagnostic Accuracy Studies) (17). The 
PCR-test was considered in the present study as the “gold-standard” 
to which our dogs were compared. Sensitivity, Specificity, Accuracy, 
Positive predictive value, Negative predictive value and Youden index 
were calculated for each dog, after the validation week and after the 
post-validation training, using the original formulas (18). The 
positive and negative samples, as well as the dogs, were randomized  
beforehand.

Survey/questionnaire

An online national survey was set up to investigate the overall 
acceptability toward the use of SARS-CoV-2 detection dogs in practice 
and distributed through social media, the university websites of 
UGent and ULiège and through the national press toward the Belgian 
population. The survey was set up in French and in Dutch. The survey 
ran from March 5, 2021 till April 19, 2021, with the large bulk obtained 
in the first week. About 3,591 participants filled in the survey 
completely. Inclusion and exclusion criteria were residence (only 
inhabitants of Belgium), language (proficient in Dutch and French). 
No participants were excluded based on age, sex, race or ethnicity. 
About 63% of the Belgian population spoke Dutch and 37% spoke 
French, representing the different language groups in Belgium (Dutch 
in Flanders, French in Wallonia and both in Brussels). 43.6% of the 
participants were aged 21-40y, 45.9% were aged 41-65y, 5.4% were 
younger than 21y and 5.0% were older than 65y. Three quarters of the 
participants were female (75.3% – or 2,704 of the 3,591) and one 
quarter was male. Results were combined and translated to English 
and analyzed in R. To identify main correlations between results of 
questions, correlation analyses and random forest analyses 
were performed.

Results

Sampling and optimal training protocol

The present study used the standard protocol developed in France 
as foundation for its research (12). The implementation of this 
protocol required adjustments due to encountered challenges. Initially, 
15 detection dogs from different organizations, specialized in 
detecting explosives and human search tasks, were included in the 
study. However, not all dogs were suitable for this study, leading to a 
reduction of participating dogs. Some of the Urban Search & Rescue 
dogs were excluded due to difficulties encountered when working with 
cones positioned in line. The availability of sufficient positive and 
negative sweat samples was also crucial to allow an in-depth high 
frequency training of the dogs. The training regimen required several 
runs per day, with each dog undergoing up to 300 and more runs for 
a complete training. Initially, reuse of samples was done but was 
abandoned to avoid undesirable imprinting of specific samples in the 
dogs. The number of dogs involved in the study was reduced to 6, in 
order to increase the frequency of runs from 3 to 6 runs per day. A 
5 day per week schedule was followed. The availability of a substantial 
number of positive and negative sweat samples was crucial, 
considering the high turnover of these samples. Additionally, efforts 
were made to improve the cleaning process of the cones between runs 
as well as to enhance the practical organization of the runs, including 
a correct recording of all results. These adjustments aimed to optimize 
the training process and manage the practical aspects of the 
study effectively.

Dog training results during and after 
validation

The validation process involved the utilization of 397 positive 
samples from 51 different patients and 1,629 negative samples 
collected from 276 volunteers. Each dog underwent the task of 
detecting an average of 66 ± 11 (Mean ± SD) positive samples and 
272 ± 28 negative samples during the validation phase. This consisted 
a total of 58 ± 6 runs per dog over a 7-day period. The individual 
presentation of samples per dog as well as the Sensitivity, Specificity, 
Accuracy, Positive predictive value, Negative predictive value and 
Youden index of each dog after validation are represented in Table 1. 
Further individual details of the sample detection by the dogs can 
be found in Supplementary Table S1. The combined performance of 
all dogs yielded an overall specificity of 98% and an overall sensitivity 
of 81%. The overall accuracy amounted to 95%. The performance of 
the test, all dogs combined, evaluated with the Youden index was 
almost 80%.

The 6 same dogs were involved in continued training after the 
validation phase for 4 months (approximately one training every 
2 weeks), from mid-March 2021 until the end of May 2021. They went 
to 6 training sessions of one-day each, with a total of 48 ± 6 runs per 
dog, and thus an average of 9 ± 2 runs per dog per training. The dogs 
were confronted to about 396 negative samples and 46 positive 
samples. During the post-validation phase, the dogs had to test 
different patterns of cone distribution: 5 to 10 negatives with all 
negatives, or a combination of 1 to 3 positive with 5 to 10 negatives. 
Table  2 summarizes the performances of the 6 dogs after the 
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post-validation phase. The overall specificity and sensitivity were 99 
and 80%, respectively. The performance of the test (Youden index) was 
almost 80%. The performances of the dogs at validation and after 
validation are not significantly different (p > 0.1).

Dog results on vaccinated patients’ 
samples

Sweat samples were obtained from 28 vaccinated people, who 
received the Comirnaty vaccine (BioNTech-Pfizer), in two doses and 
were sampled (armpit perspiration, cotton pads frozen at −20°C 
before training) 3 weeks after the second dose. These samples were 
tested by five dogs during training. The vaccinated samples were 
mixed along with other negative (unvaccinated) and positive (SARS-
CoV-2) samples (each run included at least 6 different samples). Each 
dog performed 2 ± 1 runs (minimum 1 run, maximum 4 runs). The 
overall performances showed Se 77%, Sp 100%, and Youden index 
0.77 (Supplementary Table S3). When taking into account only the 
vaccinated samples, the dogs considered the samples as negative in 
100% of the cases.

Effect of age, biological gender, body mass 
index, deodorant use, medication use and 
sample location on detection by the dogs

Sampling location, and more importantly, sampling time were 
important influencing factors in the detection rate by the detection 
dogs. We found significant differences in marking by the detection 
dogs based on sampling location and sampling time (Figure 2). A 

shorter sampling time resulted in a lower detection rate by the 
detection dogs. Of the 13 samples that were taken from SARS-CoV-
2-positive patients in hospitals that were held for only 15 min, instead 
of 30 min, only 1 sample was marked as positive by all six detection 
dogs. A sampling time of 30 min resulted in a significantly higher 
detection rate by the dogs (p = 0.0031). A shorter sampling time of 
15 min was employed at CHU St-Pierre in Brussels and CHU Sart-
Tilman Liège. The percentage of marking by the detection dogs was 
lower for these two hospitals (p = 0.0078 for CHU Liège as compared 
to Hospital OLV Aalst, where sampling was done for 30 min). The 
Saint-Pierre hospital in Ottignies also showed lower detection rates as 
compared to OLV Aalst (p = 0.034). A different sampling method or 
incomplete understanding of the sampling protocol could also affect 
the detection rate by the dogs.

There was no significant correlation found between the age of the 
participants providing the samples and the dogs’ detection (or 
hesitation), although the age of the participants significantly differed 
between SARS-CoV-2 positive and negative samples 
(Supplementary Figure S1). The biological gender of the patients or 
volunteers did not influence the marking or hesitation by the six 
trained SARS-CoV-2 detection dogs, in either the SARS-CoV-2 
positive or negative group (Supplementary Figure S2). A series of 
other variables were tested on their potential correlation with the 
detection rate by the detection dogs. Body mass index (BMI) had no 
influence on the marking by the six trained detection dogs during the 
validation phase (Supplementary Figure S3). The BMI was comparable 
among the SARS-CoV-2 positive and negative samples. Deodorant 
use similarly did not impact the marking by the six trained detection 
dogs during the validation phase. No significant differences were 
found between samples coming from people that either did or did not 
use deodorant. Medication use by patients or volunteers was tested 

TABLE 1 Diagnostic performances of the six detection dogs after validation.

Dog Se* % Sp* % PPV* % NPV* % Youden % Accuracy % N Run*
Paxi 88 100 100 97 88 98 51

Cheos 81 99 95 95 80 95 61

Xhena 94 96 83 99 90 96 50

Tina 73 95 78 94 68 91 56

Lilly 76 100 100 94 76 95 63

Bailey 76 100 98 95 76 95 65

Total 81 98 92 95 79 95 58 ± 6

*Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, negative predictive value; N, number.

TABLE 2 Performances of the six dogs at the end of the post-validation phase (six trainings).

Dog Se* % Sp* % PPV* % NPV* % Youden % Accuracy % N* Run

Paxi 88 100 97 98 88 98 49

Cheos 96 99 93 99 95 99 51

Xhena 78 99 96 96 78 96 58

Tina 76 98 85 96 74 95 44

Lilly 73 100 100 95 73 96 40

Bailey 70 100 100 95 70 96 46

Total 80 99 95 97 79 97 48 ± 6

*Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, negative predictive value; N, number.
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and found to have a significant correlation with the marking 
percentage by the detection dogs. Surprisingly, the number of 
markings on the negative samples was higher if volunteers reported to 
not have used medication. This is likely a confounding factor to the 
sampling location, as the full survey completion varied 
across locations.

GC/MS

This study aimed to identify the volatiles that are detected by the 
dogs and marked as positive. Our results indicate that SARS-CoV-2-
positive samples indeed contained different signature volatiles that 
were significantly less present in SARS-CoV-2-negative sweat samples 
(Figure 3A). The detection dogs did not pick up one single compound, 
but rather a wide variety of different volatiles (Figure  3; Table  3; 
Supplementary Figure S4). Several classes of volatiles were repeatedly 
found as significantly enriched in SARS-CoV-2-positive as compared 
to SARS-CoV-2-negative samples. Five volatiles structurally related to 
1-octan-3-ol were significantly associated with positive sweat samples, 
and were not found in SARS-CoV-2-negative samples (Figure 3B and 
Table 3). Seven volatiles which were structurally related to DL-3,4-
dihydroxymandelic acid, and its metabolites, were similarly associated 
with positive sweat samples (Figure 3B and Table 3). Urocanic acid 
and its metabolites were detected several times and significantly linked 
to SARS-CoV-2-positive samples (Figure 3B and Table 3). Octadecyl 

acetate and its derivatives were another important group of volatiles 
detected in the positive samples (Figure 3B and Table 3). These and a 
series of other (unknown) volatiles form the unique scent that the 
detection dogs picked up and assigned as positive sweat samples.

Acceptability results of SARS-CoV-2 
detection dogs

A large majority of the responders (76.2%) fully agree that dogs 
can be used to diagnose SARS-CoV-2 infection (Figure 4A). And an 
even larger majority (81.2%) of the responders fully agree that dogs 
can be used to diagnose SARS-CoV-2 infection based on a sweat 
sample (results not shown). The outcome of the corona dog outcome 
was similarly trusted by the responders (45.1%) (Figure 4B). About 
34.8% would likely trust the outcome and 15.5% would maybe trust 
the outcome of the detection dog. However, there were still some 
doubts among the trustworthiness, mostly as the qPCR test result was 
trusted better (p < 0.001). Still, if we asked which test would be trusted 
more, the majority of the responders (45.3%) did not know which test 
would be the most trustworthy: the qPCR test result or the corona dog 
test result (Figure 4C).

The large majority (78.4%) of the responders did not have any 
ethical problems with the use of detection dogs to trace SARS-CoV-2 
with people (Figure 4D). Nonetheless, 21.6% of the responders had 
some form of ethical questions around the use of dogs for this 

FIGURE 2

Impact of sampling location and sampling time on marking by the six trained SARS-CoV-2 detection dogs during validation phase. (A) Impact of 
sampling location on percentage of marking by the detection dogs in the SARS-CoV-2 positive samples (from hospitals). (B) Impact of sampling 
location on percentage of marking by the detection dogs in the SARS-CoV-2 negative samples (from volunteers). (C) Impact of sampling location on 
percentage of hesitations by the detection dogs in the SARS-CoV-2 positive samples (from hospitals). (D) Impact of sampling location on percentage 
of hesitations by the detection dogs in the SARS-CoV-2 negative samples (from volunteers). (E) Impact of sampling duration on percentage of marking 
by the detection dogs in the SARS-CoV-2 positive samples (from hospitals).
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purpose. The ethical concerns were the major confounding factor in 
the general acceptance of the corona dogs in practice (p < 0.001). It was 
also a main confounding factor in the general trust in the  
outcome of the SARS-CoV-2 detection dogs (p < 0.001) 
(Supplementary Figure S5A). This suggests that the ethical 
considerations surrounding the use of detection dogs played a pivotal 
role in shaping both the acceptance and trust as a detection method. 
The majority (69.3%) of the responders expressed no concerns in the 
practical organization of the SARS-CoV-2 detection dogs to sniff 
SARS-CoV-2 infection with people (Figure  4E). There were 
nonetheless 30.7% of the responders that did have some doubts  
on the logistical aspects of employing SARS-CoV-2 detection dogs. 
These practical doubts were also a main confounding factor in the 
general acceptance of the corona dogs in practice (p < 0.001) 
(Supplementary Figure S6A).

The large majority (74.8%) of the responders found it safe to use 
dogs for the purpose of detecting SARS-CoV-2 infection with people 
(Figure 4F). There were however still some doubts on the safety of 
using sniffer dogs and it was the second biggest confounding factor in 
the general acceptance of SARS-CoV-2 detection dogs in practice 
(p < 0.001) and the second biggest confounding factor in the general 
trust in the outcome of the SARS-CoV-2 detection dogs (p < 0.001) 

(Supplementary Figure S5C). Fear of dogs was a confounding factor 
in the general acceptability (p < 0.001) and in the general trust of the 
outcome of the detection dog (p < 0.001). A dog allergy or religious 
problems with dogs did not have any significant relationship with the 
general acceptability in the SARS-CoV-2 detection dogs (p = 0.8385 
and p = 0.6636, respectively).

A large majority (77.8%) was willing to donate their armpit 
sweat for the purpose of training SARS-CoV-2 detection dogs. 
The willingness to share their armpit sweat to train detection dogs 
was also a confounding factor in the acceptance of the responders 
(p < 0.001). However, when asking which sample the responders 
would be most likely to give for the SARS-CoV-2 detection dog to 
evaluate, the majority indicated they would rather give a sample 
of their armpit sweat (64.2% of the responders) than a nasal 
sample (24.3% of the responders). Other samples that the 
responders are willing to provide are their mouth mask (70.0% of 
the responders) and a sample of their saliva (66.9% of the 
responders). However, when needing to take a decision on which 
test to take when arriving at the airport, most people preferred the 
dog test (60.6%) or the dog test together with a qPCR test (27.7%) 
over the qPCR test (4.6%) or another fast test (7.1%) 
(Supplementary Figure S6B). The responders indicate the 

FIGURE 3

Molecular exploration of differences between SARS-CoV-2-positive and SARS-CoV-2-negative sweat samples. (A) PLSDA plot indicates clear 
differences in metabolic background among the SARS-CoV-2-positive (red) and SARS-CoV-2-negative (green) sweat samples. (B) The plot shows the 
ratio of abundances of volatiles in SARS-CoV-2-positive versus SARS-CoV-2-negative sweat samples. Ratios higher and lower than one (i.e., volatiles 
that are enriched in SARS-CoV-2+ versus SARS-CoV-2- samples) are highlighted in red and green, respectively. Examples of important and recurrent 
annotated volatiles and their respective molecular related volatiles are depicted.
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unpleasant feeling that is associated with taking a sample for a 
qPCR test and the convenience of providing a sample for the 
SARS-CoV-2 detection dog to evaluate.

Communication on the SARS-CoV-2 detection dogs played a 
significant role in influencing the general acceptability and trust in the 
SARS-CoV-2 detection dogs (Supplementary Figure S5B). 
Respondents who had prior exposure to information about these 
detection dogs, through press and social media, exhibited higher levels 
of acceptance (p < 0.001), with communication resulting in a 30% 
increase in acceptability for practical implementation. Communication 
also had a significant impact on the general trustworthiness of the 
SARS-CoV-2 detection dogs (p < 0.001). The age of the responders 
also played a significant influence on the overall acceptability and trust 
in the detection dogs (Supplementary Figure S5D). Younger age 
groups displayed lower levels of acceptance (p < 0.001) and general 
trustworthiness in the outcome of the detection dogs (p < 0.001), 
including concerns related to potential refusal at the border or 
entrance of an event based on the result of SARS-CoV-2 detection 
dogs (p < 0.001). When asked about the location where to deploy 
the corona dogs, the responders preferred to use them in the 
airport (88.4% of the responders), cultural events (78.0% of the 
responders), and sports events (70.9% of the responders) 
(Supplementary Figures S6C,D). The language group (2,261 Dutch 
speaking and 1,330 French speaking) did not have any influence in the 
general acceptability or trust in the SARS-CoV-2 detection dogs. The 
biological gender also did not have a significant correlation with the 
general acceptance on the use of SARS-CoV-2 detection dogs, nor in 
the general trust in the outcome of the detection dogs.

Discussion

The trained SARS-CoV-2 dogs demonstrated an overall accuracy 
of 95% after the validation phase. The average sensitivity, measuring 
the ability to correctly identify positive cases, was 81%, while the 
average specificity, indicating the ability to correctly identify negative 
cases, was 98%. The performance measures remained consistent 
during the post-validation stage, with an average sensitivity of 80% 
and average specificity of 99%. These results are in accordance with 
the general recommendations set by the European Center for Disease 
Prevention and Control and the World Health Organization, thereby 
requiring minimum 80% sensitivity and minimum 97% specificity for 
a valid SARS-CoV-2 test. Therefore, the SARS-CoV-2 detection dogs 
can be considered as reliable rapid antigen tests.

The results presented in the validation and post-validation phase 
are comparable with those of other studies. Other research groups 
have used different samples to train the detection dogs (19): 1/ armpit 
sweat (12–14, 20–22), or 2/ saliva or tracheobronchial secretion (13, 
23, 24), or 3/ urine (13), or 4/ masks and clothes (24). Overall 
sensitivity and specificity, with all types of samples included, varied 
from 65 to 100%, and from 85 to 98%, respectively. While comparing 
studies working only with sweat samples, the sensitivity ranged from 
71 to 100%, and the specificity ranged from 85 to 99%. We attempted 
to document the qPCR cycle threshold (Ct value) for samples 
included; however, this was not possible for each sample used 
throughout the study. We observed that the dogs could more easily 
detect samples from SARS-CoV-2 positive patients when Ct value 
was below 25.

The number of dogs in our training protocol was limited to 6, 
while we started with 13 at the beginning, as a number of dogs did not 
pass the initial selection tests. This corresponds to the range typically 
used in other studies, where the use of 6–12 dogs is common (13, 14, 

TABLE 3 SARS-CoV-2-positive associated volatiles, with p-value and 
putative feature identity.

Retention 
time

Covid p-value Feature ID

2.03 + 7.61E-06 1-octen-3-ol

2.46 + 0.0045 2-octanol

5.60 + 0.0013 1-octen-3-ol

5.60 + 0.0413 1-octen-3-ol

16.11 + 0.0386 2,3-dimethyl-octane

4.66 + 0.0094 Gallic acid

5.94 + 0.0002 Gallic acid

6.45 + 0.0103 4-Hydroxymandelate

6.57 + 0.0317 DL-3,4-Dihydroxymandelic acid

6.65 + 0.0418 Gentisic acid

6.95 + 3.24E-05 DL-3,4-Dihydroxymandelic acid

7.98 + 0.0007 DL-3,4-Dihydroxymandelic acid

9.28 + 0.0002 Urocanic acid

9.28 + 0.0227 Urocanic acid

9.82 + 0.0073 Urocanic acid

10.23 + 6.16E-05 Uridine

11.99 + 0.0465 Octadecyl acetate

12.11 + 0.0012 Octadecyl acetate

12.17 + 0.0251 Octadecyl acetate

12.50 + 0.0177 Octadecyl acetate

3.22

+ 0.0360 2-methyl-N-ethyl-N-octadecyl-

propanamide

3.32

+ 0.0079 2-methyl-N-ethyl-N-octadecyl-

propanamide

3.76 + 0.0004 Unknown

4.11 + 0.0454 Hexanal

4.53 + 0.0053 3-Acetoxy-2-chlorpromazine

7.01 + 0.0112 N-phenyl-benzenemethanamine

8.62 + 0.0208 Camphor

8.72 + 0.0113 Camphor

10.79

+ 0.0251 trans-2-tert-butyl cyclohexanol 

acetate

11.33 + 0.0218 L-Ascorbic acid

12.69 + 0.0019 (6Z,9Z)-6,9-Hentriacontadiene

12.95 + 0.0248 (6Z,9Z)-6,9-Hentriacontadiene

13.28

+ 0.0294 3,4-Dihydro-2,5,7,8-trimethyl-2-

benzyloxycarbonyl-2H-1-

benzopyran-6-ol

16.74 + 0.0335 N-hexyl-acrylamide

18.14 + 0.0205 18-Nonadecenoic acid

20.65 + 0.0341 Tetradacanal

21.87 + 0.0213 unknown
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24–26). The performances of the 6 Belgian dogs exhibited similarity 
to that observed many other studies using armpit sweat samples.

During the training phase, the dogs performed 6 to 10 runs per 
day, 3 to 4 days per week, representing an intensive regimen designed 
to enhance their learning capacity. Careful consideration was given to 
prevent olfactory fatigue and performance decline by avoiding 
excessive runs that may induce exhaustion. In the validation phase, 
the dogs received training to 5 days per week, while after validation, 
the training frequency reduced to 1 day every 2 weeks. Consequently, 
the dogs were more relaxed, although the overall performances after 
validation were not significantly different compared to the 
validation phase.

Proper sampling methods are crucial for training effective 
detection dogs. It is essential to use samples that have been confirmed 
positive or negative through qPCR testing. Sampling time with the 
patients was a determining factor in successful identification by the 
detection dog. In our trial, samples from each patient/participant were 
transferred into plastic bags, frozen to −20°C, transported, stored for 
some time, thawed (30 min) (−20°C to 16°C) before being presented 
to the detection dog. However, this process can result in a certain loss 
of volatile molecules. To mitigate this loss, we  aimed to ensure a 
minimum contact time between sample and armpit of 15 min, with 
the majority of samples having a contact time of 30 min. In contrast, 
other studies have generally employed shorter contact times (12–14, 

20–22). Based on our experience, a longer initial sampling time, 
allowing for greater retention of odorous molecules in the cotton pads, 
is preferred to account for the losses during freezing, thawing, 
transportation and storage (27). In our study design, a sampling time 
of 30 min is preferred over 15 min. However, some studies have 
demonstrated good results with a contact time as short as 5 min (20), 
where samples were provided to the dogs fresh or stored at +4°C (21). 
In our study, all samples were stored at −20°C, as working with fresh 
samples risked evaporation of volatiles between sampling and training. 
Increasing the contact-time between cotton balls and armpit may 
improve the quality of the sample when freezing is involved, but it may 
not be practical in field conditions. The possible solution is to use fresh 
samples for testing, which would reduce the contact time between 
cotton balls and patients while maintaining good performances of 
the test.

During the validation phase, a rigorous approach was employed 
to ensure the reliability of the results. Unlike other studies, no empty 
cones devoid of human scent (blank) were used, but sweat samples 
worn by confirmed SARS-CoV-2 positive or negative cases were 
exclusively employed. Additionally, the dogs were exposed to 
completely negative series, consisting of samples coming from 
different volunteers. This rigorous method was not found in previous 
studies and was superior to other studies conducted on sweat samples. 
The validation process was undertaken in double-blinded conditions. 

FIGURE 4

Results from the national survey on acceptability toward the use of SARS-CoV-2 detection dogs in practice. (A) Do you accept detection dogs to 
be used for this purpose? (B) Do you trust in the outcome of the SARS-CoV-2 detection dogs? (C) Which test would people trust more: the outcome 
of the SARS-CoV-2 detection dogs or the outcome of the qPCR test? (D) Is it ethical to use detection dogs for this purpose? (E) Is it organizationally 
possible to use detection dogs in real life? (F) Is it dangerous to use dogs for this purpose?

https://doi.org/10.3389/fmed.2023.1185779
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Callewaert et al. 10.3389/fmed.2023.1185779

Frontiers in Medicine 11 frontiersin.org

To prevent any sampling center-related bias, sweat samples were 
obtained from different locations, from patients with different clinical 
signs, and at different moments of the day, irrespective of the Ct-value. 
This comprehensive approach aimed to ensure the robustness of the 
results by avoiding any potential biases associated with the 
sampling center.

At the beginning of the training, cotton balls and gauze were used 
as scent carriers. In order to enable the dogs to discriminate the 
specific SARS-CoV-2 odor, it was essential to consistently present the 
same scent carriers for positive or negative samples. Almost all 
negative samples were collected on cotton balls so it was necessary to 
collect the positive samples on cotton balls as well. Otherwise, the 
dogs could learn to distinguish cotton from gauze, which is 
not wanted.

Variations in the performance of the dogs may come from a range 
of different factors, including their individual skills, specific function 
(explosive detection versus search and rescue), conditioning, training, 
age, diet and environment (28). In our study, we observed a potential 
lower performance when the outside temperature was higher than 
25°C, despite conducting training sessions in a controlled environment 
with regulated temperature and humidity. The elevated temperatures 
could exhaust the dogs in between the runs. It is known that 
dehydration of the mucosal layer in the canine nasal cavity can 
significantly decrease odor detection capabilities (29, 30).

During the training phase, the dogs had the tendency to show 
hesitation at both the first and last cones. In future training setups, it 
would be preferable to arrange the cones in a circular way to address 
this issue. In order to improve the sensitivity of the dogs, double 
validation (2 dogs testing the same sweat samples) could be performed 
on real samples. Previous studies have reported a sensitivity of up to 
100% using this double validation (22). The specificity of the 6 trained 
dogs was overall very high. This is an interesting characteristic because 
it allows SARS-CoV-2 negative people to not be stuck in an airport or 
other place/event in case of a false positive result. Despite a high 
specificity, confirmed negative patients did not have another qPCR 
test several days later to confirm the result.

There was no significant correlation found between the age, 
biological gender, body mass index, or deodorant use of the participant 
that provided the sample and the detection (or hesitation) by the 
trained dogs. This is good news, as this means that deodorants cannot 
cover up an underlying SARS-CoV-2 infection of a patient. Similarly, 
individual characteristics such as biological gender, age and body mass 
index do not influence the efficacy for trained dogs to detect an 
underlying infection. This makes the detection dog method a robust 
and uniform detection method for SARS-CoV-2.

The trained SARS-CoV-2 dogs correctly identified 100% of 
vaccinated people as negative, and thus healthy. The individuals 
received the Comirnaty® vaccine in two doses and were sampled 
3 weeks after the second dose. At least after 3 weeks, the vaccination 
process did not interfere with the dogs’ ability to distinguish positive 
and negative samples, thus avoiding false positive detection in healthy 
vaccinated people.

The trained detection dogs were able to detect a mixture of 
different volatiles (Figure  3; Table  3; Supplementary Figure S4). 
Particular volatiles were repeatedly retrieved and significantly 
associated with SARS-CoV-2 positive sweat samples, and not 
associated with SARS-CoV-2 negative sweat samples. Some of the 
volatiles were breakdown compounds and could be  traced back. 

1-octen-3-ol, detected in higher abundances in SARS-CoV-2-positive 
sweat samples, is known to be  secreted by human skin and is an 
important attractant for mosquitoes (31). It is a breakdown product 
of linoleic acid, which was identified as an important antiviral fatty 
acid. A study showed that linoleic acid was the most antiviral against 
the SARS-CoV-2 virus, with a direct binding to the cavity formed by 
the RNA double helix and protein (32). As such, it is hypothesized that 
1-octen-3-ol is present in sweat in higher amounts because of the 
activity of linoleic acid. These alcohols have been found in the breath 
of (critically ill) SARS-CoV-2 patients (19, 33–35) which confirms 
their elevation with SARS-CoV-2 infection. DL-3,4-
dihydroxymandelic acid and its derivatives are metabolites of 
norepinephrine and have antioxidant properties (36). Norepinephrine 
is an important hormone and neurotransmitter in the human body 
which is released in higher levels during situations of stress or danger 
(37). Norepinephrine is also a known neurotransmitter in the Merkel 
cells located in the skin (38). Norepinephrine (or a structurally related 
neurotransmitter) may be implied in the cytokine storms present in 
SARS-CoV-2 patients (39, 40). In that case, the dogs can detect the 
neurotransmitter metabolites that are implied in the cytokine storms 
of SARS-CoV-2 patients. Several volatiles related to urocanic acid 
were detected in higher abundances in SARS-CoV-2-positive samples. 
Urocanic acid is naturally present in human sweat and in the stratum 
corneum and is a breakdown product of filaggrin (41). It is known to 
act as a photo protectant and absorbs UVB light (41). It could 
be upregulated in SARS-CoV-2-positive sweat samples as part of the 
natural immune reaction of the human body to the Sars-CoV-2 virus, 
although the real reason remains to be elucidated. Octadecyl acetate 
was similarly repeatedly found and associated with SARS-CoV-2 
positive sweat samples. It remains unclear why these volatiles are 
upregulated. A variety of other volatiles have been identified (Table 3) 
and all add up to the unique scent associated with infection that the 
detection dogs were able to pick up.

Detection dogs are widely used to detect narcotics and explosives 
(42), however, to the public, it is relatively unknown that detection 
dogs can be used to detect SARS-CoV-2 infection in humans. The 
Belgian population largely supports the SARS-CoV-2 detection dogs 
as a valid detection technique however; a minority of people raised 
some constraints (Supplementary Figure S5). The use of a quick 
antigen test seems to be easier to handle compared to detection dogs 
(43). Some respondents were afraid of dogs but this can be solved by 
avoiding direct contact between a screened person and a detection 
dog. Communication on the possibilities of SARS-CoV-2 detection 
dogs was very important in order to increase overall acceptance as a 
valid SARS-CoV-2 detection test. Nonetheless, based on our large 
Belgian survey, most of the Belgian people were open toward the use 
of detection dogs to detect SARS-CoV-2.

In general, people were more open toward detection by a dog, 
rather than taking a nasal sample for qPCR test. The latter is more 
invasive as compared to taking a sweat sample (44). Respondents also 
preferred to provide an armpit sweat sample, rather than socks, urine, 
shirt, or neck sweat sample. Providing an armpit sweat sample is one 
of the least invasive methods to detect on SARS-CoV-2, together with 
providing a disposable mouth mask and saliva. The Belgian 
respondents saw great value in using the detection dogs at the airport. 
Other preferred locations were cultural and sports events. Detection 
dogs would indeed be  very useful in these locations, where large 
numbers of people can be screened in a small amount of time and with 

https://doi.org/10.3389/fmed.2023.1185779
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Callewaert et al. 10.3389/fmed.2023.1185779

Frontiers in Medicine 12 frontiersin.org

minimal efforts (45). The main reservations that people had toward 
such detection dogs were related to ethical considerations, safety and 
organizational considerations. Similar ethical considerations have 
been noted before (19).

The current study has limitations. Ideally, the dogs can also detect 
asymptomatic people, but we had only few of these samples during 
training. The main objective was to train detection dogs on the ability 
to distinguish between SARS-CoV-2 infected and healthy people, and 
we therefore primarily trained with positive samples coming from 
patients with clear symptoms and qPCR results of <25 cycles.

We did not confirm the absence of SARS-CoV-2 virus in the dogs’ 
nose after training as the probability was very low. There was no direct 
skin contact between the sample and the dog’s nose. It is also well 
known that sweat is not a classical way of virus excretion. Finally, the 
virus replicates very rarely in dogs (46), and only after prolonged and 
direct contact with a highly contagious patient. Therefore, the chance 
of viral transmission is minimal. Dog trainers were tested regularly 
and were not tested as positive. In addition, no dog or trainer got ill 
during the training, validation or post-validation.

The Belgian government supported the training of our SARS-
CoV-2 detection dogs and acknowledged the great results obtained. 
However, the government wished to deploy the dogs directly among 
a crowd of people, which required a more specific training. Since the 
vaccines and the quick antigen tests were widely available, the Belgian 
government did not further support the detection dogs’ program.

Conclusion

Detection dogs can be efficiently trained to detect SARS-CoV-2 
based on sweat samples obtained from the armpit. The trained dogs 
exhibit a high specificity, rarely indicating a negative sample as 
positive. Ensuring the collection of high-quality samples is crucial, 
involving a consistent sampling protocol, with the use of the same 
carrier and sufficient odor captured. An appropriate storage at cold 
temperature (4°C or − 18°C or − 20°C) and 30 min sampling time is 
preferred, accompanied by confirmation of the sample being positive 
or negative through qPCR testing. Positive samples from symptomatic 
patients and samples sourced from different hospitals are 
recommended to avoid center bias.

A training protocol was constructed whereby the goal was to have 
6 to 10 runs per day per dog. This range was determined to 
be sufficient for effective training, as fewer runs were insufficient to 
train the dogs, while more runs resulted in dog exhaustion. 
Additionally, detection dogs which were pre-trained to detect ‘in line’ 
were found to be easier for the training on SARS-CoV-2 samples. The 
dogs detected a wide variety of volatiles, among which a series of 
breakdown compounds of antiviral fatty acids and neurotransmitters/
hormones.

The general public demonstrated a high acceptability toward the 
utilization of canines as SARS-CoV-2 detection tools. However, it is 
crucial to establish a proper practical setup. Direct contact between 
screened person and detection dog should be avoided, to deal with the 
fear that some people have. Enhancing overall acceptability requires 
effective communication regarding the possibilities and efficacy of the 
SARS-CoV-2 detection dogs. Sampling of the armpit for this purpose 
is preferred over a nasal swab for qPCR test, as it offers a less 
invasive approach.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving animals were reviewed and approved by the 
University of Liege (approval number N°20-2246). The studies 
involving human participants were reviewed and approved by Ethical 
Committee UZ Gent, approval number multicentric study BC-08571, 
as well as all participating hospitals (listed under Materials & 
Methods). The patients/participants provided their written informed 
consent to participate in this study. Written informed consent was 
obtained from the individual(s) for the publication of any identifiable 
images or data included in this article.

Author contributions

CC, MS, FG, and HG designed the experiments. MP, RV, BaM, 
EV, PV, CC, and HG did the metadata collection. MP, RV, BaM, EV, 
and PVG trained the detection dogs and did the experimental 
organization and setup. AP, BeM, GD, SP, LDV, FS, KVV, SoT, AO, 
IM, PV, SJ, LV, ET, GW, J-CM, KA, LD’H, SeT, BDT, and JC collected 
samples from patients. AL, AM, and AA did the GC/MS analysis 
and putative identification of volatiles. DG provided the initial dog 
training and supplied feedback. CC and HG wrote the manuscript. 
CC made the figures and did the statistical analysis. All authors 
critically revised the manuscript for important intellectual content.

Funding

This study was supported by the Belgian Government. We thank 
Frank Vandenbroucke, Deputy Prime Minister and Federal Minister 
of Social Affairs and Public Health, in charge of Development 
Cooperation and Large Cities Policy, and his team for his financial 
support which allowed to do this project in Belgium.

Acknowledgments

Special thanks must be first addressed to the dog handlers from 
Police, Civil Security, and Army: Evi Soeters, Christophe Conobert, 
Bess Vandereyken, Peter Kempeneers, Sophie Gobiet and also 
Manuel Ghys, Rik Derboven, Julien Collard, Francis Lemmens, 
Ianthe Terpelle, Jo Vanderkerken, Laurent Wynant, Simon Sterken, 
Jaak Hendrickx and Elise De Witte who voluntarily participated in 
all training and trained the dogs very effectively. Thanks also to the 
dogs (Paxi, Cheos, Xhena, Tina, Lilly, Bailey) who did a wonderful 
job. The authors would also like to acknowledge all the people and 
participants that collected samples, donated samples, trained or 
supported this research. In particular, the authors would like to 
thank Samira Azarzar, Patricia Dellot, Nicole Maréchal, Marc 
Bogaert, Christiaan De Pauw, Chryso Van Renterghem, Wim Van 
Zele, Tom Van Esbroeck, Nicolas Jalet, Jan Deroo, Xavier Lange, 

https://doi.org/10.3389/fmed.2023.1185779
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Callewaert et al. 10.3389/fmed.2023.1185779

Frontiers in Medicine 13 frontiersin.org

Marijke De Raes, An Van Rompaey, Thierry Degrunne, Lennart 
Vanvoorden, Thierry Van Den Berg, Steven Van Gucht, Laura 
Cornelissen, Tinne Lernout, Yves Lafort, Tineke Van Hooland, Bart 
Bautmans, Dirk Dewolf, Pedro Facon, Sam Proesmans, Raf Suys, 
Ben Weyts, Philippe Mortier, Christiaan Decoster, Carolien Sonck, 
Paul Pardon, Carl Demey, Dries Holvoet, Piet Hoebeke, Steven 
Callens, Jan De Maeseneer, Stefanie Vanheuverswyn, Ria 
Vandenbrande, Florence Havegheer, Karen Vervisch, Dirk Lips, 
Jolien Lips, Conny Bollaert, Tim Uytersprot, Cedric Erken, Simon 
Sterken, Jaak Hendrickx and the volunteers of Kiwanis.

Conflict of interest

CC is the founder of DrArmpit BV. AA and AM are founders of 
Arome Science Inc.

The remaining authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The reviewer A-LC is currently co-organizing a Research Topic 
with one of the authors DG.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1185779/
full#supplementary-material

References
 1. Arevalo-Rodriguez I, Buitrago-Garcia D, Simancas-Racines D, Zambrano-Achig P, 

Del Campo R, Ciapponi A, et al. False-negative results of initial RT-PCR assays for 
COVID-19: a systematic review. PLoS One. (2020) 15:e0242958. doi: 10.1371/journal.
pone.0242958

 2. Defêche J, Azarzar S, Mesdagh A, Dellot P, Tytgat A, Bureau F, et al. In-depth 
longitudinal comparison of clinical specimens to detect SARS-CoV-2. Pathogens. (2021) 
10:1362. doi: 10.3390/pathogens10111362

 3. Bouslimani A, da Silva R, Kosciolek T, Janssen S, Callewaert C, Amir A, et al. The 
impact of skin care products on skin chemistry and microbiome dynamics. BMC Biol. 
(2019) 17:47. doi: 10.1186/s12915-019-0660-6

 4. Amann A, Costello BL, Miekisch W, Schubert J, Buszewski B, Pleil J, et al. The 
human volatilome: volatile organic compounds (VOCs) in exhaled breath, skin 
emanations, urine, feces and saliva. J Breath Res. (2014) 8:034001. doi: 
10.1088/1752-7155/8/3/034001

 5. Guest C, Harris R, Sfanos KS, Shrestha E, Partin AW, Trock B, et al. Feasibility of 
integrating canine olfaction with chemical and microbial profiling of urine to detect 
lethal prostate cancer. PLoS One. (2021) 16:e0245530. doi: 10.1371/journal.pone.0245530

 6. Rooney NJ, Guest CM, Swanson LCM, Morant SV. How effective are trained dogs at 
alerting their owners to changes in blood glycaemic levels?: variations in performance of 
glycaemia alert dogs. PLoS One. (2019) 14:e0210092. doi: 10.1371/journal.pone. 
0210092

 7. Cornu JN, Cancel-Tassin G, Ondet V, Girardet C, Cussenot O. Olfactory detection 
of prostate cancer by dogs sniffing urine: a step forward in early diagnosis. Eur Urol. 
(2011) 59:197–201. doi: 10.1016/j.eururo.2010.10.006

 8. Kasstan B, Hampshire K, Guest C, Logan JG, Pinder M, Williams K, et al. Sniff and 
tell: the feasibility of using bio-detection dogs as a mobile diagnostic intervention for 
asymptomatic malaria in sub-Saharan Africa. J Biosoc Sci. (2019) 51:436–43. doi: 
10.1017/S0021932018000408

 9. Angle TC, Passler T, Waggoner PL, Fischer TD, Rogers B, Galik PK, et al. Real-time 
detection of a virus using detection dogs. Front Vet Sci. (2015) 2:79. doi: 10.3389/
fvets.2015.00079

 10. Sethi S, Nanda R, Chakraborty T. Clinical application of volatile organic 
compound analysis for detecting infectious diseases. Clin Microbiol Rev. (2013) 
26:462–75. doi: 10.1128/CMR.00020-13

 11. Vieira de Castro AC, Fuchs D, Morello GM, Pastur S, de Sousa L, Olsson IAS. Does 
training method matter? Evidence for the negative impact of aversive-based methods 
on companion dog welfare. PLoS One. (2020) 15:e0225023. doi: 10.1371/journal.
pone.0225023

 12. Grandjean D, Sarkis R, Lecoq-Julien C, Benard A, Roger V, Levesque E, et al. Can 
the detection dog alert on COVID-19 positive persons by sniffing axillary sweat 
samples? A proof-of-concept study. PLoS One. (2020) 15:e0243122. doi: 10.1371/journal.
pone.0243122

 13. Jendrny P, Schulz C, Twele F, Meller S, von Köckritz-Blickwede M, Osterhaus 
ADME, et al. Scent dog identification of samples from COVID-19 patients - a pilot 
study. BMC Infect Dis. (2020) 20:536. doi: 10.1186/s12879-020-05281-3

 14. Grandjean D. Use of canine olfactory detection for COVID-19 testing study on U. 
A. E. trained detection dog sensitivity. Open Access J Vet Sci Res. (2021) 6:1–14. doi: 
10.23880/oajvsr-16000210

 15. Aksenov AA, Laponogov I, Zhang Z, Doran SLF, Belluomo I, Veselkov D, et al. 
Auto-deconvolution and molecular networking of gas chromatography-mass 
spectrometry data. Nat Biotechnol. (2021) 39:169–73. doi: 10.1038/s41587-020-0700-3

 16. Wang M, Carver JJ, Phelan VV, Sanchez LM, Garg N, Peng Y, et al. Sharing and 
community curation of mass spectrometry data with global natural products social 
molecular networking. Nat Biotechnol. (2016) 34:828–37. doi: 10.1038/ 
nbt.3597

 17. Bossuyt PM, Reitsma JB, Bruns DE, Gatsonis CA, Glasziou PP, Irwig L, et al. 
STARD 2015: an updated list of essential items for reporting diagnostic accuracy studies. 
BMJ. (2015) 351:h5527. doi: 10.1136/bmj.h5527

 18. Šimundić AM. Measures of diagnostic accuracy: basic definitions. EJIFCC. (2009) 
19:203–11.

 19. Meller S, Al Khatri MSA, Alhammadi HK, Álvarez G, Alvergnat G, Alves LC, et al. 
Expert considerations and consensus for using dogs to detect human SARS-CoV-2-
infections. Front Med. (2022) 9:1015620. doi: 10.3389/fmed.2022.1015620

 20. Angeletti S, Travaglino F, Spoto S, Pascarella MC, Mansi G, De Cesaris M, et al. 
COVID-19 sniffer dog experimental training: which protocol and which implications 
for reliable sidentification? J Med Virol. (2021) 93:5924–30. doi: 10.1002/jmv.27147

 21. Hag-Ali M, AlShamsi AS, Boeijen L, Mahmmod Y, Manzoor R, Rutten H, et al. 
The detection dogs test is more sensitive than real-time PCR in screening for SARS-
CoV-2. Commun Biol. (2021) 4:686. doi: 10.1038/s42003-021-02232-9

 22. Sarkis R, Lichaa A, Mjaess G, Saliba M, Selman C, Lecoq-Julien C, et al. New 
method of screening for COVID-19 disease using sniffer dogs and scents from axillary 
sweat samples. J Public Health. (2021) 44:e36–41. doi: 10.1093/pubmed/fdab215

 23. Vesga O, Agudelo M, Valencia-Jaramillo AF, Mira-Montoya A, Ossa-Ospina F, 
Ocampo E, et al. Highly sensitive scent-detection of COVID-19 patients in vivo by 
trained dogs. PLoS One. (2021) 16:e0257474. doi: 10.1371/journal.pone.0257474

 24. Eskandari E, Ahmadi Marzaleh M, Roudgari H, Hamidi Farahani R, Nezami-Asl 
A, Laripour R, et al. Sniffer dogs as a screening/diagnostic tool for COVID-19: a proof 
of concept study. BMC Infect Dis. (2021) 21:243. doi: 10.1186/s12879-021-05939-6

 25. Ten Hagen NA, Twele F, Meller S, Jendrny P, Schulz C, von Köckritz-Blickwede M, 
et al. Discrimination of SARS-CoV-2 infections from other viral respiratory infections 
by scent detection dogs. Front Med. (2021) 8:749588. doi: 10.3389/fmed.2021.749588

 26. Maia RCC, Alves LC, da Silva JES, Czyba FR, Pereira JA, Soistier V, et al. Canine 
olfactory detection of SARS-COV2-infected patients: a one health approach. Front 
Public Health. (2021) 9:647903. doi: 10.3389/fpubh.2021.647903

 27. Lenochova P, Roberts SC, Havlicek J. Methods of human body odor sampling: the 
effect of freezing. Chem Senses. (2009) 34:127–38. doi: 10.1093/chemse/bjn067

 28. Jenkins EK, DeChant MT, Perry EB. When the nose doesn’t know: canine olfactory 
function associated with health, management, and potential links to microbiota. Front 
Vet Sci. (2018) 5:56. doi: 10.3389/fvets.2018.00056

https://doi.org/10.3389/fmed.2023.1185779
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2023.1185779/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2023.1185779/full#supplementary-material
https://doi.org/10.1371/journal.pone.0242958
https://doi.org/10.1371/journal.pone.0242958
https://doi.org/10.3390/pathogens10111362
https://doi.org/10.1186/s12915-019-0660-6
https://doi.org/10.1088/1752-7155/8/3/034001
https://doi.org/10.1371/journal.pone.0245530
https://doi.org/10.1371/journal.pone.0210092
https://doi.org/10.1371/journal.pone.0210092
https://doi.org/10.1016/j.eururo.2010.10.006
https://doi.org/10.1017/S0021932018000408
https://doi.org/10.3389/fvets.2015.00079
https://doi.org/10.3389/fvets.2015.00079
https://doi.org/10.1128/CMR.00020-13
https://doi.org/10.1371/journal.pone.0225023
https://doi.org/10.1371/journal.pone.0225023
https://doi.org/10.1371/journal.pone.0243122
https://doi.org/10.1371/journal.pone.0243122
https://doi.org/10.1186/s12879-020-05281-3
https://doi.org/10.23880/oajvsr-16000210
https://doi.org/10.1038/s41587-020-0700-3
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1136/bmj.h5527
https://doi.org/10.3389/fmed.2022.1015620
https://doi.org/10.1002/jmv.27147
https://doi.org/10.1038/s42003-021-02232-9
https://doi.org/10.1093/pubmed/fdab215
https://doi.org/10.1371/journal.pone.0257474
https://doi.org/10.1186/s12879-021-05939-6
https://doi.org/10.3389/fmed.2021.749588
https://doi.org/10.3389/fpubh.2021.647903
https://doi.org/10.1093/chemse/bjn067
https://doi.org/10.3389/fvets.2018.00056


Callewaert et al. 10.3389/fmed.2023.1185779

Frontiers in Medicine 14 frontiersin.org

 29. Altom EK, Davenport GM, Myers LJ, Cummins KA. Effect of dietary fat source 
and exercise on odorant-detecting ability of canine athletes. Res Vet Sci. (2003) 
75:149–55. doi: 10.1016/S0034-5288(03)00071-7

 30. Otto CM, Hare E, Nord JL, Palermo SM, Kelsey KM, Darling TA, et al. Evaluation 
of three hydration strategies in detection dogs working in a hot environment. Front Vet 
Sci. (2017) 4:174. doi: 10.3389/fvets.2017.00174

 31. Takken W, Knols BG. Odor-mediated behavior of Afrotropical malaria 
mosquitoes. Annu Rev Entomol. (1999) 44:131–57. doi: 10.1146/annurev.ento. 
44.1.131

 32. Goc A, Sumera W, Rath M, Niedzwiecki A. Linoleic acid binds to SARS-CoV-2 
RdRp and represses replication of seasonal human coronavirus OC43. Sci Rep. (2022) 
12:19114. doi: 10.1038/s41598-022-23880-9

 33. Ruszkiewicz DM, Sanders D, O’Brien R, Hempel F, Reed MJ, Riepe AC, et al. 
Diagnosis of COVID-19 by analysis of breath with gas chromatography-ion mobility 
spectrometry - a feasibility study. EClinicalMedicine. (2020) 29:100609. doi: 10.1016/j.
eclinm.2020.100609

 34. Berna AZ, Akaho EH, Harris RM, Congdon M, Korn E, Neher S, et al. 
Reproducible breath metabolite changes in children with SARS-CoV-2 infection. ACS 
Infect Dis. (2021) 7:2596–603. doi: 10.1021/acsinfecdis.1c00248

 35. Grassin-Delyle S, Roquencourt C, Moine P, Saffroy G, Carn S, Heming N, et al. 
Metabolomics of exhaled breath in critically ill COVID-19 patients: a pilot study. 
EBioMedicine. (2021) 63:103154. doi: 10.1016/j.ebiom.2020.103154

 36. Ley JP, Engelhart K, Bernhardt J, Bertram HJ. 3,4-Dihydroxymandelic acid, a 
noradrenalin metabolite with powerful antioxidative potential. J Agric Food Chem. 
(2002) 50:5897–902. doi: 10.1021/jf025667e

 37. Koob GF. Corticotropin-releasing factor, norepinephrine, and stress. Biol 
Psychiatry. (1999) 46:1167–80. doi: 10.1016/s0006-3223(99)00164-x

 38. Hoffman BU, Baba Y, Griffith TN, Mosharov EV, Woo SH, Roybal DD, et al. Merkel 
cells activate sensory neural pathways through adrenergic synapses. Neuron. (2018) 
100:1401–13.e6. doi: 10.1016/j.neuron.2018.10.034

 39. Luo P, Liu D, Li J. Epinephrine use in COVID-19: friend or foe? Eur J Hosp Pharm 
Sci. (2021) 28:e1. doi: 10.1136/ejhpharm-2020-002295

 40. Montazersaheb S, Hosseiniyan Khatibi SM, Hejazi MS, Tarhriz V, Farjami A, 
Ghasemian Sorbeni F, et al. COVID-19 infection: an overview on cytokine storm and 
related interventions. Virol J. (2022) 19:92. doi: 10.1186/s12985-022-01814-1

 41. Egawa M, Nomura J, Iwaki H. The evaluation of the amount of cis- and trans-
urocanic acid in the stratum corneum by Raman spectroscopy. Photochem Photobiol Sci. 
(2010) 9:730–3. doi: 10.1039/b9pp00143c

 42. Furton KG, Myers LJ. The scientific foundation and efficacy of the use of canines 
as chemical detectors for explosives. Talanta. (2001) 54:487–500. doi: 10.1016/
S0039-9140(00)00546-4

 43. Benda A, Zerajic L, Ankita A, Cleary E, Park Y, Pandey S. COVID-19 testing and 
diagnostics: a review of commercialized technologies for cost, convenience and quality 
of tests. Sensors. (2021) 21:6581. doi: 10.3390/s21196581

 44. Vlek ALM, Wesselius TS, Achterberg R, Thijsen SFT. Combined throat/nasal swab 
sampling for SARS-CoV-2 is equivalent to nasopharyngeal sampling. Eur J Clin 
Microbiol Infect Dis. (2021) 40:193–5. doi: 10.1007/s10096-020-03972-y

 45. Bonfanti ME. From sniffer dogs to emerging sniffer devices for airport security: 
an opportunity to rethink privacy implications? Sci Eng Ethics. (2014) 20:791–807. doi: 
10.1007/s11948-014-9528-x

 46. Deng J, Jin Y, Liu Y, Sun J, Hao L, Bai J, et al. Serological survey of SARS-CoV-2 
for experimental, domestic, companion and wild animals excludes intermediate hosts 
of 35 different species of animals. Transbound Emerg Dis. (2020) 67:1745–9. doi: 
10.1111/tbed.13577

https://doi.org/10.3389/fmed.2023.1185779
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1016/S0034-5288(03)00071-7
https://doi.org/10.3389/fvets.2017.00174
https://doi.org/10.1146/annurev.ento.44.1.131
https://doi.org/10.1146/annurev.ento.44.1.131
https://doi.org/10.1038/s41598-022-23880-9
https://doi.org/10.1016/j.eclinm.2020.100609
https://doi.org/10.1016/j.eclinm.2020.100609
https://doi.org/10.1021/acsinfecdis.1c00248
https://doi.org/10.1016/j.ebiom.2020.103154
https://doi.org/10.1021/jf025667e
https://doi.org/10.1016/s0006-3223(99)00164-x
https://doi.org/10.1016/j.neuron.2018.10.034
https://doi.org/10.1136/ejhpharm-2020-002295
https://doi.org/10.1186/s12985-022-01814-1
https://doi.org/10.1039/b9pp00143c
https://doi.org/10.1016/S0039-9140(00)00546-4
https://doi.org/10.1016/S0039-9140(00)00546-4
https://doi.org/10.3390/s21196581
https://doi.org/10.1007/s10096-020-03972-y
https://doi.org/10.1007/s11948-014-9528-x
https://doi.org/10.1111/tbed.13577

	Sniffing out safety: canine detection and identification of SARS-CoV-2 infection from armpit sweat
	Introduction
	Materials and methods
	Clinical trials
	Sweat samples
	Dog selection
	Dog training
	GC/MS analysis and GNPS identification
	Statistical analysis
	Survey/questionnaire

	Results
	Sampling and optimal training protocol
	Dog training results during and after validation
	Dog results on vaccinated patients’ samples
	Effect of age, biological gender, body mass index, deodorant use, medication use and sample location on detection by the dogs
	GC/MS
	Acceptability results of SARS-CoV-2 detection dogs

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

