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Preface  
Before you lies the thesis “Combining breath analysis and clinical variables for improved diagnosis of 
rheumatoid arthritis”. The research for this thesis was conducted at Medisch Spectrum Twente in 
Enschede. I wrote this thesis as part of my graduation from the master Health Sciences at the University 
of Twente. I worked on this entirely from home, except for seven days, during the period from January 
2024 to June 2024.  
 
Together with my supervisors, Demy Gerritsen, Harald Vonkeman and Job van der Palen, I came up 
with the topic of my thesis. My thesis is part of several studies with the aeoNose in the rheumatology 
department of Medisch Spectrum Twente. Since I was working from home and could not engage in 
conducting research at the hospital, I contributed to the research from a distance. I worked on checking 
all study participants in the online dataset and whether they matched the actual data.  
 
Within this research, I experienced how dependent you can be on others and my patience has been 
tested with that. My graduation period also taught me that I am ready to enter the field of work and 
that studying has been enough for now. I am glad that I started and also finished this master’s thesis 
and therefore hereby conclude my student life.  
 
I would like to thank my supervisors for their excellent guidance and support during my graduation. 
Firstly, I would like to thank Demy Gerritsen for answering my questions promptly, collecting the data I 
used and keeping me updated on the research. I would also like to thank Harald Vonkeman and Job van 
der Palen for making my graduation possible quickly, their expert advice and quick answers to my 
questions. Not to mention that all three of them gave me the opportunity to graduate almost entirely 
from home and, as a result, conduct almost all contact digitally. I am also very grateful to the other 
students who engaged in research with the aeoNose, with them I was able to discuss things we were 
running into and thus come to a solution. This all gave me new ideas that helped me to bring this thesis 
to a good end.  
 
Enjoy reading my thesis! 
 
Silvie van Grotel 
 
Riethoven, June 14, 2024 
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Abstract 
Rheumatoid arthritis is a chronic inflammatory disease, which is characterised by severe damage to 
joints and bones. A specialist performs an examination on an individual with suspected rheumatoid 
arthritis to establish the diagnosis, this includes a medical history, physical examination, and blood 
tests. When treating rheumatoid arthritis, it is important for a patient to start treatment early to avoid 
irreversible damage.  
 
The aeoNose is a device from The eNose Company in which an individual must breathe in and out 
through the mouthpiece of the device for 5 minutes. The aeoNose measures volatile organic 
compounds in exhaled air and, through the use of an algorithm, identifies different breath profiles. By 
analysing these breath profiles, the aeoNose’s algorithm can be trained to better distinguish between 
individuals with a particular diagnosis and individuals without that particular disease.  
 
Within this current study, sociodemographic variables will be added to the analyses to see if this will 
allow the model to better distinguish between individuals with rheumatoid arthritis and without 
rheumatoid arthritis. These are the variables age, gender, body mass index and smoking status. First, 
the differences in sociodemographic variables between control group, individuals without rheumatoid 
arthritis, and patient group, individuals with rheumatoid arthritis patients, are assessed. The eNose 
Company then calculates the probability of the presence of rheumatoid arthritis based on the volatile 
organic compounds in the exhaled air from the aeoNose measurements. Next, univariate and 
multivariate logistic regression analyses are used to calculate the probability of rheumatoid arthritis 
based on the aeoNose data and sociodemographic variables alone and combined. Based on the 
sensitivity, specificity, positive predictive value, negative predictive value, receiver operating 
characteristic curve and area under the curve, the different models are compared.  
 
The aim of this study is to see whether the aeoNose can contribute to the diagnosis of rheumatoid 
arthritis, with the aim of deploying the aeoNose in general practices. Because of this, the focus is on 
the diagnostic parameters of sensitivity and negative predictive value, as it is important not to miss 
rheumatoid arthritis patients who should be receiving treatment. Therefore, the number of false 
negatives should be as low as possible.  
 
The results show that there is a negligible difference between the area under the curve from the 
receiver operating characteristic of the model with the aeoNose classification value and the model with 
the sociodemographic variables. The model that combines the aeoNose classification value with the 
sociodemographic variables outperforms the other two models. Indeed, this model has an area under 
the curve from the receiver operating characteristic of 0.750 which is 0.057 and 0.073 more than of 
the models with only the sociodemographic variables and only the aeoNose classification value 
respectively.  
 
Ultimately, it can be concluded that adding the sociodemographic variables; age and gender, to the 
analysis of aeoNose provides better distinguishing individuals with and without rheumatoid arthritis. 
The sociodemographic variables combined with aeoNose classification value gives the best area under 
the curve from the receiver operating characteristic relative to both separately. This means that the 
aeoNose can be used in combination with age and gender to help general practitioners better refer 
individuals with suspected rheumatoid arthritis to a specialist. 
 
 
 
Keywords: aeoNose, breath analysis, rheumatoid arthritis, sociodemographic variables.  
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Abbreviations  
Abbreviation Definition 

ACR American College of Rheumatology  

Anti-CCP Anti-cyclic citrullinated peptides 

AUC Area under the curve  

BMI Body mass index  

BSE Bezinkingssnelheid van de erytrocyten 

COPD Chronic obstructive pulmonary disease  

CRP C-reactive protein  

eNose Electronic nose 

ESR Erythrocyte sedimentation rate  

EULAR European Alliance of Associations for Rheumatology 

FN False negatives 

FP False positives 

GP General practitioner  

MST Medisch Spectrum Twente  

NPV Negative predictive value  

PPV  Positive predictive value 

RA Rheumatoid arthritis  

RF Rheumatoid factor  

ROC Receiver operating characteristic  

TN True negatives  

TP True positives 

VOCs Volatile organic compounds  
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Introduction  
Rheumatoid arthritis (RA) is a chronic inflammatory disease characterised by severe joint and bone 
damage [1–3]. In RA there is a heightened autoimmune response at joint sites. In 2021, there were 
nearly 270,000 people diagnosed with RA in the Netherlands, of whom about 170,000 were female 
and 100,000 were male [4]. While the exact cause of RA is unknown, it is more common and severe in 
individuals with a specific genetic predisposition [2,5]. RA is also more prevalent in females, hormones 
could play a role in the course and development of the disease [6]. Thereby, smoking is a major risk 
factor in the development of the disease and can make antirheumatic medication less effective.  
 
The American College of Rheumatology (ACR) and the European Alliance of Associations for 
Rheumatology (EULAR) established criteria which allow classification of RA [7]. A specialist will perform 
an examination on an individual with suspected RA. This involves examining the number of involved 
joints, serology; this involves rheumatoid factor (RF) and anti-cyclic citrullinated peptides (anti-CCP), 
the acute-phase reactant; in this the C-reactive protein (CRP) and the erythrocyte sedimentation rate 
(ESR, in Dutch: BSE) of the blood and the duration of symptoms is considered; a distinction is made 
between less or more than 6 weeks.  
 
Persistent joint inflammation in RA patients can lead to joint and bone damage, which can lead to 
deterioration in performance of daily activities and other physical activities [8,9]. Early treatment is 
crucial as joint damage can occur within the first year [10,11]. Joint damage is strongly related to 
disease activity, reducing inflammation promptly is vital to prevent irreversible damage [11,12]. Besides 
medication, maintaining physical activity and a healthy lifestyle is essential for RA patients.  
 
The patient journey of an individual with RA will usually start at a general practitioner (GP); in case of 
symptoms, a person will initially report to a GP. As soon as the GP suspects RA, the GP should refer the 
patient to the rheumatologist as soon as possible [12]. Seeing a rheumatologist within 6 weeks of the 
onset of initial symptoms increases the chances for achieving sustained drug-free remission, compared 
to referral between 7 and 12 weeks [13]. Prompt referral to a rheumatologist is particularly important 
because joint damage can occur in the first year of the disease [10,11]. A study by Scott et al. found 
that referrals are not always made quickly and therefore examined the barriers for quick referral [14]. 
This research among English GPs showed that a patient’s medical history had the most influence on a 
referral to a specialist. In contrast, RF and anti-CCP had the least influence on referral. It was also found 
that GPs want to perform tests, such as measuring RF, CRP and BSE, before referral to support their 
clinical opinion when referring. As a result, referral to a rheumatologist will take longer than it could 
and should have. 
 
When an individual with suspected RA reports to the GP, the GP has several options. The GP can, based 
on a diagnostic test, such as the application of certain criteria, refer an individual to a rheumatologist 
with certainty (very high prior probability of RA), definitely not refer an individual to a rheumatologist 
(very low prior probability of RA), and in addition, there is also a group with in-between prior 
probability of RA. For this in-between group, it is important that those with actual RA are referred to a 
rheumatologist as soon as possible to start treatment quickly. Within this group, there are also 
individuals who do not have RA but are still referred to a rheumatologist by a GP, which can be 
considered as false positives (FP). Conversely, there are also individuals who actually have RA but are 
not referred to a rheumatologist, these can be considered as false negatives (FN). For the best 
treatment of the individual with RA, it is important that these individuals are referred to a 
rheumatologist as soon as possible to start treatment. So, there should be as few false negatives as 
possible. The number of false positives should also be as low as possible, as this costs time and money 
for the entire care chain and thus puts more pressure on the care chain. Within diagnostic tests, 
sensitivity and specificity are considered, using the gold standard as the best test [15]. The gold 
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standard is the examination performed by a specialist using the established criteria by the ACR and 
EULAR [7]. Sensitivity is the ability of a test to correctly classify an individual with the disease. 
Specificity, on the other hand, is the ability of a test to correctly classify an individual free of the disease. 
Furthermore, positive and negative predictive value should also be considered. The positive predictive 
value (PPV) is the percentage of individuals with a positive test who have the disease according to the 
gold standard. The percentage of individuals with a negative test who are free of the disease, according 
to the gold standard, is the negative predictive value (NPV). See figure 1 for a clarification of the terms.  
 

 Positive diagnosis (gold 
standard) 

Negative diagnosis (gold 
standard) 

Measures 

Positive 
prediction 

True positive (TP) False positive (FP) 
𝑃𝑃𝑉 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑃
 

Negative 
prediction 

False negative (FN) True negative (TN) 
𝑁𝑃𝑉 =

𝑇𝑁

𝐹𝑁 + 𝑇𝑁
 

Measures 
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =

𝑇𝑃

𝑇𝑃 + 𝐹𝑁
 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐𝑖𝑡𝑦 =

𝑇𝑁

𝐹𝑃 + 𝑇𝑁
 

 

Figure 1: clarification of diagnostic parameters, PPV means positive predictive value and NPV means negative 
predictive value [16].  

 
A receiver operating characteristic (ROC) curve is a graphical plot that illustrates the performance of a 
binary classifier [16]. Figure 2 illustrates a ROC curve for clarification. The horizontal axis shows the 1-
specificity and the vertical axis the sensitivity. The area under the curve (AUC) represents the 
performance measure for a classification model, a higher value signifies a better performance. An AUC 
value of 1 represents a perfect distinction between true positives and true negatives. 
 

 
Figure 2: ROC curve with clarification [17]. 

 
In the Netherlands, healthcare costs have risen by several billions in recent years [18]. Adding to this, 
there is also a staff shortage within the care sector [19]. It is therefore important that as few false 
positives as possible are referred to a rheumatologist to reduce the pressure on the care sector. In this 
regard, it is also important to minimise false negatives to prevent patients from not starting treatment 
early enough. Thus, it would be useful for the whole patient journey to find a way to ensure that the 
GP can refer individuals with suspected RA to the rheumatologist with more accuracy.  
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Recently, a new possibility has emerged that could potentially help diagnose RA. Namely the aeoNose™ 
(The eNose Company, Zutphen, the Netherlands) that can analyse exhaled air based on the presence 
of volatile organic compounds (VOCs) [20–23]. Exhaled air contains more than 1,500 different VOCs 
that reflect the metabolism of the human body [24]. The aeoNose measures VOCs in exhaled air and, 
through the use of an algorithm, recognises and diagnoses various conditions by analysing different 
breath profiles. Appendix A shows an explanation of aeoNose. 
 
In 2023, Demy Gerritsen conducted a study on the aeoNose’s ability to diagnose RA using breath 
analysis [25]. Gerritsen’s study showed that the training set had a sensitivity of 72%, a specificity 57%, 
a PPV of 64% and a NPV of 66%. The blind set had a sensitivity of 72%, a specificity of 48%, a PPV of 
58% and a NPV of 63%. The AUC for the training set was 0.66 and for the blind set 0.70, meaning the 
blind set is a better performing model. In Gerritsen´s study, blind and training data were used, the 
training data was used to train an Artificial Neural Network [21]. The blind data was used to assess the 
model’s true ability to classify data that the model has not seen before, this validates the model.  
 
The aim of this study is to see whether the aeoNose can contribute to the diagnosis of rheumatoid 
arthritis, with the aim of deploying the aeoNose in general practices. Because of this, the focus is on 
the diagnostic parameters of sensitivity and NPV. This is done by combining aeoNose classification 
value with the analysis sociodemographic characteristics, such as age and gender. Research by Kort et 
al. showed that adding variables to aeoNose analysis, in the detection of lung cancer, improved 
diagnostic performance [22]. That study included the variables age, gender, smoking status, smoking 
exposure in pack-years, chronic obstructive pulmonary disease (COPD) and body mass index (BMI). This 
current study examines whether the aeoNose diagnosis of RA can also be improved by adding variables. 
Sociodemographic characteristics such as gender, age, BMI and smoking status known in both the 
patient and control group will be examined. The outcome of the analysis from the aeoNose data and 
sociodemographic characteristics will be compared. For aeoNose and sociodemographic variables 
separately, there is a desired sensitivity of at least 72%. So that this is equal or greater than the 
sensitivity in Gerritsen´s study mentioned earlier [25]. The aeoNose and variables combined should 
have a desired sensitivity of at least 80% with a corresponding specificity, by choosing a relevant 
threshold value in the ROC curve. Here, a sensitivity of at least 80% is desired because this is seen as 
an acceptable sensitivity [26,27]. The following question is therefore answered in this study: “How can 
sociodemographic variables contribute to improving the analysis of the aeoNose breath test in 
distinguishing individuals with and without rheumatoid arthritis?”. 
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Method  
In this study, individuals aged 18 years or older and officially diagnosed with RA by a rheumatologist 
were included in the patient group of the study. The control group consisted of individuals without RA, 
mainly employees of Medisch Spectrum Twente (MST) or family, friends or caretakers of patients 
attending the rheumatology department of MST; they also had to be 18 years or older. Individuals with 
insufficient understanding of the Dutch language to understand and sign informed consent form or 
individuals with insufficient capacity to perform breath test on aeoNose were excluded from both the 
patient and control group. For the current analysis, if an individual had another rheumatic condition, 
that person was excluded from the control group. The aeoNose measurements took place at MST, 
either in the rheumatology department or at the blood collection office. Before an individual could 
participate in the study, the informed consent form in Dutch (see appendix B) had to be signed by the 
participant and the researcher. 
 
Study participants in the patient group were recruited through the rheumatology department’s 
consultation hours. Once someone arrived at the outpatient department, prior to their appointment, 
the person was informed about the study, invited to participate and handed the informed consent 
form. When the individual had completed their appointment, they were approached again and asked 
if they wanted to participate and agree to the informed consent. If the individual agreed to the 
informed consent, he or she was given a detailed explanation of how the aeoNose works. Once this 
explanation was complete, breath analysis started, involving 5 minutes of unforced inhaling and 
exhaling through the aeoNose. In this, the participant was given a nose clamp to ensure that all air was 
breathed in and out through the mouth into the aeoNose. After the procedure, the participant was 
queried on sociodemographic data, medical data, and their experience of the aeoNose procedure. The 
procedure for participants in the control group was largely similar, except for having a consultation with 
the rheumatologist. If an MST employee was asked to participate in the study, the same steps followed 
from informed consent. The following data were gathered from the study participants in the patient 
group: 

1. diagnosis of rheumatic disease; 
2. RA erosivity; 
3. number of swollen joints; 
4. duration of illness longer than 6 weeks; 
5. positive or negative anti-CCP; 
6. positive or negative rheumatoid factor; 
7. BSE value and date; 
8. CRP value and date; 
9. active disease state; 
10. date of birth; 
11. age; 
12. gender; 
13. height; 
14. weight; 
15. smoking status, if still smoking how long and number of cigarettes per day, if stopped indicated 

since when; 
16. comorbidities; 
17. medication use; 
18. eaten less than or more than 3 hours before taking the test; 
19. whether individual would participate in the test again; 
20. discomfort score and 
21. success of the test. 

For the control group, only variables 10 to 21 were known.  
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Regarding sociodemographic data, only age, gender, BMI and smoking status were considered. BMI 
was used instead of weight and height because these measures say little about a person’s physique 
separately from each other. Continuous variables were reported as mean with corresponding standard 
deviation or as median with interquartile range. The nominal variables were reported as numbers with 
corresponding percentages. For normally distributed continuous variables a t-test was applied; for 
skewed distributed continuous or ordinal variables, a Mann-Whitney U-test was applied; and for 
nominal and categorical variables, a Chi-squared test was applied to assess differences between 
groups.  
 
Several models were used for the analyses in this study namely: 

1. only the aeoNose data; 
2. only the sociodemographic characteristics and 
3. sociodemographic characteristics combined with aeoNose data. 

 
The participants’ exhaled air measured by the aeoNose was analysed by The eNose Company. This 
revealed a probability between -1 and 1 for the presence of RA in each individual according to the 
aeoNose model 1. Based on this, a logistic regression was performed, then the sensitivity, specificity, 
PPV and NPV were calculated. Lastly, the ROC curve and AUC were composed. For models 2 and 3, the 
analysis was carried out in the following way. First, a univariate logistic regression was performed for 
each variable. Next, a multivariate logistic regression was performed. The sensitivity, specificity, PPV, 
NPV, ROC curve and AUC were then calculated again for the diagnosis of RA according to multivariate 
logistic regression analyses. For the three models, a relevant threshold value in the ROC curve was 
chosen, focusing on high sensitivity and high NPV. The results from the different models were 
compared. All statistical tests had a significance level of 0.05 and were performed in SPSS.  
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Results  
The study population included 207 controls and 222 RA patients. Study participants were included from 
June 2021 through February 2024. See table 1 for the sociodemographic characteristics of the study 
population. For smoking status and BMI, some data are missing due to data storage errors, therefore 
these individuals were excluded from the study. These were 2 individuals in the control group and 7 in 
the patient group. The continuous variables age and BMI were visually observed to be normally 
distributed, therefore a t-test was performed. Finally, the Chi-squared test was performed for the 
variables gender and smoking status.  
 
Table 1: sociodemographic variables control group, RA patients and total study population. 

Variable Control group RA patients Total study population P-value  

Subjects  205 (48.8%) 215 (51.2%) 420 (100%)  

Age in years 55 (22.0) 65 (18.0) 60 (21) <0.001 

Female gender 122 (59.5%) 150 (69.8%) 272 (64.8%) 0.028 

BMI 26.3 (6.2) 26.4 (5.1) 26.3 (5.6) 0.924 

Smoking status    0.348 

Never smoker 98 (47.8%) 92 (42.8%) 190 (45.2%)  

Stopped 78 (38,0%) 82 (38,1%) 160 (38,1%)  

Current smoker 29 (14.1%) 41 (19,1%) 70 (16.7%)  

Data are presented as n (%) or median (interquartile range). The percentages are relative to the 
respective group; control group, patient group or total study population.  

 
Table 1 shows that RA patients were significantly older and more likely to be female. There is no 
significant difference in BMI and smoking status between controls and patients. 
 
Table 2: results of the univariate and multivariate logistic regression analyses from the sociodemographic 
characteristics for diagnosing RA.  

Variable Univariate analysis Multivariate analysis Regression coefficient * 

Age  1.040 (1.027, 1.055) 1.047 (1.032, 1.062)  0.046 

Female gender 1.570 (1.049, 2.349) 1.929 (1.242, 2.995) 0.657 

BMI 0.998 (0.959, 1.038) 0.982 (0.941, 1.025) -0.018 

Smoking status     

Never smoker Reference Reference  

Stopped 0.664 (0.382, 1.156) 0.883 (0.554, 1.407) -0.125 

Current smoker 0.744 (0.421, 1.312) 1.665 (0.921, 3.012) 0.510 

Data are presented as odds ratio (95% confidence interval) unless otherwise stated.  
* Constant -2.616 

 
Table 2 shows that each additional year of age was associated with a 4.7% higher chance of having RA. 
Females have a 92.9% higher chance of having RA. Someone with a higher BMI has a lower chance of 
getting RA, however, this was not statistically significant. Individuals who stopped smoking also have a 
lower chance of RA than never smoking, with current smoking being more likely to cause RA than never 
smoked. However, these were also not statistically significant. This is shown by the multivariate analysis 
using only the sociodemographic variables. The univariate analysis showed a negative association 
between current smoker and presence of RA, however, the multivariate analysis showed a positive 
association. This may involve a confounding variable where current smoker may be associated with 
another independent variable such as age or gender. Correcting for these confounders in the 
multivariate analysis may result in an odds ratio greater than 1.  
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By choosing a relevant threshold value in the ROC curve, focusing on high sensitivity and high NPV, the 
multivariate logistic regression analysis, based on sociodemographic variables only, showed a 
sensitivity of 72.1%, a specificity of 50.7%, a PPV of 60.5% and a NPV of 63.4%. Where 0.483 represents 
the probability of RA within this model. This corresponded with an AUC-ROC of 0.693 (95% confidence 
interval 0.643, 0.743).  
 
The logistic regression analysis based on the aeoNose data only showed a sensitivity of 72.6%, a 
specificity of 52.7%, a PPV of 61.7% and a NPV of 64.7%. Within this model, 0.463 represents the 
probability of RA. This corresponded with an AUC-ROC of 0.677 (95% confidence interval 0.626, 0.727), 
which means that this model performs worse than the model above with only the sociodemographic 
variables. 
 
Table 3: results of the univariate and multivariate logistic regression analyses from the sociodemographic 
characteristics and aeoNose data for diagnosing RA. 

Variable Univariate analysis Multivariate analysis Regression coefficient * 

Age  1.040 (1.027, 1.055) 1.045 (1.030, 1.061) 0.044 

Female gender 1.570 (1.049, 2.349) 2.068 (1.302, 3.286) 0.727 

BMI 0.998 (0.959, 1.038) 0.989 (0.946, 1.035) -0.11 

Smoking status     

Never smoker Reference Reference  

Stopped 0.664 (0.382, 1.156) 0.984 (0.604, 1.602) -0.16 

Current 
smoker 

0.744 (0.421, 1.312) 1.767 (0.948, 3.292) 0.569 

AeoNose classification 
value 

10.140 (4.779, 21.542) 9.961 (4.501, 22.045) 2.299 

Data are presented as odds ratio (95% confidence interval) unless otherwise stated.  
* Constant -2.815 

 
The multivariate analysis with the sociodemographic variables and aeoNose classification value in table 
3 shows that each additional year of age was associated with a 4.5% higher chance of having RA. 
Females have a two-fold increased chance of having RA. The association between the presence of RA 
and BMI and smoking status were both not statistically significant. The classification value of the 
aeoNose is strongly associated with the presence of RA.  
 
The multivariate logistic regression analysis, based on sociodemographic variables and aeoNose 
classification value, showed a sensitivity of 80.0%, a specificity of 52.7%, a PPV of 63.9% and a NPV of 
71.5%. Within this model, the probability of RA is 0.430. This corresponded with an AUC-ROC of 0.750 
(95% confidence interval 0.704, 0.796), which means this model outperforms the two aforementioned 
models. 
 
Figure 3 shows the ROC curves of the sociodemographic variables, the aeoNose data and these 
combined. This figure shows the improved performance of the multivariate model with the 
sociodemographic variables and the aeoNose classification value, relative to both separately.  
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Figure 3: ROC curves combined showing three predictions for having RA: aeoNose and sociodemographic variables 
and both separately.  
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Discussion and conclusion  
This study shows that the aeoNose classification value is strongly associated with the presence of RA, 
the univariate and multivariate analysis showed. The multivariate analysis shows that each additional 
year of age is associated with a 4.5% higher chance of having RA. Research by Chen et al. also shows 
that each increasing year of life increases the risk of RA of between 1% and 10% [28]. The analysis in 
current study shows that females have a two-fold increased chance of having RA than males. This is 
consistent with other research showing that RA is two or even three times more common in females 
than in males [29]. BMI and smoking status did not significantly affect the risk of developing RA, 
according to the analyses. Other studies show that a higher BMI may contribute to a higher risk of 
developing RA, so this is not consistent with current research [30,31]. However, these do indicate that 
there may be confounding factors, such as female gender. Previous research shows in contrast to 
current research that smoking is related to RA development and risk [32]. Although, this considers 
smoking intensity and duration, which was not fully examined within the current study.  
 
The AUC-ROC of the model with the aeoNose classification value is lower than that of the model with 
the sociodemographic variables. This means a poorer performance of the model with the aeoNose 
classification value for distinguishing RA. However, this is a very small difference of 0.016 which is 
negligible. The results show that the aeoNose classification value is strongly associated with the 
presence of RA. In 2016, a study was conducted using an electronic nose (eNose), which also showed 
that an eNose can distinguish breath profiles from patients with active RA and controls without RA [23]. 
The model that combines the aeoNose classification value with the sociodemographic variables 
outperforms the other two models. Indeed, this model has a AUC-ROC of 0.750 which is 0.057 and 
0.073 more than of the models with only the sociodemographic variables and aeoNose classification 
value respectively. Thus, the model of aeoNose classification value together with sociodemographic 
variables is a better predictor of the presence of RA than both models separately. Research on aeoNose 
combined with clinical variables in diagnosing lung cancer also showed that clinical variables and 
aeoNose together give better diagnosis of lung cancer than each separately [21,22]. Due to higher 
sensitivity and NPV in the model in current study in which the aeoNose classification value was 
combined with the variables than in the models separately, it can be said that using the variables and 
aeoNose classification value together in the analysis reduces the number of false negatives. As a result, 
fewer patients with RA who could otherwise have been treated are missed. The specificity of the 
aeoNose classification value alone was better than of the variables alone. However, the specificity of 
the model with only the aeoNose classification value did not increase or decrease after adding the 
variables to the analysis. Although, these values are determined by choosing certain probabilities of RA 
within each model separately. Therefore, AUC-ROC is considered to assess model performance. On that 
basis, there is a negligible difference between the sociodemographic variables alone and the aeoNose 
classification value alone, but the model combining the two performs better in distinguishing 
individuals with and without RA.  
 

Strengths and limitations 
A strength of aeoNose is that a breath test only takes 5 minutes. Thereby, the aeoNose is a very user-
friendly device whose participants experienced little to no discomfort. Study participants gave the 
breath test with the aeoNose a mean discomfort score of 2.4 on a scale of 0 to 10 where 0 means no 
discomfort at all and 10 stands for unbearable.  
 
This study showed that RA patients were significantly older than controls without RA and more likely 
to be a female. Previous research have also shown that RA is more common in females [29]. However, 
within this study, the significant differences in age and gender cannot be directly traced to the presence 
or absence of RA. When recruiting study participants, there was no consideration of whether the 
samples of controls without RA or RA patients were representative of the entire population. It appears 
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that many young people, working in MST, have taken a breath test who belong to the control group. As 
a result, the control group may be younger than the entire population of individuals without RA, making 
it not directly traceable to the presence of RA.  
 
This study found that there was no significant association between current smokers, quit smoking or 
never smoked and the presence of RA. Previous research does show that smoking intensity and 
duration is related to the development and risk of RA [32]. A limitation of current study is that 
individuals who indicated they had stopped smoking were not asked how long they had smoked and 
how much they smoked then. Among those who stopped smoking, only when they stopped smoking 
is known. The smoking individuals are known how long they have been smoking and how many 
cigarettes they smoke per day. For those smoking, the number of pack-years could be calculated, which 
is a clinical quantification to measure a person’s exposure to tobacco [22,32]. The number of pack-years 
provides more information about the intensity and duration of smoking than smoking status; current 
smoker, stopped smoking or never smoked. This may explain that in the current study no association 
was found between smoking status and the presence of RA but possibly when using pack-years an 
association was found.  
 

Future research 
Future research can be conducted with RA related variables. Thus, the variables number of swollen 
joints, anti-CCP, RF, BSE and CRP can also be examined and tested in control participants. If these 
variables are then known in the control and RA patient group, similar analyses can be performed as in 
this study. Also, the RA related variables can then be analysed according to their diagnostic 
performance for distinguishing RA. Then, the RA related variables can also be combined in the analysis 
with the sociodemographic variables alone, aeoNose classification value alone and with both together. 
This way, more can become clear about the possible contribution of RA related variables in combination 
with sociodemographic variables and the aeoNose classification value in diagnosing RA. The downside 
to this is that these tests cannot be performed at the GP’s office and therefore do not add value when 
using aeoNose within GP practices. However, it could contribute in diagnosis by a specialist. This would 
require further research as to whether this has advantages over the current method of diagnosis.  
 
Other future research can be done by conducting a similar research. Only that when recruiting study 
participants, make sure the sample is representative of the population. This can also be investigated 
further in this study. This is to more confidently trace differences between individuals with and without 
RA to the disease.  
 
Since previous research shows that the intensity and duration of smoking affects the risk and 
development of RA, it is interesting to investigate this further [32]. Further queries on time smoked and 
amount of smoked could then be asked of all study participants. This could then be used to calculate 
the number of pack-years among all participants. The number of pack-years can then be added to the 
model as a variable. The advantage of this is that it can also be asked out by a GP. If pack-years 
contributes to better differentiation of individuals with and without RA by the aeoNose, then this could 
be of added value within GP practices when using the aeoNose in diagnosing RA.  
 

Conclusion  
Ultimately, it can be concluded that adding the sociodemographic variables; age and gender, to the 
analysis of aeoNose provides better distinguishing individuals with and without RA. The 
sociodemographic variables combined with aeoNose classification value gives the best AUC-ROC 
relative to both separately. This means that a combination of both can add value in the diagnosis of RA. 
The aeoNose combined with age and gender could be used in GP practices to support referral of 
suspected RA patients to a specialist.   
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Appendix A. aeoNose 
The aeoNose is a CE-certified handheld portable device that has been in development for several 
decades with the objective of becoming the gold standard in disease screening, see figure 4 [33]. An 
individual must breathe in and out through the mouthpiece of the aeoNose for 5 minutes, using a nose 
clamp to ensure that the entire breath passes through the mouth. The device is developed by The 
eNose Company in Zutphen, the Netherlands, the aeoNose analyses exhaled air for the presence of 
volatile organic compounds (VOCs) [20–23]. Exhaled air contains over 1,500 different VOCs that reflect 
the body's metabolism [24]. The aeoNose measures these VOCs and, using an algorithm, recognizes 
and diagnoses various conditions by analysing different breath profiles.  
 
Through breath profile analysis, the aeoNose's algorithm is trained to distinguish between individuals 
with specific diagnoses and individuals without that diagnoses [20–23]. The eNose Company utilises 
proprietary software for data analysis, called 'Aethena', which retrieves raw data from a database and 
manages data compression, analysis, and reporting. During an exhaled breath measurement, 64 x 36 
data points are recorded for each sensor, resulting in a data matrix with thousands of records for each 
individual measurement. The aeoNose stands out from other electronic nose devices by offering the 
ability to transfer calibration models, thereby enabling large-scale applications [20]. 
 

 
Figure 4: aeoNose from The eNose Company [34].  
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Appendix B. Informed consent 
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