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Methods 

Subjects 

The asthma patients were characterized by episodic chest symptoms, smoking history < 10 

pack years, a documented reversibility in FEV1 of ≥ 12% predicted or 200 ml after 400 µg 

salbutamol or airway hyperresponsiveness (PC20 methacholine or histamine < 8 mg/ml) (1). 

The COPD patients exhibited a smoking history ≥ 15 pack years, symptoms of dyspnea, 

chronic cough and/or sputum production, a postbronchodilator FEV1 < 80% of predicted and 

FEV1/FVC ratio < 0.70 (GOLD stage II-IV according to GOLD guidelines (2)). Patients were 

excluded in case of a known pulmonary disease other than asthma and COPD. 

 

Design 

This study had a multi-center cross-sectional case-control design using diagnostic and 

monitoring visits in day-to-day clinical care. After screening for in- and exclusion criteria, the 

eNose measurements were added to routine lung function testing as indicated by the 

treating physician. There were no restrictions for the patients in eating, drinking, smoking or 

medication usage prior to testing, in order to increase the applicability in clinical practice. 

Patients were asked to rinse their mouth thoroughly 3 times with water (3). Subsequently, 

exhaled breath analysis was performed in duplicate with a 2-minutes interval. Other clinical 

data (e.g. lung function, eosinophil and neutrophil blood counts) used in this study were 

collected for routine clinical practice and were subsequently handled by complying with the 

Dutch Personal Data Protection Act (WPB). Given the nature of the study (non-invasive, 
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neglible extra effort for the patients, usage of routine diagnostics only) the Institutional 

Ethics Review Board provided a written waiver for ethics approval of the protocol. Still, the 

purpose of adding the SpiroNose to routine diagnostics was explained to the patients who all 

gave their oral consent. 

 

Measurements 

The eNose measurement setup used in this study included a mouthpiece, nose clamp, 

viral/bacterial filter (Lemon Medical GmbH) attached to a MasterscreenTM PFT system 

(Masterscreen, Jaeger, CareFusion) or the Vmax® Encore PFT system (Vmax, Jaeger, 

CareFusion) and the SpiroNose (AMC, Amsterdam and Comon Invent B.V.) (Figure 2) (3). The 

SpiroNose consists of 8 separate sensor arrays, 4 reference sensor arrays to monitor 

environmental air and 4 sensor arrays used to monitor the VOCs in exhaled breath (Figure 2).  

In total, the SpiroNose contains 7 different metal oxide semiconductor (MOS) sensors and 

each sensor is present in duplicate in both the reference and breath-monitoring sensor 

arrays. The MOS sensor stability was verified, as previously described, using the standard 

test gas for pulmonary diffusion capacity measurements as quality control gas every morning 

before patient measurements (3).  

 

Data-analysis 

Data processing  

The processing of the sensor signals started with the removal of the SpiroNose’s 

eigenfrequency. Subsequently, reference sensor signals were averaged after they were 

filtered using a low-pass Butterworth filter followed by linear trend removal based on a least 

squares fit. The patient sensor signals were also filtered with a low-pass Butterworth filter. 
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Cross-correlation was used to obtain the highest correlation between reference and patient 

signal, as both showed a similar but delayed pattern. The environment correction was based 

on the calculation of alveolar gradients (4-6). Patient sensor signals were subtracted by the 

processed and averaged reference signal. Finally, linear trends and offsets were removed 

from the 2 patient signals.  

Exhaled breath analysis by SpiroNose was performed in duplicate. Peak values of the 

sensor signals were detected using an automatic peak detection algorithm implemented in 

Matlab for both measurements (3). The highest sensor peak of both measurements for each 

sensor signal was selected and normalized with respect to the most stable sensor, sensor 2, 

to minimize the inter-array differences. Finally, ratio’s between the sensor peak and the 

breath hold (BH) point were calculated and used as extra variable within the exhaled breath 

analysis (Figure 1E). Both variables have discriminative power. There is a relationship 

between both variables, however, the peak/BH ratio is influenced to a larger extend by the 

sensor signal obtained during the previous 5 tidal breaths. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1E. Example of processed data of sensor 2, obtained during a exhaled breath measurement, including the parameters 
(sensor peak and peak/breath hold ratio) selected for analysis. The eNose measurement manoeuvre consists of 5 tidal breaths 
(black dots) followed by a single inspiratory capacity manoeuvre up to total lung capacity (drop in sensor signal between the last 
black dot and the red triangle), a 5 second breath hold (red triangle) and slow (<0.4L/s) maximal expiration towards residual 
volume (between the red triangle and the green star). 
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Results 

Validation set: Unsupervised analysis 

Using the same algorithm to perform unsupervised cluster analysis in an independent 

validation set (72 asthma/42 COPD) resulted in 5 significant eNose driven clusters that 

differed regarding ethnicity, eosinophilic inflammation, FeNO, atopy, ICS-use and the 

exacerbation rate per person in the past 3 months (Table 2E and Figure 3). Cluster 1V (n=19) 

is a combined cluster of asthma (52.6%) and COPD (47.4%) patients that are predominantly 

females (69.2%) with a high BMI (29.3±5.6kg/m2), high symptom scores (ACQ: 2.78±0.9, 

CCQ: 2.90±0.6), low FeNO (19.8±10.5) and no inflammation measured in blood (eosinophil 

count: 0.20±0.4x109/L, neutrophil counts: 6.04±4.4x109/L). Cluster 2V (n=19) is a combined 

cluster of asthma (52.9.1%) and COPD (47.1%) patients with high circulating eosinophil blood 

counts (0.57±0.2x109/L) and the highest FeNO (38.3±10.4).  Cluster 3V (n=10) contains both 

 Asthma COPD 

N (% total) 72 (63) 42 (37) 

Age (y), mean (SD) 45.6 (18.8)* 67.2 (9.6)* 

Female, % (male, %) 56.9 (43.1) 61.9 (38.1) 

pbFEV1, %pred (SD) 86.9 (20.5)* 62.6 (21.2)* 

BMI, mean (SD) 28.4 (8.2) 27.0 (5.8) 

Smoking (never/ex/current)  41/22/9* 0/31/11* 

Pack years (SD) 6.2 (9.9)* 39.5 (20.4)* 

GOLD (II/III/IV) NA 17/15/10 

GINA (mild/moderate/severe) 18/45/9 NA 

Eosinophil blood counts, x10
9
/L (SD) 0.46 (0.61)* 0.24 (0.39)* 

Neutrophil blood counts, x10
9
/L (SD) 5.01 (2.39) 6.03 (2.99) 

ICS-use, n (%) 45 (63)* 18 (43)* 

OCS-use, n (%) 11 (15) 6 (14) 

Table 1E. Validation set: Baseline characteristics 

 

  Mean (standard deviation), NA: Not applicable, *Significant difference (p<0.05) 
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asthma (60.0%) and COPD (40.0%) patients that are predominately non-Caucasian (80%) 

with a mean FEV1 postbronchodilator of 77.3% predicted. No exacerbations were registered 

in the past 3 months, no OCS was used and the use of ICS (20%) was lowest within this 

cluster. Cluster 4V (n=118) is a combined cluster of asthma (69.6%) and COPD (30.8%) whom 

are predominately non-atopic (73.1%), with high circulating eosinophil blood counts 

(0.46±0.5x109/L). Patients in this cluster experienced the highest number of exacerbations 

per person in the past 3 months (0.31±0.46).  Cluster 5V (n=40) resembles a cluster of both 

asthma (70.0%) and COPD (26.0%) patients with the best FEV1 post bronchodilator 

(84.2±27.9%pred), an exacerbation rate per person of 0.18±0.38 and relatively low symptom 

scores (ACQ:1.49±1.1, CCQ:2.00±0.8). 

 
 

 
 

 
 

 Cluster 1V Cluster 2V Cluster 3V Cluster 4V Cluster 5V *p-value 

N (% total) 19 (17) 19 (17) 10 (9) 26 (23) 40 (35)  

Diagnosis Asthma, % (COPD,%) 52.6 (47.4) 52.9 (47.1) 60.0 (40.0) 69.2 (30.8) 70.0 (30.0) 0.54 

Age (y), mean (SD) 50.2 (19.9) 53.8 (23.3) 56.8 (24.6) 60.6 (14.3) 49.6 (18.1) 0.20 

Female, % (male, %) 69.2 (30.8) 68.4 (31.6) 40.0 (60.0) 61.5 (38.5) 47.5 (52.5) 0.32 

BMI, mean (SD) 29.3 (5.6) 26.8 (5.0) 25.3 (5.8) 27.0 (6.0) 27.4 (5.4) 0.14 

Caucasian, % (non-Caucasian, %) 89.5 (10.5) 94.7 (5.3) 20.0 (80.0) 92.3 (7.7) 85.5 (14.5) 0.02 

pbFEV1, % predicted (SD) 78.1 (26.4) 77.06 (22.8) 77.3 (28.5) 73.2 (21.4) 84.2 (27.9) 0.19 

FeNO, ppb (SD)
 ¥

 19.8 (10.5); n=9 38.3 (10.4); n=8 31.0 (12.1); n=5 34.2 (13.6); n=13 32.1 (9.9); n=21 <0.01 

Smoking (never/ex/current)  7/7/5 7/10/2 2/6/2 10/13/3 16/16/8 0.81 

Pack years (SD) 22.1 (27.9) 18.2 (23.9) 23.8 (17.5) 17.9 (22.6) 14.5 (18.2) 0.68 

Atopy, % (non-atopic, %) 52.6 (47.4); n=10 63.1 (36.9); n=13 40.0 (60.0); n=8 26.9 (73.1); n=19 62.5 (37.5); n=30 0.04 

Eosinophil blood counts, x10
9
/L (SD) 0.20 (0.4) 0.57 (0.2) 0.22 (0.2) 0.46 (0.5) 0.28 (0.2) 0.05 

Neutrophil blood counts, x10
9
/L (SD) 6.04 (4.4) 5.10 (2.7) 4.78 (1.9) 5.66 (2.7) 6.65 (3.3) 0.35 

ACQ (SD) 2.78 (0.9) 1.68 (1.0) 2.01 (1.0) 1.89 (1.1) 1.49 (1.1) 0.33 

CCQ (SD) 2.90 (0.6) 1.90 (1.0) 2.04 (0.9) 2.30 (1.3) 2.00 (0.8) 0.54 

Exacerbations requiring treatment in 

past 3 months, no. per patient 
0.11 (0.31) 0.05 (0.22) 0 0.31 (0.46) 0.18 (0.38) <0.01 

ICS-use, % 47.4 47.4 20.0 69.2 60.0 0.04 

OCS-use, % 15.8 10.5 0 23.1 15.0 0.56 

Food/drink consumption 2h, % 94.7 84.2 100 84.6 85.0 0.61 

* p value from analysis of variance or Chi-square analysis between five clusters. ¥  analysis in subset of patients. Mean (standard deviation). (red): 
Significant difference (p<0.05), BMI: Body Mass Index, pbFEV1: Post bronchodilator Forced Expiratory Volume in 1 second, FeNO: Fractional exhaled 
nitric oxide, ACQ: Asthma Control Questionnaire, CCQ: COPD Control Questionnaire, ICS: Inhaled Corticosteroids, OCS: Oral Corticosteroids 
 

Table 2E. Validation set: Five eNose driven clusters 
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Validation set: Supervised analysis 

The regression models, with eosinophil blood counts or neutrophil proportions as dependent 

variable and PC1 or PC2 as independent variable, obtained from the training set, were 

examined in the validation set. Results were compared based on the regression slopes and 

the amount of variance that the model accounted for (R2).  

Using the validation set a significant regression equation was found (F(1,112)=76,754, 

p<0.001), with an R2 of 0.418 (Figure 4, upper right) for the prediction of neutrophilic 

proportions measured in blood. Participants’ predicted neutrophilic proportion was equal to 

0.619+(0.104*PC2). Neutrophilic proportions increased 10.4% for each unit of PC2. PC2 

added statistically significant to the prediction p<0.05. a significant predictor of neutrophilic 

proportions measured in blood.  

The regression model found, using the validation set, statistically significantly predicted the 

eosinophil blood counts (F(1,112)=144,850, p<0.001), with an R2 of 0.560 (Figure 4, lower 

right). A subjects’ predicted eosinophil blood counts was equal to 0.332+(0.282*PC1). 

Eosinophilic blood counts increased 0.282x109/L for each unit of PC1. PC1 was significant in 

the prediction of eosinophilic blood counts. 

 

Multivariate regression analysis – clinical and biological determinants on the eNose data 

First, a multivariate linear regression, with stepwise selection of the independent variables, 

was calculated in the training set to predict eNose data (PC1 or PC2) from gender, age, BMI, 

ethnicity, lung function, atopy, smoking status, pack years, blood cell counts, exacerbation 

rate, ICS and OCS use. The multiple regression model statistically significantly predicted PC1, 

F(5,314)=117.131, p<0.001 with an R2 of 0.650. Blood cell counts, ethnicity, atopy and pack 
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years added statistically significantly to the prediction, p<0.05. Regression coefficients and 

standard errors can be found in Table 3E.  

 

Variable B SEB β 

Intercept -1.634 0.286  

Neutrophil counts 3.045 0.319 0.443* 

Eosinophil counts 0.757 0.139 0.250* 

Ethnicity -0.206 0.29 -2.99* 

Atopy 0.172 0.082 0.094* 

Pack years 0.004 0.002 0.116* 

 

 

A significant regression equation was found for the prediction of PC2 (F(6,313)=75.308, 

p<0.001 with an R2 of 0.590. The blood cell counts, BMI, atopy, ethnicity, pack years and ICS 

use added statistically significantly to the prediction, p<0.05. Regression coefficients and 

standard errors can be found in Table 4E. 

 

 

Variable B SEB β 

Intercept -0.633 0.227  

Eosinophil counts 0.408 0.115 0.212* 

Neutrophil counts 0.601 0.144 0.351* 

BMI -0.019 0.006 -0.123* 

Atopy 0.099 0.008 0.055* 

Ethnicity -0.053 0.025 -0.120* 

Pack years 0.004 0.001 0.172* 

ICS-use 0.020 0.007 0.093* 

 

 

 
 
 
 
 
 

Table 3E. Summary of multiple regression analysis to predict PC1 in the training set. 

 
 

Table 4E. Summary of multiple regression analysis to predict PC2 in the training set. 

 
 

* p<0.05; B = unstandardized regression coefficient; SEB = Standard error of the 
coefficient; β = standardized coefficient. 

 

* p<0.05; B = unstandardized regression coefficient; SEB = Standard error of the 
coefficient; β = standardized coefficient. 
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