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ABSTRACT Patients with chronic obstructive pulmonary disease (COPD) often suffer episodes of
exacerbation (ECOPD) that impact negatively the course of their disease. ECOPD are heterogeneous
events of unclear pathobiology and non-specific diagnosis. Network analysis is a novel research approach
that can help unravelling complex biological systems. We hypothesised that the comparison of multi-level
(i.e., clinical, physiological, biological, imaging and microbiological) correlation networks determined
during ECOPD and convalescence can yield novel patho-biologic information.

In this proof-of-concept study we included 86 patients hospitalised because of ECOPD in a multicentre
study in Spain. Patients were extensively characterised both during the first 72 h of hospitalisation and
during clinical stability, at least 3 months after hospital discharge.

We found that 1) episodes of ECOPD are characterised by disruption of the network correlation observed
during convalescence; and 2) a panel of biomarkers that include increased levels of dyspnoea, circulating
neutrophils and C-reactive protein (CRP) has a high predictive value for ECOPD diagnosis (AUC 0.97).

We conclude that ECOPD 1) are characterised by disruption of network homeokinesis that exists during
convalescence; and 2) can be identified objectively by using a panel of three biomarkers (dyspnoea,
circulating neutrophils and CRP levels) frequently determined in clinical practice.
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Introduction

Patients with chronic obstructive pulmonary disease (COPD) often suffer episodes of exacerbation
(ECOPD) that impact negatively their health status and prognosis [1]. The pathogenesis of these episodes is
not entirely understood, but it is presumed complex and heterogeneous [2-4]. Their diagnosis relies mostly
on symptom perception by the patient [5] and their prevention and treatment is, by and large, empiric [1].

Network analysis is an integrative research strategy well suited for the investigation of heterogeneous and
complex diseases [6, 7] such as COPD [8-14]. We hypothesised that multi-level differential network
analysis (MLDNA), a novel analytical method that involves the comparison of clinical, physiological,
biological, imaging and microbiological (i.e. multi-level) correlation networks determined during ECOPD
and clinical stability, can provide new insights into the pathobiology and diagnosis of ECOPD [15, 16].
Accordingly, in this proof-of-concept study we used MLDNA, for the first time to our knowledge, to
1) compare the multi-level network structure determined during ECOPD and convalescence; and
2) identify a panel of specific ECOPD biomarkers.

Methods

Methods are described in detail in the supplementary material.

Study design and ethics

This observational, prospective proof-of-concept study was carried out in seven tertiary referral hospitals
in Spain (www.clinicaltrials.gov: NCT01750658). Patients were recruited and studied during the first 72 h
of hospitalisation because of ECOPD, and investigated again during convalescence, at least 3 months after
hospital discharge. The Institutional Review Boards of participating institutions approved the study, and
participants gave their informed consent.

Patients

All patients were older than 45 years, current or former smokers (>10 pack-years) and had COPD (and
ECOPD) according to the Global Initiative for Chronic Obstructive Lung Disease criteria [1]. In order to
homogenise the studied population as much as possible, pneumonia on chest radiography, the presence of
severe comorbidity driving the clinical presentation of the patient and/or need of (invasive or noninvasive)
mechanical ventilation were exclusion criteria. We initially attempted to recruit patients who had not
received oral steroids and/or antibiotic treatment in the community before hospitalisation. Yet, this
strategy limited recruitment a lot, so we decided to adopt a more pragmatic design and exclude patients
who received oral steroids before hospitalisation (with a potential rapid anti-inflammatory effect) but not
those who may have received antibiotics (which may take longer to affect microbiological results). A total
of 14 patients (16%) were included in the analysis despite they received antibiotic treatment in the
community before hospitalisation.

Measurements
Clinical, functional, biological, microbiological and imaging variables were recorded following standard
procedures, as detailed in the supplementary material.

Data analysis

Descriptive statistics

Because many variables were non-normally distributed, the results are presented as median (and 95%
confidence intervals) or proportions. Likewise, because not all measurements were available in all patients
in both visits, to maximise the potential of available information, the results at ECOPD and convalescence
were compared using pairwise statistics (paired Wilcoxon or Chi-squared tests for continuous and discrete
variables, respectively). Participants with missing data were discarded on a per-variable basis, such that no
value imputation was required. We used false discovery rates (FDRs) to account for multiple comparisons
[17]. All analyses were performed using R [18].

Multi-level correlation networks

We built multi-level correlation (Spearman) networks that integrate quantitative and qualitative clinical,
functional, biological, microbiological and imaging variables (independently for ECOPD and
convalescence) using R [18], and we graphed them with Cytoscape [19].

Module finding

We used the fast-greedy community algorithm to identify network modules on the basis of their module
modularity (MM) score, so those with more dense internal connections and fewer external links get higher
MM scores [20, 21].
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Differential network analysis

To compare multilevel correlation networks at ECOPD and convalescence we 1) nominally contrasted the
variables and modules identified under both clinical circumstances; 2) estimated the mean “density” of
networks determined at ECOPD and convalescence by comparing (Wilcoxon test) the number of nodes,
and the average number of edges per node (node degree, k) during ECOPD and convalescence [6]; and,
3) used Monte Carlo permutation tests [22] to identify those Spearman correlations that were significantly
different between ECOPD and convalescence.

ECOPD biomarkers

We defined as “outliers” at ECOPD those values below or above the 5th or 95th percentiles, respectively,
of the same variable at convalescence, and we identified those ECOPD variables with a significant
(bootstrapping FDR <0.05) number of outliers. To identify potential ECOPD biomarkers, we calculated
receiver operating characteristic (ROC) curves considering all values determined at ECOPD and
convalescence and excluding missing data on a per-variable basis.

Results

We studied 86 patients at ECOPD (mean+sp age of 67+9 years). As shown in figure 1, 19 patients were
lost for follow-up, so we could study 67 of them at convalescence. Table 1 presents the main characteristics
of participants at both time points.

Observations at ECOPD

Besides the expected observations during ECOPD (dyspnoea, tachypnoea, tachycardia, respiratory failure)
some other salient findings were (table 1): 1) elevated blood glucose levels, likely to be in relation to the
generalised use of systemic steroids in the management of ECOPD [1, 23]; 2) echography identified the
presence of pulmonary hypertension in 21.2% of patients and right chamber enlargement in 19.1%, but no
patient suffered heart failure with low ejection fraction; 3) computed tomography (CT) emphysema was
present in 56.7% of patients, bronchiectasis in 17.5% and, interestingly, alveolar infiltrates (not seen in
chest radiography films) in 23.8%. Pulmonary embolism was found in 1.5% of individuals; and 4) in
patients producing spontaneous sputum (77.9%), bacterial culture was positive for potential pathogenic
microorganisms (PPMs) in 19.4% of them, whereas viruses were detected by a positive sputum virus in
30.9%. A total of 37.8% of patients were positive for sputum PPMs and/or viruses (table 1). More detailed
microbiologic information can be found in the supplementary material.

Changes at convalescence

The main changes from ECOPD to convalescence (highlighted in bold type in table 1) included 1)
improved dyspnoea; 2) reduced heart and respiratory rate; 3) reduced serum levels of glucose and urea; 4)
improved pulmonary gas exchange without significant changes in spirometric variables; 5) reduced total
leukocyte count, with lower circulating neutrophils and higher lymphocyte and eosinophil proportions; 6)
reduced concentration of acute phase reactants (C-reactive protein (CRP) and fibrinogen) with increased
levels of serum amyloid A (SAA). Other systemic inflammatory markers did not change significantly or
changed marginally; and, finally, 7) neither bacterial load, viral load nor inflammatory markers changed
significantly.

Multi-level differential network analysis
Figure 2 shows the correlation networks determined at ECOPD and convalescence, and table 2 their
quantitative comparison. The main observations were 1) the number of nodes at ECOPD and

- | 86 patients hospitalised because of ECOPD

19 patients lost for follow-up:
3 died during hospital admission
16 abandoned the study:
8 withdrew consent
5 developed new co-morbidity
3 lost for follow-up

N

;lstyRE ! Consort diagram of the _ | 67 patients studied when clinically stable
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TABLE 1 Clinical, physiologic, imaging, biological and microbiological data determined during exacerbation of chronic
obstructive pulmonary disease (ECOPD) and convalescence

ECOPD Convalescence Pairwise n FDR p-value
n Median (95% Cl)orn (%) n  Median (95% CI) or n (%)
Vital constants
Heart rate min™"' 83 89 (72-112.5) 64 83 (69-100.5) 64 0.004
Respiratory rate min™' 82 22 (15-30) 64 20 (16-24.5) 64 0.000
Dyspnoea; MMRC scale 79 5 (2-5) 63 3 (1.5-5) 59 0.010
Dyspnoea (1-10); visual scale 80 7 (3.5-8.75) 64 3(0.5-6) 62 0.000
Body temperature °C 81 36.5 (35.85-37.25) 63 36 (35.55-36.6) 63 0.000
Biochemistry
Urea mg-dL_1 81 42 (27-77) 65 33 (19-53) 63 0.000
Creatinine mg-dL™" 82 0.9 (0.64-1.3) 65 0.9 (0.59-1.13) b4 0.076
Glucose mg-dL™" 73 169 (101-315) 63 98 (81-195.5) 59 0.000
Haemoglobin g-dL_1 82 14.8 (12.4-17.1) 65 14.7 (12.25-16.8) b4 0.724
Erythrocyte sedimentation rate mm-h™’ 64 21 (3-67.51) 55 12 (2-46.5) 52 0.002
Lung physiology
FVC % reference 86 71.5 (51.5-106.5) 63 75 (56-109) 63 1.000
FEV1 % reference 86 44.2 (25.5-77) 63 46 (28-81.79) 63 0.687
FEV1/FVC % 86 47.9 (31.05-64.5) 63 49.4 (31-65.5) 63 0.882
IC % reference 69 64 (38.6-94.5) 57 64 (43.7-91.6) 55 1.000
RV % reference 68 169.3 (107.2-245.45) 56 169.1 (108.5-247.35) 53 0.946
TLC % reference 71 115 (82.85-140.5) 59 109.4 (72.18-133.8) 56 0.164
RV/TLC % 57 146 (102.5-192) 40 138.7 (87.3-192) 33 0.914
Dico % reference 72 56 (31.5-88) 52 54 (30-84) 50 0.035
Kco % reference 71 73 (37.99-111) 57 79 (51-103) 53 0.474
Pa0, mmHg 82 55.4 (41.05-74.1) 64 66.2 (52.5-91.1) 63 0.000
PAFI 76 254.3 (173.55-322.38) 64 315.2 (247.17-438.57) 57 0.000
Paco, mmHg 82 43.5 (32.95-69.76) b4 42.7 (34.9-53.35) 63 0.605
Arterial pH 82 7.4 (7.33-7.47) 63 7.4 (7.37-7.46) 62 0.946
6MWD m 67 435 (238.5-536.5) A 443.5 (274-580) 42 0.280
Cardiovascular physiology
Creatinine phosphokinase U-L™" 70 68 (30.5-238.51) 58 69.5 (39-150) 56 0.914
Fibrinogen mg-dL_1 74 497 (307.5-760) 58 405 (307.5-574.51) 57 0.000
Pro-BNP pg-mL~" 85 0.4 (0.1-0.78) 67 0.4 (0.04-1.06) 67 0.882
Troponine | % detected above 0.05 ug-L™" 73 6 (8.2%) 60 3 (5.0%) 0.872
Echography
Left ventricle ejection fraction % 37 68 (42-80.5) ND ND
Right atrial enlargement 68 13 (19.1%) 18 ND
Pulmonary hypertension 33 7 (21.2%) ND ND
CT imaging
Emphysema 60 34 (56.7%) ND ND
Bronchiectasis 63 11 (17.5%) ND ND
Alveolar infiltrates 63 15 (23.8%) ND ND
Pulmonary embolism 66 1 (1.5%) ND ND
Lung inflammation (sputum)
TAS mM 84 0.3 (0.05-1.29) 67 0.2 (0-1.26) 67 0.977
IL-8 pg-mL_1 84  2146.7 (791.68-2575.22) 67 2128.3 (25.91-2580.18) 67 0.458
IL-18 pg-mL_1 84 621.5 (73.33-3194.87) 67 504.9 (1.39-2861.79) 67 0.490
IL-6 pg-mL’1 84 43.2 (3.05-572.87) 67 39.8 (3.05-758.15) 67 0.392
TNF-o pg-mL_1 83 14.3 (0.52-552.37) 67 6.2 (0.52-345.42) 67 0.450
TGF-B pg-mL_1 84 0.2 (0.02-2.89) 67 0.3 (0-3.79) 67 0.392
TNF RS p(_;]-mL’1 84 1.3 (0.04-11.78) 67 2(0.01-21.61) 67 0.621
SAA pg-mL_1 84 3.3(0.38-16.72) 67 2.4 (0.09-14.37) 67 0.392
Systemic inflammation
Leukocytes x10° pL~" 82 10.9 (6.35-22.59) 65 8.1 (5.97-12.78) 64 0.000
Neutrophils % 72 88.2 (52.35-94.15) 58 64.8 (38.55-75.7) 58 0.000
Lymphocytes % 82 7.4 (3.75-20.25) 65 22.1 (14-38.4) 64 0.000
Eosinophils % 53 0.3 (0-2.45) 64 2.4 (1.05-7.8) 39 0.000
% of patients with eosinophils >2% 53 3 (5.7%) 64 35 (54.7%) 53 0.000
C-reactive protein mg-L~" 86 3.6 (0.43-16.82) 66 0.5 (0.09-6.1) 66 0.000
Total antioxidant status mM 86 1.5 (0.98-2.41) 67 1.6 (0.79-2.48) 67 0.724
Continued

https://doi.org/10.1183/13993003.00075-2017



COPD | G.NOELL ETAL.

TABLE 1 Continued

ECOPD Convalescence Pairwise n  FDR p-value

n  Median (95% Cl) orn (%) n  Median (95% CI) or n (%)

IL-8 pg-mL~" 84 1(0.26-4.37) 67 1.3 (0.35-4.53) 67 0.128
IL-1B pg-mL~" 80 0.2 (0.16-0.83) 67 0.2 (0.16-0.75) 67 0.914
IL-6 pg-mL~" 80 0.3 (0.3-7.41) 67 0.3 (0.3-8.81) 67 0.290
TNF-a pg-mL~" 79 0.5 (0.51-1.89) 67 1.3 (0.51-2.49) 67 0.000
Procalcitonin mg-L™ 85 0.4 (0.09-0.93) 67 0.4 (0.03-0.86) 67 0.605
TGF-B pg-mL_1 86 0.8 (0.21-3.55) 67 1.1 (0.17-6.05) 67 0.015
TNF-RS pg-mL’1 86 12.7 (1.36-50.19) 67 19.4 (1.45-71.49) 67 0.256
SAA pg-mL’1 84 0.8 (0.13-4.11) 67 1.4 (0.13-7.64) 67 0.002
Microbiology
Spontaneous sputum production 86 67 (77.9%) 67 45 (67.2%) 0.513
Positive sputum bacteria (culture) 67 13 (19.4%) 45 12 (26.7%) 0.848
Positive sputum virus (PCR]) 55 17 (30.9%) 27 3(11.1%) 0.394
Positive bacteria (culture) and/or virus (PCR) 74 28 (37.8%) 59 14 (23.7%) 0.753
Adenovirus seroconversion 39 1(2.6%) ND ND
Chlamydia seroconversion 45 2 (4.4%) ND ND
Influenza seroconversion 43 4 (9.3%) ND ND
Mycoplasma seroconversion 59 1(1.7%) ND ND
Parainfluenza seroconversion 43 7 (16.3%) ND ND
RSV seroconversion 40 5 (12.5%) ND ND

Values in bold type identify those variables with a statistically significant change from ECOPD to convalescence. (Wilcoxon or Fisher exact tests,
corrected for multiple comparison (false discovery rate (FDR), for continuous and categorical variables, respectively). MMRC: modified Medical
Research Council; FVC: forced vital capacity; FEV1: forced expiratory volume in 1 s; IC: inspiratory capacity; RV: residual volume; TLC: total
lung capacity; DLco: carbon monoxide diffusing capacity of the lung; Kco: DLco/alveolar volume (transfer factor); Pao,: arterial partial pressure
of oxygen; PAFI: Pao, (mmHgl/inspired fraction of oxygen ratio (%); Paco,: arterial partial pressure of carbon dioxide; 6MWD: 6-min walking
distance; BNP: brain natriuretic peptide; CT: computed tomography; TAS: total antioxidant status; IL: interleukin; TNF: tumour necrosis factor;
TGF: transforming growth factor; SAA: serum amyloid A; TNF-RS: tumour necrosis factor soluble receptor; RSV: respiratory syncytial virus.

convalescence was similar (51 versus 47), but the convalescence network was significantly denser, as shown
by the higher total number of edges, a significantly higher node degree (k), and lower modularity; 2) there
were six hubs with a Kleinberg score >0.8 in the ECOPD network and four in the convalescence one. All
of the former correspond to sputum inflammatory markers whereas all of the latter correspond to lung
function variables; 3) there were five modules at ECOPD and six at convalescence (figure 2, blue areas).
All of them appear relatively homogeneous in terms of their biological content, since the majority
contained nodes of similar functional category (see colour codes in figure 2). A detailed description of
each of these modules is provided in the supplementary material; and 4) the comparison of both networks
showed a higher density of significantly different Spearman correlations at convalescence than during
ECOPD (table 2 and figure 3) and that more than half of these differential correlations linked different
modules (figure 3): at ECOPD, TNF-o. was the node with more differential links (n=4) whereas at
convalescence these were TGF-B (n=6), KcO (n=5), PAFI (n=5), PaO, (n=5) and heart rate (n=4). All in
all, these observations suggest that the network “perturbation” induced by ECOPD involves a reduction in
module co-regulation (i.e. co-occurrence).

ECOPD biomarkers: outlier analysis

To investigate potential ECOPD biomarkers, we 1) identified 16 variables (12% of the total number of
variables analysed in the study (table 1)) with a significant proportion of ECOPD “outliers”, this is a
significant (FDR p-value<0.05) proportion of variable values outside the 5th to 95th percentile range of
the same variable determined at convalescence (by Monte-Carlo ECOPD/convalescence permutation test
on the statistic (% outliers at ECOPD - % outliers at convalescence)); 2) assessed the extent to what these
outliers co-occur in the same patients. To this end, we built a co-occurrence network (figure 4) where
each node correspond to one of these 16 variables, node size to the proportion of outliers at ECOPD (as
indicated by the percentage for each of them), node shape (up or down triangle) indicates if a given
variable is higher (up) or lower (down) at ECOPD, and edge colours represent the proportion of
co-occurrence between two given nodes (see keys). Circulating lymphocytes and neutrophils were
co-altered (albeit in opposite directions) in more than 75% of the exacerbated patients (blue edge), and
eosinophils, dyspnoea and glucose levels in 50-75% of patients (green edges; note also the different
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FIGURE 2 Correlation networks at exacerbation of chronic obstructive pulmonary disease (ECOPD) and convalescence. Node colours identify their
category (see colour codes). Links between nodes indicate the existence of a statistically significant correlation between them (positive,
continuous lines; negative, dashed lines), whereas their width is proportional to the strength of such correlation. Blue shaded areas indicate the
different modules (MM) identified by the fast-greedy community algorithm used, so modules with a higher proportion of internal connections get
higher MM scores. For further explanations, see text.
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triangle shapes). The remaining nodes co-occurred in 25-50% of patients (orange edges); 3) explored the
capacity of these 16 variables to predict ECOPD by ROC analysis, and identified a subset of seven of them
with an area under the curve (AUC) >0.8. Figure 5a presents the scatter distribution of these seven
variables and their individualised ROC profile and AUC (figure 5b); of note, although all of them had a
large number of outliers at ECOPD (red symbols), a proportion of values at ECOPD still remained within
the 5th to 95th range (horizontal lines) determined at convalescence (figure 5a), likely reflecting the
heterogeneity of ECOPD episodes; and, finally, 4) included these seven variables in a general linear mixed
model to identify the best diagnostic biomarker panel of ECOPD. We found that the combination of
dyspnoea severity, raised circulating neutrophils and elevated CRP levels had an AUC of 0.97 (95% CI
0.95-1) to diagnose ECOPD (figure 5c). Finally we calculated what different combinations of abnormal
values of these three variables gave the better specificity, sensitivity, positive and negative prediction values
for the diagnosis of an ECOPD (table 3). We observed that dyspnoea levels >5 (on an analogue visual
score that ranges from 0 to 10), CRP >3 mgL™' and >70% circulating neutrophils had a specificity of
0.96, a sensitivity of 0.901, negative predictive value of 0.88 and positive predictive value of 0.97 for the
identification of ECOPD.

Discussion

This proof-of-concept study develops and applies for the first time MLDNA to a relevant, complex and
heterogeneous clinical problem (ECOPD). By doing so it shows that 1) ECOPD episodes are characterised
by fragmentation of the correlation network observed during clinical stability, suggesting loss of system
control and reduced resilience during ECOPD [24, 25]; and 2) a panel of biomarkers that includes
dyspnoea (=5 on an analogue visual score from 0 to 10), CRP level (>3 mg-Lfl) and >70% circulating
neutrophils had an extremely high value (AUC 0.97) for the diagnosis of ECOPD.

Previous studies
Many studies have previously described the clinical, physiological, biological and microbiological
characteristics of ECOPD [26]. By and large, our clinical observations are in keeping with them, but some



COPD | G.NOELL ETAL.

TABLE 2 Comparison of correlation networks determined at exacerbation of chronic obstructive pulmonary disease (ECOPD)

and convalescence

ECOPD Convalescence p-value
Number of nodes 51 47
Number of edges 96 125
Within-module edges/between-module edges 12/84 37/88
Node degree (k) 3.8-+2.6 5.3+2.8 <0.01
Hubs with (Kleinberg score) >0.8 SAA (1.00) FEV1 (1.00)
TNF-o (0.92) PAFI (0.97)
IL-1b (0.92) P20, (0.97)
IL-8 (0.92) IC (0.90)
TNF-RS (0.92)
IL-6 (0.88)
(all sputum variables)
Number of modules of at least 3 nodes 5 6
Modularity score (fast-greedy algorithm) 0.871 0.685
Total number of significantly different Spearman correlations " 43
Differential correlations with 0.3<|Rho(V1)-Rho(V2)|<0.5 11 (100%) 25 (58%)
Differential correlations with |[Rho(ECOPD)-Rho(convalescence)| >0.5 0 (0%) 18 (42%) <0.01
Within-module differential correlations/between-module differential correlations 7/4 24/19

SAA: serum amyloid A; TNF: tumour necrosis factor; IL: interleukin; TNF-RS: tumour necrosis factor soluble receptor; FEV1: forced expiratory
volume in 1 s; Pa0,: arterial partial pressure of oxygen; PAFI: Pao, (nmHg)/inspired fraction of oxygen ratio (%); IC: inspiratory capacity.

deserve specific comment. During ECOPD 1) a substantial number of patients had pulmonary
hypertension and right chamber enlargement, in keeping with recent reports [27], but we did not identify
patients with low ejection fraction heart failure [28]; and 2) CT found evidence of pulmonary embolism in
only 1.5% of patients [29, 30] but, in contrast, alveolar infiltrates (not seen in chest radiographs) were
identified in about a quarter of patients, as reported recently too [31]. These alveolar infiltrates can
correspond to pneumonic condensations not apparent in plain chest radiographs and/or areas of local
inflammation/oedema. At convalescence many (but not all) abnormalities observed during ECOPD
improved. Of note, 3) even though dyspnoea and pulmonary gas exchange improved, spirometric changes
only showed a statistically nonsignificant trait to improvement, which is at variance with other previous,
smaller studies [32-34]; 4) as expected, several markers of systemic inflammation (total leukocyte count
and levels of circulating neutrophils, CRP and fibrinogen) were reduced at convalescence. Of note,
however, only 5.7% of patients showed >2% circulating eosinophils during ECOPD, and this proportion
increased up to 54.7% at convalescence. This is at variance with reports from other centres, where between
25% and 50% of the patients have >2% circulating eosinophils during ECOPD [3, 35, 36]. We do not have
a clear explanation for these discrepancies but regional differences may play a role [37]; and, finally, 5) in
patients producing spontaneous sputum, the prevalence of PPM and/or viruses did not change at
convalescence. Given that bronchial colonisation in clinically stable COPD patients that produce
spontaneous sputum is common [38], this may have contributed to explain this lack of statistically
significant changes.

Interpretation of novel results

Homeokinetic disruptive effects of ECOPD

Homeokinesis has been defined as “the ability of an organism to maintain a highly organised internal
environment fluctuating within acceptable limits in a far from equilibrium state” [24, 25]. ECOPD
episodes appear to be characterised by disrupted homeokinesis since, during clinical stability we observed
a dense and well-connected correlation network with physiologically meaningful modules whereas, during
ECOPD, although these modules mostly remain their connections become disrupted to a large extent
(figure 2, table 2). Specifically, during clinical stability a central module (MM?7), which basically includes
all lung function parameters, was closely co-regulated with other modules that include pulmonary and
systemic inflammatory markers (MM8, MM9, MM10) as well as a general biochemical module (MM6). By
contrast, during ECOPD, the system becomes more fragmented, the sputum inflammation module (MM5)
appears isolated, and systemic inflammatory markers are also less well coordinated and distributed across
two different modules (MM3 and MM4). That microbiological nodes appear isolated from the main
network during ECOPD probably reflects the heterogeneity of these ECOPD. Finally, the Monte Carlo
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permutation test [22] also identified more significantly different Spearman correlations at convalescence
than during ECOPD (figure 3). All in all, these observations suggest that episodes of ECOPD are
characterised by breakdown of the normal homeokinetic characteristics of the system with presumably less
system control and resilience [24, 25].

A panel of biomarkers for the diagnosis of ECOPD

The diagnosis of ECOPD currently relies on the patient’s perception of increased symptoms (mostly
dyspnoea) [1, 5]. Yet, recent research has shown that dyspnoea perception vary between patients with
frequent and infrequent exacerbations [39]. Thus, having an objective way to diagnose ECOPD is of great
clinical relevance [2]. Our results indicate that the combination of increased dyspnoea (>5) and raised
levels of circulating neutrophils (>70%) and CRP (>3 mg-L™") has an excellent value for the diagnosis of
ECOPD (AUC 0.97) (figure 5c). Although the methodology we used is different, results are similar to
those reported by Hurst et al. [40], who showed that elevated CRP levels were the best diagnostic
biomarker for ECOPD, although their diagnosis accuracy was suboptimal (AUC 0.73); however, their
combination with a major exacerbation symptom (dyspnoea, sputum volume or sputum purulence)
significantly increased the AUC to 0.88 (p<0.0001) [40]. Our results extend these observations further by
showing that this can be further improved (AUC 0.97) by considering too the number of circulating
neutrophils. The potential diagnostic utility of this biomarker panel (as well as its specific cut-off values)
will have to be validated prospectively in other cohorts, but it may greatly help to advance clinical research
in this area by offering for the first time an objective diagnostic tool of ECOPD. Needless to say that
increased dyspnoea, elevated CRP and leukocytosis can also occur in other clinical circumstances that may
not even arise from the lungs (e.g. cholecystitis, pneumonia or sickle cell crisis, among others). Therefore,
the clinical context in which these three biomarkers can contribute to the diagnosis of ECOPD is of
paramount importance. Finally, using unbiased cluster analysis of 182 ECOPD episodes, BAFADHEL et al.
[3] recently provided convincing evidence of the heterogeneity of such episodes. Unfortunately, the
relatively small sample size of our cohort (n=86) limits this type of analysis in our cohort.
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Strengths and limitations

The development and application, for the first time to our knowledge, of a new analytical approach (e.g.
MLDNA) to get further insight into the complexity of a relevant clinical problem like ECOPD is a clear
strength of our study since it provides novel, integrated, dynamic and holistic information on this frequent
condition. Importantly, it also paves the way for MLDNA to be applied to other complex biological
conditions in respiratory medicine and elsewhere [6, 8, 16, 41, 42].

On the other hand, several potential limitations deserve comment. First, we included in the study a slightly
lower number of patients (n=86) than anticipated (n=100; www.clinicaltrials.gov: NCT01750658), and not
all measurements were available in all patients for comparison between ECOPD and convalescence. This is
why we consider our study as proof-of-concept and we acknowledge that it requires validation in larger
cohorts. Second, we studied severe (hospitalised) ECOPD, so our results are not directly generalisable to
other milder forms of ECOPD. Third, some clinical variables, such as cough and sputum colour, were not
registered. Fourth, it is not clear how much the initiation of systemic corticosteroids, before the collection
of biological samples (within 72 h after admission) might have modified the inflammatory profile of
ECOPD. Yet, it is of note that we excluded patients who received oral corticosteroid treatment before
hospitalisation. Finally, patients present to hospital at various time points in the evolution of an ECOPD.
All in all, we acknowledge that the results of this study will have to be confirmed in future studies, since
the exclusion of severe co-morbidity, pneumonia, relatively small sample size and study of hospitalised
patients (not ambulatory ECOPD) may restricts the generalisability of our observations.

Conclusions
By using a novel analytical strategy (MLDNA), this study shows that ECOPD 1) are characterised by
disruption of network homeokinesis observed during clinical stability; and 2) in the appropriate clinical

https://doi.org/10.1183/13993003.00075-2017 9
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TABLE 3 Specificity, sensitivity, negative (NPV) and positive predictive value (PPV) of a logistic
regression model that includes different cut-off values of dyspnoea, C-reactive protein (CRP)
and circulating neutrophil for the diagnosis of chronic obstructive pulmonary disease
exacerbation (ECOPD)

Dyspnoea Neutrophils CRP Specificity ~ Sensitivity NPV~ PPV
(visual analogue scale 1-10) (%) (mg-L™")
>5 >60 >3 0.89 0.94 0.92 0.92
=25 >65 >3 0.95 0.91 0.90 0.95
>5 >70 >3 0.96 0.90 0.88  0.97
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context, ECOPD can be objectively identified by a panel of three biomarkers (dyspnoea, circulating
neutrophils and CRP) commonly measured in clinical practice.
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